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Preface

Electrospinning, an electrohydrodynamic process, is a versatile and promising plat-

form technology for the production of nanofibrous materials for tissue engineering

and biomedical applications. This book presents the development of electrospun

materials for tissue engineering and biomedical applications. With a strong focus

on fundamental materials science and engineering, this book also looks at successful

technology transfers to the biomedical industry, highlighting biomedical products

already in the market as well as the requirements to successfully commercialize

electrospun materials for potential use in tissue engineering and biomedical areas.

This book is a valuable resource for materials and biomedical scientists and engineers

wishing to broaden their knowledge in the field of tissue engineering and biomedical

applications of electrospun fibrous materials.

The first part of this book covers the introduction to electrospinning of nanofibrous

materials for biomedical and tissue engineering applications. The general require-

ments of electrospun materials for biomedical and tissue engineering are summarized.

The biomedical industrial applications of electrospinning, and the innovations in the

field and the products are listed. In addition, the possibility of creating 3D structures

and using printing technologies for electrospun materials are discussed. Although a

majority of the electrospun nanofibers are produced from solution-based electrospin-

ning, the advantage of using melt electrospinning for tissue engineering is demon-

strated. The last chapter of this part takes into consideration the In vivo safety

evaluations of electrospun materials. The second part of this book has a focus on

specific application areas of electrospun nanofibrous materials in the field of biomed-

ical and tissue engineering. The application areas of electrospun nanofibrous materials

and their scaffolds are discussed in detail for drug delivery, wound healing, dermal

regeneration, bone and tendon/ligament repair, vascular tissue engineering, cardiac

tissue engineering, neural tissue engineering, nanomedicine, cancer therapy, regene-

rative dentistry and, biosensors and sensors for diagnostics.

The Editors of this book serve as a Chair (Dr. Erich Kny) and Vice-Chair

(Prof. Tamer Uyar) of COST Action MP1206—“Electrospun Nano-fibres for bio

inspired composite materials and innovative industrial applications” (May 2013–
May 2017). TheMP1206 scientific network on Electrospinning has grown very exten-

sively by gathering finally more than 400 scientists from 32 countries around the

world. Under the MP1206 COST action, numerous international workshops and

training schools have been organized, and participation in a number of international

conferences has taken place concerning different application fields of electrospun

nanofibers including healthcare, sensors, textiles, filtration, food and food packaging,

agricultural, and energy. Since tissue engineering and biomedical applications of



electrospun fibrous materials are very promising and important application fields,

we decided to publish a book on this topic. This book is one of the fruitful outcomes

of our COST Action MP1206.

We are very grateful to Prof. Nabyl Khenoussi, the leader of our working group on

“biomedical applications of electrospun nanofibres”, who has supported the idea of

publishing such a book very strongly from the very beginning and has organized or

coorganized a number of dedicated workshops on the topics of tissue engineering

and biomedical applications. With his valuable activities, he has paved the ground

and has set the foundations for finally being able to edit a book on biomedical

applications of electrospun nanofibers. We are further grateful to all the authors of

the individual chapters, who have devoted a lot of time and effort to write the chapters

of the book and have responded to our many editorial demands in time and without

complaints. Without their very much-valued help, such a collective work would not

have been possible. Thank you very much! May this book be a valuable resource for

experienced researchers as well as for students and beginners in this field!

Tamer Uyar and Erich Kny

xvi Preface
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1Electrospinning: A versatile

processing technology for

producing nanofibrous materials

for biomedical and

tissue-engineering applications

A. Senthamizhan, B. Balusamy, T. Uyar
Bilkent University, Ankara, Turkey

1.1 Introduction

Design and development of functional materials and tailoring their functionalities in

biomedical applications is a great challenge [1]. Electrospinning technique has proved

to be a relatively simple and versatile method for producing functional nanofibers and

nanofibrous membrane. The fundamentals of electrospinning have been known for a

long time, and the effects of various processing parameters on the fibers morphology

have been extensively studied [2,3]. The exceptional characteristics of electrospun

nanofibrous membrane including high surface area, high porosity, flexibility, and

adjustable pore-size distribution make them more suitable candidates in a wide range

of applications including biomedical and tissue-engineering applications [3–7].
The designing of hierarchical architecture that mimics the extracellular matrices

(ECM) of the native tissues is important for rapid and regeneration of tissues [8].

The electrospinning process gives an opportunity to tailor the scaffold topography

[5]. Moreover, surface modification of electrospun nanofibers with bioactive mole-

cules improves the interaction between the scaffolds and cells. Generally, scaffolds

provide a temporal support for the regeneration/repair of the tissues. Therefore, it

could be highly expected that the scaffolds must fulfill the several requirements.

The biocompatibility of the material is considered to be an essential factor for

preventing the inflammation and toxicity. The biodegradability of the scaffolds is also

a very significant fact because the degradation of the scaffolds and regeneration of the

tissues should happen in a timely manner [4].

The diameter and morphology of the nanofibers can be effectively tuned by the

number of processing parameters. The collector design has led to tune the orientation

of fibers. The uniaxially aligned nanofiber scaffolds can only promote the cell migra-

tion along one specific direction and are thus not useful as dural substitutes. In order to

promote cell migration from the surrounding tissue to the center of a dural defect and

Electrospun Materials for Tissue Engineering and Biomedical Applications. http://dx.doi.org/10.1016/B978-0-08-101022-8.00001-6
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shorten the time for healing and regeneration of dura mater, a surface patterned with a

radially aligned, nanoscale features would be highly desired for an artificial dural sub-

stitute. More specifically, scaffolds constructed with radially aligned nanofibers could

meet such a demand by guiding and enhancing cell migration from the edge of a dural

defect to the center [9]. The dynamic rotating collector is the most widely accepted

approach for fabricating aligned fibers from different polymers. The promising use

of nanofibers in drug delivery system might result in the salient features such a high

loading capacity and concurrent release of diverse therapies. A variety of different

drugs ranging from antibiotics and anticancer agents to proteins, aptamer, DNA,

and RNA have been successfully incorporated into electrospun fibers [10,11].

The performance of the incorporated biomolecules often loses their activity due to

conformational changes in the harsh solvent environment. The modification of the

nozzle configuration paves a way to prepare the core-shell morphology. Such a prom-

ising system provides a protective environment and sustained drug release because the

prepared core-shell fibers have immense potential to preserve the drugs during the

electrospinning process. Even though there were a huge number of research reports

on the development of electrospun nanofibrous scaffold, researchers are still gaining

new insights and developing new ways of utilizing this technique for producing bio-

medical materials [7].

This chapter highlights the significance of electrospinning approach in fabricating

advanced functional nanofibrous scaffolds for biomedical applications including tis-

sue engineering, drug release, wound dressing, and antimicrobial.We do not make any

effort to provide library of literature for specific application rather provide a brief view

on the advancement of electrospinning approach to prepare a functional nanofibrous

biomaterials.

1.2 Biomedical application of electrospun nanofibers

1.2.1 Drug delivery

An ideal drug delivery system should possess the characteristic to enable the con-

trolled release of drugs toward alleviating medical conditions at a defined rate over

a definite time period. Electrospun nanofibers are recognized as an advantageous

material in drug delivery owing to their higher surface area with interconnected pores,

which offer better dissolution and high therapeutics loading capacity. More impor-

tantly, the rate of drug release can be tailored by ease tuning of electrospun nanofiber

properties including fiber diameter, porosity, and drug-binding mechanism. Until

now, a wide variety of drugs and biomolecules have been successfully loaded into

electrospun nanofibers using various approaches mainly by coating, embedding,

and encapsulating [7,12,13]. The possible three different modes of physical

drug-loading method on electrospun nanofiber surface for drug delivery application

are given in Fig. 1.1.

A one-step, single-nozzle electrospinning technique was used to fabricate

electrospun composite nanofibers containing nanoparticles for the programmable

release of dual drugs by Wang et al. [14]. Briefly, dual drug-loaded chitosan (CS)

4 Electrospun Materials for Tissue Engineering and Biomedical Applications



nanoparticle-containing composite nanofibers were prepared for topical drug delivery

applications. Fig. 1.2 illustrates the electrospinning setup and the preparation of

nanoparticle-containing composite nanofibers. The controlled and programmable

release of two drugs was achieved through their different distributions in the shell

and core regions of the composite nanofibers, respectively. Fig. 1.3 shows the optical

and fluorescence images of the nanoparticles encapsulated by the electrospun com-

posite nanofibers. The clear distribution of the rhodamine B-loaded and fluoresce

in isothiocyanate (FITC)-labeled CS nanoparticles was observed. The laser scanning

confocal microscopy (LSCM) imaging revealed the core-shell structure of the com-

posite nanofibers, which consisted of a polycaprolactone (PCL) shell and an array of

CS nanoparticles as the core. The release behaviors of the drugs indicated that a con-

trolled release pattern for dual drugs was achieved by adjusting the process used to

prepare the electrospinning solution.

In order to overcome the limitations of single-nozzle electrospinning, coaxial

electrospinning technique has been attracted much attention for encapsulating fragile,

water-soluble bioactive agents and their controlled release. The coaxial electrospinning

also controls initial burst release with their core-sheath nanofibers with a blank

(drug-free) sheath. In addition, coaxial electrospinning offers the advantage over

more sustained release of the encapsulated agents and single-step coencapsulation

of multiple drugs with different soluble nature [15]. A study reported by Mickova

et al. [16] showed that the liposomes encapsulated with horseradish peroxidase

embedded polyvinyl alcohol-core/poly-ε-caprolactone-shell nanofibers prepared by

Electrospinning process

Grounded collector

LbL multilayer
assembly

Nanoparticles
adsorption

Syringe filled with
polymer solution

DC high voltage
generator

Simple adsorption

Drug-embedded
multilayer

Drug-loaded nanoparticles

Functionalized surface

Electrospun nanofibers

Drug

Fig. 1.1 Three modes of physical drug loading on the surface of electrospun nanofibers.

Reprinted with permission from Elsevier (Yoo HS, Kim TG, Park TG. Surface-functionalized

electrospun nanofibers for tissue engineering and drug delivery. Adv Drug Delivery Rev

2009;61:1033–42).
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coaxial electrospinning revealed enhanced performance than the fibers prepared by

blend electrospinning.

Man et al. [17] developed a codelivery system using a polyvinyl pyrrolidone/

bovine serum albumin/recombinant human transforming growth factor-β1 (rhTGF-

β1) composite solution as the core fluid and PCL solution as the sheath fluid. Subse-

quently, bone marrow-derived stem cell (BMSC)-affinity peptide E7 was conjugated

to the coaxial electrospun fibers to develop a codelivery system of rhTGF-β1 and E7.
Fig. 1.4 shows the schematic illustration of the preparation process and working

hypothesis for coaxial electrospun fiber scaffolds. The bioactive assay demonstrated

that the rhTGF-β1 released from the peptide-modified scaffolds was at least partially

bioactive. Based on the outcome of the study, it is concluded that the prepared rhTGF-

β1 in the core and E7 in the PCL shell of the fibers (CBrhTE) scaffold has several

properties that can not only enhance BMSC adhesion and growth but also promote

their chondrogenic differentiation in vitro.

HVDC

High-voltage
DC supply

Syringe pump

+Polymer solution

One drug loaded nanoparticles Shell

Core

Receptor

Composite
Nanofibers

Another drug

Fig. 1.2 Schematic illustration of the electrospinning setup and the preparation of

nanoparticle-containing composite nanofibers.

Reprinted with permission from Nature Publishing Group (Wang Y, Qiao W, Wang B,

Zhang Y, Shao P, Yin T. Electrospun composite nanofibers containing nanoparticles for the

programmable release of dual drugs. Polym J 2011;43:478–83).
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Recently, Dubey and Gopinath [18] fabricated electrospun poly(ethylene oxide)-

poly(capro lactone) composite nanofibers for codelivery of niclosamide (nic) and sil-

ver nanoparticles (Ag NPs). Initially, the drugs (niclosamide (nic)) and Ag NPs were

loaded separately and together (nic@Ag NPs) into the nanofiber, and their in vitro

release was investigated. The drug release profile and kinetic studies have been shown

in Fig. 1.5. There was a distinct release profile for the drug and nanoparticles released

from nic, Ag NPs, and nic@Ag NPs composite nanofibers once brought into contact

with the hydrophilic environment. The drug and nanoparticle both showed initial burst

release around 15% and 18%, respectively, which could be due to surface adhered

particles and initial rapid dissolution of the PEO polymer as shown in Fig. 1.5. The

initial rapid phase was followed by slow controlled release of nanofibers, which could

be around 43% for the drug and 50% for the nanoparticle in 20 days and 100 h, respec-

tively (Fig. 1.5A and B). Water intrusion into the scaffold is of noteworthy importance

for the study of release and degradation kinetics. Thus, diffusion and dissolution are

the key players of the drug release mechanism, and the schematic presentation of drug

Fig. 1.3 Electrospun composite nanofibers containing chitosan nanoparticles: (A) optical

image; (B) and (C) fluorescence images of composite nanofibers containing rhodamine B- and

fluorescein isothiocyanate (FITC)-labeled nanoparticles, respectively; and (D) laser scanning

confocal microscopy image.

Reprinted with permission fromNature Publishing Group (WangY, QiaoW,Wang B, Zhang Y,

Shao P, Yin T. Electrospun composite nanofibers containing nanoparticles for the

programmable release of dual drugs. Polym J 2011;43:478–83).

Electrospinning: A versatile processing technology 7



release from various composite nanofibers has been shown in Fig. 1.5C. It was found

that the drug showed sustained and controlled release followed by initial burst release

from both drug alone loaded and nic@Ag NPs loaded nanofibers. The codelivery of

anticancer drugs nic@AgNPs from nanofibers displayed superior anticancer potential

in vitro when compared with nic alone or Ag NPs composite nanofibers. Additionally,

nic@Ag NPs showed better therapeutic efficacy against MCF-7 cells.

A new strategy for creating functional trilayer nanofibers through triaxial

electrospinning was demonstrated by Yu et al. [19] in which each layer was based

on the same polymer matrix with different functional components or compositions.

Ethyl cellulose (EC) was used as the filament-forming matrix in the outer, middle,

and inner working solutions and was combined with varied contents of the model

active ingredient ketoprofen (KET) in the three fluids, and their dissolution was deter-

mined in accordance with the Chinese Pharmacopoeia. A diagram illustrating the

PCL Shell

Induced BMSC

BMSC

E7

(A) (B)

(E) (D) (C)

Core containing rhTGF-β1

Core uncontaining rhTGF-β1

Fig. 1.4 Schematic illustration of the preparation process and working hypothesis for coaxial

electrospun fiber scaffolds. (A) The setup of coaxial electrospinning: the spinneret is composed

of two concentric needles; the outer needle is used to deliver the shell solution (blue), while the

inner needle is used to eject the core solution (red). (B) Scaffold composed of electrospun

coaxial fibers, with core (red) and shell (blue) structure. (C) Scaffold conjugated with the

BMSC-specific affinity peptide (E7) (green). (D) E7-modified scaffold promoting adhesion of

BMSCs onto the scaffold. (E) The rhTGF-β1 encapsulated in the core of the coaxial fibers could
be released in a sustained manner (the core changing from red in D to gray in E) to promote

chondrogenic differentiation of BMSCs adhered on the scaffolds.

Reprinted with permission from Elsevier (Man Z, Yin L, Shao Z, Zhang X, Hu X, Zhu J, et al.

The effects of co-delivery of BMSC-affinity peptide and rhTGF-ß1 from coaxial electrospun

scaffolds on chondrogenic differentiation. Biomaterials 2014;35:5250–60).
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triaxial electrospinning process is shown in Fig.1.6A, and a digital photograph of the

triaxial electrospinning process is presented in Fig. 1.6B. Monolithic nanofibers pre-

pared individually from each of the three working solutions using single-fluid

electrospinning have similar drug release profiles. An initial burst release is followed

by a slowing in the release rate. In sharp contrast, the three-layer nanofibers were able

to provide zero-order KET release for over 20 h with a best-fit equation of Q¼1.73+

4.24 t (R2¼0.9972), whereQ is the drug release percentage, t is the release time, andR
is the correlation coefficient. The initial burst release and the slow down at the end of

the dissolution process are negative phenomena that inevitably arise with monolithic

drug-loaded nanofibers. No burst release was observed from the triaxial nanofibers,

and the drug was released at a constant rate for nearly 1 day. This study developed

an advanced functional nanofibrous materials using a triaxial electrospinning process

and solutions of the same filament-forming polymer matrix for all three working
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Fig. 1.5 (A) Cumulative drug release profile of the drug released from the drug alone and the

nic@Ag NP composite nanofiber. (B) Ag NP release profile from Ag NPs alone and nic@Ag

NP composite nanofibers. (C) Schematic illustration of drug released from various composite

nanofibers.

Reprinted with permission from The Royal Society of Chemistry (Dubey P, Gopinath P.

Fabrication of electrospun poly(ethylene oxide)–poly(capro lactone) composite nanofibers for

co-delivery of niclosamide and silver nanoparticles exhibits enhanced anti-cancer effects

in vitro. J Mater Chem B 2016;4:726–42).
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fluids. A range of different types of functional nanofibrous materials can be generated

from this electrospinning process.

1.2.2 Tissue engineering

The theme of the tissue engineering is dedicated to improve/regenerate the damaged

tissues. The exceptional characteristics of electrospun nanofibers including flexibility,

highly porous, and interconnected three-dimensional structuresmimic the extracellular

matrix (ECM) that effectively support the cell adhesion and deliver growth factors. The

fibrous structure, pore geometry, and interconnecting pores are significant for cell

attachment,migration, growth, and nutrient flow. The biocompatibility and biodegrad-

ability of the selected scaffold is an essential parameter in regulating the cell growth rate

and preventing the inflammation and toxicity. The architecture of the fibrous scaffolds

affects the proliferation and differentiation of the cellular activities. And further, the

efficiency of the fibrous scaffold is improved bymodifying the fiber surface chemically

and physically with bioactive molecules and ligands [5,20,21]. The surface modifica-

tion not only changes the chemical composition of the surface but also tunes thewetting

characteristics of the membrane that can provide the more favorable environment for

cellular adhesion. The various surface modification technique for tuning the character-

istics of the fiber surface is demonstrated in Fig. 1.7. The plasma treatment is a conve-

nient and cost-effective method that enables the introduction of the various active

groups such as carboxyl groups and amine groups on fiber surface. The prepared

hydrophilized nanofibers are generally shown to enhance the fibroblast adhesion and

proliferation [13]. For example, various kinds of electrospun nanofibers were success-

fully modified and demonstrated their enhanced performance [20,22,23].

Tian et al. [23] demonstrated the fabrication of poly(lactic acid) (PLA)/silk fibroin/

nerve growth factor (PS/N) by encapsulating nerve growth factor (NGF) along with

Fig. 1.6 (A) Schematic of the triaxial electrospinning process. (B) Digital photographs of the

triaxial electrospinning process. The upper-left insets show the structure of the homemade

spinneret, and the upper-right inset show a typical compound Taylor cone.

Reprinted with permission from American Chemical Society (Yu DG, Li XY, Wang X,

Yang JH, Bligh SWA, Williams GR. Nanofibers fabricated using triaxial electrospinning as

zero order drug delivery systems. ACS Appl Mater Interfaces 2015;7:18891–7).
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silk fibroin (SF) as the core of the scaffold. Air plasma treatment was adopted to

improve the hydrophilicity of the PS/N surface without causing any damage to the

nanofibers. The fibrous scaffold was prepared by using coaxial electrospinning

method, and the preparation procedure of p-PS/N scaffold is schematically demon-

strated in Fig. 1.8. Initially, pure PLA scaffold was exposed to plasma at various time

periods (60, 90, 120, 150, and 180 s). The observed morphological and wetting char-

acteristics suggested that the optimized time period for air plasma treatment was eval-

uated as 120 s.

(A)

(B)

(C)

Electrospun nanofibers

Electrospun nanofibers

Blend solution Surface orientation

Electrospinning

Biologically or
therapeutically

functional agents

Biocompatible nanofibers

Biologically or therapeutically
functionalized nanofibers

Biologically or therapeutically
functionalized nanofibers

Surface graft
polymerization

Functionalized surface

Plasma or wet chemical
treatment

Induced by
plasma or radiation

Monomer

Immobilization of
protein, enzyme,

growth factor, drug

Immobilization of
protein, enzyme,

growth factor, drug

Fig. 1.7 Surface modification techniques of electrospun nanofibers. (A) Plasma treatment or

wet-chemical method. (B) Surface graft polymerization. (C) Coelectrospinning.

Reprinted with permission from Elsevier (Yoo HS, Kim TG, Park TG. Surface-functionalized

electrospun nanofibers for tissue engineering and drug delivery. Adv Drug Delivery Rev

2009;61:1033–42).
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The change in the fiber morphology, surface roughness, and hydrophilicity of PS/N

nanofibers before and after plasma treatment was studied, and the results were shown

in Fig. 1.9. The observed results suggested that there is no significant change in the

fiber diameter. The measured diameters of PS/N and p-PS/N were to be 221�49 and

228�39 nm, respectively. The dramatic change in the water contact angle from

133.60° to 0° proves that the plasma treatment alters the hydrophilicity of the scaffolds

significantly (P�0.05), by introducing functional groups on the surfaces. But, the

plasma treatment does not have any terrible impact on the fibers morphology. The

values of average roughness (Ra) for PS/N and p-PS/N were measured to be
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Fig. 1.9 Fiber morphologies, surface roughness and hydrophilicity of PS/N and p-PS/N

scaffolds. SEM images of (A) PS/N and (B) p-PS/N scaffolds. The in situ picture shown

within (A) is the TEM image, which shows the core-shell structure of the nanofibers. The

AFM images of (C) PS/N and (D) p-PS/N scaffolds and the water contact angle of (E) PS/N

and (F) p-PS/N scaffolds; the scale bar for (A) and (B) is 10 mm.

Reprinted with permission from Royal Society of Chemistry (Tian L, Prabhakaran MP, Hu J,

Chen M, Besenbacher F, Ramakrishna S. Coaxial electrospun poly(lactic acid)/silk fibroin

nanofibers incorporated with nerve growth factor support the differentiation of neuronal stem

cells. RSC Adv 2015;5:49838–48).
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217.97�38.53 and 171.63�32.50 nm, respectively. The surface of the nanofibers

became smoother after plasma treatment. Further, MTS assay has been studied to eval-

uate the PC12 cell proliferation. The gradual increase in the cell proliferation has been

noted on tissue culture plate (TCP) for all electrospun nanofibers from day 2 to day 8.

After growing the cells for a period of 6 days, the cells were able to contact each other

and facilitated the growth of the neighboring cells. NGF is a factor that is supportive

toward PC12 cells differentiation, and PC12 stops dividing and proliferating once they

are treated with certain concentration of NGF.

The plasma treatment sometime cannot be effectively modified the buried

nanofibers surface due to the limited penetration depth of plasma in the nanopores.

It is believed that wet-chemical etching approach can offer the flexibility for surface

modification of the thick nanofibrous meshes. The concentration of the hydrolyzing

agent and hydrolysis time is an important parameter to produce the optimal functional

groups on the fiber surface [13,24]. In general, most of the synthetic biodegradable

polymers retain their hydrophobic surface nature, but the creation of hydrophilic sur-

face is highly required for ideal cellular responses. Not only surface graft polymeri-

zation has been applied to create the surface hydrophilicity, but also it can be used to

introduce the various functional groups on the surface of the fibers for enhanced cell

adhesion, proliferation, and differentiation [13,25].

In the recent past, much effort has been made to optimize the physiological behav-

ior of cells by designing the suitable three-dimensional (3-D) geometry, chemical

composition, and topography. The diameter of the electrospun fibers, alignment of

the fibers, can have a great impact on cell adhesion, proliferation, and cell morphol-

ogy. The aligned fibers are very attractive topographical cues to guide the cell growth

with the desired morphology than randomly oriented fibers [26–28]. In addition to

that, it has been found that the cellular activities such as cell proliferation and differ-

entiation are modulated through electric stimulation [29]. The recent research reports

have been demonstrated that the possible preparation of conductive electrospun fibers

is by incorporating the various conductive materials such as polyaniline, carbon nan-

otubes, and polypyrrole [26,27,29,30]. The study by Chen et al. [26] prepared a

nanofibrous scaffold that could simultaneously provide the two types of guidance

cues, electric and topographical, to cells.

The prepared scaffold was composed of electrically conductive nanofibers with

highly oriented structures and was fabricated by electrospinning a blended solution

of poly(ε-caprolactone) (PCL) and PANi. PCL has been selected as a core material

because of its good biodegradability, biocompatibility, and mechanical properties.

The well-aligned electrospun nanofibers are prepared by using two parallel block

magnets collector in electrospinning setup. The electrospinning conditions and PANi

content on the morphology and alignment of PCL/PANi composite nanofibers were

well studied. The SEM images and histograms of the orientation distribution of the

PCL/PANi-3 nanofibers at various solution flow rates are shown in Fig. 1.10. The

observed results have been well proved that the alignment fibers are increased with

decreasing solution flow rate. The optimum fiber alignment was achieved at a flow

rate of 0.1 ml h�1, and more than 90% of the fibers were found to be aligned within

�10° of the preferred direction (Fig. 1.10D).
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The designing of scaffolds for treating the skeletal muscle defects requires highly

aligned fibrous membrane because skeletal muscle has a highly aligned architecture

that consists of long, parallel multinucleated myotubes that are formed through the

differentiation and fusion of myoblasts [31]. To overcome this problem, the highly

aligned PCL/PANi nanofibers are prepared to provide functional scaffolds for engi-

neering the parallel aligned myoblasts and myotubes. Murine skeletal muscle cells

(C2C12 myoblasts) have been taken as a model to explore the effects of the electric

cues and aligned topography of nanofibrous scaffolds on cell viability and alignment.

The representative immunofluorescent images of myotubes differentiated for 5 days

on the fibrous scaffolds and immunostained for MHC (green) and DAPI (blue) are

demonstrated in Fig. 1.11. The aligned nanofibrous scaffolds (A-PCL and A-PCL/

PANi) induced muscle cell alignment and promoted myotube formation compared

with the randomly oriented nanofibers (R-PCL). In addition, the incorporation of elec-

trically conductive PANi into the PCL fibers (R-PCL/PANi and A-PCL/PANi) also

enhanced myoblast differentiation compared with the R-PCL nanofibers.
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Fig. 1.10 (A–C) The representative SEM micrographs and (D) histograms of the orientation

distribution of the PCL/PANi-3 nanofibers fabricated using theMFAESmethod at solution flow

rates of (a) 4.0, (b) 1.0, and (c) 0.1 ml h�1.

Reprinted with permission from Elsevier (ChenMC, Sun YC, Chen YH. Electrically conductive

nanofibers with highly oriented structures and their potential application in skeletal muscle

tissue engineering. Acta Biomater 2013;9:5562–72).
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So far, it has been understood that the electrospun nanofibrous membrane acts as an

excellent scaffold for various kinds of tissue engineering. However, the shrinkage and

distortion of the electrospun scaffolds restrict the initial cell adhesion and further

growth. Ru et al. [32] developed and demonstrated the suspended, shrinkage-free,

electrospun. Poly(lactic-co-glycolic acid, PLGA) nanofibrous scaffold for skin tissue

engineering. The obtained electrospun PLGA mat is able to maintain its initial shape

and size with the auxiliary support from a polypropylene (PP) ring. The used polypro-

pylene (PP) in this study is mechanically strong, chemically stable, and biocompati-

ble. It has a density of 0.91 g/cm3 enabling the scaffold to suspend in cell culture

medium. The use of a PP ring as auxiliary support serves two purposes: (1) to make

the overall nanofiber scaffold suspend in liquid, which is necessary for skin cells to be

exposed to air during growth, and (2) to prevent nanofiber assemblies from shrinking

and maintain long-term membrane integrity. The procedure for constructing the

suspending nanofiber scaffolds is schematic illustrated in Fig. 1.12. Initially, the

nanofiber assemblies were opened longitudinally and cut into circular membranes

with a diameter of 20 mm. And then, an auxiliary plastic ring made of PP paper

was heat sealed with the circular PLGA nanofiber membrane. The PLGA membrane

fuses onto the PP ring to form a complete scaffold since the melting points of PLGA

and PP are approximately 60°C and 170°C, respectively.
The applied high-electric field during the electrospinning process induces the inner

stress in the nanofibrous system. The macromolecular chains can rapidly relax when

fibrous membrane got immerged into solvent at a temperature higher than 35°C. The
result of which induces the shrinkage in the PLGA fibrous assembly. The original and

shrunken fibrous assemblies after incubating in PBS at 37°C for 24 h are shown in

Fig. 1.13A and B. In contrast, for a PLGA scaffold consisting of a nanofiber assembly

fused on a PP ring, no observable shrinkage occurred because of the enhanced
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Fig. 1.11 Representative immunofluorescent images of myotubes differentiated for 5 days on

random PCL (R-PCL), aligned PCL (A-PCL), random PCL/PANi-3 (R-PCL/PANi), and aligned

PCL/PANi-3 (A-PCL/PANi) nanofibers and immunostained for MHC (green) and nucleus (blue).

Reprinted with permission from Elsevier (ChenMC, Sun YC, Chen YH. Electrically conductive

nanofibers with highly oriented structures and their potential application in skeletal muscle

tissue engineering. Acta Biomater 2013;9:5562–72).
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PP

Nanofiber assembly

Heating

Fig. 1.12 Schematic illustrating steps for constructing suspending nanofiber scaffolds.

Reprinted with permission from American Chemical Society (Ru C, Wang F, Pang M,

Sun L, Chen R, Sun Y. Suspended, shrinkage-free, electrospun PLGA nanofibrous scaffold

for skin tissue engineering. ACS Appl Mater Interfaces 2015;7:10872–7).

(A) 10 mm 10 mm

10 mm 10 mm

(B)

(C) (D)

Fig. 1.13 Shrinkage test of fibrous membranes. (A, B) Nanofibrous assembly before and

after incubation in PBS at 37°C for 24 h. (C) Scaffold formed by fusing a nanofibrous

assembly on a PP ring. (D) The same scaffold after incubation in PBS at 37°C for 24 h.

Reprinted with permission from American chemical Society (Ru C, Wang F, Pang M,

Sun L, Chen R, Sun Y. Suspended, shrinkage-free, electrospun PLGA nanofibrous scaffold

for skin tissue engineering. ACS Appl Mater Interfaces 2015;7:10872–7).
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mechanical property. Fig. 1.13C and D shows an original scaffold and the same scaf-

fold after incubation in PBS at 37°C for 24 h.

The inadequate mechanical properties and low pore-structure controllability of

electrospun nanofibrous membrane limit further their performance in tissue engineer-

ing. To overcome these limitations, the electrospinning approach has been coupled

with various methods including melt-plotting method. The study by Yang et al.

[33] demonstrated the fabrication of hybrid scaffold composed of microsized struts

by using direct electrospinning writing (DE-writing) coupled with melt-plotting

method. The obtained scaffold shows the good mechanical strength, and the width

of the electrospun fibrous mat is controllable. Another main part of this study focuses

on the creation of pore structure that is believed to have a high impact on cellular

behavior. The schematic illustration of preparation method for hybrid scaffolds

(HS) is shown in Fig. 1.14. The obtained hybrid scaffolds are comprised of

melt-plotted struts and an electrospun fibrous layer.

The morphology of the scaffold structure also severely affects the cell attachment,

proliferation, and infiltration in addition to the factors including pore size, porosity, and

pore interconnectivity. The morphology of the three different pure melt-plotted poly-

caprolactone (PCL) scaffold (MC), conventional hybrid scaffold (HS1) consisting of a

completely interlayered fibrous mat in the multilayered PCL struts (HS1), and novel

hybrid scaffold (HS2) usingDE-writing are presented in Fig. 1.15. The observed results

clearly show that each scaffold type is composed of melt-plotted PCL layer with a strut

diameter and pore size of 701�63 μm and 1.2�0.2 mm, respectively.

The hybrid scaffold is composed of additional layer, which is generated by

DE-writing.Themelt-plotted struts and electrospun fibers produced twodifferent pores

HS1

(A) (B)

Melt-plotting

Syringe pump

V

Microfibers

Microfibers

Microfibers

Microfibers

Direct electrospinning writing

Ethanol bath

HS2
PCL strut PCL strut

Fig. 1.14 Schematic illustrating generation of the hybrid scaffolds using melt-plotting method

and direct electrospinning writing. (A) Fibrous mat covering the whole layer. (B) Fibrous mat

covering three lines in the first and second layers horizontally and vertically, respectively.

Reprinted with permission from Elsevier (Yang GH, Mun F, Kim G. Direct electrospinning

writing for producing 3D hybrid constructs consisting of microfibers and macro-struts for tissue

engineering. Chem Eng J 2016;288:648–58).
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(macropores and micropores) in HS2 scaffolds. The created macropores in the HS2

scaffold could influence the cellular infiltration, nutrient transport, and metabolism,

andmicropores could enhance the cell attachment and proliferation. Thus, the prepared

HS2 scaffold can overcome the limitations found in the HS1 because the insufficient

pore size of the interlayered electrospun fibrous mat does not allow the easy migration

and proliferation. The in vitro cellular activities suggest that the hybrid scaffold (HS2)

shows a promise for regenerating hard tissues than conventional hybrid scaffold (HS1).

1.2.3 Wound dressing

The wound-care management is considered to be a serious health-care issue since the

skin is the main organ of the body and plays vital role in multiple functions [34].

Depending on the healing time, the wounds are categorized as acute and chronic in
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Fig. 1.15 Schematic, optical, and SEM images of (A) the MC scaffold fabricated using the

melt-plotting method and two hybrid scaffolds, (B) HS1 and (C) HS2, fabricated using the

melt-plotting/direct electrospinning writing.

Reprinted with permission from Elsevier (Yang GH, Mun F, Kim G. Direct electrospinning

writing for producing 3D hybrid constructs consisting of microfibers and macro-struts for tissue

engineering. Chem Eng J 2016;288:648–58).
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which the chronic wounds are highly exposed to the risk of bacterial infection. Acute

wounds are generally caused by traumas, and the wounds are usually healable within

8–12 weeks. This kind of wounds can happen by mechanical damage, stabbing action

of hard objects, exposure of extreme heat, irradiation, and so on. But the chronic

wounds are formed as a result of chronic diseases such as diabetes, tumors, and severe

physiological contaminations. The time period for healing the chronic wound needs

more than 12 weeks [35]. According to the appearance, the wounds are further clas-

sified in different four types: epithelializing (clean, medium-to-high exudates), gran-

ulating (clean and exudating), slough-covered, and necrotic (dry) wounds as seen in

Fig. 1.16.

As we look back upon history, the first records of wound care can be found in

ancient Sumerians who used to apply poultices of mud, milk, and plants to wound,

and Egyptians prepared plasters of honey, plant fibers, and animal fats as bandages

for the wounds [36]. The outstanding characteristics of electrospun nanofibrous

Fig. 1.16 Types of wounds based on their appearances: (A) epithelializing (clean, medium-to-

high exudates), (B) granulating (clean and exudating), (C) slough-covered, and

(D) necrotic (dry).

Reprinted with permission from John Wiley Sons, Ltd. (Zahedi P, Rezaeian I, Ranaei-Siadat

SO, Jafari SH, Supaphol P. A review on wound dressings with an emphasis on electrospun

nanofibrous polymeric bandages. Polym Adv Technol 2010;21:77–95).
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scaffolds including flexibility, high porosity with excellent pore interconnectivity,

high surface area, and gas permeation demonstrate their capability as an excellent

dressing material for wound healing. The ideal fibrous scaffold should actively initiate

the healing process and might reduce the bacterial contamination [36]. Until now,

there are a variety of synthetic and natural polymers; chitosan, hyaluronic acid,

poly(ethylene oxide) (PEO), poly(lactide) (PLA), poly(caprolactone) (PCL),

poly(vinyl alcohol) (PVA), and silk were electrospun due to their nontoxic and bio-

degradable nature and used for developing a wound-healing scaffolds that can actively

support the deposition of healthy tissues [37,38].

The healing process happened through three different stages: (i) inflammation,

(ii) new tissue formation, and (iii) remodeling. The first stage in wound repair process

happens immediately after tissue damage and multiple biological pathways, that is,

coagulation cascade, inflammatory pathways, and immune system that are greatly

necessary to prevent the blood and fluid losses, to remove dead and devitalized (dying)

tissues, and to prevent infection. The new tissue formation is the second stage of the

wound repair and occurs 2–10 days after injury and characterized by cellular prolif-

eration and migration of different cell types. And the third stage of the wound repair is

remodeling [39].

The strategy to incorporate the active agents inside/outside the fibers through dif-

ferent approaches is demonstrated in Fig. 1.17. The blending core/shell approach

enables the homogeneous distribution of active agents throughout the fiber surface.

In such a case, most of the active agents are presented inside the fibers. Typically,

modification of electrospun fibers allows the active agents to be present on the outer

surface of the fibers. Occasionally, the active agents are very sensitive to the harsh

environment [40].

The core/shell fiber schemeprovided an efficient platform inwhich the active agents

are fed through the inner channel, and outer shell acts as a protective barrier. The fibrous

scaffolds prepared by emulsion approach eliminate the initial burst release and showed

the stable release rate. The surface modification of nanofibers facilitates the existence

ofmore active agents on the surface of the fibers. To date, there are different approaches

such as dip coating, layer-by-layer assembly, and electrostatic attachment that are

adopted to functionalize the fiber surface as demonstrated in Fig. 1.18.

The selected synthetic polymers in making wound-dressing material are mostly

because of their desirable mechanical, cytocompatibility properties, and low cost.

However, most of the polymeric system lacks to prevent the nonspecific adsorption

of proteins resulted in nonspecific cell attachment and bacterial adhesion. The result

of which turns to encourage the bacterial infections and pain upon removing the

wound-dressing material. In this regard, Unnithan et al. [34] prepared poly

(carboxybetaine-co-methyl methacrylate) copolymer (CBMA) for active nonadherent

wound-dressing application. They have investigated cell and platelet adhesion behav-

ior in detail. The prepared wound-dressing material can be applied as easy removable,

no-pain wound-dressing bandages. The wound-healing ability of the prepared

nanofibrous membrane was tested with Wistar rats. The photographs of the in vivo

wound-healing study are presented in Fig. 1.19. The results demonstrated that the

fibrous mats showed excellent healing capability in the first and second weeks
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Fig. 1.17 Schematic displays the spinneret loaded with a bioactive agent for (A) blend,

(B) coaxial, and (C) emulsion electrospinning. Coaxial electrospinning requires the use of a

concentric spinneret configuration. (A) Blend electrospinning often yields fibers that contain

the active agent dispersed throughout the fibers, whereas (B) coaxial and (C) emulsion

electrospinning lend well to the synthesis of a core/shell morphology. The cross section of an

individual fiber produced via the three methods is displayed.

Reprinted with permission from Royal Society of Chemistry (Rieger KA, Birch NP, Schiffman

JD. Designing electrospun nanofiber mats to promote wound healing—a review. J Mater Chem

B 2013;1:4531–41).

(A) (B) (C)
Agent

Fig. 1.18 Postproduction, (A) as-spun mats can be modified with functional agents (e.g.,

polymers, drugs, and biomolecules) to (B) alter their surface chemistry and functionality.

(C) A cross section of an individual fiber postmodification displays that the new functional units

are located on the surface of the fiber.

Reprinted with permission from Royal Society of Chemistry (Rieger KA, Birch NP, Schiffman

JD. Designing electrospun nanofiber mats to promote wound healing—a review. J Mater Chem

B 2013;1:4531–41).
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relative to the bare wound. After 3 weeks, the amount of wound closure was observed

and evaluated. The obtained results showed that CBMA mat significantly improved

the closure at �92% when compared with bare wounds that showed a wound closure

of �70%. After 3 weeks of contact with the CBMA composite mat, the thickness of

the granulation layer was similar to that of unwounded skin, indicating optimal

healing. They suggested that prepared membranes do not make any pain upon frequent

removal. Furthermore, the healing tissue will not be damaged since the newly formed

layer of the skin is not disturbed.

It has been well reported that the composite fibers have been widely studied for

wound healing owing to the enhanced properties as compared with pristine

nanofibrous mat. Later, the interest has been drawn toward to the design of multilay-

ered wound dressing, in which each layer exhibits different functionalities. Tan et al.

[41] demonstrated the bilayered nanofibrous mats (BNFs) through sequential

electrospinning of polyurethane (PU) and gelatin. Amoxicillin was successfully incor-

porated into the PU layer to attain the antibacterial function. The morphology and

cross-sectional view of the fibrous layer is shown in Fig. 1.20. The prepared BNFs

show dual wetting characteristics, that is, the gelatin nanofibrous mats exhibit relative

hydrophilicity with WCA of 84.43�2.76°, while PUa layer shows hydrophobicity

with WCA of 123.07�8.12°. The obtained tunable BNFs could be highly rec-

ommended as potential wound dressings.

Hajiali et al. [42] combined the effect of two naturally derived compounds, namely,

sodium alginate and lavender essential oil, for the development of bioactive

nanofibrous dressing. The loaded lavender oil shows an admirable antimicrobial effi-

ciency and also acted to control the induced inflammation. The obtained materials

show their excellent efficacy for the treatment of UVB-induced skin injuries. The
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Fig. 1.19 Photographs of the in vivo wound-healing study.

Reprinted with permission from Elsevier (Unnithan AR, Nejad AG, Sasikalaa ARK, Thomas

RG, Jeong YY, Murugesan P, et al. Electrospun zwitterionic nanofibers with in situ decelerated

epithelialization property for non-adherent and easy removable wound dressing application.

Chem Eng J 2016;287:640–8).
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commercially available alginate-based dressing (Tegadermt) was tested for compar-

ison, and the results show that the inhibitory effect of the electrospun nanofibers on

cytokine production was higher than that of Tegadermt. Even though there were a

huge number of studies that have been evaluated and found electrospun membrane

as an efficient wound-dressing material, it remains challenging to prepare a practical

Fig. 1.20 SEM images and diameters distribution of gelatin nanofibers (A1 and A2) and

polyurethane/amoxicillin nanofibers (B1, B2) and the cross-sectional views of bilayered

nanofibrous mats (C1 and C2).

Reprinted with permission from Elsevier (Tan L, Hu J, Zhao H. Design of bilayered nanofibrous

mats for wound dressing using an electrospinning technique. Mater Lett 2015;156:46–9).
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and comfortable nanofibrous dressing. Dong et al. [43] developed an in situ deposition

of a personalized nanofibrous dressing by a novel handy e-spinning device and eval-

uated their skin wound-care properties. Figs. 1.21 and 1.22 demonstrated the probable

mechanism for the preparation of the e-spun personalized nanofibrous dressing. The

incorporation of appropriate drug into electrospun nanofibrous membrane is a key

parameter to produce an active wound-dressing material. They have incorporated

the most known mesoporous silica nanoparticles decorated with silver nanoparticles

(Ag-MSNs) as additives to the biopolymeric e-spun membranes.

The added Ag-MSNs could release Ag ions continuously and had a long-lasting

antibacterial activity. In contrast, the gauze and control groups showed either the

remaining scab or an inflamed and unclosed wound. Meanwhile, the wounds covered

with e-spun Ag-MSN/PCL nanofibrous membranes presented better fluid retention

when compared with the ones covered with gauze. We also found that the nanofibrous

membranes were comfortable, flexible, and easier to be handled than the gauze. They

Fig. 1.21 Schematic illustration of the e-spun personalized nanofibrous dressing via a handy

e-spinning device for wound healing.

Reprinted with permission from Royal Society of Chemistry (Dong RH, Jia YX, Qin CC, Zhan

L, Yan X, Cui L, et al. In situ deposition of a personalized nanofibrous dressing via a handy

electrospinning device for skin wound care. Nanoscale 2016;8:3482–8).
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have studied and compared the performance of conventional gauze, virgin PCL

nanofibrous membranes, and Ag-MSN/PCL nanofibrous membranes on the surface

of the entire back skin wounds of different groups ofWistar rats. The gross appearance

of the skin injury was observed at definite time intervals at 1, 2, 3, 4, and 5 weeks after

immediate treatment. The observed results demonstrated that gauze and control

groups show either the remaining scab or an inflamed and unclosed wound. At the

same time, wounds covered with e-spun Ag-MSN/PCL nanofibrous membranes pres-

ented better fluid retention.

In most of the reported studies, the materials and bioactive molecular guidance are

concerned to be primary factors to determine the functionality and healing properties

of the mat. Despite, the impact of surface morphological properties of nanofibrous to

wound dressing has not been considered seriously. The study by Kim et al. [44] devel-

oped an advanced electrospinning method that is capable of introducing a specific

morphology into the nanofibrous mat. The proposed electrospinning method is mainly

for the alteration of the surface morphological properties of electrospun mats. In this

approach, the nanofibers are deposited onto a conductive mold with a human skin

pattern. Fig. 1.23A and B shows a photograph and SEM image of a fabricated

human-skin-patterned mat. The prepared fibers provided morphological guidance

for cell growth, which could play a crucial role in the esthetic outcomes of skin tissue

regeneration and wound healing. The in vitro cell tests (14 days) using amouse embry-

onic fibroblast cell line (NIH-3T3) were carried out. The fabricated mat provided

excellent morphological guidance of cells along the skin pattern, and as expected,

cells cultured thereon exhibited a level of viability equivalent to those cultured on con-

ventional electrospun fibers.

1.2.4 Antimicrobial

The infectious diseases caused by microbes are most significant rationale for human

deaths worldwide than any other single cause. A microbe that is capable of causing

Control Gauze PCL 5%Ag-MSNs

Fig. 1.22 Skin wound healing accelerated by Ag-MSN/PCL nanofibrous membranes.

(A) Exhibition of the entire skin injury model and treatment process in a Wistar rat.

Reprinted with permission from Royal Society of Chemistry (Dong RH, Jia YX, Qin CC, Zhan

L, Yan X, Cui L, et al. In situ deposition of a personalized nanofibrous dressing via a handy

electrospinning device for skin wound care. Nanoscale 2016;8:3482–8).
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any infectious diseases to the organism is referred as pathogen. The health risks owing

to these pathogenic microbial agents remain a challenge, and thus, preparation of

effective antimicrobial agents using different approaches is always a great concern.

Electrospinning is a cost-effective versatile technique that is used for generation of

continuous, one-dimensional nanofibers from a wide variety of materials especially

from the polymers and proved to possess a wide range of applications. In recent years,

there have been numerous efforts directed toward fabrication of electrospun

nanofibers with antimicrobial properties using various approaches, namely, encapsu-

lation of antimicrobial agents, functionalization, and surface modification owing to

their unique features. The properties of electrospun nanofibers such as fiber diameter,

specific surface area, composition of the polymer, and porosity significantly play vital

role in the release profile of encapsulated agent. An antimicrobial agent is a molecule

of natural, semisynthetic or synthetic origin, which inhibits the growth of the microbes

or kills with minimal or no adverse effect to the host. There is particularly a significant

focus on the incorporation of drugs, nanoparticles, and plant-derived compounds

in nanofibers, which exhibit antimicrobial property. To date, numerous active antimi-

crobial agents have been successfully encapsulated into nanofibrous membranes

and demonstrated their potency in controlling the microbial growth including

5 mm

(A)

1 mm

(B)

Fig. 1.23 Photograph (A) and SEM

image (B) of a human-skin

patterned nanofibrous mat.

Reprinted with permission from

American Chemical Society (Kim

JH, Jang J, Jeong YH, Ko TJ, Cho

DW. Fabrication of a nanofibrous

mat with a human skin pattern.

Langmuir 2015;31:424–31).
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antibiotics, triclosan, essential oils, chlorhexidine, silver nanoparticles, and metal

oxide nanoparticles.

In an overview, encapsulation of active agents in electrospun nanofibers can be

achieved by blending in polymer solution before electrospinning, confining in core

of the nanofiber using coaxial electrospinning, dispersing the nanostructures in

electrospinning solution, converting a precursor into active agent through post-

treatment process, and attaching on the nanofiber surface as indicated by Gao et al.

[45]. A graphic illustration on different methods of incorporating biocides into

electrospun nanofibers is presented in Fig. 1.24. However, during encapsulation of

antibiotics, the close relationship between the polymer solution and hydrophilicity/

hydrophobicity nature of the antibiotics should be taken into account to result in suc-

cessful encapsulation of antibiotics in nanofibers. For instance, if a hydrophilic poly-

mer is chosen to encapsulate hydrophilic drug, which might result in complete

encapsulation, then a hydrophobic drug might not be fully encapsulated.

Electrospinning

ElectrospinningEncapsulation

Electrospinning

Electrospinning

Posttreatment

Attachment
5. Attachment

4. Posttreatment

3. Encapsulation

2. Core/sheath

1. Blending

NanofiberPrecursorActive agent Encapsulated agent

CoreSheath
Polymer
solution

Co-axial
electrospinning

Fig. 1.24 Various methods of incorporating biocides into electrospun nanofibers. (1) Blending/

dispersion of the active agent in the polymer solution prior to electrospinning, (2) confinement

of the active agent in the core of the fiber through coaxial electrospinning, (3) encapsulation/

adsorption of the active agent in nanostructures before dispersion in the electrospinning

solution, (4) conversion of a precursor to active agent in the nanofibers after electrospinning,

and (5) attachment of the active agent onto the nanofibers after electrospinning.

Reprinted with permission from Wiley Periodicals, Inc. (Gao Y, Truong YB, Zhu Y, Kyratzis

IL. Electrospun antibacterial nanofibers: Production, activity, and in vivo applications. J Appl

Polym Sci 2014;131:40797).
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Recently, Yang et al. [46] prepared agar/polymer electrospun hybrid to couple the

advantage of both agar and electrospun fibers to achieve a novel composite with

enhanced, comprehensive properties and a high potential for drug delivery. Ampicillin

(AMC)-loaded, agar-doped polyacrylonitrile (PAN) composite nanofibers were pre-

pared, and their performance in bioactivity assays against Escherichia coli bacteria
was studied using disc diffusion method. The preparation of electrospun nanofiber

using agar as an additive is illustrated in Fig. 1.25. In addition, the relationship

between the spinnability and agar concentration in order to determine the critical fac-

tors in achieving a successful electrospinning.

The antimicrobial properties of silver have been noted since ancient times. Silver

nanoparticles (AgNPs) are well known as a broad spectrum of antibiotic with strong

antibacterial properties against many potential pathogens. Due to their excellent anti-

microbial activities, preparation of silver nanoparticles containing electrospun

nanofibers attracted intensive research interest. Xu et al. [47] demonstrated the prep-

aration of biodegradable poly(l-lactide) (PLA) ultrafine fibers containing nanosilver

particles via electrospinning technique. The in vitro antibacterial activities of PLA

fibers with silver nanoparticles were studied. The observation shows that the silver

is released steadily, and thus, the antibacterial activity is durable.

To minimize the aggregation of silver nanoparticles in polymeric solution and

avoid environmentally hazardous chemicals, an effort was made by reducing silver

through atmospheric plasma treatment. Thus, silver/polyacrylonitrile (Ag/PAN)

hybrid nanofibers were prepared by coupling atmospheric plasma treatment and

electrospinning. Further, the antibacterial efficiency was investigated against a

gram-negative enteric pathogen E. coli O157:H7 (B179) and a spore-forming

gram-positive pathogen Bacillus cereus (B002). As a result, PAN nanofibers without

silver or silver compounds showed no significant antibacterial activity. Conversely,
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Fig. 1.25 Schematic illustration for the drug delivery systems by means of the agar doped

electrospun fibers.

Reprinted with permission from Royal Society of Chemistry (Yang H, Gao PF, Wu WB, Yang

XX, Zeng QL, Li C, et al. Antibacterials loaded electrospun composite nanofibers: release

profile and sustained antibacterial efficacy. Polym Chem 2014;5:1965–75).
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Ag/PAN hybrid nanofibers showed complete inhibition of both gram-negative and

gram-positive microorganisms, indicating that the nanofibers are endowed with excel-

lent antibacterial properties due to the introduction of Ag nanoparticles [48].

The incorporation of silver nanoparticles in electrospun chitosan nanofibers has

been shown to improve their antibacterial performance. This modification has been

achieved by loading prefabricated silver nanoparticles into the electrospinning

chitosan solution or by adding a silver precursor to the formulation and then per-

forming the thermally induced synthesis of silver nanoparticles. However, the

antibacterial performance of these silver nanoparticles is often restricted because they

are uniformly distributed and mostly embedded below the nanofiber surface. To

ensure the maximum exposure of silver nanoparticles, the reduction reaction of the

precursor should be directed or confined to the nanofiber surfaces. Annur et al.

[49] recently reported the argon-plasma synthesis of silver nanoparticles for the sur-

face immobilization of silver nanoparticles without the use of additional chemical

reagents. Argon plasma etching and nanofiber thinning also promoted the further

accumulation and exposure of silver nanoparticles on the nanofiber surfaces.

The antibacterial performances of chitosan nanofibers with and without

surface-immobilized silver nanoparticles were investigated by the disk diffusion

method using E. coli as the model bacteria. Inhibition zone improvements were

observed in the silver nanoparticle-immobilized C10Ag (silver nitrate (AgNO3)

1.0 wt%) and C20Ag (AgNO3 2.0 wt%) nanofibers after the argon-plasma bombard-

ment. For the 0.5 and 1 min plasma exposure time, both samples demonstrated

increased inhibition zone sizes to 0.36 and 0.48 mm, respectively. When treated with

1.5 min of argon plasma, the C10Ag and C20Ag samples had the maximum

antibacterial activity and inhibited bacterial growth up to a distance of 0.78 mm.

These results for the C0, C10Ag, and C20Ag samples are summarized in Fig. 1.26

as a function of the plasma dosage.

Among other metal oxides, zinc oxide (ZnO) and titanium dioxide (TiO2) have

been considered as versatile and eco-friendly materials owing to their exceptional

physicochemical properties. The ZnO nanostructures were extensively studied for

their antimicrobial activities; a considerable attention was paid on the preparation

of ZnO-incorporated nanofiber via electrospinning process. In addition, ZnO is listed

as a generally regarded as safe (GRAS) by the US Food and Drug Administration,

which has been used in many personal and health-care products. Anitha et al. [50]

reported the in situ generation of ZnO nanoparticles in cellulose acetate (CA) fibrous

membrane and their excellent antibacterial activity.

Lee et al. [51] developed a facile two-step fabrication method to enhance the sur-

face area of electrospun TiO2 nanofibers by subsequent hydrothermal synthesis of

TiO2 nanowires. Furthermore, the uniform deposition of a large quantity of silver

nanoparticles on the surface of the TiO2 nanofibers ensured a significant enhancement

of the antibacterial performance, even under dark conditions. The schematic illustra-

tion of the preparation procedure is shown in Fig. 1.27.

The hierarchical TiO2 nanofibers were prepared through a hydrothermal synthesis

of TiO2 nanowires on pure TiO2 nanofibers prepared via electrospinning, followed by

calcination. The morphology of pure and hierarchical TiO2 nanofibers is shown in
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Fig. 1.28. The prepared structures exhibited a highly enhanced photocatalytic effect

owing to an increased surface area and an improved crystallinity of the surface. This

enhanced photocatalytic effect led to a highly enhanced antibacterial activity of

89.90�2.02% in the presence of UV light, even for a very short irradiation time
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Fig. 1.26 Antibacterial inhibition zone measurements for C0, C10Ag, and C20Ag samples

versus the argon-plasma dosages. The inset shows an example of the inhibited-growth zones

surrounding the nanofiber sample.

Reprinted with permission from American Chemical Society (Annur D, Wang ZK, Liao JD,

Kuo C. Plasma-synthesized silver nanoparticles on electrospun chitosan nanofiber surfaces for

antibacterial applications. Biomacromolecules 2015;16:3248–55).

Electrospun
TiO2 nanofibers

Hierarchical
TiO2 nanofibers

AgNPs deposited
on hierarchical TiO2 nanofibers

Photo-deposition
of  AgNPs

Hydrothermal
synthesis of

TiO2 nanowires

Fig. 1.27 Schematic illustration of the approaches used to achieve enhanced antibacterial

activity of TiO2 NFs. Hierarchical structures prepared by electrospinning, pyrolysis,

hydrothermal synthesis of nanowires, and deposition of silver nanoparticles.

Reprinted with permission from Royal Society of Chemistry (Lee WS, Park YS, Cho YK.

Significantly enhanced antibacterial activity of TiO2 nanofibers with hierarchical

nanostructures and controlled crystallinity. Analyst 2015;140:616–22).
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(1.5 min). Furthermore, Ag/TiO2 nanofiber composites were prepared via photore-

duction synthesis of Ag NPs that were deposited on the hierarchical anatase TiO2

nanofibers under UV illumination.

Airborne fine particulates raise severe health and safety issues as they can be inhaled

and may also cause explosions. It is vital to improve the indoor air quality by control-

ling these particulates under a certain concentration both in industry and in our daily

life. Zhong et al. [52] prepared an air filter by growing one-dimensional ZnO nanorods

on the three-dimensional porous networks of expanded polytetrafluoroethylene

(ePTFE). The schematic for the preparation process and the morphologies of the filter

at different stages are shown in Fig. 1.29. The preparation of the filters contains

two simple steps: seeding of ZnO nanoparticles on the ePTFE networks and hydrother-

mal growth of ZnO nanorods on the seeding layer. They have adopted atomic layer

deposition (ALD) to uniformly seed ZnO on the surface of ePTFE matrix and then

synthesize well-aligned ZnO nanorods with tunable widths and lengths from the seeds

under hydrothermal conditions. The resultant filters show ultrahigh efficiency and an

interesting antibacterial functionality because of the conjunction of ZnO NRs on the

network of ePTFE.

A recent report by Song et al. [53] has shown a route to fabricate low-cost porous

carbon nanofibers (CNFs) using biomass tar, polyacrylonitrile (PAN), and silver

Fig. 1.28 SEM images of TiO2 nanofibers with various crystalline phases and nanostructures:

(R) pure TiO2 nanofibers with rutile phase, (A) pure TiO2 nanofibers with anatase phase, (R–R)
hierarchical TiO2 rutile nanofibers with rutile–TiO2 nanowires, and (A–A) hierarchical TiO2

anatase nanofibers with anatase TiO2 nanowires.

Reprinted with permission from Royal Society of Chemistry (Lee WS, Park YS, Cho YK.

Significantly enhanced antibacterial activity of TiO2 nanofibers with hierarchical

nanostructures and controlled crystallinity. Analyst 2015;140:616–22).
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nanoparticles by coupling electrospinning technique, subsequent stabilization, and

carbonization processes. The resultant membrane exhibited high specific surface area

(>400 m2/g) and microporosity. A schematic illustration for fabricating the porous

tar-derived CNFs through electrospinning is presented in Fig. 1.30. The porous char-

acteristics of nanofibers increased the exposures and contacts of silver nanoparticles to

the bacteria, leading to excellent antimicrobial performances.

Cyclodextrins (CDs) are cyclic oligosaccharides consisting of α(1,4)-linked
glucopyranose units having a truncated cone-shaped molecular structure. Due to their

unique molecular structure, CDs can form intriguing supramolecular assemblies by

forming noncovalent host-guest inclusion complexes with a variety of small mole-

cules and macromolecules. Hence, CDs are applicable in many areas including

antibacterial application [54,55]. Celebioglu and Uyar [56] established the first studies

on electrospinning of CD nanofibers by itself without the use of a carrier polymer

matrix. Essential oils (EOs) are volatile compounds and well known for their antimi-

crobial and antioxidant properties. Owing to their volatile nature, encapsulation/inclu-

sion is considered very necessary for their effective utilization in different

applications. A recent study by Aytac et al. [57] reported that geraniol (which is a

Morphologies at different
preparation steps

Hydrothermal growth
for different periods

ALD
seeding

Hydrothermal
growth

Fig. 1.29 Schematic of the preparation process of the ZnO-functionalized ePTFE filters and the

SEM images of the filters at different stages. The inset shows the magnified top-view SEM

image of an individual ZnO NR prepared with a hydrothermal growth period for 3 h.

Reprinted with permission from American Chemical Society (Zhong Z, Xu Z, Sheng T, Yao J,

Xing W, Wang Y. Unusual air filters with ultrahigh efficiency and antibacterial functionality

enabled by ZnO nanorods. ACS Appl Mater Interfaces 2015;7:21538–44).

Electrospinning: A versatile processing technology 33



well-known volatile essential oil compound) was effectively encapsulated into three

different cyclodextrins (CDs), namely, hydroxypropyl-beta-cyclodextrin (HPβCD),
methylated-beta-cyclodextrin (MβCD), and hydroxypropyl-gamma-cyclodextrin

(HPγCD), which is a cyclic oligosaccharide. The schematic representation of the

experimental procedure is shown in Fig. 1.31. The cyclodextrin/geraniol-inclusion

complex (CD/geraniol-IC) furthers electrospun as a free-standing nanofibrous webs

CD/geraniol-IC-NF. The antibacterial studies indicated that prepared CD/geraniol-

IC-NFs possessed strong antibacterial activity.

1.3 Commercialization prospectus

So far, the electrospun nanofibers have been well demonstrated for their potentiality in

a variety of biomedical applications. To date, numerous electrospinning-based technol-

ogies were already transferred out of the laboratories, and products are commercialized

in a wide range of industrial sectors including filtration, energy storage, and tissue engi-

neering. Persano et al. [3] reviewed the status of electrospinning in industrialization

Stabilization

Carbonization

Pore

Ag

Ag+ Ag

V

Tar

PAN

Reduction

Tar/PAN/AgNO3 in DMF Tar/PAN/Ag in DMF Electrospinning

Fig. 1.30 A schematic illustrating the fabrication of the porous tar-derived CNFs through

electrospinning followed by stabilization and carbonization processes.

Reprinted with permission from American Chemical Society (Song K, Wu Q, Zhang Z, Ren S,

Lei T, Negulescu II, et al. Porous carbon nanofibers from electrospun biomass tar/

polyacrylonitrile/silver hybrids as antimicrobial materials. ACS Appl Mater Interfaces

2015;7:15108–16).
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Fig. 1.31 (A) Schematic representation of IC formation and IC solution; illustration of

electrospinning of CD-IC nanofibers. (B) The antioxidant (AO) activity (%) of geraniol,

HPβCD-NF, MβCD-NF, HPγCD-NF, HPβCD/geraniol-IC-NF, MβCD/geraniol-IC-NF, and
HPγCD/geraniol-IC-NF and the photographs of DPPH solutions in which geraniol, HPβCD-NF,
MβCD-NF, HPγCD-NF, HPβCD/geraniol-IC-NF, MβCD/geraniol-IC-NF, HPγCD/geraniol-IC-
NF were immersed, respectively. (C) The representative photographs of antibacterial test plates

with the average inhibition zone (IZ) and standard deviation calculations for E. coli and
S. aureus treated with pure triclosan, HPβCD/triclosan-IC-NF, and HPγCD/triclosan-IC-NF.



perspectives and listed the companies involved in supplying industrial-scale

electrospinning equipment and nanofiber-based products. A list of representative

companies providing industrial-scale electrospinning equipment includes Elmarco

(www.elmarco.com), Holmarc Opto-Mechatronics (www.holmarc.com), NaBond

(www.electro-spinning.com), E-Spin Nanotech (www.espinnanotech.com), Electro-

spinz (www.electrospinz.co.nz), Electrospunra (www.electrospunra.com), Linari

Engineering (www.linaribiomedical.com), Mecc Co. (www.mecc.co.jp), Kato

Tech (www.keskato.co.jp), Inovenso (www.inovenso.com), Toptec (www.toptec.

co.kr), IME Technologies (www.imetechnologies.nl), and Yflow (www.yflow.

com). And also, a list of companies involved in supplying electrospun products

for different fields of application includes Ahlstrom Corporation (www.ahlstrom.

com), Donaldson (www.donaldson.com), DuPont (www.dupont.com), eSpin Tech-

nologies (www.espintechnologies.com), Esfil Tehno AS (www.esfiltehno.ee),

HemCon Medical Technologies, Inc (www.hemcon.com), Johns Manville (www.

jm.com), Finetex Technology (www.finetextech.com), Hollingsworth and Vose Com-

pany (www.hollingsworthvose.com), Japan Vilene Company (www.vilene.co.jp),

Nanofiber Solutions (www.nanofibersolutions.com), Kertak Nanotechnology (www.

kertaknanotechnology.com), Nano109 (www.nano109.com), NanoSpun (www.

nanospuntech.com), Soft Materials and Technologies S.r.l (www.smtnano.com),

Polynanotec (www.polynanotec.com),) Yflow (www.yflow.com, and SNS Nano-

Fiber Technology (www.snsnano.com). In addition, the ElectrospinTech listed vari-

ety of companies involved in electrospinning-based products/service suppliers [58].

The list of selected companies involved in tissue-engineering products services is pre-

sented in Table 1.1.

Even though the technical specification and requirements in instruments have been

solved to produce nanofibers in industrial scale, it is more important that the produced

material should possess the biological compatibility to further apply in tissue-

engineering applications. Another key challenge is quality control; most importantly,

these materials need to be produced by following the good manufacturing practice

(GMP) conditions to meet FDA and other regulatory standards. Therefore, the inno-

vations at laboratory scale related to biomedical applications must travel through in

line with industrial requirements to avoid failure at later stage.

1.4 Conclusion

In this chapter, we highlighted the advancement of nanofibrous membrane in biomed-

ical applications. The outstanding uniqueness of electrospun nanofibrous membrane

provides a wide range of opportunities for their use in many different biomedical

applications. The easy functionalization of nanofibrous assembly yielding significant

advancements in the development of functional nanofibrous scaffolds. An obvious

advantage of core-shell fibrous assembly has led the burst and sustained release of

bioactive molecules. Besides controlled nanofibrous structures, hydrophilicity of

the fibrous membrane also provides the more favorable environment for cellular adhe-

sion. The wetting characteristics of the nanofibrous scaffold are also efficiently
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Table 1.1 List of companies involved in tissue-engineering products
service

S. No.

Company

name Product/service Country Website

1 Ahlstrom

Corporation

Nanofiber-based

products for

medical care, life

science and

diagnostics

Finland www.ahlstrom.

com

2 3-D Biotek Cell culture device The

United

States

www.3dbiotek.

com

3 BioSurfaces Inc. Drug-loaded

electrospun fibers

for implantable and

nonimplantable

devices

The

United

States

www.biosurfaces.

us

4 Biotronik Covered Stent Germany www.biotronik.

com

5 Espin

Technologies

Nanofiber-based

products for

regenerative

medicine and drug

delivery

The

United

States

www.

espintechnologies.

com

6 HemCon

Medical

Technologies,

Inc

Nanofiber-based

products for wound

care

The

United

States

www.hemcon.com

7 Nanofiber

Solutions

3-D cell culture

consumables and

scaffolds for tissue

engineering

The

United

States

www.

nanofibersolutions.

com

8 Neotherix Nanofiber scaffold

for tissue

regeneration

The

United

Kingdom

www.neotherix.

com

9 Nicast Ltd Nanofiber implants Israel www.nicast.com

10 Sigma-Aldrich Nanofiber culture

plates

The

United

States

www.

sigmaaldrich.com

11 Soft Materials

and

Technologies

S.r.l.

Fibrous tissues Italy www.smtnano.

com

12 Stellenbosch

Nanofiber

Company

Nanofiber-based

materials for

medical

applications

South

Africa

www.sncfibers.

com

13 The

Electrospinning

Company

Nanofiber scaffold

for tissue

regeneration

The

United

Kingdom

www.

electrospinning.co.

uk

http://www.ahlstrom.com
http://www.ahlstrom.com
http://www.3dbiotek.com
http://www.3dbiotek.com
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modified via plasma treatment and chemical-etching treatment. The shrinkage and

distortion of the electrospun scaffolds restrict the initial cell adhesion and further

growth, and therefore, suspended, shrinkage-free electrospun scaffold has been devel-

oped. A hybrid scaffold has also been well demonstrated to enhance the cellular infil-

tration and nutrient transport. The practical and comfortable wound dressing is a

critical challenge even though there were a huge number of studies that have been

evaluated and found electrospun membrane as an efficient wound-dressing material.

The novel handy e-spinning device has also been demonstrated to develop a person-

alized nanofibrous dressing. The research may extent to incorporate the sensor to

monitor the wound management. It may give necessary information on infection feed-

back, which may help to change the dressing material if necessary. The successful

clinical translation of such demonstrated nanofibrous scaffold may provide their

effectiveness in biomedical field. Therefore, the toxic profile of nanofibrous mem-

brane should be carefully studied. The potential of nanofibrous scaffold provides

the improved performances in biomedical applications, suggesting that their partici-

pant remains promising.
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2General requirements of

electrospun materials for tissue

engineering: Setups and strategy
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laboratory and industry

E. Kije�nska, W. Swieszkowski
Warsaw University of Technology, Warsaw, Poland

Regenerative medicine based on tissue engineering (TE) along with sophisticated

biomedical devices combines knowledge from many scientific fields like biology,

materials science, and chemistry to develop novel therapies for damaged tissues

and organ malfunctions [1,2]. This multidisciplinary approach aims to provide suffi-

cient habitat for cells or stable microenvironment for tissue self-healing, in a form of

tissue-engineered scaffold, wound dressing, or drug delivery carrier [3–5]. These
types of constructs must comply with specific criteria matching the characteristics

and properties of the tissue at the implantation site [6]. Certain requirements refer

to properties of tissue-engineered scaffolds. They should exhibit mechanical proper-

ties similar to those of native tissue, providing optimal support to withstand the forces

occurring in physiological body conditions [6]. However, scaffold should loose its

strength parallel to tissue formation during regeneration [7]. Other important aspects

are scaffolds’ architecture and morphology. Structure should distinguish itself with

high porosity, high surface area, and interconnected pores to ensure cell penetration,

exchange of the nutrients/O2 and wastes/CO2 [8], and vascularization of the regrowing

region. The size of the pores is crucial. The pores should be not only large enough to

allow cells to migrate toward the structure but also small enough to allow efficient

binding of the cells [9]. In general, there is no optimal pore size for all tissue regen-

eration. The sufficient pore sizes for versatile tissues are in a range of 20–350 μm [10].

The structure of ideal tissue-engineered construct should distinguish itself with het-

erogeneous morphology possessing both nanoscaled elements allowing attachment

and accommodation of the cells and macroscale pores permitting their infiltration

and propagation within the structure [11].

Adverse to implants, scaffolds are not intended for long-term use and permanent

presence within the body. They should be degradable, and the time of their degra-

dation should not exceed the period of the new tissue formation [7]. Native extra-

cellular matrix (ECM) of most tissues exhibits intricate organization build of

nano- and microstructured protein and proteoglycanous fibers [12] with 50–500
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nm collagen fibrils [13]. Thus, it is believed that nanoscaled environment promotes

uniform cell distribution and allows for intramolecular interactions, which in turn

affects morphological and functional development of the cells. Scaffolds composed

of nanofibers exhibit high surface area to volume ratio [14], which improves adsorp-

tion of the protein by providing more binding sites, thus mimicking specific ligands

and topography of native ECM (Fig. 2.1). There are a number of methods like phase

separation [16], self-assembly [17], and electrospinning [18] that have been used to

obtain nanofibrous constructs for TE applications. However, electrospinning tech-

nique seems to be the most effective and versatile method of its fabrication. Other

aspects making this method very attractive to utilize are the simplicity and low price

of the applied setup [19].

The essential mechanism of electrospinning process is based on drawing of the

fluid (polymer solution or melt) using electrostatic field [18]. When a high voltage

is applied to polymer solution through flattened needle, charges within the fluid

undergo induction. When they reach a critical amount, the jet starts erupting from

the droplet at the tip of the needle, and Taylor cone is formed. The jet is traveling

toward grounded collector, where the potential gradient is located. During the flight,

solution evaporates, and solidified fibers are collected on the collector [18,20].

There are a great number of different types of polymers, precursors, and other bio-

active substances that can undergo electrospinning to form nanofibers [21]. In general,

the choice of the material to be electrospun depends on the applications of the resultant

fibers and fibrous structures. However, there are some certain conditions that must be

met by particular material regardless of the applications of the fibrous structures. The

main property of the utilized substrate is its biocompatibility, understood as the ability

of providing sufficient cellular environment. It should not cause any immune reaction

or inflammation of the body after implantation, resulting to its rejection or disturbing

Fig. 2.1 Schematic diagram of effect of nanofibrous scaffold architecture on cell binding

based on [15].
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the healing process. Materials should be degradable, and the by-products of the deg-

radation should be nontoxic and possess the ability of exiting the body without any

interference with other tissues and organs [9].

2.1 Electrospinnable materials for TE applications

Research into the use of polymer nanofibers has increased significantly, and

electrospun fibrous constructs have been established as a potential substratum for

TE scaffolds. Wide range of versatile materials can be utilized within the process

to develop diverse implants. In this chapter, the most commonly available materials

that can undergo electrospinning for biomedical purposes will be briefly discussed

along with the basic requirements of utilized solvents and other additives.

2.1.1 Synthetic and natural polymers used in electrospinning
for biomedical applications

There are various polymers that have been investigated to produce electrospun

nanofibrous scaffolds, including synthetic, natural, and their blends [22]. For tissue

engineering scaffolds, bioabsorbable polymers are preferred, due to their degradabil-

ity and possibility to employ them as temporary supporting systems, which can be

replaced by newly formed tissue [23]. Biomedical application of materials imposes

also some other conditions influencing their selection. Most of them are related to

the biomaterial chemical composition, its molecular weight, crystal structure, hydro-

philic nature, lubricity, catalytic degradation in water-based conditions, and mecha-

nism of its erosion [10]. On the other hand, polymers used for electrospinning

must distinguish themselves with some specific properties that allow utilized material

to form fibers. One of the most significant factors is the molecular weight of the poly-

mer. This parameter indicates the number of chains that can be entangled, which

further affects the formation of smooth uniform nanofibers. Low molecular weight

might cause droplet formation (electrospray) or the presence of beads within the fibers

[18]. If the molecular weight of polymer is too low and there is no possibility of

obtaining the same polymer with higher value of this factor, it is recommended to

blend it with polymer holding higher molecular weight or increase significantly

the concentration of the polymer solution. Recently, the most interesting synthetic

polymers used for tissue engineering scaffold and drug/growth factor delivery carriers

are FDA-approved polyesters like poly(l-lactide) (PLLA), poly(ε-caprolactone)
(PCL), poly(glycolic acid) (PGA), and their copolymers like poly(l-lactide-co-ε-
caprolactone) (PLCL) or poly(lactic-co-glycolic acid) (PLGA) with different ratios

of their components [24]. However, synthetic polymers alone might not meet all

the requirements of an artificial tissue construct since they lack recognition sites

for cell adhesion [25]. Commonly used polymers of natural origin such as collagen,

gelatin silk, and alginate can provide a suitable matrix for cells, since their structure is

enriched with binding sites and ligands influencing attachment, proliferation, survival,

and differentiation of the cells [26]. However, the main disadvantage of their use is
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connected to lowmechanical properties, poor stability of the proteins in aqueous envi-

ronment, and low thermal stability in general. Therefore, electrospun nanofibrous

scaffolds composed of both synthetic polymer and protein might overcome the lim-

itations of single component nanofibrous systems and provide suitable substrates for

TE [25].

Fig. 2.2 provides concise information about biological, mechanical, and physico-

chemical properties of polymers most commonly used in biomedical application.

2.1.2 Requirements for solvents

In the traditional electrospinning from the polymer solution, the choice of sufficient

solvent is critical for formation of the fibers and their resultant morphology. When

selecting a solvent for manufacturing of nanofibrous scaffolds for TE application

or drug delivery, the most important, along with obtaining of desired morphology

of the fibers, is possible toxicity of the solvent residuals within fabricated structures.

The venom remaining might influence cell behavior or even indicate cell apoptosis.

Thus, water, nontoxic, and/or highly evaporating liquids are preferable. From the tech-

nological point of view of the process, the most relevant aspects for consideration are

the solubility of individual polymer and the volatility of used solvent [27].
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Fig. 2.2 Properties of selected polymers used for biomedical applications.

Reprinted with permission from Elsevier (Gunn J, Zhang M. Polyblend nanofibers for

biomedical applications: perspectives and challenges. Trends Biotechnol 2010;28(4):189–97).
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Electrospinning process involves evaporation of the solvent and separation of the

phases during the time when the jet is traveling from the capillary tip toward the

grounded collector [28]. Generally, the more volatile is the solvent, the faster polymer

solution jet dries. On the other hand, when the evaporation rates are too high, fluid

tends to shrivel fast and clogs nozzle disrupting the flow rate of the solution [27].

Numerous studies have been conducted toward investigation of the influence of the

versatile solvents on the morphology and porosity of the electrospun fibers

[29–31]. It has been observed that solvents with high boiling point like DMF, which

do not fully evaporate during electrospinning, result in flat or coagulated fibers in the

point of contact [27]. On the other hand, use of solvents with high volatility allows to

obtain nanofibers with large pores on their surface [30], which might be beneficial for

fibers used as a drug delivery carriers. Utilization of mixture of solvents with different

boiling points and vapor pressures like THF and DMF and variations of volume ratios

in-between them enables tailoring of the size and the density of the pores on the fibers’

surface [29]. Less volatile is the solvents’ mixture, resultant fibers will be smoother

and opposite, more volatile is the solution, and larger is the size of the pores and their

density. Other properties of the solvents having impact on the process are their dielec-

tric constant and conductivity. Utilization of solvent with higher dielectric constant

results with decrease in beads formation and reduction of fibers’ diameters. Low

dielectric constant and high surface tension of the fluid, like for DCM-based solutions,

causing lower charge repulsion within the jet, result in beads formation. Solution pre-

pared with solvents possessing higher conductivity allows to obtain fibers with

smoother morphology without beads [18]. Low conductivity of the polymer solution

can be overcome by the addition of the ions from salts like KH2PO4, NaH2PO4, or

NaCl. This increases the charge carrying capacity of the fluid; extends deposition area

by increase of bending instability of the fluid, which all together cause less beads for-

mation; and decreases in the fibers’ diameter [32].

In conclusion, nanofiber morphology and their surface porosity can be regulated by

the use of particular solvent or compound of solvents allowing for obtaining desired

morphology and diameter of the nanofibers. Some of the solvents commonly used in

electrospinning for biomedical application and their properties have been listed in

Table 2.1.

Schematic graph summarizing the basic strategies for successful electrospinning of

nanofiber for TE applications has been presented in Fig. 2.3.

2.2 Electrospinning technologies and set-ups

Recently, electrospinning evolved as an effectual tool for fabrication of tissue-

engineered manufactures [35]. This fiber fabrication technique provides the possibil-

ity of obtaining nanofibrous structures with various shapes and diverse properties of

the fibers. The morphology of the fibers and their composition and orientation, along

with the geometry and porosity of obtained structures, can be tailored by customiza-

tion of electrospinning process [21]. The laboratory strategies of TE products and drug

delivery system development defy mainly on customization of basic electrospinning
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setups. Modification of utilized collectors allows to produce more complicated struc-

tures with different orientations of the fibers, and versatile spinnerets enable to obtain

fibers with nonhomogenous fiber composition. Others employed procedures based on

postprocessing functionalization of the nanofibers, for example, to increase the bio-

activity of the surfaces or to change the porosity of the constructs [36].

Table 2.1 Solvent properties

Solvent

type

Boiling

point (°C)
Dielectric constant

(dyn/cm) Basic characteristics

DCM 39.8 8.93 High surface tension

HFP 59 16.7 High dipole moment, good

conductivity

Chloroform 61.2 4.8 High intrinsic viscosity

Methanol 64.7 32.6 High surface tension

THF 66 7.47 High dipole moment, good

conductivity

Ethanol 78.3 24.55 Low surface tension, high

intrinsic viscosity

Water 100 80.2 Low intrinsic viscosity

DMF 153 36.71 High dipole moment, high

conductivity

DCM, dichloromethane; HFP, 1,1,1,3,3,3-hexafluoro-2-propanol; THF, tetrahydrofuran; DMF, dimethylformamide).
Based on Ramakrishna S. An introduction to electrospinning and nanofibers. World Scientific Publishing Company
Incorporated, 2005; Pillay V, et al. A review of the effect of processing variables on the fabrication of electrospun
nanofibers for drug delivery applications. J Nanomater, 2013. p. 22; http://stenutz.eu/chem/solv6.php?name¼1%2C1%
2C1%2C3%2C3%2C3-hexafluoropropan-2-ol, 26.10.2016; Gualandi C. Porous polymeric bioresorbable scaffolds for
tissue engineering. Berlin, Heidelberg: Springer; 2013 [18,27,33,34].
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 conductive polymer
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� Change the used solvent OR
� Mix the used solvent with a
 solvent with high dielectric
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Fig. 2.3 Schematic flowchart for electrospinning basic strategy.

Partially based on Teo W-E. Electrospinning nanofiber flowchart, http://electrospintech.com/

espinflowchart.html#.WBCVE8mr_iB.
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2.2.1 Fabrication of the structures with different
orientation of the fibers

Development of engineered nanofibrous scaffolds with topographical features mim-

icking native ECM of the tissue is still a challenge. Electrospinning method allows for

obtaining nonwoven structures with an extremely high ratio of surface to volume and

structure of interconnected pores. This provides better cellular adhesion and influence

in a positive manner spreading and growth of the cells [37]. Basically, using standard

electrospinning method, two types of the fibers’ orientation can be obtained, namely,

random and aligned [38]. Nanofibrous structures with uniaxial orientation of the fibers

exhibit anisotropic mechanical properties, very similar to those of native ECM. Also

on the biomolecular level, this type of topography might selectively enhance endocy-

tosis, adhesion, and proliferation of cells [39]. Moreover, cell spreading and prolifer-

ation can be oriented along the nanofibers orientation [40]. Thus, nanofibrous

scaffolds should be designed with respect to the regeneration of the tissues with ori-

ented texture. For example, smooth muscle cells, neural cells, osteoblasts, and fibro-

blasts can display aligned actin fiber organization caused by predominated

nanofibrous orientation [41].

In standard electrospinning setup, utilization of flat collector results in obtaining

randomly oriented fibers (Fig. 2.4A). Employment of collectors based mainly on

rotating movement like rotating drum or disk or parallel electrodes enables to obtain

aligned orientation of the fibers within the mesh (Fig. 2.4B). Selected types of setups

with various collecting devices are shown in Fig. 2.5.

Collectors presented in Fig. 2.5 can be characterized by their simplicity, and there

are many advantages of their utilization to produce biomedical products. However, in

case of fabrication of aligned fibers, there are some limitations. Usage of rotating

drum allow to obtain large area of nanofibrous meshes, but the high alignment of

the fibers might be not accurate within whole structure. On the other hand, the use

of two parallel electrodes results in high alignment of the fibers, but it is not possible

to produce thick membranes. Employment of sharp-edged disk gives good alignment

but only for some range of diameter of the fibers [38].

Fig. 2.4 Morphology of randomly oriented (A) and aligned (B) nanofibrous meshes.
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2.2.2 Production of fibrous structures with non-homogenous
composition of fibers or with diverse composition of layers

Biomedical applications of the nanofibers are not only limited to tissue engineering

scaffolds. Electrospun nanofibers can be also adapted as various drug and growth fac-

tor delivery carriers allowing for sustained release of labile bioactive agent without

their degradation [42]. The advantage of electrospinning process is a possibility of

employment of several types of spinnerets (i.e., needle in needle and two needles

in a row) enabling to obtain fibers with core-shell or hollow structures or simultaneous

spinning of different materials. Utilization of coaxial electrospinning allows to obtain

electrospun nanofibrous scaffolds with active biomolecules enclosed within the fibers

[41]. Simultaneous spinning of different solutions (double spinning) provides possi-

bility of obtaining nonwovens with different layers in terms of material type,

possessing different properties [43]. Utilization of multispinning spinnerets

(Fig. 2.6B) also provides a potentiality of overcoming obstacles related to small pore

diameters within the nanofibrous structures and high packing density of the meshes.

Electrospinning of the same polymer from two different solvents with particular prop-

erties (like volatility) results as if fibers are obtained with, for example, different nano-

and microdimensions and morphology. Received nanofibrous structures exhibit inter-

mixed pore-size distribution enhancing cellular infiltration, which is usually limited

with small pores within the scaffolds [11]. Fig. 2.6 shows two basic setups for coaxial

(Fig. 2.6A) and double electrospinning (Fig. 2.6B).

2.2.3 Strategies for fabrication of 3D electrospun constructs

Electrospinning method is not limited only to fabrication of nanofibrous semi-3-D

membranes. Tissue engineering applications often require 3-D constructs with a larger

thickness, which are difficult to obtain and time-consuming using standard

electrospinning. Recent progress in technology results in the development of several

methods for production of 3-D scaffolds based on electrospun nanofibers. Some of the

HV HV HV HV

Nanofibers Nanofibers
Nanofibers

Nanofibers

Parallel electrodesFlat steel collector Disc collector
Rotating drum

collector

Fig. 2.5 Selected types of nanofibers collecting devices.
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basic strategies of 3-D nanofibrous scaffold fabrication using standard or modified

electrospinning setups will be briefly explained below.

The most simple method of 3-D nanofibrous scaffold fabrication is based on ver-

tically stacking layers (membranes) of fibers (Fig. 2.7A). Utilized membranes might

be composed of the different materials and possess different orientations of the fibers,

causing variation of the porosity and pore size within the volume of whole structure.

Another possible way is rolling membrane to obtain cylindrical multilayered shape

(Fig. 2.7B) [44]. In both methods, it is possible to seed the cells on the particular layers

Fig. 2.6 Electrospinning setups for (A) coaxial and (B) double electrospinning.
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while constructing 3-D shapes, obtaining even distribution of the cells within whole

volume of scaffolds [45,46].

Three-dimensional cylindrical shape of nanofibrous structure, which finds its

application for nerve conduits and vascular grafts [47,48], can be obtained with use

of rotating mandrel collector (Fig. 2.8A).

Another modification of the standard setup to obtain 3-D structure is the use of liq-

uid reservoir as a collector (Fig. 2.8B). This method increases the internal pore size of

the nanofibrous structures. The pack density of obtained meshes using standard

electrospinning setup is mainly attributed to the process itself, where produced fibers

impact preceding fibers collected on the steel collector [44]. Utilization of

low-surface-tension liquid, which causes sinking of the fibers below its surface upon

the contact, overcomes the affection of the oncoming fibers on already collected

fibers. In turn, this will result in loose of packaging density of the fibers [49]. The

choice of the liquid should be dictated by its surface tension and by hydrophilic nature

(A) (B)Stacking

Cell seeding

Single nanofibrous
membrane

Multilayer stack of
nanofibrous membranes

Single nanofibrous
membrane

Cell seeding

Rolling

Fig. 2.7 3-D structure obtained by (A) stacking and (B) manual rolling of single nanofibrous

membranes.

(A) (B)

HV

Nanofibers

Low surface
tension liquid

Nanofibers

HV

Rotating mandrel

Fig. 2.8 Electrospinning setup with (A) mandrel (B) liquid collectors.
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of the polymer used for fabrication of the fibers, preventing fibers from floating on the

surface of the liquid [44]. It has been observed that constructs obtained by these

methods demonstrate good penetration of the cells [50].

Three-dimensional scaffolds containing electrospun nanofibers can also be pro-

duced by development of hybrid structures composed of electrospun nanofibers

and microfibers [51], nanofibrous meshes combined with rapid-prototyped scaffolds

[52], or nanofibers mixed with hydrogels [53].

2.3 Basics of industrial upscaling of electrospinning

The aforementioned methods and setups listed in the previous part of this chapter are

effective ways to produce nanofibrous constructs for biomedical applications in a lab-

oratory scale. When the main aim of research is a development of tailor-made

patient-specific tissue-engineered scaffold, the small laboratory scale is efficient

enough. However, for the biomedical products, targeting mass-scale production, like

patches for wound healing or multipurpose drug delivery carriers, the productivity of

used devices and equipment must possess relatively high production rates (sufficient

for targeted implementation area). Persano et al. [54] suggested that when the fabri-

cation of nanofibrous structures is planned to be moved to industrial scale, some spe-

cific requirements have to be met. Designing of the process should focus on assurance

of large volume processing, the accuracy and reproducibility of the produced manu-

factures, good capacity of process monitoring and inline quality control, and on the

ensuring of the environmental safety. Thus, some systems of spinnerets and collectors

designed for laboratory research may not apply for mass-scale production. Laboratory

equipment based on so-called “needle-type” spinneret setups fails in a large scale due

to clogging of the nozzle while spinning highly concentrated or particle consisting

solutions [55]. The other problem is very small efficiency and productivity of the pro-

cess performed using this type of apparatus with only 0.005–0.01 g of fiber per hour

per needle [56]. Most of the commercially available high-productivity equipment

encompass use of free surface electrospinning or multinozzle nonneedle spinnerets

[54]; this allows to obtain larger density of the jets that can be formed, thus increasing

the efficiency of the process. Furthermore, industrial systems contrary to laboratory

setups use mainly rotating drum for fiber collecting, which allows to obtain large area

of produced nanofibrous structures. Another important aspect is the use of volatile

solvents for electrospinning, which residues might be present in resultant fibers,

and inmass scale, the problem of the toxicity of the wastes occurs. Taking into account

all mentioned aspects, planning commercialization and industrial scale of fabrication

of product for biomedical application needs a detailed strategy on the possible devices

that can be used for their production.

2.4 Conclusions

Electrospinning technique allows for obtaining of advanced structures for biomedical

applications like tissue-engineered scaffolds, wound dressing, or delivery carriers. Suc-

cessful strategies for development of electrospun constructs for biomedical applications
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should be based on the knowledge of characteristics of tissue to be regenerated, prop-

erties of applied polymers and solvents, and optimal design of the nanofibrous structures

sufficient for its application. Planning of the technology of fabrication and utilized

setups should not only focus on in vitro laboratory or in vivo preclinical research but

also anticipate an adaptation of the manufacturing process into the industrial scale.
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3Biomedical applications of

electrospinning, innovations, and

products

J.M. Lagaron*, A. Solouk†, S. Castro*, Y. Echegoyen*
*Novel Materials and Nanotechnology Group, IATA-CSIC, Valencia, Spain, †Amirkabir
University of Technology (Tehran Polytechnic), Tehran, Iran

3.1 Innovative technologies with potential for scaling

Electrospinning is an electrohydrodynamic-based technique capable of generating

controlled fibers with diameters well below the micron. However, the low typical

throughput of a single Taylor cone demands the use multicone sources for industrial

applications. Two alternatives with their advantages and drawbacks have been devel-

oped: multinozzle injectors and later needleless spinnerets.

3.2 Brief history of electrospinning

The first record of an electrohydrodynamic process dates from the 17th century.During

the early 20th century, Zeleny focused on the study of fluid droplets in an electric

field placed at the end of metallic capillaries. In the 1930s and 1940s, Anton Formhals

described the phenomenon of electrospinning in a series of patents [1], and Rozenblum

and Petryanov-Sokolov fabricated a filtering material out of electrospun fibers. In the

1960s, Taylor described mathematically the shape of the so-called Taylor cone. Initial

characterization of the mechanism and development of the technique required a highly

controlled quasi-static geometry; therefore, using a nozzle to generate and hold

the Taylor cone was necessary at the time. It took 20 more years for a needleless

electrospinning system using a ring spinneret to be patented for the electrostatic pro-

duction of fleece fibers [2]. The attention of the scientific community focused on the

electrospinning process in the early 1990s, after Reneker and coworkers demonstrated

that electrospinning was a suitable technique to generate nanofibers [3], probably

prompted by the development of its cousin technique, electrospray, to generate

gas-phase nonvolatile proteins [4], which was a revolution in the mass spectrometry

community at the time and granted JohnB. Fenn aNovel prize for his discovery. Fifteen

years later,needleless electrospinningbegan toexhibit itspotential in themassproduction

of nanofibers and began its own flourishing period in the electrospinning community. In

2004, a magnetic-field-assisted needleless electrospinning was reported. A magnetic

field was used to induce the formation of protuberances on the flat solution surface,

which concentrated the electric field triggering the electrospinning process [5].Although
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rings were first invented as a needleless electrospinning spinneret [2], needleless

electrospinningbegan to attract attentions since Jirsaket al.’s invention in 2005of ametal

roller as a spinneret [6]. Themain advantage of this technology is that the jets are initiated

naturally in the optimal positions. This rotating rollerwas used as a fiber generator for the

mass production of electrospinning nanofibers [6]. This technique was commercialized

byElmarcoCo.with thebrandname“Nanospider.”Several approacheswereused to trig-

ger Taylor cones and initiate electrospinning from a free surface, including air bubbles

[7], a conical wire coil [8], a metal plate [9], a splashing spinneret [10], a rotary cone

[11], a cylinder [12], a bowel edge [13], and moving bead chain [14]. The influence of

the spinneret geometry on the electrospinning process and fiber quality was determined

by Niu et al. [15].

The main drawback of single nozzle compared to needleless injectors is its low

throughput. However, it offers a better control on the fiber diameter and distribution,

offering homogeneous film porosity, critical feature, for example, for the growth of cells

for biomedical applications. In needleless electrospinning, a multitude of jets are

formed simultaneously from the needleless fiber generator without the influence of capi-

llary effect that is normally associated with nozzle-based injectors. Because the cone-jet

generation in needleless electrospinning is a self-triggered process occurring on a free

liquid surface, the spinning process is hard to control. Multinozzle injectors with

different geometries, mainly planar and linear, have been developed to increase the

nozzle-based injector throughput. Furthermore, multijets can be issued as well from a

single nozzle. However, this approach, like needleless spinnerets, lacks fibers control.

3.3 Nozzle-based multijet electrospinning

Multijet technology is a necessary approach to increase the throughput of the

electrospinning process [16–18]. Althoughmultijet electrospinning is a more complex

process than the single jet, it has been demonstrated to be a better approach to enhance

electrospinning productivity rather than substantially increasing the throughput of a

single spinneret. Modified single-nozzle, multinozzle, and needleless systems,

explained below in detail, have been developed to obtain multiple jets and thus to

increase the system throughput.

Multijet electrospinning was first accomplished using a single nozzle with a

grooved tip, from the branches of which multijets were formed [19]. This multicone

technique proved to improve the productivity of the single-nozzle electrospinning pro-

cess. However, the process is rather chaotic due to the poor control of the polymeric

solution flow rate through each of the cones generated.

Further, themechanism behind fiber formation has not been examined. Later, the use

ofcurvedcollectors onsingle-nozzleconfiguration togeneratemultipleTaylor coneswas

proposed as an alternative to enhance the throughput [20]. Two possiblemechanisms for

this phenomenon were provided including electric field distribution and clogging of the

passagewayof the polymer solution.However, there are still a number of unsolved issues

related to electrospunwebs, including fibermorphology and diameter. No public reports

have been to date published on mass production of nanofibers by this approach.
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An alternative procedure considered to increase the throughput of the single nozzle

was to split the polymer jet into two separate subfilaments during its flight to the fiber

collector by applying a sufficiently large tangential stress [21].

The most direct method to increase the electrospinning injector throughput relies

on the use of a bundle of nozzles. Nozzle configuration, nozzle number, and nozzle

spacing are the three key parameters to design a multinozzle injector. The multinozzle

injector can be organized into linear arrays [22–25] and two-dimensional arrays

[22–25], that is, square [22,24], circular and elliptic [25], hexagonal [26], and trian-

gular [27].

A linear array of nozzles is the simplest multinozzle configuration. Several exam-

ples have been reported in the last few years. For example, linear multinozzle

electrospinning setups composed of four nozzles were designed to produce nanofibers

[23]. It was shown that the nanofibers were unevenly deposited onto fibrous substrates

probably because of the distorted electric field effect due to the finite boundary con-

ditions. Further, spinnerets with arrays of seven and nine nozzles were employed to

examine the behavior of jets in multinozzle electrospinning [17]. Experimental results

and simulations showed a contrasting behavior between outer and inner jets, such as

bending direction and envelope cone. However, each jet was subjected to the typical

bending instabilities observed in single-jet electrospinning. Electric field shielding

at the inner nozzles was observed in a 26-nozzle injector with a linear arrangement.

It was observed that only the outer nozzles were active, whereas the inner ones

did not generate the Taylor cone [25]. An additional electrode is necessary in order

to compensate for the boundary effect and homogenize the overall electric field

[28]. Most investigations on multinozzle electrospinning have been focused on

two-dimensional arrays. For example, multinozzle injectors with elliptic and circular

configurations were designed to improve the process stability and throughput [25]. It

was shown the circular configuration was a more stable process and obtained a higher

throughput for polyvinyl alcohol (1 vs. 0.4 mg/min per nozzle). Yang et al. developed

a seven-nozzle (10 mm spacing) injector arranged as a regular hexagon with one noz-

zle located in the center [26]. They observed that the six outer jets bent outward due to

the repulsion from center one. The lack of symmetry in the electric field in the 2-D

arrays triggered a similar bending behavior as in linear arrays. Theron et al. reported

a slightly more complex nine-nozzle design placed in a 3�3 matrix [22]. The

throughput observed for this nine-nozzle injector ranged from 22.5 mL/(cm2 min)

to 22.5 L/(cm2 min). Kim and Park [29] patented a more advanced multinozzle device

designated conjugated electrospinning. This design was able to mass-produce com-

posite nanofiber webs from several kinds of polymer solutions. More recently, an

industrial multinozzle injector composed of 1000 nozzles was reported [30]. Finally,

Lagaron et al. [31] developed a coaxial high-throughput multinozzle injector technol-

ogy that allows low viscous solutions to be more efficiently processed. This technol-

ogy is especially suitable for encapsulation of active and bioactive ingredients.

The company Bioinicia SL, Spain (www.bioinicia.com), through their engineering

division Fluidnatek, has launched since 2012 a range of high-throughput multinozzle

equipment for pilot plant and manufacturing purposes, called LE-500 and LE-1000,

respectively. These tools that comewith climate control, for example, temperature and
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%RH control, are designed to, for instance, meet the existing stringent legislation

criteria in the biospace and to provide complete flexibility for the manufacturing of

electrospun/electrosprayed products. The equipment was designed to be integrated

in industrial production lines that involve roll-to-roll collection or any other type

of collection, pre- or postprocessing steps. The company has also built two demonstra-

tion/contract manufacturing electrohydrodynamic processing plants in Valencia,

Spain, that are currently capable of manufacturing a minimum of 2 ton/year of

nanofiber-based products with pharma/biomedicine legislation compliancy and a

minimum of 1 kg/h of powder-based products for cosmetic, agrochemical, and food

applications.

3.4 Electroblowing

A sheath gas, to provide an additional drawing force, has been widely used in

electrospinning to stabilize the process. Electroblowing, also known as electroblown

spinning, is the conjugation of a pneumatic and an electrohydrodynamic force to

generate fibers. This technique has demonstrated a significant improvement in

the production rate of polymeric nanofibers. The technique obtained higher produc-

tion rates than conventional single-nozzle electrospinning due to the additional

pneumatic driving force that enabled an extra increase in the polymeric solution

flow rate without significant loss of fiber quality. Kim and Park [29] successfully

designed a high-throughput electrospinning spinneret with an air nozzle to produce

nanofiber webs from thermoplastic or thermosetting polymers. However, several

problems such as the high applied voltage required complex electric insulation

and coupling of working distance to applied voltage needed to be addressed. How-

ever, a patent by Bryner et al. [32] upgraded the electroblowing process by directly

applying the voltage to a pair of electrodes located parallel to the surface of a

grounded spinneret, which overcame some of those obstacles caused by the conven-

tional application of the voltage. An enhanced throughput five times higher than that

obtained with electrospinning was demonstrated.

3.5 Fiber generators in needleless electrospinning

The central image in Fig. 3.1 shows a single-nozzle electrospinning setup, which is

composed of a syringe that usually contains a polymeric solution to be electrospun,

a nozzle and a counterelectrode collector, and a high-voltage power supply connected

between the nozzle or solution and the collector to apply the appropriate electric field

to generate the Taylor cone [33]. The solution is issued from the tip of “Taylor cone”

in the form of a charged jet. Initially, this thin jet stretches further due to the interaction

between the electric field applied and its charge and to the internal repulsion between

charges. Solvent evaporation leads to the solidification of the filament into fibers,

which are finally deposited on the collector usually forming a randomly oriented fiber

web. Similar setups to the one described above have been widely used in hundreds of

laboratories around the world for multitude of research projects.
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Electrospinning is mainly suitable for processing thermoplastic polymers and

electrospun fibers that are typically in the range of several nanometers to a few

microns in diameter. Electrospinning enables control of the fiber diameter through

the solution properties and experimental variables such as solution flow rate and flight

distance (nozzle to collector distance).

Most electrospun nanofibers show a round cross section with a smooth surface.

However, nanofibers with different morphologies can also be produced choosing an

appropriate polymer, polymer solution properties, nozzle configuration, or operating

conditions. Beaded fibers can be observed in almost all spinnable polymers [34].

Additional geometries such as fibers with a porous surface [35], ribbons [36], helices

[37], or grooved fibers [38,39] have been observed. Further, more complex
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Fig. 3.1 (Central) a typical apparatus for nozzle electrospinning and (outer) images of electrospun

nanofibers with various morphologies, (A) beaded fiber, (B) round fiber, (C) fiber with a

porous surface, (D) grooved fiber, (E) ribbon, (F) multichannel fiber, (G) side-by-side fiber,

(H) crimped fiber, (I) hollow fiber, and (J) core-sheath fiber. (A–F) are prepared by conventional
nozzle electrospinning, and (G–J) are electrospun mainly by a special nozzle spinneret.

From Niu HT, Lin T. Fiber generators in needleless electrospinning. J Nanomater

2012;2012:725950.
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bicomponent fibers with different cross-sectional configuration, such as hollow fibers

[40], core/shell configuration [41], side-by-side fibers [42], or crimped structures [42],

can be as well generated using specific nozzles having two or more channels to feed

different polymer solutions (Fig. 3.1).

Electrospinning enables nanofibers with exceptional features, such as the

abovementioned controlled fiber diameter, morphology, and structure as well as their

high surface area and the ability to generate highly porous membranes with excellent

pore interconnectivity. Further, the intrinsic high tunability of polymers enables

extensive fiber functionalization. Such unique features open electrospun nanofibers

to multiple applications in various fields. Some important applications of electrospun

nanofibers include tissue-engineering scaffolds [44], filtration [45], catalyst and

enzyme carriers [46,47], release control [48], sensors [49], energy storage [50], affin-

ity membranes [51], and recovery of metal ions [52–54].
Needleless electrospinning relies on the use of an external perturbation to locally

concentrate the electric field on a free liquid surface up to the intensity needed to ini-

tiate a Taylor cone. In the case of stationary spinnerets, conical spikes are often gen-

erated using an external force, such as magnetic force, high-pressure gas flow, or

gravity. Fig. 3.2 lists the stationary spinnerets reported. In the case of rotating

Stationary spinnerets

Cylinder spinneret

Coaxial wire coil
(spinneret)

High voltage Magnet

Magnetic
LiquidElectrospinning

solution

Bowl spinneret

Plate spinneret

Solution layer

High voltage
High

pressure N2

Electrospinning solution

Electrospinning
solution

Solution reservoir

Solution reservoir

Fig. 3.2 Schematic summary of stationary needleless spinnerets (electrospinning direction

along the red arrow).
From Niu HT, Lin T. Fiber generators in needleless electrospinning. J Nanomater

2012;2012:725950.
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spinnerets, rotation is usually used to feed the Taylor cones with the polymeric solu-

tion. The Taylor cones are generated at a certain position, usually away from the solu-

tion container, where the electric field is intense enough.

Yarin and Zussman reported a needleless electrospinning system that used a mag-

netic field to initiate the Taylor cone formation [5]. The system was composed of a

bottom layer of ferromagnetic fluid and an upper layer of polymer solution (Fig. 3.3A).

Vertical ferromagnetic fluid spikes were generated applying a magnetic field; such

spikes perturbed the top polymeric solution layer, which under the influence of an

additional electric field generated a Taylor cone (and consequently nanofibers) posi-

tioned on top of each of the ferromagnetic spike (Fig. 3.3B).

In order to prevent spinning solution from dropping onto the fiber mat, an upward

electrospinning configuration is used. The rotation of the spinneret transfers the poly-

mer solutions to the electrospinning sites of appropriate electric field, ensuring the

production continuously. In the case of roller and cone electrospinning, the polymeric

solution is fed from separated containers. The nanofiber formation in needleless

electrospinning has been proposed to follow four steps: (1) A film of polymer solution

is continuously transferred onto the partially immersed spinneret surface as a result of

the rotation; (2) the highly viscous film generated during the rotation of the spinneret

shows some rugosity by the time it reaches the area of optimal electric field; (3) such

rugosities concentrate the electric forces intensifying it to the range at which Taylor

cones are formed; and (4) nanofibers form upon the solidification of the jets issued

from each Taylor cone formed.

Fig. 3.4 shows a list of the reported rotating spinnerets. Different configurations,

cylinder, ball, disk, coil, and beaded chain, are used to control the flow rate of polymer

solution fed to the Taylor cones. These spinnerets are connected to a high voltage

Fig. 3.3 (A) Magnetic-field-assisted needleless electrospinning setup and (B) multiple jets

ejected toward the counterelectrode.

From Yarin AL, Zussman E. Upward needleless electrospinning of multiple nanofibers.

Polymer 2004;45(9):2977–80.
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submerged in the spinning solution while rotating. The Taylor cones are generated at

the point or area of maximum electric field. Niu et al. compared some of these con-

figurations and observed significant variations on fiber diameters under the same

working conditions (cylinder, 357�127 nm; disk, 257�77 nm; and ball spinnerets,

344�105 nm) and throughput (cylinder, 8.6 g/h; disk, 6.2 g/h; and ball, 3.1 g/h).

Fig. 3.5 shows a coil spinneret and a nanofiber mat generated with this configura-

tion. Multiple polymeric jets are generated from the wire coil. The nanofibers pro-

duced from the coil spinneret are thinner and show a narrower fiber diameter

distribution than that observed in typical nozzle electrospinning processes.

3.6 Bubble-electrospinning

Bubble electrospinning was developed in 2007 [55]. In contrast to the classical

electrospinning process, where the electrospinning ability relies strongly on the solu-

tion properties, bubble electrospinning depends mainly on the size of produced

bubbles.

Rotating spinnerets

High voltage

High voltage

High voltage
High voltage

High voltage

Electrospinning
solution
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Electrospinning
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Disk spinneret

Spiral coil spinneret

Cylinder spinneret

Ball spinneret
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Cone spinneret

Solution
distributor
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Fig. 3.4 Schematic summary of needleless rotating spinnerets (electrospinning direction along

the red arrow).
From Niu HT, Lin T. Fiber generators in needleless electrospinning. J Nanomater

2012;2012:725950.
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When no voltage is applied, the surface tension depends on the size of the bubble.

When an electric field is present, it induces charges onto the surface of the bubbles.

The surface charge coupling and the external electric field create a tangential stress,

leading to the deformation of the bubble into a protuberance-induced upward-directed

reentrant jet, as shown in Fig. 3.6. Once the electric field exceeds the critical value

needed to overcome the surface tension, a fluid jet is ejected from the apex of the con-

ical bubble. When the bubble breaks, the surface charges will be redistributed, and the

bubble surface is pulled upwards again by the electric force; thus, multiple jets are

(A) (B) (C)

Fig. 3.5 (A) Photograph of the spiral coil spinneret and electrospinning process, (B) photograph

of polyacrylonitrile (PAN) nanofiber mat produced by coil electrospinning, and (C) SEM image

of coil electrospun PAN nanofibers (scale bar 10 μm).

From Niu HT, Lin T. Fiber generators in needleless electrospinning. J Nanomater

2012;2012:725950.
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Fig. 3.6 Deformation of polymer bubble under electric force.
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formed in a very short period. In the case of bubbles with dimensions tending to the

nanoscale, the surface tension becomes extremely small and the generation of

nanofibers is promoted. This technology was demonstrated to produce nanofibers

as small as 50 nm [55].

3.7 Electrospinning-based scaled up developments
and commercial products

The use of biocompatible polymers in the biomedical industry has promoted the fab-

rication of artificial tissue and the development of drug delivery and targeting vehi-

cles. Polymers are an extensive family of materials that can be engineered or selected,

for example, to be bioabsorbable or to offer a low immune system rejection risk, or

posttreated to carry out specific functions. Electrospinning is the most promising

emerging processing technologies for the production of multiple nanofiber-based

polymeric biomedical products. Electrospinning nanofibers offer controlled compo-

sition and morphology—especially when made from nozzles—and are currently

being used in both upstream and downstream production. These nanofibers can be

used to fabricate artificial tissue structures that mimic natural scaffolds and controlled

drug-release patches or to cover implants reducing their immune system rejection,

among other uses.

Many companies have emerged in the last few years offering electrospinning-based

products that could be used for biomedical applications (Table 3.1). Many of them

make use of nozzle-based technologies to achieve maximum fiber control and empha-

size the excellent properties of electrospinning fibers to be exploited as drug delivery

products or artificial scaffolds. This far upstream product portfolio, although neces-

sary, is in many cases in a proof of concept stage or in certification trials and hence

one step behind producing actual biomedical commercial products. Below are some

examples of products that are downstream at or near at a commercialization stage.

Nicast’s AVflo is an artificial vascular access graft used for hemodialysis patients.

AVflo is made with medical grade biocompatible polycarbonateurethane and silicone

copolymers electrospun nanofibers. It is formed by four distinctive layers: The inner

layer is in contact with the blood and is designed to minimize platelets adhesion. The

high tunability of biopolymer nanofibers enables the design of fibers with reduced

affinity to specific cells; the middle layer has elastic features that mimic a blood vessel

and provides self-healing properties to the vessel reducing bleeding time after nozzle

removal. The fibers open up during nozzle penetration and close back quickly upon

nozzle extraction, the reduced porosity of the barrier layer prevents the diffusion of

serum and molecules and provides strength and flexibility, and the outer layer favors

the growth of surrounding tissue and adds on to the self-healing feature [56]. Polymer

nanofibers are tuned in this occasion to favor cell attachment and growth. Patients with

chronic renal failure, more than 450,000 are under treatment in the United States

alone, need 2–3 dialysis sessions per week [57]. One of the most recommended sur-

geries to enable hemodialysis is the creation of a communication between a native
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Table 3.1 List of electrospinning-based companies and biomedical
products developed

Company name Country Product Website

Arsenal Medical The United

States

Core-shell fibers www.

arsenalmedical.com

Bioinicia Spain RIVELIN Drug

delivery

nanofiber-based patch

www.bioincia.com

Biomimetic

Electrospinning

Technologies Inc.

The United

States

Customized scaffold

for biomedical

application

www.

biomimeticespintech.

com

BioSurfaces Inc. The United

States

Drug-loaded

electrospun fibers for

medical applications

www.biosurfaces.us

Biotronik Germany Covered stent www.biotronik.com

Medprin Germany ReDura dural patch www.medprin.com

Nanofiber

Solutions Inc.

The United

States

Nanofiber-based

scaffolds for medical

applications

www.

nanofibersolutions.

com

NanoSpun

Technologies

Israel Porous nanofibers for

medical application

www.nanospuntech.

com

Neotherix The United

Kingdom

Manufactures

nanofiber scaffold for

tissue regeneration

www.neotherix.com

Nicast Israel Nanofiber implants www.nicast.com

Ortho Rebirth Japan ReBOSSIS, synthetic

bone

www.orthorebirth.

com

PolyRemedy The United

States

HealSmart

Personalized

Antimicrobial

Dressings

www.polyremedy.

com

SKE Advanced

Therapies

Italy Silk Fibroin tubular

scaffold, flat sheet

scaffold, disk

www.ske.it

SNS Nanofiber

Technology LLC

The United

States

Nanofiber-based

materials for medical

applications

www.snsnano.com

Stellenbosch

Nanofiber

Company

South

Africa

Nanofiber-based

materials for medical

applications

www.sncfibers.com

The

Electrospinning

Company

The United

Kingdom

Manufactures

nanofiber scaffold for

tissue regeneration

www.

electrospinning.co.

uk

Zeus The United

States

Bioweb biomedical

encapsulation material

www.zeusinc.com
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artery and a vein of an extremity, for example, a native arteriovenous (AV) fistula.

AVflo serves as such artery-vein communication. AVflo can be easily sutured to

the blood vessels and offers an unobstructed blood flow and, thanks to the self-healing

nature of nanofibers, a rapid sealing after suture and puncture (less than 5 min) com-

pared to native AV fistulas, which usually takes longer [58].

Another interesting intercompany joint development is the RIVELIN Patch, which is

being currently commercialized by Dermtreat ApS, Denmark, which was codeveloped

by Bioinicia SL, Spain, and that is currently beingmanufactured in the unique scaled-up

facilities of Bioinicia SL in Valencia, Spain. Despite millions worldwide suffering from

severe and painful oral lesions requiring treatment, there is currently no licensed prod-

uct available. RIVELIN offers a product for treatment of these lesions based on a muco-

sal adhesive patch technology with targeted drug delivery, aimed to service this large

unmet market. The product is based on “repositioning”—that is, using excipients and

active drugs already approved by the authorities. This brings significantly reduced

risks, costs, and time to market compared to conventional pharma developments but

with similar opportunities for market positioning. The product targets severe inflamma-

tory diseases in the mouth—to be treated with a steroid, known from literature and stud-

ies to have significant clinical efficacy. This represents an estimatedmarket in excess of

USD 1 bill.

RIVELIN is an electrospun, two-layer patch including a mucoadhesive layer,

which includes the drug and a protective layer ensuring occlusion and unidirectional

drug delivery into the mucosal lesion. The mucoadhesive ability of the patch provides

a unique feature of a direct, controlled, and longer-term drug delivery. Direct topical

delivery of drugs ensures higher efficacy, lower dose, and less bystander toxicity.

US Patent 8,431,151 B2 proposes a method to manufacture a hydrogel antimicro-

bial nonwoven fibrous dressing with controlled release of silver ions. The inventors

describe a PEG-based multiblock thermoplastic polyurethane incorporating polyhe-

dral oligomeric silsesquioxane, forming organic-inorganic hybrid hydrogels with

unique mechanical properties and adjustable swelling ratios. In this case, a nanofiber

network, produced with the electrospinning technique, was used to deliver silver ions.

AgNO3 was directly incorporated into polymer/dimethylformamide solutions to pre-

pare the antimicrobial scaffolds [59].

Nanofiber Solutions Inc. 3-D scaffolds are electrospun developments for soft tissue

and organ replacement, eliminating the need for organ donation, immune suppression,

and the risk of transplant rejection. The company has developed complex shapes/

geometries to model different organs throughout the body and recently designed

the first synthetic tracheas implanted into human patients. The physical properties

of the scaffolds depend upon the type of polymer used in the manufacturing process,

that is, if they are made from polyurethane (PU), the scaffolds will be very elastomeric

like a rubber band, while something made from polyglycolic acid (PGA) will initially

be more rigid and stiff. There is also the possibility of obtaining random and aligned

orientation of the fibers. In addition to tissue engineering, these products are used in

regenerative medicine as a means to increase stem cell expansion rates for cellular

therapy companies working to bring the promise of personalized stem cell treatments

closer to reality.
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The company ORTHOREBIRTH has developed a new product named ReBOSSIS.

It is a cottony type, synthetic bone-void-filling material, whose main ingredients

include β-tricalcium phosphate (β-TCP) that is excellent in bioabsorbable property,

polylactic acid (PLLa), and silicone-containing calcium carbonate that promotes

the bone formation. It contains 1% silicon by weight, a level similar to that present

in normal growing bone. The diameter of the fibers in the PLLa scaffold ranges from

10 to 50 μm. The interconnected macro- and microporous structure allows for forma-

tion of new bone and the growth of capillary blood vessels throughout the network of

interconnecting pores. The product form allows for versatility in handling and ease of

use. The basic technology, on which ReBOSSIS has been based, was initially devel-

oped by Professor Toshihiro Kasuga of Nagoya Institute of Technology (NIT) and his

research team. Back in 2011, Dr. Kasuga and his team started to study on artificial

bones for dental care and contrived an artificial bone to be used for dental implanta-

tion. This artificial bone was mainly made of calcium chloride, PLLa, and silicone just

like the current ReBOSSIS. The initial type of this artificial bone was based on non-

woven material. Then, they developed it into fabric-based artificial bone by using

electrospinning method. In this method, a solution mixed with calcium chloride,

PLLa, and silicone turned into a fabric-based material. The research team made

repeated trials and errors until they successfully made the fabric-based material into

a cottony material of very fine fibers of micrometer in size just like ReBOSSIS. The

team needed a great amount of time in determining a proper diameter and thickness of

the fiber for effectively activating the growth of osteoblast.

Taking over the successful technology from NIT, ORTHOREBIRTH repeatedly

improved the artificial bone into the current ReBOSSIS. In October 2014, the com-

pany officially obtained FDA 510(k) clearance and started to sell ReBOSSIS in the

United States in April 2015.

3.8 Future prospects and outlook

Electrospinning is no longer a lab technology. Many advances in scaling up and indus-

trialization have been carried out over the last few years by some pioneering compa-

nies across the globe. Biomedical products due to relatively low volumes and high

margins have been the first to be scaled up. The challenge of setting up manufacturing

facilities with certification compliancy has been surpassed already, and industrial

activity in the area will continue to grow in the years to come.
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4.1 Introduction

Electrospinning is a low-cost, simple, and efficient technique, among others, spinning

methods such as drawing, template synthesis, phase separation, and self-assembly to

produce nanofibers in nanoscale diameters. In this process, a positively charged poly-

mer solution jet is drawn through a spinneret by applying a high-voltage electrostatic

force; then, nanofibers are collected over a grounded metallic collector [1].

Nanofibers are being utilized for a wide range of applications in various fields such

as high-performance filtration, protective material, fiber-based sensors, and biomed-

ical applications [2,3]. Today, due to their main interesting properties and specifically

large surface area to volume ratio, biomedical applications attract more and more

interest from the scientific community. One of the most important areas is tissue engi-

neering in which it is needed to provide a scaffold to mimic the natural extracellular

matrix (ECM). These nanofibrous scaffolds provide a structural support for cells to

be guided and accommodated in the three-dimensional space to regenerate the

function of damaged tissue [4,5]. Nanofibrous materials are good candidates for this

kind of application and fiber orientation considered as an important feature, which

affect cell attachment and proliferation [6]. Thus, nanofibrous scaffolds formed by

electrospinning could represent favorable structures for biomedical applications

because of their similarity to natural ECM and use of various polymeric materials.

Recently, many studies are working on optimization of tissue scaffolds with ordered

and defined organizations of nanofibers. Since some cells in certain tissue, such as

nerve, prefer to be aligned in the direction of the fiber orientation, well-controlled

organization of fibers is necessary [7].

The electrospinning setup can be modified in different ways to combine material

properties with different morphological structures for diverse applications ranging

from tissue engineering to nanocomposite fabrication; however, electrospun

nanofibers are generally deposited randomly, which limit their applications. In

electrospinning process, there are a few variables that can affect the deposition of

nanofibers. One of the critical variables is collector design that plays an important role

to determine the nanofibers arrangement in an electrospun nanoweb.
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The aim of this chapter is to highlight several methods to control the arrangement

of 2D/3D nanofibers, such as the use of mechanical devices and parallel electrode col-

lectors. Additive manufacturing (AM) methods are presented to describe innovative

methods to achieve various geometries of collectors to be used to produce complex

nanofibrous architectures during electrospinning.

By changing three key elements, including surface chemistry, topography, and

structuration of nanofibers, desired applications can be achieved. This review high-

lights the current state of the art methods for producing patterned electrospun mate-

rials, focusing on structuration of nanofibers and their effects on cell growth.

Typically, electrospun nanofibers are deposited on a metallic flat substrate as ran-

dom nanofibers with no preferential organization of fibers. Different collector

types with different designs such as static plate, rotating drum, parallel electrode,

and rotating disk have been developed [8]. Depending on the collector type, nanofiber

orientation can be changed from totally random to highly oriented or 2D to 3D

arrangement [9,10].

4.2 Obtaining oriented nanofibers

Some specific connective tissues are composed of oriented collagen fibers. In terms of

mimicking that structure, a variety of studies were performed to evaluate the effect

of fiber alignment on cell behavior in tissue engineering area. Several polymers includ-

ing poly(L-lactic-co-ε-caprolactone), poly(lactic acid), and poly(esterurethane urea)

were electrospun in aligned or random form for tissue engineering applications. The

cellular activities were demonstrated to be highly affected by nanofibers [11–13].
Since the orientation of nanofibers in a scaffold is a main interest for many appli-

cations, upcoming paragraphs describe several methods, which have been investi-

gated to produce aligned electrospun mats. Orientation or patterning of nanofibers

is generally obtained via two general methods: dynamic devices and manipulation

of the electrostatic field during the electrospinning process.

4.2.1 Manipulation of the electrostatic field

Using conductive electrode(s) or different collector geometries can do manipulation

of the electric field in the electrospinning apparatus. The electrospun nanofibers are

guided by altering the static electric field and their travel patterns during the

electrospinning process [14].

The parallel electrode concept is the simplest method to produce highly aligned

nanofibers. The air gap between two electrodes encourages the electrospinning jet

to swing between them to generate greatly aligned nanofibers. This method has some

limitations such as the length of the nanofibers path, the thickness of the oriented

electrospun mat, and the difficulty of transferring the samples for further processing.

Xie and Li et al. have reported a designed collector based on manipulation of the

electrostatic field to produce nanofiber mat containing both aligned and random

portions, Fig. 4.1. The fabricated collector is composed of two stapler-shaped metal
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frames. Nanofibers are deposited randomly on the metal frame and aligned across the

air gap. After performing a biological test, it has been shown that cells were oriented

along the direction of fiber alignment, while cells were randomly oriented on the ran-

dom portion of the electrospun mat. Afterward, it has been proved that fabrication of

aligned-to-random scaffold could mimic the collagen fibers in the human body [15].

Zhang and Chang have studied the use of electroconductive wire with protrusions

as collectors to control the arrangement of electrospun nanofibers, as it is presented

in Fig. 4.2.

Electrospinning jet

Collector

Fig. 4.1 A) Schematic illustrating the experimental setup for the fabrication of aligned-to-

random nanofiber scaffolds. (B) SEM images of nanofiber scaffolds consisting of random and

uniaxially aligned PLGA (50:50) nanofibers on the left and right, respectively, or the small

region of boxed in (A). Inset, streamline plot of electric field between the needle and collector.

(C, D) High-magnification views of the random and aligned portions of the scaffold in (B).

Reused with permission from Xie J, Li X, Lipner J, Manning CN, Schwartz AG,

Thomopoulos S, et al. "Aligned-to-random" nanofiber scaffolds for mimicking the structure

of the tendon-to-bone insertion site. Nanoscale 2010;2:923–26, copyright Nanoscale publisher.
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They have concluded that the patterned collector obviously affects the deposition

and arrangement of the fibers and the architecture of the electrospun mats [16].

4.2.2 Dynamic devices

It has been suggested to use mechanical forces to collect aligned electrospun

nanofibers. For example, by rotating a cylindrical collector at a very high speed

(up to thousands of rpm), radially oriented nanofibers can be obtained. The rotating

speed of rotating collectors can change the diameter of nanofibers and determine the

degree of alignment of the nanofibers [14]. In another study, Subramanian et al. have

presented highly aligned electrospun nanofibers of PLGA produced by using rotating

mandrel (3 mm in diameter) with a maximum speed of 2500 rpm. Fig. 4.3 illustrates

the produced tubular scaffold consisting longitudinally oriented nanofibers by

electrospinning [17].

It has been shown that fully aligned fibers have fewer defects and may help to the

progress of neurite outgrowth and their elongation in nerve regeneration. The

SICCA SEI 20.0 kV �50 100 µm WD10 mm

SICCA SEI 20.0 kV �200 100 µm WD11 mm SICCA SEI 20.0 kV �1000 10 µm WD11 mm

100 µm

Fig. 4.2 (A) SEM image of a patterned collector. (B) Optical image of electrospun mat

collected using the collector in (A). (C) SEM image of a typical unit in the electrospun mat

collected using the collector in (A). (D) SEM image of the cross point in the electrospun mat.

Reused with permission from Zhang D, Chang J. Patterning of electrospun fibers using

electroconductive templates. Adv Mater 2007;19:3664–7, copyright Advanced Materials

publisher.
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longitudinally oriented scaffold has presented good flexibility, less pore size, and bet-

ter cell proliferation rate compared with random fibers [17,18].

Compared with the parallel electrode, by using dynamic collectors, large area of

oriented nanofibers could be achieved. In general, in order to produce uniform and

highest alignment possible, the rotational speed should be optimized to prevent fiber

breakage [19].

4.2.3 Complex patterned architectures by additivemanufacturing
methods (AM)

Recently, producing patterned electrospun nanofibers has been the main interest for

various applications such as micro- or nanodevices and biomedical fields. It has been

proved that 3D patterned scaffolds with different nanofiber orientations and align-

ments can provide a structure able to mimic better the natural ECM environment.

Even though there have been different methods for achieving patterned and

oriented nanofibers, there is still a challenge for accurately controlling the structure

of nanofibers by choosing a reproducible, scalable, and flexible method. Hence,

AM has attracted great interest in design and fabrication of collectors for

electrospinning to produce patterned scaffolds over the past year.

AM is the general name for a number of methods in which complex and precise 3D

structures can be formed layer-by-layer manner according to computer-aided design

Power supply

Insulating
gap

Fig. 4.3 (A) Electrospinning setup used for the fabrication of the longitudinally oriented tubular

scaffold. (B) Tubular scaffold.

Reused with permission from Subramanian A, Krishnan UM, Sethuraman S. Fabrication of

uniaxially aligned 3D electrospun scaffolds for neural regeneration. Biomed Mater

2011;6:025004, copyright Biomedical Materials publisher.
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(CAD) [20]. Several studied have been done with combining electrospinning and AM

techniques, such as photolithography, stereolithography, inkjet printing processes,

and 3D printing [21].

Photolithography is the method in which UV light is used to generate a pattern on

the substrate from a photomask to a light-sensitive chemical photoresist. Thus, differ-

ent micro- or nanopattern dimensions can be assembled on flat substrate.

In the Wittmer et al. study, honeycomb micropatterns of electrospun fibers were

obtained on micropatterned collectors on the silicon wafers using photolithographic

methods (Fig. 4.4).

They used a combination of electrospinning and electrospraying methods

for fabricating micropatterned collectors to produce the composite of fibers and

microparticles highly organized in 3D structure. They have obtained 3D nanofibrous

PCL microstructured scaffolds during the electrospinning process with various

Fig. 4.4 (A) Schematic of the process. The diameter D of the honeycombs was 40 μm,

80 μm, 160 μm, or 360 μm. The width and the height of honeycomb walls were, respectively,

20 μm and 60 μm. (B) 3D columnar structures obtained for D¼160 μm after 1 h of

production. (C) 3D columnar structure obtained after 15 min of production. (D) Fibrous

structure obtained with the same operating conditions and time of production than for (B) but

without electrospraying. No internal 3D microstructure can be achieved in this case.

Reused with permission from Wittmer CR, H�ebraud A, Nedjari S, Schlatter G. Well-organized

3D nanofibrous composite constructs using cooperative effects between electrospinning and

electrospraying. Polymer 2014;55:5781–7, copyright Biomedical Materials publisher.
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porosity gradients. This novel technique could be used for producing 3D scaffolds

with tunable pore size according to the desired application [22].

Another method stereolithography (Vaquette et al.) can be applied, which is based
on layer-by-layer photosensitive resin polymerization using UV light. In their study,

Rogers et al. used microstereolithography to generate the patterned resin from a sim-

ple sinusoidal wave to a more complex honeycomb with feature size ranging from 100

to 1000 μm. They have studied the behavior of 3T3 fibroblasts on 3D patterned hybrid

sinusoidal electrospun PLGA scaffold in vitro. They produced electrospun nanofibers

scaffold using tailored resin collectors produced by the AM approaches. Fig. 4.5

presents oriented and randomly oriented microfibers in complex patterned scaffold

such as sawtooth, hexagonal, and reentrant honeycomb, which followed the tailored

collectors [23,24].

Rogers believed that the mentioned methods have main limitations such as lack of

versatility, reproducibility, and scalability in the design and fabrication. So, they have

presented a novel method to fabricate electrospun scaffolds with tailored geometries

using a precise, robust, and scalable AM approach.

According to patent of Claeyssens et al. [25], a template consisting of aluminum

sheet having a nonconductive 3D pattern thereon has been formed by micro-

stereolithography. Since the inventors have observed that electrospun nanofibers were

mostly gathered onto a nonconductive surface, they have provided a patterned non-

conductive collector on a conductive collector. This invention is presenting a tech-

nique for producing an electrospun scaffold having defined cavities, which makes

it possible to act as a stem cell niche to house cells. The stem cells could be located

in the microenvironments called niches, which are chemically and biologically well

characterized. The ability of producing scaffolds with complex 3D architecture may

be used in treating an ocular injury, a skin wound, corneal replacement, etc. as a medi-

cament [26].

Although the above methods enable the production of 3D electrospun materials,

they have some drawbacks including low control of the 3D structure, long production

time, and imprecision. In order to overcome these disadvantages, new methods,

which assure fast, precise, and controllable production of 3D collectors, have to be

developed [27].

3D printer technology is another technique among AM approaches to fabricate a

3D object of almost any shape by using CAD so it can be a good way to fabricate

different patterned collectors. The primary substance that is used in 3D printing

and inkjet printing is different. In 3D printers, layers of curable liquid photopolymer

jet onto a build tray instead of using ink drops. This 3D printer system jets layers of

liquid photopolymer resin onto a build tray and instantly cures them with UV light. It

also jets a gel-like support material to maintain the complex geometries. This method

has some advantages such as fine detail, high speed of processing, precision, and no

postcuring needed. The process contains three steps, preprocessing, production, and

support removal:

l Preprocessing: 3D CAD model is uploaded into the machine via its software. The software

finds appropriate place to put the material automatically.
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l Production: Once the 3D printer jets the drops of photopolymer, the UV cures them in shape

of layers on the tray to create the 3Dmodels. It jets removal of gel-likematerial to support the

complex shapes.
l Support removal: The supportive material can be removed easily with water, and no post-

curing is needed.

Fig. 4.5 The versatility of the RP approach to produce formers with various 3D geometries and

the resulting patterned scaffolds. Representative images of the sawtooth (A and B), hexagonal

(C and D), and reentrant honeycomb (E and F) CAD models and electrospun scaffolds.

Reused with permission from Rogers CM, Morris GE, Gould TW, Bail R, Toumpaniari S,

Harrington H, et al. A novel technique for the production of electrospun scaffolds with tailored

three-dimensional micro-patterns employing additive manufacturing. Biofabrication

2014;6:035003, copyright Biofabrication publisher.
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Shah Hosseini et al. [28] have focused on AMmethod to generate 3D electrospun scaf-

folds by using patterned resin collectors produced using 3D printer technology in com-

bination with electrospinning. A preliminary study on design and fabrication of 3D

collectors for electrospinning of nanofibers was conducted. This study has shown

the feasibility of this method. Fig. 4.6 presents the CAD models of collector, which

had been uploaded in 3D printer.

The collectors have been firstly observed by scanning electron microscope (SEM)

to refine the choices in the final topography. Eight collectors have been produced with

different topographies such as holes, pillars, or grooves. Geometric dimensions are

reported in Table 4.1.

Dimension has been chosen regarding optimum resolution of 3D printer. For each

geometry, two dimensions have been realized to make a comparison to optimize the

process.

Table 4.1 Dimensions of produced collectors in different forms

Collector

number Design

Diameter/

width (μm)

Longitudinal

pitch (μm)

Track

pitch (μm)

Height

(μm)

1 Cylindrical

hole

700 2100 2100 50

2 Cylindrical

hole

400 1200 1200 50

3 Cylindrical

stud

200 600 800 50

4 Cylindrical

stud

400 1200 1600 50

5 Groove 200 600 600 50

6 Groove 500 1500 1500 50

7 Hemispheric

stud

350 1400 1050 50

8 Hemispheric

stud

550 1650 1650 50

Fig. 4.6 CAD model collector.
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Once the production of collectors has been completed, they were coated by a very

thin layer of gold to be conductive. Afterward, electrospinning has been performed on

these collectors with different patterns (holes, grooves, etc.). Fig. 4.7 presents the

polyamide 66 nanofibers mat on the fabricated patterned collector 1, 4, 6, and 8.

The electrospun nonwovens have been characterized by SEM. Figs. 4.8 and 4.9

represent the micrographs from the obtained patterned nanoweb using collectors 5

and 8 with groove and hemispheric stud patterns.

The results show that patterned collectors allow producing nanoweb templates

made of nanofibers with alternative pattern of oriented and nonoriented area, which

can provide an appropriate surface for cell growth.

By using the similar processing conditions described earlier, from the same author,

a 3D patterned scaffold composed of oriented and nonoriented nanofibers has been

produced. Different 3D grooved collectors, which have been obtained by a 3D printing

274 µm

�60 0020 20 kV 500 µm �200 0021 20 kV 200 µm

Fig. 4.8 Nonwoven obtained on groove structure with two different magnifications.

519 µm

�25 0026 20 kV 2 mm �100 0027 20 kV 500 µm

Fig. 4.9 Nonwoven obtained on pillar structure with two different magnifications.

Fig. 4.7 Coated patterned collectors and electrospinning on coated collectors.
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technique, were used in an electrospinning system as collectors to produce polyamide

66 (PA66) scaffolds. The characterization results have shown that the PA66

nanofibers followed both the geometries and dimensions of the fabricated 3D collec-

tors. So, it has been proved that different scaffold designs can be obtained from 3D

printing, with repeatable 3D geometry. This provides the possibility of having inter-

connected porous net that can be used in tissue engineering [29].

4.3 Conclusion and future perspectives

Different 3D patterning of electrospun nanofibers fabricated by different methods has

been demonstrated. AM techniques were demonstrated to be very important to

achieve the precise and reproducible method to produce patterned or aligned

electrospun fibers.

The design of scaffolds for tissue engineering applications that are able to maintain

the tissues’ structure and biological properties lies at mimicking the native connective

tissue fibers. In terms of mimicking that structure, a variety of studies were performed

to develop organized 3D electrospun nanofibers. Electrospinning has been used to pre-

pare 3D scaffolds by collecting nanofibers on patterned collectors. Patterned collec-

tors can be capable of constructing 3D electrospun structures that may be very useful

for some tissue engineering applications where ordered fiber organizations are

required. The potential of 3D printing technology has been shown when it is combined

with the electrospinning method to produce 3D scaffolds in nanoscale.

Most methods of the presented applications have not reached the level of maturity

required for industrial application but just at a laboratory research. It should be men-

tioned that the current methods are novel and there is not much information on com-

mercial aspects of 3D patterned electrospun scaffolds, but there is a great possibility of

attracting attentions and investments from academia, governments, and industry all

over the world.

Although significant progress has been made to develop electrospun nanofibrous

materials for biomedical applications, there are very few products in the market,

mainly due to the limitation of electrospun scaffolds for 3D applications. AM tech-

niques and combination of electrospinning with 3D printed collectors can enable

the construction of new materials to enter the market for clinical tissue engineering

applications.
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5.1 Introduction to the process of melt electrospinning

This chapter focuses on how the technique of melt electrospinning can be used to gen-

erate reproducible 3-D fiber scaffolds for applications in tissue engineering. Fibers are

threadlike structures possessing a length far greater than their width. This property

makes them useful for a wide variety of applications in textile engineering, energy sys-

tems, and biomedical systems [1–4]. The properties of fibers can vary and include

length, cross-sectional shape, construction material, and method of fabrication. These

parameters can bemodified during the fabrication process to ensure optimal fiber func-

tion and performance based on the desired application. While this book focuses on

electrospinning for producing fibers, other fiber production techniques exist that can

generate fiber-based scaffolds for tissue engineering applications as reviewed recently

by Tamayol et al. [5]. The process of microfluidic spinning serves as an interesting

alternative to the use of electrospinning when engineering tissues as reviewed recently

[6]. In this process, microfluidic devices are used to fabricate fibers through a polymer-

ization reaction. The device controls the flow rate and mixing speed of the polymer

solution and the agent used to cross-link the solution to form a fiber. Altering these

parameters will determine the properties of the fibers produced. This technique does

not require the use of an electric field and can generate both nanofibers andmicrofibers.

Unlike the microfluidic spinning method of fiber production, electrospinning

requires an electric field to charge the polymer solution from which the fibers are

drawn—hence the prefix “electro” [7]. Electrospinning shares many common features

with the process of electrospraying. The major difference between the two processes is

that electrospraying generates fine droplets from a charged polymer solution instead

of producing a series of fibers [8]. The majority of literature around electrospinning

has focused on solution electrospinning, a fabrication process where a polymer is dis-

solved in a solvent with the resulting solution being electrospun into fibers that are

collected on the surface charged by the counter electrode [7]. Unlike solution

electrospinning, melt electrospinning requires that the polymer be heated up until it

becomes liquid [9,10]. Once it is liquid, the resulting polymer melt is charged with

an electric field and then used to fabricate fibers. The nozzle extruding the melt

can be moved, or the collector can be manipulated in order to control the morphology

of the deposited fibers [11–13].
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Fig. 5.1 shows a schematic of a typical melt electrospinning set-up taken from Ko

et al. [11]. The major features of the set-up include the chamber where the polymer is

loaded, the heating system, the nozzle for melt extrusion, the high-voltage power

source, and the collector. This technique has become increasingly popular in recent

years as it provides a way to directly fabricate scaffolds with defined structures in

a process similar to 3-D printing [10]. Dr. Paul Dalton (presently at the University

of W€urzburg) has been one of the prominent advocates of using melt electrospinning

to fabricate scaffolds for tissue engineering. His website serves an excellent resource

for the field, and the URL can be found in the resource list at the end of the chapter.

Other prominent research groups using melt electrospinning for tissue engineering

include Dr. Dietmar Hutmacher’s group and Dr. MiaWoodruff’s group at the Queens-

land University of Technology and Dr. Groll’s group at the University of W€urzburg.
In addition to the experimental studies detailed later in this chapter, several studies

have modeled the process of melt electrospinning using physical principles [14–16].
Ko et al. developed a model for the melt electrospinning process based on the physics

of the melt using the following parameters: nozzle size, counter electrode distance,

and applied voltage [14]. In melt electrospinning, the fibers produced tend to be much

smaller than the nozzle size used due to the effects of the electric field combined with

gravity. For example, using a nozzle with a 150 μm diameter produces melt

electrospun fibers that are 12�1 μm in size, while using a much larger nozzle with

a 1700 μm diameter yields fibers with a width of 220�9 μm. The resulting

Syringe pump

Chamber

Nozzle l

rHeating system

High
voltage

Fig. 5.1 Schematic of a custom-designed melt electrospinning device showing the syringe

pump, the chamber where the polymer is melted, the heating system, the nozzle, and where the

electric field is applied.

From Ko J, Mohtaram NK, Ahmed F, Montgomery A, Carlson M, Lee PC, et al. Fabrication of

poly(-caprolactone) microfiber scaffolds with varying topography and mechanical properties

for stem cell-based tissue engineering applications. J Biomater Sci Polym Ed 2014;25(1):1–17.
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mathematical model was able to recreate these observations. Also, the model predi-

cated that increasing the electric field would decrease fiber diameter and that increas-

ing the collection distance would increase fiber size. These predictions correlated well

with the experimentally collected data. In the same paper, a model for the 3-D depo-

sition process was also developed, showing that the transition speed of the computer

numerical control controller plays an important role in determining fiber density. The

scaffold porosity could be predicted by this mathematical model when the aforemen-

tioned parameters were incorporated into it. A follow-up study further extended this

model to include the effects of temperature and linear transitional speed [15]. The

resulting fiber size decreases as the temperature of the melt increases. A 2013 study

by Wang and colleagues used simulations to determine how the electric field distri-

bution influences the fiber deposition during the melt electrospinning process [16]. In

particular, they used dissipative particle dynamics to simulate the electrospinning pro-

cess and found that polymer viscosity, melt temperature, and electric field all influ-

ence fiber production. Overall, these models illustrate the major parameters that

influence the process of melt electrospinning and how they can be manipulated to pro-

duce scaffolds with the desired fiber size and topography.

5.2 Comparison with solution electrospinning

While solution electrospinning has been commonly used to fabricate scaffolds for tis-

sue engineering applications, the use of melt electrospinning for these applications has

been increasing in recent years [17]. As other chapters of this book describe the use of

solution electrospinning in depth, here, a comparison of the advantages and disadvan-

tages of each of these methods is detailed. One of the major differences that contribute

to these differences between the two processes is how the production of the polymer

solution occurs. For solution electrospinning, polymers are dissolved into solvents to

prepare the solution used during the spinning process. These solvents can often be

volatile and toxic—examples include the use of 1,1,1,3,3,3-hexafluoro-2-propanol

(HFIP) and trifluoroacetic acid (TFA) [18]. However, progress has been made to elim-

inate the need for such solvents by using weak acids during electrospinning [19,20].

These alternatives can yield less than desirable morphologies and require further opti-

mization. In contrast, melt electrospinning uses a liquid derived from heating up the

polymer until it transitions into a liquid state, avoiding the use of such solvents [9].

One limitation of the melt electrospinning process is that the polymer used must

exhibit a glass transition temperature, making it incompatible with thermoset poly-

mers and biologically sourced proteins.

In solution electrospinning, the resulting solution is first spun into fibers and then

collected to form fibrous scaffolds. The collection method can be altered to enable

fabrication of scaffolds with different topographies [21–23]. Spinning parameters,

such as applied voltage and collection distance, can be altered to obtain scaffolds with

fiber sizes ranging from nanoscale to microscale [24]. One of the major advantages of

solution electrospinning is that this process can be used to produce fibrous scaffolds
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that can deliver bioactive molecules—an important factor when engineering tissues

[25–27]. For example, proteins can bemixed directly into a polymer solution to encap-

sulate them into nanofibers [28] or added to the surface of nanofibers through chem-

ical functionalization schemes [29]. Oftentimes, coaxial electrospinning is used to

encapsulate bioactive factors inside of electrospun nanofibers [30]. Coaxial

electrospinning uses two different solutions during the spinning process to generate

a core layer and a shell layer with the bioactive factors being located in the more com-

patible solvent found in the middle of the nanofiber. This process helps to retain the

activity of these incorporated bioactive factors. Scaffolds can be fabricated from nat-

ural biomaterials when using solution electrospinning as well, greatly expanding the

versatility of this technique compared with melt electrospinning [31,32].

However, solution electrospinning can be a temperamental process with a number

of factors affecting the consistency of the process. These factors include humidity,

incorporation of bioactive factors into the polymer solution, distance to collector,

solution preparation, and voltage applied [33,34]. Obtaining consistent fiber sizes

can be challenging as the resulting fibers often vary in diameter along their length

as my group has observed [28,35]. The incorporation of bioactive factors also leads

to a greater distribution of fiber sizes and influences the resulting fiber size as detailed

in the aforementioned studies. The size of the molecule being incorporated, the charge

of the molecule, and its polarity all affect the properties of the polymer solution being

spun, causing these effects to be observed. Another disadvantage of solution

electrospinning is that when collecting nanofibers, the level of charge can accumulate

in the scaffold, restricting the thickness of the resulting scaffolds to 3–4 mm [36].

The process of melt electrospinning enables a greater degree of control over the

writing of the melted polymer, which allows for direct writing of scaffold topography

by moving the collector as the polymer is deposited on the surface [37]. This feature

makes the process more reproducible and precise when compared with solution

electrospinning. However, it remains challenging to make nanoscale fibers as polymer

melts tend to be more viscous than polymer solutions [38]. The recent lower limit on

the size of fibers produced using melt electrospinning was reported as 817�165 nm

[39]. Also, thicker scaffolds can be printed using melt electrospinning as the viscosity

of the solution can overcome the effects of the charge gradient on the collector.

A recent study has increased the thickness of the scaffolds that can be produced using

melt electrospinning [40]. As the polymers are directly melted, there is no need for

using toxic solvents, making these scaffolds suitable for tissue engineering applica-

tions [41,42]. The use of heat makes it difficult to incorporate bioactive proteins

and growth factors into the fibers generated using this process, but the resulting scaf-

folds could be functionalized with such molecules after fabrication. In the case of melt

electrospinning, a coaxial process has been used to fabricate fibers with phase changes

inside of their core [43]. Other groups have incorporated cellulose into melt

electrospun scaffolds to improve their mechanical properties [44]. A series of studies

have investigated the use of different melt electrospinning formulations to deliver a

small-molecule beta-blocker, indicating the suitability of melt electrospinning for cer-

tain drug delivery applications [45–47].

90 Electrospun Materials for Tissue Engineering and Biomedical Applications



Unlike solution electrospinning, most of the reported studies using melt

electrospinning involve poly(ε-caprolactone) (PCL) as it has a melting temperature

that ranges from 60 to 80°C [9,12]. Often, studies have added other polymers, such

as poly(ethylene glycol) (PEG), poly(ethylene oxide) (PEO), or bioactive glass, to

these PCL melts to alter their properties [48–53]. Also, a recent report discusses

the use of poly(L-lactide-co-ε-caprolactone-co-acryloyl carbonate) (poly(LLA-ε-
CL-AC)) for melt electrospinning applications [54]. However, exploration of other

polymer melts remains a key area for future investigation in the field of melt

electrospinning.

5.3 Applications in tissue engineering

Tissues are composed of the extracellular matrix, a network of proteins and polysac-

charides that ensure the proper functioning of the cells embedded in them, and differ-

ent types of cells that work together to perform specific functions. It is logical to use

healthy tissue as a blueprint for how to engineer replacements for diseased and dam-

aged versions of the same tissue [55]. Key features of the extracellular matrix include

porosity, nano- and microscale features, mechanical stiffness, and bioactive sites for

cell adhesion [56]. A successful melt electrospun scaffold should replicate these desir-

able features of the extracellular matrix so that it can support cell growth and function.

Normally, a melt electrospun scaffold with defined properties is used in combination

with a cellular component when engineering replacement tissues. The following sec-

tions review the different types of tissues that can be engineered using melt

electrospun scaffolds as substrates and the characteristics of these scaffolds.

5.3.1 Neural tissue

The nervous system is composed of the cells that enable the brain to transmit and

receive information, enabling people to respond to stimuli in the environment. Engi-

neering neural tissue poses a significant challenge as these complex systems of cells

must be replicated when engineering substitutes [57–59]. My group, along with our

close collaborators at the University of Victoria, Dr. Martin Jun’s Laboratory for

Advanced Multiscale Manufacturing, has investigated the use of melt electrospun

scaffolds as substrates for engineering tissue from pluripotent stem cells. As plurip-

otent stem cells can form any type of cell found in an organism, they require cues to

instruct them to become the desired phenotypes [60]. For neural tissue engineering

applications, we focused on the generation of neurons from pluripotent stem cells

seeded on melt electrospun scaffolds [11,13]. Our first study used melt

electrospinning to generate scaffolds from a PCL melt with a loop mesh microfiber

morphology consisting of overlapping ovals [11]. We found that changing the nozzle

size of the melt extruder would change fiber diameter as expected, and we could use

this property to alter scaffold porosity.We then seeded these scaffolds with aggregates

consisting of mouse R1 embryonic stem cells treated with retinoic acid. These cells
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could survive 14 days of culture on these scaffolds, and they were able to differentiate

into neurons.

Building upon this work, we conducted a follow-up study where we looked at the

effect of both loop mesh topography and biaxial aligned topography (Fig. 5.2) on plu-

ripotent stem cell behavior [13]. We then seeded neural aggregates derived from

human-induced pluripotent stem cells upon these scaffolds, cultured them for 12 days,

and assessed the effect of topography on the resulting stem cell behavior. These cells

were able to survive and differentiate into neurons. As seen in Fig. 5.2, the biaxial

aligned scaffolds directed neurite extension to a much greater degree than what

was observed with the cultures seeded on the loop mesh scaffolds. These results sug-

gest that the aligned microfibers can be used to organize cells in structures similar to

those found in native neural tissue and that these aligned microfibers promote neurite

outgrowth. This pair of studies shows the utility of melt electrospun scaffolds for neu-

ral tissue engineering applications using pluripotent stem cells. Additionally, the

microfiber scaffolds could be used as in vitro substrates for culturing pluripotent stem

cell-derived neurons, which could then be employed for drug screening applications.

Fig. 5.2 Neural progenitors seeded on biaxial aligned scaffolds fabricated using a 200 mm

nozzle after 12 days of culture. (A, B) Bright field image and fluorescence image showing live

and dead staining of cells. (C, D) Bright field image and fluorescence image showing staining

for the neuronal marker Tuj-1 expressed by cells.

From Mohtaram NK, Ko J, King C, Sun L, Muller N, Jun MB, et al. Electrospun biomaterial

scaffolds with varied topographies for neuronal differentiation of human-induced pluripotent

stem cells. J Biomed Mater Res A 2015;103(8):2591–601.
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5.3.2 Muscle tissue

While muscle has an inherent regenerative capacity, severe injuries can necessitate the

generation of artificial replacements [61]. Additionally, such substitutes could be used

to treat musculoskeletal disorders [62]. It is possible to engineer such replacement tis-

sues by seeding melt electrospun scaffolds with cells. In one of the pioneering studies

on melt electrospinning-based tissue engineering, Dalton and colleagues showed that

scaffolds consisting of a blend of PEO-block-PCL and pure PCL could be melt

electrospun onto fibroblasts and influence their behavior [48]. The fibroblasts shift

from a flat morphology to a spindle-like morphology similar to that observed in mus-

cle tissue. A follow-up study fully characterized the effects of temperature and molec-

ular weight of these copolymers consisting of PEG-b-PCL on the morphology of the

resulting melt electrospun scaffolds [49]. Additional work indicated that the flow rate

of the melt influences fiber quality during the process and confirmed that fiber mor-

phology influenced fibroblast morphology [42]. Other work in soft tissue engineering

from the Ratner and Sanders groups showed that different polyurethane blends could

successfully be melt electrospun into 3-D structures [63]. These 3-D polyurethane

scaffolds could support the growth of human fetal foreskin fibroblasts when coated

with fibronectin. These studies all provide excellent examples of how melt

electrospinning can be applied to engineering muscle tissue.

5.3.3 Cartilage tissue

Cartilage serves as connective tissue that links together bones, which is often found at

joints [64]. It plays a vital role in allowing bone to bear weight while reducing the

effects of friction. Cartilage contains cells called chondrocytes, which have a low

regenerative potential—making it a difficult tissue to repair without surgical interven-

tion [65]. Park and colleagues used a direct deposition melt electrospinning set-up to

fabricate dual-scale fibrous scaffolds for applications in engineering cartilage tissue

[41]. They used computer-aided design to control the fiber size, the pore size, and

interconnectivity to ensure the scaffolds would mimic the ECM. They spun blended

PCL/collagen nanofibers onto the PCL melt electrospun microfiber scaffolds, which

enabled successful chondrocyte adhesion and growth. These results are important as

chondrocytes can be hard to culture in manner that maintains their biological function.

Also, the use of dual-scale scaffolds enabled melt electrospun scaffolds to be com-

bined with protein functionalization, extending the utility of these scaffolds.

5.3.4 Bone tissue

Bone tissue plays an important role in supporting the body, and these tissues are often

damaged. Electrospinning can be used to fabricate substitutes for damaged bone tissue

[66]. For example, 3-D PCL melt electrospun microfibers that were further

functionalized with silk could support the adhesion and survival of mesenchymal stem

cells, which could be further extended for applications in bone tissue engineering [67].

In a similar approach, Kim et al. showed the melt electrospun PCL fibers could be

coated with silk nanofibers to create a composite scaffold that supported human
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mesenchymal stem cell growth and differentiation [68]. This study showed that silk

nanofiber content correlated with bone regeneration in a rabbit bone defect model.

Yeo and colleagues were able to melt electrospun 3-D microfiber scaffolds from a

PCL-β-tricalcium phosphate mix, which they then coated with collagen nanofibers

[50]. These novel scaffolds presented favorable conditions for the culture of

osteoblast-like cells compared with scaffolds without the collagen nanofibers present.

In 2009, Brown et al. showed that tubular scaffolds fabricated from PCL could support

both human and mouse osteoblasts as a way to engineer bone tissue [69]. In this case,

advanced collection methods were used to fabricate the tubular structures from the

melt electrospun fibers.

The Woodruff group published a set of papers showing that strontium-substituted

bioactive glass could be successfully incorporated in PCL melts to produce scaffolds

for bone regeneration [51,53]. These scaffolds had an interconnected porous architec-

ture and could support the culture of mouse preosteoblasts cells. The incorporation of

the strontium-substituted bioactive glass further enhanced the alkaline phosphate

activity of the cells seeded on these novel scaffolds, indicating proper cell function

(Fig. 5.3). A similar process was used to generate bone tissue for periodontal appli-

cations by the Hutmacher group [52]. They produced a biphasic scaffold using melt

electrospinning, which was coated in calcium phosphate followed by seeding with

osteoblasts. The construct was cultured in vitro for 6 weeks before implantation into

the periodontal ligament sheets of athymic mice where they became vascularized and

attached at the dentin interface.

5.3.5 Skin tissue

Using allografts and autografts to replace damaged regions of the skin cannot keep up

with the high demand for such tissues. As a result, researchers have turned to

biomaterial-based strategies to generate replacements [70]. Electrospinning scaffolds

provide a popular strategy for generating replacements for damaged skin as it can gen-

erate the high levels of porosity needed to support dermal fibroblasts [71]. Work by

Farrugia et al. has shown that 3-D PCL melt electrospun scaffolds can be generated

with a high degree of porosity (87%) when using the direct writing method [72]. Not

only did dermal fibroblasts infiltrate and survive inside of these scaffolds, but also

they began to deposit ECM proteins, including type I collagen and fibronectin. The

end goal of such work would be to use this combination of a novel 3-D directly written

scaffold seeded with dermal fibroblasts to repair damaged skin tissue.

5.3.6 Tendon tissue

Tendons serve as the tissues that connect muscle to bone, and their structure reflects

this function [62]. An et al. were able to mimic the structural components of tendons

by usingmelt electrospinning tomake bundles of fibers [73]. These scaffolds supported

human dermal cell attachment and survival for 7 days. These scaffolds were then

evaluated in an Achilles tendon rabbit model. Once these scaffolds were implanted

in vivo, they were infiltrated by tendon tissue after a month, and the resulting tissue

appeared to align in a manner similar to healthy tissue. Most of the aforementioned
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studies in this chapter discuss the use of PCL for melt electrospinning engineered scaf-

folds. However, a collaboration between the Amsden, Dalton, and Groll groups

recently showed that the photo cross-linkable polymer—poly(LLA-ε-CL-AC)—could

be melt electrospun into scaffolds for tissue engineering applications [54]. These

scaffolds have higher strength than the typical melt electrospun scaffolds and could

be used for engineering tissue similar to that found in tendons.

5.4 Future directions for the field of melt electrospinning
and potential commercial applications

Overall, this chapter has reviewed a number of exciting studies detailing how melt

electrospinning can be used to engineering a wide variety of tissues. However, much

of the potential of melt electrospun scaffolds remains to be unlocked. For example, a

recent study demonstrated how such defined 3-D melt electrospun scaffolds could be

combined with gelatin-methyl acrylate hydrogels to engineer cartilage [74]. This

approach enabled researchers to take advantage of the properties of hydrogels while

Fig. 5.3 Live/dead staining of MC3T3 osteoblast precursor cells cultured on melt electrospun

scaffolds. (A) PCL and (B) PCL-strontium-substituted bioactive glass (SrBG) after 1-day

culture, and (C) PCL and (D) PCL-SrBG are after 7-day culture. Green fluorescence indicates

live cells, while red fluorescence indicates dead cells.

From Ren J, Blackwood KA, Doustgani A, Poh PP, Steck R, Stevens MM, et al.

Melt-electrospun polycaprolactone strontium-substituted bioactive glass scaffolds for bone

regeneration. J Biomed Mater Res A 2014;102(9):3140–53.
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getting the structural benefits of melt electrospinning. This combinatorial approach

can better replicate the structures and complexity found in native tissue. Another

recent study showed it was feasible to directly write melt electrospun scaffolds onto

paper [75], which further promises to expand the field by making such scaffolds easier

to fabricate and extending the potential methods for collection of the melt fibers

extruded.

Translating melt electrospun scaffolds for commercial applications would be the

next logical step based on the current state of research in this field. Though no melt

electrospun scaffolds are currently available on the market, setups for melt

electrospinning can be purchased from the company Spraybase. However, scaffold

production using melt electrospinning would benefit from the reproducibility of the

process and the ability to print such scaffolds in a high-throughput manner by control-

ling the method of collection. Based on the studies detailed in this chapter, it is likely

that commercial products could be made by printing cell culture substrates with dif-

ferent topographies in the near future. Tissue-engineered products combining cells

with melt electrospun scaffolds would require more effort to commercialize.

Despite these significant advances in recent years, a number of challenges still

remain when using melt electrospinning. One of the major areas for future research

involves evaluating a wider range of natural and synthetic polymers for melt

electrospinning applications. Also, obtaining nanoscale-level resolution of fibers

would further enhance melt electrospinning’s attractiveness compared with less pre-

cise control offered by solution electrospinning. Another challenge is obtaining suc-

cessful incorporation of heat-sensitive, bioactive molecules, such as proteins, into

such scaffolds. Determining methods that allow melt electrospun scaffolds to release

bioactive proteins would represent a significant advance over the current technology.

It might be feasible to use a type of coaxial electrospinning or develop an encapsula-

tion strategy for achieving this goal. Further evaluation of the compatibility of these

scaffolds with pluripotent stem cells would also be beneficial as these cells can be used

to engineer any type of tissue. In particular, the ability to generate patient-specific-

induced pluripotent stem cell lines makes it possible to engineer tissue from a patient’s

own cells [60], which is an attractive option for clinical applications in tissue engi-

neering. Finally, as with all of tissue engineering, the true test of the utility of melt

electrospinning will be to have these scaffolds validated for clinical applications. If

such a goal was realized, melt electrospinning provides a natural avenue for

high-throughput manufacturing of scaffolds for tissue engineering applications, which

could also be translated for commercial applications. Overall, melt electrospinning

has the potential to greatly advance the field of tissue engineering.
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6.1 Introduction

Electrospinning has emerged as one of the most attractive processing techniques to

produce nanoscale fibers that can closely mimic the extracellular matrix (ECM)

components and to stimulate the natural functionalization of the cells. Electrospun

nanofibers of various natural and synthetic polymers were extensively investigated

for their potential in biomedical and pharmaceutical applications especially for

skin tissue engineering, wound healing, and controlled drug delivery. The nanofibers

have unique properties including high surface area and enhanced cellular interactions

and protein absorption for facilitating binding sites of cell receptors. They have

been highlighted as promising materials for cartilage, bone, vascular, bladder, and

tissue engineering applications [1]. To date, numerous clinical applications of

electrospun nanofibers are being considered, and thereby, concerns on the safety of

these nanofibrous membranes are significantly increased. The nanotoxicology

research is mainly foreseeable to address the requirements of regulatory agencies

including US Food and Drug Administration (US FDA) and also biosafety needs.

Cipitria et al. [2] reviewed and presented the biocompatibility characteristics of

poly(ε-caprolactone) (PCL) electrospun nanofibers.

Biocompatibility is generally defined as the compatible nature of any foreign

agents with living system or tissue not causing any toxic effects and immunologic

rejection and physiologically reactive. The biocompatibility evaluation of a material

is generally critical due to their variations in intended use, nature of body, time, and

duration. The biocompatible material should not cause any adverse effects including

local or systemic, genotoxicity, and developmental toxicity either directly or due to

their leachable chemicals. Therefore, the safety of a material that is intended for

human use should be systematically investigated in accordance to well-established

standard testing guidelines to fulfill the requirements regulatory agencies.

The biological evaluation of a material that is intended for human use shall take

part in structured biological evaluation program within a risk management process

according to the International Organization for Standardization (ISO) ISO

14971:2007 [3], which particularly addresses the risks associated with medical

devices. The ISO (10993-1:2010) [4] standard addresses the biological evaluation
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of medical devices with a series of testing guidelines to deal with a range of possible

short-term effects such as acute toxicity; irritation in the skin, eye, and mucous

membranes; thrombogenicity; and hemolysis. And also, the standard addresses

long-term/specific toxic effects such as subchronic and chronic effects, sensitization,

genotoxicity, tumorigenicity, and teratogenicity using various preclinical studies.

Following the successful completion of preclinical evaluations, clinical studies in

two main types (i) clinical trials (interventional studies) and (ii) observational are

conducted in human volunteers to add medical knowledge, which should be in

compliance with regulatory agency.

Although numerous in vitro studies have been devoted to investigate the safety of

nanofibrous membranes, the rationale of investing in vivo safety studies is compara-

tively lesser, which obviously slows down further the progress of bedside research

[5,6]. However, the true effects of a testing material cannot be proved only through

animal models, and clinical studies will play vital role in conforming the findings

in humans. This chapter highlighted about the in vivo studies conducted on

electrospun nanofibers that are used for various applications and their toxicity

outcomes. And also, the chapter discusses about the clinical trials conducted using

electrospun nanofibers. We made an effort to provide overview on both cases rather

than presenting an in-depth literature survey.

6.2 Safety evaluations of nanofibers

6.2.1 In vivo studies in animal models

The exceptional characteristics of electrospun nanofibrous membrane show an excel-

lent in vitro performance in terms of cell attachment, spreading, and differentiation.

The reason for the tremendous growth of electrospun scaffolds in biomedical

applications might be due to three main variables: (1) fiber diameter, (2) chemistry,

and (3) fiber orientation. However, although electrospun materials show excellent cell

and tissue response, a major drawback is their poor mechanical properties, thought to

be critical to the success of the surgical repair of tendons. Hakimi et al. [7] developed a

bonding technique that enables the processing of electrospun sheets into multilayered,

robust, implantable fabrics. The tissue reaction to the patch after implantation in a rat’s

shoulder is assessed. This animal study was performed to demonstrate safety rather

than efficacy of the layered design. Preliminary in vivo evaluation of the assembled

patch was carried out for periods of 1, 2, 4, 6, and 12 weeks.

Fig. 6.1 shows the proposed possible mechanism by which the scaffold may be

integrated in vivo, based on gross and histological observation. During the first

4 weeks, it is proposed that cells surrounding the scaffold respond to the morphology

of the electrospun layer to align along the nanofibers. At the next phase, around

4–6 weeks, the woven component is increasingly integrated by the tissue.

Foreign-body giant cell numbers peak at week 4, as the electrospun component

degrades, and are gradually replaced by more organized cell arrays. At the last time

point, at week 12, the remaining scaffold is tightly embedded in dense tissue, inflam-

mation is resolved, and the surrounding tissue begins to remodel. Importantly, it

102 Electrospun Materials for Tissue Engineering and Biomedical Applications



should be acknowledged that this proposed mechanism is an interpretation of biocom-

patibility data collected in a rat model. The efficacy reported in the study is based on

the animal model, and it is certain that rate and true efficacy cannot be proved in an

animal model, and a clinical trial will be vital to confirm our findings in humans.

These compelling results warrant further research and development of the scaffold

for human application.

Woven layer

Time 0:
Implantation

Week 1–4

Week 4–6

Week 6–12

Molten thermoplastic
adhesive

Aligned nanofiber layer

Engulfment of  woven layer

Cell migration, alignment

Increased penetration of  woven layer

Aligned nanofibre layer degraded,
replaced by a template of  aligned cells

Giant cells

Woven layer completely
integrated

Inflammation resolved
Aligned tissue maturing

Fig. 6.1 A schematic representation of tissue reaction to the scaffold based on in vivo

observations.

Reproduced with permission from Hakimi O, Mouthuy PA, Zargar N, Lostis E, Morrey M, Carr

A. A layered electrospun and woven surgical scaffold to enhance endogenous tendon repair.

Acta Biomater 2015;26:124–35, with permission from Elsevier.
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The bare electrospun fibrous membrane, for example, bacterial cellulose (BC), has

received considerable interest as wound-dressing material. The insufficient antimicro-

bial activity is considered to be a critical skin-barrier function in wound healing. The

additional active agents have been introduced to solve this problem so far. The strong

antimicrobial activities of silver nanoparticles (AgNPs) against many different bacte-

ria, fungi, and viruses have been known for long time. The work has been initiated to

incorporate the AgNPs into the bare electrospun nanofibrous membrane. However,

the adhesion of anchored nanoparticles is usually very weak. In such a case, the release

of nanoparticles is quite normal, and it could cause the cellular toxicity. It has been

already well reported that silver is a recognized cause of argyrosis and argyria, and

high-level exposure of silver nanoparticles is toxic to mammalian cells [8].

Tseng et al. [9] developed biodegradable vancomycin-loaded poly[lactic-co-glycol
acid] (PLGA) nanofibrous membranes for vancomycin release in the cerebral tissue of

rats. Following the results from invitrodrug release study, the biodegradable nanofibrous

membranes embedded with vancomycin were then placed into the brain surface of rats

afteroperativecraniectomywasperformed,and thecharacteristicsofvancomycin release

from the membranes in vivo were investigated. Fig. 6.2 indicated the gross wound

Fig. 6.2 Gross wound conditions: (A) 3 days, (B) 1 week, (C) 2 weeks, (D) 3 weeks,

(E) 4 weeks, (F) 5 weeks, (G) 6 weeks, (H) 7 weeks, and (I) 8 weeks. The scalp wound and brain

tissue were quite clear, and no infection (exudate, pus, or granulation formation) was noticed

during the whole experimental period. By week 8, the PLGA/vancomycin nanomembranes

were nearly completely dissolved.

Reproduced with permission from Tseng YY, Kao YC, Liao JY, Chen WA, Liu SJ.

Biodegradable drug-eluting poly[lactic-co-glycol acid] nanofibers for the sustainable delivery

of vancomycin to brain tissue: in vitro and in vivo studies. ACS Chem Neurosci 2013;4:

1314–21, with permission from American Chemical Society.
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condition and gradual degradation of the vancomycin-loaded biodegradable PLGA

nanofibrous membrane. The scalp wounds and brain tissues were clear, and no infection

(exudate, pus, or granulation formation) was noticed grossly. The biodegradable PLGA/

vancomycin nanofibrous membranes degraded gradually after operative implantation

and were almost completely diminished by 8 weeks. The histological examination also

showed no obvious inflammation reaction of the brain tissues.

Lowe et al. [10] prepared a novel acrylonitrile (AN)-based terpolymers and adopted

electrospinning method to prepare nonwoven sheets of bandage/wound-dressing-type

materials for storage and delivery applications of nitric oxide (NO) for wound healing,

which releaseNOupon contact to a humidified or physiological environment that binds

and releases NO. Fig. 6.3 shows the digital images of NO-treated and control-treated

wounds from days 0, 7, and 14. No significant adverse effects on surrounding skin

or wound margins were noted following the treatment with NO or control dressings.

Further, the histopathology examinations indicated that the average capillary density

was significantly higher at �60% for the NO-treated wounds as compared with

control-treated wounds. They further suggested that daily bandage changes will signif-

icantly enhance healing progression as soon as 4 days. In this novel, NO dressings

are easy to apply and change, thus making multiple applications each week possible.

Fig. 6.3 Weekly administration of NO-releasing dressings improves wound closure.

Representative digital images of NO and control wounds at days 0, 7, and 14 in the first study.

Images are presented at equivalent scale.

Reproduced with permission from Lowe A, Bills J, Verma R, Lavery L, Davis K, Balkus KJ.

Electrospun nitric oxide releasing bandage with enhanced wound healing. Acta Biomater

2015;13: 121–30, with permission from Elsevier.
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The study demonstrated the compatibility of NO of incorporating the electrospun

nanofibers in breached skin of the mouse.

The insufficient concentration and nonspecific distribution of the antitumor drugs

are the major limitations of the conventional tumor chemotherapy. In the recent past,

research has been shown that biodegradable electrospun nanofibers are considered as

very promising drug carriers for localized and controlled delivery of antitumor drugs.

This might be due the following reasons: biodegradable carriers capable of undergo-

ing gradual decomposition into carbon dioxide, water, and finally disappearing

in vivo; maximization of local drug concentration in the immediate tumor environ-

ment and minimization of nontarget organ toxicity; delayed release of the drugs at

cytotoxic concentrations that are sustained for longer periods at much lower total

doses than can be achieved with typical systemic chemotherapeutic regimes; increase

in the duration of tumor exposure to the drug; reduction of the frequency of drug

administration; and convenience of being cut to almost any size and fabricated into

other shapes using different target geometries for clinical applications [11,12]. Liu

et al. [11] demonstrated the possibility and feasibility of nanofiber-based local drug

delivery system and low-cost therapeutic option supplementary to currently limited

clinical protocols for patients with hepatocellular carcinoma (HCC) or secondary

hepatic carcinoma (SHCC). The therapeutic process of nanofibers in the treatment

of mice is shown in Fig. 6.4.

The doxorubicin hydrochloride (Dox) was chosen as model of antitumor drug due

to their broad spectrum antitumor activity and fluorescent property suitable for in vivo

tracing. The in vivo antitumor efficacy of Dox fibers was studied in Balb/c mice

Fig. 6.4 Therapeutic process of nanofibers in the treatment of mice: (A) anesthetization of

mice, (B) exposure of the liver after laparotomy, (C) direct placement of drug-loaded nanofibers

on the tumor site, and (D) abdominal closure.

Reproduced with permission from Liu S, Zhou G, Liu D, Xie Z, Huang Y,Wang X, WuW, Jing

X. Inhibition of orthotopic secondary hepatic carcinoma in mice by doxorubicin-loaded

electrospun polylactide nanofibers. J Mater Chem 2013;B1: 101–9, with permission from Royal

Society of Chemistry.
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bearing nodular SHCC (NSHCC). Seven days after the cell injection, whitish and

irregular tumor nodules were observed in the liver lobe during explorative laparotomy

of the mice as clearly seen in Fig. 6.5A. After the identification of NSHCC, a 6% Dox

fiber-mat of required size and shape was placed on the surface of the tumor nodule.

Although the animals underwent second surgery within a week, they soon returned to

their preoperative physical state. On day 30, all animals were still alive. Then, they

were sacrificed and their livers were harvested. Macroscopic observation showed that

most of the livers (5/6) in Dox fibers group displayed the appearance of normal liver

tissue except the tumor site covered by the fiber-mat (Fig. 6.5B), whereas the tumor

nodule was big and took a quite fraction of the liver in the control group (Fig. 6.5C).

Pasting of 6% Dox fibers did cause a statistically marked reduction in tumor burden

in the liver (P< .01), the ratio of aspartate aminotransferase over alanine transaminase

in serum (AST/ALT, a clinical indicator used in differentiating between causes of

liver damage, P< .01), and the AST activities (P< .05) compared with those of the

control group (Fig. 6.5D).

Jiang et al. [13] fabricated a three-dimensional aligned layer-by-layer nanofibrous

scaffold by incorporation of poly (ε-caprolactone)-poly(ethylene glycol) (PCE) copol-
ymer nanofibers into porous chitosan (CHI) to dictate the oriented regeneration

of periodontium with aligned periodontal ligament (PDL) fibers perpendicular to the

root surface. In vivo evaluation of the prepared scaffolds was conducted in rats

(Sprague-Dawley) model having periodontal defects in four groups. The surgical

process performed during the study is presented in Fig. 6.6. Two months following

Group
6% Dox fibers (n=6)

Control (n=5)

Liver weight (g)
1.21 ± 0.28
2.21 ± 0.65

AST(IU/L)
165 ± 76
311 ± 68

ALT(IU/L)
45.2 ± 8.7

54.3 ± 19.9

AST/ALT
3.55 ± 0.85
5.92 ± 0.83

Fig. 6.5 Dox fibers inhibited NSHCC in Balb/c mice. Photographs of NSHCC before fiber-mat

placement (A), 23 days after 6% Dox fiber placement (B), and 30 days without any treatment

(control) (C). The white arrow indicates the site of tumor and the red arrow indicates the site of

Dox fiber-mat. (D) Antitumor effects of 6% Dox fibers in mice bearing NSHCC.

Reproduced with permission from Liu S, Zhou G, Liu D, Xie Z, Huang Y,Wang X,WuW, Jing

X. Inhibition of orthotopic secondary hepatic carcinoma in mice by doxorubicin-loaded

electrospun polylactide nanofibers. J Mater Chem 2013;B1: 101–9, with permission from Royal

Society of Chemistry.
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the surgery, the ligament tissue organization fromdifferent groupswas examined using

hematoxylin and eosin (H&E) staining as illustrated inFig. 6.7.Thehistological images

show that the distinct topological structures of three scaffolds led to different morpho-

logical patterns of PDL healing. The topographic guidance of scaffolds for regenerated

tissue was strong. Disorderly and unsystematic regeneration was generated in blank

control group, with irregular fibers along the root surface. The fibers in porous control

group were more compact than that in blank control group but were still in random

arrangement. In contrast, the PCE nanofiber-embedded scaffolds (i.e., 3D-RD and

3D-AL) presented much more defined orientation of regenerated tissues, as blank

arrowswith dash line indicated in Fig. 6.7A(c and d) inwhich the fibers of 3D-ALwere

more parallel andPDL-like than that of 3D-RD.Moreover, cementum-like tissue layers

were deposited on the dentin surfaces in 3D-AL scaffold, as the yellow arrows indicate.

The developed scaffold has a great capacity of providing topographic cues and subse-

quently guiding the oriented regeneration of periodontal tissue in vivo.

6.2.2 Clinical studies in human

Despite many efforts have been paid in recent past for developing functional nanofibers

to suit different biomedical applications, the studies in clinical phase are very limited

and need further insight. Kossovich et al. [14] demonstrated the preparation of chitosan/

polyethylene oxide(PEO) nanofibers by electrospinning method, and clinical trial study

was conducted in patients with II, IIIa, and IIIb degree burns. The nanofibrous mem-

branes of thickness 200 μm were applied onto burns, and their wound-healing behavior

was studied. The clinical trial results indicated that chitosan nanofibrous dressing

reduces the pain fromdressing removal, absorption of exudate, ventilation of the wound,

protection from infection, and further stimulates the process of skin tissue regeneration

Fig. 6.6 Establishment of the rat periodontal defect model. (A) Surgical procedures of the

periodontal fenestration defect at the maxillary first molar. (B) micro-CT reconstructed image

scan (a), micro-CT transverse view (b), and schematic diagram (c) of the standardized defect

with layers of fibers placed perpendicular against the root surface.

Reproduced with permission from Jiang W, Li L, Zhang D, Huang S, Jing Z, Wu Y, Zhao Z,

Zhao L, Zhou S. Incorporation of aligned PCL–PEG nanofibers into porous chitosan scaffolds

improved the orientation of collagen fibers in regenerated periodontium. Acta Biomater

2015;25:240–52, with permission from Elsevier.
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Fig. 6.7 In vivo-regenerated PDL-like tissue arrangement after 2months. (A)Hematoxylin and eosin (H&E) staining (a–d) to determine the arrangement of PDL-like

fibrous connective tissue against the root surfaces. The images on the right are highermagnifications of images in the red frames on the left. Black dash lines indicated

the orientation of regenerated PDL-like tissues. Yellow arrows indicate the newly formed cementum. Green arrows indicate the intensive collagen formation against

the root surfaces. (B) The angular distribution of each experimental group, compared with the natural PDL ligament as a reference (average angular

value¼8.38�18.94°), and the angular values of each representative image: natural PDL, no fiber formation, and angulated ligament tissues.

Reproducedwithpermission fromJiangW,LiL,ZhangD,HuangS, JingZ,WuY,ZhaoZ,ZhaoL,ZhouS. Incorporationof alignedPCL–PEGnanofibers intoporous

chitosan scaffolds improved the orientation of collagen fibers in regenerated periodontium. Acta Biomater 2015;25:240–52, with permission from Elsevier.



(Figs. 6.8 and 6.9). Further, the degradation of this fibrous membrane prevents the

mechanical damage of wound during removing dressings.

It is worth to note that few electrospun nanofibrous products are commercialized.

The AVflo is a CE-certified electrospun nanofibrous-based polyurethane vascular

access graft developed by Nicast Ltd, Israel, which is currently available in

Asian countries, European Union market, and Israel [15]. The clinical trial studies of

AVflowere conducted in patients andwell reported [16].The company is in further prog-

ress of developing nanofiber-based products such as nanostructured bioactive

small-diameter vascular graft, biodegradable implant toward a better therapy for visual

sensory impairments, biomimetic nanofiber-based nucleus pulposus regeneration for the

treatment of degenerative disk disease, and NovaMesh Ventral Hernia Mesh.

Only few more efforts have been made to study the clinical effects of electrospun

nanofiber-based products. The clinical trial website [17] was used to find out the list of

clinical trials that were conducted on electrospun nanofiber-based products. The

search results using the terms electrospinning and nanofibers are presented in

Table 6.1. As summarized, the patches and nanofibers prepared by electrospinning

technique were investigated in different phase studies to treat various conditions.

Fig. 6.8 Example of healing of IIIa burn: (A)sample of chitosan nanofiber dressing, (B) IIIa

burn before covering, (C) after covering, (D) 5 days after covering, (E) 10 days after covering,

and (F) 14 days after covering.

Reproduced with permission from Kossovich LY, Salkovskiy Y, Kirillova IV. Electrospun

chitosan nanofiber materials as burn dressing. IFMBE Proc 2010;31:1212–14, with permission

from Springer.
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Fig. 6.9 Donor wound: (A) before covering, (B) after covering, (C) 12 days after covering, and

(D) 14 days after covering.

Reproduced with permission from Kossovich LY, Salkovskiy Y, Kirillova IV. Electrospun

chitosan nanofiber materials as burn dressing. IFMBE Proc 2010;31:1212–14, with permission

from Springer.

Table 6.1 Summary of clinical trials conducted on electrospun
nanofibers and patches

ClinicalTrials.

gov

Identifier: Study title Condition Status

NCT00317629 Controlled Nitric Oxide Releasing

Patch Versus Meglumine

Antimoniate in the Treatment of

Cutaneous Leishmaniasis

Cutaneous

leishmaniasis

Terminated

NCT00428727 Clinical Trial for the Treatment of

Diabetic Foot Ulcers Using a Nitric

Oxide Releasing Patch: PATHON

Diabetic foot Completed

NCT02237287 Combination of Taliderm® and

Vacuum-assisted Closure (VAC) for

Treatment of Pressure Ulcers

Wounds

Pressure

ulcer

Terminated

NCT02255188 Experimental Study of the Vascular

Prosthesis Manufactured by

Electrospinning

Arterial

occlusive

disease

Ongoing

NCT02680106 Evaluation of the SPINNER Device

for the Application of Wound

Dressing: Treatment of Split Skin

Graft Donor Sites (SPINNER01)

Wound of

skin

Ongoing

Electrospun nanofibers for biomedical applications 111

http://ClinicalTrials.gov
http://ClinicalTrials.gov


6.3 Conclusions and outlook

In this chapter, we have presented an overview on the different types of in vivo studies

and clinical trials conducted using electrospun nanofibrous materials, which are

intended for various biomedical applications. To date, there are various hindrances

in transferring lab-scale research to practical applications. The use of electrospun

nanofibers in clinical applications is still in its infancy because of various issues

including animal use, reliable correlation between in vitro-in vivo experiments, and

high cost, which need to be addressed. In vivo testing of electrospun nanofibers is very

fewwhen compared with in vitro tests. However, most of the conducted in vivo studies

in research laboratories are mainly not in accordance with standard safety guidelines

to fulfill the requirements of the regulatory agencies. There is a great interest on

generating toxicity data according to well-established regulatory guidelines [18],

whereas there is no standard that specifically addresses the biological evaluation

of medical devices containing nanomaterials till now. But, a new standard ISO

10993-Part 22 is under development for this purpose.

Considering the toxicity evaluation of electrospun nanofibers, factors including

interaction of cells and nanoscaffolds, fiber diameter and pore size, surface patterning

and topography, nanofiber alignment, fiber composition-wettability, and cellular

response to electrospun scaffolds play critical role in study outcome. And also, it is

recommended that designing of both in vitro and in vivo toxicity studies should follow

the requirements of ISO 10993-Part 1:2010 standard in which the devices are classi-

fied under three main categories such as surface device (skin, mucosal membrane,

breached, or compromised surface), external communicating device (blood path indi-

rect, tissue/bone/dentin, and circulating blood), and implant device (tissue/bone and

blood) based on their contact with the human body, directly or indirectly. In addition,

the type of studies to be conducted is also based on their duration of exposure with the

human body in which exposure duration is categorized as limited (�24 h), prolonged

(24 h to 30 days), and permanent (>30 days). Based on these factors, studies need to

be conducted in line with established standards of ISO 10993. Most importantly, the

FDA recommends that these studies need to be conducted in good laboratory practice

(GLP) certified or ISO/IEC 17025-accredited laboratories.
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7.1 Introduction

In the clinical setting, the vast majority of therapeutic agents are delivered systemically,

either taken orally or injected intravenously. While it is beneficial for treatments that

require dispersion of these agents throughout the body, systemic delivery has significant

drawbacks when attempting to target a specific area within the body, such as a wound

site or a tumor. By necessity, the dose delivered through this route must be significantly

higher than that required by the target tissue because much of the drug will be taken up

by other tissues or be cleared by the liver and kidneys. This uptake by untargeted tissues

can lead to unfavorable interactions, causing wide ranges of unpleasant side effects that

limit the useable dosage. Thus, in many applications, a more localized form of delivery

would provide significant benefits, including increasing the efficacy and precision of

the delivered dosage and reducing uptake by untargeted tissues [1–4].
Due to the versatility of their fabrication and unique structural properties,

electrospun meshes are ideal drug delivery vehicles for many applications. Their bio-

compatibility allows them to be placed in a wide variety of locations within the body,

near or within the target tissue, enabling local drug delivery to the tissue. The wide

variety of methods for attaching or encapsulating bioactive molecules within the

fibrous structures enables the delivery of many different types of pharmaceutical

agents, potentially simultaneously delivered from the same mesh [5]. Additionally,

the high surface-area-to-volume ratio and the tailorability of the structure with regard

to polymer type, fiber size and orientation, and biodegradability allow for a high load-

ing capacity and great control over the delivery of these agents over time. The follow-

ing chapter describes the common methods used to create electrospun systems for

drug delivery, their applications in the field today, the immediate outlook of the field,

and likely commercialization prospects in the near future. In this chapter, “drug”

refers to any therapeutic agent that does not directly alter the cell’s genetic structure.

Thus, proteins, small molecules, synthetic pharmaceutical agents, and antibiotics are

included, but nucleic acids are excluded from this definition.

The methods of incorporating drug molecules into electrospun scaffolds can be

divided into four main categories. Drugs can be attached using postspinning modifi-

cations such as drug adsorption, layer-by-layer (LBL) assembly, and covalent binding,

which attach the drug molecules to the outside of the fibers. Alternatively, polymer/

drug blend electrospinning can be used to incorporate the drug molecules throughout
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the fiber interior. In a more sophisticated variation of this method, coaxial

electrospinning is used to incorporate the drug molecules into a drug/polymer core

within a shell of a different polymer composition. The properties of this shell can

be tailored to delay and control levels of drug release from the inner core. Another

way to exert additional control over drug release is by electrospinning drug-loaded

particles, which results in encapsulation of the particles within the fibers or binding

of them to the fiber surface. The properties of the particles can be tailored to delay and

control drug release, and if the particles are encapsulated in the fiber interior, the fiber

properties can be tailored to delay and control drug release as well. These methods of

drug incorporation in electrospun meshes are depicted in Fig. 7.1.

Type of  electrospinning Solution

Postspinning
modification

Polymer/drug
blend
electrospinning

Coaxial
electrospinning

Electrospinning
drug-loaded
particles

Drug/polymer core

Polymer shell

Drug release is delayed by
polymer shell

Electrospin polymer/drug
blend

1. Electrospin
polymer

2. Drug
adsorption, layer
by layer
assembly, and
covalent binding

Electrospin
polymer/particle blend
(drug release is delayed
by particle encapsulation
and in some cases, fiber
encapsulation)

Resulting fibrous mesh

Fig. 7.1 Common methods of incorporating drug molecules into electrospun meshes.
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7.2 Postelectrospinning modification

Many drug delivery applications require drug molecules to be attached to the fibrous

mesh after the electrospinning process is completed. Postelectrospinningmodification

(Fig. 7.1) avoids exposing sensitive molecules, like proteins, to the harsh solvents and

voltage conditions involved in the electrospinning process. By avoiding these condi-

tions, postelectrospinning modification protects the molecular structure and activity

of therapeutic agents and prevents charged molecules from aggregating in the organic

solvents used during electrospinning [6].

7.2.1 Drug adsorption

The simplest method of attaching bioactive molecules to electrospun meshes is to

adsorb themolecules directly onto the surface of the fibers. Adsorption,which involves

the binding of molecules to surfaces through electrostatic and van der Waals interac-

tions, allows the protein to be directly immobilized on the fiber surface without the

use of a covalent linker [7]. This method of attachment usually has a burst release

within the first few hours of implantation, sometimes followed by a lower level

sustained release over a period of days [8]. In addition, adsorption creates little-to-

no interference with the structure and activity of the adsorbed molecules. An example

of this direct immobilization is the adsorption of platelet-derived growth factor (PDGF)

to bone-mimetic meshes for bone repair [9]. In order to overcome the short in vivo

half-life, PDGF was adsorbed onto electrospun polycaprolactone (PCL) and PCL/

collagen/hydroxyapatite (HA) meshes by soaking in a PDGF solution over a period

of 24 h. Upon incubating these meshes in phosphate-buffered saline (PBS), Phipps

et al. saw an initial burst release of the PDGF within the first 4 days, followed by

sustained delivery over a period of 10–20 days [9]. As expected, due to previous

studies showing the high capacity of HA for protein adsorption, the PCL/collagen/

HA meshes adsorbed more PDGF than the PCL controls, which translated to higher

levels of sustained PDGF release from the meshes. As another typical example of

drug-adsorbedmeshes, B€olgen et al. created antibiotic-loaded PCLmeshes for the pre-

vention of postsurgery abdominal adhesions [10]. Meshes were electrospun from a

solution of PCL and dimethylformamide (DMF), and subsequently a solution con-

taining ornidazole, a common antibiotic, was dropped onto themesh and evenly distrib-

uted across the mesh surface. The release profile of the meshes showed a high initial

burst release during which 80% of the total loaded antibiotic was released within the

first 18 h [10].

The surface of electrospun fibers can also be treated to facilitate easier adsorption

of drugs. Common treatments involve binding or coating fiber surfaces with mole-

cules such as heparin, perlecan, or cationized gelatin (CG), which facilitate the bind-

ing of growth factors to the fiber surface [11,12]. In a particularly in-depth study, Lu

et al. used coaxial electrospinning to create fibers with a PCL core to provide tensile

strength, surrounded by a CG outer layer to provide positive charges, thus facilitating

adsorption. The outer CG layer was cross-linked by exposure to glutaraldehyde vapor

for different time periods, and it was found that longer cross-linking times decreased
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the degree of fiber swelling when placed in an aqueous solution. In general, fiber

swelling increases the diffusion rate of hydrophilic drugs from the fiber interior. Thus,

the decrease in swelling caused by the longer cross-linking times decreases the initial

burst release. Meshes were then placed in solutions of fluorescein isothiocyanate

(FITC)-labeled bovine serum albumin (BSA), vascular endothelial growth factor

(VEGF), or FITC-labeled heparin for adsorption. The CG outer layer was shown to

significantly increase adsorbed levels of BSA.

Release profiles of both BSA and heparin showed a slight burst release within the

first 2 h, followed by negligible release after 100 min (Fig. 7.2A). As shown in

Fig. 7.2B, longer cross-linking times translated to a flatter, more prolonged release

profile of heparin, with the 4-day cross-linked fibers having a release duration of more

than 3 days.

VEGFwas adsorbedontoCG-coatedmembraneswith andwithout heparin adsorbed

to their surface by pipetting VEGF solution directly onto the meshes. Release profiles,

shown in Figs. 7.2A, B and 7.3A, demonstrate that the heparin-adsorbed meshes had a

smaller burst release andmuchmore sustained release of VEGF over time as compared

with the membranes without heparin. Due to the shielding effect of heparin, released

VEGFmaintained its ability to stimulate growth in human dermalmicrovascular endo-

thelial cells (HDMECs) (Fig. 7.3B) [12]. This study demonstrates the advantages of

preadsorption surface modifications, both in increasing adsorption efficiency and in

creating controlled, sustained release profiles while maintaining drug bioactivity.

7.2.2 LBL assembly

Another common method of loading electrospun meshes with bioactive particles is

LBL assembly. In this method, the surface of the electrospun structure is imbued with

charged molecules driven by electrostatic forces to create a self-assembled layer

adsorbed onto the structure. Layers are deposited by alternating immersion in poly-

cations and polyanions in order to create molecular strata in which bioactive drug mol-

ecules can be incorporated and bound [13]. A good example of drug loading by this

method is the creation of methylene blue-loaded polyacrylic acid (PAA)/poly

(allylamine hydrochloride) (PAH) electrospun meshes in a 2007 study by Chunder

et al. These meshes consisted of fibers with negatively charged carboxylate groups,

which, following a soak in 0.05 M NaOH to deprotonate the carboxylate groups,

facilitated the adsorption of cationic methylene blue molecules onto the surface

and the deposition of alternating layers of PAA and poly(N-isopropylacrylamide)

(PNIPAAM) over the initial methylene blue layer. In nonbuffered solution, methylene

blue release from the mesh was modulated by altering the pH of the solution. At high

pH levels, between 6.5 and 10, no methylene blue release was observed. When the pH

was shifted to 6 or less, carboxylate groups became increasingly protonated, resulting

in the increased release of methylene blue as the pH decreased further and further.

This mechanism thus allows for interesting tailorability of the release profile of meth-

ylene blue which may be translated to tailorable drug release [14]. When this release

study was repeated in a buffered solution, all of the methylene blue was released

within the first 10 min, regardless of pH. This fast release is hypothesized to be the
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Reproduced from Lu Y, Jiang H, Tu K, Wang L. Mild immobilization of diverse

macromolecular bioactive agents onto multifunctional fibrous membranes prepared by coaxial

electrospinning. Acta Biomater 2009;5:1562–74 with permission from Elsevier.
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result of charge shielding by the buffer. To address this unwanted burst release profile,

a perfluorosilane layer was deposited on the fibers via chemical vapor deposition

(CVD). This layer provided a hydrophobic barrier that hindered the diffusion of meth-

ylene blue and also blocked fiber swelling. When placed in a solution of PBS at pH

7.4, these fibers showed sustained release over a period of 1200 min, around 100 times

longer than the time period of the release from nonperfluorosilane coated fibers.
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Due to the thermosensitive properties of the PNIPAAM polymer in the fiber coat-

ings, the release rates from these electrospun fibers could also be modulated through

varying the temperature of the fibers. In an aqueous solution, PNIPAAM undergoes

reversible phase transition at 37°C from awell-hydrated, soluble form below 37°C to a

dehydrated, insoluble form above 37°C. Below 37°C, it is thought that the PAA/

PNIPAAM hydrogen bond network in the coating forms a barrier to the diffusion

of the methylene blue molecules, while at temperatures above 37°C, the PNIPAAM
forms intramolecular hydrogen bonds with itself, disrupting the PAA/PNIPAAM

bond diffusion barrier. The thermoresponsive property leads to much faster release

rates at 40°C than at 25°C. This example demonstrates the increased tailorability

of release rates in LBL deposition as compared with simple adsorption. However, this

method is not without its drawbacks. While payloads that are charged or polar (such as

proteins) are easily incorporated into these layers, it is often more difficult to incor-

porate uncharged, hydrophobic drug molecules.

One way around this problem is to covalently link hydrophobic molecules to

hydrophilic molecules with enough polar groups to allow their adsorption to the

intended surface. As an example, Thierry et al. conjugated hydrophobic molecules

of paclitaxel, a potent chemotherapeutic drug, to hyaluronan molecules through a suc-

cinate ester linkage. The polar hydroxyl groups on the hyaluronan molecules allowed

the conjugated molecules to deposit via LBL assembly despite the bound hydrophobic

paclitaxel molecules. Layers of hyaluronan/paclitaxel were alternated with layers of

polyanionic chitosan. When measured using a quartz crystal microbalance, the results

showed increasingly more pronounced frequency shifts as a function of layer number,

indicating LBL deposition [15]. Samples were created using rhodamine-labeled

chitosan molecules for the polyanion layer in order to measure the stability of the mul-

tilayer during release studies. As shown in Fig. 7.4, absorbance measurements of
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releasate at 550 nm, a wavelength at which rhodamine absorbs but paclitaxel does not,

show very low levels of released rhodamine over the time period measured. These low

levels indicate that the rhodamine-labeled chitosan layers remain deposited, indicat-

ing stability of the multilayer complex. Absorbance measurements at 240 nm, a wave-

length which paclitaxel absorbs, demonstrate a large initial burst release similar to the

profiles of molecules loaded through simple adsorption.

As shown in the above examples, drugs incorporated in the LBL deposition strata

often still exhibit a burst release within the first few hours or days. While this burst

release can be advantageous in certain situations, such as preventing postsurgery infec-

tions, it is often desirable to have a flatter, more constant release profile over time [16].

7.2.3 Covalent bonding

Commonly used as a method to functionalize fibers or modify their surface properties,

covalent modification involves immobilizing bioactive molecules onto the surface of

the electrospun fibers via a chemical bond linkage. Often, a linkage is used that is

enzymatically cleaved in the body, enabling release of the drug molecules to the target

tissue. A typical example of this method of immobilization is described in a 2007

study by Choi and Yoo. In this study, electrospun PCL-polyethylene glycol (PEG)

block copolymer fibers were covalently bonded to FITC-BSA molecules. After

electrospinning, meshes were soaked first in ethanol and then in PBS to swell the

fibers and expose amine groups. These amine groups were then covalently bonded

to the carboxyl groups of BSA in order to immobilize the BSA on the fiber surface.

The covalently bound FITC-BSA was released at a low rate over a period of 5 days

with little-to-no burst release. As the ratio of PCL to PEG in the fibers increased, the

release rate and overall cumulative release of the FITC-BSA decreased. In contrast,

FITC-BSA blended into PCL fibers had much higher overall cumulative release,

almost entirely a burst release within the first day. This burst release can be attributed

to the high surface-area-to-volume ratio of the meshes and the lack of chemical bonds

tethering the protein to the meshes [17]. In a subsequent study by the same group, this

method was used to covalently bind recombinant human epidermal growth factor

(rhEGF) by conjugating the carboxylic groups of the rhEGF molecules to exposed

amine groups on PCL-PEG copolymers. Keratinocytes were cultured on these fibers,

and reverse transcription polymerase chain reaction (RT-PCR) was performed to

quantify expression of keratin 1, loricrin, and glyceraldehyde-3-phosphate dehydro-

genase (GAPDH), a housekeeping gene used for normalization. Quantification of

the band intensities, normalized to GAPDH levels, showed that both keratin 1 and lor-

icrin were expressed at significantly higher levels in cells cultured on

rhEGF-conjugated fibers than on other constructs (fibers soaked in rhEGF solution,

on fibers without rhEGF present, on PCL fibers in rhEGF solution, on PCL fibers

without rhEGF present, or on tissue culture plastic). When rhEGF-conjugated fibers

were placed in a diabetic murine woundmodel, wound closure rates were significantly

increased compared with rhEGF solution+fibers, just fibers, and nontreated wounds.

While healing-related activities were significantly higher in wounds with

rhEGF-conjugated fibers during the first 7 days of healing, the fibers alone had
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little-to-no effect on wound repair after those first 7 days. However, EGFR expression

after 14 days was confirmed by immunohistochemical staining, indicating that rhEGF

was still being released from the fibers through this time point. The lack of significant

impact on the healing process after day 7 is thus most likely due to EGF being required

only at the initial stage of the wound-healing process, rather than the fibers becoming

depleted of rhEGF. Thus, the controlled-release profile created by covalently linking the

rhEGF to the fibers has a significant benefit during the early stage of wound healing.

In some applications of this method, the release of drug molecules is controlled by

the rise and fall of enzyme levelswithin the target tissue.Bychoosing a covalent linkage

which is cleaved by specific enzymes, drug release can be triggered and attenuated by

biological events which up- or downregulate the expression of the enzyme cleaver. For

instance, the cleavage rates of linkages susceptible tomatrixmetalloproteinase (MMP)

activity rise and fall with the concentration ofMMPs in the immediate area. It has been

shown thatMMP-9 concentrations in diabetic ulcers are inversely related to the healing

rate of the ulcer; therefore, MMP-cleavable linkers would be an ideal way to deliver

drugs to these wounds [18]. In a 2010 study, Kim and Yoo used an MMP-cleavable

peptide to conjugate linear polyethylenimine (LPEI) to electrospun PCL-PEGmeshes.

The LPEI was then ionically complexed to their therapeutic payload, which in this case

consisted of molecules of DNA intended to transfect cells within the wound site.

Meshes immersed in MMP-2 solution showed significantly more release of LPEI

and DNA over 72 h than those immersed in solution without MMP-2, as shown in

Fig. 7.5. These results indicate successful cleavage of the polypeptide linker and

subsequent release of the payload in response to the presence of MMP-2 [19].

This method is thus both a novel drug-attachment technique and a way to optimize

the drug release kinetics to provide the highest dose of drug at the point when it will

most benefit the wound. Because of the amount of variation in the wound environment

over time as it progresses through the various stages of healing, the ability to tempo-

rally localize drug release has the potential to vastly benefit the wound-healing

process.

7.3 Polymer/drug blend electrospinning

While there are many benefits to the postelectrospinning attachment methods detailed

in the sections above, it is often easier and faster to simply incorporate the drug into the

polymer solution and then electrospin the polymer/drug blend (Fig. 7.1). This method

does have drawbacks. For instance, it exposes the drug to the harsh, organic solvents

often used to dissolve the polymer and to the strong electric fields used to electrospin

the fibers, which can often denature the drug [20]. The incorporation of drug mole-

cules can also affect the viscosity or charge density of the electrospun solution, which

can cause a change in elongation forces and a corresponding change in fiber diameter

[21]. In addition, it does not necessarily allow for the localization of drug molecules to

the surface of the fibers, meaning that drug release is often linked to the fiber degra-

dation rate [22,23]. However, if the drug molecules can withstand the solvent and

electrospinning process without losing their form and function and do not unduly
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affect the electrospinning process, this method has some significant advantages.

Namely, the drug incorporation is done in one step, without the reliance on covalent

linkers or deposition aids, making it simple and relatively inexpensive. Additionally, it

allows drug-laden fibers to be electrospun directly onto the surface where they are

needed, such as a wound site [24].

In the first published use of an electrospun mesh for drug delivery, Kenawy et al. in

2002 electrospun blends of 5% (w/v) tetracycline hydrochloride with poly(lactic acid)

(PLA), with poly(ethylene-co-vinyl acetate) (PEVA), and with a 50/50 combination

of the two polymers into fibrous meshes. Release experiment showed a high burst

release from the tetracycline/PLA fibers, likely from the tetracycline present on the
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fiber surface, with negligible release after the first hour. This lack of prolonged

release is most likely due to the partial crystallinity of PLA, which limits the diffusion

of the aqueous environment into the inner regions of the fibers. In contrast, the PEVA

fibers had a much more prolonged release profile, with a relatively constant release

rate through the first 80 h and a release peak at 60% after 120 h. The 50/50 PLA/PEVA

blend likewise had a smooth, prolonged release throughout the first 120 h, with neg-

ligible initial burst release. However, when the tetracycline concentration was

increased to 25% (w/v), a burst release of 40% was seen, possibly due to a higher

amount of surface-segregated tetracycline. All electrospun meshes showed higher

total percent release than equivalent cast films formed from the same solutions, which

is a result of the higher surface area of the electrospun meshes [25].

One of the most important factors determining the release kinetics of a drug

molecule electrospun into fibers from a blend is the degree of hydrophilicity of the

drug. This principle is demonstrated in a study by Zeng et al. in which the hydrophobic

chemotherapy drug doxorubicin, in its water-soluble salt form doxorubicin hydrochlo-

ride, was incorporated into poly-L-lactide (PLLA) solutions and then electrospun. The

release profile of the resulting meshes was compared with that of meshes electrospun

using doxorubicin in its nonwater-soluble, nonsalt form and the release of meshes

electrospun with paclitaxel, another hydrophobic cancer drug. Drug release was

analyzed with and without the presence of proteinase K, an enzyme that degrades

PLLA. Paclitaxel had a linear, zero-order release in the presence of proteinase

K but no release in the absence of the enzyme. These profiles indicate that all of

the release was due to the enzymatic degradation of the fibers, as there was no pacli-

taxel release in the absence of proteinase K, indicating negligible surface sequestra-

tion and good distribution of the drug throughout the fiber interior. This distribution is

typical of a hydrophobic drug, which solubilizes easily in the organic solvents used in

electrospinning but not in aqueous solutions.

In contrast, the hydrophilic doxorubicin hydrochloride salt exhibited a burst release

in the first 2 h, with the profiles in the presence and absence of proteinase K only

diverging after 150 min. These profiles indicate a high level of surface sequestration,

with only around 13% of the doxorubicin salt encapsulated in the fiber interior. This

surface sequestration is typical of hydrophilic drugs incorporated into an organic poly-

mer solution, as their low solubility limits their distribution into the fiber interior. The

meshes incorporating the nonsalt, lipophilic form of doxorubicin, however, had linear,

zero-order kinetics in the presence of proteinase K similar to the paclitaxel release

seen above, indicating good distribution within the fibers. While the profile in the

absence of proteinase K showed a burst release of roughly 20%, this is much less than

the burst release seen from the hydrophilic form of the drug. Thus, while there was

some surface sequestration, the majority of this drug was incorporated throughout

the fiber interior. This study thus demonstrates the importance of matching the hydro-

philicity of the drug to the polymer/solvent blend during electrospinning in order to

achieve maximal encapsulation by the fibers and a sustained release of the drug [26].

While release from drug-laden fibers is often linked to the polymer degradation

rate, there are several ways to modify this rate to allow for greater control over the

release profile. In a study by Maretschek, Greiner, and Kissel, the hydrophilic protein
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cytochrome c was incorporated into hydrophobic PLLA electrospun meshes. Because

of the mismatch between the hydrophilic protein and the hydrophobic polymer, a high

degree of surface sequestration was observed, with crystallite cytochrome c structures

forming on the outsides of the fibers. While this morphology would typically result in

a high burst release, these constructs showed a very slow, controlled release of the

cytochrome c (Fig. 7.6).

This unusually attenuated release profile was due to the extremely high degree of

hydrophobicity exhibited by the surface of the meshes, which limited the wetting of

the mesh by the aqueous environment. When the emulsifier Tween 20 was added to

the release media in order to improve mesh wettability, a burst release of almost 100%

was seen, indicating that the cytochrome c was present almost exclusively on the out-

side of the fibers. In order to better control this release profile, new meshes were

electrospun from hydrophilic poly(ethyleneimine) (PEI) and poly-L-lactide (PLL),

blended with the hydrophobic PLLA used in the original meshes, with cytochrome

c incorporated into the electrospinning solution as before. While the meshes

electrospun from this polymer blend still had a high degree of surface sequestration

of the cytochrome c, wettability was significantly increased. In addition, overall cyto-

chrome c release was increased in proportion to the amount of hydrophilic polymer

incorporated (Fig. 7.7). However, this release was almost entirely as an initial burst,

with little subsequent sustained release.

Thus, the overall level of protein release was able to be controlled by varying the

hydrophilicity and corresponding surface wettability of the polymer blend. However,

due to the high degree of surface sequestration, the burst release of these proteins

was unable to be attenuated, which is a significant drawback of this method of release

control [27].

One intriguing method of reducing burst release is to add a coating to electrospun

fibers, which changes their hydrophilicity and surface wetness. In a 2005 study, Zeng

et al. used CVD to coat protein-loaded poly(vinyl alcohol) (PVA) fibers in order to

tailor protein release rate. FITC-BSAwas added to aqueous solutions of PVA and then

electrospun, and the resultant meshes were coated by CVD with hydrophobic layer of

poly(p-xylylene) (PPX) of various thicknesses. Release studies showed that increased
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thickness of the PPX layer led to a flatter release profile, with a lower initial release

rate and lower overall cumulative release, as shown in Fig. 7.8.

In order to establish the preservation of enzyme activity when incorporated in

electrospun fibers by this procedure, luciferase, a bioluminescent enzyme, was incor-

porated in electrospun PVAmeshes, which were then coated using the same CVD pro-

cedure. Mesh samples were then immersed in luciferase lysis buffer with 1% BSA and

250 mM β-mercaptoethanol, and luciferase activity was recorded over time. The

results show significant luciferase activity beginning after 30 min, with activity

increasing over time. This profile indicates that the enzyme retains its activity and

is able to escape the hydrophobic PPX layer to react with substrate in the solution [28].

One way of addressing the difficulty in incorporating hydrophilic drugs into the

interior of hydrophobic polymer fibers is to covalently couple the drug to a polymer

with both hydrophobic and hydrophilic regions, which is then blended with a hydro-

phobic polymer and electrospun. One such hydrophilic/hydrophobic polymer is
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poly(ethylene glycol)-grafted chitosan (PEG-g-chitosan), which combines the hydro-

philic properties of PEG with the hydrophobic nature of chitosan [29]. Drugs with

anionic groups can be electrostatically complexed to the NH2 residues, and drugs with

or without these groups can be covalently bound to the polymer side chains. In a 2004

study by Jiang et al., ibuprofen was incorporated either by electrostatic conjugation or

by covalent binding to PEG-g-chitosan chains, which were then blended with

poly(lactic-co-glycolic acid) (PLGA) and electrospun into fibrous meshes. Release

was compared between ibuprofen electrospun into PLGA fibers, ibuprofen electro-

statically complexed to PEG-g-chitosan chains within blended PLGA/PEG-g-
chitosan electrospun fibers, and ibuprofen covalently bound to PEG-g-chitosan side

chains within blended PLGA/PEG-g-chitosan fibers, and it was shown that both

the anionically complexed and covalently bound ibuprofen had a much more

sustained, prolonged release profile as compared with release from the PLGA fibers.

Furthermore, release of the covalently bound ibuprofen was even more sustained than

the anionically complexed drug. This study thus demonstrates the ability to use several

methods to create three distinct release profiles: one with a large (85%) burst release

within the first 4 days followed by little sustained release, one with a medium burst

release (45%) within the first 4 days followed by a medium sustained release (a further

25% over 12 more days), and one with a small (20%) burst release in the first 4 days

followed by a medium sustained release (a further 20% over 12 more days). This
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method thus allows a great deal of control over the release rate of a drug bymodulating

the strength of the interaction between the drug and the polymer [30].

7.4 Coaxial electrospinning

In order to attain a higher level of control over the release kinetics of a drug, coaxial

electrospinning is often used to embed the drugs in either the core or the outer shell of

electrospun fibers. In this method, one polymer solution is pushed through an inner

capillary tube that is surrounded by an outer tube through which a second polymer

solution is pushed.When voltage is applied, fibers are createdwhich have an inner core

of the first polymer and an outer shell of the second polymer (Fig. 7.1). This technique

is commonly used to embed a drug within the core section of the fibers surrounded by a

shell that is not only impermeable to diffusion of the drug but also degradable. The

shell reduces initial burst release of the drug and can be used to delay drug release until

shell degradation [31,32]. Wang et al. successfully demonstrated a significant reduc-

tion in burst release by incorporating dimethyloxalylglycine (DMOG), a

proangiogenic compound, into the core of poly(DL-lactic acid) (PDLLA)/poly(3-

hydroxybutyrate) (PHB) and PDLLA/PHB core-shell electrospun fibers, as compared

with the release of DMOG from conventionally electrospun PHB and PDLLA fibers

[33]. As seen in Fig. 7.9, burst release was most effectively attenuated when the

DMOG was incorporated in a PDLLA core surrounded by a PHB shell (samples

D and E). These samples showed a two-stage release profile with an initial fast release

of around 25% of the incorporated drug, followed by a prolonged, constant release of

up to 70% of the total payload. While the initial release was irrespective of the thick-

ness of the PHB shell, the following prolonged linear release rate was higher in sample

E, which had a thinner shell thickness of 120 nm, as compared with sample D with a
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shell thickness of 230 nm. These results demonstrate the ability to tailor the release rate

by controlling the thickness of the outer shell in this morphology.

Another benefit of encapsulating drugs via coaxial electrospinning is that mole-

cules such as enzymes or growth factors, which are prone to denaturation by organic

solvents, can be incorporated in aqueous, low-viscosity solutions that would not nor-

mally be able to be electrospun. By extruding the aqueous solution through the inner

capillary tube and the organic solution through the outer capillary tube, fibers are

formed without mixing the aqueous and organic solutions, meaning that the labile

molecules in the aqueous solution are entrapped within the fibers without ever being

exposed to the harsh organic solvents. Jiang et al. used this method to encapsulate

luciferase, which is normally denatured by organic solvents, within a core of

water-soluble PEG surrounded by a shell electrospun from PCL in the organic solvent

N,N-dimethylformamide (DMF) and showed that the enzyme retained its activity dur-

ing the electrospinning process and after its release [34]. Similar procedures have rep-

licated these results with a variety of polymer combinations and bioactive compounds

[32,35,36]. Furthermore, Chen et al. used coaxial electrospinning to fabricate PCL/

poly(N-isopropylacrylamide) (PNIPAAm) core/shell fibers with a thermoresponsive

outer shell. Due to the unique properties of the PNIPAAm, the wettability of the sur-

face increased dramatically when the fibers were heated past 32°C. These fibers have
great potential as drug delivery vehicles, as body temperature would heat the fibers

and allow for drug release upon implantation, and the low wettability below this point

would prevent any loss of the drug before implantation [37].

7.5 Electrospinning drug-loaded micro/nanoparticles

An alternative method that offers many of the same benefits as coaxial electro-

spinning, electrospun meshes that incorporate drug-loaded micro- or nanoparticles

(Fig. 7.1) allow fine control over drug release rates without necessarily compromising

mesh mechanical integrity. With this morphology, the degradation rates of both the

drug-loaded particle and the fiber material surrounding or holding the particle can

be tailored, allowing many different types of release profiles to be achieved, and

the particles can be used to entrap and protect labile molecules in a similar fashion

to the coaxially electrospun fibers described in the previous section.

These meshes typically have two different types of morphologies: fibers with par-

ticles entrapped between them or fibers with particles placed within them. While the

first type enables the preservation of fibermechanical integrity, the second type enables

more control over the drug release profile. In a good example of this first type of

morphology, Ionescu et al. used sacrificial poly(ethylene oxide) (PEO) fibers to hold

PLGA microspheres within an electrospun PCL fibrous mesh. A washing step then

dissolved the PEO fibers, leaving the PLGA microspheres entrapped within the mesh.

BSA and chondroitin sulfate (CS) were preloaded into the microspheres, and then their

release profiles were compared with those of free microspheres. Fig. 7.10(A) shows

BSA-ladenmicrospheres in red and CS-ladenmicrospheres in black, incorporated into
thePCLelectrospunmesh.As shown inFig. 7.10(B), the freemicrospheres exhibited an
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initial burst release followed by a slight prolonged release after the first day. Themicro-

spheres entrapped within the meshes (Fig. 7.10C and D) had slightly less of a burst

release and slightly more prolonged release over 26 days, perhaps due to the limited

diffusion throughout the fibrous architecture of themesh, but this effectwas almost neg-

ligible. In addition, the mechanical properties of the PCL mesh were not adversely

affected by microparticle incorporation [38].

In contrast, Beck-Broichsitter et al. electrospun PVA and PEO fibers with PLGA

nanoparticles encapsulated within the fibers. Coumarin 6 dye was used to model drug

release, and fiber encapsulation of the nanoparticles was shown to significantly

decrease the burst release and prolong the sustained release as compared with free

nanoparticles. This morphology thus provides additional attenuation of burst release

as compared with the nanoparticle entrapment morphology but at the expense of the

structural integrity of the mesh [39].

One type of drug-encapsulating nanoparticle whose incorporation into electrospun

meshes has yet to be fully explored is a polymeric micelle. An increasingly popular

method of delivering bioactive agents, micelle encapsulation involves incorporating
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the drug molecules in the center of spheres or cylindrical structures of amphiphilic

block copolymers self-assembled through hydrophobic/hydrophilic interactions,

called micelles. These structures protect the drug molecules from the outside environ-

ment and enable dispersion of drugs whose hydrophobicity would otherwise cause

them to aggregate [40]. In addition, polymeric conjugation with ligands such as anti-

bodies, growth factors, glycoproteins, and folate allow the drug-laden micelles to tar-

get and be taken up by specific cell types and tissues, like tumors [41].

Micellar structures have been incorporated in electrospun meshes in several ways.

McKee et al. electrospun aqueous solutions of lecithin, a mixture of phospholipids

and neutral lipids, and found that fibers were formed from entangled cylindrical

micelles [42]. Kriegel et al. electrospun chitosan and PEO in solution with dode-

cyltrimethylammonium bromide (DTAB), an ionic surfactant, into fibers with encap-

sulated micelles in a bead-on-a-string morphology, while Nagarajan, Drew, andMello

achieved a similar morphology by electrospinning silk-elastin protein polymer chains

[43,44]. However, to date, no significant studies have investigated the ability of these

electrospun micelles to encapsulate and release bioactive compounds.

7.6 Commercialization prospects

The simplest application of electrospun systems for drug delivery is the delivery of

antibiotics to prevent bacterial infection. In this application, it is often desirable to

have a large initial burst release in order to bring antibiotic concentrations to the level

at which bacteria are eliminated. This is achieved by electrospinning a blend of anti-

biotic and polymer into fibers which encapsulate the antibiotic within them. For exam-

ple, in a 2004 study, Kim et al. incorporated the hydrophilic antibiotic cefoxitin

sodium into separate electrospun meshes of PLGA and PLGA/PLA/

PEG-b-PLA copolymers for the prevention of postsurgical abdominal adhesions.

As expected, all mesh types exhibited a large burst release of at least 50% during

the first several hours, but the faster degrading PLGA fibers had a higher burst release

of 70% followed by negligible sustained release, while the slower degrading PLGA/

PLA/PEG-b-PLA copolymers had a 50% burst release followed by 20% sustained

release over the following 150 h [45]. Another method of achieving this high initial

burst release is to adsorb the antibiotic onto the fiber surface. As described above,

B€olgen et al. adsorbed the antibiotic ornidazole onto the surface of PCL electrospun

fibers for the treatment of postsurgical abdominal adhesions and attained a similarly

high burst release of 80% within the first several hours. When implanted into the

abdominal wall of rats, these meshes successfully reduced abdominal adhesions [10].

These antibiotic-loaded meshes have many applications in the fields of wound care

and surgery. They can be placed in surgical sites to prevent postsurgical infection and

adhesion, as described above. Alternatively, the fibers can be electrospun as a coating

directly onto an implant in order to prevent biofilm formation and implant rejection

[46]. Antibiotic-laden meshes have been designed for use in preventing and treating

oral infections and various types of wound infections [47–50]. Additionally, meshes

have been fabricated to release other antibacterial substances like Manuka honey [51].

While patents have been filed on a variety of types of electrospun meshes for wound
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and postsurgical treatment, as of yet, nomajor company has brought any of these prod-

ucts to market [52,53].

Another potential area of commercialization for electrospun meshes is in esta-

blishing hemostasis. Such a mesh would have the ability to aid in clotting and in the

early stages of wound healing. In an early example of this application, Wnek et al.

electrospun fibers from fibrinogen to create a wound-healing mesh. Upon placement

in a wound, these fibers have the ability to react with thrombin to produce a fibrous clot

structure, which blocks the loss of blood from the wound site and creates a mesh archi-

tecture to enable healing [54]. Sell et al. found that by cross-linking these fibrinogen

meshes, their degradation was slowed and their mechanical strength was significantly

improved. However, this cross-linking did decrease cell migration into the mesh

interior, indicating a negative effect on host incorporation and bioactivity [55].

In another study, Spasova et al. electrospun meshes from high-molecular-weight poly

(D- or L-)lactide (HMPDLAorHMPLLA), diblock copolymers of poly(D- or L-) lactide,

and poly(N,N-dimethylamino-2-ethyl methacrylate) (PDMAEMA) blocks. X-ray

photoelectron spectroscopy demonstrated that the PDMAEMA blocks had tertiary

amino groups, which imbued the fibrous mesh with hemostatic and antibacterial

properties. When placed in fresh human blood, these meshes caused a significant

decrease in red blood cell count and thrombocyte number, indicating hemostatic

activity [56].

Rather than just delivering one specific clotting factor, many groups are investigat-

ing the ability to deliver a whole collection of them, in the form of preparation rich in

growth factors (PRGF). PRGF is a mix of clotting factors and growth factors released

by lysing platelets at a wound site and is ideally suited for stimulating clotting and

wound healing. Sell et al. successfully incorporated PRGF into electrospun meshes

and demonstrated protein release from these meshes for up to 35 days in culture. Addi-

tionally, adipose-derived stem cell (ADSC) culture showed that these meshes

increased cell proliferation and chemotaxis [57].

A similar application involves the delivery of plasma factor VIII (FVIII), a clotting

factor in which people with hemophilia are deficient. Rather than delivering this

factor to an immediate wound site, a more long-term approach involves releasing it

systemically to treat this deficiency throughout the body. Liao and Leong addressed

this by culturing myoblasts on aligned core/shell electrospun fibers to produce

FVIII-producing skeletal myotubes. These core/shell fibers released angiogenic and

lymphogenic factors to stimulate growth in the surrounding vasculature and lymphatic

system in order to increase the uptake of FVIII. Upon implantation in hemophilic

mice, these constructs integrated with the host tissue and successfully induced vascu-

lar and lymphatic growth and infiltration. In addition, sustained elevation of FVIII

levels was seen in the mice over the following 2-month period, with a significant

decrease in blood coagulation time [58].

There are several commercialized electrospun products designed to aid in hemo-

stasis, which are in various stages of development. One prime example is the

FASTCLOT line of products, developed by St. Teresa Medical, Inc. These products

are electrospun meshes of dextran, which are layered with a proprietary mixture of

lyophilized thrombin and fibrinogen. In a study by Bowlin et al., these electrospun

meshes were shown to form a fibrin sealant over wound sites, achieving hemostasis
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and allowing reestablishment of antegrade blood flow in an injured limb, preserving

the limb [59]. A specific variation on the FASTCLOT line developed for the treatment

of surgical wounds, called SURGICLOT, has currently finished clinical trials and is

awaiting CE marking. If this approval is granted, SURGICLOT will be the first fully

electrospunmedical implant and drug delivery system on themarket for use in humans.

Another variation on this technology for use in animals, called ANIMALCLOT, is

already on the market for use in animals. A similar product is under development

by BioSurfaces Inc. In this product, clotting factors are embedded within electrospun

fibers, rather than coating the surface. While the exact polymer/drug composition of

this product has not been reported, initial animal trials have shown much quicker clot

formation than combat gauze, the current industry standard [60].

Another potential area for the commercialization of electrospun drug delivery sys-

tems is the delivery of growth factors to target tissues. This function is often a compo-

nent of tissue engineering meshes which integrate themselves with host tissue to

promote cell adhesion, migration, proliferation, and differentiation in order to mimic

natural tissue. Growth factor release enables tissue engineering meshes to promote

these cellular activities in order to better integrate and stimulate tissue repair. As such,

the release profiles of these meshes should ideally be tuned to maximize cellular

response, which is usually best achieved by a flatter, sustained release over a period

of days or weeks. For example, as described in an earlier section, Phipps et al. designed

bone-mimetic electrospun meshes of blended PCL and collagen type I with embedded

HA nanoparticles and adsorbed PDGF onto the surface of the fibers. Although the

adsorbedPDGFexhibited aburst release in the first 4 days, thiswas followedbyaperiod

of sustained release over the next 20 days. The meshes were shown to significantly

increase cellular chemotaxis and proliferation ofmesenchymal stem cells into themesh

as compared with non-PDGF control meshes [9]. These results thus indicate the great

potential of the PDGF-releasing meshes in bone regenerative therapy.

These growth factor-releasing meshes can also be used to treat chronic wounds,

including diabetic ulcers. Choi, Leong, and Yoo developed an electrospun mesh of

PCL/PEG block copolymers and PCL polymer chains with exposed functional amine

groups. Epidermal growth factor (EGF) was then covalently bound to these amine

groups. During release studies, it was shown that the EGF release from the mesh

had very little initial burst and maintained consistent prolonged release throughout

the 14-day period. When placed in a diabetic mouse model, the EGF-conjugated

meshes induced significantly faster wound closure as compared with animals treated

with EGF solutions and unconjugated fibers, just fibers, and no treatment controls

[61]. Yang et al. did a similar study using coaxial electrospinning to embed fibroblast

growth factor (FGF) in core/shell fibers with an FGF core and a poly(ethylene glycol)-

poly(DL-lactide) (PELA) shell. These fibers had a small FGF burst release of around

18% within the first 12 h but then exhibited a constant prolonged release over the next

25 days. This release was shown to significantly improve the proliferation and colla-

gen production in mouse embryo fibroblasts relative to non-FGF control meshes.

In vivo testing in a mouse wound model showed significantly faster wound closure

and less scar formation in the wounds treated with FGF-containing meshes as com-

pared with the non-FGF controls [62]. This result demonstrates the benefit of
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long-term release in maintaining consistent therapeutic drug levels in the local area

despite constant clearance by the body.

In addition to wound treatment applications, growth factor-releasing meshes also

show promise in several different areas. In the area of nerve regeneration, Cho et al.

conjugated nerve growth factor (NGF) to exposed amine groups on electrospun

PCL-PEGblockcopolymer fibers and then showed that the combinationofNGFrelease

and topographical cues promoted neuronal differentiation of mesenchymal stem cells

[63]. In the area of cardiac tissue engineering, Tian et al. encapsulated VEGF into

dextran or BSA cores surrounded by a poly(L-lactic acid-co-ε-caprolactone) (PLCL)
shell to create core/shell fibers. These fibers showed a consistent release of VEGF over

672 h, with the BSA cores exhibiting a 10% initial burst release prior to the prolonged

release. These meshes were shown to significantly induce mesenchymal stem cell pro-

liferation as compared with non-VEGF-containing fibers [64]. In the area of cartilage

engineering, Li et al. adsorbed TGF-β onto the fiber surfaces of PCL electrospun

meshes. When cultured on these meshes, mesenchymal stem cells differentiated into

a chondrocytic phenotype and produced significantly more glycosaminoglycans and

collagen as compared with meshes without TGF-β adsorbed to them [65].

While the delivery of growth factors via electrospun meshes has a wide variety of

applications in tissue engineering, the most promising avenue for near-term commer-

cialization is in the treatment of chronic wounds. As detailed above, numerous

electrospun products have been tested in animal models of chronic wounds, with

encouraging results. Unfortunately, no major company has brought any of these prod-

ucts to market yet.

The delivery of anticancer drugs via electrospun meshes is likewise a promising ave-

nue for commercialization. Due to the deleterious effects of anticancer drugs on quickly

dividing cells, localization of their releasewithin thebody is extremely important inmax-

imizing the therapeutic dosewhileminimizing side effects. Inone application,Yohe et al.

developed a superhydrophobic PCL/poly(glycerol monostearate-co-ε-caprolactone)
(PGC-C18) mesh with the anticancer drugs SN-38 or CPT-11 incorporated by blend

electrospinning for treatment of colorectal cancer. Due to the hydrophobicity of the

meshes, therewas negligible burst release from these constructs,with themost consistent

release coming from a 90:10 mixture of PCL/PGC-C18 for SN-38 over a 70-day period.

These 90:10 PCL/PGC-C18 SN-38-loaded meshes demonstrated extended tumor cell

cytotoxicity over a 60-day time period, as compared with a 5-day time period for

PCL/SN-38 meshes and a max 5-day period for CPT-11-loaded meshes. These results

indicate the efficacy of these superhydrophobic electrospun meshes in preventing colo-

rectal cancer resurgence following surgical tumor resection [66]. In a similar study, Qui

et al. used mesoporous silica nanoparticles to load the anticancer drug doxorubicin into

PLLA electrospun fibers. The resulting meshes had a sustained, prolonged release of

doxorubicin and exhibited higher in vitro antitumor efficacy than doxorubicin directly

loaded into the fibers without the nanoparticle carriers [67].

In order to optimize effective drug release rates for the treatment of malignant gli-

omata, Ranganath and Wang electrospun a blend of paclitaxel and PLGA copolymer

that was composed of an 85:15 lactic-to-glycolic acid ratio into microfiber disks

(MFD) and microfiber sheets (MFS) and a 50:50 lactide to glycolide ratio into
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submicrofiber disks (SFD) and submicrofiber sheets (SFS). Disks were obtained via

3 mmdiameter biopsy punches of electrospunmats, while sheetswere obtained by slic-

ing the mats into 5 mm�5 mm squares. SEM imaging showed that the microfiber

meshes had fiber diameters of 3.5�0.32 μmwhile the submicrofiber meshes had fiber

diameters of 0.930�0.035 μm. Both mesh types had comparable paclitaxel payload,

but the small fiber constructs had faster bulk degradation due to the higher glycolic acid

content, and thus a higher release rate. The disk structures of both fiber types had lower

initial burst release due to their compact structure, while the sheets exhibited burst

release of 5%–10%. Nonetheless, all constructs had consistent, prolonged release

throughout the 80-day release period. When placed in culture with C6 glioma cells,

all paclitaxel-treated fibers caused significantly higher levels of apoptosis than control,

nonpaclitaxel-treated blank fibers, and apoptotic activity continued to increase after

days 8 and 12. At the furthest time point, day 12, the SFS-treated group had the most

apoptosis, while theMFD had the least amount among treatment groups. Control wells

in which free paclitaxel was placed had higher initial levels of apoptosis than

fiber-treated groups, but after the paclitaxel was washed off and media was replaced

on day 3 to simulate clearance by the body, the cell density began to rise again. When

placed in a mouse glioma model, all paclitaxel-containing constructs were more effec-

tive at reducing tumor volume than treatment by paclitaxel solution, and the SFS and

SFD groups were most effective of the constructs [23]. These results thus demonstrate

the benefits of using electrospun carriers to maintain high concentrations of anticancer

drugs in the local area of the tumor, rather than systemic treatments.

In addition to the colorectal cancer and glioma targets already discussed, drug-laden

electrospun meshes have been fabricated to target ovarian cancer [68], lung cancer [22],

hepatoma [69], liver carcinoma [70], cervical carcinoma [71], and gastric cancer [72].

Given the in vitro and in vivo efficacy of electrospun meshes as delivery vehicles

for anticancer drugs, this application is a promising avenue for commercialization.

However, no major company has brought electrospun drug-laden products to market.

7.7 Outlook, problems to be overcome

Despite the numerous advantages electrospun meshes have as drug delivery con-

structs, the process entails its own challenges and potential concerns with regard to

polymer choice, solvent choice, drug interaction with both polymer and solvent, deg-

radation rate, and the loss of mechanical integrity of meshes due to the incorporation

of drugs within the fibers. Fortunately, many of these probable issues can be mitigated

through appropriate polymer and drug combinations for the given application and

desired degradation time line. Unfortunately, there are still many factors to address

in order to create a stable and effective electrospun drug delivery system, and these

include composition, modifying the fabrication process and long-term upscale pro-

duction of such substrates. To outline these obstacles, it is logical to begin with com-

position in terms of drug, polymer, and solvent choices.

Choice of drug is highly dependent on the required action at the site; however, what

is most important is matching the chosen drug type, whether it is hydrophobic or

hydrophilic, with a similarly behaving polymer [73]. While both types are easily
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encapsulated in electrospun fibers, it is logical that a hydrophobic drug should be com-

bined with a hydrophobic polymer such as the drug paclitaxel combined with hydro-

phobic polymer PCL. The same goes for matching a hydrophilic drug with a

hydrophilic polymer, such as tetracycline hydrochloride with PLGA. This is necessary

for electrospun polymer/drug blends in order to ensure complete mixing and dissolu-

tion of the drug within the polymer solution and full encapsulation within the resulting

fibers. If there is poor dissolution, the drug will simply become dispersed and possibly

aggregated within the solution, which may result in fiber formation with drug particles

on the outer surfaces of fibers, consequently causing a significant burst effect,

nonideal for sustained drug delivery systems [73].

Solvent choice is yet another hurdle to be overcome as commonly used polymers are

often best soluble in harsh organic solvents. While the electrospinning fabrication pro-

cess involves theevaporationof the solvent as the fibers are formed, there is still concern

with the initial drug-solvent interaction as potentially harmful to the drug or the overall

function, potency, and efficacy of the system [74]. A study by Nie et al. evaluated the

denaturation of the bone morphogenetic protein-2 (BMP-2) when in contact with the

organic, hydrophobic solvent dichloromethane (DCM) [20]. When BMP-2 alone

was added toDCM, the denaturationof theproteinwas greater thanwhen a combination

of BMP-2 andHAwas added to theDCM.Concentration ofHA, a hydrophilicmineral,

was inversely related to levels ofBMP-2denaturation, indicating that agreater presence

of a hydrophilic molecule allowed for BMP-2 attachment and shielding from inter-

action with the DCM [20]. However, in a 2011 study, Madurantakam et al. tested

the biological activity of BMP-2 in the common electrospinning solvents hexa-

fluoroisopropanol (HFP) and tetrafluoroethylene (TFE) and found no evidence of

BMP-2 denaturation. These findings demonstrate that the effects of organic solvents

on labile molecules can vary from solvent to solvent, and thus, solvent choice is

extremely important when creating a drug-laden mesh [75]. In order to more fully

address issues with denaturation of therapeutic agents, processing of materials without

organic solventsmust be further explored.Additionally, continued development of par-

ticles for drug encapsulation could help prevent denaturation of components [20,74].

Subsequent studies and adequate understanding of drug-polymer-solvent interactions

will, in turn, facilitate the development of meshes that better incorporate labile

biomacromolecules.

Electrospun meshes are highly controlled in terms of surface-area-to-volume ratio,

fiber diameter, overall porosity, and mechanical integrity in terms of modulus of elas-

ticity and maximum tensile strength. Further optimization of the fabrication process,

including large-scale production, is needed to improve fiber morphology and drug

encapsulation and arrangement for optimal release kinetics. The mechanical integrity

of the mesh is usually critical to the template’s efficacy when used as a tissue regen-

eration construct. The incorporation of drugs within the electrospun fibers can result in

a decline of these properties, which affects the template’s performance in a given

application. While this is a major concern of many researchers in terms of tissue

regeneration, it is only a minor concern for drug delivery systems because their

intended function is to release the drug locally and not necessarily to cause new tissue

formation. While one study reported that mechanical properties were maintained as

the electrospinning process was scaled up, they limited the mechanical evaluation
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of the meshes to fiber morphology and drug encapsulation, rather than Young’s mod-

ulus and tensile strength [76]. However, a separate group produced meshes on a

large-scale commercial instrument, the NANOSPIDER, mechanically tested for

Young’s modulus and tensile strength and found that the meshes exhibited mainte-

nance of mechanical integrity when one particular drug, tenofovir (TFV), was incor-

porated with PVA yet experienced a threefold decline in the same properties when a

different drug, levonorgestrel, was incorporated within the PVA [77]. The data sug-

gest that these properties are not necessarily structure- or fabrication scale-dependent

but merely a function of composition of the mesh [77].

Perhaps the most important obstacle to overcome is tailoring the degradation rate of

the mesh tomeet the needs of the host tissue regeneration. Ideally, the bulk of the mesh

remains implanted for an adequate period of time such that the drug dissolution is local

and steady, lasting long enough for either new tissue growth or to rid the area of any

existing or potential infections. While composition and electrospinning technique for

fabrication of the template are factors of degradation rate, the breakdown mechanisms

and hydrophilicity of the mesh also play a role. The release of drug molecules can be

influenced by their hydrophilicity, encapsulation within the fiber interior or within

micro/nanoparticles, and by fiber hydrophilicity.

Electrospun drug delivery systems can only remain a promising endeavor if the

capacity to scale-up is realized. It is often said that the scale-up potential of the

electrospinning fabrication process is one of its greatest attributes [73]. However, there

is very little evidence in mass scale production of electrospun meshes as drug delivery

systems. In a recent study to develop vaginal drug delivery systems, Krogstad and

Woodrow successfully fabricated their hydrophilic TFV and PVAmeshes on both lab-

oratory and mass production scale while maintaining the mechanical characteristics,

drug-loading capabilities, and release kinetics despite the differences inmanufacturing

processes [76]. Blakney et al. used an industrial electrospinner, theNANOSPIDER, for

production of TFA-PVAmeshes, which also exhibited appropriate mechanical proper-

ties, high drug loading, and drug release [77]. The applications of both of these products

necessitated an initial burst release of the drug, which was verified via release studies.

Many other applications necessitate a more sustained release, and products with these

release profiles have yet to be successfully produced on an industrial scale.

The presented obstacles described in this section are intertwined, and efforts to

address one obstacle often alter the available options for addressing other obstacles.

Despite these hurdles, it is reasonable to conclude that upon successful upscale pro-

duction and clinical performance studies, this underutilized technology can and will

produce advantageous drug delivery systems.

7.8 Conclusion

Over the past twenty years, there has been increasing interest in mechanisms for

targeting drug delivery in order to increase drug levels in the target tissue while

decreasing levels in untargeted tissues so as to maximize therapeutic effect and min-

imize side effects. Due to their high surface-area-to-volume ratio, tailorability of
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release rates and degradation, and versatility of drug-loading methods, electrospun

fibrous meshes are ideal drug delivery vehicles for many applications. Numerous

advancements in postelectrospinning attachment, covalent linking, polymer chemis-

try, coaxial electrospinning, and micro/nanoparticle encapsulation have enabled labile

drugs to be successfully loaded and released without denaturation. New methods of

reducing burst release have enabled the use of these systems in applications requiring

long-term, sustained release, such as tissue growth and tumor reduction. While many

of the studies outlined in this chapter are exploratory in nature and rely on in vitro

experiments, there are a significant number that include encouraging in vivo results

in a variety of applications. Nevertheless, advancements in industrial scale-up and

clinical studies will be necessary to bridge the gap between exploratory research

and commercialization.
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8Electrospun nanofibrous materials

for wound healing applications

B. Balusamy, A. Senthamizhan, T. Uyar
Bilkent University, Ankara, Turkey

8.1 Introduction

Developments in regenerative medicine and tissue engineering over the decades

advanced wound healing methods for enhancing healing process and also overcome

existing complications. Archetypically, wound is defined as a disruption of cellular

community that consequences in separation of normally connected tissues or a type

of injury resulted from the skin that is torn, cut, or punctured [1]. The breach

occurred by skin damage leads to bacterial infection that causes inflammation

and infection locally or systemically. The wound healing is not a simple linear pro-

cess, which is one of the most complex and dynamic processes that involved with

multiple biological pathways, blood elements, cells, growth factors, and extra-

cellular matrix (ECM) [2–4].
Eventually, wound healing occurs through three stages, namely, (a) inflammation,

(b) new tissue formation, and (c) remodeling. The inflammation stage of wound

healing process happens immediately following the tissue damage and lasts about

48 h. During this stage, multiple biological pathways are initiated to prevent blood

and fluid losses and infection and remove dead and devitalized (dying) tissues. The

second stage of the wound healing process occurs between 2 and 10 days after injury

and which is characterized by cellular proliferation and migration of different cell

types. The third stage of the wound healing is remodeling, and it begins after 2–3 years
following the injury and lasts for a year or more in which all the process activated after

injury wind down and cease. The detailed information on different stages of the wound

repair process is depicted in Fig. 8.1 [4]. Based on the wound repair process, wounds

are classified into acute and chronic wounds. Acute wounds are generally healing

completely within 8–12 weeks time frame, whereas the chronic wounds take more

than 12 weeks for healing process [5,6]. Wound management complications are

always having significant impacts in clinical burden; thus, the wound dressing market

has great economic potential worldwide [7]. Therefore, recent decades witnessed that

a variety of wound dressing materials resulted from numerous approaches have been

introduced at different aspects of wound healing process [8].

Development of wound dressing can be tracked back since ancient era from appli-

cation of medicinal plant, animal fat, and honey to tissue engineering scaffolds. An
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ideal wound dressing is expected to possess the characteristics including provide or

maintain a moist wound environment, removal of blood and excess exudates, gaseous

exchange, protect the wound from microorganism invasion, protect the wound from

trauma, thermal insulation provision, and most importantly cost-effective and less fre-

quency of dressing change [8,9]. Clinical practice has been widely adopted plain

gauze for wound care owing to their inexpensive and readily available nature, but still,

it has many shortcomings that has inspired to develop variety of other materials includ-

ing foams, adhesive films, hydrogels, alginates, hydrocolloids, and biological dressings

possessing remarkable features [8,10]. In the recent past, nanotechnology-based therapy

has significantly revolutionized the management of wound care and also recognized as

possible next-generation therapy. To date, a wide range of nanomaterials composed of

carbon, lipid, ceramic, metal, and metal oxide nanoparticles have been reported for their

beneficial role in wound healing [11].

Electrospun nanofibers have received tremendous attention toward energy, envi-

ronmental, and biomedical applications due to their exceptional characteristic features

[12–16]. Electrospun nanofiber scaffolds offer ideal characteristics of wound dress-

ings, that is, high surface area to volume ratio, adsorption of exudates, interconnected

nanoporosity, controlled drug or biomolecules release, cell respiration, flexibility, and

better sorption of proteins; thus, the electrospun nanofibers produced from different

electrospinning approaches including blend, coaxial, emulsion electrospinning, and

also postspinning modifications have been extensively used in wound healing appli-

cations [17–22]. Different biomolecules involved wound healing, fabrication of

nanofibers, and current strategies used in electrospinning to produce wound dressing

material were reviewed by Abrigo et al. [17]. Furthermore, the architectural feature of

electrospun nanofibers mimics the ECM structure, which is the most important

characteristic of any scaffold intended to use in tissue engineering applications since

it influences the cell binding. Stevens and George [23] reported that the scaffolds with

Fig. 8.1 Classic stages of wound repair. There are three classic stages of wound repair:

(A) inflammation, (B) new tissue formation, and (C) remodeling. (A) Inflammation. This stage

lasts until about 48 h after injury. Depicted is a skin wound at about 24–48 h after injury. The

wound is characterized by a hypoxic (ischaemic) environment in which a fibrin clot has formed.

Bacteria, neutrophils, and platelets are abundant in the wound. Normal skin appendages (such as

hair follicles and sweat duct glands) are still present in the skin outside the wound. (B) New

tissue formation. This stage occurs about 2–10 days after injury. Depicted is a skin wound at

about 5–10 days after injury. An eschar (scab) has formed on the surface of the wound. Most

cells from the previous stage of repair have migrated from the wound, and new blood vessels

now populate the area. The migration of epithelial cells can be observed under the eschar.

(C) Remodeling. This stage lasts for a year or longer. Depicted is a skin wound about

1–12 months after repair. Disorganized collagen has been laid down by fibroblasts that have

migrated into the wound. The wound has contracted near its surface, and the widest portion is

now the deepest. The reepithelialized wound is slightly higher than the surrounding surface, and

the healed region does not contain normal skin appendages.

Reproduced with permission from Gurtner GC, Werner S, Barrandon Y, Longaker MT. Wound

repair and regeneration. Nature 2008;453:314–21 with permission from Nature Publishing

Group.
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nanoscale architecture possess more binding sites due to higher surface area than the

microscale architecture scaffold.

This chapter highlights wide range of polymeric electrospun nanofibers and incor-

porated active agents intended for wound healing applications rather than discussing

various adopted electrospinning approaches for preparing nanofibrous wound dress-

ing materials. A well-demonstrated example of such scaffolds has been discussed

briefly under each section. In addition, current challenges associated with develop-

ment of wound care materials and electrospun nanofibrous scaffolds in the market

for wound healing are also presented.

8.2 Electrospun nanofibrous scaffolds in wound healing

Electrospun nanofibrous scaffolds in wound healing applications have been well

demonstrated using a variety of natural, synthetic, and composite polymers and

functionalization of fibers with active agents and herbal molecules [24–26].
A well-demonstrated example of each material is discussed under respective section

of the chapter.

8.2.1 Natural polymer nanofibers as wound healing scaffolds

The electrospun nanofibrous scaffolds prepared using natural polymers possess excel-

lent biodegradability, biocompatibility, and other biological properties recognized by

cells for physiological process. To date, numerous nanofibrous scaffolds prepared

from variety of natural polymers demonstrated their potency in enhanced wound

healing including collagen, gelatin, hyaluronic acid, chitosan, and silk fibroin [27].

Collagen is an insoluble fibrous protein, is abundant in the animal kingdom, and is

the main component of ECM, providing tensile strength and structural integrity to tis-

sues. Powell et al. [28] prepared freeze-dried (FD) and electrospun (ES) collagen scaf-

folds further populated with human dermal fibroblasts (HF) and epidermal

keratinocytes (HK), which have been isolated from surgical discard tissue to prepare

freeze-dried collagen skin substitutes (FCSS) and electrospun collagen skin substi-

tutes (ECSS), and then studied their potency in wound healing. In vitro studies

indicated that both FCSS and ECSS did not reveal any significant differences in cell

proliferation, surface hydration, or cellular organization and exhibited excellent

stratification with a continuous layer of basal keratinocytes present at the dermal-

epidermal junction. Immunostaining for involucrin showed positive staining in all the

epidermal layers except for the basal cell layer in both the FDSS and ECSS as shown

in Fig. 8.2. Basement membrane formation was evident in both the FDSS and ECSS as

indicated by the continuous layer of collagen IV at the dermal-epidermal junction in

the skin substitutes in vitro.

The wound healing study in athymic mice demonstrated that prepared grafts pre-

pared with FD and ES scaffolds were well integrated into surrounding murine skin and

possessed a uniformly dry epidermis (Fig. 8.3A and B). The FCSS and ECSS grafts

were visibly smaller with a majority of the ECSS maintaining their original shape as

shown in Fig. 8.3C and D upon 8 weeks exposure, but differences in surface area
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Fig. 8.2 Immunohistological images of FCSS (A–D) and ECSS (E–H) showing cell nuclei

(A and E), human involucrin (B and F), human collagen type IV (C and G), and merged images

(D and H). The epidermis and dermis are denoted by e and d, respectively. The dashed line

indicates the dermal-epidermal junction. Scale bar¼100 μm.

Reproduced with permission from Powell HM, Supp DM, Boyce ST. Influence of electrospun

collagen on wound contraction of engineered skin substitutes. Biomaterials 2008;29:834–43
with permission from Elsevier.

Fig. 8.3 Appearance of grafts on athymic mice 2 and 8 weeks after grafting. Skin substitutes

fabricated using freeze-dried (FCSS; A and C) or electrospun collagen (ECSS; B and D) at

2 weeks (A and B) or 8 weeks (C and D), respectively. Wound areas are traced with a dashed

black line.

Reproduced with permission from Powell HM, Supp DM, Boyce ST. Influence of electrospun

collagen on wound contraction of engineered skin substitutes. Biomaterials 2008;29:834–43
with permission from Elsevier.
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between the FCSS and ECSS groups were observed with the ECSS grafts on average

larger than the FCSS. Further, the microscopic evaluation of skin biopsy collected

from each animal showed excellent cell migration into the dermal component of both

graft types. However, undigested bovine collagen sponge was visible in within the

graft on animals from the FCSS group, whereas no residual ES collagen was found

in any of the ECSS animals at week 8 and the dermal component of the grafted ECSS

and the murine skin. And also, it was found that after grafting to full-thickness wounds

in athymic mice, both skin substitutes had high rates of engraftment, 87.5% in the

FCSS group and 100% in the ECSS group.

Similarly, in a recent study, tilapia skin collagen electrospun nanofibers have

showed rapid and effective wound healing property [29]. The wound healing effi-

ciency of tilapia collagen nanofibers was investigated using Sprague-Dawley (SD)

rat models with dorsal full-thickness skin defects. The wound healing study results

demonstrated that the significant rate of healing in animal treated with tilapia collagen

nanofibers started to disappear at day 7, and most of the wound area were covered with

a continuous epidermis at day 14 as compared with untreated control and the animals

treated with Kaltostat, a commonly used wound dressing. Further, the histopathologic

results confirmed that the collagen nanofibers caused lowest degree of inflammatory

response and induced the best growth status of new epidermis throughout wound

healing process (Fig. 8.4). The inflammatory response was significantly reduced at

day 7, and new epidermis with intact structure and good continuity could also been

found at day 14. The epidermal cells were fully differentiated, basal cells were closely

arranged, the horny layer could be observed, and layers of keratinocytes were evident.

Gelatin (GE) is a derivative of native collagen obtained by partial hydrolysis and

has lesser immunogenicity than collagen. The wound healing applications of pure GE

nanofibers are limited due to complication in mechanical properties and degradation

profile. Powell and Boyce [30] fabricated porous nonwoven fibrous GE scaffolds

using electrospinning technique with various solution concentrations and further

investigated their influence in dermal and epidermal tissue regeneration. The study

results revealed that the nanofibrous scaffolds with interfiber distance of >5 μm
offered deeper penetration of HF and also interfiber distances �10 μm exhibited

well-stratified dermal and epidermal layers. Therefore, the GE nanofibrous scaffolds

with 5–10 μm favored the formation of skin substitutes in vitro. Another study dem-

onstrated the preparation of GE and PCL nanofibers using needleless electrospinning

technique and further characterized their biocompatibility and therapeutic efficiency

using in vitro cell cultures and in an experimental rat model with wound [31]. Cell

proliferations of human mesenchymal stem cells (hMSCs), HF, and keratinocytes

on the nanofibers were examined by staining the actin cytoskeleton with phalloidin

and visualized by fluorescent microscopy. The in vitro study outcome indicated that

significantly higher cell proliferation was observed on GE rather than the PCL

nanofibers. Likewise, significantly faster wound closure was found for GE nanofibers

on days 5 and 10 compared with the control group treated with gauze as shown in

Fig. 8.5. No significant differences in wound closure were observed between the

PCL-treated and control groups. Further, the presence of myofibroblasts was assessed

at day 10 by quantifying the α-smooth muscle actin (SMA) immunofluorescent staining

(Fig. 8.6). The myofibroblast distribution in the wound area corresponded to the degree
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of wound contraction at day 10, and the results demonstrated significantly higher area

fraction of α-SMA staining, which was found for GE and which clearly indicates that

GE-treated group wounds were more contracted than other groups.

Hyaluronic acid (HA) is a naturally occurring polysaccharide and one of the chief

components of ECM. The HA is proved to be beneficial in wound healing applications

since itplaysmajor role in facilitatingkeratinocytemigration andproliferation, activating

and moderating the inflammatory response, and reducing scar formation. A preclinical

study was conducted to compare healing of wounds covered by an adhesive bandage,

a sterilized solid HA, a gauze with Vaseline, an antibiotic dressing, and a sterilized

HA nanofiber wound dressing on crossbred pigs as an experimental model [32]. The

study results showed that the sterilized HA nanofiber wound dressing exhibited better

Fig. 8.4 Representative images of hematoxylin and eosin (H and E) staining. (A) Wound

sections treated with tilapia collagen nanofibers or Kaltostat, with untreated wounds as control

group, at days 7 and 14. (B) Normal skin.

Reproduced with permission from Zhou T, Wang N, Xue Y, Ding T, Liu X, Mo X, et al.

Electrospun tilapia collagen nanofibers accelerating wound healing via inducing keratinocytes

proliferation and differentiation. Colloids Surf B 2016;143:415–22 with permission from

Elsevier.
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healing efficiency than adhesive bandage, sterilized solid HA, and gauze with Vaseline

dressing, but it was not statistically better than the antibiotic dressing. It was reported

that the enhanced wound healing performance is due to HA aids in cell migration, cell

proliferation, angiogenesis, and phagocytosis, and also nanofibers can pick up the

exudates from the wound to a greater extent. Another study by Ji et al. [33] reported

the preparation of a cross-linked HA hydrogel nanofibers by a reactive electrospinning

method. A thiolated HA derivative, 3,30-dithiobis(propanoic dihydrazide)-modified

HA (HA-DTPH), and poly(ethylene glycol) diacrylate (PEGDA) were adopted as

cross-linking agents, and the cross-linking reaction was occurred simultaneously during

the electrospinning process. A cell morphology study on fibronectin (FN)-adsorbed HA

nanofibrous scaffolds showed that themigration of NIH 3T3 fibroblasts into the scaffold

through the nanofibrous network occurred, and a three-dimensional dendritic morphol-

ogy has been demonstrated. Since the high molecular weight and hygroscopic nature of

the HA lead to complications in successful preparation of nanofibers, the HA is often

blended with other polymers for electrospinning process.
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Fig. 8.5 Photographs of full-thickness skin wounds and subsequent wound contraction on days

5 and 10 after treatment with gauze (control), PCL, and gelatin nanofibers. Scale bar¼1 cm.

Reproduced with permission from Dubský M, Kubinová Š, Širc J, Voska L, Zajı́cěk R, Zajı́cová

A, et al. Nanofibers prepared by needleless electrospinning technology as scaffolds for wound

healing. J Mater Sci Mater Med 2012;23:931–41 with permission from Springer.

154 Electrospun Materials for Tissue Engineering and Biomedical Applications



G
el

a
tin

Gelatin

*
(A)

a b

c d

e f

(B)

P
C

L

PCL

C
on

tr
ol

Control

25

20

15

10

5

0

A
re

a 
fr

ac
tio

n 
(%

)

Fig. 8.6 (A) Representative micrographs of α-SMA staining for myofibroblasts and blood

vessels in wounds 10 days after treatment with control (a and b), PCL (c and d), and gelatin

(e and f ). The right micrographs (b, d, and f ) represent a higher magnification view of the

marked areas in the left micrographs. Scale bar, 200 μm (a, c, and e) and 20 μm (b, d, and f).

(B) Quantification of α-SMA immunostaining on day 10 after control treatment, PCL, and

gelatin nanofibers. α-SMA expression was significantly increased for gelatin compared with

control treatment. Mann–Whitney test, *P< .05, **P< .01.

Reproduced with permission from Dubský M, Kubinová Š, Širc J, Voska L, Zajı́cěk R,

Zajı́cová A, et al. Nanofibers prepared by needleless electrospinning technology as scaffolds

for wound healing. J Mater Sci Mater Med 2012;23:931–41 with permission from Springer.
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Chitosan, a second most abundant polysaccharide in nature and is a derivative of

deacetylated chitin. The chitosan has demonstrated to have great role in wound and

burn treatments owing to their hemostatic, antifungal, antibacterial, and wound

healing properties. Tchemtchoua et al. [34] compared the biological property of

chitosan nanofibrous scaffolds with chitosan films and FD sponges. An initial cell

adhesion property of chitosan nanofibers with human fibroblasts, microvascular endo-

thelial cells, and keratinocytes resulted in attachment of cells on day 1 and followed by

well spread of cells at day 3 (Fig. 8.7). Further, it has been noted that the keratinocytes

formed clusters of flat cells by tightly joining together at day 7, which is a physiolog-

ical and essential property of keratinocytes in vivo for forming a physical tight barrier.

The electrospun chitosan nanofibrous scaffold also demonstrated good biocompat-

ibility than the FD sponges during implantation study. Further, the wound healing

study on mice with full-thickness wounds (8 mm in diameter) in the back skin showed

that the chitosan nanofibrous scaffolds were found to adhere uniformly to freshly

Fig. 8.7 Scanning electron microscopy observation of human fibroblasts (A), microvascular

endothelial cells (B), and keratinocytes (C) cultured on electrospun chitosan nanofibers for 1, 3,

or 7 days.

Reproduced with permission from Tchemtchoua VT, Atanasova G, Aqil A, Fil�ee P, Garbacki N,
Vanhooteghem O, et al. Development of a chitosan nanofibrillar scaffold for skin repair and

regeneration. Biomacromolecules 2011;12:3194–204 with permission from American

Chemical Society.

156 Electrospun Materials for Tissue Engineering and Biomedical Applications



excised wound surface, to absorb the exudates, and to be fully biocompatible. The

control wound beds exhibited the presence of inflammatory cells in a poorly organized

tissue; in contrast, a progressive remodeling of the granulation tissue could already be

observed in chitosan-treated wounds. At day 14, a well-developed vascular network

was also present in the chitosan-treated wounds, and on day 21, most of the initial

wound bed is replaced by a well-vascularized newly formed skin that has been not

observed with control animals.

Silk fibroin (SF) is a typical fibrous protein, mainly produced by silkworm.

Recently, significant attention has been turned toward SF in wound healing applica-

tions since fibroin has the unique properties of skin regeneration including excellent

biocompatibility, enhanced collagen biosynthesis, minimal immunogenicity, anti-

inflammatory activity, hemostatic activity reepithelialization, and elimination of scar-

ring. Till now, few attempts have been made on the electrospun SF scaffolds in wound

healing applications. Sheikh et al. [35] prepared 3-D SF nanofibrous scaffolds using

cold-plate electrospinning (CPE) to overcome the limitations of the traditional

electrospinning (TE) and salt leaching electrospinning (SLE). The prepared 3-D SF

nanofibrous scaffolds were used to develop the skin substitute by coculturing two dif-

ferent cell lines in air-liquid culture system. Fig. 8.8A shows the schematic illustration

of air-liquid culture system, consisting of keratinocytes cocultured with fibroblasts

in the presence of 3-D nanofiber scaffolds produced by 50% of humidity during

CPE. The results of incubation period 6, 7, and 8 weeks in the presence of 3-D

nanofibers are presented in Fig. 8.8B–D, which demonstrated as the time of incubation

passes; a number of fibroblasts and keratinocytes that are infiltrating into 3-D

nanofiber scaffolds were increased. And also, the fibroblasts were observed in deep

layers whereas keratinocytes at superficial layer, and it resembles the artificial dermis.

And also, collagen-like ECM is predominately present in deeper layer of 3-D

nanofiber scaffolds at 8 weeks by Masson’s trichrome (MT) stain (Fig. 8.8E).

A recent study by Ju et al. [36] reported fabrication of SF nanomatrix by

electrospinning and evaluated as wound dressing material in a burn rat model. In brief,

the SF solution was mixed with polyethylene oxide (PEO) to obtain desirable viscosity

and spinnability. A detailed description of the preparation procedure is illustrated in

Fig. 8.9. The prepared SF electrospun nanomatrix was applied on the burned wound

created on the back of SD rats to study the effect of SF nanomatrix in wound healing

process as compared with medical gauze and MEDIFOAM (polyurethane

hydrocelluar dressing foam). The wound size reduction, histological examination,

and the quantification of transforming growth factor (TGF)-β1 and interleukin

(IL)-1α, 6, and 10 were considered as parameters in evaluating healing effects.

Fig. 8.10 indicated that at day 28, the areas of wounds treated with SF nanomatrix

and MEDIFOAM decreased to 4% and 8%, respectively, whereas the wound size

of the medical gauze-treated group remains 18%.

Further, the histological analysis indicated that the deposition of collagen in the

dermis was organized by covering the wound area in the SF nanomatrix-treated group.

And also, the expression level of proinflammatory cytokine (IL-1α) was significantly
reduced on day 7 and increased expression of TGF-β1 in the wound treated with

SF nanomatrix noted on 21 days posttreatment as compared with gauze-treated group
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(A)

Human dermal fibroblast
(2´104 cell/200 µl)

Human dermal fibroblast
(2´104 cell/200 µl)

Human skin keratinocyte
(5´105 cell/ml)

3-D silk fibroin
nanofiber scaffold

16 Days
Air-lift culture

5 Days
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(B) (C)
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Fig. 8.8 Schematic illustration for cocultured method (fibroblasts and keratinocytes) using

air-liquid culture system (A). Histological appearance after coculturing of 3-D nanofibers

scaffolds prepared via 50% humidity by CPE technique. The H&E staining results after

coculturing for 6 weeks (B), H&E staining results after coculturing 7 weeks (C), and

H&E staining results after coculturing 8 weeks (D). The results of MT staining after coculturing

of fibroblasts and keratinocytes for 8 weeks (E).

Reproduced with permission from Sheikh FA, Ju HW, Lee JM, Moon BM, Park HJ, Lee OJ,

et al. 3D electrospun silk fibroin nanofibers for fabrication of artificial skin. Nanomedicine

2015;11:681–91 with permission from Elsevier.
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that revealed the enhanced wound healing property of SF nanomatrix. Likewise, many

other nanofibers produced from natural polymers were used in wound healing

applications.

Incorporation of active agents into polymeric nanofibers is always of great interest

in improved biomedical applications. To date, a variety of bioactive agents including

antimicrobial agents, growth factors, genes, vitamins, metal, and metal oxide

nanoparticles have been introduced into polymeric nanofibers for enhanced wound

healing [12,21,22,26]. A recent study by Li et al. [37] demonstrated the incorporation

of vitamin A palmitate (VA) and vitamin E TPGS (VE), common derivatives of the

unstable vitamins A and E into biodegradable GE nanofibers using electrospinning.

The prepared nanofibers were studied for their sustained release behavior,

antibacterial activity, cell proliferation, and in vivo wound healing performances.

Both VA and VE were mixed with GE solution further electrospun to obtain

nanofibers. The in vitro study results indicated that both vitamins have similar release

profile, addition of VE showed improved antibacterial efficiency, and VA supports

Fig. 8.9 Fabrication of the SF electrospun nanomatrix. A schematic depiction of the NaCl

addition during electrospinning and crystallization.

Reproduced with permission from Ju HW, Lee OJ, Lee JM, Moon BM, Park HJ, Park YR, et al.

Wound healing effect of electrospun silk fibroin nanomatrix in burn-model. Int J BiolMacromol

2016;85:29–39 with permission from Elsevier.

Electrospun nanofibrous materials 159



better fibroblast cell proliferation. The in vivo wound healing study was performed in

SD rats, and the efficiency of wound healing property was compared with commercial

antiseptic gauze loaded with ampicillin, gauze soaked with a vitamin solution, GE

fibers, and GE films loaded with VA and VE. Fig. 8.11 depicts representative images

of wounds made to the skin of male rats at various times after infliction. Throughout

the healing time, the areas of wounds treated by the commercial gauze or the gauze

immersed in vitamin solution were larger than those treated with the fibers or the film.

Compared with the GE fibers and gelatin/VA/VE (G/A+E) film, the wound areas of

the G/A+E fiber-treated rats were smaller, indicating a better healing performance.

The histological studies were also in agreement with the above findings, which illus-

trate the incorporation of vitamin in GE nanofibers enhanced the wound healing

performances.

Silver nanoparticles (AgNPs) have been well recognized for their excellent anti-

microbial efficiencies against wide range of pathogens. A considerable effort has

been made to incorporate AgNPs in electrospun nanofibers for wound healing appli-

cations. Rath et al. [38] prepared AgNPs-incorporated collagen nanofibers and fur-

ther investigated their antibacterial activity against potential pathogens and in vivo

wound healing performance using Wistar rats. The antibacterial study suggested

that AgNP composite nanofibers showed excellent activity against Staphylococcus
aureus and Pseudomonas aeruginosa. In contrast, no inhibition potential against

pathogens was noted with plain collagen nanofibers. The antibacterial study result

clearly reveals that the AgNP composite nanofibers are capable of providing

an aseptic environment at the wound site. The wound healing study also resulted

Fig. 8.10 (A) Burn wound

area on rat skin right after the

creation. (B) Residual wound

area change with healing

time (28 days). (C) Gross

findings of wound area

treated with different wound

dressing materials (C,

medical gauze; S, SF

nanomatrix; and M,

MEDIFOAM).

Reproduced with permission

from Ju HW, Lee OJ, Lee

JM,Moon BM, Park HJ, Park

YR, et al. Wound healing

effect of electrospun silk

fibroin nanomatrix in

burn-model. Int J Biol

Macromol 2016;85:29–39
with permission from

Elsevier.
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in faster wound contraction than plain collagen nanofibers. Similarly, titanium diox-

ide (TiO2) nanoparticles were incorporated into SF nanofibers. The nanofibers

were studied for their hemocompatibility, cytocompatibility, cell spreading, and

antibacterial activity. The altogether results showed that the prepared nanofibrous

membrane TiO2 nanoparticles possess good biocompatibility, cell adhesion, and

antimicrobial potential, which further suggest the possible utilization for wound

dressing [39].

Fig. 8.11 Representative images of the skin wound recovery process after 0, 5, 14, and 21 days.

The wound surfaces were treated with (A) commercial gauze, (B) the same type of gauze soaked

with a vitamin solution (1.4% w/v VE and 0.14% w/v VA), (C) cross-linked gelatin (G) fibers

(D) cross-linked gelatin films loaded with VA andVE, and (E) cross-linked gelatin fibers loaded

with VA and VE (G/A+E).

Reproduced with permission from Li H, Wang M, Williams GR, Wu J, Sun X, Lv Y.

Electrospun gelatin nanofibers loaded with vitamins A and E as antibacterial wound dressing

materials. RSC Adv 2016;6:50267–77 with permission from Royal Society of Chemistry.
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In recent years, a significant attention has been paid toward antimicrobial peptides

(AMPs) as alternative antimicrobial materials. In another study, antimicrobial peptide

motif (Cys-KR12) originating from human cathelicidin peptide (LL37) was

immobilized onto electrospun SF nanofiber membranes for wound care purposes.

The study reported that Cys-KR12-immobilized SF nanofiber membrane exhibited

antibacterial potential against S. aureus, S. epidermidis, Escherichia coli, and

P. aeruginosa. The fibrous membrane also facilitated proliferation of keratinocytes

and fibroblasts. Further, it suppressed the lipopolysaccharides (LPS)-induced

TNF-a expression of monocytes, suggesting as a promising candidate in wound dress-

ing application [40].

8.2.2 Synthetic polymer nanofibers as wound healing scaffolds

Synthetic polymers provide many advantages over natural polymers, most impor-

tantly ability to tailor for better mechanical and degradation properties by altering

chemical composition, molecular weight, copolymerization, crystallinity, etc. Ali-

phatic polyesters are common biodegradable synthetic polymers that offer biomedical

applications because of their mechanical strength, adjustable properties, their non-

toxic degradation products and processability. There are many synthetic polymers

including polyglycolic acid (PGA), poly(lactic acid) (PLA), and polycaprolactone

(PCL) that have been approved by US Food and Drug Administration (FDA) for

their applications in tissue engineering [41]. The polymers including PLA, PCL,

poly(lactic-co-glycolic acid) (PLGA), PEO, polyurethane (PU), and poly(vinyl alco-

hol) (PVA) have been widely used in wound healing applications [17,21,26].

Synthetic polymeric nanofibers are generally used in wound healing applications

by functionalizing with bioactive agents [42]. PCL is a hydrophobic polyester and

widely used in tissue engineering applications upon incorporating various bioactive

agents. Bahrami et al. [43] prepared unrestricted somatic stem cells (USSCs) loaded

in PCL nanofibrous scaffolds and used for skin regeneration on full-thickness skin

defects of rats. The wound healing study in animal model exhibited noticeable effect

on wound closure on 21 days of treatment. The reconstructed skin area treated with

nanofibrous scaffold loaded with USSCs has shown an intact epithelium together with

the formation of hair follicles and sebaceous glands. Similarly, zinc oxide (ZnO)

nanoparticles have been incorporated into PCL nanofibers using electrospun

nanofibers, and further, their ability to perform as skin substitute materials was tested

using American satin guinea pigs [44]. The in vivo fibroblast cell proliferation was

analyzed during 20 days of subcutaneous implantation of neat PCL membranes

and PCL membranes containing 1 wt% ZnO nanoparticles. The histological image

indicated that the ZnO nanoparticle-impregnated PCL nanofibrous scaffolds

enhanced the cell proliferation as shown in Fig. 8.12. Further, the wound healing study

is also following a 30-day observation period; the wounds were completely closed

without any sign of scar formation for nanoparticle incorporated membranes. Con-

versely, hair formation on healed area was significantly less for the animals treated

with neat PCL membranes. The overall results indicated that the incorporation of

ZnO nanoparticles notably enhanced the wound healing effects. And also, in another
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recent study reported by Pinzón-Garcı́a et al. [45], Bixin (Bix), an antioxidant carot-

enoid pigment, was loaded to PCL nanofibers, and the in vivo wound healing study in

diabetic mice resulted in accelerated wound healing and in reduced scar formation as

compared with pure PCL nanofibers.

PLA is an aliphatic biodegradable and compostable thermoplastic polymer derived

from renewable plant sources and has generated considerable interest in wide range of

biomedical applications. Nguyen et al. [46] incorporated curcumin (Cur) into PLA

nanofibers for wound healing applications because of their multibiological functions

including antiinflammatory, antioxidant, antitumor, and wound healing properties.

Fig. 8.12 Histological images (H&E staining) of neat PCL membranes (A–C) and PCL

membranes containing 1 wt% ZnO nanoparticles (D–F) after 5 days (A and D), 10 days (B and

E), and 20 days (C and F) of subcutaneous implantation in guinea pigs.

Reproduced with permission from Augustine R, Dominic EA, Reju I, Kaimal B, Kalarikkal N,

Thomas S. Electrospun polycaprolactone membranes incorporated with ZnO nanoparticles as

skin substitutes with enhanced fibroblast proliferation and wound healing. RSC Adv

2014;4:24777–85 with permission from The Royal Society of Chemistry.
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Cell attachment study showed the improved cell proliferation and attachment for

Cur-loaded PLA nanofibers. Similarly, the wound healing study in C57BL/6 mice

demonstrated enhanced wound healing property for Cur-loaded PLA nanofibers

(99%) on day 15, which is significantly higher than the wound treated with gauze

and PLA nanofibers as shown in Fig. 8.13.

PLGA is the most extensively used biodegradable and biocompatible polymer in

therapeutic delivery and tissue engineering. Further, PLGA forms nontoxic end prod-

ucts, increases wettability, and promotes cell proliferation. Lee et al. [47] used PLGA

polymer for incorporating metformin, an antihyperglycemic agent usually prescribed

for treating type 2 diabetes. The prepared metformin-incorporated PLGA nanofiber

was investigated to treat wounds in diabetic SD rat model. The biodegradable

nanofibers were shown to release high concentration of metformin over three weeks’

time and had more water-containing capacity than virgin PLGA fibers. The wound

healing study outcome clearly demonstrated the enhanced wound healing and

reepithelialization for the PLGA fibers incorporated with metformin than the animals

Control

Day 0

Day 7

Day 15

PLA
nanofibers

Cur-loaded PLA
nanofibers

Fig. 8.13 Photographs of the closure of control, PLA nanofiber-treated and Cur-loaded PLA

nanofiber-treated mouse back wounds on days 0, 7, and 15.

Reproduced with permission from Nguyen TTT, Ghosh C, Hwang SG, Tran LD, Park JS.

Characteristics of curcumin-loaded poly(lactic acid) nanofibers for wound healing. J Mater Sci

2013;48:7125–33 with permission from Springer.
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treated with virgin PLGA nanofibrous membrane and conventional gauze as shown in

Fig. 8.14. Similarly, fusidic acid (FA) is an antibiotic that belongs to a group of

fusidanes, which has been incorporated into PLGA nanofiber to study the wound

healing efficiency in lightly contaminated or S. aureus heavily infected wounds of

rat. In either case, FA-loaded fibers have shown speed, quality (minimal scarring),

reduced infection dissemination, and fatalities in wound healing than untreated

sites [48].

PU is a block of copolymers, widely used in wound dressings because of their good

barrier and oxygen permeability properties. Khil et al. [49] produced PU electrospun

nanofibers and investigated their wound healing performance in guinea pigs. The PU

nanofibers found to have good and immediate adherence property to wet wound sur-

face. The wound treated with PU nanofibers had several characteristic findings com-

pared with control animals in which severe infiltration of inflammatory cells and thick

scab were observed. The PU nanofibrous membrane was uniformly adhered on the

wound surface without any fluid accumulation. At the end of the study, the wounds

covered with PU electrospun nanofibers showed increased rate of epithelialization and

Fig. 8.14 Appearance of healing wound on days 0 (1), 3 (2), 7 (3), and 14 (4) after treatment:

(A) PLGA with metformin group and (B) virgin PLGA (C) conventional gauze sponge group

(two circular wounds with diameter of 8 mmwere prepared on back of each rat, as shown in (D))

(scale bar¼5 mm). Group A exhibited faster healing than group B and group C (post hoc

P< .05).

Reproduced with permission from Lee CH, Hsieh MJ, Chang SH, Lin YH, Liu SJ, Lin TY, et al.

Enhancement of diabetic wound repair using biodegradable nanofibrous metformin-eluting

membranes: in vitro and in vivo. ACS Appl Mater Interfaces 2014;6:3979–86 with permission

from American Chemical Society.
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well-organized dermis as compared with TEGADERM, a commercial wound healing

material. Another study reported the preparation of PU nanofibers by blending emu oil

that is composed of fatty acids and possesses analgesic and antiinflammatory effects.

The results indicated that the emu oil contained PU nanofibers that enhanced cell via-

bility and proliferation of 3T3-L1 fibroblasts cells. The membrane as well showed

good bacteriostatic activity against both Gram-positive and Gram-negative pathogens

and expected to have application in wound skin tissue engineering [50]. Similarly,

ampicillin-loaded PU (A-PU) nanofibers were electrospun and have shown to main-

tain good viability in human keratinocyte (HaCaT) cells and exhibit good antibacterial

activity against Gram-positive S. aureus and Gram-negative K. pneumonia. The over-
all outcome suggests that A-PU scaffolds can be used in wound healing and infection

control applications [51]. Likewise, incorporation of AgNPs in PU nanofibers were

also reported to show enhanced performances and suggesting for their use in wound

healing applications [52,53].

PVA is a good biocompatible polymer used in variety of advanced biomedical

applications. Nguyen et al. [54] reported the preparation of AgNPs-loaded PVA

electrospun fibers by coupling microwave and electrospinning methods and further

studied their antibacterial activity against E. coli (Gram-negative) and S. aureus
(Gram-positive) bacteria for intended use in wound healing applications. The silver

nitrate containing PVA solution was microwave irradiated and then electrospun for

obtaining AgNPs-loaded PVA electrospun fibers. The antibacterial stud revealed

no obvious zones of inhibition observed for pure PVA membrane, whereas

AgNPs-loaded PVA electrospun membrane heated 150°C showed strongest antimi-

crobial activities against both Gram-positive S. aureus and Gram-negative E. coli;
however, S. aureus is more sensitive than the E. coli bacteria. The fabricated mat that

had a high tensile stress and antimicrobial potential has beneficial for skin

applications.

Poly-L-lactic acid (PLLA) is a biodegradable poly(α-hydroxy acids) and has been

widely investigated for their use in treatment of musculoskeletal injuries, controlled-

release systems, and tissue engineering. A recent study by Li et al. [55] reported

recombinant silkworm AMP Bmattacin2-incorporated PLLA exhibited broad spec-

trum of antibacterial activity and selective killing ability toward skin and colon cancer

cells over their normal cell counterparts. The antibacterial study using AATCC100

against E. coli and S. aureus indicated that PLLA/Bmattacin2 had 26.2% inhibition

on E. coli while it had 32.3% inhibitive activity on S. aureus as shown in

Fig. 8.15A. Further, live/dead assay by SYTO 9 and propidium iodide indicated

the live (green) and dead bacteria (red) on fabricated membranes (Fig. 8.15b1 and

b3). Further, SEM observations of both bacteria showed the morphology of bacteria

has been destroyed with PLLA/Bmattacin2 treatment as shown in Fig. 8.15b6 and c6,

respectively. Further, cell proliferation assay with human skin cell HFF1 demon-

strated the increased cell proliferation rate on both PLLA and PLLA/Bmattacin2

at day 1, day 3, and day 7 showing their cell compatibility nature. The SEM and

fluorescent staining also confirmed the cell spreading over the surface of the mem-

branes. Therefore, the prepared PLLA/Bmattacin2 can be used in skin reconstruction,

wound dressing, and healing.
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8.2.3 Composite polymer nanofibers as wound healing scaffolds

Composite polymeric nanofibers are produced by the combination of natural and/or

synthetic polymers that possess advantages of each polymer to overcome the limita-

tions and aiming wound healing applications. There have been a number of studies

reported for the preparation of different polymeric nanofibers and incorporation of

(A)
Antimicrobial
activity (%)

PLLA

E.coli S.aureus

1.84 ± 0.09×102 CFU 1.34 ± 0.19×102 CFU

26.2 32.3

2.0 ± 0.24×102 CFU 1.35 ± 0.08×102 CFU

PLLA

PLLA

PLLA

PLLA/Bmattacin2 PLLA/Bmattacin2

PLLA/

Bmattacin2

PLLA/

Bmattacin2

(B)

(C)

Fig. 8.15 Antibacterial effect of electrospun composite membranes. (A) Investigating

antibacterial effect of electrospun composite membranes on E. coli and S. aureus by
AATCC100 method. (B) Observation of E. coli cultured on the surface of PLLA or PLLA/

Bmattacin2 membranes. (b1–b4) Live/dead bacterial staining. (b5 and b6) SEM observation.

(C) Observation of S. aureus cultured on the surface of PLLA or PLLA/Bmattacin2 membranes.

(c1–c4) Live/dead bacterial staining. (c5 and c6) SEM observation.

Reproduced with permission from Li Z, Liu X, Li Y, Lan X, Leung PH, Li J, et al.

Composite membranes of recombinant silkworm antimicrobial peptide and poly(L-lactic acid)

(PLLA) for biomedical application. Sci Rep 2016;6:31149 with permission from Nature

Publishing Group.
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active agents for improved wound healing performances. Ebrahimi-Hosseinzadeh

et al. [56] reported preparation of nanofibrous scaffold by blending two natural poly-

mers, namely, GE and HA. In vivo wound healing study in Wistar rats with deep

second-degree burns has been investigated in comparison with ChitoHeal gel (a com-

mercial wound dressing). Following 14 days of treatments with GE/HA, composite

nanofibrous membranes and ChitoHeal gel reached up to wound closure of 81.9%

and 77.8%, respectively, while untreated control has shown 65% wound closure

efficiency. The histopathologic study conducted on postoperative days of 7 and

14 exhibited more epidermis formation in the gel and scaffold groups. And also, a

number of inflammatory cells observed in these groups were significantly lesser than

the control group.

Application of herbal extracts is familiar in treating burns and wounds since ancient

times. Recently, extracts of Cleome droserifolia (CE) and Allium sativum (AE) have

been incorporated into honey, poly(vinyl alcohol), chitosan nanofibers (HPCS) to

develop biocompatible antimicrobial nanofibrous wound dressing [57]. The extracts

were incorporated into HPCS separately, HPCS-CE and HPCS-AE, or in combina-

tion, HPCS-CE/AE. The in vitro antibacterial study against S. aureus, E. coli,
methicillin-resistant S. aureus (MRSA), and multidrug-resistant P. aeruginosa was

carried out in comparison with AquacelAg, a commercial wound dressing, and the

study revealed HPCS-AE and HPCS-AE/CE nanofiber mats have shown complete

inhibition of S. aureus, and the HPCS-AE/CE exhibited mild antibacterial activity

against MRSA. Further, the developed nanofiber dressings and the AquacelAg com-

mercial dressing were used in wound healing study on experimental mice having an

excisional 9 mm wound on the dorsal back.

Photographs of the wound region were recorded on days 3, 5, 7, 10, and 12 to deter-

mine the change in the wound size over time (Fig. 8.16). It was observed that the

wound closure was greatly enhanced with the HPCS nanofiber mats, and upon addi-

tion of AE in the HPCS-AEmats, the wound closure rate increased. On the other hand,

the wound closure rate was reduced upon addition of the CE to the HPCS-CE

nanofibrous mats, whereas the combination of both extracts within the HPCS-AE/

CE nanofiber dressings showed wound closure rates similar to those of the HPCS

dressing. Upon comparing the wound closure rate of the developed nanofibrous dress-

ings to the commercial AquacelAg, it was observed that the HPCS and the HPCS-AE/

CE showed similar effects, whereas the HPCS-AE showed enhanced wound closure

rates. Therefore, the antibacterial and wound healing properties of the developed

nanofiber mats and their minimal side effects make them competitive candidates

for use as effective wound dressings.

Hajiali et al. [58] incorporated lavender oil (LO) into sodium alginate and PEO

(SA-PEO/LO) nanofibers and demonstrated their efficiency in antibacterial and treat-

ment of skin burns induced by midrange ultraviolet radiation (UVB). The LO release

measurement indicated that therefore, the produced alginate-based nanofibers were

active for more than 2 days and able to release the antibacterial and antiinflammatory

agent. The antibacterial study against S. aureus revealed SA-PEO/LO nanofibers

inhibited the proliferation of the microorganisms and inhibition zones with an average

diameter of (21.7�1.6)mm. A desired portion of C57BL/6J mice skin was exposed to
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narrowband UVB light source and immediately covered with SA-PEO or SA-PEO/LO

nanofibers or a commercial alginate product used as standard of care (3M Tegaderm

Alginate). The wound healing and cytokine expression studies have shown that

alginate-based nanofibers controlled UVB-induced inflammation; therefore, the

electrospun dressings were proved appropriate for the management of burn wounds.

In another study, curcumin-loaded poly(ε-caprolactone) (PCL)/gum tragacanth

(GT) (PCL/GT/Cur) nanofibers were investigate for their wound healing potential

in diabetic rats. The antibacterial study of the resultant membrane against MRSA

and extended spectrum β-lactamase (ESBL) has shown PCL/GT/Cur nanofibers

were 99.9% antibacterial against MRSA and 85.14% against ESBL as depicted

in Fig. 8.17. Similarly, wound healing study resulted in curcumin-eluting
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Fig. 8.16 Photographic

images of the extent of

wound healing: (A) graphical

illustration of the changes in

wound size (B) on days 3, 5,

7, 10, and 12 for the

developed nanofibrous

dressings HPCS, HPCS-AE,

HPCS-CE, and HPCS-AE/

CE and the untreated
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control with the commercial

dressing AquacelAg.

Reproduced with permission

from Sarhan WA, Azzazy

HME, El-Sherbiny IM.

Honey/chitosan nanofiber

wound dressing enriched

with Allium sativum and

Cleome droserifolia:
enhanced antimicrobial and

wound healing activity. ACS

Appl Mater Interfaces

2016;8:6379–90 with

permission from American

Chemical Society.
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nanofibers improved the wound healing compared with control samples signifi-

cantly, and they showed complete healing at the surface with well-formed granu-

lation tissue dominated by fibroblast proliferation, collagen deposition, complete

early regenerated epithelial layer, and formation of sweat glands and hair follicles.

No such appendage formation was observed in the untreated controls during this

duration. Further, MT staining confirmed the increased presence of collagen in

the dermis of the nanofiber-treated wounds on days 5 and 15, while the control

wounds were largely devoid of collagen on day 5 and exhibited less collagen

amount on day 15 [59].

Recently, Ganesh et al. [60] demonstrated enhanced wound healing effects of

AgNPs-decorated chitosan (CS)-polyvinyl alcohol (PVA) composite electrospun

nanofibers, loaded with sulfanilamide. The prepared electrospun nanofibers were sys-

tematically studied for in vitro release, antimicrobial, and in vivo wound healing activ-

ity. The release profile of drug and AgNPs was fast during initial hours and became

relatively slow at later time period as the mean percentage of 99% in the formulations

after 24 h. Further, the composite fibers incorporated with both sulfanilamide and

AgNPs revealed enhanced antibacterial performance than the composite fibers incor-

porated with only sulfanilamide or AgNPs. The in vivo wound healing study inWistar

Bacteria

First dilution

Amount

Second dilution

Amount
Third dilution

Amount

Average

Antibacterial (%)

3.2´107 (CFU/ml) 2.8´107 (CFU/ml)

6.8´105 (CFU/ml)

7.5´105 (CFU/ml)

6.1´105 (CFU/ml)

85.1499.9%

Uncountable Uncountable

No growth

No growth

No growth

No growth

UncountableUncountable

MRSA ESBL

Control GT/PVA/cur samples

MRSA ESBL

Fig. 8.17 Antibacterial activity against MRSA and ESBL for samples containing Cur (average

CFU/ml).

Reproduced with permission from Mohammadi MR, Rabbani S, Bahrami SH, Joghataei MT,

Moayer F. Antibacterial performance and in vivo diabetic wound healing of curcumin

loaded gum tragacanth/poly(ε-caprolactone) electrospun nanofibers. Mater Sci Eng

C 2016;69:1183–91 with permission from Elsevier.
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rats demonstrated the enhanced wound healing effects at 14 days for the composite

fibers incorporated with sulfanilamide and AgNPs, while control composite nanofiber

without active agents and conventional sulfonamide formulation took more than

20 days to recover the wound due to enhanced cell attachment owing to high wetta-

bility and positive charge of the composite polymeric system.

Coaxial electrospinning technique has been adopted to prepare asiaticoside

mixed chitosan as a core while alginate and PVA as shell nanofibers. Asiaticoside

is a major triterpenoid component derived from Centella asiatica (L.) and widely

used in antioxidant, antiinflammatory, immunomodulatory, and wound healing

applications. In vitro drug release profile showed that alginate/PVA/chitosan coax-

ial nanofibers are faster and have more drug release rates. A complete burn wound

healing performance noted for the alginate/PVA/chitosan coaxial nanofibers is

incorporated with 5% asiaticoside (�99.2%) similar to positive control animal

treated with asiaticoside cream. The histopathologic investigation also revealed

that drug-loaded nanofibers demonstrated extended reepithelialization of desqua-

mated epithelial regions, less inflammatory cell infiltrations, and numerous

collagen proliferations and neovasculations as compared with control group.

Also, positive expression of vascular endothelial growth factor (VEGF), cluster

of differentiation 31 (CD31), proliferating cell nuclear antigen (PCNA), and down-

regulation of tumor necrosis factor (TNF) and interleukin-6 (IL-6) also validated

the improved effect of wound healing [61].

A recombinant platelet-derived growth factor, recombinant human PDGF-BB

(rhPDGF-BB)-eluting PLGA-collagen hybrid scaffolds, has been reported to treat

diabeticwounds in SD rats [62]. The in vivo and in vitro release of growth factors from

the scaffolds was measured using an enzyme-linked immunosorbent assay kit and an

elution method. The release profile demonstrated that the nanofibrous scaffold

released growth factor for a time period of 21 days. The wound areas treated with

rhPDGF-BB-eluting PLGA-collagen hybrid scaffolds (group A), PLGA-collagen

hybrid scaffold (group B), and virgin PLGA scaffolds (group C) resulted in the pro-

portions of the wounds areas that were treated by group B and C fell slowly to 8.3%�
1.6% and 9.2%�0.9%, respectively, by day 14, whereas rhPDGF-BB-eluting

membranes decreased to about 3.6%�0.5% demonstrating promoted wound

healing effect as shown in Fig. 8.18. Histopathologic study indicated that after

14 days, rhPDGF-BB-eluting PLGA-collagen hybrid scaffolds exhibited full

reepithelialization and the highest proliferation of keratinocytes in the epidermis

layer. Also the expression of collagen contents in PLGA-collagen hybrid scaffolds

with rhPDGF-BB-eluting group or without rhPDGF-BB-eluting group was consider-

ably higher than that in PLGA-only groupwith noted indication of collagen content in

rhPDGF-BB-eluting PLGA-collagen hybrid scaffolds group, which was remarkably

exceeded than that in PLGA-collagen hybrid scaffolds group on day 7 as can be seen

from Fig. 8.19.

The electrospun nanofiber-based hydrocolloids and hydrogels are of significant

interest in recent years for wound healing applications. Kim et al. [63] recently pre-

pared nanofiber-based hydrocolloid scaffold using thermoplastic polyurethane (TPU)/

sodium carboxymethyl cellulose (SCMC). A wound healing study on the prepared
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hydrocolloids has been demonstrated using Institute of Cancer Research (ICR) mice

with full-thickness wound for a time period of 21 days. The wound size was observed

on days 3, 7, 14, and 21 to evaluate the wound healing process. Wound healing in the

hydrocolloid fiber-treated group was similar to that of the dried gauze and commercial

wound dressing group. However, severe inflammatory reactions were noted in the

dried gauze-treated group with reddening and swollen of wounds till 14 days. Con-

versely, the wound treated with hydrocolloid fibers was found to be neat and moist,

without inflammatory exudates, and newly formed epidermis has been noted as

similar to commercial wound dressing treatment. The histological evaluation demon-

strated enhanced reformation of granulation tissue and reepithelialization over treat-

ment time in all groups. But, a well-organized newly formed epithelium was observed

in both commercial dressing and hydrocolloid fiber-treated groups, whereas this is not

the case with gauze treatment. Similarly, Xu et al. [64] reported the preparation of

chitosan/PLA/PEG hydrogel nanofibers for wound dressing application. The hydrogel

nanofibers found to have quick absorption behavior, high equilibrate water absorp-

tion, and good air permeability, which may result in absorbing excess exudates,

Fig. 8.18 The process of wound repair on different days. Days 0 (a–c), 3 (d–f ), 7 (g–i), and
14 (j–l) following treatment with groups (A–C) (scale bar¼5 mm).

Reproduced with permission from Lee CH, Hsieh MJ, Chang SH, Lin YH, Liu SJ, Lin TY, et al.

Enhancement of diabetic wound repair using biodegradable nanofibrous metformin-eluting

membranes: in vitro and in vivo. ACS Appl Mater Interfaces 2016;6:3979–86 with permission

from The Royal Society of Chemistry.
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creating a moist wound healing environment and oxygen exchanging in wound

healing process. Also, the hydrogel exhibited a good antibacterial activity against

E. coli bacteria indicating their possible application in wound dressing.

8.3 Current challenges and future directions

The future of wound dressing is a multifunctional device that could enhance the healing

process, prevent infection, or effectively treat an infection when it occurs, with simulta-

neous monitoring of the wound status. To date, a few electrospun-based scaffolds are

available in the market with intended application in tissue engineering from different

companies including Ahlstrom Corporation (Finland), Espin Technologies (the United

States), Hemcon Medical Technologies, Inc. (the United States), Nanofiber Solutions

(the United States), and Neotherix (the United Kingdom). Although electrospinning is

a well-established technology in wide range of applications, fabrication of ECM
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mimickingscaffoldsareconsidered tobeaprimarychallenge tillnow.Asignificant atten-

tion needs to be paid for creating ECM analog structures to promote better cellular pen-

etrationand scaffold remodelingsince if cells cannotpenetrate intonanofibrous structure,

then it will be of little use especially inwound healing applications. As discussed earlier,

electrospun fibrous mats offer all essential requirements for effective wound care;

still, more significant insights are needed on some elementary aspects of fabrication

process including various parameters, polymer selection, and active agents to be loaded

to scale-up in cost-effective industrial scale and to possess excellent wound care

properties.
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9Electrospun biomaterials for

dermal regeneration

E.A. Growney Kalafa, K.R. Hixona, P.U. Kadakia, A.J. Dunn, S.A. Sell
Saint Louis University, St. Louis, MO, United States

9.1 Overview

9.1.1 Skin anatomy and physiology

The skin is the largest organ in the body and primarily functions as a barrier to the

outside environment. This protective organ prevents against invasion from microor-

ganisms, chemical infiltration into the body, and the mutation of cells exposed to UV

light. The skin also prevents rapid evaporation of water from the body by essentially

waterproofing the most superficial layers of cells. The skin acts as the largest sensory

organ in the body and is able to react to external physical stimuli such as cold, heat,

touch, and pressure. Sensory cells are located throughout the skin but are highly con-

centrated in the face, feet, and hands. The skin is also critical for regulating temper-

ature in the body where subcutaneous adipose tissue insulates the body from heat loss.

Receptors in the skin monitor temperature and send a response to the hypothalamus

that regulates body function, including body temperature. If body temperature rises

above 37°C, eccrine glands in the skin produce and release sweat onto the most super-

ficial layer of the skin. The sweat then evaporates off of the skin leaving behind a

cooler body. Vasodilation, another means of cooling the body, can also occur where

the blood radiates out through the skin. Vasoconstriction routes blood away from

superficial layers of the skin reducing heat loss at times of hypothermia [1]. The skin

also functions to produce vitamin D for the rest of the body; UVB radiation causes

epidermal cells to produce vitamin D3 from 7-dehydrocholesterol [2]. Vitamin D3

enters the circulation, and through a series of hydroxylation and catalysis in the liver

and kidneys, vitamin D is produced [3]. This vitamin is broken down to

1,25-dihydroxyvitamin D3 that can regulate epidermal proliferation and differentia-

tion, thus able to affect protection from light and wound healing [2–4].
There are two distinct layers of the skin: the superficial epidermis and the deeper

dermis (Fig. 9.1). The epidermis is composed of four main cell types: keratinocytes,

melanocytes, Langerhans cells, and Merkel cells. Keratinocytes make up the vast

majority of cells in this tissue, and melanocytes produce melanin, a pigment for

protecting against ultraviolet (UV) light. Langerhans cells coordinate with the immune

system to fight infection. Merkel cells function as the sensory receptors in the skin and

makedirect contactwithMerkel disks, sensoryneuronsof thedermis,whichprovide the
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sensation of touch. This layer of the skin is completely avascular, relying on the dermis

to provide oxygenation [1]. Epidermal cells grow from the basal layer distally from the

dermis to produce the protective barrier the skin provides. There are four distinct layers,

which represent the stages of maturation in the epidermis.

The stratum basale or stratum germinativum is the deepest layer and contains a sin-

gle layer of columnar keratinocytes with interspersed melanocytes and Merkel cells.

This row of cells is the only keratinocytes capable of cell division. Following cell divi-

sion, one of the two daughter cells migrates upward through the layers while the other

remains in the stratum basale for further expansion. Melanocytes make up one in six

cells in this layer and have long projections that extend into the more superficial

layers. Each of these projections contains melanin granules that can be transferred

to surrounding keratinocytes. Once melanin granules have infiltrated a keratinocyte,

they surround the nucleus, protecting the DNA from UV radiation. Blood vessels in

the dermis extend to the cells in this layer exclusively leaving the remaining layers

malnourished, preventing further cell division. These cells, instead, opt for increased

keratin content and more cell organization [1].

The second deepest layer, the stratum spinosum or prickle cell layer gets its name

from the cells that are prevalent in this region. Langerhans cells appear prickly or

spiny under a microscope because of the projections extending out of the cell. These

specialized dendritic cells act as antigen presenting cells to T cells in the tissue. The

T cells then mount an appropriate response to defend against pathogens [1]. This layer

is composed of 5–12 rows of cells stacked upon one another. Adjacent keratinocytes

are joined by desmosomes that attract neighboring cells to connect together. These

connections provide tensile strength and flexibility to the epidermis [1].

The next layer of cells, the stratum granulosum, contains 3–5 layers of

flattened keratinocytes. These skin cells lose their nucleus and all metabolic function

to further increase keratin and keratinocytes and flattened to maximize the density of

Fig. 9.1 The skin showing the layers of the epidermis and the main structures of the dermis.

Reproduced with permission from McLafferty. The integumentary system: anatomy,

physiology and function of skin. Nurs Stand 2012;27:35–42, with permission from RCN

Publishing.

180 Electrospun Materials for Tissue Engineering and Biomedical Applications



keratinocytes in the epidermis. Keratin acts to protect cells from heat, chemical expo-

sure, and microorganisms. There are also Odland’s bodies throughout this layer,

which provide lipids to increase cell adhesion [1].

The stratum corneum is composed of dozens of layers of flattened keratinocytes. At

this point, these cells have maximized their keratin content and will eventually be

exposed to the outside world. These cells readily slough off in clumps and are con-

tinuously lost and replaced. If an area such as the heel or palm is exposed to consistent

friction, a callus can form at the area [1].

The stratum lucidum is another layer that is only found in areas where the skin

needs to be thicker such as the fingertips, soles of the feet, and palms of the hand.

There are additional layers of flattened keratinocytes between the stratum granulosum

and the stratum corneum. This additional buffer of cells helps waterproof the skin in

areas where water can quickly be lost from the body, increasing water retention [1].

The dermis lies below the epidermis and provides the nutrients and physical sup-

port to the epidermis. Blood and lymph vessels, nerve endings, hair follicles, and oil-

and sweat-producing glands reside in this layer of the skin. Collagen and elastin are

also interwoven in the dermis providing the tensile and elastic properties of the skin

[1]. In the skin, collagen I fibers have approximately 50–500 nm diameter [5].

Collagen III fibers range from 30 to 130 nm in diameter [5]. Each fibril unit of elastin

is between 100 and 200 nm [6]. Between the epidermis and dermis, a unique

structure forms called rete ridges. Hundreds of small projections of the dermis pro-

trude into the epidermis much like the villi in the intestine. These projections increase

the surface area between the two layers, providing more physical stability and nutrient

exchange between the dermis and epidermis. When the skin is exposed to shear force,

these ridges can separate the layers and fluid collects between the two forming a blister

on the skin [1].

There are two distinct layers of the dermis: the superficial papillary dermis and the

deep reticular dermis. The papillary dermis is a matrix of loosely packed collagen

fibers with nerve and capillaries dispersed throughout. This provides the nutrient

exchange and sensory function to the epidermis. The reticular dermis is composed

of an interwoven collagen and elastin matrix that provide the physical strength of

the skin. Collagen, with its high tensile strength, prevents tearing of the skin when

it is stretched. In contrast, elastin contributes its elastic properties to the skin, allowing

it to return to its normal shape and size after stretching. Both fibers are produced by

fibroblasts, but elastin is much finer and comprises a much smaller concentration com-

pared with collagen. Elastin fibers are found interwoven between larger collagen bun-

dles [1]. This collagen matrix is rich with proteoglycans, which provide the viscous

nature of the skin. Proteoglycans are composed of a protein with glycosylated bra-

nches. These glycosaminoglycan (GAG) chains trap and bind water and other cations,

directing the flow of nutrients through the extracellular matrix (ECM). The addition of

water to the matrix gives the skin its viscoelastic properties [7].

Understanding the physical and mechanical properties of the skin can be relatively

difficult due to the complex nature of the tissue. This highly heterogeneous, aniso-

tropic, viscoelastic tissue shows a nonlinear stress-strain relationship. This is due to

a composition of a nearly random collagen framework. Initially when at rest, collagen
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and elastin fibers appear randomly oriented. As load increases, the fibers stretch in

parallel with the direction of the load. Elastin fibers take the brunt of the initial load,

which stretches in a linear fashion. During this time, collagen fibers align in the par-

allel direction and carry more of the load. This appears as the toe region of the

stress-strain curve. Collagen fibers also increase stiffness as the load increases, leav-

ing the fibers more susceptible to rupture [8].

Physical properties of the skin are very dependent on the location, orientation, and

strain rate of an applied load. Throughout the skin, there are natural lines of tension

called Langer’s lines. These lines are very important in understanding the wound

healing process and must be factored in during surgical procedures to reduce scarring.

If load is applied in the orientation of Langer’s lines, there are significant differences

in mechanical properties compared with an orthogonal loading [8]. Depending on the

area of the body in which skin is tested, a highly variable range of values can be found

as well. Ultimate tensile strength varies from 27 MPa on the back to 8.5 MPa on the

abdomen [8]. Comparing this with the elastic modulus of the back, 99 MPa, and

18.8 MPa on the abdomen, values vary significantly depending on the location and

orientation of load bearing [8].

Age of the skin must also be factored in when understanding mechanical properties

of the skin. The aging process causes the skin to become thinner, stiffer, less tense, and

less flexible [9]. Elderly skin is 0.7–0.8 mm thinner than normal skin [9]. Decreased

synthesis of collagen leads to decreased thickness and strength. As collagen ages, it

becomes stiffer and less flexible, leaving a much weaker tissue that is susceptible to

skin tears [9].

9.1.2 Typical and atypical dermal wound healing

The skin is a dynamic organ in that there is constant turnover of cells to renew the

tissue. When injured, healing follows three distinctive phases composed of various

wound healing processes that overlap one another (Fig. 9.2) [10].

Inflammation is initiated by the formation of a blood clot to stop any hemorrhaging.

The presence of the hematoma is important for providing both the framework for

regrowth and numerous factors critical for regeneration [11]. These inflammatory

cytokines specifically assist in the regulation of blood flow and the recruitment of

inflammatory cells, lymphocytes, and macrophages to the tissue [10]. Additionally,

the presence of platelets assists in the formation of the clot and provides signaling

to further attract both macrophages and leukocytes [12]. Neutrophils are the first to

arrive at the site of tissue damage where they work to rid the area of foreign pathogens.

Monocytes arrive next, differentiating into macrophages, which release growth fac-

tors (i.e. platelet-derived growth factor (PDGF), vascular endothelial growth factor

(VEGF), etc.) to encourage granulation tissue formation. Monocytes adhering to

the ECM also transition into macrophages, expressing transforming growth factor-

α (TGF-α), interleukin-1 (IL-1), transforming growth factor-β (TGF-β), and

insulin-like growth factor 1 (IGF-1) [11,13].

Another component of the healing process is the regrowth of epithelial tissue. This

process begins within a few hours post injury when the clotted blood and damaged
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stroma are removed. The cells themselves change in phenotype so they are able to

migrate throughout, separating damaged from salvageable tissue [11,14]. This move-

ment is determined by integrins expressed on the cell membranes. The migration itself

is dependent on the degradation of the ECM. This is mediated by the activation of both

plasmin and collagenase by plasminogen, which assists in this degradation [15]. After

a few days, the cells begin to proliferate behind these migrating cells, and a basement

membrane is formed from the wound edge. Once formed, the epithelial cells return

back to their original phenotype and resume attachment [11].

The end of the inflammatory phase supports angiogenesis, proliferation of fibro-

blasts, and collagen accumulation, marking the start of the proliferation phase [10].

After about four days into the healing process, vascular ingrowth occurs along with

the migration of macrophages and fibroblasts [16]. These three components work

together where the fibroblasts encourage angiogenesis and create scaffolding for

new tissue deposition. The new blood vessels provide the nutrients and oxygen for

the tissue to survive, while macrophages deliver the growth factors necessary for these

processes to occur [11]. Factors such as PDGF and TGF-β play integral roles in the

recruitment and proliferation of the fibroblasts. This leads to granulation tissue forma-

tion, where fibrin and fibronectin provide the matrix for cellular infiltration. The

matrix and fibroblasts work together to create and remodel the ECM, producing a vas-

cularized connective tissue [10].

Timeline for wound healing

Vascular

response

Day 0–0.1 Day 0–10 Day 0.3–10

Phase 1: Inflammation

Phase 2: Proliferation

Phase 3: Regeneration

Day 3–30 Day 10–100

Inflammation
Granulation

tissue

Wound

contraction Remodeling

Fig. 9.2 Timeline and phases for wound healing.

Modified from Elia Ranzato SM. Cellular and molecular mechanisms of honey wound healing.

New York: Nova Science Publishers, Incorporated; 2014.
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The final stage of wound healing, the remodeling phase, occurs during the second

and third week of healing and can continue on for a year [11]. Fibroblasts assume a

myofibroblast phenotype, leading to the compression of connective tissue and overall

contraction of the wound [15]. A combination of the factors TGF-β1 or 2 and PDGF,

along with fibroblast adherence and the cross-linking of collagen bundles, plays a

large role in the stimulation of this contraction [11,17]. Type III collagen is converted

to type I and aligned parallel to the stress lines rather than in the typical basket weave

pattern. The physical remodeling is characterized by the synthesis and subsequent

degradation of the ECM [18]. Table 9.1 provides a summary of the typical factors pre-

sent during the three stages of skin healing.

During this three-week period of wound healing, the site of injury only regains

about 20% of what will be its final strength. From here on out, collagen accumulation

is much slower, likewise reflecting a slow progression of increasing tensile strength.

This increasing strength is primarily dependent on the remodeling of collagen

into larger bundles and increasing intermolecular cross-links. Despite this, a fully

healed wound containing scar tissue will only exhibit strength at 70% that of normal

skin [10].

There are cases in which skin healing does not follow this characteristic pattern,

and atypical healing occurs. This is most often caused by asynchrony of the overall

repair process. In cases such as these, the phases listed previously will often occur

simultaneously or out of order [10]. A common example of this is the development

of diabetic ulcers or pressure ulcers in patients suffering from spinal cord injury

[11,19]. In these situations, the tissue becomes ischemic, and consequently, the oxy-

gen and nutrients necessary for healing are decreased [11]. Additionally, the tissue is

often stuck in a phase of chronic inflammation with decreased synthesis of collagen,

increased presence of proteinases, and an inappropriate macrophage response [19,20].

Table 9.1 Typical factors present during the three stages
(inflammation, proliferation, and remodeling) of skin healing [3,5]

Phase Factor

Inflammation Platelet-derived growth factor (PDGF)

Vascular endothelial growth factor (VEGF)

Transforming growth factor-α (TGF-α)
Interleukin-1 (IL-1)

Transforming growth factor-β (TGF-β)
Insulin-like growth factor 1 (IGF-1)

Proliferation Vascular endothelial growth factor (VEGF)

Transforming growth factor-β (TGF-β)
Angiogenin

Angiotropin

Angiopoietin

Remodeling Transforming growth factor-β (TGF-β)
Platelet-derived growth factor (PDGF)
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In the case of hypertrophic scarring, excess collagen is present leading to abnormal

cell migration/proliferation, inflammation, cytokine production (i.e., TGF-β), and
wound remodeling [11,21].

9.1.3 Treatment of dermal wounds

9.1.3.1 Gold standards in the treatment of dermal wounds

Wound healing, as mentioned previously, is a dynamic process with multiple over-

lapping phases; these phases are characteristics of the skin in all wounds, with the

exception of atypical wound healing. Atypical healing, such as in the cases of large

burn wounds and chronic diabetic ulcers, is linked to aberrations in the inflammatory

pathway [22–25]. These aberrations cause abnormal myofibroblast contraction, pro-

longed edema, and an increased risk of infection [22]. The three main principles of

wound care are proper maintenance of moisture, adequate debridement, and allowing

bacterial colonization without infection [26]. Negligence of any of the three wound

care principles can prolong or prevent adequate healing of the wound.

Noncellularized wound dressings and wound care adjuncts
According to an extensive product study by researchers at John Hopkins, the ideal

wound dressing removes exudate, maintains a moist environment, protects against

contaminants, causes no trauma on removal, leaves no debris in the wound bed,

relieves pain, provides thermal insulation, and induces no allergic reactions

[26,27]. There are an immense number of wound care products on the market, which

can cause some clinical confusion when deciding which product is the ideal product

for any given situation.

Wound dressings have been around since at least 1550 BC, when vegetable fibers

were combined with animal fat and honey to create an antibacterial absorbent barrier

to aid in healing [28–31]. Modern dressing products today are still similar in theory to

those ancient techniques. Basic gauzes are the most popular products to prevent infec-

tion and absorb fluids but are often too absorbent and adherent to the wound; barrier

products such as petroleum jelly and zinc oxide pastes are useful for periwound main-

tenance while the wounded tissue heals [32–35]. Combinations of gauze with petro-

latum have lessened gauze adhesion but also lessened fluid absorption, and

sodium-chloride-infused gauze has proved to be hostile to bacteria and highly absor-

bent but causes adhesion and desiccation of the wound surface [26].

Foams, films, hydrogels, and hydrocolloids act to maintain a moist healing envi-

ronment and are used for wounds with low to moderate exudate. Foam and film ban-

dages are adhesive and semiocclusive, allowing oxygen exchange while preventing

fluid loss [31]. While foams provide thermal insulation and are moderately absorbent,

films are nonabsorbent but clear to visualize wound healing. These thin films also

adhere only to dry skin, which works to minimize adherence damage to the moist

wound bed [36]. Water-based hydrogels are indicated for autolytic debridement cases

and wounds with very low exudate, as they donate fluid to the wound site [37–39].
Hydrogels also provide a cooling, pain-relieving effect to the wound site [40–42].
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Hydrocolloids are absorbent materials that form a gel by absorbing wound exudate,

but can adversely affect the dry periwound area and cause injury unless used in

conjunction with a barrier product [43].

Alginate dressings are used for moderate to heavy exudating wounds, as they can

hold fluid up to 20 times dry weight [38,44,45]. As alginate is packed into the moist

wound, a calcium-sodium ion-exchange reaction causes the alginate fibers to become

soluble and form a gelatinous mass of exudate. Since alginate is highly absorbent, care

must be taken not to desiccate the wound and delay wound healing [46]. Alginate gels

lack the ability to thermoregulate and must be cut to the wound size to prevent per-

iwound injury [47]. They are also nonadhesive so therefore require an additional

dressing to secure them [44]. Collagen dressings also absorb exudate to create a

gel and are useful for recalcitrant wounds [48]. The collagen chemically binds to

and subsequently reduces the levels of matrix metalloproteases, which are present

in high amounts in a chronic wound bed [49]. Such collagen products are typically

xenogenic and require a secondary bandage to secure. Bioactive borate glass

nanofibrous dressings have also been designed to enhance wound healing and angio-

genesis (Dermafuse, Mo-Sci, and Rolla MO), and Integra Wound Matrix (Integra

LifeSciences) is a nanofibrous bandage clinically available. However, none of the cur-

rently marketed wound dressings meet the ideal standards and are often used with

adjuncts to aid in healing. Addition of honey and other antimicrobial products, com-

pression therapy, and topical negative pressure devices have been shown to increase

the healing rate of chronic wounds and venous ulcers [26].

Autografts and allografts
The standard of care for burn wounds is a split-thickness autograft from an uninjured

part of the patient (Fig. 9.3) [50]. Early excision and grafting of the wound within

48 hours of injury have shown to decrease infection, blood loss, and hospital stay

Fig. 9.3 Illustration of a split-thickness autograft.

Reproduced with permission from Whitfield RM, Rinard J, King D. Coverage of

megaprosthesis with human acellular dermal matrix after Ewing’s sarcoma resection: a case

report. Sarcoma 2011;2011:978617, doi: 10.1155/2011/978617 (2011).
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while increasing the likelihood of proper graft acceptance [22,51,52]. Full-thickness

autografts that contain fat tissue are typically only utilized on the facial area to pre-

serve aesthetics; although the full-thickness grafts prevent contraction and retain a

better cosmetic appearance, they have a higher risk of graft failure and have a higher

incidence of donor site complications [53,54]. Autografting avoids any immune

response and has a high success rate, but many complications can occur, both at

the donor site and the graft site. Allogenic and xenogenic grafts have also been used

for patients with more extensive burns and promote increased healing over traditional

dressings [55,56]. These grafts are fully cellularized and vascularized, which contrib-

ute to the success of the graft implantation. Autografts can also be cultured in the lab

from a small sample of healthy skin such as in the case of Epicel grafts, which is uti-

lized both alone and in conjunction with split-thickness autografts.

9.1.3.2 Current tissue engineered products for dermal wound
treatment

Atypical healing of the dermis can manifest in two main pathologies: delayed wound

healing as seen in diabetic patients or excessive healing, as in the case of keloid for-

mation or hypertrophic scars [57]. Both pathologies are due to abnormal ECM depo-

sition by either a deficit of healing factors and vascularization or an overabundance of

TGF-β and other proinflammatory markers [58,59]. Many strategies have been

employed to aid in complete wound healing, and aspects of under and over healing

must be taken into account when designing a product. Questions arise, then, about

how to accelerate wound healing while simultaneously titrating the effects of “too

much” healing.

Biological signaling is an inherent process and can benefit or detract from typical

remodeling processes depending on the environment and specific environmental cues.

The most useful repair strategy to prevent atypical healing of wound sites would be to

use both biological signaling and environmental cues, an approach most utilized in

cellularized tissue-engineered products. Until 2008, incorporating both cells and scaf-

fold into a wound bed had not been a viable therapy; however, the current market cli-

mate shows that these tissue-engineered alternatives to the gold standard of treatment

are viable and often more therapeutic substitutes [57]. It has been shown that bioactive

molecules given in a single-agent strategy only partially impact wound repair.

Regeneration templates
Both epidermal and dermal skin substitutes are commercially available to treat vary-

ing thickness of wound sites, and cell-based templates are being produced for a more

permanent wound dressing. Epidermal skin substitutes include autografted

keratinocytes such as Epicel (Genzyme, Cambridge, MA) for full-thickness burn

wounds cover more than 30% of the total body surface area. The downside for these

2–8 cell thick graft include the lack of long-term strength, along with an extended wait

time to culture the autologous cells. Sprayable and thrombin suspensions such as

CellSpray (Cambridge, the United Kingdom) and Bioseed-S (BioTissue, Freiberg,

Germany) are not yet commercially available in the United States, with the exception
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of ReCell (Avita, Northridge, CA), an autologous cell suspension of multiple pheno-

types and beneficial cytokines. Keratinocyte-seeded and nonseeded dermal regenera-

tion templates (DRTs) are designed to provide immediate wound closure and

permanent regeneration of dermis tissue. Typically, DRTs are created from

three-dimensional porous matrices of varying constituents. Allogenic and xenographic

acellular constructs include Alloderm (LifeCell, Bridgewater, NJ), GraftJacket (KCI,

San Antonio, TX), Integra (Integra, Plainsboro, NJ), GammaGraft (Promethean

LifeSciences, Pittsburgh, PA), and Biobrane (Smith & Nephew, UK); a higher number

of acellular skin substitutes are clinically available in the United States due to the strin-

gent FDA requirements for cellularized products. These cellularized substitutes include

Epicel, ReCell, and Dermagraft (Organogenesis, Canton, MA); ReCell wound healing

is shown in Fig. 9.4 [60].

Tissue-engineered nanofibrous scaffolds are artificially created, as opposed to nat-

ural ECM such as autografts or decellularized matrix products. These artificially

developed nanofibrous scaffolds include xenogenic ECM products such as Integra

scaffolds, neonatal foreskin fibroblasts cultured on synthetic scaffolds such as

Dermagraft and TransCyte (Advanced Biohealing,Westport, CT), and xenogenic skin

equivalent scaffolds such as Apligraft (Organogenesis, Canton, MA) and Orcel

(Forticell Bioscience, New York, NY). Very recently, researchers have also attempted

to incorporate electrospun fibers onto market products as a support structure for the

electrospun scaffold; addition of PCL/gelatin nanofibers onto a Tegaderm™ has

shown significantly higher reepithelization over Tegaderm™ and control, with higher

collagen coverage in the resulting granulation tissues (Table 9.2) [61].

9.1.4 Electrospinning

In order to match the fibrous nature of native skin ECM, an appropriate dermal regen-

eration template must be utilized. Collagen fibrils, the most abundant constituent of

the ECM, provide both mechanical and structural stability in the skin [62]. These

fibrillar structures have diameters that range from 50 to 500 nm [5,63,64]. Thus,

any tissue-engineered scaffold for a skin application must be mechanically sound with

a fiber diameter in the nanometer range. Currently, there are several fabrication

methods that satisfy these constraints, including fiber drawing, molecular

self-assembly, template synthesis, and temperature-dependent phase separation.

Nonetheless, a process known as electrospinning has become the dominant approach

in creating polymeric, nonwoven meshes [62].

The setup for electrospinning incorporates three main components: (1) a high volt-

age source, (2) a syringe or pipette, and (3) a grounded collecting target/mandrel. Poly-

mers are typically dissolved in a highly volatile solvent; however, solvents like water

have been previously used as well. Following dissolution, polymer solutions or melts

are then added to a syringe affixedwith ablunt-tip, conductiveneedle.Next, this syringe

is placed onto a syringe pump and a high voltage is applied to the needle. While the

syringe pump is running at a certain flow rate, repulsive electrostatic forces in the solu-

tion will overcome a critical surface tension limit and a fluid jet will be whipped from

the needle tip through a Taylor cone formation. As the jet whips across a working
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Fig. 9.4 Comparison of ReCell and split-thickness skin graft (STSG): (A) Predebridement and

treatment, and healing at (B) week 3, (C) week 6, (D) week 12, and (E) week 52 postoperation.

Reproduced with permission from Sood R, et al. A comparative study of spray keratinocytes and

autologous meshed split-thickness skin graft in the treatment of acute burn injuries. Wounds

2015;27:31–40.
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Table 9.2 Tissue-engineered products currently on the market for epidermal and dermal regeneration (all
information from company websites)

Product Company Classification Characteristics Intended use

Epicel Genzyme Autograft Sheets of skin cells from 2–8 cell layers thick Burns

ReCell Avita Autologous cell

spray

Suspension of cultured fibroblasts, Langerhans

cells, keratinocytes, and melanocytes

Burns

Alloderm LifeCell Acellular

(cadaveric)

Freeze-dried dermal matrix with intact collagen,

elastic, and proteoglycans for cell infiltration

Burns, hernia repairs

GraftJacket KCI Acellular

(cadaveric)

Meshed and nonmeshed dermal matrix Chronic ulcers, ligament and

tendon repair

Integra Integra Acellular

(biosynthetic)

Bilayer matrix of semipermeable silicone and

bovine/shark ECM scaffold

Burns, complex reconstruction,

contracture release

GammaGraft Promethian Acellular

(irradiated

cadaveric)

Remains in place while host skin grows beneath Chronic wounds, burns

Biobrane UDL Acellular

(biosynthetic)

Semipermeable silicone bonded with

collagen-coated nylon fibers

Burns, skin graft donor sites,

superficial wounds, and

chronic wounds

Dermagraft Advanced

Biohealing

Allogeneic

(neonatal

+biosynthetic)

Cryopreserved fibroblasts on bioabsorbable

polyglactin mesh

Full-thickness diabetic foot

ulcers

TransCyte Advanced

Biohealing

Acellular

(biosynthetic)

Collagen-coated nylon mesh with incorporated

ECM proteins and growth factors

Temporary coverage of

full-thickness burns, primary

treatment of superficial burns

Apligraft Organogenesis Allogenic

bilayered

Cryopreserved bilayered bovine collagen and

hyaluronic acid gel seeded with fibroblasts and

keratinocytes

Chronic diabetic and venous

ulcers

Orcel Forticell

Bioscience

Allogenic

bilayered

Cryopreserved or fresh bovine collagen sponge

seeded with keratinocytes and fibroblasts

Graft donor sites, surgical

wounds
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distance between the needle tip and grounded collecting mandrel, the solvent will

evaporate off. In the end, polymeric nanofibers land on the collecting target due to

the presence of chain entanglements, forming a porous nonwoven mesh network.

Uniquely, electrospinning can be accomplished in both the horizontal (Fig. 9.5) and

vertical directions and sometimes even in both directions simultaneously [65–67].
Besides adequately meeting the constraints of an appropriate skin substitute, a few

other benefits of electrospinning include ease of setup and inexpensive cost of operation

[62,65]. In addition, this fabrication method produces nanofibrous scaffolds with large

surface area to volume ratios, high porosities, and high pore interconnectivities. These

characteristics, in turn, allow electrospunmatrices to stimulate nutrient, gas, and waste

exchange and control water loss via evaporation. With regard to dermal regeneration,

oxygen permeability and fluid accumulation are vitally important for the proper course

of wound healing [62,65,68]. Furthermore, as pore sizes in electrospinning normally

range from 1 to 10 μm, the possibility of bacterial infections is significantly reduced

[62]. Overall, the inherent features of electrospun scaffolds promote an ideal environ-

ment for cellular attachment, infiltration, and proliferation in vivo.

Another advantage of electrospinning involves the variety of polymers than can be

electrospun. Synthetic polymers like polycaprolactone (PCL) and polylactide (PLA)

lead to enhanced batch to batch consistency and can sufficiently mimic native ECM.

On the other hand, natural polymers like collagen and silk fibroin improve scaffold

biocompatibility and offer cells a recognizable environment to proliferate and

remodel [64,69,70]. Along similar lines, electrospinning can also support the addition

of numerous polymer/protein doping agents. For bioengineered skin, a few effective

additives include bioglass, Manuka honey, and platelet-rich plasma (PRP).

The tunable and controllable nature of electrospinning renders it a tremendously

valuable scaffold fabrication technique. Adjustable parameters can be separated into

three main categories: 1) solution, 2) process, and 3) ambient conditions. Solution

parameters, such as concentration, viscosity, molecular weight, surface tension,

and conductivity, and processing parameters, such as applied voltage, syringe pump

flow rate, distance from needle tip to collecting target (working distance), can all be

altered to obtain desirable fiber diameters, fiber alignments, and fiber morphologies.

For example, increasing the polymer concentration or decreasing the applied voltage

will increase the resulting fiber diameters. Moreover, ambient conditions that may

Voltage source
V = x kV

Syringe with
polymer solution

Syringe pump
flow rate = x mL/h Working distance = x cm

Collecting
target

Fig. 9.5 Example setup for the horizontal electrospinning process.
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influence the final results include humidity and temperature [65,66,71]. Table 9.3

describes how each of these parameters affect fiber morphology (Note: These effects

are generalities and may not apply to all polymers).

9.2 Electrospun scaffolds for dermal wound healing

9.2.1 Natural biopolymers

Several naturally occurring polymers have been electrospun for tissue-engineered

skin applications. Natural polymers are typically biodegradable and possess bioactive

characteristics, such as enhanced cellular adhesion and proliferation [69,70]. These

inherent properties allow scaffolds composed of natural materials to promote a phys-

iologically appropriate environment for remodeling and regeneration [64]. Even with

excellent biological features, natural polymers often exhibit low mechanical proper-

ties and can lead to the formation of inconsistent structures [70]. Thus, both the scaf-

fold fabrication method and postprocessing techniques (i.e., physical or chemical

cross-linking) are vitally important. Mechanical strength in electrospun scaffolds

can be increased by utilizing a combination of natural and synthetic materials

[64,70]. With regard to skin tissue, the ECM is primarily composed of collagen fiber

networks [72]. Therefore, the electrospinning of collagen for dermal regeneration was

an expected choice. Other natural polymers that have been electrospun for bio-

engineered skin include silk fibroin, gelatin, and chitosan/chitin [73]. This section will

review these listed natural biopolymers in relation to electrospun scaffolds for skin

tissue engineering.

Table 9.3 Effect of solution, processing, and ambient parameters on
resulting electrospun fiber morphology

Parameter type Parameters

Resulting fiber morphology (parameter:

effect)

Solution

parameters

Concentration/

viscosity

" Concentration/viscosity: " fiber diameter

Molecular weight " Molecular weight: # bead formation

Surface tension " Surface tension: # fluid jet stability

Conductivity " Conductivity: # fiber diameter

Processing

parameters

Applied voltage " Applied voltage: # fiber diameter

Flow rate " Flow rate: " bead formation

# Flow rate: # fiber diameter

Working distance Too high/low working distance: " bead

formation

Ambient

parameters

Humidity " Humidity: " circular pores on fibers

Temperature " Temperature: # fiber diameter

Reproduced with permission from Seaman S. Dressing selection in chronic wound management. J Am Podiatr Med
Assoc 2002;92:24–33; Majno G. The healing hand: man and wound in the ancient world. Cambridge, MA: Harvard
University Press; 1991.
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9.2.1.1 Collagen

As previously stated, collagen is an abundant constituent of natural human skin ECM.

For the purposes of this review, only scaffolds containing type I collagen will be dis-

cussed. This particular subset represents the main structural/functional protein

of ECM throughout the body [63]. At a molecular level, type I collagen consists of

two α1 and one α2 polymer chain arranged into coiled triple helical structures of

50–500 nm in diameter [5,63,64]. The fibrillar structure of native collagen has been

demonstrated to be crucial for cellular function and response. In fact, this ECM protein

contains arginine-glycine-aspartic acid (RGD) binding sites that promote both cellular

adhesion and spreading [63]. Other benefits of using collagen in a tissue engineering

application include biodegradability, biocompatibility, and no immunogenic or cyto-

toxic response [64,74]. Additionally, collagen can be obtained from several different

sources using a variety of isolation methods [63,64]. Collagen type I has been previ-

ously electrospun from 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP), a highly volatile

organic solvent. Resultant fiber diameters ranged from 100 to 1200 nm and were con-

sidered both concentration- and source-dependent [5,63]. The lower end of these mea-

surements falls within the fibrillar diameter range of native type I collagen. With an

absence of mechanical stability in an aqueous environment, electrospun collagen

scaffolds require either physical or chemical cross-linking, often in the form of glu-

taraldehyde vapor [64]. Porosity was shown to decrease from 89% to 71% following

such cross-linking [63]. Mechanically, glutaraldehyde cross-linked collagen type

I matrices exhibited an average tensile modulus of 11–26 MPa, which is comparable

to commercially available tissue regenerative membranes and wound dressings [5,63].

It was also demonstrated that type I collagen-coated collagen electrospun scaffolds

supported normal human keratinocyte adhesion and spreading. Furthermore, in a

Sprague-Dawley rat animal model with full-thickness wounds of the back, noncoated

electrospun collagenmatrices promoted faster early-stage wound healing as compared

with the control group (gauze). The later-stage wound healing process remained sim-

ilar for both test conditions (Fig. 9.6) [63].

Another study compared the viability of electrospun and freeze-dried collagen

scaffolds for wound contraction. After coculturing of fibroblasts and keratinocytes,

it was observed that both templates displayed stratified epidermal and dermal cellular

layers, along with a continuous basal layer. These scaffolds were then grafted onto

full-thickness wounds in athymic mice, each presenting high rates of engraftment.

The electrospun collagen scaffold, however, significantly reduced the amount of

wound contraction 8 weeks postsurgery as compared with the freeze-dried version,

leading to overall reduced morbidity [75].

Finally, collagen type I has been electrospun with a blend of several synthetic and

natural polymers, such as poly(ethylene oxide) (PEO) and chondroitin 6-sulfate,

respectively. The collagen-PEO scaffolds presented an elastic modulus of 12 MPa,

while the collagen-chondroitin sulfate scaffolds showed enhanced rabbit conjunctival

fibroblast (RCF) proliferation as compared with collagen controls [74,76]. More

information regarding composite electrospun materials for skin tissue engineering

can be found in Section 9.2.3.
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9.2.1.2 Silk fibroin

Silk fromBombyxmori (silkworm) is a naturalmaterial that consists of an outer coating

of sericin protein and a central core of fibroin protein [77]. Silk fibroin (SF), which can

be extracted from silkworm cocoons (Fig. 9.7), consists of random hydrophobic and

hydrophilic coblocks of amino acids. The hydrophobic regions allow for the formation

of high strength structures via β-sheet formation, while the hydrophilic regions allow

for aqueous solubility [78]. As a biomaterial, this polymer has been studied for a mul-

titude of applications ranging from soft-tissue engineering to high strength tissues and

has been fabricated into a variety of formats, including fibers, gels, sponges, and

macroporous scaffolds [78,79]. For tissue engineering purposes, SF is known for its

excellent biocompatibility, high strength, slow degradation rate, and minimal inflam-

matory response [78–80]. The degradation of SF is highly unique as it is tunable and can
take up to two years in vivo for complete resorption [64]. Like collagen, SF contains

RGD binding sites, which allow for enhanced cellular attachment and spreading [81].

Processing and solution parameters play a large role in SF electrospinning. For

instance, SF can be electrospun out of a variety of solutions, including formic acid,

HFIP, and water [64,80,82]. However, the most influential parameter on final fiber

Fig. 9.6 H&E images (100�) of full-thickness wound healing for a Sprague-Dawley rat model.

(A) gauze at 1 week, (B) gauze at 4 weeks, (C) electrospun collagen matrix at 1 week, and

(D) electrospun collagen matrix at 4 weeks. Zoomed regions are 400�.

Reproduced with permission fromRhoKS, et al. Electrospinning of collagen nanofibers: effects

on the behavior of normal human keratinocytes and early-stage wound healing. Biomaterials

2006;27:1452–1461, doi: http://dx.doi.org/10.1016/j.biomaterials.2005.08.004, with

permission from Elsevier.
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formation and diameter is SF concentration. An increase in polymer concentration

typically leads to an increase in fiber diameter [82]. Fiber diameters can range any-

where from 15 to 500 nm [82,83]. Similar to collagen, SF can be cross-linked to

improve its strength, which is typically accomplished with methanol or ethanol. This

cross-linking induces β-sheet formation, creating high-strength structures with tensile

strengths of up to 740 MPa [78].

Aqueous SF blended with PEO and spun against depositing NaCl demonstrated a

porosity of 84% and supported the adhesion and infiltration of 3T3 fibroblasts. In a

full-thickness wound Sprague-Dawley rat study, these SF electrospun scaffolds closed

the wound more rapidly and degraded more efficiently than an engineered dermal

Fig. 9.7 Protocol for extracting silk fibroin from B. mori silkworm cocoons.

Reproduced with permission from Rockwood DN, et al. Materials fabrication from Bombyx
mori silk fibroin. Nat Protoc 2011;6:1612–31, doi: 10.1038/nprot.2011.379, with permission

from Macmillan Publishers Ltd: Nature Protocols.
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substitute, Matriderm. Additionally, unlikeMatriderm, the SF scaffolds did not induce

any wound contraction, once again reducing chances of morbidity [84]. SF spun from

formic acid also illustrated a high porosity of 76% and supported normal human oral

keratinocytes (NHOK), normal human epidermal keratinocytes (NHEK), and normal

human gingival fibroblasts (NHGF) adhesion and spreading on SF scaffolds coated

with type I collagen and laminin [80].

9.2.1.3 Gelatin

Gelatin is a naturally occurring polymer derivative of collagen. Essentially, gelatin is

the denatured form of a collagen triple helix. This denaturing process occurs through

partial acid (type A) or alkaline (type B) hydrolysis [85]. For centuries, gelatin has

been used for both drug delivery and wound dressings [64]. With regard to scaffold

fabrication, gelatin is favorable due to its low cost, biocompatibility, nonantigenicity,

and biodegradability [86]. Other benefits include the ability to activate macrophages

and to have a hemostatic effect [87]. One of the chief shortcomings of this polymer is

that upon hydration, the fibers transition into a colloidal sol (temperature�37°C).
Thus, gelatin requires either cross-linking or combination with another polymer to

be relevant for tissue engineering applications [64,88].

Altogether, gelatin electrospun fibers have exhibited fiber diameters as low as

200–500 nm and tensile moduli ranging from 8 to 12 MPa [64]. In terms of bio-

engineered skin, one study electrospun gelatin type B from 2,2,2-trifluoroethanol

(TFE) at several wt/vol percentages. Following fiber collection, these scaffolds were

first cross-linked with vacuum dehydration (�100 kPa at 140°C) and were then chem-

ically cross-linked in 1-ethyl-3-3-dimethyl-aminopropylcarbodiimide hydrochloride

(EDC). Both fiber diameter and hydrated porosity increased with higher gelatin con-

centrations. The values for these measurements ranged from 0.6 to 3.0 μm and from

40% to 63%, respectively. After 14 days in coculture of human keratinocytes and

fibroblasts from adult female breast or abdominal skin, the gelatin scaffolds at lower

wt/vol percentages showed clear stratification of the epidermal and dermal layers,

along with a continuous basal keratinocyte layer in between (Fig. 9.8). These results

justified the potential use of gelatin electrospun scaffolds in full-thickness skin

wounds [89].

A separate study utilized a combination of gelatin and chitosan (Section 2.1.4),

another natural polymer, to electrospin nanofibers for skin tissue engineering. Both

polymers were dissolved at various weight ratios in a combination of trifluoroacetic

acid (TFA) and dichloromethane (DCM). The resulting fiber diameters of the

gelatin-chitosan blend ranged from 120 to 220 nm, while the tensile strength was

recorded to be 26 MPa. In relation to pure gelatin and pure chitosan electrospun scaf-

folds, the fiber diameters of the copolymer blend were similar, but the tensile strength

was significantly higher. As this tensile strength landed within the range of normal

human skin, a dermal regeneration application was deemed appropriate. High tensile

strength was partially attributed to hydrogen bonding between the gelatin and

chitosan [87].
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9.2.1.4 Chitin/chitosan

Chitin is the main structural amino polysaccharide found in the exoskeleton of

invertebrates, crustaceans, and insects [90,91]. Chitosan, a natural poly-N-
acetyl-glucosamine, is derived from chitin via alkaline deacetylation [91]. Both of

these polymers are appropriate for skin tissue engineering due to their inherent bio-

compatibility, biodegradability, bioactivity, antibacterial, and wound healing proper-

ties [87,90,91]. Additionally, chitin/chitosan can also exhibit local hemostatic effects

[91]. One study compared electrospun chitin nanofibers (Chi-N) with commercially

available chitin microfibers (Chi-M). The Chi-N matrices, which were spun out of

HFIP, demonstrated fiber diameters of 50–460 nm, while the Chi-M matrices had a

fiber diameter of 8.77 μm. To continue, the nanofibers began to enzymatically

degrade after approximately 14 days both in vitro and in vivo, a suitable time frame

for dermal regeneration. After culture with NHOK, NHEK, and NHGF, it was

observed that the Chi-N matrices allowed for more cellular attachment and spreading

than the Chi-Mmatrices; however, the degree of each for both scaffolds was much less

than the polystyrene (PS) control. Following a coating of type I collagen, the chitin

nanofibers exhibited more cellular attachment than the microfibers and the PS control

(cell spreading was similar between Chi-N and Chi-M matrices) [90].

Fig. 9.8 H&E images of gelatin electrospun scaffolds after 14 days of coculture. (A) 10, (B) 12,

and (C) 14 wt/vol% scaffolds demonstrated stratified epidermal and dermal cell layers.

(D) 16 wt/vol% gelatin scaffolds did not show well-formed epidermis. All scale bars are 50 μm.

Reproduced with permission from Powell HM, Boyce ST. Fiber density of electrospun gelatin

scaffolds regulates morphogenesis of dermal-epidermal skin substitutes. J Biomed Mater Res

A 2008;84:1078–86, doi: 10.1002/jbm.a.31498, with permission from John Wiley and Sons.
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Chitosan nanofibers blended with PEO have been previously electrospun from

acetic acid for a third-degree burn wound dressing application (type IIIa and IIIb

degree burns). Post implantation, these scaffolds demonstrated high antibacterial

properties due to the presence of chitosan and excellent exudate absorption. Resul-

tantly, the electrospun sheets were able to promote wound ventilation and stimulate

skin tissue regeneration. Biodegradation of these scaffolds allowed for less mechan-

ical damage to the wound and less pain upon dressing replacements. Finally, the

chitosan nanofiber dressing supported a highly desirable healing time of approxi-

mately 14 days (Table 9.4) [92,93].

9.2.2 Synthetic polymers

Synthetic polymers used for skin applications, including wound and burn dressings,

are commonly fabricated via electrospinning. Common synthetic polymers include

polyglycolide (PGA), PLA, poloxamer, PCL, PS, and polyvinylpyrrolidone (PVP).

It has been found in vitro and in vivo that many possess properties appropriate for

wound healing and improve reepithelization. Due to their biocompatibility, biode-

gradability, structure, and mechanical properties, synthetic polymers can provide a

good environment for cell proliferation, migration, and differentiation, making them

an acceptable choice for tissue-engineered skin applications [91].

9.2.2.1 Polycaprolactone

PCL is a synthetic, biodegradable polymer that has been widely used in biomedical

applications, especially drug delivery. This semicrystalline polymer is somewhat

hydrophobic and can be utilized both as a homopolymer and in combination with other

polymers, such as PLA or PGA, to create a copolymer (Fig. 9.9). With a fairly slow

resorption time of 24 months and a nonacidic degradation environment, PCL is an

ideal material for extended drug delivery [94]. Additionally, the degradation of

PCL is enhanced by lipases and can occur by bulk or surface degradation [95].

The degradation of PCL in vivo is broken up into two stages. During the first stage,

the longer of the two, the ester group, is cleaved via a hydrolytic reaction. Following

this cleavage, the polymer is rapidly broken down through intracellular degradation in

the phagosomes of macrophages and giant cells, and the molecular weight is

decreased to 3000 or less [96].

Typical parameters under which PCL (6–12% w/v) is electrospun include flow

rates between 0.1 and 1 mL/min and high applied voltages ranging from 22.5 to

36.76 kV. A working distance of approximately 35 cm is commonly used for all other

parameters [96–98].
Previous studies have examined these electrospun PCL scaffolds for a dermal

application. The average fiber diameter has been created to range from 284�48 to

8320�720 nm, and all studies found the electrospun scaffold porosity to be around

85% [96–98]. This falls within the desired range of 60–90% for optimal cellular infil-

tration [98]. The elastic modulus of these scaffolds can range anywhere from 6.7�0.4

to 21.42�0.04 MPa, depending on the combination of parameter values [96,98].
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Table 9.4 Summary of natural biopolymers for bioengineered, electrospun skin

Material Composition characteristics Inherent properties Advantages References

Collagen type I – Two α1 and one α2 chains

– 50–500 nm in diameter

– Triple helical structure

– Naturally occurring

– RGD binding sites

– Can be obtained from a variety of

sources

– Biocompatible

– Biodegradable

– No immunogenic or

cytotoxic response

[5,63,64,74]

Silk fibroin

(B. mori)
– Hydrophilic and

hydrophobic coblock

polymer

– Light and heavy chain

– Naturally occurring

– RGD binding sites

– Slow degradation rate

– Biocompatible

– High strength

– No toxic degradation

products

[78–81]

Gelatin – Derivative of collagen

– Denatured form of collagen

triple helix

– Naturally occurring

– Local hemostatic effect

– Activates macrophages

– Biocompatible

– Nonantigenic

– Low cost

[64,85–87]

Chitin/chitosan – Chitin: amino polysaccharide

– Chitosan: poly-N-
acetyl-glycosaminoglycan

– Naturally occurring

– Local hemostatic effect

– Chitosan is obtain via alkaline

deacetylation of chitin

– Biocompatible

– Biodegradable

– Bioactive

– Antibacterial

– Wound healing

properties

[87,90,91]
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Aseparate study seeded PCL scaffolds with human fetal fibroblasts and also applied

them as skin substitutes within in vivo rat wound models. Overall, the fibroblasts had

poor proliferation and adhesion. Due to its slow degradation, the scaffold delayed

wound contraction but did not prevent it completely. Additionally, it elicited a foreign

body response including the presence of many multinucleated macrophages [96].

9.2.2.2 Polyglycolide

PGA is a linear, aliphatic polyester (Fig. 9.10) [95]. While it possesses low solubility

in organic solvents, PGA hydrolytically degrades very quickly in vivo, commonly tak-

ing around 2–4 weeks. The original mechanical properties of PGA steadily decrease

upon implantation, often followed by an increase in localized pH and fibrous capsule

formation [99].

PGA is primarily degraded hydrolytically through the breakdown of the ester back-

bone. However, in vivo PGA can also be broken down enzymatically. The by-product

of this is nontoxic and will be excreted as water or carbon dioxide [100].

Copolymers of glycolic acid have commonly been combined with other compo-

nents to reduce the degradation rate for skin applications. A common example of this

is PLA that will be expanded on in Section 9.2.3 [95].

Standard electrospinning parameters include an applied voltage of around 17–22
kV, a working distance of 10–11 inches, and a flow rate of 2–10 mL/hr. This produces

PGA (6–14% w/v) fibers with a diameter of 1.2–2.3 μm and a porosity of approxi-

mately 90%, falling within the desired range of 60–90% for optimal cellular infiltra-

tion [98,101,102]. The tensile strength was found to be approximately 8 MPa,

depending on the variation of the parameters, where human skin is around 27.2 M

[8,102]. Additionally, the elastic modulus was found to be 55–105 MPa [101].

A previous study seeded the scaffolds with PSMCs, and it was found that initially,

there was high cell proliferation. However, due to the fast degradation of PGA, the

scaffolds were only able to support cell growth until day five [103].

Fig. 9.10 Chemical structure of PGA.

Fig. 9.9 Chemical structure of PCL.
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9.2.2.3 Polylactide

PLA (Fig. 9.11) is an aliphatic polyester occurring in two forms: poly(L-lactide) PLLA

and poly(D-lactide) PDLA. In vivo, PLA is both biodegradable and bioabsorbable [104].

However, due to its hydrophobic nature, degradation occurs slowly, taking any-

where from two to five years [104]. Hydrolysis of the polymer begins in the amor-

phous region, with the breaking of the ester bond of the polymeric chain.

Following this, the crystalline region is also broken down by hydrolysis. This break-

down can occur through either surface or bulk degradation. While the degradation of

PLA can highly affect cell proliferation, it has been shown that the by-products can be

broken down through normal metabolic processes without initiating an inflammatory

response [105].

Standard parameters under which PLA (5–10%w/v) is electrospun utilize an applied

voltage of 10–20 kV, a working distance of 15 cm, and a flow rate of 0.5–1 mL/h. This

provides an average fiber diameter ranging anywhere from 650–1140 nm, depending on

the combination of parameters [106–109].
PLA is known to possess high mechanical strength [104]. Tensile strength of

electrospun PLA is typically around 0.35 MPa, where characteristic human skin is

around 27.2 MPa [8,108].

A previous study seeded human skin fibroblasts on PLA scaffolds to assess any

potential cytotoxicity. The fibroblasts remained viable, exhibited normal morphology,

and infiltrated the electrospun scaffold [107]. Another study similarly seeded human

embryonic fibroblasts on PLA scaffolds and also found that cellular proliferation

increased with time [109].

9.2.2.4 Polystyrene

PS is a synthetic, hydrophobic, thermoplastic polymer (Fig. 9.12). Most commonly

utilized as a film, this form is not ideal due to its fragility. Additionally, it is often

accompanied by volatile organic compound (VOC) emission that is dangerous for

both the environment and humans. Both physical and chemical modifications have

been explored to overcome these limitations; however, to do so is limiting, complex,

and expensive. To date, there is no ideal PS form commercially available [110].

Electrospinning provides an advantageous route for creating PS sheets as the dif-

ferent parameters are tunable to the application. For example, when the concentration

Fig. 9.11 Chemical structure of PLA.
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of PS is increased from 7 to 17 wt%, the diameter likewise increases from 340 to

3610 nm, decreasing the presenceof beads [111]. Typical parameters for electrospinning

include an applied voltage of 10–15 kV, aworking distance of 10–35 cm, and a flow rate

of 0.0625–0.07 mL/min. [110–112]
A standard PS electrospun scaffold possesses fiber diameters of approximately

10 μm and pore sizes ranging from 50 to 150 μm [113]. The ideal pore size for a skin

application is between 200 and 250 μm [114]. A previous study found a tensile

strength with double strand fibers of 1.5 MPa, where human skin is around

27.2 MPa [8,110].

Another study seeded fibroblasts, keratinocytes, and endothelial cells on

electrospun PS scaffolds. Here, the cells were able to self-organize with few biochem-

ical signals present. While the cells infiltrated the scaffold, PS will not degrade, which

could prove problematic for in vivo applications [113].

9.2.2.5 Other

Poloxamer
Poloxamer is composed of triblock copolymers of polyethylene oxide (PEO)-

polypropylene oxide (PPO)-polyethylene oxide (PEO), shown in Fig. 9.13 [115].

As a nonionic surfactant, the synthetic polymer has been previously used in drug

delivery and medical imaging applications. Various poloxamer types are dissolvable

in water and ethanol and are thermoreversable. Previous studies have briefly exam-

ined this polymer in electrospinning [116].

Fig. 9.12 Chemical structure of PS.

Fig. 9.13 Chemical structure of poloxamer.
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Poloxamer is often used in conjunction with a material such as poly(lactide-co-
epsilon-caprolactone) (PLCL) in order to neutralize the otherwise acidic microenvi-

ronment created by the lactic acid. Additionally, when electrospun in this combination,

the fibers can reach average diameters as large as 1426.92�456.32 nm. Increasing

amounts of poloxamer likewise increase the fiber diameter and improve the fiber uni-

formity and homogeneity [116].

Furthermore, the presence of poloxamer in electrospun scaffolds improves the ten-

sile strength and ultimate strain. With its addition, these mechanical properties are

able to reach an average of 9.37�0.38 and 187.43�10.66%MPa, respectively.

The material can also support cellular proliferation over 10 days, with these properties

showing promise for a future application in an electrospun skin application [116].

Polyvinylpyrrolidone
PVP is a synthetic, water-soluble polymer (Fig. 9.14). It possesses low toxicity and is

biocompatible [117]. PVP is commonly used in electrospinning, especially in combi-

nation with other harder to spin materials acting as a polymer carrier [118].

Typical parameters for electrospinning include a working distance of 12–15 cm,

applied voltage of 8–15 kV, and flow rate of 1 mL/h [118–120], The combination of

these parameters produces PVP (4–10% w/v) fibers of 0.02–0.3 μm in diameter [121].

As noted previously, PVP is most commonly used in combination with other nat-

ural/synthetic polymers for electrospun skin applications. in vitro and in vivo studies

will be expanded upon with these composite scaffolds in Section 9.2.3 (Table 9.5).

9.2.3 Composite scaffolds

Methods of incorporating dual polymers into scaffolds have been developed to adjust

parameters, such as degradation and pore size, in order to create more finely tuned

scaffolds. These composite scaffolds include multipolymer constituents, simultaneous

natural and synthetic fibers, and dual-layered and multisyringe techniques, with the

goal of creating either homologous or layered scaffolds with varying mechanical

properties.

Fig. 9.14 Chemical structure of PVP.
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Table 9.5 Summary table of common synthetic polymers used for electrospinning scaffolds for tissue engineering
skin applications

Material Composition characteristics

Inherent

properties Advantages References

Polycaprolactone (PCL) Hydrophobic semicrystalline polymer

(homopolymer or copolymer)

– Synthetic

– Biodegradable

– High plasticity

– Cheap

– Slow degradation rate

– Bioresorbable

[94,122,123]

Poly(glycolic acid)

(PGA)

Linear, aliphatic polyester – Synthetic

– Biocompatible

– Highly

crystalline

– Excellent mechanical

properties

– Fast degradation rate

– Bioresorbable

[95,99]

Polylactide (PLA) Hydrophobic aliphatic polyester – Synthetic

– Biodegradable

– Biocompatible

– Good mechanical

properties

– Bioabsorbable

– Slow degradation rate

[104,107]

Polystyrene (PS) Thermoplastic amorphous polymer – Synthetic

– Hydrophobic

– Thermoplastic

– Cheap

– High strength

– Allows for cellular

infiltration

[110,113,124]

Poloxamer Triblock copolymers – Synthetic

– Nonionic

– Degradable

– Thermoreversible

– Allows cell

proliferation

[115,116]

Polyvinylpyrrolidone

(PVP)

Hydrophilic linear polymer – Synthetic

– Biocompatible

– Cheap

– Low toxicity

– Water-soluble

[117]



Common composite electrospun scaffolds include collagen/chitosan, collagen/SF,

chitosan/collagen, chitosan/SF, chitosan/PEG, chitosan/PVA, PCL/chitosan, PCL/

gelatin, PCL/gelatin/collagen, PLA/gelatin, PLA/collagen, PLGA, PLGA/collagen,

and PLGA/SF [125].

Electrospun collagen/chitosan scaffolds were shown to promote cell migration and

proliferation. When applied to a full-thickness wound in an SD rat, it proved superior

to the commercially available collagen sponge with respect to overall wound healing

[126]. When collagen was, instead, combined with SF and electrospun from two sep-

arate syringes, there was improved attachment and infiltration of human keratinocytes

and good human fibroblast activity [127].

Electrospun chitosan/collagen composite scaffolds seeded with 3T3 fibroblasts and

HaCaT keratinocytes demonstrated improved cellular response over plain collagen

scaffolds. When tested in an ex vivo human skin equivalent model, the composite

scaffold promoted keratinocyte migration and overall reepithelization of

full-thickness wounds [128]. When chitosan was electrospun with SF, there was

antibacterial activity that would prove beneficial for a wound dressing application.

Additionally, these scaffolds still allowed for cell attachment and proliferation

[129]. Chitosan has also been electrospun in combination with PEG. When applied

to full-thickness wounds in vivo, this composite scaffold led to reepithelialization,

vascularization, and granulation tissue remodeling [130]. An electrospun chitosan/

PVA scaffold was found to possess appropriate mechanical and swelling properties.

Additionally, these scaffolds were applied to a rat wound model and found to encour-

age antibacterial activity and decrease the wound size [131].

PCL/chitosan composite electrospun scaffolds showed overall improved bioactiv-

ity and protein adsorption. When seeded with MG-63, L929, and NIH3T3 cells, the

scaffolds possessed good adhesion and integration into the scaffolds [132].When PCL

was combined with gelatin, there was increased mechanical properties and stiffness of

the scaffolds [133]. With the addition of collagen, making this a PCL/gelatin/collagen

composite scaffold, there was high cell proliferation of L929 mouse fibroblasts.

The cells showed characteristic morphology and good adhesion on the electrospun

scaffolds [134].

PLA can be electrospun with gelatin leading to fiber sizes mimicking those of nat-

ural ECM. When fibroblasts were cultured on these scaffolds, there was improved

adhesion and proliferation. When applied to an in vivo rat model, there was evidence

of new tissue (both the dermis and epidermis) formation after 21 days [109]. In com-

parison, a PLA/chitosan composite electrospun scaffold promoted cell proliferation

and attachment when seeded with mouse fibroblasts (L929) [135].

As was alluded previously, PLA and PGA are commonly combined to create PLGA

scaffolds.Byusingboth solution andmelt electrospinning, themechanical properties of

these scaffolds can be improved while promoting human keratinocyte adhesion and

infiltration [136]. Another study seeded human fibroblasts on PLGA electrospun scaf-

folds, which yielded high proliferation and good dispersion onto the scaffolds [137].

PLGA can be further combined with othermaterials to produce a PLGA/collagen com-

posite scaffold showing improved closure in an in vivo rat full-thickness woundmodel

as compared with commercially available dressings [138]. Similarly, when PLGA/SF

electrospun composite scaffolds are used, mouse fibroblasts (L929) showed excellent
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adhesion and proliferation. Furthermore, when applied to a diabetic rat wound model,

the scaffolds led to decreased wound area [139].

There are various ways in which composite electrospun scaffolds can be obtained.

Blend electrospinning premixes all polymers together into one solution prior to expul-

sion from the syringe [140]. In contrast, coaxial electrospinning utilizes two separate

syringes such that the polymer solutions are kept separate but spin onto a concentric

target [125,141]. Lastly, emulsion electrospinning uses a suspension of both a biomol-

ecule and polymer, where the bioactive agent becomes embedded within the

electrospun fibers [125,142]. The electrospinning of polymers provides an excellent

technique for creating skin substitutes in tissue engineering. By combining the bio-

compatibility, biodegradability, and biological characteristics of natural polymers

with the advantageous mechanical and physical properties of synthetic materials,

these scaffolds can be optimally tailored for their desired application [125].

9.2.4 Addition of dopants to polymers

From a tissue engineering perspective, there is a missing piece of the triad in wound

healing. Electrospun scaffolds provide the three-dimensional environment for cells to

infiltrate, and the surrounding skin and wound bed provide the necessary cells for der-

mal regeneration. However, natural and synthetic polymer scaffolds lack signaling

molecules to promote migration, proliferation, differentiation, and activation of cells

throughout the scaffold. These structures need to be able to attenuate the inflammatory

response, close the wound, and prevent infection by invading pathogens to promote

proper wound regeneration. Scaffolds can incorporate various molecules to achieve

these goals. These molecules can be added to the broken-down polymer solution.

As the solution is electrospun, these dopant molecules are incorporated into the

nanofibers, effectively creating a scaffold with these chemoattractants or morphogens

dispersed throughout the scaffold.

9.2.4.1 Manuka honey

For centuries, honey has been used as a treatment by a variety of cultures to promote

wound healing.With the flourishing antibiotic-resistant bacterial strain overwhelming

hospitals, researchers have begun to look back to honey for its antibacterial and

healing properties in wound healing. Honey comes from the nectar of flowers that

is collected and transformed into honey by honey bees. The solution is primarily com-

posed of sugar and water, and B vitamins, minerals, organic acids, flavonoids, pro-

teins, and enzymes make up the remainder of the solution. Hydrogen peroxide

produced by glucose oxidase in honey can be used to activate neutrophils through

NF-κB. This strengthens the local immune response and helps recruit and activate

other leukocytes. Hydrogen peroxide also acts as an antiseptic, killing a wide variety

of bacteria. Hydrogen peroxide in the wound bed also stimulates macrophage VEGF

production and in turn angiogenesis to the tissue [143]. Flavonoids act as antioxidants

to protect the surrounding tissue from damage [144]. Reactive oxygen species

left behind in the wound are neutralized by flavonoids. This prevents chronic inflam-

mation at the wound by decreasing NF-kB activation. [145] The acidity of honey,
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pH between 3.2 and 4.5, provides another level of antibacterial effects due to the

hyperacidic environment [146]. The supersaturation of sugars in honey creates a neg-

ative osmotic pressure in the wound, flushing the necrotic tissue and debris from the

area. [145] This osmotic gradient also supplies nutrients to the wounded tissue and

removes water that is vital to bacterial survival in the wound [147].

Specific compositions of each honey batch depend on the plant, geographic location,

and season inwhich the honeywas harvested. In recent years,Manuka honey has begun

to be used in clinical wound healing studies. Manuka honey comes from flowers of the

Leptospermum scoparium tree in New Zealand and Australia. This honey has a partic-

ularly high acidity level that makes it the strongest antibacterial honey available [144].

Despite its antibacterial abilities, honey has been used in wound healing for a vari-

ety of reasons. Honey has been found to reduce inflammation, accelerate tissue regen-

eration in wound healing, and neutralize the smell of the wounds [144]. Recent studies

have shown honey to increase the rate of wound closure and cleanse and reoxygenate

the wound bed [146,148,149].

Manuka honey can be dispersed into a solution of HFIP and with the addition of a

natural or synthetic polymer, such as polyethylene terephthalate (PET) or PCL, can be

electrospun [150].As the concentration of honey increases, the particles of honey begin

to accumulate on top of electrospun fibers. With increasing concentrations of Manuka

honey, PCL scaffolds have been found to have increased bacterial clearance of E. coli
andgroupB. Streptococcus. [151]PET/honeynanofibrous scaffolds havebeen found to
haveno toxic effect on cells [152].Becauseof the antibacterial andwoundhealingprop-

erties of honey, it could be a potential dopant for a skin dressing application.

9.2.4.2 Nanoparticles and ECM proteins

Nanoparticles have recently been functionalized to become dopants for electrospun

materials. These particles have a range of functions from an antibacterial effect to

modulating the environment to increase cell proliferation. Each elemental nanoparti-

cle has specific properties and methods in which it can be incorporated into

electrospun mats. The scope of applications for this process reaches much farther than

the biological realm and could be used in multiple industries. Nanoparticles come

from a variety of sources and can be recycled from waste materials. Laser impulses

can reduce the element from bulk material to atoms and ions, and chemical methods

break down bulk to metallic atoms. [153]

Silver has great potential as a possible dopant for wound healing. This metal has

been found to have antibacterial, antifungal, and antiviral properties [153]. Silver salts

can be added to polymer solutions and electrospun. Compared with sliver particles,

silver nanoparticles have a much greater surface area and can easily interact with bac-

teria and fungus. Although the exact mechanism is unknown at this time, it is believed

that silver enters the cell and binds to the membrane of the cell preventing further

respiration and transport into the cell and remains a viable option for further research

[153]. Only select polymers, polyvinyl acetate (PVAc), polyvinylpyrrolidone (PVP),

and polyacrylic acid (PAA), have been capable of successfully forming fibers with

silver nanoparticles limiting the capabilities of this option [153].
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Zinc oxide (ZnO) has been used as a nanoparticle for electrospinning.Much like sil-

ver, it is expected to have antibacterial effects, but unlike silver nanoparticles, ZnO has

the ability to increase fibroblast proliferation [154]. This finding makes ZnO much

more useful as a potential dopant for wound healing. ZnO produces hydrogen peroxide

in a fashion that inhibits bacterial growth and promotes proliferation of fibroblasts

[154]. ZnO nanoparticles were dispersed in acetone before PCL was added to the solu-

tion. The resulting solution was electrospun, and fibers were collected. These scaffolds

were used in a guinea pig wound study. The resulting scaffolds at low concentrations

were found to have no immunologic rejection or inflammatory response comparedwith

a normal PCL scaffold [154]. Scaffolds containing ZnO were found to have increased

healing and contraction compared with control scaffolds [154].

Chondroitin 6-sulfate and hyaluronan have been found to promote ECM secretion

in porcine chondrocytes. The ECM is very important in the cellular environment. Not

only does it provide support but also ECM directs and regulates cells function. Being

able to mimic this function is critical for dermal wound healing. By incorporating ser-

icin and GAGs into an electrospun scaffold, MSC differentiation toward epithelial

cells was increased, and fibroblast, keratinocyte, and MSC proliferation were pro-

moted [155]. These additions may prove valuable for promoting accelerated wound

healing, thus creating a scaffold that can maintain high water content.

9.2.4.3 Cytokines and chemokines

In normal wound healing, specific growth factors are involved in stopping the inflam-

matory response. Interleukin-10 (IL-10) appears to limit and terminate the inflamma-

tory response [156]. It also regulates the differentiation of T regulatory cells, B cells,

natural killer cells (NK), and cytotoxic T cells and helper T cells [156]. Interleukin-13

(IL-13) inhibits the production of inflammatory cytokines [157].

PRP is a therapy that effectively concentrates autologous platelets to three- to five-

fold increase over normal blood [158]. Platelets contain alpha and dense granules that

contain a significant number of growth factors and cytokines that are relevant to

wound healing [19]. With PRP, the concentrations of those growth factors are several

times higher compared with normal blood [19]. These growth factors can be used

effectively in wound healing to promote tissue regeneration, cellular recruitment,

and mediation of the inflammatory response.

Promoting cell recruitment and tissue regeneration in awound bed is necessary for a

proper wound healing. Several of the growth factors in platelets act to achieve this pro-

cess. PDGF is a powerfulmitogen for fibroblasts and smoothmuscle cells [159]. PDGF

plays a role in angiogenesis, fibrous tissue formation, reepithelialization, and fibroblast

chemotaxis and collagen synthesis [159]. TGF-β stimulates proliferation of

undifferentiated mesenchymal stem cells and stimulates angiogenesis and endothelial

cell chemotaxis [159]. VEGF much like its name suggests promotes angiogenesis and

vascular permeability [159]. Epidermal growth factor (EGF) directly stimulates prolif-

eration of epidermal cells and keratinization. [160] Fibroblast growth factor (FGF) pro-

motes increased fibroblast, migration, and proliferation, as well as angiogenesis [161].

IGF-1 increases proliferation and affects differentiation of keratinocytes [162]. These

growth factors could play an important role in chronic wound healing.
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PRP can also affect the inflammatory process. Platelets play an important role in

healthy wound healing. They provide signals that can promote and reduce inflamma-

tion. In a healthy well-vascularized wound, inflammatory cells and immune cells

infiltrate the area and clean up and remove any debris left in the wound [19].

Interleukin-1β (IL-1β) induces adhesion molecules on endothelial cells, allowing

infiltration of the tissue by inflammatory cells [163]. Tumor necrosis factor-alpha

(TNF-α) facilitates apoptosis and removal of damaged cells [164]. Interferon gamma

(IFNγ) promotes classical macrophage activation [165]. Granulocyte macrophage

colony-stimulating factor (GM-CSF) influences the proliferation of granulocytes

and monocytes [166]. A small case study of three spinal cord injury patients with stage

IV pressure ulcers used PRP to attempt to stimulate healing [19]. In this study, wounds

were injected with a patient’s own PRP. The wound bed was also packed with

PRP-alginate beads [19]. This provided immediate and sustained release of PRP

growth factors into a wound site. The use of this therapy stimulated the wound healing

response, but in each case, scarless dermal regeneration was not found. Each wound

healed dysfunctionally with disorganized tissue [19]. The study concluded that the

PRP growth factors and cytokines accelerate wound healing, but without a proper

3D structure, disorganized scarring inevitably occurs [19]. The growth factor milieu

from PRP has been used to treat chronic osteomyelitis. However, disorganized scar-

ring prevents full functioning skin from regenerating [167]. An electrospun fiber scaf-

fold could provide the structure necessary for accelerated wound healing (Fig. 9.15).

By subjecting PRP to a freeze-dry-freeze cycle followed by lyophilization, a prep-

aration rich in growth factors (PRGF) can be prepared [158]. Essentially, the platelets

lyse during this process releasing the contents of the alpha and dense granules, the

growth factors, and cytokines that can accelerate wound healing. This powder can

be added to both natural and synthetic polymer solutions for electrospinning and

becomes incorporated into the surrounding fibers [158]. This method has potential

to provide a sustained release of growth factors and a 3D structure for cells to promote

a healthy accelerated wound healing process.

As described above, EGF plays a role in epithelial regeneration and keratinization

[160]. Incorporating EGF into an electrospun scaffold could lead to rapid re-

epithelialization and increase wound healing. EGF is able to elute into the surrounding

wound bed and affects the surrounding cells to close the wound. These scaffolds are

able to increase wound closure rate by threefold compared with nondoped silk scaf-

folds [168]. A burst effect was observed when the EGF/silk scaffolds were introduced

to a wound. This effect showed rapid activation and migration of keratinocytes to

reepithelialize the wound. The instantaneous burst release was matched by slow con-

stant release of EGF as the study progressed [168]. Reepithelizing a wound bed is nec-

essary for preventing water loss and pathogenic infiltration of the wound site.

9.2.4.4 Bioactive glass

Bioactive glass is normally used to produce a hydroxyapatite layer on a surface. This

material is typically used in the bone because of its similar mineral content. This mate-

rial bonds firmly with living bone strengthening the tissue; however, silicate bioactive

glass 45S5 also has effects on soft tissues [169]. When this bioactive glass is broken
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down, it leaves behind an SIO2 glass network. This network is then infiltrated by Ca
2+

and (PO4)3-ions. The ions interact with the silicate layer and form an amorphous cal-

cium phosphate layer on top of the SiO2 layer. This layer incorporates hydroxide and

carbonate ions from a solution to create a crystallized HCA layer [169].

When exposed to low concentrations of silicate 45S5 bioactive glass particles,

human fibroblasts have been found to increase VEGF and FGF secretions [170].

Increasing vascularity and fibroblast concentrations is beneficial for wound healing.

Ointments containing different compositions of bioglass healed wounds more quickly.

Fig. 9.15 Photograph of patient’s chronic wound at the time of admission (top), two weeks after

PRP treatment (middle), and 5 months after treatment.

Reproduced with permission from Yuan T, Zhang C, Zeng B. Treatment of chronic femoral

osteomyelitis with platelet-rich plasma (PRP): a case report. Transfus Apher Sci

2008;38:167–173, doi: http://dx.doi.org/10.1016/j.transci.2008.01.006, with permission by

Elsevier: Transfusion and Apheresis Science.
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Fibroblasts proliferated more readily, and capillary angiogenesis occurred within

seven days of placement at wound sites [171]. Bioactive glass has also been found

to have an antibacterial effect on S. aureus due to bioactive glass’ ability to change

the environmental pH [172]. This change may not be reproducible in vivo due to

the buffering of the wound bed. Bioactive glass is readily added and electrospun with

PVA [173]. By creating a nanofibrous mat and incorporating bioactive glass, wound

healing could be accelerated.

Specific borate glasses have been found to create cotton-like glass fibers that can

mimic fibrin. These glasses also show antibacterial effects against several common

microbes [169]. The 3D structure of this glass mat may trap platelets that can accel-

erate healing. In vivo, the bioglass scaffold has helped reduce scarring and alleviated

the use of wound vacuums from the healing process in chronic wounds [169]. These

glasses have also been found to increase microvessel density in mice, thus showing

increased angiogenesis [174]. Borate glasses have also been found to close the

wounded area faster than other bioactive glasses. This also allowed for increased col-

lagen deposition into the wounded area. [175]

The merging of these two methods of incorporating bioactive glasses, silicate or

borate, allows for the treatment of chronic wounds and could quickly be brought to

market to be used in emergency situations or in chronic wound healing scenarios.

The use of an electrospun-based material could help provide a better three-

dimensional structure, while the addition of silicate and borate-based glasses could

accelerate wound healing based on each of their own properties (i.e., antibacterial,

angiogenic, increased wound closure, etc.).

9.2.4.5 Pharmaceuticals

Electrospinning allows for the ability of elution of man-made materials into the wound

bed. By understanding the degradability of the polymer materials, drug release from

the scaffold can be controlled. Various drug-loading methods can be used to affect the

drug release rate from the scaffold. These include drug encapsulation, fiber coating,

and drug embedding. This allows for the release of a range of drugs: anesthetics, anal-

gesics, and antibiotics.

An ideal electrospun skin dressing would be able to limit pain at the wound. Anes-

thetics such as lidocaine can be incorporated into a scaffold [176]. The drug shows an

initial burst release followed by sustained release over 72 h [176]. In total, over 90% of

the anesthetic is eluted out of the scaffold [176].

Analgesics such as ibuprofen can be added into the fibers of a scaffold and eluted

into the surrounding milieu. Shi et al. have designed a transdermal patch through

which ibuprofen has been loaded onto fibers of cellulose/PVP [177]. Ibuprofen

showed steadily increasing release from electrospun mats over 24 h in vitro [177].

An ex vitro skin study showed drug permeation into the surrounding skin, allowing

for sustained release onto a wound site [177].

Antibiotic elution could be another potential capability of an electrospun skin

application. Thakur et al. showed that mupirocin showed a burst release from a scaf-

fold and a 36% total release of the antibiotic over 72 h. In a wound dressing,
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antibiotics could prevent secondary infections, reducing hospital stay length and help-

ing patients get home quicker [176]. Incorporation of cefoxitin sodium has shown

increased clearance and antimicrobial effects on S. aureus up to 1 week after introduc-
tion [178]. Tetracycline hydrochloride has also been found to be incorporated into

poly(lactic acid)/poly(ethylene-co-vinyl acetate) electrospun mats (Table 9.6) [179].

Table 9.6 Summary of dopants added to the electrospinning process

Dopant Function References

PRP/PRGF Tissue

regeneration,

PDGF, TGF-β,
VEGF, EGF, FGF,

IGF-1

Angiogenesis,

reepithelialization,

fibroblast migration

and proliferation,

Keratinocyte

proliferation,

collagen synthesis,

vascular

permeability

[19,158–162]

Pro-inflammatory,

IL-1β, TNF-α,
IFNγ, GM-CSF

Leukocyte

infiltration,

apoptosis, classical

macrophage

activation,

granulocyte and

monocyte

proliferation

[163–166]

Antiinflammatory,

IL-10, IL-13

Inhibit

differentiation of

immune cells, inhibit

inflammatory

cytokine production

[156,157]

Manuka honey Inhibit bacterial growth, reduced

inflammation, tissue regeneration, wound

deodorization, neutrophil activation, VEGF

production, ROS neutralization

[144,146,148,149]

Silver

nanoparticles

Antibacterial, antifungal, and antiviral effects [153]

Zinc oxide

nanoparticles

Antibacterial, fibroblast proliferation [154]

Chondroitin

6-sulfate/sericin

MSC differentiation, ECM production [155]

EGF Reepithelialization, wound closure [168]

Bioactive glass Increased VEGF and FGF production,

antibacterial, scar reduction, angiogenesis,

collagen deposition

[169–171,173–175]

Pharmaceuticals Anesthetics, analgesics/antiinflammatory,

antibiotics

[176–179]
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9.2.5 Variations to the electrospinning process

In order to allow cells to rapidly invade the scaffold and align and distribute properly

within the 3D environment, researchers have worked to develop scaffolding capable

of functional regeneration. By adjusting these scaffolds to mimic the properties of skin

tissue, it may be possible to create an ideal dermal substitute that promotes native

intracellular response and duplicates intercellular reactions to conform to structural

ECM standards of typical skin. General electrospinning parameters adjust the fiber

size and deposition on the scaffold but often fail to adequately tailor pore sizes to

increase the amount of cell infiltration. Variations to the electrospinning process pri-

marily aim to tailor the pore size of the scaffold without significantly compromising

mechanical integrity of the scaffold; for the skin, this entails a pore size of 70–200 μm,

which is adequately large to allow optimal ingrowth of fibroblasts and endothelial

cells [180]. Multiple techniques have been utilized to promote increased cell infiltra-

tion via pore size variation, from adding back pressure to the mandrel to directing the

location of the fiber within microns of standard deviation.

9.2.5.1 Air impedance

Air-impedance electrospinning uses a hollow electrospinningmandrel (Fig. 9.16) with

defined pores through which pressurized air flows [181]. These air jets disrupt fiber

deposition and compaction, causing significantly higher cell penetration compared

with scaffolds spun with the solid mandrel, with the amount dependent on the velocity

of the air flow [181,182]. McClure et al. developed a perforated airflow impedance

mandrel and tested the properties against a solid steel mandrel. Mechanical burst

properties of scaffolds spun with air pressures from 50 to 400 kPa showed a gradual

increase with increase in air pressure upon spinning. Maximum pore size of the scaf-

folds was shown in the 100 kPa air pressure mandrel, and cell penetration echoed the

same results, whereas neither pressure nor static seeding of cells onto solid mandrel

surfaces showed infiltration into the scaffold. However, these qualities only exist

for the pore lumen, where the pressurized air is escaping the mandrel. Outside of

the perforations, the scaffold is similar to the solid mandrel. These results were

also reported from a study by Yin et al., using P(LLA-CL)/SF blended composite

scaffolds [183].

9.2.5.2 Cryo-electrospinning

Cryogenic electrospinning involves typical fiber formation of a polymer onto either

mandrels or solutions held at very low temperatures [184]. Higher porosities over stan-

dard procedures and topographical patterns can be formed by forming ice crystals on a

supercooled hollow mandrel and electrospinning around the crystals, as in the case of

Simonet et al. and two studies by Leong et al. [184–186] Leong in 2010 found that a

bilayer cryogenic and standard electrospinning technique was able to create not only a

porous structure that allows infiltration but also a physical barrier preventing cell infil-

tration where necessary, such as an artificial epidermal layer that allows vapor

exchange [186]. Significantly, higher porosities and porous fibers of various polymers
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can be formed using a cryogenic bath, as McCann et al. determined (Fig. 9.17) [187].

Removing the fibers from the liquid nitrogen bath rapidly leads to nonporous fibers,

whereas vacuum drying creates a porous fiber, removing the need for volatile solvents

or selective dissolution of phase-separated polymers. Porous fibers increase surface

area and can be used for encapsulation of active substances.

Fig. 9.16 Air impedance scaffold and SEM images showing the lumen and external scaffold

topography.

Reproduced with permission from Bowlin GL. Enhanced porosity without compromising

structural integrity: the nemesis of electrospun scaffolding. J Tissue Sci Eng 2011.
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9.2.5.3 Sacrificial fiber and porogen incorporation

Porogens have been added in various ways to force pores within electrospun scaffolds.

The addition of salt within an electrospun scaffold is a modified protocol of standard

salt leaching, where salt is added to a polymer and dissolved once the polymer has

cured to create a porous scaffold of porosities dependent on concentration and crystal

size of the salt [188]. Nam et al., Kim et al., and Lee et al. used varying methods to

create compressed layered nanofiber constructs interspersed with salt, and others have

used water-soluble polymers to achieve a similar effect [189–192]. These scaffolds

show significantly higher cellular infiltration over standard electrospun scaffolds.

Sacrificial fibers have also been shown to increase pore size and cell infiltration

into electrospun scaffolds and even aid in alignment and ECM organization, as seen

in the research of Baker et al., among others (Fig. 9.18) [193–195]. In this technique,
two polymers are coelectrospun onto a central mandrel, typically one water-soluble

polymer such as PEO and one insoluble polymer such as PCL. After spinning, the

scaffold is then washed with water, dissolving the soluble polymer and leaving the

insoluble polymer with a higher porosity than standard electrospun scaffolds.

Fig. 9.17 (A) Cryo-electrospinning setup. Porous fibers from (B) vacuum drying and (D) rapid

reheating after spinning. Note the high porosity in the vacuum-dried fibers (B and C).

Reproduced with permission from McCann JT, Marquez M, Xia Y. Highly porous fibers by

electrospinning into a cryogenic liquid. J Am Chem Soc 2006;128:1436–37; Rho KS, et al.

Electrospinning of collagen nanofibers: effects on the behavior of normal human keratinocytes

and early-stage wound healing. Biomaterials 2006;27:1452–61, doi: http://dx.doi.org/10.1016/
j.biomaterials.2005.08.004, with permission. Copyright © 2006 American Chemical Society.
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9.2.5.4 Biased alternating current electrospinning

Deposition of fibers can be controlled by varying the electric field around the jet

(Fig. 9.19) [196]. These fibers can be aligned singularly in very specific patterns,

which can include forced aligned pores [197]. Multiple authors have experimented

(A)

(B) (C)

(D)

(E) (F)

1. Fabrication

2. Wash

3. Cell seeding / Implantation

Fig. 9.18 (A) Sacrificial fiber incorporation, where PCL is shown in red and PEO is shown in

green. (B) and (C) illustrate before and after washing, (D) demonstrates the % PEO content in

PCL and PEO composite scaffolds, and (E) and (F) show SEM images of 0% (E) and 60%

(F) PEO after hydration.

Reproduced with permission from Baker BM, et al. Sacrificial nanofibrous composites provide

instruction without impediment and enable functional tissue formation. Proc Natl Acad Sci U S

A2012;109:14176–81, doi: 10.1073/pnas.1206962109.Copyright (C) 2012,NationalAcademyof

Sciences, USA.
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with variations of electric fields, including electrostatic and magnetic forces, which

can be tailored [198–202].

9.2.5.5 Alternative techniques to increase pore size

Various other techniques have been utilized to increase porosity, including inducing

macroporosity via laser cutting and nanoyarn creation. [203,204] Laser cutting

involves rapid, concise heating with intense laser energy to create controlled geomet-

ric patterns and voids in an electrospun scaffolds [205]. Controlling power, orienta-

tion, and pulse can create variations and patterns in the ablation of the scaffolds;

these processing parameters can be optimized for cell growth and penetration

(Fig. 9.20) [67,204,206,207]. Photopatterning and ultraviolet photolithography

achieve a similar effect [208,209].

Using a technique known as dynamic liquid electrospinning, Wu et al. developed a

scaffold with observed increased mechanical properties that promotes oriented cell

growth and enhanced cell infiltration [210–212]. This “nanoyarn” (Fig. 9.21) is

formed by a process that involves depositing fibers into a water vortex and then col-

lecting the combined fibers onto a rotating mandrel within between a fiber collection

chamber and a water-recycling chamber.

Blakeney et al. developed a method of removing the limitation of low cell infil-

tration through sheetlike scaffolds by electrospinning around a needle array

(Fig. 9.22) [213]. This focused, low density, uncompressed three-dimensional
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Fig. 9.19 Schematic of DC-biased AC-electrospinning.

Reproduced with permission fromOchanda FO, SamahaMA, Tafreshi HV, Tepper GC, Gad-el-

Hak M. Fabrication of superhydrophobic fiber coatings by DC-biased AC-electrospinning.

J Appl Polym Sci 2012;123:1112–9, doi: 10.1002/app.34583, with permission. Copyright ©
2011 Wiley Periodicals, Inc.
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electrospun nanofibrous scaffold (FLUF), significantly increased cell ingrowth and

proliferation over scaffolds spun with traditional electrospinning methods, as the

FLUF simultaneously provides deep, interconnected pores and a stable, nanofibrous

ECM [213].

9.3 Conclusions and outlook

The skin is a dynamic organ with unique healing properties.When the skin is damaged

beyond traditional self-repair, it is vital to aid in the healing of the wound. Minor inju-

ries may require only bandages or sutures to facilitate wound closure, but major

wounds such as burns, pressure injuries, or diabetic ulcers can require a much more

technical approach. Ideal dermal wound products will not only aid in wound closure

Fig. 9.20 Silk fibroin/

PLLA nanoyarn scaffolds.

Reproduced with

permission from Wu J, et al.

Electrospun nanoyarn

scaffold and its application

in tissue engineering. Mater

Lett 2012;89:146-9.

Copyright © 2012, Elsevier

Publishing.

Immunomodulation

Femtosecond laser-ablated
electrospun nanofibrous scaffolds

Angiogenesis

Fig. 9.21 Center top image depicts laser ablation of an 800 nm, 100 femtosecond laser with a

35 μJ energy at 5 pulses. Bottom center depicts spacing of 50 and 200 μm with a constant 100

μm diameter. Ablated scaffolds exhibit endothelial ingrowth and an increase in M2macrophage

infiltration over control.

Reproduced with permission from B.L. Lee, et al., Femtosecond laser ablation enhances cell

infiltration into three-dimensional electrospun scaffolds, Acta Biomater 8, 2012, 2648–2658.
Copyright © 2013 Elsevier Publishing.

218 Electrospun Materials for Tissue Engineering and Biomedical Applications



but also facilitate skin regeneration through tissue-engineered constructs. In order to

create such a construct, there are many considerations; the skin substitute must main-

tain proper moisture levels, allow for debridement either externally or physiologically,

and prevent infection while allowing helpful bacteria to colonize [26]. Ideal products

should leave no wound bed debris, relieve pain, provide thermal insulation while

removing exudate, and cause no adverse reactions [26,27]. While there are many cur-

rently marketed products, they have yet to fit the ideal qualifications for a dermal

wound healing product; researchers have attempted to fill in this ideal gap by using

electrospun scaffolds for dermal regeneration and wound healing. Electrospinning is a

highly versatile method of creating nanofibers that can incorporate natural and syn-

thetic materials along with additives such as Manuka honey or PRP. The electrospun

scaffold can be modified to allow cell infiltration and cell adhesion while attenuating

the inflammatory response and minimizing bacterial infection. Scaffolds can also be

doped with cytokines and chemokines to enhance and hasten the wound healing cas-

cade. Creating a dermal regeneration template using bioresorbable materials creates a

semipermanent bandage that allows the cells to replace degraded scaffold with newly

V

Fig. 9.22 Creation of the focused, low density, uncompressed nanofiber (FLUF).

Modified from Blakeney BA, et al. Cell infiltration and growth in a low density, uncompressed

three-dimensional electrospun nanofibrous scaffold. Biomaterials 2011;32:1583–90, doi:
10.1016/j.biomaterials.2010.10.056, with permission (Copyright © 2011 Elsevier Publishing).
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formed ECM, reducing scar formation. As the research in this chapter has shown,

electrospinning is a highly applicable technique for dermal regeneration and can be

tailored to provide all of the ideal properties of a wound healing and regenerative con-

struct, both by a wound dressing and by a tissue engineering perspective.

Currently, there are no clinically available electrospun DRTs on the market;

however, many researchers are attempting to create such a product in order to more

adequately fulfill the qualifications of an ideal dermal wound healing product. Some

considerations must be taken into account upon market approval including scale-up

and cost recovery, but the existence of predicate wound healing devices and the

low production and product cost creates an environment for monumental growth of

electrospun scaffold in the wound healing market.
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10.1 Introduction

Tissue engineering approach has been developed in an effort to address current med-

ical treatment limitations and proved to be very promising in the repair and reconstruc-

tion of varied tissues [1]. While extensive research was applied into repair of varied

tissues, bone regeneration was one of the most heavily investigated areas in tissue

engineering [2]. Along with significant advances in the development of bone tissue

engineering, tendon/ligament regeneration has also gained focused interest in the last

decade [3]. A variety of scaffolds that provide a suitable cell-supporting substrate for

cells to proliferate and differentiate during the formation of new tissue have been illus-

trated with promising results [4], specifically, the nanofibrous scaffolds fabricated by

electrospinning [5]. Nanofibers fabricated by electrospinning have been considered

favorable owing to their structural similarity to the architecture of tissue extracellular

matrix (ECM), thus promoting cell adhesion, growth, and differentiation in order to

eventually obtain biologically functional tissue analogue [6]. Together with the ability

to produce materials with nanoscale properties, the ease of processing tool setup, and

the cost-effectiveness, the possibility to fabricate structures with a wide range of com-

positions has recently escalated interest in electrospinning.

In the bone repair research, electrospinning has gained momentum, as a method of

producing nanofabricated polymeric and composite scaffolds, as the bone-associated

cells’ initial cell responses and further osteoblastic differentiation have been reported

to facilitate on nanofibers, mainly due to the favorable condition provided by the

nanofibrous substratum for cell adhesion and growth [7]. Focused attention has turned

to combining the electrospun nanofibers with minerals, proteins, growth factors,

drugs, and nanoparticles to further enhance their physical and chemical complexities

and enhance bioactivity [8–10]. Recent reports involve the use of electrospun

nanofibrous matrices with new compositions in combination with biological cues

and some processing instruments to fabricate three-dimensional scaffolds, which

highlight the in vivo feasibility of electrospun nanofibers in bone regeneration [11,12].

Tendons and ligaments are dense connective tissues composed of aligned and hier-

archically structured collagen fibrils,which are responsible for jointmovement and sta-

bility [13]. Tendons/ligaments are subjected to high physiological loads transmitted
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between muscle to bone and bone to bone. Design of ligament/tendon scaffolds that

mimic mechanical and structural properties of the original tissue presents the greatest

challenges in regeneration of these connective tissues. Therefore, themechanical prop-

erties of the material fabricated to as tendon/ligament scaffold should be sufficient to

support healing tissue, and the structure of the scaffold should be capable of promoting

cell activities, to improve the formation of new tissue [14]. Several studies demon-

strated that electrospun nanofibers that mimic the structure of native collagen fibers

support cell attachment and proliferation and are advantageous for tendon/ligament

tissue engineering due to their ability to stimulate mechanobiological signals [15,16].

The design of scaffolds for bone and tendon/ligament injuries, which are able to

maintain the tissues’ structure, mechanical, and biological properties, lies at the fore-

front of material science. Most notably, electrospun nanoscaled fibers mimic the

native collagen fibers, thus inducing key intracellular signaling pathways in an in

vivo-like fashion. This chapter focuses on different approaches adopted to develop

electrospun materials for use as scaffolds for bone and tendon/ligament regeneration.

10.2 Bone structure and bone tissue engineering

10.2.1 Bone structure

Bone is a connective tissue that derives its unique properties from a hierarchical archi-

tecture of nano-, micro-, and macrostructures, which is engineered with a tightly reg-

ulated, complex, and dynamic process. The organic compounds of natural bone are

mainly type I collagen, a small quantity of type V collagen, a number of non-

collagenous proteins such as osteocalcin, osteopontin, osteonectin, fibronectin, and

thrombospondin, and the inorganic part is constituted by calcium phosphates, primar-

ily hydroxyapatite [17,18]. There are three types of cells, osteoblasts, osteocytes, and

osteoclasts, which play a role in the creation of ECM of bone and its mineralization,

intracellular communication, calcium homeostasis, and bone resorption process

[19–22]. The cells are activated by growth factors (such as insulin-like growth factors
I and II and transforming growth factor β), cytokines, and proteins [23]. The remo-

deling and substantially the biological and biomechanical characteristic formation

of bone are based on the synergic facilities of its constituent elements. In order to pre-

cisely engineer bone, the constituents of bone can be considered as three interfacing

parts: the ECM, the cells, and the bioactive factors.

10.2.2 Tissue engineering of bone

Engineering of bone tissue involves the use of scaffold, cells, and biological factors. An

advanced scaffold for bone tissue engineering must exhibit interconnected porosity,

sufficient mechanical properties, controlled degradation rate, initial strength for safe

sterilizing, reliability, and cost-effectiveness [24]. A range of scaffold fabrication

methods including solid free-form fabrication, thermally inducedphase separation, sol-

vent casting/particle leaching, emulsion freeze-drying, gas foaming, and microsphere
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sintering have been proposed for preparation of bone scaffolds [25–28]. A variety of

materials have been used for regeneration of bone defects involving metals, ceramics,

polymers, and their composites [29].

Until recent years, as bone tissue engineering strategy, the ECM/scaffold was

viewed as providing mainly mechanical support during reconstruction of the defected

bone. Since the bone ECM is composed of dynamic elements that are activated as in a

synergistic orchestra fashion, researches on bone tissue engineering in the past decade

focused on designing scaffolds with structure and composition that mimics the bone

ECM. The bone ECM is a nanocomposite consisting of collagen fibers, inorganic nan-

ocrystallites, and growth factors, which is considered in engineering of the bone.

Therefore, many studies demonstrated new scaffold materials using advanced fabri-

cation technologies and the design of the newmaterials with desired osteogenesis abil-

ities. The biomimetic features and physicochemical properties of electrospun

nanofibrous matrices are believed to play a key role in modulating the microenviron-

ment to guide bone tissue regeneration [30].

10.3 Electrospun scaffolds for bone regeneration

Electrospun scaffolds provide an advantageous approach as bone substitutes by mim-

icking the native bone ECM. In addition, it is a promising method because of the abil-

ity of electrospinning process that enables to produce nanofibers from a wide range of

materials including synthetic and natural polymers and their nanocomposites with

calcium phosphates. Modulation of a polymeric electrospun nanofibrous scaffold with

calcium phosphate minerals is an extensively used strategy to achieve bone-specific

bioactivity. Electrospinning parameters such as polymer concentration and type, vis-

cosity, conductivity, surface tension, flow rate, solvent type, applied voltage, distance

between tip and collector, and ambient properties have been extensively studied as

they affect the fiber morphology and the chemical and physical properties of the scaf-

fold [31]. In regards to bone tissue engineering, it is important that the electrospun

scaffold exhibits appropriate mechanical properties to provide structural support

and desired fiber size, biomimicking the natural architecture of ECM of bone to create

beneficial features for cell attachment, proliferation, and differentiation. The physical

arrangement of fibers can also influence the cell adhesion, spreading, and elongation,

which in turn influences cell differentiation and mineralization into bone tissues;

therefore, the development of processing methods to fabricate aligned electrospun

nanofibers has allowed to synthesize bone tissue engineering scaffolds that direct

the cell behavior and tissue growth [32]. Research has been moving in the direction

of designing bioactive, chemically modified, composite electrospun nanofibers suit-

able for the direction of differentiation of stem cells toward bone cells. The current

landscape of bone regeneration via electrospun nanofibers has focused on incorporat-

ing of surface conjugating proteins, genes, and growth factors for enhanced cell func-

tion and directed cell differentiation for the reconstruction of bony tissues. Recent

trials were carried out to fabricate three-dimensional electrospun constructs with

macroporosity. In the following sections, progress in electrospinning approaches

for bone reconstruction will be discussed.
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10.3.1 Polymeric nanofibers for bone regeneration

A wide range of synthetic and natural polymers have been so far processed

by electrospinning in the bone regeneration area. Among the synthetic polymers,

poly(Ɛ-caprolactone) (PCL), poly(lactic acid) (PLA), poly(glycolic acid) (PGA), poly
(ethylene glycol) (PEG), poly(hydroxybutyrate) (PHB), and poly(hydroxybutyrate-

co-hydroxyvalerate) (PHBV) have been the most extensively studied types.

PCL is one of the more significant polymers electrospun during the past decade,

due to its rheological properties, very good blend compatibility, and FDA approval

[33]. However, due to the hydrophobic nature of PCL, resulting in the lack of cell

adhesion, modification methods such as plasma treatment [34] and coating with bio-

logically active components [35] were applied after preparation of electrospun

nanofibers. Some researchers have blended PCL with natural polymers such as gelatin

and chitosan to alter the cell affinity to the electrospun scaffolds [36,37]. Combina-

tions of PCL with other polymers such as PLA [38] and PEG [39] have also been

electrospun to add different properties to the resulting scaffolds. PCL, first suggested

biodegradable polymer for the fabrication of electrospun bone tissue engineering scaf-

fold, which was cultured with osteogenic supplements under dynamic conditions with

mesenchymal stem cells (MSCs), provided an appropriate environment for the forma-

tion of mineralized tissue [40]. The cell-scaffold constructs, implanted in the omenta

of rats after culturing in a rotating bioreactor for 4 weeks, revealed a bone-like appear-

ance and content [41].

Nanofibrous scaffolds of poly(L-lactide) (PLLA) and its combinations with

hydroxyapatite (HA) or collagen/HA were fabricated, which were substantially incu-

bated with human fetal osteoblasts. When collagen/HA was used with PLLA, a higher

cell proliferation and increased mineralization were observed on the scaffold than on

PLLA and PLLA/HA scaffolds, suggesting the positive influence of collagen and

apatite on the osteoblastic responses to the nanofiber content [42]. Nanocomposites

were fabricated by including cellulose nanocrystals to the electrospun maleic

anhydride-grafted PLA nanofibers in order to enhance the mechanical properties of

the scaffolds for bone tissue engineering applications [43]. Inclusion of 5 wt% cellu-

lose nanocrystals increased the tensile strength more than 10 MPa compared with the

plain nanofibers, which may contribute to the development of bone tissue engineering

scaffolds with enhanced mechanical stability. Electrically conductive scaffolds were

obtained by embedding multiwalled carbon nanotubes inside the poly-DL-lactide

electrospun nanofibers [44]. Application of a direct current of 100 μA on the conduc-

tive nanofibers resulted in growth of osteoblasts along the electric current direction,

and in addition to cellular elongation, the proliferation was also affected by the electric

stimulation, which may potentially contribute to the bone healing and fracture regen-

eration process (Figs. 10.1 and 10.2).

Electrospun scaffolds produced from natural polymers such as collagen, gelatin,

silk fibroin, and their blends with synthetic polymers and inorganic minerals have

attracted considerable attention in bone tissue engineering area, due to the presence

of the components that facilitate and regulate cellular activities. Collagen is the most
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Fig. 10.1 Selected scanning electron microscope images of osteoblasts cultured on R3 and A3

nanofiber meshes for 3 and 7 days with electric stimulation of 0 μA, 50 μA, 100 μA, and 200 μA
(A). All the scale bars mean 30 μm (B) and (C) represent the elongation of osteoblasts as

measured by the aspect ratio after cultured for 3 and 7 days. Herein, the so-called name R3

corresponds to random-oriented composite fibers with weight ratio of multiwalled carbon

nanotubes 3%, whereas A3 stands for aligned composite fibers with the same ratio of

multiwalled carbon nanotubes as random composite fibers.

Reused with permission from Shao S, Zhou S, Li L, Li J, Luo C, Wang J, et al. Osteoblast

function on electrically conductive electrospun PLA/MWCNTs nanofibers. Biomaterials

2011;32(11):2821–33, copyright Elsevier.



extensively used biopolymer in tissue engineering applications due to its key role

in maintaining the biological and structural integrity of ECM. Thus, in the literature,

a wide range of electrospun scaffolds prepared from collagen and its composites

have been proposed for repair of bone tissue. Aligned PLGA/collagen blend [45], col-

lagen-apatite-precipitated composite [46], triphasic PCL-collagen type I nanoHA

[47], and PLA/poly-benzyl-L-glutamate/collagen [48] are examples of some of the

hybrid scaffolds fabricated by electrospinning, which are proposed for bone tissue

engineering applications. However, although electrospun collagen is believed to have

strong potential as a biomimicking substrate for cell adhesion and proliferation,

Zeugolis et al. reported that when collagen is electrospun into nanofibers out of

fluoroalcohols, its unique biological structure is denaturated and therefore

proposed the method of collagen coating on electrospun nanofibers [49].

Due to its similar characteristics to collagen, nonantigenicity and cost-efficiency,

gelatin-based electrospun scaffolds gained interest for bone regeneration. Gelatin

nanofibers with small (110�40 nm) and large (600�110 nm) diameters were

Fig. 10.2 Fluorescence microscope images of osteoblasts cultured on R1, R3, and R5 and A1,

A3, and A5 for 5 days with DC electric stimulation of 0 μA, 50 μA, 100 μA, and 200 μA. The
nucleus was stained by DAPI (blue), and the cytoplasm was stained by Rhodamine 123 (red).

All the scale bars mean 50 μm. Herein, the so-called names R1, R3, and R5 correspond to

random-oriented composite fibers with weight ratios of multiwalled carbon nanotubes, 1%, 3%,

and 5%, respectively, whereas A1, A3, and A5 stand for aligned composite fibers with the same

ratios of multiwalled carbon nanotubes as random composite fibers.

Reused with permission from Shao S, Zhou S, Li L, Li J, Luo C, Wang J, et al. Osteoblast

function on electrically conductive electrospun PLA/MWCNTs nanofibers. Biomaterials

2011;32(11):2821–33, copyright Elsevier.
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obtained by electrospinning, and osteoblastic cell migration and differentiation were

found to be directed by fiber diameter, which indicated that the cells can perceive the

difference in diameter and convey this information through biological signals [50].

A bilayer scaffold including gelatin, PCL, calcium phosphate nanoparticles, and a

drug (osteogenon) was prepared by electrospinning, and subsequently, polyaniline

was deposited on the surface by inkjet printing in order to obtain a bioactive and con-

ductive matrix for cells [51]. Gupta et al. prepared Poly(L-lactic acid)-co-poly(Ɛ-cap-
rolactone) (PLACL)/gelatin/HA nanofibrous scaffolds by blending HA to the polymer

solution before electrospinning or simultaneously electrospraying HA on the PLACL/

gelatin nanofibers. Electrospraying of HA nanoparticles on nanofibers offered a more

favorable environment for growth of human fetal osteoblast cells and their mineral-

ization compared with blending HA inside the polymeric nanofibers, which was

attributed to the complete contact of cells with HA nanoparticles [52].

Silk fibroin has also been explored as a potential polymer for preparation of scaf-

folds for bone tissue engineering because of its ability to be electrospun out of water,

which provides a way to introduce growth factors, which may not withstand organic

solvents, into the nanofibers. Silk fibroin with bone morphogenetic protein-2 was suc-

cessfully electrospun into nanofibers. The scaffold supported stem cell growth and

differentiation toward osteogenic outcomes that indicated the maintenance of the bio-

activity of bone morphogenetic protein-2 [8].

10.3.2 Nanocomposites of nanofibers with hydroxyapatite for
bone tissue engineering

Combining inorganic substituents with organic materials during the course of

electrospinning is common in bone tissue engineering, since the original bone

comprises 70% (wt) inorganic crystals mainly hydroxyapatite and 30% (wt) organic

proteins, which highlights the requirement for designing nanocomposites bio-

mimicking bone architecture. Because of the ceramic nature of the incorporated

HA, organic-inorganic nanocomposites provide adequate mechanical hardness to

the scaffold. HA-enriched nanofibers due to the ability to alter adsorption of chemical

species act to improve the biological properties of the scaffolds by enhancing the cell

compatibility and inducing bone-forming process, involving cell proliferation and

mineralization of bone matrix. Therefore, designing nanocomposites of nanofibers

with HA is a reasonable way of generating scaffolds with appropriate properties

targeted for bone repair.

The synergistic mechanical and biological properties of bioactive inorganics with

natural or synthetic polymers provide a favorable environment for osteogenic differ-

entiation and mineralization. However, electrospinning of the composite solutions

requires special consideration in the preparation of fine crystalline nanoparticles

and disperse them homogeneously within the polymer solution. In many cases, inor-

ganic nanocrystals agglomerate, resulting in the formation of beaded and destroyed

continuous nanofibrous morphology. In an approach applied to overcome this

agglomeration, HA crystals of 35 nm were developed by a sol-gel process and
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homogeneously dispersed in a PLA solution by using a surfactant, 12-hydroxysteric

acid [53]. Bead-free electrospun fibrous morphology was achieved wherein the HA

nanoparticles homogeneously dispersed within the fibers, which was attributed to

the amphiphilic surfactant that acted as a mediator between the interface of hydro-

philic HA and the hydrophobic PLA solution. In another approach, nanocomposites

of HA and chitosan were fabricated by combining an in situ coprecipitation method

with electrospinning [54]. HA/chitosan nanocomposites were synthesized by precip-

itating HA in situ from Ca and P precursors within the chitosan solution, which was

then electrospun into continuous nanofibers with some aggregated HA nanoparticles.

The nanocomposite was shown to promote the growth of human fetal osteoblasts to a

significantly higher level than on pure chitosan nanofiber (Fig. 10.3). The approach of

combining coprecipitation with electrospinning has been reported for nanocomposites

such as gelatin/HA [55] and collagen/HA [46] systems, and the nanofibers demon-

strated improvement in the cellular activities of bone cells. More studies focused

on fabricating nanocomposite nanofibers with HA nanoparticles dispersed uniformly

in the fibers with enhanced strength properties. PLA-grafted HA nanoparticles were

synthesized, and PLA-grafted HA/PLA composite polymer was prepared. Uniform

PLA-grafted HA/PLA composite nanofibers were generated by electrospinning

[56]. Improved mechanical properties were achieved with the PLA-grafted HA/

PLA nanofibers compared with the HA/PLA or PLA nanofibers. However, increasing

the content of PLA-grafted HA nanoparticles more than 4% (wt) in the composite

polymer caused aggregation of the nanoparticles, which resulted in decrease in the

strength of the electrospun materials. Many researchers have investigated a number

of characteristics of electrospun polymer/HA nanocomposites, because more promis-

ing results came out from the composite fibers with respect to the polymeric pristine

component [57–60].
Significant interest has focused on investigating the interaction of stem cells with

the composite nanofibers, because the nanocomposites provide an opportunity to

modulate the physical, chemical, and biological properties of the scaffold, which in

turn affect the fate of the stem cells. In an approach aiming to tune the stem cell fate

by electrospun nanocomposite materials, Ca-deficient nanohydroxyapatite was used

to fabricate nanocomposites of microfibrous poly(L-lactic acid)-based fibers [61].

Electrospun plain poly(L-lactic acid) and poly(L-lactic acid)-/Ca-deficient

nanohydroxyapatite composites were cultured with multipotent (human bone

marrow-derived mesenchymal stem cells) and pluripotent (murine-induced pluripo-

tent stem cells and murine embryonic stem cells) stem cells in the absence of soluble

osteogenic factors [62]. After 21 days of cell culture, it was demonstrated that

nanocomposite scaffolds with respect to plain scaffold drove multipotent and plurip-

otent stem cells toward osteogenic differentiation. The expression of osteogenic

markers, including high expression of alkaline phosphatase activity and bone matrix

proteins, was only observed in stem cells cultured on composite scaffolds. Interest-

ingly, when the cell culture experiments were conducted on a transwell system with-

out a direct interaction of the cells with the biomaterial, the osteogenic differentiation

was not obtained. The overall observations described the effect of chemical and topo-

graphical properties of the composite scaffold on the fate of the stem cells and
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Fig. 10.3 Mineral depositions of human fetal osteoblast cells on the electrospun nanofibrous

scaffolds: chitosan, day 10 (A) and day 15 (C), hydroxyapatite/chitosan, day 10 (B) and day

15 (D), apatite-like morphology of deposit at higher magnification (E), and visible tiny globular

minerals and collagen bundles associated with a single human fetal osteoblast cell viewed at

higher magnification (F).

Reused with permission from Zhang Y, Venugopal JR, El-Turki A, Ramakrishna S, Su B, Lim

CT. Electrospun biomimetic nanocomposite nanofibers of hydroxyapatite/chitosan for bone

tissue engineering. Biomaterials 2008;29(32):4314–22, copyright Elsevier.

Electrospun materials for bone and tendon/ligament 241



highlighted the requirement of the direct interaction of stem cells with the polymeric

nanocomposite as a key step for the differentiation process. In another approach,

electrospun PCL/collagen type I/HA tricomponent scaffold was prepared, and mesen-

chymal stem cell responses to the composite material were evaluated. It was demon-

strated that the tricomponent scaffold promoted the phosphorylation and activation of

focal adhesion kinase, which is important for directing osteoblastic differentiation.

The cell responses such as proliferation and spreading were more favorable on the

tricomponent composite than on PCL or PCL/HA scaffolds [63]. PLGA/HA

electrospun composites prepared for the delivery of BMP-2 plasmid DNA were cul-

tured with human marrow stem cells. Encapsulation of HA nanoparticles in the

nanofibers increased the release rate of DNA, without deleterious effects on cell via-

bility. It was demonstrated that the fibers loaded with higher level of HA had a more

rapid release rate of DNA; therefore, the HA could be used as an additive to modulate

the release profile of the nanocomposite [64]. Although more promising results are

coming out from the electrospun composite nanofibrous matrices prepared by loading

HA nanoparticles in the fibers, the size of the particles, their agglomeration/disper-

sibility, the added amount, and optimizing mechanical properties have still been issues

to explore for the successful electrospinning.

10.3.3 Surface mineralization of electrospun nanofibers

In addition to introducing calcium phosphate components directly into polymer solu-

tion before electrospinning to create composite nanofibers, modifying the surface of

the nanofibers with bone mineral-like crystals is a fascinating approach. Calcium

phosphates are considered to bemore effective if exposed on the surface of nanofibers,

providing a substrate favorable for the adhesion of bone cells. To expose minerals on

the surface of nanofibers, calcium phosphates can be deposited directly on the surface

by soaking the electrospun matrix in simulated body fluid (SBF) with ion concentra-

tions similar to that of human blood plasma. Electrospun nanofibers made from var-

ious synthetic or natural polymers were incubated in SBF to produce apatite

deposition on their surface. PHBV nanofibrous matrices were prepared by

electrospinning and soaked in SBF to create HA deposition on their surface. Although

the PHBV nanofibrous film was hydrophobic before SBF treatment, after HA depo-

sition, the surface became hydrophilic. The degradation rate of HA-deposited films in

the presence of polyhydroxybutyrate depolymerase was higher compared with the

plain PHBV nanofibrous materials, which was attributed to the enhanced invasion

of enzyme into the matrix due to increased surface hydrophilicity [65]. Since the syn-

thetic polymers have fewer ionic molecular groups compared with natural polymers,

surface treatment before SBF coating may be necessary to expose hydroxyl or car-

boxyl groups that induce mineralization [66]. Therefore, in an approach, the surface

of electrospun PCL nanofibers was first activated by an alkaline solution and then

mineralized in SBF solution [67]. The mineralized PCL nanofibers cultured with

murine-derived preosteoblasts stimulated the expression of bone-associated genes

when compared with the plain PCL nanofibers. Coating electrospun PLA fibers with

the natural polymer, chitosan, before soaking the matrix in SBF accelerated the
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mineralization of calcium phosphate [68]. Chitosan promoted more nucleation and

growth of calcium phosphate crystals. Without chitosan coating, the Ca/P ratio was

1.35; however, as the chitosan content of the coated samples increased, a higher

Ca/P ratio of 1.67 was achieved, which was attributed to the increased hydrophilicity

of the chitosan-coated matrices. In another study aiming to fabricate nanofibrous scaf-

folds for tendon-to-bone insertion site repair, the surface of poly(lactic-co-glycolic

acid) nanofibers was covalently immobilized with chitosan or chitosan/heparin after

plasma treatment, and then, the matrix was mineralized in SBF solution [69]. The

effect of positively or negatively charged surface on the nucleation of HA was dem-

onstrated. Positively charged chitosan surface decreased the nucleation of HA, and

therefore, the surface of the nanofibers was barely coated with minerals. However,

negative charge of heparin attracted Ca2+, resulting in enhanced nucleation of crystals

leading to a more thick and dense coating. Meng et al. prepared poly(D,L lactide-co-

glycolide)/gelatin nanofibers from a composite solution with the weight ratio of 9/1

and mineralized the matrice [70]. Addition of gelatin to the recipe favored more depo-

sition of calcium phosphate on the surface of the composite nanofibers compared with

pristine poly(D,L lactide-co-glycolide) nanofibers, which revealed the role of gelatin as

nucleation-inducing center for mineralization.

Mineralization of electrospun nanofibers can also be achieved by electrodeposi-

tion. A rapid mineralization strategy of nanofibrous PLLA scaffolds within one hour

was reported [71]. Using an electrochemical process with changing conditions such as

voltage, temperature, and deposition time, the surface topography and chemical com-

positions could be controlled to provide a favorable interface for bone regeneration.

Interestingly, flower-, flake-, fiber-, or needlelike mineral crystals were formed on the

nanofibers, showing that the surface topography of calcium phosphate could be tai-

lored, which could affect the cellular responses such as attachment, proliferation,

and differentiation.

10.3.4 Functional nanomaterials combined electrospun
nanofibers for bone repair

Compared with single-component nanofibers, combining nanomaterials such as

nanoparticles or nanotubes within polymeric nanofibers makes the hybrid nanofibers

more functional with promising mechanical, electric, biological, or magnetic proper-

ties. In order to introduce new functionalities to the fibers, nanomaterials with the size

ranging from 1 to 100 nm have been doped into electrospun nanofibers by directly

mixing them with a polymer solution for electrospinning. The simple mixing of poly-

mer with the nanoparticle or nanotube in their plain form makes it possible to produce

functional nanofibers promoting cell anchorage with improvements in mechanical

properties [72].

10.3.5 Carbon nanotubes incorporated nanofibers

Carbon nanotubes have gained widespread attention for biomedical applications due

to their excellent properties such as good mechanical properties and favorable bio-

compatibility [73–75]. It was reported that carbon nanotubes promoted osteoblast
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attachment and proliferation by inducing osteogenic maturation of osteoblasts by

adsorbing more specific proteins [76,77]. The incorporation of multiwalled carbon

nanotubes (MWNTs) within electrospun nanofibers made it possible to produce func-

tional fibers having improved properties for bone tissue engineering. Zhang prepared

composites of MWNTs with poly(lactic-co-glycolic acid) for bone tissue regeneration

[78]. The incorporation of MWNTs into poly(lactic-co-glycolic acid) nanofibers

increased the thermal stability, tensile strength, and Young’s modulus. The attach-

ment and proliferation of rat bonemarrow-derivedmesenchymal stem cells were more

favorable on the composite scaffold compared with neat poly(lactic-co-glycolic acid)

scaffold, which demonstrated that carbon nanotubes enhanced the functions of the

cells. In another approach, electrospun composite scaffold of PLA/MWNTs was cul-

tured with adipose-derived human mesenchymal stem cells [79]. The composite scaf-

fold played an important role in directing the stem cell behavior. Addition of MWNTs

in the scaffold resulted in a preferential alignment and orientation of the cells on the

nanofibers.

10.3.6 Magnetic nanoparticles incorporated nanofibers

Due to their biocompatible, nontoxic characteristics and unique feature of orienta-

tional movement in magnetic field, magnetic nanoparticles, especially iron oxides,

attracted great attention in the biomedical field, such as drug delivery, hyperthermia,

magnetic resonance imaging, cell targeting, and cell sheet construction [80–82]. Bone
tissue is able to convert mechanical stress into biological events such as increased

levels of expression of multiple genes and activity of proteins that play important roles

in bone repair [83]. Manipulation of magnetic nanoparticles within a bone tissue engi-

neering scaffold can provide artificial mechanical stresses on the bone cells. In this

sense, a proper design of the magnetic nanoparticle combined bone scaffolds consti-

tutes one of the most attractive research areas in bone tissue repair, since the incor-

poration of magnetic nanoparticles in the scaffold has effect on osteoinduction,

leading to increased growth, proliferation, and differentiation of bone cells [84,85].

Regarding the beneficial effects of magnetic fields on regulating the orientation of

matrix proteins and promoting new bone formation [86,87], introducing magnetic

stimulation into electrospun nanofibers has been used as a strategy in bone repair

[85]. Meng et al. prepared composite nanofibrous scaffolds with PLA, HA, and

γ-Fe2O3 magnetic nanoparticles by electrospinning and cultured the scaffolds with

preosteoblast cells under an applied static magnetic field [85]. The composite scaffold

acted as a stimulating matrix for cells and providing magnetic activity accelerated pro-

liferation and differentiation of the osteoblasts, compared with the nanofibrous scaf-

fold without magnetic nanoparticles. Furthermore, an in vivo study for the new bone

formation enhancement mediated by those magnetic responsive nanofibrous scaffolds

were conducted [88]. The scaffolds were implanted in bone defects in a rabbit model

and the magnets fixed on the cages provided a static magnetic field. The magnetic

nanoparticle combined composite electrospun scaffolds accelerated new bone forma-

tion and remodeling under static magnetic field, which was attributed to the produc-

tion of magnetic force in the scaffold under a magnetic field, which resulted in
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stimulation of osteoblast cell proliferation. Interestingly, the degradation rate of the

scaffolds under a magnetic field was higher than that without the magnetic field. It

was reported that the underlying mechanism of faster degradation may be related

to the more active macrophages due to the magnetic stimulation, which could provide

a benefit in tuning the degradation rate of the scaffold for modulating bone repair.

Inspired by the enhancement effect of magnetic stimulation on bone growth and oper-

ational flexibility of electrospinning for incorporating multiple components into

nanofibers, more researchers fabricated magnetic nanofibrous composites by

electrospinning and explored their potential use in bone tissue engineering. Wei

et al. developed a magnetic fibrous composite scaffold with Fe3O4, chitosan, and

PVA by electrospinning, and ferrimagnetic behavior of this scaffold leads to good cell

adhesion and proliferation of MG63 human osteoblast-like cells, suggesting its poten-

tial for bone repair applications [89]. Singh et al. fabricated magnetic nanoparticles

that incorporated PCL nanofibers by electrospinning and characterized physicochem-

ical, mechanical, and biological properties of the composite scaffolds and conducted

an in vivo defect repair study [90]. The incorporation of magnetic nanoparticles in the

formulation increased hydrophilicity, mechanical strength, degradation rate, and

apatite-forming ability in SBF. Alkaline phosphatase activity and expression of

bone-associated genes were enhanced when the composites were cultured with oste-

oblastic cells, compared with the plain PCL nanofibers. Bone regenerative ability of

the composite scaffolds was demonstrated addressing the use of those scaffolds in

bone tissue engineering applications. Increasing experimental data demonstrated in

recent years clearly point out the positive synergistic effects of magnetic stimulation

on bone cell activity and new bone formation in vivo. Although the underlying mech-

anism of the positive stimulation of the magnetic scaffold on bone formation is not

clearly demonstrated yet, it is mainly hypothesized that the magnetic scaffolds

generated microdeformation of the scaffold under a magnetic field, leading to a

strain stimulation on growing cells, which results in the enhanced activation of the

bone cells [91].

10.3.7 Nanodiamond incorporated nanofibers

Nanodiamonds demonstrated very high biocompatibility (no considerable cytotoxic-

ity), excellent mechanical properties, and growth support for various cell types, par-

ticularly bone-associated cells [92–94]. Therefore, in recent years, their electrospun

nanocomposite scaffolds were fabricated for bone tissue engineering applications.

Serafim et al. loaded various ratios of carboxylated nanodiamond particles into

electrospun gelatin hydrogel fibers [95]. Following Ca/P incubation of the

nanocomposites, the nanoapatite crystals were preferentially formed on the fiber

regions in the proximity of carboxylated nanodiamonds, and the MG63

osteoblast-like cells were stimulated by the presence of the nanodiamonds. In other

approaches, nanodiamonds were incorporated in electrospun poly(lactide-co-glyco-

lide) [96] and PCL [97] nanofibers as potential bone tissue engineering scaffolds.

Although the nanodiamonds attracted great attention in the biomedical field due to

the higher biocompatibility of those nanoparticles compared with the other
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carbon-based species such as multiwalled carbon nanotubes, there are few recent stud-

ies related to their electrospun polymeric nanocomposites for bone regeneration.

Future studies are needed to be performed to better explain the stimulation of

bone-associated cells by electrospun nanodiamond composite scaffolds.

10.3.8 Therapeutic bone tissue engineering applications
of nanofibers

An innovative approach to design a suitable bone tissue engineering electrospun scaf-

fold for guided cell adhesion, proliferation, and directed differentiation is the incor-

poration of bioactive molecules such as growth factors or other chemicals and proteins

that play a role in regulating bone cell behavior. The bioactive molecules can be

coupled on to the surface of nanofibers or encapsulated within nanofibers. When

administered on the surface of the nanofiber, the bioactive molecule will be recog-

nized firstly by the cell and be able to regulate the initial cell response processes.

On the other hand, when encapsulated within the nanofiber, the chemical stability

and biological activity of the bioactive molecule will be protected for prolonged time

course, because most osteogenic factors have rapid loss of biological activity in vivo.

However, in this case, the encapsulation method needs to be designed carefully to pro-

tect incorporated bioactive molecule from being degraded. Drug release kinetics may

be further regulated by altering fiber dimensions or degradation rate of the polymer

and by chemically bounding or physically mixing the drug to the matrix. Scaffolds

containing thin fibers or having faster degrading polymers may lead to loss in struc-

tural integrity before the tissue ingrowth is completed and may not withstand the

mechanical load of the bone. Therefore, the design of the scaffold must be carefully

investigated for suitable release kinetics and degradation rate.

A range of bioactive molecules have been combined with electrospun nanofibers

including growth factors such as bonemorphogenetic proteins and fibroblast and trans-

forming and insulin-like growth factors. Bone morphogenetic protein-2 (BMP-2) is

one of the most studied and promising of these molecules for regeneration of bone

defects. Li et al. prepared silk fibroin/poly(ethylene oxide) scaffolds containing

BMP-2 and/or hydroxyapatite nanoparticles via electrospinning and seeded the scaf-

folds with bone marrow-derived mesenchymal stem cells [8]. They added BMP-2 to

the polymer-based solution and then electrospun. The aqueous-based process did not

cause denaturation of the bioactive form of BMP-2. The addition of BMP-2 supported

enhancedosteogenic response ofhumanbonemarrow-derivedmesenchymal stemcells

and higher cellular calcification. In another approach, a core-shell BMP-2-releasing

electrospun scaffoldwas developed for repair of cranial bone defects [98]. Tomaintain

the bioactivity of BMP-2, the aqueous core solution of the biomolecule was prepared

with poly(ethylene oxide). The shell solution was composed of PCL/poly(ethylene

glycol). Fast and slowBMP-2-releasing scaffoldsweredevelopedbyaltering the fiber’s

shell porosity, which was dependent on the relative amount of poly(ethylene glycol) in

the shell. The scaffolds with slow release pattern increased the alkaline phosphatase

activity in vitro, comparedwith the scaffolds with fast release pattern. The cranial bone

defect repair study revealed significant bone regeneration efficiency of the implants
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with slow release profile. Recently, Zhou’s group encapsulated BMP-2 into bovine

serum albumin nanoparticles to maintain bioactivity of BMP-2 and coelectrospun

the solution composed of nanoparticles, dexamethasone, and poly(ε-caprolactone)-
co-polyethylene glycol copolymer [99].Theyevaluated theperformanceof the scaffold

in the regeneration of critical-sized rat calvarial defect. The best bone repair efficacy

was achieved with the dual drug-loaded nanofiber scaffold, thus showing the synergis-

tic effect of BMP-2 and dexamethasone.

Adhesive proteins such as fibronectin, vitronectin, and laminin are utilized with

polymeric nanofibers, because these proteins mediate the initial adhesion event and

favor the subsequent differentiation of anchorage-dependent cells. However, the poor

surface properties of synthetic polymers (PLA, PCL, and PGA and their copolymers)

including their hydrophobicity and the lack of cell adhesive motifs limit the direct

adsorption of proteins on their surface. Thus, the surface of the polymer needs to be

activated to overcome these shortcomings. Preparation of hydrophilic compositions

with natural polymers or poly(ethylene oxide) has been commonly applied to allow

formation of bonds with the proteins. Recently, Lee at al. fabricated PCL-gelatin fibers

via electrospinning and mineralized the surface of the matrice by SBF treatment [100].

The anchorage of a fusion protein of fibronectin 9–10 domain and osteocalcin to the

hydroxyapatite-mineralized fiber was found to be highly specific, through a molecular

recognition to the hydroxyapatite crystals. The initial mesenchymal stem cell adhesion

levels, upregulations in the mRNA expressions of adhesion-signaling molecules, and

expression of the osteogenic-related genes were enhanced with the fibers linked with

protein. In vivo study in the rat calvariummodel demonstrated a higher amount of new

bone formation in the protein-linked fiber matrix.

Apart from proteins, nucleic acids may also be delivered by electrospun nanofibers.

Recently, Zhao et al. adsorbed plasmid DNA transfection complexes onto PLLA/col-

lagen type I electrospun scaffold for the delivery of recombinant human BMP-2

(rhBMP-2) [101]. In a mouse muscle pouch model, in vivo gene delivery efficacy

and ectopic bone-inducing capability of the scaffold were evaluated, and the scaffold

was found to be capable of cell transfection with strong transgene expression and for-

mation of ectopic bone tissue.

In addition to biological molecules, some chemical drugs have been incorporated

into electrospun nanofibers to improve their therapeutic activity. Our group prepared

simvastatin-loaded and spiral-wounded 3D electrospun PCL scaffolds and evaluated

their performance in the repair of cranial bone defects in a rat model [102]. We loaded

simvastatin to the nanofibrous scaffolds by using two methods, either by adding sim-

vastatin to the polymer solution before electrospinning or by embedding the drug to the

scaffolds after electrospinning. X-ray microcomputed tomography and histological

study results revealed the osseous tissue integrationwithin the implant andmineralized

bone restoration of the calvarium. The more successful results were obtained with the

group in which simvastatin was incorporated into the scaffold during electrospinning.

The drug delivery application greatly enhances the capability of the electrospun

nanofibrous scaffolds to guide new bone formation, and more extensive works are

expected in bone tissue engineering with electrospun nanofibrous scaffolds with ther-

apeutic design.
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10.4 Tendon/ligament structure and tendon/ligament
tissue engineering

10.4.1 Tendon/ligament structure

Tendons and ligaments transfer forces between musculoskeletal tissues. They obtain

their tensile strength and elasticity from the hierarchically structured collagen fibrils

of their structure. Tendon and ligament tissues contain collagen types I, III, IV, V, and

VI; elastin; decorin; and cartilage oligomeric matrix protein. Tendon/ligament cells

are oriented around collagen fibers and maintain the density and the composition

of tendon/ligament tissues [103,104]. The fibroblastic cells in tendons are known

as tenocytes and in ligament as ligament fibroblasts. These cells show very poor

healing efficacy in vivo. Tendons and ligaments are responsible for joint movement

and stability and subjected to high physiological loads transmitted between muscle to

bone and bone to bone. When these loads exceed a critical threshold, a permanent tis-

sue damage occurs, and because of the poor regenerative capacity of tendons and lig-

aments to heal due to their hypocellularity and hypovascularity, impaired function and

mobility will result [105].

10.4.2 Tendon/ligament tissue engineering

For the repair of tendon and ligament tissues, current surgical treatment options are

autografting and allografting; however, those options are limited by donor-site mor-

bidity, healthy tissue availability, tissue compatibility, disease transmission, and graft

failure. These problems have led researchers to focus on a more ideal solution, which

is tissue engineering, to restore the tendon or ligament by developing functional scaf-

folds that resembles the original tissue [3,106]. An ideal engineered tendon/ligament

would have mechanical properties that are sufficient to support healing tissues, should

be capable of promoting cellular activities to improve the formation of new tissue, and

would degrade at a rate comparable with that of developing tissue ingrowth. The

requirement for fabrication of scaffolds with tendon-/ligament-like compositions,

geometries, and mechanobiological properties has generated interest in the use of nat-

ural and synthetic polymeric materials for tendon/ligament tissue engineering. A wide

variety of synthetic and natural polymers, such as PCL, PGA, polyurethane, collagen,

and silk fibroin, and a variety of scaffold production methods have been used to

develop functional matrices for tendon and ligament tissue engineering [107].

10.5 Electrospun scaffolds for tendon/ligament
regeneration

Polymeric microfibers have been used for tendon/ligament tissue engineering

applications; however, when nanofibers are used to culture cells, enhanced biological

activity would be expected. Therefore, electrospun nanofibers that mimic the structure

of native collagen fibers have been demonstrated to have many advantages over
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micrometer-sized fibers to support cell attachment and proliferation for tendon/liga-

ment tissue engineering due to their ability to stimulate mechanobiological signals.

Barber et al. fabricated scaffolds by braiding bundles of aligned electrospun PLLA

nanofibers [108]. Braiding the nanofibrous aligned bundles introduced an additional

degree of flexibility to the scaffolds, and in addition, braided nanofibers demonstrated

similar mechanical behavior of original tendon’s and ligament’s normal triphasic

mechanical behavior. The braided nanofibers were cultured with human mesenchy-

mal stem cells. The cells adhered to the scaffolds, proliferated, and differentiated into

tenogenic lineage in the presence of growth factors, which supported the potential of

the braided and aligned nanofibrous scaffold for tendon/ligament tissue engineering.

Chainani et al. fabricated multilayered PCL scaffolds by sequentially collecting

electrospun layers onto the surface of a grounded saline bath for rotator cuff tendon

tissue engineering [109]. Seventy layers were collected from the surface of the bath to

prepare the multilayered scaffolds. The dried multilayered electrospun scaffolds were

coated with tendon-derived extracellular matrix, fibronectin, or phosphate-buffered

saline (PBS) and seeded with human adipose stem cells. After 28 days in cell culture,

immunofluorescence, biochemical assays, and histology results suggested that the

electrospun scaffolds permitted tenogenic differentiation and the tendon-derived

extracellular matrix coating promoted some aspects of this differentiation.

Sahoo et al. developed nanomicrofibrous scaffolds by electrospinning poly(D,L

lactide-co-glycolide) solution onto a knitted poly(D,L lactide-co-glycolide) scaffold

[110] for tendon/ligament tissue engineering and seeded porcine bone marrow stromal

cells by pipetting cell-medium suspension onto the scaffolds. As a control group, knit-

ted poly(D,L lactide-co-glycolide) scaffolds without nanofibers were seeded with cells

suspended in fibrin gel. Cell attachment, proliferation, and expression of collagen type

I, decorin, and biglycan genes were higher in the nanomicrofibrous scaffold compared

with the knitted poly(D,L lactide-co-glycolide) scaffolds. Although this study demon-

strated the differentiation of bone marrow stromal cells into tendon/ligament lineage,

the limitation of the nanomicrofibrous scaffolds was their mechanical properties that

were not comparable with the original value of tendon and ligament. In another study,

Sahoo et al. coated bFGF-releasing poly(D,L lactide-co-glycolide) fibers over knitted

degummed microfibrous silk scaffolds by electrospinning (Figs. 10.4 and 10.5) [106].

The biohybrid scaffold system cultured with mesenchymal progenitor cells facilitated

cell attachment, tenogenic differentiation, and synthesis of ligament and tendon major

matrix. The collagen production enhanced the mechanical properties of the matrix,

which had potential to be used as a tendon/ligament analogue for regeneration of

injured tendon/ligament tissue.

The performance of electrospun 3D, 1 mm-thick scaffold prepared from poly(D,L

lactide-co-glycolide) was compared with a 2D film scaffold prepared from the same

polymer on cell proliferation and gene expression of primary rat adipose-derived stem

cells [111]. Growth/differentiation factor 5, which modulates the repair process in ten-

dons and ligament, was used in both of the scaffold groups. The electrospun scaffold

mimicked the collagen fiber bundles present in natural tendon tissue, and the expres-

sion of the genes that encode the major tendon ECM protein was found to be higher in

the electrospun scaffolds compared with the 2D film scaffold.
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10.5.1 Aligned nanofibers for tendon/ligament tissue
engineering

Tendons and ligaments are specific connective tissues composed of parallel collagen

fibers; in terms of mimicking that structure, a variety of studies were performed to

evaluate the effect of fiber alignment on the cell behavior in tendon/ligament tissue

engineering area.

Poly(L-lactic-co-ε-caprolactone) was also used to coat knitted scaffolds of vicryl

(PLGA, 10/90) and silk suture by electrospun nanofibers for possible ligament tissue

Fig. 10.4 (A) TEM and (B) backscattered SEM images of electrospun bFGF-containing

poly(D,L lactide-co-glycolide) fibers showing the random distribution of proteins (indicated by

black arrows) in the fibers, (C) SEM image of biohybrid scaffold developed by coating FGF(+)

electrospun fibers (EF) on microfibrous knitted silk scaffolds (μF), and (D) and

(E) BMSC-seeded biohybrid scaffold cultured in a custom-made chamber before being rolled

up into cylindrical ligament/tendon analogues after 7 days of culture.

Reused with permission from Sahoo S, Toh SL, Goh JC. A bFGF silk/PLGA-based biohybrid

scaffold for ligament/tendon tissue engineering using mesenchymal progenitor cells.

Biomaterials 2010;3(11):2990–8, copyright Elsevier.
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Fig. 10.5 Fluorescence microscopy showed FDA-stained cells proliferating on the electrospun

fibrous surface (A) and the knitted microfibers (B) of the biohybrid scaffold. (C) Alamar Blue

assay showing consistently and significantly higher cell viability on FGF(+) group (*P<0.05,

student’s t-test), with cell proliferation increasing significantly (#, ANOVA and post hoc

Tukey’s tests) in both scaffold groups during the third week of culture.

Reused with permission from Sahoo S, Toh SL, Goh JC. A bFGF silk/PLGA-based biohybrid

scaffold for ligament/tendon tissue engineering using mesenchymal progenitor cells.

Biomaterials 2010;3(11):2990–8, copyright Elsevier.
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engineering [112]. Highly aligned fibers covered the knitted scaffolds, and bone mar-

row mesenchymal stem cells oriented along the direction of fiber alignment with sim-

ilar morphology to ligaments. On the other hand, Cardwell et al. studied the effect of

fiber diameter and alignment on the mesenchymal stem cell differentiation into the

tendon/ligament lineage [113] and demonstrated that fiber diameter affects cellular

behavior more significantly than fiber alignment. Electrospun poly(esterurethane

urea) matrices with small (less than 1 mm), medium (1-2 mm), or large (more than

2 mm) fiber diameters were fabricated and cultured with C3H10T1/2 model stem

cells. They demonstrated that small-diameter electrospun fibers, regardless of orien-

tation, enhanced the initial cell density on the scaffolds, while larger diameter scaf-

folds facilitated the gene expression levels. Yin et al. fabricated aligned or

randomly oriented PLA nanofibers and seeded human tendon stem/progenitor cells

onto the scaffolds [114] (Fig. 10.6). The expression of tendon-specific genes was

found to be significantly higher on aligned nanofibers compared with the randomly

oriented nanofibers, and the in vivo experiments showed that the aligned nanofibers

induced the formation of tendon-like tissue.

10.6 Conclusions

Electrospun nanofibrous scaffolds have attracted great attention in the last fifteen

years as promising materials in tissue regeneration, including bone and tendon/liga-

ment repair. Nanofibers fabricated by electrospinning mimic very well the original

extracellular matrix structure; therefore, the scaffolds prepared by electrospinning

demonstrated great enhancements in the adhesion, proliferation, and differentiation

of cells/stem cells. In addition, the electrospinning system enables to prepare aligned

nanofibers, which can be preferentially used for the regeneration of tissues such as

tendons and ligaments that have parallel-structured collagen fibers. Significant

improvement has been achieved in the reconstruction of bone defects by using

electrospun nanofibers. Electrospinning enabled to prepare combination of polymeric

matrices with hydroxyapatite, growth factors, genes, and drugs that improved the

functionality of the scaffolds and therefore supported formation of new bone tissue.

In recent years, electrospun nanofibers and their composites with nanoparticles, car-

bon nanotubes, and nanodiamonds were developed to increase the functionality of the

scaffolds for bone regeneration applications. Although the toxic effects of those

nanoparticles are still being evaluated in the scientific area, the number of the studies

related to the fabrication and in vitro and in vivo characterization of these nanofiber

nanoparticle composites is expected to be increased. Nanofibrous electrospun scaf-

folds for tendon and ligament tissue engineering have attracted considerable interest

in the last years, due to the electrospun nanofibers’ desirable properties providing an

adequate environment for cell differentiation, resulting in the expression of tendon-/

ligament-specific genes and formation of tendon-/ligament-like tissues. Tendons and

ligaments are tissues with very poor healing capacity. Although the number of studies

related to the use of electrospun scaffolds in tendon/ligament regeneration is still lim-

ited, due to the promising results of the previous studies, more developments in this
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Fig. 10.6 Morphological changes of human tendon stem/progenitor cells (hTSPCs) growing on

the scaffolds. (A) and (B) show hTSPCs cultured on the aligned and randomly oriented scaffold,

respectively. (C) and (D) high magnification of boxed areas in (A) and (B) show the cell-matrix

adhesion between hTSPCs and PLLA nanofibers. Arrow in (C) indicates filament-like structure

on aligned scaffold. (E) Confocal micrograph of CFDA-stained elongated hTSPCs on the

aligned scaffold. (F) Confocal micrograph showing the morphological change of CFDA-stained

hTSPCs on the randomly oriented scaffold. (G) Cell proliferation on the aligned and randomly

oriented scaffolds. Scale bars, 30 mm (A and B), 5 mm (C and D), and 50 mm (E and F).

Reused with permission from Yin Z, Chen X, Chen JL, Shen WL, Nguyen TMH, Quyang HW,

et al. The regulation of tendon stem cell differentiation by the alignment of nanofibers.

Biomaterials 2010;31:2163–75, copyright Elsevier.



area are being expected in the future to contribute to the engineering of tendon and

ligament tissues.

Although significant progress has been made to develop the desired kind of

electrospun fibrous scaffolds for tissue engineering applications, the number of

electrospun scaffolds in market is very few. Some of the electrospun products pre-

pared and marketed by some companies are ReBOSSIS synthetic bone by

ORTHOReBIRTH, ReDuraTM Dural Patch by MEDPRIN, AVfloTM Vascular Access

Graft by Nicast, HealSmartTM Personalized Antimicrobial Dressing by PolyRemedy,

and Papyrus Coronary Balloon-Expandable Stent System by BIOTRONIK. The num-

ber of commercially already available products from electrospun nanofibers in the

market for biomedical application is very low. The reasons are low mechanical prop-

erties of electrospun nanofibers, their limitation for 3D applications, their pore size

that is smaller than a cellular diameter that cannot allow cell migration within the

structure, and low yield of the electrospinning process. In order to overcome these

issues, additive manufacturing techniques in combination with electrospinning and

3D electrospinning can be applied in achieving the desired 3D structured scaffolds

with adequate mechanical properties and porosity.
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tissue engineering
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11.1 Introduction

Coronary artery and peripheral vascular diseases are the primary causes of death in the

world. The treatment of vascular diseases generally involves cardiac and peripheral

bypass surgeries in which the damaged segment of blood vessels is replaced by appro-

priate prosthetic vascular grafts [1]. Vascular graft transplantation is currently being

done by using autologous grafts, allografts, xenografts, and artificial prostheses. The

lack of tissue donor and anatomical variability limits the use of autologous grafts

and allografts. Besides, the use of detergents and decellularizing agents prior to trans-

plantation raises concerns regarding long-termbiofunctionality of thesevascular grafts.

Xenografts suffer from short life span as the tissues of animals, such as pigs, age at a

quicker rate than humans. As a result, patients, especially pediatric patients, will need

their implants to be replaced every 10–15 years. There are also other limitations in their

clinical use of such grafts including immune response, donor-site morbidity, poor con-

trol over physical and mechanical properties, and lack of availability [2,3]. As an alter-

native, nowadays, synthetic vascular grafts are being fabricated from polyurethane

(PU), poly(tetrafluoroethylene) (ePTFE), and polyethylene terephthalate (Dacron)

[4–6]. Even though the development of synthetic prosthetic grafts yielded a technology

that has saved the lives of many, developing such grafts for vessels with a diameter less

than 6 mm remains elusive, owing to thrombus formation, aneurysm, and compliance

mismatch [7–9].Over the last a fewdecades, vascular tissue engineeringhas emergedas

an alternative approach to overcome the limitations of abovementioned vascular grafts.

Basically, biodegradable polymers are used as scaffold materials for cell seeding or

encapsulation in this approach, where the polymers are degraded as the cells grow

and produce extracellular matrix (ECM) to give rise to the desired tissue.

Typical tissue-engineering models for vascular graft applications require a three-

dimensional (3-D) cell-supporting scaffold for cells to function during the formation

of vascular tissue. An ideal tissue-engineered vascular scaffold should completely

integrate with the surrounding vessels, exhibit sufficient mechanical strength, and

function as a 3-D framework for endothelial progenitor cells (EPCs) to fabricate vas-

cular matrix. In order to provide adequate 3-D structure and enable full integration into

the site of the damaged vessels, a biomimetic scaffold should fulfill the following

requirements: (a) it should mimic the physical and chemical properties of the natural

blood vessels, (b) it should be biocompatible, (c) it should be porous to allow vascular
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formation, (d) it should have appropriate surface chemistry and mechanical strength

characteristics to support cellular attachment, proliferation, and differentiation, and

(e) it should degrade simultaneously with the newly growing tissue. To overcome

the drawbacks of nondegradable vascular grafts currently used in clinic, vascular tis-

sue engineering presents an alternative approach for regeneration of native vascular

tissue [10–12].
Many research groups have focused on designing tissue-engineered vascular grafts

that mimic the structure of natural blood vessels by using different scaffold fabrication

techniques such as molecular self-assembly, solvent-casting/particulate-leaching

technique, thermally induced phase separation, and electrospinning [13]. Among

these techniques, electrospinning has a great potential to mimic the structure of

ECM of vascular tissue, which is composed of 50–500 nm diameter structural protein

and polysaccharide fibers. Therefore, in recent years, the interest on the electrospun

scaffolds for development of tissue-engineered vascular grafts has increased tremen-

dously [14–16]. Although studies on the in vivo feasibility of electrospun scaffolds for
vascular tissue engineering are currently in the early stages, recent reports have

highlighted the potential use of electrospun scaffolds due to their tunable mechanical

and biological properties [17,18]. In the proposed chapter, we are planning to present a

summary of the most recent in vitro and in vivo applications of electrospun scaffolds

for the development of tissue-engineered vascular grafts. Moreover, the structure of

the blood vessels, design parameters, and materials used for fabrication as well as

biological and mechanical properties of electrospun scaffolds will be discussed

throughout the proposed chapter.

11.2 Structure of blood vessels

Mesoderm, which is one of the three primary germ layers, is sandwiched between the

two other germ layers known as ectoderm and endoderm. Mesoderm layer cells grow

and diversify to give rise to body’s connective tissue, blood vessel, blood cells, and

many other cell types. All cells in the body including cancerous cells need a blood sup-

ply for survival, and the blood supply vastly depends on endothelial cells (ECs). ECs

are the primary cells that form the inner lining of a blood vessel and act as an antico-

agulant barrier between the vessel wall and blood [19]. These cells are quite efficient in

controlling their number and adapting local requirements. They can migrate almost

every region of the body and have a pivotal role in wound-repairing system [20].

Because cancerous cells also need blood supply, discovering new drugs that are

efficient in blocking formation of new blood cells will have a substantial impact on

blocking tumor growth.

Blood is circulated throughout the body via blood vessels, and in this circulation,

the heart plays a central role. The blood vessels that carry blood away from the heart

are known as arteries and those carrying blood into the heart as veins. Basically, the

heart pumps blood low in oxygen (deoxygenated blood) to the lungs for oxygenation

and blood rich in oxygen (oxygenated blood) to the rest of the body to provide cells

with oxygen. Therefore, blood is transported by veins and arteries in two different
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circulatory paths: pulmonary circulation and systematic circulation. Pulmonary circu-

lation is the circuit where pulmonary arteries carry deoxygenated blood into the lungs

for oxygenation, and then pulmonary veins collect and transport oxygenated blood

into the heart. On the other hand, systematic circulation is the circuit where arteries

carry oxygenated blood from the heart to cells for respiration, and veins transport

deoxygenated blood rich in CO2 in reverse direction from cells to the heart. Arteries

and veins branch into smaller blood vessels called arterioles and venules, respectively.

These two different small blood vessels are connected to each other for a complete

blood circulation through further branching into capillaries where nutrients and wastes

are exchanged.

Although arteries and veins have different roles and slightly differ in structure, they

all have some general features in common (blood vessel wall, lumen, etc.). All of the

blood vessels have blood vessel wall as a common feature, but the structure of the wall

differs in different blood vessels. The pressure of blood is higher in arteries and arte-

rioles, and for this reason, they have thicker walls than veins and venules. The wall of

the blood vessels is composed of three layers: tunica intima, tunica media, and tunica

adventitia (Fig. 11.1). Tunica intima known as inner layer is made up of a thin sheet of

ECs known as endothelium and subendothelial connective tissue. Endothelium is sur-

rounded by a basal lamina, which is a layer of ECM secreted by the epithelial cells.

ECs that are in direct contact with blood are called vascular ECs. Tunica media that is

separated from tunica intima by internal elastic lamina consists of bundles of smooth

muscle cells (SMCs) and elastic tissue. While ECs are responsible of forming the

structure of blood vessels, SMCs contract or relax to regulate the caliber of the blood

vessels and provide shear strength. Tunica adventitia also known as tunica externa is

the outermost layer of the blood vessel wall mainly composed of collagen (COL) and

elastic connective tissue [21]. In the case of the finest branches of the blood vessels

known as capillaries, the blood vessel wall is solely composed of ECs, basal lamina,

and a small quantity of contractile cells known as pericytes that wrap around the ECs

[22]. ECs line all the blood vessels and are responsible for passaging all of the

Fig. 11.1 Schematic cross-sectional

view of a blood vessel structure. Both

arteries and veins are composed of

three layers: (i) tunica adventitia,

(ii) tunica media, and (iii) tunica

intima. ECs define the borders of the

lumen, while smooth muscle and

fibroblast cells cover the blood vessels

on the exterior side.
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molecules in and out of blood stream and transit of white blood cells. In the early

development stages of embryo, small vessels made up of only ECs and basal lamina

are formed first, and then based on the signals derived from ECs, these small vessels

give rise to other blood vessels (arteries, veins, etc.) [23]. There are known to

be three different mechanisms determining the fate of vessel growth: vascularization,

angiogenesis, and arteriogenesis. Vascularization is defined as de novo EPC

differentiation and assembly into capillary tubes, which involves six morphogenetic

steps: (1) recruitment and differentiation of EPCs in a matrix that contains proper

signaling factors (vascular endothelial growth factor (VEGF), placenta growth factor

(PIGF), angiopoietin (Ang-1), cytokines, etc.); (2) EC quiescence; (3) EC activation,

proliferation, and migration for vacuole and lumen formation; (4) EC differentiation

for branching and sprouting and (5) formation of capillary tube networks; and lastly,

(6) recruitment of SMCs for tube stabilization and maintenance through the use of

some signaling factors (platelet-derived growth factor (PDGF), Ang-1, PIDG, prote-

ase inhibitors, etc.) [24]. All the vessels have a lumen through which blood flows. The

lumen of arteries is smaller than the lumen of veins, a characteristic that contributes to

the maintenance of the high blood pressure in arteries. Together, smaller diameter

and thicker walls cause arteries to have a relatively round shape in cross section.

Angiogenesis is the next process following vascularization and defined as sprouting

of blood vessels from the existing vasculature. It starts in utero and occurs throughout

life. Angiogenesis is essential to deliver nutrients and oxygen to metabolically active

tissues. The last mechanism of vessel growth is arteriogenesis during which mural

cells are recruited for stabilization of blood vessels. Arteriogenesis results in an

increase in the diameter of existing arterial vessels.

11.2.1 Extracellular matrix

ECM architecture has a substantial impact on the formation of new blood capillaries.

ECM serves not only as a structural support for vessel growth but also as an instru-

mental component that provides cues for guidance of new capillaries. The interaction

of ECs with ECM and mural cells is essential for proper maturation and angiogenesis

of the newly formed blood vessels [25]. Major components of ECM are glycosami-

noglycans (GAGs) and fibrous proteins including COL, laminin, and fibronectin

[26]. Basically, GAGs are carbohydrate polymers that are involved in the formation

of heavily glycosylated proteins known as proteoglycans. Proteoglycans take part in

regulating connective tissue structure and permeability along with trapping and

storing growth factors that are essential for vessel growth and angiogenesis. During

sprouting of the blood vessels, ECs release proteolytic enzymes, which play a central

role in degradation of proteoglycans, thus releasing the growth factors incorporated

into ECM such as VEGF [27,28]. Fibrous proteins serve as structural proteins and

are among the major components of the connective tissue and blood vessel walls.

Fibrous proteins and GAGs are organized in a highly ordered way to form a network

that is closely associated with the ECs producing them. COL type IV and laminin are

the main structural components of basal lamina providing support for ECs and

separating them from adjacent perivascular cells. The fibrous protein elastin is known

264 Electrospun Materials for Tissue Engineering and Biomedical Applications



to provide elasticity for tissues including the skin, lung, and blood vessels. It assem-

bles as a cross-linked polymer on microfibrils to form elastic fibers and hardly

undergoes remodeling [29]. A limited number of enzymes (elastase and matrix

metalloproteinases) can catalyze the hydrolysis of elastin, which contributes to the

longevity of elastin [30]. Elastic fibers basically modulate blood pressure through

expansion and contraction.

11.2.2 Factors affecting vascularization

There are more than a dozen different proteins identified as factors influencing vas-

cularization and angiogenesis. The most predominant factors are VEGF, angiogenin,

hypoxia-inducible factor-1a (HIF-1a), basic fibroblast growth factor (bFGF), platelet-

derived endothelial growth factor, transforming growth factor alpha (TGF-a) and beta

(TGF-B), placental growth factor, hepatocyte growth factor, and epidermal growth

factor (EGF). All the growth factors can bind ECM, which has profound therapeutic

implications as ECM could be used for the delivery of these growth factors for proper

vascularization [24]. Among these growth factors, VEGF (or VGEF-A) is known to be

the most important proangiogenic factor that both regulates angiogenesis and modu-

lates new blood vessel formation by stimulating proliferation, differentiation, migra-

tion, survival, and some other functions of ECs. Basically, VEGF is a 45 kDa

heterodimeric heparin-binding protein that binds and activates tyrosine kinase recep-

tors known as VEGF receptors (VEGFRs) located on the cell surface [31]. Signal

transduction through VEGFRs upon VEGF binding leads to the formation of 3-D vas-

cular tubes and regulation of the microvascular hyperpermeability, which character-

izes the capacity of a blood vessel wall for diffusion of small molecules in and out of

the blood vessels.

11.2.3 Required qualities of tissue-engineered blood vessels

The primary goal of engineering scaffolds for blood vessel formation is to fulfill all the

requirements including elasticity, acellular porosity, controlled biodegradability, and

other intrinsic properties of natural arteries to construct entirely biomimetic blood ves-

sels [30]. To achieve this goal, a vigorous biotechnological process that will pave the

way for clinical applications has to be developed. Considerable effort has been

devoted to design biocompatible materials that do not only resemble the mechanical

properties but also contain cues needed for regulation of cell growth and production of

ECM. In this regard, artificial blood vessel scaffolds are required to have certain prop-

erties such as being resistant to thrombosis, a phenomenon referred to as the formation

of blood cloth inside a blood vessel, to be able to completely mimic natural blood

vessels for regulation of cell behavior including cell adhesion, growth, and differen-

tiation for the desired phenotype. Besides, scaffolds should also inhibit inflammation

and formation of scar tissue, for which chemical, physical, and biological properties of

the scaffold materials should be thoroughly investigated to comprehensively under-

stand and modulate the interaction between cells and scaffold materials for proper

vascularization. In this regard, many artificial and natural scaffolding materials have
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been developed and modified with proangiogenic molecules capable of inducing cap-

illary sprouting. However, guiding the growth of blood vessels for interconnectivity

between capillary networks remains elusive, which could be addressed through the use

of properly designed scaffolding materials [32]. Another issue that needs to be

addressed is the high reproducibility and quality of tissue-engineered blood vessels

for which it is important to design and use suitable bioreactors, where the external

parameters including pH, temperature, and humidity can be precisely controlled. Bio-

reactors enable researchers to mimic the in vivo physiological conditions that are

necessary for the production of vascular tissues with desired properties.

11.3 Biomaterials used for nanofiber fabrication
in vascularization

There are a variety of natural and synthetic materials that have been used for fabrica-

tion of fibers in vascularization studies, and some of them are briefly described later.

11.3.1 Natural materials

The most common natural materials used for nanofiber fabrication can roughly be

classified as proteins and polysaccharides. The most frequently used proteins include

COL, fibronectin, fibrin, and decellularized ECM. As for the polysaccharides,

chitosan (CS)/chitin and hyaluronic acid (HA) are the most commonly used natural

scaffold materials. COL is a fibrous protein that serves as an extracellular structural

protein in various connective tissues of animals. Because it is the most abundant

protein in mammals forming 25%–30% of the whole body protein content, it has a

pronounced biocompatibility property making its use in tissue-engineering studies

advantageous. The protein can self-aggregate and cross-link to increase its strength,

and its biodegradation can be tuned using enzymes like collagenase. Although there

are known to be 19 different types of COL, mostly COL type I isolated from rat tail is

used to create hydrogels. Incorporation of chemicals known to be influential for angio-

genesis like VEGF into COL has been done to form functional 3-D tissues as it is

illustrated in the following example. Hutmacher and his coworkers developed a hybrid

mesh as a result of simultaneous deposition of poly(ε-caprolactone)-COL blend and

HA using electrospinning, which enabled dual loading and controlled release of two

potent angiogenic factors (VEGF165 and PDGF) for the proper vascularization of the

construct. Results show that fabrication of such hybrid scaffolds holds a great promise

for attainment of 3-D vascularized tissue constructs [33]. The second most commonly

used protein for vascular tissue-engineering scaffold materials is fibrin, which is

converted from fibrinogen by the catalytic activity of thrombin. It has a pivotal role

in blood clotting as it is the first scaffold formed by the body at the site of the wound. It

has the property to bind to proteins including VEGF and fibronectin, which can affect

the cell fate [34,35]. It has some advantages as opposed to other natural polymers as it

can be retrieved from the patient’s body, demonstrating better cell adhesion perfor-

mance along with no immune response and toxicity. Its biodegradation can be tuned
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using protease inhibitor apoptosis and cross-linking agents. Fibronectin, another

commonly used protein in vascularization studies, is a major adhesive glycoprotein

of ECM that binds to integrins known to be cell-membrane-spanning receptor pro-

teins. Fibronectin plays a pivotal role in vascular morphogenesis during both normal

development and angiogenesis as it is closely associated with angiogenesis sprouting

[36]. It is mostly used to coat 2-D surfaces to enhance cell migration and

endothelialization, an essential step for vascularization.

As it is stated above, there are some natural polysaccharides used in vascularization

studies such as HA and chitin/CS. HA is a natural polysaccharide also referred to as a

nonsulfated GAG composed of repeating disaccharides units of β-1,4-D-glucuronic
acid-β-1,3-N-acetyl-D-glucosamine. HA is an essential ingredient of ECM and found

abundantly in many parts of the body serving as a mediator in wound repair, cellular

signal,matrix organization, andmorphogenesis due to its biological and structural prop-

erties.DegradationofHA-based scaffolds and controlled release of their content are cat-

alyzed by hyaluronidase in biological environments [37]. The stability of the HA gels

can be tuned depending on the number of the cleavage sites and the amount of the

enzymes available in the scaffold environment [38]. There are many research papers

regarding the use of HA in developing new scaffold materials for vascularization

[39–42].Another frequently usedpolysaccharide in vascularization studies isCSknown
to be a linear polysaccharide composed of randomly distributed (1!4)-2-

acetamido-2-deoxy-β-D-glucan (N-acetyl-D-glucosamine) and (1!4)-2-amino-2--

deoxy-β-D-glucan (D-glucosamine) units. Basically, it is produced from chitin through

sodium hydroxide treatment or enzymatic hydrolysis by enzymes capable of

deacetylation of chitin such as chitin deacetylase [43]. Because CS has amino

moieties, it can be chemically functionalized for tissue-engineering applications.

It also can replace mucopolysaccharide, a major component of ECM, making it

a suitablematerial for tissue-engineering scaffolds. IncorporationofCS into electrospun

scaffolds enables angiogenesis and improves the blood compatibility of scaffolds [44].

11.3.2 Synthetic materials

Natural polymers have the biological properties needed for fine scaffolds such as bio-

degradation and cell adhesion; however, they exhibit poor mechanical properties and

pose a risk for immunogenic reaction and infection. To address these drawbacks, syn-

thetic polymers have emerged as an alternative to natural polymers for scaffolds in

tissue-engineering studies. Poly-L-lactic acid, generally abbreviated as PLA or PLLA,

is a biodegradable thermoplastic polyester known to be the most commonly used

form of PLA in vascular tissue-engineered scaffolds. Poly(lactide-co-glycolide),
also referred to as PLG, is a copolymer of PLA with another thermoplastic polyester

polyglycolic acid (PGA). PLA and PLG are synthesized by ring-opening polymeriza-

tion of glycolide and lactic acid, respectively, and they are by far the most frequently

used synthetic materials to make scaffolds in tissue-engineering studies [45,46]. While

in vivo degradation of PGA into water and carbon dioxide takes about

6 months, degradation of PLA takes a lot longer than that as it maintains its mechanical

integrity for years. The two synthetic materials are approved by the Food and Drug
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Administration (FDA) for clinical use. Polycaprolactone, also referred to as PCL, is

another FDA-approved aliphatic polyester used in vascular tissue-engineering studies.

Similar to PLG and PLLA, it is synthesized by ring-opening polymerization of

ε-caprolactone. PCL is a biodegradable polymerwith goodmechanical and biocompat-

ibility properties; all can be altered using a combination of techniques. Enzymatic deg-

radation of this polymer through the hydrolysis of its ester linkage takes more

than 1 year. Polyethylene glycol, also referred to as PEG, is basically a polyether com-

pound with hydrophilic property. It can be used in a variety of medical applications

including bioconjugation, surface modification, drug delivery, and tissue engineering

due to its unique properties including, biocompatibility, nonimmunogenicity, and

intrinsic resistance to protein adsorption. Although PEG is incapable of supporting cell

growth as proteins cannot be adsorbed on it, it can be chemically modified to have the

desired properties in tissue-engineering scaffolds [47,48]. Synthetic polymers have

good mechanical and physical properties as they can be tuned; however, they are not

as good as natural polymers in termsof biological performance.According to the results

of a study performed by Walpoth and his coworkers [49], PCL vascular grafts did not

show a good long-term performance in a rat abdominal aorta replacement model,

despite the promising results they obtained in their previous report where PCL

electrospun scaffolds demonstrated a good short-term performance inducing tissue

regeneration as the scaffolds had high elongation and slow degradation. Upon infiltrat-

ing the scaffold wall, fibroblast cells differentiated into myoblast cells deposing a nat-

ural ECM and the macrophages secreting factors for angiogenic differentiation to

induce neovascularization. In the latter study, the PCL electrospun scaffolds were used

in a rat abdominal aorta replacement model for 18 months. Although the scaffolds

showed promising results similar to the previous report for the first 6 months, the tissue

regeneration showed a clear regression as a result of disappearance ofmacrophages and

reduction of myofibroblast due to the lack of oxygen and nutrient. In order to overcome

the drawbacks of both natural and synthetic polymers, hybridmaterials made of natural

and synthetic polymers couldbedesigned,where thehybridpolymer possesses the good

biological and mechanical properties of natural and synthetic polymers altogether.

11.4 Fabrication parameters for electrospun scaffolds

Scaffold properties and morphology are very important in tissue-engineering applica-

tions. There are mainly three fabrication parameters for electrospinning technique:

solution parameters, processing parameters, and environmental parameters. All of

these parameters have direct effect on fiber morphology and should be scrutinized

carefully for correct application.

11.4.1 Solution parameters

There are several parameters that should be taken into account when preparing a poly-

mer solution for fabrication of electrospun scaffolds such as polymer’s concentration,

molecular weight, viscosity, surface tension, and conductivity/surface charge density.
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The concentration of polymer solution is directly associated with fiber characteristics.

Low polymer concentration leads to the formation of nanobeads in electrospun scaf-

folds. Bead formation is not desired as it negatively affects the scaffold-cell interac-

tion [50–52]. On the other hand, increasing the polymer concentration causes fiber

diameter to increase, changing the characteristics of the scaffold such as porosity

[52–54]. Porosity of the scaffold is important for cellular infiltration, especially

for internal part of electrospun vascular scaffolds. Increasing the diameter of the fiber

also increases the pore size. Therefore, the concentration of the polymer solution

should be optimized for a desired case to fabricate uniform bead-free fibers. Molec-

ular weight of the polymer determines rheological properties of the polymer solution

[55]. At a constant concentration, lowering the molecular weight causes bead forma-

tion, whereas increasing the molecular weight increases the diameter of the fibers. In

order to obtain continuous uniform fiber formation, high-molecular-weight polymers

are preferred as they provide desired viscosity for the electrospinning process [56,57].

Viscosity is a crucial parameter in the formation of the desired fiber morphology.

Concentration, molecular weight, and surface tension of the polymer directly affect

the viscosity of the polymer solution [58]. The viscosity range for a continuous uni-

form fiber formation differs among different types of polymers. Generally, low vis-

cosity is attributed to noncontinuous fiber formation with beads, while high viscosity

contributes hard ejection of polymers jets from the polymer solution. Optimal viscos-

ity for electrospinning should be determined beforehand for different polymer solu-

tions [59,60]. Surface tension of the polymer solution is influenced by the solvent

used for dissolving the polymer prior to electrospinning [61]. It is reported that on

the one hand solvents with higher surface tension are not suitable for uniform fiber

formation and, on the other hand, increasing the surface tension at a constant polymer

concentration can help bead-free fiber formation in some cases [55,62]. Natural poly-

mers generally have polyelectrolytic properties. It is important to have sufficient

charged ions in polymer solution for efficient jet formation [63]. Solution conductiv-

ity is an important electrospinning parameter for controlling fiber diameter. Polymer

solution should be conductive enough to be used in electrospinning for a continuous

fiber formation. Increasing the conductivity of the solution between acceptable values

does not only increase the charge but also reduces the fiber diameter. However,

increasing the conductivity beyond the acceptable values creates strong electric fields

leading to unstable electrospinning process and hereby poor fiber formation

[58,64,65].

11.4.2 Processing parameters

There are a number of electrospinning process parameters that are quite influential

for fabrication of uniform continuous fibers such as voltage, flow rate, collector

material, needle-to-collector distance, and environmental factors (temperature,

humidity, etc.). Voltage applied is one of the vital parameters of electrospinning pro-

cess. The type of polymer and the solvent used in an electrospinning process deter-

mines the optimum voltage to obtain fiber with desired diameters; however, the

influence of the voltage on the morphology is still under debate [66]. Several groups
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demonstrated the positive influence of using higher voltages in order to increase fiber

diameter [67,68]. In addition, increasing voltage amplitude dramatically could

increase the risk for bead formation [50,67,69]. Flow rate is another important

parameter for controlling fiber diameter. Because the polymer will have enough time

for solidification, lower flow rate helps solidifying the polymer solution [69]. On the

other hand, increasing the flow rate could cause beaded fiber formation due to insuf-

ficient drying time [58,69,70]. It should also be noted that high flow rate is attributed

to the formation of fibers with larger diameters [63,71]. Collector in electrospinning

process acts like a conductive substrate to collect formed fibers, and conductivity of

the collector may alter fiber morphology. Wang et al. showed that collectors with less

conductive areas could cause bead formation [72]. Aluminum foil is a commonly

used collector material; however, it is comparably difficult to collect fibers from

it at the end of the electrospinning process. Different types of collectors have been

developed to solve this problem such as rotating rods or wheel [73], wire mesh [72],

parallel or gridded bar [72], pin [74], and so on. The distance between tip and col-

lector is another important process parameter that could be used to modulate the fiber

polarization time. If the distance is too close, fibers cannot solidify before reaching

the collector due to the limited time. On the other hand, longer distances might give

rise to bead formation [54,75]. Environmental factors such as temperature and

humidity can also affect fiber morphology during the electrospinning process

[76]. Mit-Uppatham et al. investigated the influence of temperature on fiber diam-

eter, and according to their results, high temperature lowers the fiber diameter

due to low viscosity [64]. Humidity is another environmental parameter that influ-

ences fiber morphology. Under low humidity conditions, polymer solution can dry

and evaporate faster than usual, whereas fiber diameter conditions and the possibility

of bead formation both increase under high humidity [77]. Therefore, all the

electrospinning parameters should be diligently optimized for a desired case to min-

imize the risk of nanobead formation and hereby maximize the chance of continu-

ously uniform fiber fabrication (Table 11.1).

11.5 Biological and mechanical properties of electrospun
scaffolds for vascular tissue engineering

Vascular scaffolds should have proper biological and mechanical properties for

long-term stability and able to support native vascular tissue formation. It is clear that

many electrospun scaffolds developed by synthetic polymers have appropriate

mechanical properties; however, they lack of biological cues that support cell adhe-

sion and proliferation. Such limitations could be overcome with surface modification

of synthetic polymers. In this section, surface modification techniques and their

effects on mechanical properties of electrospun scaffolds are presented. In addition,

cell sources used for growing in vitro 3-D vascular tissues with electrospun scaffolds

are also discussed.
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Table 11.1 A summary of fabrication parameters and conditions of electrospun vascular scaffolds

Electrospun materials Mandrel Process parameters References

Material composition

Molecular weight

(daltons) Solvent (v/v)

Concentration

(w/v) (%) Material Diameter

Speed

(rpm)

Voltage

(kV)

Flow

rate

(mL h21)

Needle-

mandrel

distance

(cm)

Needle

size

(gauge)

PCL 70,000–90,000 TFE 14 SS 1.8mm 2000 16 2 10 21 [78]

PCL-PCL-N3 (8:2) 80,000–2000 Methylene

chloride/

methanol (5:1)

25 SS 2 mm N/A 11 8 11 N/A [79]

PLLA N/A HFIP 19 Al 15 mm 15 12 1 12 N/A [80]

P(LLA-CL) (1:1),

COL/CS (9:1)

30,000–10,000 HFP/TFA

(9:1)

8–6 SS 4 mm 300 14–20 0-1.6-0,

0.8-0-0.8

N/A N/A [81]

TPU-GO (%0.5, 1, 2) N/A DMF 10 Al N/A 1500 20 0.5 20 18 [82]

PolyTHF 1000 HFP 6 PTFE N/A 250 10 1.2 9 N/A [83]

PCL-COL I (1:1) N/A HFP 18 SS 4.75 mm 5000 20 10 15 18 [84]

PCL, PVA-SA (1:1) 80,000 DCM-DMF

(2:1), DIW

10–8 Copper 5 mm 300 15 1.2 15 20 [85]

CE-UPy-PLLCL+

UPy-SDFα(R),
CE-UPy-

PLLCL+UPy-

SDF1α(NR),
CE-UPy-PLLCL

N/A CHCl3/HFIP

(85:15)

15 N/A 18–2.1mm 100 12–20 2–1.5 18–20 19 [86]

Pork gelatin type A N/A TFE 7–15 Al N/A 95 22.5 2.5 20 18 [87]

Al, aluminum; CE-UPy-PLLCL, chain-extended UPy-poly(L-lactic acid caprolactone) diol; CHCl3, chloroform; COL/CS, collagen/chitosan; DCM, dichloromethane; DIW, deionized water; DMF, N,N-
dimethylformamide;GO, graphene oxide;HFIP, 1,1,1,3,3,3-hexafluoroisopropanol;HFP, 1,1,1,3,3,3-hexafluoro-2-propanol; PCL, polycaprolactone; PLLA, poly-L-lactic acid; PLLACL, poly-L-lactic acid-co-poly-ε-
caprolactone; PolyTHF, polytetrahydrofuran; PTFE, ePTFE; PVA, polyvinylalcohol; SA, sodium alginate; SS, stainless steel; TFA, 2,2,2-trifluoroacetic acid; TFE, tetrafluoroethylene; TPU, Texin Rx85A.



11.5.1 Surface modification

Although synthetic polymers show extensive mechanical properties over natural

polymers, they have major shortcomings such as thrombosis, intimal hyperplasia,

calcification, chronic inflammation, and limited regeneration potential as men-

tioned above [88]. To overcome these limitations, mechanically durable synthetic

nanofibers could be used to form the bulk structure of the vascular grafts. And to

improve cell-scaffold interaction, biologically active peptides or natural polymers

could be used for chemical modification of the scaffold surface [89]. Various

surface modification techniques including wet-chemical modification, plasma

treatment, coelectrospinning, and functional peptide grafting or coating with nat-

ural polymers are widely used to enhance the formation of the blood vessels [90].

Such surface-modified electrospun scaffolds can enhance anticoagulation, rapid

endothelialization, and vascular regeneration. For instance, Zheng et al. developed

small-diameter (2.2 mm) PCL-based electrospun vascular grafts functionalized

with arginine-glycine-aspartic acid (RGD) peptide and implanted them in rabbit

carotid arteries to investigate the healing characteristics of surface-modified

scaffolds. It was shown that RGD-modified PCL grafts (PCL-RGD) were patent

at 2- and 4-week time points, whereas 4 of the 10 nonmodified PCL grafts were

occluded due to thrombus formation. Therefore, RGD functionalization of PCL

scaffolds improved the vascular regeneration capacity of the grafts [91]. In another

study, Gong et al. developed hybrid vascular grafts with PCL nanofibers to form

natural decellularized small-diameter vessels with heparin-coated intimal surface.

Mechanical characterization revealed that reinforcing the decellularized graft with

PCL nanofibers significantly increases the tensile modulus. In addition, it was

shown that all grafts after implantation in a rat abdominal aorta were patent for

up to 6 weeks [88]. Similarly, Heo et al. immobilized COL type IV (COL-IV)

to PLLA and developed vascular grafts to investigate the impact of surface mod-

ification on rapid endothelialization. It was shown that COL-IV immobilization

significantly enhanced EC attachment, proliferation, and upregulation of endo-

thelialization markers [92]. In addition to chemical surface coating of vascular

grafts, there are some studies on coelectrospun of biologically active molecules

with synthetic polymers. Chen et al. incorporated heparin and VEGF into the core

of poly(L-lactic acid-co-ε-caprolactone) (P(LLA-CL)) core-shell nanofibers for

anticoagulation and rapid endothelialization, respectively. The results confirmed

that heparin released from the core-shell nanofibers acted as an anticoagulant,

while VEGF enhanced EPC growth on fiber scaffolds [93].

Wet chemistry is another method that has been used for surface modification of

synthetic nanofibers [94]. Wet-chemical modification is usually done by acidic or

basic treatment of nanofiber surfaces, which leads to the hydrolysis of scaffold sur-

face. Surface wetting properties that enhance cell attachment on the electrospun vas-

cular grafts could be obtained by optimummodification conditions [95]. However, the

hydrolysis process should carefully be optimized so that it doesn’t affect bulk prop-

erties of nanofibers [17]. Zhu et al. demonstrated that wet-chemical surface
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modification followed by grafting functional molecules on electrospun PCL

nanofibers significantly increases human EC adhesion [96].

Treating nanofibers with plasma generates functional carboxyl or amine reactive

groups on the surface that could potentially be used for conjugation of bioactive agents

[97]. It should be noted that upon plasma treatment, reactive moieties remain on the

surface for only few minutes, and for that conjugation, reaction must be done rapidly.

Cheng et al. modified the surface of PLA fibrous nanofibers with plasma treatment for

heparin conjugation. It was shown that plasma surface modification significantly

improved heparin conjugation compared with wet-chemical technique. In vivo studies

on Sprague-Dawley rats revealed that platelet attachment significantly decreased on

heparin-immobilized scaffolds [97]. One of the major risks on artificial vascular grafts

is thrombosis after implantation. Therefore, the surface properties of the vascular

grafts should mimic the morphological and mechanical properties of vascular

ECM. To this end, Savoji et al. modified the surface of electrospun poly(ethylene tere-

phthalate) (PET) with amine-rich thin plasma. The results showed that modified PET

scaffolds significantly improved the adhesion and growth of human umbilical vein

endothelial cells (HUVEC) [98]. In another study, Guex et al. covalently conjugated

VEGF on plasma surface-modified PCL electrospun nanofibers, which revealed that

functionalizing PCL scaffolds with VEGF significantly improved EC proliferation

compared with the unmodified scaffolds [99].

11.5.2 Mechanical properties

Electrospun vascular grafts developed by using natural polymers provide effective

infiltration and adequate oxygen and nutrient supply. However, the major limitation

of using decellularized and natural polymer-based vascular grafts is their inadequate

mechanical properties, which is the main cause of failure [100,101]. The mechanical

properties directly affect the success of electrospun vascular grafts and can be con-

trolled by changing the fiber diameter, porosity, alignment, and natural-to-synthetic

polymer ratio [17]. The studies in the recent literature mainly focus on fabricating

electrospun vascular grafts having mechanical properties similar to native vessels

[17]. Uniaxial tensile properties, burst strength, and compliance of vascular grafts

should be critically characterized to be able to determine in vivo success of the vas-

cular grafts [17,102–104].
Pore size of the electrospun vascular grafts is one of themain parameters that should

be optimized during fabrication process. Small pore size could limit the infiltration of

cells into the grafts and inhibit regeneration of the grafts into neoarteries [104]. Ju et al.

fabricated PCL/COL bilayered scaffold that had larger pores in the outer layer to over-

come the limited infiltration of SMC and smaller pores in the inner layer to enhance EC

adhesion. They controlled the pore size of the grafts by changing the diameter of the

electrospun fibers (diameter of the fibers: 0.27–4.45 μm). It was shown that increasing

the fiber diameter increased the porosity of the grafts and decreased the Young’s mod-

ulus from 2.03 MPa down to 0.26 MPa. The results demonstrated the positive impact
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of bilayered scaffolds on the improved SMC infiltration throughout the outer layer and

enhanced vascular regeneration of EC within the inner layer [105]. In another study,

Wu et al. fabricated multilayered and blended poly(L-lactide-co-caprolactone)
(P(LLA-CL)), COL, and CS-based electrospun tubular scaffold via bidirectional gra-

dient electrospinning and regular electrospinning. P(LLA-CL), which is known to

ensure mechanical integrity and slow degradation, was used to compose the middle

layer of the multilayer scaffold. The outer and inner layer of the multilayer scaffold

was composed of COL and CS in order to mimic the structure and components of

natural ECM. The blended nanofibers were developed by electrospinning the mixture

of P(LLA-CL)/COL/CS. The results revealed that the average pore size of the multi-

layered scaffold was larger than those of the blended scaffolds, mostly because of the

middle layer of P(LLA-CL) fibers. It was also reported that the multilayered scaffold

showed enhanced mechanical property and biocompatibility compared with the

blended scaffolds. In addition, endothelialization of porcine iliac artery endothelial

cells (PIECs) on the multilayered and blended scaffolds were investigated, respec-

tively. Results demonstrated enhanced endothelialization of PIECs on themultilayered

scaffolds due to bioactive inner layer [106].

Fiber orientation (aligned or random) is an important parameter that determines the

mechanical properties of scaffolds [107,108]. For instance, McClure et al. developed

tubular scaffolds composed of aligned and random PCL/polydioxanone (PDO)/silk

fibroin. The results revealed that improving the alignment of the fibers by changing

the mandrel rotation speed significantly increased the dynamic compliance, burst

strength, and tensile modulus [109]. Additionally, not only the alignment of the fibers

affects the mechanical properties, but also it influences the adhesion and proliferation

of cells [110–113]. Wong et al. developed tubular scaffolds composed of aligned PU

nanofibers. In order to mimic the viscoelastic properties of natural arteries, they

blended PU with elastin and COL prior to nanofiber fabrication. It this study,

unmodified PU scaffolds had an average Young’s modulus of 27.26�2.03 MPa.

According to the results, COL and elastin blending had reverse effects on the Young’s

modulus of the scaffolds. Five percent COL and elastin blending resulted in an aver-

age Young’s modulus of 57.32�10.06 MPa and 20.24�1.36 MPa, respectively. It

was mentioned that the Young’s modulus values became similar to those observed

in the blood vessels by 5% elastin blending. Furthermore, the growth of SMCs when

seeded on both COL-blended and elastin-blended scaffolds was significantly higher

than that of PU. It was also observed that SMCs proliferated along the aligned

nanofibers in a directional manner in each experimental group [112]. Similarly, Zhong

et al. fabricated random and aligned PLGA/PCL hybrid electrospun scaffold and

investigated how the alignment affects human vascular smooth muscle cells

(HVSMCs) spreading on the nanofibers. They reported that HVSMCs spread along

the direction of the electrospun nanofibrous scaffolds (Fig. 11.2A–F) [114]. In another
study, Nezarati et al. fabricated nanofibrous PU vascular grafts with mechanical prop-

erties similar to native capillaries to prevent intimal hyperplasia. Here, researchers

improved the mechanical properties of the scaffolds by increasing the alignment of

the nanofibers [115].
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11.5.3 Cell sources

Bone marrow mononuclear progenitor cells, HUVEC, mesenchymal stem cells

(MSCs), SMCs, and EPCs are the cell sources that are commonly used in in vitro

and in vivo vascular tissue-engineering applications [24,116]. Although using these

cell lines individually or in cocultures showed promising results, the real impact of

electrospun scaffolds remains elusive. Since physical and biological parameters

directly affect adhesion, proliferation, and differentiation of the cells, more studies

need to be performed to identify the ideal cell source combination when electrospun

scaffolds are used as a vascular graft. Merkle et al. fabricated core-shell structure of

tubular scaffolds by coaxial electrospinning. The core structure of the scaffold was

composed of polyvinyl alcohol (PVA) for mechanical support, while the shell part

composed of gelatin for biological cues. The results demonstrated that adhesion

and spreading of HUVEC and rat SMC on this scaffold were significantly higher than

those on PVA-based tubular scaffolds [117]. Similarly, Shalumon et al. fabricated

aligned and random PLLA/gelatin hybrid electrospun scaffolds and investigated their

potential to be used as vascular grafts. They reported that the viability and prolifera-

tion of seeded HUVECs and SMCs significantly increased by increasing the gelatin

content. Moreover, the results showed that cellular orientation and elongation was

controlled by the orientation of the fibers [118]. In another study, Ying et al. fabricated

electrospun fibrous thermoplastic polyurethane (TPU)/graphene oxide (GO) scaffolds

with different GO contents. They reported that the highest HUVEC attachment was

Fig. 11.2 Two millimeter inner diameter vascular grafts made of electrospun PCL micro- and

nanofibers (A) were used for infrarenal abdominal aorta replacements in the rat model (B).

Follow-up times were 1.5, 3, 6, 12, and 18months (n 1/4 3 at each time point), and all grafts were

patent by angiography and histology at all time points (C).

From De Valence S, Tille JC, Mugnai D, Mrowczynski W, Gurny R, Moller M, et al.

Long term performance of polycaprolactone vascular grafts in a rat abdominal aorta

replacement model. Biomaterials 2012;33:38–47, with permission from Elsevier.
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obtained at a 0.5 wt% GO loading. The results also showed that HUVEC-seeded

electrospun scaffolds meet the mechanical requirements of vascular grafts [119]. In

another study, Zhang et al. developed poly(propylene carbonate) electrospun tubular

scaffolds and seeded bone marrow-derivedMSCs. SEM imaging along with hematox-

ylin and eosin (H&E) staining was performed to characterize cell morphology and

vascular tissue formation. The results revealed that cells completely integrated into

the scaffolds and formed the 3-D cellular network at day 14 [120].

11.6 In vivo applications of tubular electrospun scaffolds
in vascular tissue engineering

Here, only recent in vivo applications of electrospun vascular scaffolds were

reviewed. Information about the previous in vivo applications of electrospun vascular

scaffolds can be found in the following review chapters [17,18]. In some recent stud-

ies, the performance of cell-laden and acellular electrospun scaffolds has been eval-

uated in vivo. For instance, Zhu et al. developed a bilayered vascular scaffold and

investigated the efficacy of the designed scaffold both in vitro and in vivo. The inter-

nal layer of the scaffold was composed of aligned PCL microfibers fabricated by wet

spinning to provide guidance for the regeneration of aligned vascular smooth muscle

cells (VSMCs), whereas the external layer of the scaffold was developed out of

random PCL nanofibers to provide mechanical strength and prevent leakage of the

blood. It was reported that elastic modulus and burst pressure of the tubular scaffolds

were significantly enhanced after depositing the external layer. Microscopy images

confirmed the cell infiltration inside the scaffolds and the alignment of the VSMCs

along the aligned microfibers in a directional manner. Furthermore, the tubular scaf-

folds were implanted in a rat abdominal aorta, and the support of the scaffold on the

vascular regeneration was evaluated. The results demonstrated that complete vascular

regeneration was observed within three months with no thrombosis and intimal hyper-

plasia [121]. In another interesting study, Bergmeister et al. developed biodegradable

TPU electrospun tubular scaffolds. The electrospinning conditions for scaffold

fabrication were 9 cm needle-target distance, 2 cm target-back electrode distance,

0.02 mL min�1 flow rate, 10 kV at the needle, and 250 rotations min�1 of the mandrel.

The in vitro and in vivo efficacy of the designed scaffold was determined by compar-

ing commercially available ePTFE conduits. TPU tubular scaffolds were further char-

acterized with scanning electronmicroscopy (SEM). It was observed that the scaffolds

had an inner diameter of 1.6 mm and a mean wall thickness of 78�10 μm and com-

posed of random fibers with the average diameter of 1.39�0.76 μm and a mean wall

thickness of 78�10 μm (Fig. 11.2A). The in vitro biocompatibility results revealed

that there was no EC adhesion on ePTFE after 24 h of incubation; however, TPU scaf-

folds significantly enhanced EC adhesion. Additionally, it was observed that TPU

scaffolds had sufficient mechanical properties for in vivo implantation. Thereafter,

the tubular scaffolds were implanted into the infrarenal aorta of inbred

Sprague-Dawley rats. Upon the implantation, the implant showed reddened scaffold

wall; however, no leakage was obtained (Fig. 11.3C). The results of the in vivo study
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12 months after the implantation revealed that TPU scaffolds remained mechanically

stable and showed complete integration in the surrounding tissue with no aneurysmal

dilatation. In addition, the luminal surface was completely covered with neointima;

therefore, no sign of thrombus formation appeared (Fig. 11.3D) [122].

Pu et al. also developed a bilayered PLA fibrous scaffolds consisting of a 30 μm
thick aligned-fiber layer for mechanical support and 190 μm random fiber layer for

cell infiltration and tissue growth (the schematic figure of designed scaffold is repre-

sented in Fig. 11.4A). They used two slowly rotating parallel disks as collectors with

the following electrospinning parameters: gap between disks, 15 mm; voltage, 12 kV;

and needle-tip-to-collector distance, 12 cm. The bilayered scaffold was characterized

by scanning electron microscopy (Fig. 11.5B–C). Following the scaffold characteri-

zation, the biocompatibility and biological performance of the bilayer electrospun

scaffolds were evaluated by in vivo experiments where scaffolds were implanted in

Sprague-Dawley rats. In the study, significantly high (more than two times) cell infil-

tration was observed as compared with control scaffolds (single-layer scaffolds with

random fibers) at 5- and 14-day samples (Fig. 11.4). Furthermore, besides the cell

infiltration, the results also showed that COL fiber deposition, cell proliferation,

and ingrowth of smooth muscles were significantly higher on the bilayered scaffolds

Fig. 11.3 Scanning electron microphotograph of the luminal surface (A) and wall thickness

(B) of a TPU electrospun vascular scaffold. TPU scaffold immediately (C) and 12 months after

implantation (D). Scale bars 6 mm.

Reproduced from Bergmeister H, Seyidova N, Schreiber C, Strobl M, Grasl C, Walter I, et al.

Biodegradable, thermoplastic polyurethane grafts for small diameter vascular replacements.

Acta Biomater 2015;11:104–13, with permission from Elsevier.
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than control groups [80]. As it was shown in recently published studies, bilayer scaf-

folds with highly porous inner layer support cell infiltration, whereas those with lower

external layer porosity provide long-term mechanical supports [80,101,105].

One other disadvantage of nondegradable vascular grafts is their lack of growth

especially when applied to pediatric patients [17]. In majority of the cases, these

patients have to go through secondary surgery, which increases the motility and mor-

bidity rate of vascular graft implantation, whereas biodegradable vascular grafts that

allow native vascular tissue regeneration have the potential to adapt to patients’ nat-

ural growth and to overcome the limitations caused by nondegradable vascular scaf-

folds. Wang et al. fabricated macroporous biodegradable electrospun PCL scaffolds

with thick fibers (5–6 μm) in order to form larger pores (30 μm). The developed

electrospun scaffolds were implanted in rat abdominal aorta and evaluated for 7,

14, 28, and 100 days. The results revealed that macropore structure of the scaffold

significantly increased cell infiltration and ECM formation. Endothelialization was

completely occurred at day 100 samples where SMCs were aligned with ECM fibers

similar to those in the native arteries [104].

Compared with acellular electrospun scaffolds, there are only few in vivo studies

that used cell-laden electrospun scaffolds as a vascular graft. For instance, Hashi et al.
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Fig. 11.4 Schematic figure of designed bilayer scaffold (A). Cross-sectional SEM images of

electrospun bilayer (B) and control scaffolds (C) of thickness equal to 220 and 250 μm,

respectively. The dashed line shown in (B) indicates the aligned-fiber layer and random fiber

layer AFL/RFL interface in the bilayer scaffold. Representative cross-sectional images of

bilayer scaffolds subcutaneously implanted in Sprague-Dawley rats for 5 days (D) and 14 days

(E). Blue and red colors indicate staining of cell nuclei and a-actin, respectively. Dashed and

solid lines indicate the boundaries between surrounding tissue and scaffold surfaces with

random and aligned fibers, respectively. All images have the same magnification.

Reproduced from Pu J, Yuan F, Li S, Komvopoulos K. Electrospun bilayer fibrous scaffolds for

enhanced cell infiltration and vascularization in vivo. Acta Biomater 2015;13:131–41, with
permission from Elsevier.
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fabricated porous PLLA electrospun scaffolds composed of micro- and nanofibers.

They investigated the effect of initial bone marrow MSCs seeding on vascular regen-

eration. The results showed that the developed scaffolds allowed cell infiltration

and vascular regeneration. Acellular grafts (without MSCs) showed significant inti-

mal thickening compared with MSC-laden scaffolds, whereas cellular-laden scaf-

folds showed long-term patency and organization of ECs and SMCs as in native

arteries [123].

11.7 Conclusions and future perspectives

Electrospun scaffolds, which provide sites for cell attachment, proliferation, differen-

tiation, migration, and mechanical support during tissue formation, have become a

strong alternative for many types of tissue-engineering applications. Although there

are some available fibrous scaffolds on the market especially for wound-dressing and

bone tissue-engineering applications, human implantable electrospun scaffold as a

vascular graft is yet to be achieved. Even though recent advances in electrospinning

technology and material science, as reviewed in the chapter, revealed promising

results in in vitro studies, there are still few in vivo studies and no clinical trials where

electrospun vascular grafts are used. Evaluation of scaffolds should be performed

Fig. 11.5 Schematic of the experimental setup for preparing PLGA/PCL random electrospun

nanofibrous scaffolds (ENS) (A) and aligned ENS (D), SEMmicrograph of PLGA/PCL random

ENS (B) and aligned ENS (E), and cell shape and distribution on PLGA/PCL random (C) and

aligned (F) ENS. Blue colors indicate nuclei. Red colors indicate actins.

Reproduced from Zhong J, Zhang H, Yan J, Gong X. Effect of nanofiber orientation of

electrospun nanofibrous scaffolds on cell growth and elastin expression of muscle cells.

Colloids Surf B: Biointerfaces 2015;136:772–8, with permission from Elsevier.
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thoroughly under dynamic conditions, prior to in vivo studies. To speed up the pro-

cess, appropriate in vitro bioreactor systems could be designed, where actual blood

flow is simulated.

All the reviewed articles in this chapter mention that the major reason for vascular

electrospun scaffold application failure is their inadequate mechanical properties. In

many studies, the scaffolds were characterized only with uniaxial tensile tests; how-

ever, the dynamic mechanical properties of scaffolds including burst strength and

dynamic compliance should be analyzed to predict the conditions of the scaffolds

in dynamic systems as well. It was also examined in the literature that changing

the orientation of the fibers could influence the mechanical properties. Generally,

scaffolds that are composed of aligned nanofibers showed not only similar mechanical

properties with native vascular arteries but also enhanced in vitro cell adhesion, pro-

liferation, and differentiation.

Mechanically durable synthetic polymers have been widely used to fabricate tubular

scaffolds for vascular tissue engineering.The limitation causedbypoor biological activ-

ity of synthetic polymer-based scaffolds was overcome by surface treatment techniques

and coelectrospinningof synthetic polymerswith natural polymers.More studies should

be conducted to determine optimum biological and physical properties of vascular scaf-

folds. In order to start clinical applications of vascular electrospun scaffolds, the devel-

oped scaffolds should accelerate vascular regeneration and degradation properties with

no toxic effect. Even though vascular electrospun scaffolds, especially recently reported

bilayer scaffolds with different inner and external structures, have shown promising

in vitro and in vivo results, further studies are required prior to clinical applications

in order to develop mechanically durable and cell-supporting vascular grafts.

As reviewed in this chapter, there have been many promising studies to develop

electrospun nanofibrous vascular grafts; however, to the best of our knowledge, no

product in the market has been licensed. We strongly believe that the successfully

developed such grafts are still in the process of clinical studies or FDA approval stage.

Therefore, in the near future, they will be in the market as promising alternatives to

teflon-based grafts especially for small-diameter vascular graft applications.
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12.1 Introduction

Cardiovascular diseases (CVDs) have been considered as the leading cause of death

worldwide since the past two decades. Myocardial infarction (MI) and heart failure

caused by frequently occurred MI are the major causes of death among the CVDs.

MI occurs by obstruction of one or more branches of the coronary arteries, which leads

to myocardial necrosis and death of cardiomyocytes. Due to the limited regenerative

capacity of the adult heart, MI causes permanent damage, and it transforms the

infarcted area into a fibrous scar leading to a significant reduction of the cardiac func-

tion progressively [1–3].
Still, heart transplantation is the most effective method to restore heart functions

for patients with end-stage heart failure; however, shortage of organ donors represents

a major limitation. Therefore, the concept of tissue engineering and cell therapy has

been recognized as an alternative therapeutic approach to stimulate the regeneration of

the infarcted tissue, avoiding adverse remodeling and scar formation [2,4].

Nowadays, cell therapy is suggested as a candidate for MI treatment to replace the

defective myocardial tissue with fetal or neonatal cardiomyocytes, skeletal myoblasts,

embryonic stem cells, bone marrow-derived mesenchymal, hematopoietic stem cells,

and adipose-derived stem cells [5]. Nevertheless, direct injection of the cells into

the diseased myocardium reduces the efficiency of cell engraftment because most

of the injected cells are lost in the blood circulation. Additionally, most of the success-

fully injected cells die within a week as a result of mechanical disruption, unfavorable

environmental conditions, etc. Therefore, a variety of carriers such as hydrogels,

self-assembling peptides, and nanofibrous scaffolds can be utilized to deliver cells

into the myocardial tissue. Furthermore, three-dimensional scaffold implants con-

taining cell can present some advantages over the direct cell injection through increas-

ing the efficiency of cell engraftment, replacing temporarily the injured tissue,

providing a substrate for cell proliferation and migration, and supplying a mechanical

support to the regenerative process [2,6,7].

Furthermore, biomaterials mimicking the fibrillar architecture of the extracellular

matrix (ECM) can provide the essential guidance for the functioning of cardiac cells.

As the diameter of proteins in native ECM is at the nanoscale, the nanofibrous scaf-

folds have been increasingly explored for tissue engineering applications [1,2,8].
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Electrospinning is a straightforward and versatile technique to produce fibers with

the diameter in the range of nanometer to micrometer [1,9–14]. In addition,

electrospun nanofibers provide high surface area to volume ratio and variable pore

size, while their mechanical properties can be manipulated by controlling the

electrospinning parameters. Moreover, various cells, biomacromolecules, and phar-

macological agents can be incorporated into the electrospun scaffolds providing

essential factors for cardiac tissue engineering [9,10,15–17]. In this chapter, applica-

tions of electrospun nanofibers for cardiac tissue engineering including cardiac

patches, drug delivery systems, and heart valve scaffolds are reviewed.

12.2 Cardiac patch

Cardiac patches can support or replace the heart muscle function with the capability

of delivering cellular and pharmacological therapies after MI. An ideal cardiac

patch should be biocompatible, biodegradable, and biomimetic replicating cardiac

ECM properties in terms of physical and biochemical cues. Interconnected porous

structure with variable pore dimensions is required for cell colonization, migration,

proliferation, vascularization, and nutrient and oxygen diffusion. Considering the

myocardial and endothelial cell dimensions that are in the range of 10–100 and

8–12 μm, respectively, pore size ranging between tens and hundreds of microme-

ters are suitable, while too large pores may prevent vascularization by endothelial

cells [2,10].

Furthermore, a cardiac patch needs to match the mechanical properties of the host

tissue. Therefore, tensile stress, Young’s modulus, and strain of 3–15 kPa,�0.5 MPa,

and 22%–90%, respectively, are recommended for cardiac patches. Since the patches

need to withstand both the contractile and expansive forces generated at each

cardiac cycle, elastomeric properties are also essential to sustain the cyclic stresses.

In addition, the myocardium bears mechanical forces along a specific direction

resulting in the anisotropic structure. Therefore, cardiac patches with anisotropic

properties can promote ECM deposition and cell organization similar to the native

tissue. Moreover, not only appropriate conductivity of electrospun cardiac patches

can reduce the chance of postimplantation arrhythmia, but also rhythmic contraction

of cardiomyocytes enhances cell alignment and differentiation [1,2,18].

Both synthetic and natural polymers have been studied for fabrication of cardiac

patches. Generally, natural polymers such as collagen, gelatin, silk fibroin, fibrinogen,

chitosan, alginate, and hyaluronic acid show excellent biocompatibility, cell attach-

ment, and proliferation while they are characterized by the poor mechanical properties

and fast degradation kinetics. On the other hand, biocompatible synthetic polymers

demonstrate desirable mechanical and physical features while they show poor capa-

bility of cell attachment due to the lack of cell recognition sites [5,10]. The biocom-

patible synthetic polymers mostly utilized for cardiac tissue engineering include

polyglycerol sebacate, polyethylene glycol, polyglycolic acid, poly-L-lactide, polyvi-

nyl alcohol, polycaprolactone, polyurethanes, and poly(N-isopropylacrylamide).

Therefore, amalgamating the desired biological properties of natural polymers with
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the good physical properties of synthetic polymers can provide ideal patches for car-

diac tissue engineering applications [2].

A contractile cardiac patch made of cardiomyocytes seeded onto polycaprolactone

nanofibrous meshes was fabricated by Shin et al. The cardiomyocytes started beating

after 3 days and expressed cardiac-specific proteins 14 days post seeding [19]. In

another study, poly(glycerol sebacate) (PGS)/fibrinogen (core/shell) nanofibers were

fabricated by coaxial electrospinning with Young’s modulus (3.28�1.7 MPa) com-

parable with that of native myocardium. Neonatal cardiomyocytes cultured on the

scaffolds demonstrated normal expression of cardiac marker proteins α-actinin, tro-
ponin T, β-myosin heavy chain, and connexin 43 [20].

Aligned electrospun scaffolds have shown some improvement in orientation and

organization of cultured cells and the electrophysiological function of cardiac tissue

[8]. For example, cell seeded on aligned polyurethane-based scaffolds exhibited a higher

expression of cardiac markers compared with the nonaligned scaffolds [21]. Similarly,

better synchronized beating of cardiac tissue was observed on aligned PGS/gelatin

electrospun scaffolds compared with the random ones [22]. Both fiber alignment and

higher gelatin content could facilitate differentiation of neonatal rat cardiac fibroblast

cells and collagen deposition (Fig. 12.1). Generally, fiber alignment can be obtained

through introduction of an insulating gap into the collector, which acts as a capacitor

Fig. 12.1 Effects of physicochemical features of scaffolds on differentiation of neonatal rat

cardiac fibroblast cells (CFs). (A) Overlaid images of CFs cultured on random and aligned

scaffolds at fifth day, stained for α-SMA (red), F-actin (green), and DAPI (blue). (B) α-SMA

expression on days 1 and 5 of CF culture. Both lower PGS content and fiber alignment could

increase α-SMA expression. (C) Collagen deposition on fifth day indicating higher collagen

deposition with lower PGS content (* and +, P< .05).

Reproduced with permission from Kharaziha M, Nikkhah M, Shin S, Annabi N, Masoumi N,

Gaharwar AK, et al. PGS: gelatin nanofibrous scaffolds with tunable mechanical and structural

properties for engineering cardiac tissues. Biomaterials 2013;34:6355–6366.
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separating charge. Due to the opposite electrostatic forces formed by the gap, the

charged fibers are stretched and aligned perpendicular to each edge of the gap [1,23].

Some conductive and biocompatible polymers such as polyaniline (PANi) and

polypyrrole (PPy) have been employed to fabricate conductive cardiac patches

[1,24]. For instance, an electrically active scaffold made of aligned composite

nanofibers of PANi and poly(lactic-co-glycolic acid) (PLGA) was fabricated by Hsiao
et al. [25]. The cultured cells formed clusters, and all of the cardiomyocytes within the

clusters beat synchronously, which was mediated by the intercellular gap junction pro-

tein connexin 43, while the contractions of isolated clusters could be coupled together

via an electric stimulation. Furthermore, functionalizing the electrospun nanofibers

with conductive and biocompatible additives such as carbon nanotubes (CNTs) and

gold nanoparticles (AuNPs) is another approach to produce conductive cardiac pat-

ches [24,26]. For example, upon electric stimulation, human mesenchymal stem cells

(hMSCs) cultured on the electrospun scaffolds made of poly(lactic acid)/CNT

reoriented perpendicular to the direction of the current and upregulated expression

of Nkx2.5, GATA4, cardiac troponin T, cardiac myosin heavy chain, and connexin

43 were observed after the electric stimulation [27]. Similarly, incorporation of

AuNPs into electrospun scaffolds could promote differentiation of mesenchymal stem

cells (MSCs) to cardiomyogenic cells mainly due to the improved conductivity [28].

As mentioned earlier, cell therapy has been considered as a promising therapeutic

approach for MI regeneration. Compared with the direct cell injection, cell-loaded

nanofibrous cardiac patches can increase the efficiency of cell engraftment, stimulate

cell proliferation, facilitate cell differentiation, and guide tissue regeneration. For

instance, promoted differentiation of mouse embryonic stem cells cultured on

nanofibrous scaffolds into functional cardiomyocytes was reported in comparison

with the cell grown without the scaffold [29].

In another study, poly(ε-caprolactone)/gelatin nanofibrous scaffolds seeded with

rat bone marrow MSCs were implanted on the epicardium of the infarcted region

of Sprague-Dawley rats. The cells loaded in the scaffold could migrate toward the scar

tissue and enhanced new blood vessel formation at the infarct site. Angiogenesis and

the cardiac functions increased significantly 4 weeks post implantation [30]. Ehler

et al. [31] also successfully fabricated cell-laden composite living fibers containing

primary cardiomyocytes via cell electrospinning method for MI treatment (Fig. 12.2).

12.3 Bio-functionalized cardiac patch

Cardiac patches can be biofunctionalized with growth factors, cytokines, and drugs

providing localized and sustained delivery of the biomolecules [32]. Furthermore, bio-

functionalized cardiac patches can promote cell proliferation, migration, and differ-

entiation. For example, Yu et al. [33] prepared YIGSR-incorporated and RGD

(adhesive peptides derived from laminin)-incorporated PLGA nanofibers, and they

reported higher expression of α-myosin heavy chain and β-tubulin and faster contrac-
tion of cardiomyocytes on YIGSR-PLGA compared with RGD-PLGA and PLGA

nanofibers.
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Moreover, introducing angiogenic growth factors such as vascular endothelial

growth factor (VEGF), basic fibroblast growth factor (bFGF), hepatocyte growth fac-

tor (HGF), and insulin-like growth factor-1 (IGF-1) in cardiac patches can provide

controlled release of the growth factors and promote angiogenesis [9,34–36]. In
one study, VEGF was encapsulated in poly(L-lactic acid-co-ε-caprolactone)
(PLCL) nanofibers via emulsion electrospinning with the capability of releasing

the growth factor [37]. In another work, granulocyte colony-stimulating factor

(G-CSF)-incorporated poly(L-lactide) (PLA) nanofibers were fabricated by blend

electrospinning, which promoted the differentiation of C2C12 murine skeletal myo-

blasts to cardiomyocyte phenotype through enhanced coexpression of cardiac tropo-

nin I and connexin 43 [38].

CC CE

Fig. 12.2 Confocal images of neonatal rat cardiac myocytes. CE, cell electrospun cells;

CC, culture cells as the control. A-band protein MyBP-C staining indicates well-structured

myofibrils, while the Z-disk protein sarcomeric alpha-actinin and theM-band protein myomesin

show that there is no difference between the two treatments. Moreover, gap junction between

neighboring cardiac myocytes can be observed by connexin 43 staining. Also, filamentous actin

cytoskeleton and the nuclei have been shown.

Reproduced with permission from Ehler E, Jayasinghe SN. Cell electrospinning cardiac patches

for tissue engineering the heart. Analyst 2014;139:4449–4452.
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12.4 Heart valve scaffolds

Valvular heart disease is another major health problem that causes substantial mortal-

ity worldwide [39,40]. Polymeric scaffolds have some advantages over the dec-

ellularized biological scaffolds including less immunogenicity and thrombogenicity

as well as controllable biodegradability and mechanical properties. To design a suit-

able scaffold for tissue engineering of the heart valve, specific structure and geometry

are required. Utilizing appropriate shapes and arrangements of collectors allows fab-

rication of nanofibrous scaffolds with desired architecture. Furthermore, scaffolds

designed for heart valve tissue engineering not only must withstand the hemodynamic

pressures of the heart but also need to be resistant to calcification and thrombosis

owing to their direct contact with blood [39,41].

A trileaflet electrospun PCL heart valve scaffold was produced by Del Gaudio

et al. [42] The leaflets synchronously opened in the ejection phase while the

proper apposition of the leaflets could prevent high leakage volumes in the dia-

stolic phase. In another study, PGS/PCL electrospun scaffolds were fabricated

demonstrating higher elastic modulus and ultimate tensile strength with higher

PGS concentrations comparable with human aortic leaflets’ mechanical character-

istics (elastic modulus of 15.6�6.4 MPa and ultimate tensile strength of

2.6�1.2 MPa). Additionally, PGS/PCL scaffolds could improve attachment and

proliferation of human umbilical vein endothelial cells (HUVECs) compared with

PCL-only scaffolds [18].

A nanofiber coating on the surface of the scaffolds is proposed as another approach

to improve physical and biological functions of the conventional scaffolds. In some

cases, decellularized scaffolds were coated with electrospun nanofibers showing bet-

ter mechanical properties and degradation kinetics than those of the original scaffolds

[39]. For instance, Hong et al. [43] coated decellularized porcine aortic heart valve

with nanofibers made of poly(3-hydroxybutyrate-co-4-hydroxybutyrate) that

improved the mechanical strength of tissue engineered heart valves. In the next

attempt, decellularized porcine aortic heart valve was coated with basic fibroblast

growth factor/chitosan/poly-4-hydroxybutyrate via electrospinning and seeded with

MSCs. The hybrid scaffolds demonstrated a significant increase in cell mass,

4-hydroxyproline and collagen formation, and mechanical strength compared with

the original heart valve [44].

A composite scaffold made of an electrospun polyurethane and poly(ethylene gly-

col) hydrogel was fabricated for aortic valve tissue engineering. This multilayered

construct could provide the desired mechanical properties while enabling 3D culture

of cells. Valve interstitial cells encapsulated into the hydrogel portion of the composite

demonstrated an activated phenotype in response to the stiffness of electrospun fibers

that resulted in α-SMA expression and collagen secretion [41]. Similarly, the benefit

of a combination of a knitted valvular scaffold and electrospun scaffold for valve tis-

sue engineering was reported by Van Lieshout et al. [45].
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12.5 Conclusion

Electrospun nanofibrous scaffolds can mimic the architecture of the protein fibers in

the native ECM.Moreover, the versatility of the electrospinning can provide scaffolds

with desired mechanical, electric, and degradation properties suitable for cardiac

tissue engineering. Therefore, electrospun scaffolds have found applications to

restore the cardiac function, provide a substrate for cell proliferation/differentiation,

and guide tissue regeneration. Moreover, nanofibers can be incorporated with differ-

ent biomolecules and drugs providing local drug delivery and improving cardiac tissue

regeneration. As well, combination of other bioengineered constructs such as dec-

ellularized scaffolds and 3D-printed hydrogels with the electrospun scaffolds

exhibited some more benefits. Although the application of electrospun scaffolds

is widely being investigated by scientific community, further animal studies are still

required to prove the efficacy of this kind of new materials in cardiac tissue engineer-

ing. This is a key step in going toward the commercialization of electrospun cardiac

tissues, which need some more years to be completed.
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13Electrospun scaffolds for neural

tissue engineering

P. Chen, A.E. Rodda, H.C. Parkington, J.S. Forsythe
Monash University, Melbourne, VIC, Australia

13.1 Introduction

13.1.1 Neuronal networking

During development, neurons extend processes (neurites) outward to make contact

with other cells (targets such as neurons and muscle). Neurites possess receptors in

the membranes of their extending growth cones and filopodia that are highly special-

ized in sensing adhesion molecules in the surrounding matrix and soluble agents

secreted by target cells. Receptor activation sets in train the development of strong

actin filament formation in the growth cone that, together with interactions with

microtubules, “pushes” the neurite filopodia forward in the direction of the target.

Thus, the growth cone responds to biochemical cues for receptor activation and uses

biomechanical cues in the matrix to form the stable focal point contact adhesions nec-

essary for neurite progression [1–3].

13.1.2 Challenges of repairing the injured brain

Death of neurons is a consequence of significant trauma, stroke, or in some neurolog-

ical diseases. Neural stem cells (NSCs) are the source of cells during brain develop-

ment in the embryo, but these are restricted mostly, though not exclusively, to the

subventricular zone (SVZ) in the brains of adults. SVZ cells express the astrocyte

marker, glial fibrillary acidic protein (GFAP), and give rise to neurons, astrocytes,

and oligodendrocytes [4,5]. Trauma results in cell injury or death and often ischemia

[6]. As a result, an inflammatory response is mounted, with the release of cytokines

and chemokines, which, together with growth factors and neurotropic factors, induce

proliferation, migration, and differentiation of NSC from the SVZ [7,8]. However, the

ability of these cells to actually reach the site of damage and to network with surviving

neurons in a meaningful way has not been established. NSCs traveling from the SVZ

to the olfactory bulb in rodents use blood vessels as “highways” [9,10]. However, what

occurs in other brain regions or in other species is not well understood, and so, the

provision of guided pathways is a potential application for synthetic electrospun

scaffolds.

In adulthood, traumatic injury or neurological disease can disrupt established con-

nections, and reconnection can be slow, difficult, or even impossible. Among the dif-

ficulties include significant distances between neurons and their targets. For instance,
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traumatic injury results in degeneration of the axon distally. Similarly, following

stroke, a cavity forms as a result of cell death. The extracellular matrix (ECM) envi-

ronment may also be changed at the site of the damage. As a consequence, the local

environment may lack the appropriate physical cues required for the reconnection of

neural networks. In addition, the cells that do not survive the trauma die and cytoplas-

mic components (e.g., ATP and potassium) are released, disrupting homeostasis.

Damaged cells may release cytokines, chemokines, and other proinflammatory moi-

eties, setting up a region of chemical cues inappropriate for repair. This region of

trauma-induced disruption may become invaded by cells other than neurons and per-

haps even extra brain-derived cells that “mop up” and form a fibrous scar at the core of

the damage. Astrocytes form a barrier around this core in an attempt to shield surviv-

ing neurons, and this forms a glial scar [11]. Newly differentiated NSCs from the SVZ

may contribute cells to this glial scar [12]. Astrocyte scar tissue formation protects

nearby neurons from the inflammation of the core and restricts the area of damage,

and prevention of its formation results in a greater area of damage in the longer term

[13]. However, it is not conducive to axon repair and regeneration, possibly due to

chondroitin sulfate proteoglycan secretion by the astrocytes of the glial scar that

can actively repel neurite progress. However, it has recently been elegantly demon-

strated that the glial and fibrotic scars contain a plethora of agents capable of both

promoting and preventing neurite regrowth; these are secreted not only by astrocytes

but also by many cell types [14]. This provides the impetus toward the development of

artificial extracellular matrices with a view to providing a biophysical substrate on

which axonal growth cones can project toward their target cells and reestablish net-

work formation.

Scaffolds have been actively investigated to provide a more conducive regenera-

tive environment within the injured brain. Of the myriad of neural scaffolds investi-

gated, electrospun fibers have been highly successful as they can be engineered to

provide both chemical and physical cues to assist repair and rewiring in the injured

brain [15–19].
Electrospinning offers many advantages for the fabrication of a range of neural

scaffolds that can be tuned, physically and chemically, to promote repair. Processing

parameters can be tailored to meet specific requirements such as the type of polymer

and molecular weight, and the incorporation and delivery methods of bioactive mol-

ecules. Similarly, the electrospun scaffold architecture can be tuned using variables

such as fiber diameter, interfiber spacing, fiber alignment, and pore size. The highly

porous characteristics of electrospun scaffolds allow exchange of nutrients and waste

while also providing a three-dimensional (3D) microenvironment for cellular support

and development.

Another important requirement for brain repair is the seamless integration of the

implanted electrospun scaffold into the surrounding brain tissue. For this to occur,

it is critical that the scaffold does not elicit an excessive inflammatory and foreign

body response. This is inherently very difficult and is dependent on the scaffold archi-

tecture, chemistry, mechanical properties, and method of delivery. However, using

appropriate designs, electrospun scaffolds can be integrated into the brain and

enhance/augment regenerative abilities. This chapter will provide an overview of
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the design principles of electrospun scaffolds for neural tissue engineering, with a par-

ticular focus on brain repair as outlined in Fig. 13.1.

13.2 3D in vitro platforms to study neuronal physiology

The architecture of electrospun scaffolds, especially fiber diameter and alignment,

directly affects the rate of cell proliferation, spreading, aggregation, and differentia-

tion [20,21]. Investigating neural interactions in vitro allows an initial and rapid eval-

uation of the performance of electrospun scaffolds for brain repair. However, the

unique in vitro platforms offered by electrospun fibers have also allowed the devel-

opment of simplistic brain-in-a-dish tools, which can potentially be used for toxico-

logic and drug screening and answer fundamental questions around neuronal

physiology [22].

13.2.1 Axonal extension—contact guidance and growth cone
signalling

Neurons receive many physical and chemical cues relevant to axon extension via

filopodia that emerge from the growth cone at the tip on the axon (described earlier

and shown in Fig. 13.2). The strength of the traction force exhibited by a filopodium

with its substrate influences the direction of neurite extension [1,3,23]. A uniform

Fig. 13.1 Applications of electrospun scaffolds in brain regeneration.
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traction force in all directions provided by randomly orientated electrospun fibers

results in neurite outgrowth in all directions [20]. To restore neural pathways, it

may be important to guide axonal extension, which can potentially be achieved using

aligned fibers produced using different types of collection devices during electro-

spinning [24,25]. Exploiting contact guidance provided by aligned fibers is beneficial

as the physical cues are stable and can therefore be present throughout the regenerative

process.

In the peripheral nervous system, the dorsal root ganglia (DRG) contain cell bodies

of neurons that convey sensory information from the periphery to the spinal cord.

These neurons do not possess dendrites, they do not form connections within the

DRG, and their axons run in parallel [24]. This highly aligned parallel axon formation

can be replicated in vitro by culturing DRGs on aligned electrospun fibers [20,26–28].
The length of DRG neurites cultured on aligned fibers is longer than that which occurs

on randomly orientated fibers [20]. On the other hand, in the central nervous system

(CNS), the axon extension behavior of neurons is distinctly different from DRG neu-

rons, due to their different physiological roles in the brain where neural network for-

mation is critical. Hippocampal neurites extend both parallel and perpendicular to

aligned fibers leading to the formation of neural networks and fire action potentials

signifying neurite-to-neurite communication as a result of functional sodium and

potassium channels [26].

Apart from fiber alignment, the distance between adjacent fibers (interfiber spacing)

in electrospun scaffolds also influences the direction of axon extension. There is a

correlation between fiber diameter and interfiber spacing. The interfiber spacing

between small diameter fibers tends to be smaller than for large diameter fibers [29],

Fig. 13.2 The filopodia emerging from a growth cone at the tip of an axon. The strength of the

traction force exhibited by a filopodium with the substrate influences the direction of neurite

extension.
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which impacts the ability of neurites to “hop” between fibers (Fig. 13.3). For aligned

fibers with a diameter of �300 nm, DRG neurites traverse from one fiber to another,

and neurite extension is shorter [28,30]. In another study using randomly aligned fibers,

axons from embryonic cortical neurons traverse fibers with an interfiber spacing in

the range 2–15 μm [16,17]. Another factor that can limit the extension of neurites is

the presence of crossed fibers, which can inhibit and divert the migration of Schwann

cells and the extension of neurites away from the longitudinal axis [20,27].

13.2.2 Neural stem cell differentiation

Fiber orientation and diameter of electrospun scaffolds influence the differentiation

behavior of stem cells. Both aligned and randomly aligned fiber scaffolds are capable

of supporting the attachment, proliferation, and differentiation of NSCs into different

types of neurons [18,20,31,32]. Aligned fibers were more proficient at guiding human

endometrial stem cell differentiation into the neuronal lineage, such as neurons and

oligodendrocytes, and hindered differentiation into the glial lineage [31]. Randomly

orientated fibers resulted in clustering of mouse embryonic stem cells, which hindered

cell differentiation [20]. In contrast, aligned fibers supported differentiation of mouse

embryonic stem cells into neural progenitors while hindering the growth of astrocytes.

Hence, a greater number of neurons and oligodendrocytes were detected on aligned

fibers [20]. The differentiation of NSCs can be modulated by changing the diameter

of randomly aligned fibers. Relatively larger diameter fibers (1452 nm) promoted dif-

ferentiation toward neurons, while smaller fiber diameters (�300 nm) promoted dif-

ferentiation toward glia [21].

Fig. 13.3 The influence of fiber diameter and interfiber spacing on the direction of neurite

extension on aligned fiber scaffolds. (A) Fiber diameter <300 nm (not to scale). Neurites are

able to hop between fibers due to the small interfiber spacing distance. (B) Fiber diameter

between 300 and 1325 nm. Neurites stay and extend their axons on a single fiber. The interfiber

spacing is too large for neurites to hop to the neighboring fibers.
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13.2.3 Interaction of astrocytes on electrospun scaffolds

Astrocytes play important roles in both the healthy and damaged brain. In the healthy

brain, astrocytes service the synapse, removing released neurotransmitter and

recycling it back to the neurons, removing the potassium released during the repolar-

ization of the action potential, providing metabolic substrates (glucose and lactate),

and ensuring vasodilation in the region close to neurons that are active. Activation

of astrocytes upon injury may lead to the formation of a glial scar, which is an attempt

to “wall off a foreign object,” and this can prevent integration of the scaffold into the

brain. Astrocytes can regulate cell homeostasis and prevent nerve regeneration at the

injured site [33]. It is useful to explore the activity of astrocytes cultured on bioma-

terials as astrocytes are essential in nerve repair and regeneration.

Similar to neurons, astrocytes are capable of migrating on electrospun scaffolds.

They are also able to penetrate into random and aligned fiber scaffolds both

in vitro and in vivo [25,34–36]. However, astrocyte morphology differs when cultured

on aligned versus randomly oriented fibers. Astrocytes cultured on aligned fibers fol-

low the direction of fiber alignment [34,35] and exhibit a rectangular morphology,

whereas those cultured on randomly orientated fibers form circular colonies [35].

Interestingly, both random and aligned electrospun scaffolds are able to direct the

arrangement of astrocytes into a cytotropic phenotype [35]. Astrocytes cultured on

scaffolds that display this phenotype were observed to be less stressed compared with

those that were cultured on microgrooved substrates and patterned hydrogels

[35,37,38].

It is still unclear whether the observed cytotropic- or cytotoxic-like phenotype can

actually be used to predict the activity of astrocytes. Some astrocytes remain quiescent

even when they do not exhibit a cytotropic phenotype [39]. Astrocytes cultured on

two-dimensional (2D) and 3D substrates made from the same material exhibited

the same morphology but had different activities [39]. 2-D materials induced the acti-

vation of astrocytes [39,40]. Even though the relationship between phenotype and

activity is unclear, all of the previous studies reached the same conclusion that 3-D

materials were a better platform for the culture of astrocytes. It was observed that

3-D astrocyte morphologies led to quiescent astrocytes with low expression of the

stress marker, GFAP [35,37,39]. If astrocytes can be cultured on 3-D electrospun scaf-

folds without being activated, they will be able to support the outgrowth and repair

mechanisms of neurons [34,39,40].

13.2.4 Neural cocultures

The aim of coculture is to study the interactions between different types of cells. There

are many cellular regulations and mechanisms involved in the repair and regeneration

of neurons, which involve the interplay between different cell types. Electrospun

fibrous scaffolds have been used to create an environment not only for cell survival

and development but also to support intercellular activities.

Selective cocultures can be performed for glia and neurons, which can be sourced

separately, for example, primary Schwann and neuronal cells, or they can be sourced
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collectively. The latter more closely resembles the physiological condition. The cul-

ture of DRG explants provides a useful means of colocalized primary neurons and

Schwann cells. Fiber diameter plays an important role in cell migration and extension

in this coculture environment with smaller fiber diameters leading to longer neurites

and a longer migration of Schwann cells [29]. The coculture of primary Schwann and

neuronal cells enhances the extension of neurites, which is attributed to the neuro-

tropic factors and ECM proteins produced by Schwann cells [29].

13.3 Surface functionalization and drug release

Both topographic and biochemical cues are essential for neuronal development, as dis-

cussed previously. An electrospun scaffold is able to provide a range of physical and

topographic support for cell attachment, neurite outgrowth, and axon extension. How-

ever, problems may be encountered, such as unsuitable fiber diameter or surface ten-

sion, which can result in poor cell adhesion [16,17,41]. The surface of the scaffold can

be chemically modified or functionalized with biomolecules to make it more suitable

for protein adsorption, which, in turn, improves cell receptor binding. Table 13.1 pro-

vides an overview of the types and methods of electrospun fiber biofunctionalization.

13.3.1 Functionalization using ECM molecules

The binding affinity of neural cells to electrospun scaffolds is improved significantly

with the incorporation of ECM molecules [18,42,52], which enhances cell contact

guidance [48]. Studies have shown that the number of NSCs, DRG, and Schwann cells

attached on electrospun scaffolds increases when biofunctionalized with ECM mol-

ecules [18,53]. The commonmethods of incorporating ECMmolecules to the scaffold

include blending, adsorbing, and covalent bonding. As discussed in Section 13.2.1,

neurite attachment to the substrate activates signaling cascades essential to cytoskel-

etal rearrangement and the forward progressing of neurite filopodia, and this explains

why functionalization with ECM molecules enhances cellular interactions with the

fibers resulting in increased cell spreading [15]. Functionalization using natural

ECM molecules, such as collagen and laminin, leads to higher proliferation rates

and longer neurite extensions than unfunctionalized substrates [15,44,53,54]. ECM

molecules can be blended into the polymer solution and hence incorporated into

the scaffold during electrospinning. In this case, ECMmolecules are incorporated into

the electrospun fibers with some of the molecules presented on the surface [15]. The

blending of ECMmolecules with the polymer solution may change fiber diameter and

interfiber distance [15,46,52,54]. Nevertheless, the most important parameter for the

fabrication of ECM functionalized fibers is an appropriate ratio of polymer and

blended ECM molecules that will lead to improvements in cell attachment, differen-

tiation, and axonal extension.

The extent of ECMmolecule incorporation into the scaffold depends on the surface

functionalization technique. A comparison between blending, covalent bonding, and

physical adsorption of laminin with electrospun PLLA found that the highest amount
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Table 13.1 Biofunctionalization strategies for electrospun fibers

Biomolecule/role

Immobilization

technique

Type of

polymer Cell type References

ECM-derived factors

Gelatin—increased

proliferation and

differentiation rate

Blending PCL Neural stem

cells (NSCs)

[15]

Collagen—axonal

extension

Blending PCL DRG explants [18]

Collagen—cell

adhesion

Blending PLLA-co-
PCL

Mesenchymal

stem cells

(MSCs)

[42]

Collagen I/III—cell

proliferation

Blending PLLA-

co-collagen
Neural stem

cells

[19]

Laminin—axonal

extension

Covalent

bonding,

adsorption, and

blending

PLLA PC12 [43]

Laminin—cell

adhesion

Covalent

bonding

PLLA Schwann cells [44]

Laminin—neurite

extension

Covalent

bonding

PCL Dorsal root

ganglia

[41]

Laminin

(patterned)—

guided cell growth

Covalent

bonding

PA Radial glial

clones (neural

precursors)

[45]

Fibronectin—cell

adhesion

Blending PLLA In vivo [46]

Neurotropic factors

GDNF—neurite

extension

Encapsulation PCL PC12 [47]

GDNF—increased

cell survival

Covalent

bonding, soluble

PCL SN4741 [48]

BDNF—cell

survival and neurite

extension

Covalent

bonding,

adsorption,

soluble

PCL LbL with

heparin/PLL

Neural

progenitor

cells

[49]

BDNF mimetic—

cell migration and

neurite sprouting

Blending PCL Neuroblasts

(in vivo)

[50]

NGF—cell

differentiation

Covalent

bonding

PCL Mesenchymal

stem cells

(MSCs)

[51]
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of laminin was detected on PLLA-/laminin-blended samples [43]. Since laminin

improves cell-substrate binding, the amount of laminin incorporated in the scaffold

will influence cell attachment and axon extension. PLLA/laminin blends resulted

in longer axon extension compared with physical adsorption and covalent bonding

techniques [43]. Regardless of the functionalization technique, the addition of laminin

was shown to significantly improve cell attachment and neurite extension compared

with a nonfunctionalized scaffold [41,45].

Type I and III collagen are ECM molecules that naturally occur in the peripheral

nervous system [55] but are absent in the brain. Collagens bind to integrin receptors

embedded in the plasma membrane, including growth cone regions, and hence, it is

not surprising to find that collagen incorporation into electrospun scaffolds improves

cell-substrate interactions [52]. The addition of both type I and III collagen into

electrospun fibers resulted in the highest proliferation rate of NSCs compared with

those that were only blended with a single type of collagen [52]. In another study,

PCL/gelatin (gelatin is collagen fragment) blends improved adhesion, proliferation,

and differentiation of NSCs compared to pure PCL scaffold. [15].

Core-shell electrospinning techniques can also be used to present ECM molecules

on the surface of fibers. Core-shell electrospun scaffolds usually consist of two poly-

mers in which one of them, most likely the outer shell, is blended with ECM mole-

cules. The advantage of this system is the controlled release profile. As an

example, scaffolds consisting of a PLLA core (which provides structural stability)

were biofunctionalized by an outer shell consisting of gelatin blended with retinoic

acid (RA) and purmorphamine, which activates the hedgehog signaling system

involved in axon guidance [56]. The gelatin supported cell attachment, while RA

and purmorphamine promoted neurite extension and the differentiation of NSCs into

motor neurons.

13.3.2 Functionalization using neurotrophic factors

Neurotrophic factors such as nerve growth factor (NGF), brain-derived neurotropic

factor (BDNF), and glial cell-derived neurotropic factor (GDNF) are key components

in the development of the CNS, as they help to promote neural survival and prolifer-

ation [48,49,51]. Amajor hurdle using neurotrophins is that they typically have a short

half-life in vivo and must therefore be continuously delivered in the brain. However,

electrospun scaffolds have been used to provide sustained and localized delivery of

neurotrophins.

Electrospun scaffolds can be functionalized with neurotropic factors, which have

been either immobilized or freely adsorbed onto the fiber surface. It should be noted

that covalent immobilization of the protein may alter the ability of the factor to interact

with its receptor embedded in the membrane of the neuron. However, the immobilized

forms of neurotrophins can provide long-term support for cell survival because they

are less prone to degradation. In contrast, adsorbed forms may have decreased effects

as they can be washed off or may not be adsorbed onto the scaffold in the first place

[43,48,49,51]. The growth factors may be released in response to cellular activity or

circulating factors, and thus, production may be sporadic rather than continuous [51].
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NGF immobilized on aligned fibrous scaffolds supported the differentiation of

mesenchymal stem cells (MSCs) into cells expressing neural markers [51], whereas

GDNF has been incorporated within electrospun fibers, which helped guide differen-

tiation of human-induced PC12 cells into neurons. Encapsulated GDNF remained bio-

active for 30 days [47]. Incorporation of immobilized GDNF onto electrospun PCL

scaffolds increased the integration of exogenous neural stem/progenitor cells in the

scaffold and enhanced topographic cues for migration of neural stem/progenitor cells

and prevented the formation of an astroglial scar [36]. Layer-by-layer (LbL) deposition

techniques have been used to provide greater control and reliability of scaffold bio-

functionalization. Immobilization of BDNF onto polylysine-terminated LbL-coated

fibers resulted in longer neurite extension of neural progenitor cells (NPCs) compared

with scaffolds that contained soluble BDNF or adsorbed BDNF [49].

13.3.3 Gradient or patterned coatings

Micropatterning is another surface functionalization technique where biomolecules

such as laminin [45] and collagen [54] are coated onto a substrate in different patterns,

gradients, or shapes. The patterned coating can also be used to enhance the effective-

ness of biomolecules and enhance topographic cues presented to cells. In the presence

of gradient coatings of biomolecules, neurons can undergo chemotaxis where axonal

outgrowth can be guided toward a higher concentration of the coated biomolecule

[41]. The patterning of biomolecules on the scaffold can also allow controlled studies

of cell processes such as migration pattern, biochemical cues, cell-to-substrate inter-

actions, and differentiation patterns within a defined area [54]. Micropatterns of lam-

inin strips on the surface of random fibers guide glial outgrowth along the printed

striped patterns (Fig. 13.4) [57].

Fig. 13.4 The influence of patterned laminin coatings on neuron attachment and development.

(A) Neurons attach and grow in a random direction in the absence of laminin coating.

(B) Neurons grow along the stripes of laminin coating (shown in green).
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13.4 Electrospun fibers for brain repair

13.4.1 Cellular responses of electrospun scaffolds in the brain

The ability of electrospun scaffolds to support cellular migration and axonal guidance

has been investigated in the brain. Cells use physical contact guidance cues offered by

electrospun fibers; however, the infiltration of neurites into the body of the scaffold

varies depending on the architecture and location of the implant in the brain [50].

Neurites tend to grow on the surface of the scaffold in a direction perpendicular to

the orientation of the aligned fibers at the surface of the implanted scaffold instead of

penetrating into the scaffold [25,46,50]. In contrast, neurites are able to penetrate

through randomly orientated fiber scaffolds [25]. This could be because the porosity

and interfiber spacing between randomly oriented fibers are larger than for aligned

fibers. Interestingly, neurite entry into the scaffold is likely to be mediated by the ini-

tial migration of astrocytes, which provide trophic cues.

13.4.2 Inflammatory responses of electrospun scaffolds
in the brain

Tissue delamination, that is, separation of brain tissue from an implanted electrospun

scaffold at the interface, constitutes a major problem for in vivo studies. The cause of

the delamination is most likely a result of excessive inflammatory responses that

occurs at the interface resulting in the formation of an astroglial scar [50]. Encapsu-

lation by astroglia isolates the scaffold limiting integration with the penumbra [36].

This typical foreign body response also occurs at the interface of neural electrodes

resulting in implant failure [58]. One strategy to improve scaffold integration is to bio-

functionalize the fibers with neurotropic factors, which minimizes the inflammatory

response and improves neural cell survival following implantation. Antiinflammatory

agents have recently been incorporated into electrospun scaffolds for use in peripheral

locations [59–61].

13.4.3 Using electrospun scaffolds to guide cell migration
in the brain

When there is damage in the brain, NPCs from the SVZ region migrate toward the

injured site in an attempt to repair and regenerate the damaged area [4]. However, loss

of cells and ECM as a consequence of the damage will mean that a microenvironment

capable of supporting NPCs is lacking. Migrating NPCs (neuroblasts) use the brain’s

vasculature as a physical and biochemical scaffold in their progress toward the site of

injury [62]. However, neuroblasts have difficulty traversing discontinuity in the vas-

culature [63]. As a consequence, almost all neuroblasts remain in the SVZ and do not

make it to the site of ischemic injury [63]. To address this problem, aligned

electrospun scaffolds have been used to guide neuroblasts long distances [50,64].

Injection of electrospun fibers, which deliberately intersects with the SVZ, results

in the neuroblasts migrating along the fibers. A mimetic of brain-derived neurotropic
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factor was encapsulated and released from the electrospun aligned PCL scaffolds

resulting in increased numbers of neuroblasts within the scaffold, which can be attrib-

uted to BDNF’s role in modulating neuroblast migratory mechanisms [62] and its

antiinflammatory properties [65]. Recently, coating aligned electrospun scaffolds

with graphene increased the distance that neuroblasts travel from the SVZ along

the scaffold, simulating neuroblast migration along blood vessels, an effect that could

have been due to graphene’s propensity to adsorb and retain certain proteins on the

surface of the scaffold [64].

Electrospun PCL fibers have been investigated as a novel means of treating aggres-

sive brain tumors. Aligned PCL scaffolds are able to guide glioblastoma multiform

tumor cells from the tumor site to an extracortical location [66]. The extracortical

location for this experiment was an apoptotic tumor sink made from hydrogel and

cyclopamine. This migration was possible because the electrospun PCL scaffold mim-

icked white matter tracts and blood vessels [66]. Moreover, migration of tumor cells

from the tumor site into a hydrogel demonstrated that electrospun scaffolds can be

used to guide cell migration between different types of materials and tissues.

13.4.4 Delivering electrospun scaffolds in the brain

Delivery of implants into the brain poses problems such as the need for surgery and

the bulkiness of the biomaterial [46,67]. The extent of the surgery required depends

on the structure of the scaffold and on the location within the brain. A common

approach for the implantation of electrospun scaffolds is to implant it as a tube

and deliver via a syringe [50,68]. The limitation of this type of implantation is that

the cells within the brain may not be able to infiltrate the scaffold, and exogenous

cells cannot be delivered on the scaffold as they do not survive the rolling and injec-

tion process [36].

A potential solution to the problem with in vivo applications is to create a hybrid

material consisting of an injectable hydrogel containing discontinuous or short

electrospun fibers [46,67,69]. Short fibers provide the physical cues required for con-

tact guidance, while the hydrogel matrix provides both support for the fibers and a

tunable 3-D cellular microenvironment. It would be important to ensure the presence

of sufficient levels of short PLLA fibers in the hybrid material in order to improve cell

engraftment during migration. This suggests that the architecture of the scaffold plays

an important role in neurite infiltration and cell guidance even when the hybrid mate-

rial is decorated with surface-functionalized molecules such as fibronectin, BDNF

mimetic, and GNDF [46,67].

13.4.5 Dura repair

The application of scaffolds as an implant for dura repair has recently been reported.

The dura is a thick membrane that protects the brain and spinal cord. It also prevents

cerebrospinal fluid from leaking out of the CNS [70]. Complicated neurosurgery is

usually required to repair the dura following traumatic brain injury. There are many

commercialized autografts that have been used to repair dura; however, the
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functionality of these materials is limited. Tissue engineering strategies focusing on

regeneration of the dura have utilized a multilayer electrospun PCL and PLA scaffold

functionalized with type I collagen (Fig. 13.5) [71]. The material was able to repair the

tissue in the damaged area without causing any inflammatory response. There was

formation of collagenous fibers and fibroblast-like cells, which established the ability

of the scaffold to support cell growth and tissue regeneration. Hence, an increase in the

dura thickness and wound healing was observed [71].

13.5 Electroactive fibers for nerve stimulation

Neurons transmit information through synaptic and electric couplings. The firing pat-

tern of the action potential is a key to the synaptic process [72]. The influx and efflux

of ions including sodium (Na+), potassium (K+), and calcium (Ca2+) through their

voltage-gated channels lead to electric signals (action potentials) that travel along

the axon. Neuronal signaling occurs both within and between neural cells. Since

the synaptic process is a combination of electric and chemical events, growth and dif-

ferentiation of neurons may be regulated as a result of electric stimulation [73].

Accordingly, the combination of a conductive substrate and electric stimulation

may further enhance growth and differentiation of neurons and the formation of neu-

ronal networks.

80% Collagen + 20% PLA

PLA + PCL
PLA

Fig. 13.5 Multilayered electrospun

scaffold for dura repair. Each layer

of the scaffold has its characteristics

that contribute to the overall

function of the scaffold.
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13.5.1 Passive versus active stimulation

Both passive and active electric stimulation can promote neurite outgrowth and for-

mation of neuronal networks. Electric stimulation can be used to regulate cell func-

tion, enhance the formation of neural networks, and test for the excitability of the

differentiated cells. Electrospun scaffolds can be imparted with electric properties

by coating, doping, or blending with conductive materials, such as conductive poly-

mers, carbon nanotubes, and graphene [74–77]. Polyaniline (PANI), poly(3,4-

ethylenedioxythiophene) (PEDOT), and polypyrrole (PPy) are commonly used con-

ductive polymers [78–81]. Table 13.2 shows the types of conductive materials used to

coat electrospun scaffolds.

It is important to identify a process that preserves the architecture of the scaffold

and its topographic cues when implementing conducting coatings [83]. Electric stim-

ulation of conductive electrospun polymers often leads to an increase in cell prolifer-

ation and neurite outgrowth [75,80,81]. SH-SY5Y cells cultured on polyethylene

terephthalate fibers coated with PEDOT exhibit increases in cytoplasmic calcium

upon electric stimulation demonstrating the ability to support neural signaling [79].

Electrospinning of pure conductive polymers such as PANI is problematic due to

the difficulty in achieving uniform and continuous fiber diameters [80,82]. The incor-

poration of conductive materials into non-conducting scaffolds will change the

mechanical properties and surface chemistry of the electrospun scaffold, which will

influence cell adhesion and cell-to-substrate interactions. Surface functionalization of

the conducting fibers with ECMmolecules may be necessary to enhance cell adhesion

[80,82], which can be performed so as not to affect the electric communication with

neurons [84].

Table 13.2 Types of conductive electrospun scaffolds

Base

material

Conductive

material Cells Mode of stimulation References

PVC Graphene

(coated)

Primary

motor

neurons

Active—DC 100 mV

pulse

[75]

PCL/

gelatin

PANI (doped) Nerve

stem cells

Active—DC steady

potential 1.5 V for 15,

30, 60 mins (24 h post

seeding)

[80]

PET PEDOT-doped

tosylate

SH-SY5Y 1.5–3.0 V [79]

PLLA None Schwann

cells

Constant DC—1mA,

50 mV/mm for 8 h

[44]

PLLA PANI

(blended)

Nerve

stem cells

100 mV/mm for 1 h [82]

PANI, polyaniline; PCL, poly-ε-caprolactone; PEDOT, poly(3,4-ethylenedioxythiophene); PET, polyethylene
terephthalate; PLLA, poly-L-lactic acid; PVC, polyvinyl chloride.
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Electrospun scaffolds have been coated with carbon-based materials such as

graphene and carbon nanotubes, which are well-known for their unique electric

properties and to enhance charge transfer [78]. Graphene is biocompatible and pro-

motes the growth and development of primary motor neurons without electric stim-

ulation and further enhances the maturation and growth speed of neurons upon

electric stimulation [75]. One advantage of using graphene is that it has a higher

electric conductivity than conducting polymers, which leads to better electron trans-

port properties [75]. Graphene-coated electrospun scaffolds require coatings with

ECM molecules such as laminin to improve cell interactions. Graphene can be

coated onto the scaffold via many techniques such as LbL deposition [64], coating

[85], or filtration [75]. Filtration of graphene oxide produces a uniform coating on

the fibers without changing the structure of the scaffold [75]. In the absence of elec-

tric stimulation, the growth and development of motor neurons on graphene-coated

scaffolds showed no difference from tissue culture polystyrene plate and uncoated

scaffold. In contrast, an electric stimulation of graphene-coated scaffolds signifi-

cantly promoted the growth and development of primary motor neurons. The uni-

form coating of graphene oxide allows the electrons to transfer more freely along

the fibers; hence, graphene provides a local electric conductivity, which may

enhance spontaneous synaptic activity [75].

13.5.2 Electrospun coatings for neural electrodes

Electrodes are routinely used to electrically stimulate and/or record from regions of

the brain for diagnostic or therapeutic purposes [78]. Current problems with electrodes

are high impedance, poor long-term recording/stimulating properties, high fluctua-

tions in recording, and tissue delamination [58,76,86]. These limitations can be over-

come by using a material with high surface area, which will increase the charge

transfer capacity. Moreover, the elastic modulus of the material should be similar

to neural tissue, as a mismatch in the electrode-tissue stiffness activates a foreign body

response and formation of a glial scar, which inhibits the stimulation-recording func-

tion of the electrode. Coating of 3-D electrospun fibers with conductive polymers,

such as PEDOT and PPy, results in a decrease in the impedance compared with a

2-D film electrode [76,78]. Electrospun fibers can be coupled with hydrogels to fur-

ther reduce the induction of an inflammatory response. The recording/stimulating

property was enhanced when the electrospun PCL-hydrogel was loaded with neural

growth factor, which encourages neurite extension toward the electrode surface [86].

13.6 Commercialization aspects

Anumber of commercial electrospun products are available for neural tissue engineer-

ing as outlined in Table 13.3. These electrospun products are mainly used as in vitro

culture platforms for the study of neuronal physiology. Various formats are available

including disks, hollow tubes, and sheets and manufactured from common biocompat-

ible polymers or copolymers such as PCL, PLLA, PLGA, PC, and PCU. For the
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convenience of cell culture applications, the size of the electrospun inserts conforms to

a variety of multiwell tissue culture plate or petri dish formats. The electrospun mem-

branes can be either fixed to the culture plate or freestanding. A variety of fiber diam-

eter, fiber orientation, scaffold thickness, and porosities are available, and many

companies also offer custom-made electrospun scaffolds for specific applications.

Most electrospun scaffolds developed for brain repair have been used in preclinical

settings. At present, the only commercial product available is limited to artificial dura

(Table 13.3). However, more electrospun products will most likely be commercialized

due to the increased amount of research activities targeting biomaterial strategies for

brain repair.

13.7 Future challenges

Electrospun scaffolds have opened up new possibilities for neural repair in the brain.

Appropriately designed electrospun scaffolds are able to provide physical support,

enhance cell viability, and direct migration, proliferation, and differentiation

Table 13.3 Commercialized electrospun products for neural tissue
engineering

Product name/company Material

Architecture and

format References

In vitro: cell culture platforms to study neuronal physiology

Silk fibroin scaffold/SKE

Research Equipment

Silk Disk, sheet,

tubular—

freestanding

scaffolds

–

Mimetix scaffold/

Electrospinning company

PLLA/PLGA/

PCL/PLCL/

PAN

Disk—fixed in

multiwell TCPS

–

NanoAligned, NanoECM,

NanoHep/Nanofiber

Solutions

PCL Disk—freestanding –

Corning Transwell,

Snapwell/Corning Inc.

PC/PTFE

collagen-coated

PET

Disk—fixed to

insert for multiwell

TCPS

[87–91]

In vivo

Redura/Medprin

Regenerative Medical

Technologies Co., Ltd.

PLLA Sheet—

freestanding

[92]

PAN, polyacrylonitrile; PC, Polycarbonate; PCU, polycarbonate urethane; PET, polyester; PTFE,
polytetrafluoroethylene.
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in vitro. This also facilitates the application of electrospun scaffolds as an in vitro

model to interrogate brain physiology. Nevertheless, controlled guidance of axons

over long distances in the brain and cellular stimulation with specific drugs/proteins

remains a challenge. A better understanding of the inflammatory responses and regen-

eration mechanisms is required for the development of effective electrospun bioma-

terials. This understanding will also offer the possibility of creating a scaffold that can

provide regenerative cues that match the dynamics of the brain regenerative processes.

The combination of neural tissue engineering and electrodes increases the chance of

monitoring or modulating the regeneration in real time. Further studies are required to

find optimal delivery methods that avoid the need for complicated surgery. Advances

in technology and better knowledge of cell-to-substrate interactions will improve

researchers’ ability to design scaffolds to be more efficient and target-specific.
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14Coaxial electrospun nanofibers

for nanomedicine

K. Vodsed’álková, L. Vysloužilová, L. Berezkinová
Nanopharma, Pardubice, Czech Republic

14.1 Introduction

Nanofibers are unique structures with low area weight and a high specific surface area,

that is, they are very fine fibers with diameters below 1 μm. They have high porosity

and a very small diameter of interfiber pores that allow the nanofibrous structures to

prevent microorganisms, bacteria, viruses, fine powders, and pollen particles from

passing through, for instance, while keeping very good vapor permeability.

Nanofibers are used for broad range of applications where their great specific prop-

erties excel. These materials can be used, for example, as wound dressing [1], mate-

rials for drug delivery system [2], blood vessel prosthesis and nervous tissue [3], bone

and cartilage regeneration [4], electrically conductive nanofibers [5], membranes for

batteries [6], nanofibers composites [7,8], or highly efficient materials for filtration

[9]. They can be also used in optics, as special probes for detection systems or sound

insulators [5]. Nanofibrous materials have great potential in tissue engineering as

materials acceptable for cell life, cell proliferation, and differentiation, because their

structure is similar to extracellular matrix (ECM) of natural tissue [10]. Currently, a

few companies are engaged in the commercial production of scaffolds, for example,

Nanopharma and its NanoMatrix3D. NanoMatrix3D products are primarily used for

research of differentiation, in vitro expansion, and cultivation of cells.

Nanofibers canbeproducedby severalmethods such as drawing, template synthesis,

phase separation, self-assembly, Forcespinning, AC spinning, and electrospinning.

Electrospinning is the most used method for production of nanofibers. This tech-

nology allows a formation of nanofibers from polymer solution or melt, respectively,

by a high electric field. Polymeric solution is delivered through needle or needleless

spinning electrode and is subjected to a strong electric field. Polymer solution is then

drawn and elongated by external and internal electric forces, and nanofibers are cre-

ated [11]. A needleless electrospinning is a technology for the increase of productivity

of nanofibers introduced by Yarin and Zussman in 2003 [12]. Nanofibers are formed

from a free surface of a polymeric layer using a strong electric field. Electrospun liq-

uid is destabilized by this strong external electric field, and electrospinning starts from

the fastest growing capillary wave as described by Lukas et al. [13]. Nanofibers, pro-

duced by electrospinning process, can be transmitted with various functional attri-

butes. These functions are determined by their inner morphology or their complex

chemical composition. Many functionalized composite nanofibers were produced
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directly by electrospinning of polymer blends or by polymer solutions with various

bioactive agents. Apart from the usage of blends, “core-shell electrospinning,” also

called as “coaxial electrospinning” or “coelectrospinning,” is a very sophisticated

method and an alternative route how to produce composite functionalized nanofibers

with core-shell structure, as explained by Song et al. [14].

Another method used for production of nanofibers is Forcespinning. Forcespinning

in contrast with electrospinning uses centrifugal forces to form fibers from polymer

solution and ranks among production techniques for fibers ranging from nanometers

to micrometers in size. It is also referred as centrifugal spinning, rotary jet spinning,

and others. The technique of centrifugal spinning has very good potential for industrial

production of fibers. The key part of the equipment is a spinning unit that consists of

two parts—container and nozzles (taps)—and is connected to a drive unit. The poly-

mer is inserted into the container as a polymer solution. Rotation leads to the polymer

solution being ejected from the nozzles, and the concurrent effect of inertial (centrif-

ugal) forces causes the fibers to extend and form. The fibers are caught in collectors of

various shapes. This technique is able to cover more complicated shapes than classic

electrospinning and is able to use a broader range of polymer materials compared with

other techniques. Another advantage is much higher productivity when compared with

the electrospinning method, while it is also much simpler.

A relatively newmethod for production of nanofibers is AC spinning [15]. This is a

new experimental method used to produce nanofibers, which again utilizes an elec-

trostatic field, but with an alternating current with a frequency of tens Hz. This idea

allows for the most productive preparation of nanofibers among the methods using

electrostatic field—involving spitting of a parallelized nanofibrous “cloud.” When

using the alternating current, the created fibers are able to self-organize thanks to

the carried alternating charge and to travel to some extent in a free space; thus, it

is not necessary to use the collecting counterelectrode, which facilitates the production

of fibers simpler. Another positive effect is the possibility to deposit the nanofiber

flow in a more targeted manner. This method is currently being used with successful

results to prepare core and coreless nanofibrous yarn, which present another interest-

ing structural solution for carriers of active substances and others. Thus, the indisput-

able benefit of this method is relatively good productivity compared with electrostatic

methods; however, this technique is still new, and thus, it is only being used within a

limited group of polymers, such as polyamide (PA), polyvinyl butyral (PVB), and

polylactic acid (PLA). Another benefit is the possibility to produce nanofibrous yarn

and also randomly oriented nanofibrous layers, which display better porousness than

other electrostatic methods.

14.2 Coaxial electrospinning

14.2.1 Background

Core-shell nanofibers, also called as core-sheath nanofibers, are bicomponent nanofibers

with core-shell structure produced by a special technology known as coaxial

electrospinning. Coaxial electrospinning is suitable for materials that are difficult to

322 Electrospun Materials for Tissue Engineering and Biomedical Applications



spin in a commonway, if at all. In the event that awell-electrospinnable polymer solution

is used as a shell, fine fiber can even be produced from an otherwise electrostatically

unspinnable fluid [14]. This technique can also be employed to encapsulate

nanoparticles in higher concentration than by classical electrospinning. It is possible

to prepare biodegradable core-shell nanofibers for controlled release of bioactive agents

ranging from growth factors to antibiotics, immunosuppresives, anesthetics, and vita-

mins. This drug delivery system enables local controlled release while avoiding the neg-

ative aspects of nanoparticles as sole drug. This option is developing quickly.A new idea

in the development of electrostatically prepared scaffolds for tissue engineering is to use

nanofibers with the core-shell structure, composed of two different polymers that

degrade at a different rate [16]. In this case, natural and synthetic polymers can be used.

Themain reason for using natural polymers is that they are inherently capable of binding

cells since they carry specific protein sequences.On the other hand, synthetic biodegrad-

able polymers provide the necessary mechanical properties, such as viscoelasticity and

strength, and their degradation rate can be controlled as needed.

The best benefit of this method is the possibility to spin substances, which cannot

be spun otherwise and [17,18], above all, the possibility to incorporate active sub-

stances into the nanofiber core in a scale of up to 10 wt%, which represents a great

functional benefit against conventional carriers of active substances such as foils,

in conjunction with the high specific surface area of nanofibers.

14.2.2 Physical principle

Like common electrospinning, its core-shell variant also occurs when electric forces at

the surface of polymer solutions overcome the surface tension and cause an electri-

cally charged jet to be ejected. Due to a bending instability, the jet is subsequently

stretched to form ultrathin fibers. The necessary requirement in a wild jet motion is

that its core-shell arrangement has to be preserved.

The core-shell electrospinning process is expected to be fast enough to prevent any

mixing of the core and shell materials, as mentioned by Sun et al. [19]. The character-

istic time τ1 of a jet element passing the bending/whippingunstable zone of a jetmust be

shorter than a diffusion or mixing of two coaxially electrospun polymer solutions.

Under these conditions, a sharp boundary inside a fiber can be formed, as reported

by Song et al. [20]. It was found that the characteristic time, τ1, of bending instability
in electrospinning is of the order of milliseconds, as claimed by Sun et al. [19]. One

supposes that this time is nearly the same for the core-shell electrospinning too.

Characteristic time, τ1, of a jet passing through the bending instability has to be

compared with characteristic times of two kinds of diffusions, τ2 and τ3, to estimate

sharpness of a wall between a core and a shell. Diffusive spreading in two identical

polymers doped by dyeing agents can be described by a characteristic time

τ2 ¼ d2=Dd, where d is a nanofiber cross-sectional diameter and Dd implies the diffu-

sion coefficient of the dopant. The last characteristic time τ3 describes a spreading of a
sharp boundary between two different polymers due to mutual diffusion of polymeric

chains. For τ3 holds τ3 ¼ d2=Dp, where Dp is the polymer diffusion coefficient. More
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information about characteristic diffusion times can be found in the work of Hiemenz

and Lodge [21]. Characteristic diffusion times τ2 and τ3 are generally larger than τ1,
and so all the boundaries survive in core-shell electrospun nanofibers as relatively

sharp walls, which is in agreement with the experimental results of Sun’s [19] work.

In the case of a pair of various polymers both solved in the same solvent, mutual

diffusion during jet formation can be ruled out, since τ1 < τ2 < τ3. When core and shell

polymers are dissolved in different solvents, these must be cautiously selected to avoid

any precipitation at the solution-solution interface. The use of immiscible solvents in

the core and shell usually contributes toward the internal stability of the jet. Critical

physical properties of solutions that determine the stability of coaxial jets are not well

understood, as has been mentioned by Andrady [22]. A bimodal distribution or a mix

of thin and thick fibers is sometimes observed in coaxial electrospinning, as was done

by Andrady [22]. This suggests multiple jets from a two-layered cone rather than the

branching or splitting of the main jet with the subsequent separation of its components

during core-shell electrospinning.

14.2.3 Electrospinning setup—needle versus needleless coaxial
electrospinning

The critical component of the core-shell electrospinning setup is a composite spin-

neret comprising two separately fed chambers that culminate into a coaxial capil-

lary orifice, that is, small capillary tubes with one inside the other. The polymer

solutions, or other liquid components, are fed at carefully determinate flow rates,

which are controlled by syringe pumps. The process has surprisingly deep histor-

ical roots. John F. Cooley submitted a visionary patent application in the year

1899, Cooley [23].

A needle coaxial electrospinning is usually used technology for production of

core-shell nanofibers. The disadvantage is very low production in this case. Yarin

and Zussman brought a revolutionary idea in 2003, and they represent needleless

electrospinning from a free surface of the polymer liquid, which allowed increase

of productivity of nanofibers [12]. Technology to mass production of nanofibers

was developed in 2004 and patented under the brand name Nanospider [24]. The first

equipment for the needleless coaxial electrospinning was developed at the Technical

University of Liberec and was patented in 2009 under the name “Weir spinner” [25].

The polymeric two-layer is overflowing through the blade of a spinning electrode

(Weir spinner), and electrospinning starts from its free surface, which is destabilized

in a high external electric field. The instability on the liquid free surface is categorized

as Larmor-Tonks-Frenkel one, which has its nature in the self-organization by the

mechanism of the “fastest forming instability” [26–30].
A needle coaxial spinning electrode consists of two coaxially arranged capillaries

(Fig. 14.1). The composite droplet created in an orifice of this spinning electrode

forms a composite Taylor cone that pulls up both the shell polymer solution and

the core polymer solution. Then, both polymer solutions together are drawn and elon-

gated by the electrospinning jet and collected on the grounded collector [30].
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Needleless coaxial electrospinning is the electrospinning variant using a principle

of electrospinning from a free surface of the polymer two-layer. Fig. 14.2 shows the

typical electrospinning setup with the Weir spinner as a spinning electrode. The Weir

spinner (see Fig. 14.3A and B) consists of three chambers—two feeding chambers for

dispensing of shell and core liquids and one outflow chamber for the waste material

(nonelectrospun liquids). The middle part between chambers represents the plate elec-

trode. This spinning electrode allows the increase of productivity of core-shell

nanofibers. A large number of Taylor cones and polymeric jets are created by this

needleless spinning electrode. In the next step, shell of Taylor cones pull up the core

liquid, and both materials (core and shell) are drawn and elongated together by electric

forces to produce core-shell nanofibers.

Fig. 14.1 (A) Model of the needle coaxial spinning electrode, (B) electrospinning from the

needle coaxial spinning electrode, (1) spinning electrode, (2) feed of the core liquid, (3) feed of

the shell polymer solution, and (4) bicomponent droplet.

Fig. 14.2 The scheme of electrospinning

setup: (1) spinning electrode (Weir

spinner), (2) collector, (3) nanofibrous

substrate for collecting nanofibers,

(4) positive high-voltage source,

(5) negative high-voltage source, and

(6) polymeric jets/the zone of

electrospinning [30].
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The cylindrical coaxial spinning electrode with a smooth surface is the next

needleless spinning electrode for production of core-shell nanofibers (see Fig. 14.4)

[30]. This spinning electrode is made of duraluminium. This consists of three cylindri-

cal parts used for distributing polymers to the top layer. Two lateral chambers are

supplied by the shell polymer solution, while the inner chamber feeds the spinning

electrode with the core liquid. A bicomponent polymeric ring is created along an

orifice of the cylindrical coaxial spinning electrode and core-shell nanofibers can

be created [30].

Core-shell structured nanofibers can be also produced using a single-nozzle tech-

nique. The single-nozzle method was demonstrated by Bazilevsky [31] using blends

Fig. 14.3 (A) 3D model of the Weir spinning electrode. (B) cross section with highlighted

polymer feeding chambers (P1, shell; P2, core) [30].

Fig. 14.4 (A) Model of cylindrical coaxial spinning electrode, optimized design for core-shell

nanofibers. (B) Electrospinning from the cylindrical coaxial spinning electrode [30].
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of immiscible polymers. Polymethylmethacrylate (PMMA) and polyacrylonitrile

(PAN) were dissolved separately in dimethylformamide (DMF). It was proved that

the outer shell flow is sufficiently strong to stretch the inner droplet into the Taylor

cone, thus forming a core-shell jet.

Substantially, coaxial nanofibers can be divided into three basic types, core-shell,

hollow, and porous. It is not easy to demonstrate experimentally that coaxial

electrospinning really provides with the core-shell configuration of electrospun fibers.

Different methods can be used in order to detect core-shell structure, for example,

focused ion beam-scanning electron microscopy (FIB-SEM), transmission electron

microscopy (TEM), and fluorescent confocal microscopy. Vodsed’álková et al.

[32] carried out a lot of experiments to prove core-shell structure of nanofibers. In

one type of the experiment, two different polymers were dissolved in different sol-

vents. In this case, PCL was used as a shell and gelatin as a core, and after sectioning

through nanofibrous layer, core-shell structure was recognizable under SEM using

backscattered electron imaging, as you can see in Fig. 14.5. Resulting core-shell struc-

ture is in agreement with the theory related to characteristic diffusion times that have

been mentioned earlier.

The core-shell electrospinning can also be used to prepare hollow nanofibers. To

obtain hollow fibers from core-shell fibers, the core part, used as a template, has to be

selectively removed either by thermal decomposition or by choosing appropriate selec-

tivesolvent.The requirement is that the shellmaterial is stableeitheragainst theannealing

temperature or against the applied selective solvent. The hollow nanofibers (Fig. 14.6)

of polyvinylalcohol (PVA) as a shell were made by Vodsed’álková et al. [32].

Coaxial electrospinning can be used to produce porous core-shell nanofibers by

selecting a suitable solvent system for controlled release of bioactive agents. The

porous nanofibers may be used in diverse applications given their larger specific

Fig. 14.5 Cross-sectional imaging of nanofibrous layer, PCL as a shell and gelatin as a

core [32].
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surface area in comparison with the standard smooth nanofibers. Firstly, poly-

caprolactone (PCL) was dissolved in tetrahydrofuran (THF) and dimethylsulfoxide

(DMSO) with a volume ratio of 7:3 to obtain a 16 wt% polymer solution. This polymer

solution was used as a shell polymer. Secondly, PCL was dissolved in chloroform and

ethanol with a volume ratio of 9:1 to obtain a 10 wt% polymer solution. This solution

was used as the core polymer. It was determined that the morphology of porous

core-shell nanofibers is influenced by the flow rate of the core polymer. SEM images

in (Fig. 14.7) show porous and nonporous morphology of core-shell nanofibers. Flow

rate of the core polymer influenced the density of pores on the surface of the core-shell

Fig. 14.6 Cross-sectional imaging of nanofibrous layer, PCL as a shell and PVA as a core [32].

Fig. 14.7 Characterization of electrospun nanofibers. SEM (5.000�) morphology of coaxial

nanofibers with various flow rates mL/h (A) flow rate of shell/core 50/10, (B) flow rate of shell/

core 80/10, (C) flow rate of shell-core 80/20, and (D) flow rate of shell/core 80/50 mL/h [33].
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nanofibers. Pores were observed on the core-shell nanofibers, wherein the core poly-

mer was fed at 10 mL/h and shell polymer 50–80 mL/h. When the flow rate of the core

polymer increased to 20 mL/h, only few pores appeared on the surface of the

core-shell nanofibers. A greater volume of core polymer solution decreased the rate

of evaporation of the solvents from nanofibers, and it noticeably slowed down the pro-

cess of solidification of nanofibers. Pores on the surface of the core-shell nanofibers

did not form due to the slow evaporation of solvents in the case of flow rate of

core-shell polymer 80/50 mL/h [33].

14.2.4 Potential application of core-shell nanofibers

Core-shell nanofibers are preferably used in nanomedicine due to the possibility to

encapsulate nanoparticles in higher concentration than by classic electrospinning;

possibility to prepare biodegradable core-shell nanofibers for controlled release of

bioactive agents ranging from growth factors to antibiotics, immunosuppresives,

anesthetics, and vitamins; and possibility to electrospin materials that are difficult

or impossible to process into nanofibers by conventional fiber-forming techniques

or by classic electrospinning. Due to the characteristics and advantages that have been

mentioned above, core-shell nanofibers are excellent candidates for application in

wound healing, drug delivery, and tissue engineering.

Commercial wound dressings that exert their antimicrobial effect by eluting ger-

micidal compounds have been developed to provide sustained release of therapeutic

doses of silver ions to the wound. However, silver ions are highly toxic to

keratinocytes and fibroblasts and may delay wound repair if applied indiscriminately

to healing tissue areas. In addition to this, constant wound cleaning and redressing is

needed, causing discomfort to patients and requiring substantial nursing input.

A biodegradable drug-eluting wound dressing from an electrospun nanofibrous matrix

potentially offers several advantages over conventional ones [34].

Dependingonthewound typeand itshealing, themost suitablewounddressingsystem

must be used. Because of unique properties of nanofibrous structures, the applications of

these materials on various types of wounds are plentiful with respect to other modern

wounddressingmaterials, suchashydrocolloids andhydrogels.The followingproperties

are generally considered in all modernwound dressingmaterials: maintain themost suit-

able environment at the wound interface; absorb excess exudates without leakage to the

surface of awound; provide thermal insulation andmechanical and bacterial protections;

allowgaseous and fluid exchanges; absorbwoundodor; benonadherent to thewound and

easily removable without trauma; provide some debridement action (remove dead tissue

and foreign particles); and be nontoxic, nonallergic, nonsensitizing (to both patient and

medical staff ), sterile, and nonscarring [35–37].
Electrospun drug-loaded nanofibrous membranes potentially offer advantages over

conventional ones. Local antibiotics and anesthetic have the advantage of delivering

high drug concentrations to the precise area required, and the total dose of antibiotic

applied locally is not normally sufficient to produce toxic systemic effects [38].

Antibiotic-loaded wound dressings made out of biodegradable polymeric membranes

boast a number of advantages. First, biodegradable membranes provide bactericidal
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concentrations of antibiotics for the prolonged time needed to completely treat the par-

ticular infection. Second, the biodegradable nanofibrous membranes dissolve; thus,

there is no need for removal. Third, the changeable biodegradability ranging from

weeks to months is able to allow many types of infections to be treated. Lastly, the

biodegradable membranes dissolve slowly resulting that the soft tissue or bone defect

is slowly filled up with normal tissue and there is no need for reconstruction [38]. In

one published study, a sandwich-structured nanofibrous membrane was produced via

electrospinning to develop biodegradable and biomimetic drug-eluting dressings. The

materials used to prepare the membranes included polylactide-polyglycolide (PLGA),

collagen, vancomycin, gentamicin, and lidocaine [39]. The blended solutions were

electrospun into sandwich-structured membranes, with PLGA/collagen used as a sur-

face layer and PLGA/drugs used as a core layer. After electrospinning, an elution

method and an HPLC assay were employed to characterize the in vitro release rates

of the pharmaceutics over a 30-day period. A bacterial inhibition test was carried out

to determine the bioactivity of the released antibiotics. Furthermore, to assay the

cytocompatibility and cell behavior of electrospun sandwich-structured nanofibers,

the interaction between normal human fibroblasts and the nanofibrous matrix was

studied. The experimental results showed that biodegradable membranes released

high concentrations of vancomycin and gentamicin for 4 and 3 weeks, respectively,

and lidocaine for 2 weeks. The bioactivity of vancomycin and gentamicin ranged from

30% to 100% and 37% to 100%. In addition, it was found that nanofibrous structures

were functionally active in responses in human fibroblasts [39].

Another advantage of these nanofibrous wound dressings or patches is that rela-

tively small drug molecules penetrate the skin, and this is how transdermal patches

work. In contrast to drugs taken orally, patches have the advantage that the substance

does not have to be digested first. This means that the substance remains chemically

unchanged and directly accesses the part of the body where it needs to take effect via

the bloodstream. As a result, this also avoids filtration and initial metabolism by

the liver.

Other options for using nanofibrous materials from classic or core-shell nanofibers

appear in tissue engineering and drug delivery. Core-shell nanofibers are preferably

used in tissue engineering and drug delivery due to the possibility to prepare biode-

gradable core-shell nanofibers for controlled release of bioactive agents, to encapsu-

late nanoparticles in higher concentration than by classic electrospinning, and to

prepare nanofibers with the core-shell structure composed of two different polymers

that degrade at a different rate. The structure and functional properties of nanofibrous

structures from classic or core-shell nanofibers closely resemble the ECM that forms

the natural environment for cell proliferation. These nanofibrous structures are sub-

sequently seeded with different types of cells that adhered to them to proliferate

and regenerate the injured tissues. A common approach of tissue engineering is to con-

struct a three-dimensional scaffold simulating the spatial arrangement of cells in the

real organ. 3-D scaffolds can provide a better link between single cells and organs than

traditional 2-D cultures. 3-D scaffold offers another direction for cell-cell interactions,

cell migration, and cell morphogenesis, which are important aspects in regulation of

the cell cycle and tissue functions. There are few methods of how to produce
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voluminous 3-D scaffolds; for example, AC spinning, a combination of

electrospinning/coaxial electrospinning method and linearized air in order to obtain

voluminous structure with the required porosity, and a combination of

electrospinning/coaxial electrospinning and melt blown technology, which enables

the formation of a layer containing both microfibers and nanofibers while guarantee-

ing good mechanical properties of the 3-D scaffolds [40,41]. A series of experiments

have been carried out in the field of tissue engineering and biomedicine. Experts have

treated this area, and the results indicate possibilities for future utilization as artificial

cartilage and artificial bone [42], skin implants [43], dental implants [44], vessels [45],

and others.

Unique properties of electrospun fibers such as high loading, simultaneous delivery

of diverse therapies, ease of operation, and cost-effectiveness have expanded their use

in drug delivery. Drug delivery is the method used for administering a pharmaceutical

compound to achieve a therapeutic effect. The main aspects for the development of

core-shell delivery systems for tissue engineering are the bioactivity of the active sub-

stances that are incorporated within the core of scaffolds and the controlled release of

this substances according to the time frame of tissue regeneration. In the study on

applying electrospun nanofibers for the sustained release of a model drug, electrospun

nanofibers have been successfully used to achieve different controlled drug release

profiles, such as immediate, smooth, pulsatile, delayed, and biphasic releases. It is also

possible to produce multidrug delivery systems with timed programmed release pro-

file [46,47]. Drugs can be embedded in the fiber through dissolution or dispersion in

the polymer solution. Many interesting biochemical factors for tissue development,

for example, proteins or nucleic acid, do not dissolve in organic solvent andmay suffer

loss of bioactivity when dispersed in the polymer solution.

Core-shell electrospinning, where the drug is dissolved in an aqueous core solution

and the polymer in an organic shell solution, is one approach to overcome this drawback

by extruding the core and shell polymer solutions through two concentric nozzles [48].

The hydrophilic core polymer solution simplify the loading and preservation of protein

bioactivity, whereas the hydrophobic shell polymer allows fiber formation.The same sit-

uation occurs also in the case of the incorporation of growth factors, enzymes, or lipo-

somes. In the study published by Mičková et al. [49], coaxial electrospinning was

succesfully used for the incorporation of liposomes into nanofibers. Two methods were

compared in this study. First, blend electrospinningwas used for the incorporation of the

liposomes into nanofibers, and the results showed that this method caused the liposomes

to break and release encapsulated material. To overcome this problem, coaxial

electrospinning was used. During coaxial electrospinning the hydrodynamic forces in

the core of the jet are lowered compared with blend electrospinning and preventing

the disruption of the liposomalmembrane. The use of such coaxial nanofiberswith incor-

porated liposomes as drug delivery systems can combine the unique properties and

advantages of nanofibers and liposomes.

Core-shell nanofibers can be used in the case of incorporation of growth factors that

are used as a biological stimulus to promote stem-cell proliferation and differentiation.

The hydrophilic core polymer solution simplify the loading and preservation of

growth factors, whereas the hydrophobic shell polymer allows fiber formation and
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the degradation rate can be controlled as needed.The growth factors can be also sup-

plied directly into the culture medium at regular intervals, but this is feasible only

in vitro but not in vivo, because it is necessary to have a sustained release of bioactive

growth factor from the scaffold. For example, Srouji et al. developed a core-shell scaf-

fold for bone morphogenetic protein-2 (BMP-2) release to support bone regeneration.

BMP-2 was incorporated in an aqueous solution of poly(ethylene oxide) (PEO) used

as a core, whereas the shell solution was fabricated of a poly(caprolactone) blended

with poly(ethylene glycol) (PEG). The blending of PEO and PEG influenced pores in

the shell, which dramatically affected the diffusion of BMP-2 and other proteins out of

the fiber core [50].

Scaffolds with persistent release of growth factors or other active substances are

also often fabricated using different types of hydrogels. However, this type of

hydrogel-based scaffolds have some limitations, such as cell death in the depths of

the scaffolds and poor mechanical properties, and can be used in the case where

mechanical properties or 3-D distribution of cells are not of major concern.

Core-shell nanofibers can be also used for the purpose to achieve linear drug release

or prolongan initial burst release. In this case, the release kinetics depends on the timeof

degradation of the polymer material that is used as the shell. Preferably, it is also pos-

sible touseporous core-shell nanofibers for controlled releaseofbioactive agents incor-

porated in the core. Gradual release of bioactive agents from the porous core-shell

nanofibers is a great advantage of this method. The porous shell allows the protection

of the core against the ambient environment, and simultaneously, the sufficient size of

the pores enables the gradual diffusion of the bioactive agents from the core.

Furthermore, there are plenty of areas where coaxial electrospinning can be pref-

erably used in the case of the incorporation of nanoparticles, for example, artificial

bone and dental implants. In the case of bone regeneration, coaxial electrospinning

can be used for the incorporation of hydroxyapatite (HA) within the core. HA has been

shown to increase osteoblasts and osteoblast-like cell proliferation [51]. Gradual con-

trolled release of HA from the core during the disintegration of the shell material can

also prevent problems with mild poisoning of cells with calcium and phosphate. Addi-

tionally, incorporation of nano-HA crystals not only increases the osteogenic potential

of produced scaffolds but also has been suggested that these scaffolds have mechan-

ical properties superior to those made without HA [52].

14.3 Conclusion

In this chapter, a large number of promising methods for the preparation of

electrospun scaffolds for use in the field of nanomedicine were described. The main

attention was paid to very sophisticated method of coaxial electrospinning, which

offers substantial advantages over conventional methods, especially the possibility

to electrospin materials that are difficult to spin in a common way, encapsulation

of nanoparticles in higher concentration, preparation of biodegradable core-shell

nanofibers for controlled release of bioactive agents, and preparation of scaffolds with

the core-shell structure composed of two different polymers that degrade at a different
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rate. Due to aforementioned advantages, core-shell nanofibers are excellent candi-

dates for use in the field of wound healing, tissue engineering, and drug delivery.

For this reason, the introduction of core-shell nanofibers is rather slow compared

with their monocomponent alternative. The technology is cautiously further explored

mainlybySMEs inEurope,Asia, andNorthAmerica in termsofproductiondeviceopti-

mization and collection of comprehensive in vitro and in vivo data to demonstrate the

system’s reproducibility and its ability to safely uniformly release drugs, among other

features.

As new precedents of nanofiber-based medical devices are gradually introduced to

clinical application, nanofibers become more mainstream, which implies other impor-

tant circumstances such as easier capital raising for nanofiber technologies, a clearer

vision on their regulatory classification, and, thus, commercialization horizons in

terms of medical device- or drug-related scenarios.

Currently, there are no registered products or devices involving coaxial nanofibers

on the market yet. Most developments are currently under preclinical investigation,

meaning that it will still take a few years until finalized core-shell nanofiber-based

medical products emerge and spread.
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15.1 Introduction

Cancer, which is defined as an uncontrolled growth of cells, is one of the leading cau-

ses of death. In 2012, approximately 14.1 million new cases and 8.2 million

cancer-related deaths were reported worldwide. Also, it is estimated that the annual

new cancer cases will increase to 22 million within the next two decades [1–3].
Available treatment regimens include surgery, radiation, chemotherapy, hormonal

therapy, immunotherapy, and gene therapy adopted based on the type and stage of

cancer [4,5]. Nowadays, chemo- and radiotherapy are the most common approaches

for cancer treatment and inhibition of tumor recurrence. Nevertheless, they are often

associated with serious side effects to normal tissue and cells due to the poor selec-

tivity of most chemo- and radiotherapeutics toward cancer cells [6–8].
Compared with the conventional chemotherapy, localized drug delivery technique

not only can decrease the toxicity in normal tissues through avoiding systemic circu-

lation of the chemotherapeutics but also can provide a sustained release and high con-

centration of drugs at the tumor vicinity. Moreover, it can decrease the frequency of

drug administration required [9,10].

Many local delivery systems such as nanofibers [11,12], hydrogels [10,13], nano-/

microparticles [14,15], micelles [16,17], and liposomes [18,19] have been investigated

for local drug delivery. Amidst the various drug delivery systems considered, biode-

gradable polymer electrospun nanofibers have attracted much attention due to their

appealing characteristics such as large surface area to volume ratio associatedwith high

loading capacity and high encapsulation efficiency. In addition, high interconnected

porosity of electrospun nanofibrous-based systems can facilitate cell binding, which

consequently can reduce metastasis of cancer cells. The nanofibrous scaffolds can

be utilized as implantable devices in the tumor site or at the surgical resection margins

for cancer chemo-, hyperthermia, or photothermal therapy of solid tumors [12,20–26].
Several anticancer agents including chemotherapeutics, magnetic nanoparticles,

photothermal agents, and genes have been embedded into electrospun fibers, demon-

strating enhanced tumor growth inhibition and anticancer efficacy. Various techniques

have been utilized to incorporate anticancer agents into nanofibers including blend

electrospinning, emulsion electrospinning, coaxial electrospinning, and postspinning

modifications such as coating and layer-by-layer (LBL) self-assembly [12,21,27,28].
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In this chapter, application of electrospun-based systems for local chemotherapy,

magnetic hyperthermia therapy, photothermal-chemotherapy, gene therapy, and cir-

culating tumor cell capturing are reviewed.

15.2 Chemotherapy

Various chemotherapeutic agents such as doxorubicin (DOX), paclitaxel (PTX), cis-

platin (CDDP), and dichloroacetate (DCA) have been loaded into electrospun fibrous

scaffolds to provide local drug delivery and cancer therapy [29–31]. Table 15.1 illus-
trates a summary of the prepared electrospun-based systems for local chemotherapy.

As an example, dichloroacetate (DCA)-loaded polylactide (PLA) electrospun

nanofibers were fabricated and implanted to cover the solid tumors in mice. The

nanofibers allowed controlled release and high concentrations of DCA at the tumor

site, which could induce multiple ATP depletion in cervical carcinoma cells, resulting

in necrosis of the tumor cells as the main process of cell death. Therefore, 96% tumor

suppression degree was achieved by 19 days in tumor-bearing mice upon treatment

with the DCA-loaded electrospun mats. Both tumor volume and tumor weight

decreased significantly meanwhile tumors completely disappeared in half of the

tumor-bearing mice [29].

To avoid local lung cancer recurrence after surgical resection that stems from

microscopic disease remaining after surgery, Kaplan et al. [39] provided localized

and sustained release of cisplatin using cisplatin-loaded superhydrophobic scaffolds

of polycaprolactone and poly(glycerol monostearate-co-caprolactone) nanofibers.

The superhydrophobic nature of the scaffolds prevented burst release of the drug while

enabling a sustained release in a linear fashion over �90 days. In vivo studies on

murine model of lung cancer showed a significant increase in median

recurrence-free survival to>23 days, in comparison with the standard intraperitoneal

cisplatin therapy of equivalent dose.

To reduce burst release of the drugs from nanofibers, they can also be encapsulated

in nanoscale carriers, such as mesoporous silica nanoparticles (MSNs), hydroxyapa-

tite nanoparticles, and liposomes [55,61,62]. Such formulations also allow for

multifunctional delivery systems. An example of such a system is the MSNs embed-

ded in electrospun PLLA nanofibers reported by Yuan et al. [47] The MSNs consisted

of sodium bicarbonate and DOX encapsulated for long-term pH-sensitive DOX

release and an ibuprofen (IBU) coating on the outside for an initial short-term release.

The MSNs entrapped in the nanofibers provided an acid-responsive drug release pro-

file with the increased CO2 generated under acidic environmental conditions resulting

in larger pores or channels in the polymer and accelerating DOX release from 79%

(pH¼7.4) to 99% (pH¼5) at 120 days. The nanofibers embedded withMSNs showed

tumor growth inhibition in liver-tumor-bearing mice, which was associated with

increased Bax/Bcl-2 ratio, activation of caspase-3 levels, and attenuation of IL-6/

STAT3/NF-kB signaling pathways in the tumor cells [47].

In another work, DOX-loaded MSNs and hydroxycamptothecin (CPT)-loaded

hydroxyapatite nanoparticles were prepared and incorporated into PLGA nanofibers
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Table 15.1 Electrospun-based systems for local chemotherapy

Polymer Drug Solvent Method

Cancer cell

(in vitro)

Cancer

(in vivo) Highlight References

PVA, GE DOX-FA-

PCL-PEG

micelles

AA, water Coaxial

electrospinning

4T1 (breast

cancer)

Breast cancer DOX was encapsulated in

FA-conjugated PCL-PEG

active-targeting micelles. Then, they

were trapped in the core of the core-shell

nanofibers of PVA-gelatin

[32]

PVA, CS DOX AA Coaxial

electrospinning

SKOV3 (ovary

cancer)

– The released DOX was delivered into

SKOV3 cell nucleus

[33]

PEO, CS, GO DOX AA Blend

electrospinning

A549

(lung cancer)

– Higher amount of DOX was released at

pH 5.3 compared with 7.4 because of the

reduced interaction between DOX and

PEO/CS/GO nanofibers

[31]

PCL,

MWCNTs

GTP DMF/

CH2Cl2

Blend

electrospinning

A549 (lung

cancer),

HepG2

(hepatocellular

carcinoma)

– GTP-loaded composite nanofibers

exhibited low cytotoxicity to normal

osteoblast cells but high inhibition effect

to tumor cells especially to HepG2 cells

[34]

PCL, GE DOX-UCNPS,

INDO

TFE Blend

electrospinning

– Hepatoma H22

tumor

DOX could be released frommesoporous

silica, while NaGdF4/Yb/

Er@NaGdF4/Yb provided upconversion

fluorescence/magnetic resonance

dual-model imaging

[35]

PCL, GE SN-38 TFE Blend

electrospinning

U251, U87

(glioblastoma)

– – [36]

Continued



Table 15.1 Continued

Polymer Drug Solvent Method

Cancer cell

(in vitro)

Cancer

(in vivo) Highlight References

PCL, PEO NIC, Ag NPs DCM/DMF Blend

electrospinning

A549 (lung

cancer),

MCF-7 (breast

cancer)

– Codelivery of NIC and Ag NPs from

nanofibers exhibited superior anticancer

potential compared with either NIC- or

Ag NPs-loaded nanofibers

[37]

PCL-PEG-

PCL (PCEC)

CUR DCM/

isopropanol

Blend

electrospinning

9L (glioma) – Antitumor activity of the CUR-loaded

fibers against the cells was maintained

over the whole experiment process, while

the antitumor activity of free CUR

disappeared within 48 h

[38]

PCL,

PGC-C18

CIS DCM/DMF Blend

electrospinning

LLC (Lewis

lung

carcinoma)

Lung cancer Local and sustained release of cisplatin

could significantly inhibit lung cancer

recurrence in comparison with

intraperitoneal cisplatin therapy

[39]

PCL,

PGC-C18

CPT-11, SN-38 CHCl3/

MetOH

Blend

electrospinning

HT-29 (colon

cancer)

– PGC-C18 increased hydrophobicity of

PCL, resulting in a slowed drug release

via increasing the stability of the

entrapped air layer

[40]

PLA DCA CHCl3/

MetOH

Blend

electrospinning

U14 (cervical

carcinoma)

Cervical

carcinoma

Controlled release of DCA from the

nanofibers resulted in necrosis of the

tumor cells

[29]

PLA CIS CHCl3/

MetOH/

DMSO

Blend

electrospinning

– Liver cancer Multilayered CIS nanofibers were found

better than single layer in terms of the

retarded tumor recurrence, prolonged

survival time and less systemic toxicity

[41]



PLA, PEO CIS TFE Blend

electrospinning

– Cervical

carcinoma

Vaginal implantation of the CIS/fiber

resulted in the preferred partition of CIS in

vaginal tract; reasonable distribution in the

rectum, uterus, and tumor; and very low

concentration in peripheral organs

compared with intravenous injection of

CIS

[42]

PLA, PEO CIS, CUR TFE/CHCl3 Blend

electrospinning

HeLa (cervical

carcinoma)

Cervical

carcinoma

About 10 h after fiber implantation, the

concentration ratio between curcumin

and cisplatin decreased to 3:1, which

probably allows the optimum synergetic

effect to destroy the residual tumor cells

[43]

PLA, PEG PTX, DOX CHCl3 Emulsion

electrospinning

C6 (glioma) – Due to the hydrophilicity, DOX could

easily diffuse out from the fibers,

resulting in a faster release rate than

hydrophobic PTX

[44]

PLLA DOX-loaded

MSNs

MC/DMF Blend

electrospinning

HeLa (cervical

carcinoma)

– – [45]

PLLA DOX-loaded

MSNs

DCM/

ammonium

fluoride/

HFIP/EtOH

Blend

electrospinning

HeLa (cervical

carcinoma)

Liver cancer A pH-triggered release system was

fabricated using inorganic cap CaCO3 to

control the opening of pore entrances of

drug-loaded MSNs inside PLLA fibers

[46]

PLLA IBU,

DOX-loaded

MSNs

DCM/DMF Blend

electrospinning

– Hepatocellular

carcinoma

MSNs containing sodium bicarbonate

and DOX inside for a long-term

pH-sensitive release of DOX and IBU

outside for an initial short-term release

were prepared

[47]

PLLA IBU,

DOX-loaded

MSNs coated

with PDA

DCM/

HFIP/EtOH

Blend

electrospinning

HeLa (cervical

carcinoma)

– The hybrid nanofibers showed short-term

IBU release to inhibit inflammation at an

early stage and long-term antitumor

efficacy resulted from DOX

[48]

Continued



Table 15.1 Continued

Polymer Drug Solvent Method

Cancer cell

(in vitro)

Cancer

(in vivo) Highlight References

PLLA 5-FU,

oxaliplatin

CHCl3/

MetOH/

DMSO

Blend

electrospinning

HCT-8 (colon

cancer)

Colon cancer Larger necrotic region was seen in

tumors treated with nanofibers than the

groups treated with a combination of free

drugs

[49]

PLLA TB-II CHCl3/

acetone

Blend

electrospinning

SMMC-7721

(hepatocellular

Carcinoma)

Hepatocellular

carcinoma

– [50]

PELA HCPT MC Emulsion

electrospinning

HepG2

(hepatocellular

carcinoma)

Hepatoma H22

tumor

The nanofibrous system showed over

20 times higher inhibitory effect than free

HCPT after 72 in vitro

[51]

PLDLA,

QCS

DOX DMF/

DMSO

Blend

electrospinning

HeLa (cervical

carcinoma)

– Positively charged tertiary amino groups

of QCS probably led to destruction of cell

membrane facilitating DOX penetration

into cells

[52]

PLDLA, PEO

coated with

QCS

GOS DMF/

DMSO

Blend

electrospinning,

coating

Graffi cells

(myeloid

sarcoma)

Myeloid

sarcoma

The GOS-containing nanofibers induced

apoptosis in Graffi cells

[53]

PLGA PTX DCM Blend

electrospinning

C6 (glioma) – IC50 of the PTX-PLGA nanofibers was

36 mg/mL, which was comparable with

commercial paclitaxel formulation Taxol

(ca. 30 mg/mL)

[54]

PLGA PTX DCM/DMF Blend

electrospinning

C6 (glioma) Glioma Animal treated with PLGA-PTX showed

much smaller tumors compared with

Taxol, indicating sustained release of

paclitaxel

[30]

PLGA DOX-MSNs,

HCPT-HANPs

HFIP Blend

electrospinning

HeLa (cervical

carcinoma)

– Dual-drug-loaded nanofibers showed

better antitumor effect than the single

drug-loaded nanofibers

[55]



PLGA, GE,

mZnO

DOX, CPT HFIP Blend

electrospinning

HepG2

(hepatocellular

carcinoma)

– Incorporation of mZnO within PLGA/

GE nanofibers reduced the burst release

of DOX and improved the mechanical

feature of the nanofibers

[56]

PLGA, PEO FRA DCM/DMF Blend

electrospinning

MCF-7 (breast

cancer)

– FRA-loaded nanofibers were more

efficient in apoptosis induction compared

with free FRA

[57]

P(NIPAAM-

AAm-VP)

DOX Water Blend

electrospinning

A549 (lung

cancer)

– – [58]

PPC PTX-loaded

Ca-alginate

MPs, TMZ

DCM Emulsion

electrospinning

C6 (glioma) – Optimal synergistic effect was achieved

when the weight ratio of the two drugs

was 1:1

[59]

PVP CUR Acetic ether Blend

electrospinning

B16

(melanoma)

Melanoma CUR-loaded nanofibers induced cancer

cell apoptosis and faded its invasion

ability

[60]

AA, acetic acid; Ag NPs, silver nanoparticles; CHCl3, chloroform; CIS, cisplatin; coPLA, poly(L-lactide-co-D,L-lactide); CPT, camptothecin; CS, chitosan; CUR, curcumin; DCA, dichloroacetate; DCM,
dichloromethane; DMF, N,N-dimethylformamide;DMSO, dimethyl sulfoxide; DNR, daunorubicin; DOX, doxorubicin hydrochloride; EtOH, ethanol; FA-PCL-PEG, folate-conjugated-poly(ε-caprolactone)-
poly(ethylene glycol); FRA, ferulic acid; 5-FU, 5-fluorouracil; GE, gelatin; GO, graphene oxide; GOS, gossypol; GTP, green tea polyphenols; HANPs, hydroxyapatite nanoparticles; HCPT,
hydroxycamptothecin; HFIP, hexafluoro-2-propanol; IBU, ibuprofen; INDO, indomethacin; MC, methylene chloride; MetOH, methanol; MPs, microparticles; MSNs, mesoporous silica nanoparticles;
MWCNTs, multiwalled carbon nanotubes;mZnO, mesoporous ZnO;NIC, niclosamide; NPs, nanoparticles; PCL, poly(ε-caprolactone); PDA, polydopamine; PEG, poly(ethylene glycol); PELA, poly(DL-lactic
acid)-poly(ethylene glycol); PEO, polyethylene oxide; PGC-C18, poly(glycerol monostearate-co-caprolactone); PLA, polylactide; PLDLA, poly(L-lactide-co-D,L-lactide); PLGA, poly(lactide-co-glycolide);
PLLA, poly-l-lactic acid; P(NIPAAM-AAm-VP), poly(N-isopropylacrylamide-co-acrylamide-co-vinylpyrrolidone); PPC, polypropylene carbonate; PTX, paclitaxel; PVA, polyvinyl alcohol; PVP, polyvinyl
pyrrolidone; QCS, quaternized chitosan; SN-38, 7-ethyl-10-hydroxy camptothecin; TB-II, timosaponin B-II; TFE, trifluoroethanol; TMZ, temozolomide; UCNPS, NaGdF4/Yb/Er@NaGdF4/Yb@mSiO2-
polyethylene glycol nanoparticles.



via electrospinning. The dual anticancer drug-loaded composite nanofibers demon-

strated a sustained dual drug release and a superior antitumor effect on HeLa cells

compared with the single drug-loaded nanofibers [55].

To provide specific targeting to tumor cells, the local drug delivery systems can

also be biofunctionalized with targeting moieties that have affinity for over-

expressed/unique tumor cell markers. Thus, the active-targeting drug delivery systems

can enhance therapeutic efficacy while reducing the toxicity to normal cells [63–65].
Yang et al. [32] developed an active-targeting micelle-in-nanofiber system for

local cancer therapy. In this particular delivery system, DOX was encapsulated in

folate-conjugated poly(ε-caprolactone)-poly(ethylene glycol) (FA-PCL-PEG)

micelles by self-assembling. The folate (FA) ligands can bind to the folate receptors

(FR) that are overexpressed on the surface of many of solid tumors. The micelles were

then embedded in the core of the core-shell nanofibers by coaxial electrospinning in

which the inner phase was a mixture of poly(vinyl alcohol) (PVA) and the micelles

and the outer phase was cross-linked gelatin. In vivo studies on 4 T1 tumor-bearing

mice not only showed smaller tumor volume in nanofiber treated groups than intrave-

nous (IV) DOX-injected groups after 21 days but also once implantation of nanofibers

demonstrated comparable tumor growth suppression compared with four times injec-

tion of DOX. Moreover, the folate-containing groups showed a better inhibition effect

on the tumor growth, which was ascribed to the enhancement of internalization into the

tumor cells via FR-mediated endocytosis.

15.3 Magnetic hyperthermia therapy

Hyperthermia therapy is a technique in which heat is applied to kill cancer cells or

sensitize them to radiation and chemotherapy and therefore synergistically enhance

the antitumor effect [66]. The major challenge in hyperthermia therapy is localized

heatingof the tumorsite to theoptimumtemperaturewithoutoverheating thesurrounding

healthy tissues. In order to apply localized heating and enable repeated heating upon the

applicationof analternatingmagnetic field,magnetic nanoparticles canbeembedded in a

variety of vehicles such as nanofibers, hydrogels, spheres, liposomes, and micelles

[67,68]. Furthermore, these magnetic fibers can be employed for controlled drug

deliveryunder theapplicationofanalternatingmagnetic fieldamalgamating theconcepts

ofhyperthermia therapyandchemotherapy [69,70].Table15.2presents a summaryof the

prepared electrospun-based systems utilized for hyperthermia therapy.

Iron oxide nanoparticles (IONPs) are being applied clinically for magnetic hyper-

thermia in cancer treatment [75,76]. In order to improve targetability of the

nanoparticles and prevent their leakage from the dead cancer cells into the surrounding

healthy tissues, IONPs (nanoparticle size, 50 nm and loading concentration, 20%w/w)

were incorporated in electrospun polystyrene (PS) fibers. Upon functionalization of the

fiber surface with collagen, human SKOV-3 ovarian cancer cells were bound to the

fibers, and they were killed by application of an alternating magnetic field during

10 min at a temperature of 45°C. The magnetic fibers could be repeatedly heated at

the tumor site without the loss of the heating capacity or release of IONPs [67].
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Table 15.2 Electrospun-based systems for local magnetic hyperthermia therapy

Polymer Drug Solvent Method

Cancer cell

(in vitro) Highlight References

CS Fe3O4 NPs TFA/

DCM

Electrospinning,

coating

Caco-2

(colon

cancer)

The magnetic CS nanofibers could increase

temperature to 45°C, reducing tumor cell proliferation

[71]

Alg, PEO,

PVA

Fe3O4 NPs Water Electrospinning,

chemical

coprecipitation

A-549 (lung

cancer)

Alginate-based fibers were cross-linked by either

“ionic” or “covalent” method followed by chemical

coprecipitation of Fe3O4 -magnetite NPs

[72]

PLA DNR,

MWCNT,

Fe3O4 NPs

Acetone/

CHCl3

Blend

electrospinning

K562

(leukemia)

Synergistic antitumor effect of magnetic hyperthermia

and chemotherapy was seen

[73]

PLGA BTZ,

IONPs

HFIP Blend

electrospinning,

coating

4T1 (breast

cancer)

PLGA-IONP nanofibers were coated with dopamine

to prepare mussel-inspired magnetic nanofibers. Then,

the catechol moieties were used to bind BTZ and for

pH-dependent release of BTZ

[74]

P(MMA-co-
DMA),

BTZ,

IONPs

DMF Blend

electrospinning

MCF-7,

4T1 (breast

cancer)

The catechol moieties of the nanofibers were

employed to bind BTZ that was released in a

pH-dependent manner

[70]

Poly

(NIPAAm-co-

HMAAm)

DOX,

MNPs

HFIP Blend

electrospinning

COLO 679

(melanoma)

The nanofibers were

composed of a temperature-sensitive polymer

containing

DOX and MNPs. MNPs served as a trigger of DOX

release and a source of heat

[69]

PS IONPs DMF/

THF

Blend

electrospinning

SKOV-3

(ovarian

cancer)

The nanofibers could kill all the attached cancer cells

upon exposure to an alternating magnetic field in

10 min

[67]

Alg, alginate; AMF, alternating magnetic field; BTZ, bortezomib; CHCl3, chloroform; CS, chitosan; DCM, dichloromethane; DMF, N,N-dimethylformamide; DNR, daunorubicin; DOX, doxorubicin
hydrochloride; HFIP, hexafluoro-2-propanol; IONPs, Iron oxide nanoparticles; MNPs, magnetic nanoparticles, a mixture of magnetite (Fe3O4) and maghemite (γ-Fe2O3); MWCNTs, multiwalled carbon
nanotubes; NPs, nanoparticles; PEO, polyethylene oxide; PLA, polylactide; PLGA, poly(D,L-lactide-co-glycolide); P(MMA-co-DMA), poly(methyl methacrylate-co-dopamine methacrylamide); Poly
(NIPAAm-co-HMAAm), copolymer of N-isopropylacrylamide (NIPAAm) and N-hydroxymethylacrylamide(HMAAm); PS, polystyrene; PVA, polyvinyl alcohol; TFA, trifluoroacetic acid; THF,
tetrahydrofuran.



In another work, temperature-responsive nanofibers made ofN-isopropylacrylamide

(NIPAAm) and N-hydroxymethylacrylamide (HMAAm) copolymer containing DOX

and magnetic nanoparticles (MNPs, a mixture of magnetite (Fe3O4) and maghemite

(γ-Fe2O3)) were fabricated. The temperature-responsive copolymer could trigger

drug release through the switchable changes in the swelling ratio of the polymer network

in response to “on-off” switching of an alternating magnetic field, while the

self-generated heat from the MNPs was able to induce deswelling of the polymer

networks (Fig. 15.1). In fact, at “on” state, the nanofibers deswelled and deformed,

triggering the release of the drug molecules, whereas only negligible amounts of DOX

were released during the cooling “off” process, maintaining interactions between

nanofibers and DOX. Therefore, the nanofibers could kill 70% of human melanoma

cells in 5 min of alternatingmagnetic field application by synergistic effect of the hyper-

thermia and chemotherapy [69].

15.4 Photothermal-chemotherapy

Photothermal therapy is a minimally invasive technique, which uses hyperthermia

generated by photothermal agents from laser energy to kill cancer cells.

Near-infrared (NIR) radiation is often employed in photothermal therapy owing to

Fig. 15.1 “On-off” switchable and reversible heat profile and the corresponding swelling ratio

of the cross-linked MNP nanofibers and DOX release in response to temperature. AMF,
alternating magnetic field.

Reproduced with permission from Kim Y, Ebara M, Aoyagi T. A smart hyperthermia nanofiber

with switchable drug release for inducing cancer apoptosis. Adv Func Mater 2013;23:5753–61.
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its tissue penetration of several centimeters in biological tissues [20,77]. Recently,

NIR photothermal agents such as gold (Au) nanoparticles [78,79], carbon nanotubes

[20,80], polyaniline nanoparticles [81], and copper sulfides (Cu9S5) nanoparticles

[77] have been employed in combination with chemotherapeutics to develop

photothermal-chemotherapy platform (Table 15.3).

For example, in one study, multiwalled carbon nanotubes (MWCNTs), as

photothermal reactive components, and DOX were incorporated into poly-L-lactic

acid (PLLA) nanofibers. The NIR irradiation could not only induce cancer cell death

through the local hyperthermia effect but also initiate the burst release of DOX due to

the relatively low glass transition temperature (Tg¼61.3°C) of PLLA. Viability of

HeLa cells was reported to be about 70% and 20% in the case of MWCNT nanofibers

and MWCNTs+DOX nanofibers, respectively, upon 10 min irradiation and 24 h

incubation. Also, without irradiation, MWCNTs+DOX nanofibers showed 45% via-

bility of the cancer cells. Therefore, the multifunctional fibers exhibited enhanced

cytotoxicity both in vitro and in vivo by virtue of the combination of photothermally

induced hyperthermia and chemotherapy with DOX [20].

In another work, DOX-loaded core-shell-structured Cu9S5@mSiO2 nanoparticles

were embedded into poly(ε-caprolactone) and gelatin (PG) nanofibers (DOX-

Cu9S5@mSiO2 PG). Therefore, DOX could be released from the mesoporous SiO2,

and Cu9S5 was able to provide photothermal transformation under 980 nm laser

irradiation. In addition, Cu9S5@mSiO2 could release DOX in a pH-responsive profile

owing to the more positive surface zeta potential of the SiO2 layer at lower pH value,

attenuating the electrostatic interaction between SiO2 and DOX positive charge mol-

ecules, which results in a faster DOX release. As pH in the extracellular environment

of solid tumors is usually lower than that in normal tissues because of the high rate of

glycolysis in cancer cells, pH-responsive electrospun nanofibers are of interest for

cancer therapy applications [83,84]. Synergistic photothermal-chemotherapy

(DOX-Cu9S5@mSiO2 PG+light) was found more efficient in tumor suppression

in mice bearing the hepatoma H22 tumor compared with either treatment alone

(i.e., DOX-Cu9S5@mSiO2 PG and Cu9S5@mSiO2 PG+light) (Fig. 15.2) [77].

15.5 Gene therapy

Gene therapy is regarded as a great opportunity for cancer treatment through changing

expression of the genes that are responsible for the disease. In this realm, RNA inter-

ference (RNAi) is a promising approach for cancer treatment through several strate-

gies including downregulation of cell-cycle-required proteins, suppression of

oncogene expression, or apoptosis induction. To provide site-specific and controlled

delivery of RNAi and also preserve its bioactivity, various RNAi delivery systems

such as liposomes, nanoparticles, and fibrous scaffolds have been utilized [85–87].
In one study, PCL electrospun fibers were employed to deliver bioactive DNA

encoding for short hairpin (sh) RNA against the cell-cycle-specific protein, Cdk2.

As a result, the Cdk2i scaffold could significantly decrease Cdk2 mRNA expression

in cells, corresponding to a 40% reduction in the proliferation of MCF-7 human breast

cancer cells [85].
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Table 15.3 Electrospun-based systems for local photothermal-chemotherapy

Polymer Drug Solvent Method Cancer cell (in vitro)

Cancer

(in vivo) Highlight References

PCL, GE DOX-Cu9S5@m

SiO2

TFE Blend

electrospinning

HeLa (cervical

carcinoma)

Hepatoma

H22

Tumor

Cu9S5 could convert optical

energy into thermal energy

to ablate tumor cells;

meanwhile, the released

DOX was able to kill tumor

cells

[77]

PCL, GE Polyaniline NPs TFE Blend

electrospinning

HeLa (cervical

carcinoma)

Hepatoma

H22

Tumor

Polyaniline NPs embedded

in the nanofibers could

convert optical energy into

thermal energy to

ablate tumor cells upon

808 nm laser irradiation

[81]

PLLA DOX, MWCNTs CHCl3 Blend

electrospinning

HeLa (cervical

carcinoma)

Cervical

carcinoma

Fibers exhibited enhanced

cytotoxicity both in vitro and

in vivo via the combination

of photothermally induced

hyperthermia by MWCNTs

and chemotherapy by DOX

[20]

PLLA Purpurin-18 CHCl3/

acetone

Blend

electrospinning

SMMC 7721

(hepatocellular

carcinoma), ECA 109

(esophageal cancer)

– The efficacy of purpurin-18

on different cancer cell lines

was similar

[82]

CHCl3, chloroform; Cu9S5@mSiO2 PG, core-shell-structured Cu9S5@ mesoporous SiO2 nanoparticles; DOX, doxorubicin hydrochloride; GE, gelatin; MWCNTs, multiwalled carbon
nanotubes; NPs, nanoparticles; PCL, poly(ε-caprolactone); PLLA, poly-L-lactic acid; TFE, trifluoroethanol.
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In another study with aim of providing FA receptor-targeted viral transduction for

cancer gene therapy, Park et al. synthesized a chitosan-PEG-FA polymer in which

PEG and FA were used as a linker and a tumor-targeting ligand, respectively. Then,

it was ionically cross-linked with adenovirus (Ad) by electrospinning, producing Ad/

chitosan-PEG-FA nanodroplets (average size, 140 nm). The transduction efficiency

of Ad/chitosan-PEG-FA was found ca. 57% higher than Ad/chitosan, implying the

superiority of FA receptor-mediated endocytosis for viral transduction. In addition,

reduced immune response against Ad through the conjugation with PEG polymer rev-

ealed its potential application for systemic gene delivery to distant metastatic tumors

[88]. It is noteworthy to mention that chitosan and its quaternized derivatives show

some anticancer effects due to their polycationic nature, and therefore, they have been

widely utilized for anticancer drug delivery systems [89,90].

15.6 Circulating tumor cell capturing

Circulating tumor cells (CTCs) arising from primary tumors or tumor metastasis are

considered as real-time markers for clinical cancer diagnostics. Therefore, capturing

CTCs with sufficient sensitivity and specificity is an important step for early cancer

diagnosis [91,92]. Recently, electrospun nanofibers functionalized with various spe-

cific biomarker molecules such as epithelial cell adhesion molecule antibody

(anti-EpCAM) [92], hyaluronic acid (HA) [93], and folic acid (FA) [94] have been

used to capture CTCs (Table 15.4).

Fig. 15.2 (A) The images of representative Kunming mice with excised tumors. (B) Tumor

weights after treatment with saline solution as control, PCL-gelatin nanofibers, PG, light,

DOX-PG, Cu9S5@mSiO2 PG, DOX-Cu9S5@mSiO2 PG, Cu9S5@mSiO2 PG+light, and

DOXCu9S5@mSiO2 PG+light.

Reproduced with permission fromChenY, Hou Z, Liu B, Huang S, Li C, Lin J. DOX-Cu 9 S 5@
mSiO 2-PG composite fibers for orthotopic synergistic chemo-and photothermal tumor therapy.

Dalton Trans 2015;44:3118–27.
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Table 15.4 Electrospun-based systems for circulating tumor cell capturing

Polymer

Capturing

moiety Solvent Method Cancer cell (in vitro) Highlight References

CA FA-modified

dendrimer

Acetone/

DMF

Electrospinning,

LBL

KB (epithelial

carcinoma)

FA-modified dendrimers

were conjugated on CA

nanofibers to capture

FAR-overexpressing cancer

cells

[94]

PVA/PEI LA Water Electrospinning HepG2 (hepatocellular

carcinoma), HeLaa

(cervical carcinoma)

The mesh could capture

ASGPR-overexpressing

HepG2 cells via a

ligand-receptor interaction

[95]

PVA/PEI HA Water Electrospinning HeLa (cervical

carcinoma)

HA-functionalized

nanofibers showed superior

capability to capture CD44

receptor-overexpressing

cancer cells

[93]

SA-coated

TiNFs

Anti-EpCAM – Electrospinning,

coating

HCT116 (colon cancer),

BGC823 (gastric

cancer), HeLa (cervical

carcinoma) K562

(leukemia)

The TiNF substrate showed

over 18 times cell-capture

yield than the flat Si

[92]

Anti-EpCAM, epithelial-cell adhesion-molecule antibody; CA, cellulose acetate; DMF, N,N-dimethyl formamide; DOX, doxorubicin hydrochloride; FA, folic Acid; FAR, FA receptors; GE,
gelatin; HA, hyaluronic acid; LA, lactobionic acid; LBL, layer-by-layer; PEI, polyethyleneimine; PVA, polyvinyl alcohol; SA, streptavidin; Si, silicon; TiNFs, TiO2 nanofibers.
aHepG2 cells with high ASGPR expression or HeLa cells without ASGPR expression.
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As an illustration, Zhao et al. [93] fabricated HA-functionalized polyvinyl alcohol/

polyethyleneimine (PVA/PEI) nanofibers to capture CD44 receptor-overexpressing

cancer cells. HA-functionalized nanofibers demonstrated higher cell-capture

efficiency (85.0% at 240 min) than nanofibers without HA (64.7% at 240 min), which

was attributed to the HA-mediated targeting and binding of CD44 receptor-

overexpressing HeLa cells onto the fibrous scaffolds. In a similar study, PVA/PEI

nanofibers immobilized with lactobionic acid (LA) were employed to capture

asialoglycoprotein receptor (ASGPR)-overexpressing HepG2 cells through the

LA-mediated ligand-receptor interaction [95].

15.7 Conclusions and future perspectives

The use of biodegradable electrospun micro- and nanofibrous systems as drug carrier

of anticancer agents is a promising approach for local cancer therapy. Electrospun

fibers can provide high concentration of the therapeutic agents and sustained release

of them at the tumor vicinity and therefore enhance the therapeutic efficacy while

reducing toxicity of the systemic treatments in normal tissues. However, further stud-

ies are still needed to elucidate the long-term effects of the electrospun-based systems

and their efficacy as anticancer drug carriers in animal models before clinical imple-

mentation and commercialization.
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regenerative dentistry

D. Pankajakshan, M.T.P. Albuquerque, M.C. Bottino
Indiana University School of Dentistry, Indianapolis, IN, United States

16.1 Introduction

Periodontal disease and caries are considered major oral pathologies affecting teeth

and their supporting tissues [1]. According to recent National Health and Nutrition

Examination Survey (NHANES) statistics, 8.52% of adults (age 20–64) and

17.20% of seniors (age 65 and older) are afflicted with periodontal disease. Mean-

while, caries affects 42% of children (age 2–11) in their primary teeth, 92% of adults,

and 93% of seniors, in their permanent dentition. These diseases remain major clinical

challenges, mainly due to the limited dental tissues’ self-healing ability [2].

Periodontitis is one of the most aggressive diseases that impair the integrity of the

periodontium [3]. The progression of periodontitis leads to the destruction of

tooth-supporting structures, ultimately leading to tooth loss [3]. The treatment of peri-

odontitis has evolved over the years. Guided tissue and bone regeneration have been

used with the aid of a physical membrane that acts as a barrier to prevent epithelial

and connective tissue downgrowth into the defect, enabling the regeneration of

periodontal tissues. Different processing techniques have been employed to fabri-

cate these membranes [3]. Among them is electrospinning, a simple, versatile, and

well-documented technology that has been used to fabricate nano- and micro-scale

fibers [3]. Worth mentioning, the chemical characteristics of polymer(s) or blends

are not compromised during electrospinning; this has allowed researchers to incorpo-

rate antimicrobial agents and bioactive particles (e.g., calcium phosphates) into dif-

ferent polymers and, therefore, fabricate a material with therapeutic properties [3].

Furthermore, electrospinning has also allowed for the synthesis of tissue-specific mul-

tilayered membranes or scaffolds to simultaneously amplify hard and soft periodontal

tissue regeneration [4].

Another challenging clinical problem is the treatment of immature permanent teeth

with pulpal necrosis. Traumatic injuries or bacterial infection of the dental pulp leads

to inflammation and, if left untreated, necrosis [5]. Endodontic management of these

teeth includes surgery and retrograde sealing, calcium hydroxide-induced apical clo-

sure (apexification), and, more recently, placement of an apical plug of mineral triox-

ide aggregate (MTA). Alternatively, encouraging regenerative outcomes achieved by

evoked bleeding (EB) therapy in the treatment of necrotic immature permanent teeth,

combined with the latest advances in tissue engineering, clearly suggest that establish-

ment of a regenerative-based clinical strategy is closer than ever [5]. The idea behind
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EB relies on the regenerative capacity of stem cells, which are introduced into root

canals through the intentional laceration of periapical tissue after a thorough disinfec-

tion protocol. However, antibiotic pastes used for root canal disinfection prior to a

regenerative strategy have been shown to negatively impair dental pulp stem cells’

(DPSCs) survival [6]. To overcome the challenge of the inherent toxicity of the cur-

rently used disinfection agents, our group pioneered the concept of a cell-friendly dis-

infection strategy through the successful development of antibiotic-containing

polymer nanofibers [5,7–15].
To provide a comprehensive update on the progress in the field, this chapter is

arranged into two major parts. The first presents a brief overview of the periodontium

and its pathological conditions, currently employed therapeutics used to regenerate

the distinct periodontal tissues, and a review of recent advances on the use of

electrospinning to develop bioactive membranes for periodontal regeneration. The

second part provides a short background on the importance of disinfection in regen-

erative endodontics and major highlights of antibiotic-containing polymer nanofibers,

their antimicrobial properties, and the future perspective of this novel intracanal drug

delivery strategy in regenerative endodontics.

16.2 Periodontal disease and treatment modalities

Periodontitis affects the integrity of periodontal tissues. The periodontium is an intri-

cate system consisting of the root cementum, periodontal ligament (PDL), alveolar

bone, and dentogingival junction [16,17]. Periodontal disease occurs when

bacteria-stimulated inflammation or infection of the gums (gingivitis) progressively

destroys the periodontium, ultimately resulting in tooth loss. During the process, tissue

integrity is compromised by the loss of soft tissue attachment to the root surface,

which results in periodontal pocket formation, a deeper lesion, and subsequent loss

of the alveolar bone. The progressive lesion then operates as a reservoir, favoring

the growth of anaerobic bacteria (e.g., Porphyromonas gingivalis) [18].
Different treatment modalities have been suggested in order to regenerate peri-

odontal tissues damaged in the case of periodontitis. As mentioned earlier, the strategy

of using either synthetic or tissue-derived membranes as barriers with or without cal-

cium phosphate-based bone graft materials has received great attention for restoring

the function of a damaged or pathologically affected periodontium [3,19–21,4,22–46].

16.3 Periodontal-specific tissue engineering

Tissue engineering is an interdisciplinary field that applies the principles and methods

of engineering and the life sciences toward the development of biological substitutes

that restore, maintain, and improve the function of damaged tissues and organs [47].

Periodontal regeneration or periodontal tissue engineering is attributed to a complete

recovery of periodontal tissues in terms of both structure and function, that is, forma-

tion of the alveolar bone, a new connective attachment through collagen fibers func-

tionally oriented on the newly formed cementum [19,20]. Two surgical techniques

have been increasingly used to restore/regenerate the different periodontal tissues,
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namely, guided tissue regeneration (GTR) and guided bone regeneration (GBR)

[23,28,41,43,48–53]. GTR refers to periodontal tissue regeneration, including cemen-

tum, the PDL, and the alveolar bone, whereas GBR pertains to the promotion of bone

formation. In GTR, an occlusive membrane interfaces with gingival connective tissue/

epithelium and a PDL/alveolar bone tissue to promote periodontal tissue regeneration.

The membrane acts as a barrier when placed in the surgical site, preventing connective

and epithelial tissue migration into the defect. Progenitor cells, located in the

remaining PDL adjacent to the alveolar bone or blood, are then able to recolonize

the root area and differentiate into a new periodontal supporting apparatus with the

formation of new bone, PDL, and cementum. GBR typically refers to ridge augmen-

tation or bone regenerative procedures that pertain to the restoration of deficient alve-

olar sites (e.g., an extraction site).

Ideal GTR/GBR membranes need to exhibit: (1) biocompatibility to allow for

integration with the host tissues without eliciting inflammatory responses, (2) a

proper degradation profile to match that of new tissue formation, (3) adequate

mechanical and physical properties to allow for placement in vivo, and (4) sufficient

sustained strength to avoid the membrane’s collapse and the ability to perform their

barrier function [3]. GTR/GBR membranes are divided into two groups, non-

resorbable and resorbable, according to their degradation characteristics. One of

the disadvantages of nonresorbable membranes is the need to perform an additional

surgery to remove them, which implicates not only additional pain and discomfort

but also an economic burden. In order to eliminate the second surgical procedure,

resorbable barrier membranes have been developed [23,27,30,43]. The majority

of synthetic polymer resorbable membranes for periodontal regeneration currently

on the market are either based on polyesters (e.g., poly(glycolic acid) (PGA),

poly(lactic acid) (PLA), and/or their copolymers) [27–29,36,43,54–59] or

tissue-derived collagens [23,60–66].
Collagen is a major constituent of the natural extracellular matrix (ECM).

Tissue-derived collagen-based membranes from the human skin, the bovine achilles

tendon, or the porcine skin are important alternatives to synthetic polymers in GTR/

GBR procedures due to their excellent cell affinity and biocompatibility [23,67,68].

However, type I collagen may have its limitations due to its lowmechanical properties

and difficulty controlling degradation. Biomechanical properties and collagen matrix

stability can be enhanced by means of physical/chemical cross-linking using ultravi-

olet radiation, genipin, glutaraldehyde, or 1-ethyl-3-(3-dimethylaminopropyl) carbo-

diimide hydrochloride (EDC), among others [3].

16.4 Electrospun bioactive membranes for periodontal
regeneration

16.4.1 Antimicrobial properties

Infection is the foremost reason for clinical failure of regenerative procedures. Hence,

it will be advantageous to have a membrane with antimicrobial properties that tackles

postsurgical infection and inflammation at the implantation site. The presence of
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periodontopathogens, such as Porphyromonas gingivalis (Pg), Prevotella intermedia,
and Fusobacterium nucleatum (Fn), may negatively affect the success of periodontal

regeneration. Therefore, it is extremely important to control and/or reduce bacterial

contamination of the periodontal defect in order to enhance periodontal regeneration

[18,69].

A wide range of antimicrobial drugs, including but not limited to tetracycline

hydrochloride (TCH), metronidazole benzoate (MET), and doxycycline (DOX), have

been successfully incorporated into distinct polymer membranes to develop a material

with therapeutic properties [70–72]. For example, MET is an antimicrobial drug com-

monly used in the treatment of periodontal infections [73]. It acts against anaerobic

Gram-negative (e.g., Porphyromonas gingivalis) and anaerobic spore-forming

Gram-positive bacilli [74]. Zamani et al. [72] fabricated poly(ε-caprolactone)
(PCL) nanofibrous membranes loaded with MET. Of note, MET release was without

a burst and was sustained for at least 19 days, which could be key to the inhibition of

related bacteria and an aid in the regeneration of a new periodontium [72]. Xue et al.

[75] developed MET-loaded electrospun poly(ε-caprolactone)-gelatin nanofibrous

membranes, which showed good biocompatibility without infection following subcu-

taneous implantation in rabbits for 8 months.

In a recent study by our group, we evaluated the antimicrobial properties of

MET-containing and ciprofloxacin (CIP)-containing polydioxanone electrospun

membranes [7]. The antimicrobial properties were evaluated against those of Pg
and Enterococcus faecalis (Ef). Cytotoxicity was assessed in human dental pulp stem

cells (hDPSCs). CIP-containing membranes significantly inhibited the biofilm growth

of both bacteria. Conversely, MET-containing membranes only inhibited Pg growth

(Fig. 16.1). Agar diffusion confirmed the antimicrobial properties against specific

bacteria for the antibiotic-containing membranes. Only the 25 wt% CIP-containing

membranes were cytotoxic.

TCH was incorporated into poly(L-lactic acid) (PLLA) fibers by either blending or

coaxial electrospinning [71]. Two relevant conclusions were drawn based on the

in vitro drug release evaluation. First, it was demonstrated that threads processed from

the core-shell fibers had a lower early burst and a more continuous release. Second,

threads processed from the blend fibers resulted in a greater early burst release, which

can be of great value in avoiding bacterial infection [71]. In another study,

Mohammadi et al. [76] fabricated blend and core-shell electrospun membranes using

poly-lactic-glycolic acid (PLGA), gum tragacanth (GT), and TCH. Drug release stud-

ies showed that both the fraction of GT within blend nanofibers and the core-shell

structure can effectively control the TCH release rate. By incorporating TCH into

core-shell nanofibers, drug release was sustained for 75 days with only 19% of the

burst release within the first 2 h. The prolonged drug release, together with proven

biocompatibility, antibacterial, and the mechanical properties of drug-loaded

core-shell nanofibers, makes them a promising candidate for use as a drug delivery

system to fight periodontal infection.

Incorporation of amoxicillin (AMX) in PCL-based electrospun nanofibers could

lead to barrier membranes that can reduce or eliminate the bacterial contamina-

tion of periodontal defects. In a new study, Furtos et al. [77] reported on the
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synthesis of nanocomposite PCL-based membranes modified with both AMX and

nanohydroxyapatite (nHAp) to endow antimicrobial and osteoconductive properties,

respectively. Meanwhile, recent studies have also reported on the fabrication of

electrospun membranes loaded with anti-inflammatory drugs. Farooq et al. [78] incor-

porated piroxicam, a nonsteroidal anti-inflammatory drug, into novel cytocompatible

and biodegradable chitosan (CS)/poly(vinyl alcohol) (PVA)/hydroxyapatite (HA)

electrospun composite nanofibrous membranes. In another investigation, Carter

et al. [79] blended Aloe vera, proven for its anti-inflammatory properties, with

PCL, to prepare GTR nanofibrous membranes aiming to enhance periodontal healing.

It is well recognized that antibiotics may produce some important side effects,

mainly those related to bacterial strain resistance, which is a current global concern,

since bacteria are becoming resistant to several antibiotic therapies. In light of this,

Fig. 16.1 Effects of antibiotic-containing PDS-based electrospun mats on the growth of

bacteria. (A and B) Spiral plating was used to calculate CFU/mL of samples of dislodged

bacteria: (A) E. faecalis and (B) P. gingivalis from biofilms containing 5 wt%CIP, 25 wt%CIP,

5 wt% MET, and 25 wt% MET and PDS (control). Significant difference is denoted with an

asterisk (*P< .05) when compared with the control. (C–H) Representative SEM micrographs

showing growth inhibition of E. faecalis and P. gingivalis on the antibiotic-containing

electrospun mats [1].
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alternative antibacterial agents, rather than antibiotics, have been developed to trans-

late safer regenerative technologies into clinical practice for GTR/GBR applications.

Inorganic ions and metallic oxides have extensively demonstrated antibacterial

properties. Silver is the most effective antibacterial metal at low concentrations

and against both Gram-positive (G+) and Gram-negative (G�) bacteria. Meanwhile,

several other metal oxides (e.g., copper, magnesium, titanium, and zinc) have also dis-

played important antibacterial activity against a wide variety of microorganisms.

In this way, a recent study by our group demonstrated the successful synthesis of

PCL-based electrospun membranes using ZnO as the antibacterial agent (Fig. 16.2)

[80]. The antibacterial activity of the processed fibrous membranes was evaluated

against known periodontopathogens, that is, Porphyromonas gingivalis (Pg) and

Fusobacterium nucleatum (Fn), using agar diffusion assays. All the membranes con-

taining different concentrations of ZnO (5, 15, and 30 wt%) presented antibacterial

activity against the targeted bacteria. The membranes, when applied against Pg,
showed similar antibacterial activity regardless of the concentration of ZnO; however,

when applied against Fn, the most concentrated group (30 wt%) displayed higher

antibacterial activity (Table 16.1).

16.4.2 Calcium phosphates and bioactive glass

16.4.2.1 Hydroxyapatite (HA)

Hydroxyapatite is a naturally occurring mineral form of calcium phosphate that consti-

tutes up to 70% of the dry weight of bone [81]. Techniques, such as coelectrospinning

of HA nanoparticles [82–88], electrospraying of HA suspensions [89], and biomimetic

growth ofHAfromsimulatedbody fluids, havebeen frequently employed for fabricating

fibrous composites of polymer and HA with improved mechanical properties and bio-

activity, resulting in greater adhesion and proliferation of osteoblasts or mesenchymal

stem cells [90,91].

Many research groups have studied the effect of nanosized hydroxyapatite (HA)

particles in electrospun matrices for bone tissue regeneration in vitro. The interest

in nHAp as inorganic nanofiller lies in its high surface area to volume ratio, high sur-

face activity, biocompatibility, and ability to absorb a number of bioactive species

[77,91].

Yang et al. [46] electrospun nanofibrous membranes composed of nanoapatite

(nHAp) and PCL, that is, n0 (nHAp/PCL¼0:100), n25 (nHAp/PCL¼25:100), and

n50 (nHAp/PCL¼50:100). The authors demonstrated that the incorporation of

nanoapatite played a significant role in terms of improving membrane bioactivity

and facilitating early cell differentiation [46]. Jose et al. [88] studied the effect of col-

lagen and HA on aligned electrospun multifunctional nanofibers based on PLGA/col-

lagen/HA by human mesenchymal stem cells’ seeding. The membranes supported cell

adhesion and proliferation [88]. In another study, Phipps et al. [92] showed that a bio-

composite fibrous electrospun membrane comprised of PCL, collagen, and nHAp

(50/30/20 weight ratio) adsorbed an increased amount of the adhesive proteins, fibro-

nectin, and vitronectin than PCL or PCL/HA following both in vitro exposure to serum
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PCL fibers

ZnO-incorporated PCL fibers

(A)

189 nm

183 nm

49 nm

453 nm

97.4 nm

(B)

Fig. 16.2 TEM images demonstrating, respectively, the absence and the presence of ZnO

nanoparticles within the neat PCL fibers (A) and ZnO-incorporated fibers (B). Images on the left

and right show, respectively, magnifications of 30,000� and 98,000� [2].
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and placement into rat tibiae [92]. The tricomponent substrate exhibited a rapid

spreading and significantly greater proliferation of cultured mesenchymal stem cells

than PCL/HA, PCL, and collagen scaffolds. Moreover, cells seeded onto PCL/colla-

gen/HA scaffolds revealed considerably higher levels of phosphorylated FAK, a

marker of integrin activation known to be involved in osteoblastic differentiation sig-

naling cascades [92].

16.4.2.2 Tricalcium phosphate (TCP)

Tricalcium phosphate is a bioceramic that is resorbed faster than synthetic HA but has

weak mechanical properties [81]. Baykan et al. [93] prepared parallel concentric poly

(ε-caprolactone)/β-TCP composite fibrous membranes via electrospinning. In vivo

findings indicated that the biomimetic multispiral membrane seeded with bone

marrow-derived mesenchymal stem cells supports the ectopic formation of new bone

tissue in rats.

Electrospinning has been combined with other processing techniques to obtainmem-

branes for bone tissue regeneration. Yeo et al. [94] fabricated a new hierarchical scaffold

that consisted of melt-plotted PCL/β-TCP composite and embedded electrospun colla-

gen nanofibers. Scanning electronmicroscope (SEM)micrographs of the fabricated con-

structs indicated that the β-TCP particles were uniformly embedded in PCL struts

and that electrospun collagen nanofibers were well layered between the composite

struts. The collagen nanofibers and β-TCP particles in the construct provided

Table 16.1 Mean (� standard deviation) of the minimal inhibition
concentration (MIC) of the zinc oxide (ZnO) nanoparticles and
antibacterial activity (inhibition halos, in mm) of the prepared
electrospun membranes against Porphyromonas gingivalis (Pg)
and Fusobacterium nucleatum (Fn) [80]

Bacteria CHX (control)

MIC (μg/mL)

2500 5000 10,000

Pg A11.7 (�0.6)a A8.3 (�1.2)b A9.0 (�1.0)b A8.0 (�0.6)b

Fn A10.3 (�0.6)a B0.0c B5.3 (�0.6)b A9.3 (�1.2)a

ZnO content (wt%) Pg Fn

PCL PCL/GEL PCL PCL/GEL
0 C0.0a C0.0a D0.0a C0.0a

5 B6.3 (�0.6)b B7.7 (�0.6)a C6.7 (�1.2)b B11.3 (�0.6)a

15 AB9.0 (�1.0)a B8.3 (�0.6)a BC9.0 (�1.7)b B11.7 (�0.6)a

30 A11.7 (�2.9)a B8.3 (�0.6)b A14.3 (�0.6)a A13.7 (�0.6)a

CHX (control) AB10.0 (�1.0)a A11.0 (�1.0)a B9.7 (�0.6)b AB12.3 (�0.6)a

Distinct uppercase letters in a same column and lowercase letters in a same row indicate statistically significant
differences among groups tested (P< .05).
CHX, chlorhexidine; PCL, poly(ε-caprolactone); PCL/GEL, mixture of PCL and gelatin (50:50 ratio, w/w).
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synergistic effects for cell activity. The work of Schneider et al. [95] investigated the use

of aerosol-derived amorphous TCP nanoparticles and PLGA for the preparation of cot-

ton, wool-like nanocomposite electrospun fibers. Overall, the membranes supported

human mesenchymal stem cell proliferation and osteogenic differentiation.

16.4.2.3 Bioactive glass

Another promising material that has been used in conjunction with electrospun poly-

mer membranes is bioactive glass, since it has the potential to induce bone formation,

osteogenic proliferation, and activation of gene expression.

Silicate- and borate-based bioactive glasses have been extensively investigated as

potential enhancers of bone regeneration. Although both are osteoconductive,

borate-based bioactive glasses degrade faster and convert to calcium phosphate at a

remarkably rapid rate, which bonds with the surrounding tissue. We recently evalu-

ated electrospun PLA/PCL-based membranes modified with borate bioactive glass

(BBG) for GBR applications [96] (Fig. 16.3). The mechanical properties of the mem-

brane incorporated with BBG at 10 wt% were comparable or superior to that of

Epi-Guide, a clinically available PLA-based membrane. The addition of BBG at

10 wt% has led to similar stiffness, but more importantly, it has led to a significantly

stronger membrane when compared with Epi-Guide. Cell proliferation assays demon-

strated a higher rate of preosteoblasts’ proliferation on BBG-containing membranes

over Epi-Guide, following 7 days of in vitro culture (Fig. 16.4).

Mesoporous bioactive glass particles have been incorporated with osteogenic fac-

tors or growth factors to induce osteogenic differentiation and proliferation. El-Fiqi

et al. [97] fabricated electrospun PCL-gelatin fibers incorporated with mesoporous

bioactive glass nanoparticles (mBG) to provide a long-term delivery of dexametha-

sone. The mBG-PCL membranes demonstrated excellent properties, including

improved strength, elasticity, and hydrophilicity, compared with pure biopolymer

matrix. The membranes demonstrated linear release kinetics of dexamethasone up

to the test period (28 days) after a rapid initial release of�30%within 24 h. PDL stem

cells demonstrated increased proliferation and differentiation on the membranes

in vitro. In another study, Kim et al. [98] found that hDPSCs could be differentiated

into odontoblasts after culturing on a nanofibrous membrane consisting of

PCL-gelatin and mesoporous bioactive glass nanoparticles. An increased ALP activ-

ity, mineralized nodule formation, and mRNA expressions involving ALP,

osteocalcin, osteopontin, dentin sialophosphoprotein, and dentin matrix protein-1

were observed.

16.4.3 Growth factors

Successful periodontal regeneration depends on a precise interaction among a mem-

brane or scaffold material and other key elements, such as growth factors, cells, and

blood supply. The local delivery of a wide selection of growth factors (e.g., bone mor-

phogenic protein-2 or BMP-2) has been demonstrated as enhancing both periodontal
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healing and regeneration by modulating the cellular activity and providing stimuli to

cells to differentiate and synthesize the ECM to develop new tissues.

Growth factor encapsulation has been achieved through either physical adsorption

or direct blending into the polymer solution before electrospinning. Schofer et al. [99]

demonstrated that incorporating BMP-2 into electrospun PLA scaffolds showed

Fig. 16.3 (A and B) Representative TEM images of the borate-based bioglass (BBG) particles.

(C and D) Representative SEM images of the PLA/PCL electrospun membranes modified with

5 wt% BBG at 5000� (C) and 10,000� (D) magnifications. (E and F) Representative SEM

images of the PLA/PCL electrospun membranes modified with 10 wt% BBG at 5000� (E) and

10,000� (F) magnifications. The deposition of BBG on the PLA/PCL fibers is indicated by

arrows in the lower magnification images [3].
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enhanced bone regeneration and several ossification foci when implanted into criti-

cally sized calvarial defects using a rat model. After 12 weeks of implantation,

osteocalcin, BMP-2, and Smad5 were significantly higher in the PLA/BMP-2

compared with the controls.

BMP-2 has also been incorporated to coaxially structured nanofibers by core-shell

spinning for sustained release within the periodontal defect. Zhu et al. [100] fabricated

coaxial fibers with recombinant BMP-2 using poly(ethylene glycol) as the core and

PCL as the shell. A sustained release profile over a period of 24 days was achieved

using this core-shell system. The membranes containing BMP-2 exhibited the fastest

and most bone formation when evaluated in a rabbit cranial defect model. In another

Fig. 16.4 Representative SEM images illustrating the MC3T3-E1 cell morphology after

7 days of culture: (A) PLA, (B) PCL, (C) PLA/PCL, (D) PLA/PCL+10 wt% BBG,

and (E) Epi-Guide [3].
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study, Shalumon et al. [101] prepared silk fibroin/chitosan/nanohydroxyapatite/

BMP-2 nanofibrous membranes by incorporating BMP-2 into the core and silk

fibroin/chitosan/nHAp as the shell layer of a nanofiber with two different shell thick-

nesses (SCHB2-thick and SCHB-thin). The core-shell nanofibrous membranes of

reduced shell thickness released higher amounts of BMP-2 and retained osteo-

inductive activity toward human-bone-marrow-derived mesenchymal stem cells,

highlighting its promise as a membrane for periodontal bone tissue engineering.

The potent stimulatory effects of platelet-derived growth factor (PDGF) as a

chemoattractant and a mitogen, along with its ability to promote angiogenesis, posi-

tion it as a key regulatory molecule in tissue repair. Phipps et al. [102] physically

adsorbed PDGF-BB to blended electrospun nanofibers of PCL and collagen I with

embedded nHAp particles. The membranes adsorbed greater quantities of

PDGF-BB and caused sustained release for at least 8 weeks, leading to enhanced

MSC chemotaxis under stringent in vitro conditions.

Basic fibroblast growth factor (bFGF) acts as a strong angiogenesis inducer with

significant implications in bone repair. Lee et al. [103] fabricated PCL/gelatin

electrospun fiber membranes onto which bFGF was immobilized via heparin to con-

trol the initial bFGF burst release. In addition to enhancing angiogenesis, bFGF incor-

poration enhanced bone regeneration when evaluated using a mouse calvarial critical

size defect model, even at relatively small doses. In another study, Sahoo et al. [104]

incorporated bFGF into PLGA nanofibers by blend electrospinning and coaxial

electrospinning and found that the latter improved bFGF release to 2 weeks. However,

the blended fibers demonstrated increased collagen production and upregulated gene

expression of specific ECM proteins, indicating fibroblastic differentiation.

A recent strategy to promote bone regeneration was to recruit endogenous stem/

progenitor cells to the injury site by increasing local concentrations of cytokines

and/or chemokines at the target site, thereby regulating the mobilization, trafficking,

and homing of stem/progenitor cells. Among the various cytokines or chemokines,

stromal cell-derived factor-1α (SDF-1α), also known as chemokine (C-X-C motif )

ligand 12 (CXCL12), is particularly important in mesenchymal stem cells’ homing

and localization within the bone marrow. Ji et al. [105] fabricated electrospun mem-

branes for GBR applications using PCL blended with type B-gelatin and

functionalized it with stromal cell-derived factor-1α (SDF-1α) via physical adsorp-

tion. The membranes loaded with different amounts of SDF-1α (up to 400 ng) signif-

icantly stimulated chemotactic migration of MSCs in vitro without dose-dependent

effects. Eight weeks after implantation in rat cranial defects, SDF-1α-loaded mem-

branes yielded a sixfold increase in bone formation compared with the neat

membranes.

16.4.4 Functionally graded and multilayered membranes

A periodontal membrane needs to utilize a graded structure with compositional and

structural gradients that meet the local functional requirements to engineer new per-

iodontium by amplifying regeneration of the periodontal tissues while preventing gin-

gival tissue downgrowth. With this in mind, Fujihara et al. [26] fabricated electrospun
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bilayered membranes with a functional layer consisting of PCL/CaCO3 and a PCL

layer for mechanical support. PCL/CaCO3 composite nanofibers with two different

PCL to calcium carbonate (CaCO3) ratios (PCL/CaCO3¼75:25 and 25:75 wt%) were

spun over PCL nanofibrous membranes. It was found that the membranes could be

stretched at around 200% strain without visible rupture. Moreover, the membranes

supported osteoblast attachment and growth. In another study, Sundaram et al.

[106] developed a bilayered construct presenting an osteoinductive layer consisting

of a chitosan/2 wt% calcium sulfate membrane that can mimic and regenerate hard

tissue (alveolar bone) and a PCL multiscale (micro-/nano-)electrospun membrane

to mimic and regenerate soft tissue (PDL). Human dental follicle cells demonstrated

osteoblastic differentiation on the layer containing calcium sulfate and fibroblastic

differentiation on the PCL multiscale membranes.

A few years ago, our group reported on the fabrication of a functionally graded

membrane (FGM) via sequential multilayer electrospinning [4]. The FGM consisted

of a core layer (CL) and two functional surface layers (SLs) interfacing with bone

(nanohydroxyapatite, nHAp) and epithelial (metronidazole, MET) tissues (Fig. 16.5).

The CL comprises a neat poly(DL-lactide-co-ε-caprolactone) (PLCL) layer surrounded
by two composite layers consisting of a protein/polymer ternary blend (PLCL/PLA/

GEL). Hydroxyapatite nanoparticles were incorporated to enhance bone formation on

the surface layer facing the bone defect, and MET, an antibiotic commonly used in the

treatmentofperiodontitis,wasadded topreventbacterial colonizationonthesurface layer

facing the epithelial tissue. SEM images showing the morphological characterization of

the FGM layers are seen in Fig. 16.6. While most biodegradable polymers are rigid and

brittle, PLCL possesses exceptional elastic properties, which are critical for periodontal

membranes during in vivo placement. No delamination was observed in the CL

Fig. 16.5 Schematic illustration of

the spatially designed and

functionally graded periodontal

membrane. (A) Membrane placed in

a guided bone regeneration scenario.

(B) Details of the core layer (CL)

and the functional surface layers

(SLs) interfacing bone (nHAp) and

epithelial (MET) tissues. Note the

chemical composition stepwise

grading from the CL to SLs, that is,

polymer content decreased and

protein content increased [4].
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membrane, indicating that the compositionally graded layers remained intactunder phys-

iological conditions. Cross-section SEM images are shown in Fig. 16.6. The FGM

exhibited a tensile strength of 3.5 MPa and a tensile modulus of 80 MPa, with a strain

at break equal to 297%. The sequential electrospinning method used in this study offers

an interesting route for the development of multilayered and functionally graded mem-

branes with more predictable physicochemical, mechanical, and biological characteris-

tics that could ultimately lead to enhanced periodontal regeneration [4].

16.5 Caries and pulpal disease

Dental trauma and the bacterial infection of dental pulp leads to inflammation, and, if

left untreated, pulpal necrosis and apical periodontitis will ensue [5,107]. In the United

States, over 15 million patients undergo root canal treatment each year [108], resulting

in a major socioeconomic burden. Traditional root canal therapy remains the standard

of care for mature, fully developed teeth with pulpal necrosis, and it involves the

chemomechanical debridement and sealing of the canal system with an inert

rubber-like material [109]. However, immature permanent teeth present a very unique

anatomy, that is, wide-open root apex and thin root dentinal walls [5,6,107]. Given the

wide-open root apex, which halts the possibility of achieving an apical seal and thin

dentinal walls, performing traditional root canal therapy on necrotic immature teeth

is not advisable [5,6,107]. Thus, apexification using either calcium hydroxide

Fig. 16.6 Cross-section SEM micrographs of the FGM processed via multilayering

electrospinning. (A) General view of the FGM; (B) nHAp-containing layer/PLCL/PLA/GEL

interface; (C) CL structure; (D) MET-loaded layer/PLCL/PLA/GEL interface [4].
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(Ca(OH)2) or MTA has been used to induce apical closure [110–112]. Although
apexification supports apical closure, it neither promotes root development nor

restores the immunologic competence of pulp [113,114]. Additionally, apexification

eliminates any further chance for complete root development (e.g., dentinal wall

thickening and apical maturation), thus increasing the chance of future root fracture

[115,116].

16.5.1 The role of disinfection in regenerative endodontics

Regeneration of the pulp-dentin complex holds the promise of extending the function

of the natural dentition, particularly in cases where traumatic injuries to permanent

immature teeth halt root maturation and full development [5,6,117,118]. The most

widely used regenerative strategy, namely, the EB method, employs intracanal med-

ications, including triple (TAP—ciprofloxacin, metronidazole, and minocycline) and

double (DAP—minocycline-free) highly concentrated antibiotic pastes, or Ca(OH)2.

The use of an antibiotic mixture in regenerative endodontic procedures was introduced

in 2001 [119]. Since its advent, this intracanal antibiotic paste (i.e., TAP or DAP) has

been the most widely used interappointment medicament [120]. It is worth noting that

this form of medication was introduced into the clinics without precise information as

to the therapeutic dose to be used, which would retain its antimicrobial effect while

minimizing its toxicity on host tissues and cells, including stem cells. In regenerative

endodontics, following adequate disinfection, the intentional laceration of periapical

tissue is done to evoke bleeding, delivery of apical stem cells, and the subsequent for-

mation of a fibrin-based scaffold [121]. Growth factors and stem cells from the apical

area populate the scaffold, inducing tissue regeneration [5,6,107,121]. Remarkably,

both root canal disinfection and blood-clot formation have been shown to play a cri-

tical role in new tissue formation and overall root maturation and development.

Despite these promising results, the biological outcome of this regenerative-based

treatment is rather unpredictable [119,121–125]. Bone healing and root development

do not necessarily confirm formation of tissue that closely resembles the pulp-dentin

complex within root canals. In fact, the histological examination of tissue formed

inside the root canals of teeth treated with regenerative procedures reveals apposition

of a cementum-like tissue, which is responsible for canal narrowing and an increase in

length [126,127]. Additionally, the ingrowth of a connective tissue similar to the PDL,

along with a bone-like tissue, was identified inside root canals [121,128,129]. These

findings suggest that current endodontic regenerative protocols need careful consi-

deration and review. Unpredictability of the histological results could relate to many

factors [5,6,107,121]. The disinfection technique seems to be one of the most influ-

ential factors affecting the outcome of this regenerative-based approach [5,6,107].

There is a compelling level of data indicating that both chemical irrigants and

intracanal medicaments can negatively affect the survival ability and function of

dental stem cells [5,6,107]. Therefore, it would be beneficial and advantageous to

use a biocompatible nanofiber-based intracanal drug delivery construct to release

antibiotics at lower, yet antimicrobially effective concentrations [7].
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16.5.2 Electrospun polymer nanofibers for intracanal drug
delivery

In recent years, electrospinning or electrostatic spinning, a textile technology, has been

employed to fabricate antibiotic-containing polymer-based nanofibers for drug deli-

very applications in dentistry, particularly to ablate periodontal and endodontic infec-

tions [3,5,7]. The idea behind the use of antibiotic-containing nanofibers as a

three-dimensional (3D) tubular drug delivery construct [5,12,130] that can be placed

inside the root canal system of necrotic teeth (Fig. 16.7) is based on the fact that the addi-

tion of low antibiotic concentrations and the slow drug release provided by these

Fig. 16.7 Polydioxanone suture filaments (PDS II, Ethicon, Somerville, and NJ) are first

undyed using dichloromethane (Sigma-Aldrich, St. Louis, and MO) and then dissolved in

1,1,1,3,3,3-hexafluoro-2-propanol (HFP, Sigma-Aldrich) at 10 wt% under stirring conditions.

MET (Sigma-Aldrich) and CIP (Sigma-Aldrich) containing solutions are prepared by adding

MET (G1) and CIP (G2) into the PDS solution at a 25 wt% relative to the total PDS weight and

mixed together under vigorous stirring. Different ratios (by weight) of the two antibiotics are

added to PDS solutions and mixed under vigorous stirring to obtain the following

antibiotic-containing solutions: G3-1:1MET/CIP, G4-1:3MET/CIP, and G5-3:1MET/CIP. The

antibiotic-containing and pure PDS (control) solutions are then electrospun under optimized

parameters in a 3D tubular-shaped construct (i.e., scaffold prototype).
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nanofibrous constructs will eradicate infection and thus create a bacteria-free environ-

ment favorable to tissue regeneration [5,7,9–11,13–15,130]. Worth noting, in this strat-

egy, the antimicrobial agents could be used at much lower concentrations, as they are

delivered in a predictable fashion onto the dentinal walls where microbial biofilms have

been found to be present, thus being the culprit of persistent endodontic infections.

In electrospinning, a polymer solution/melt containing the desired concentration of

antibiotics is prepared in order to produce nanofibers [3,5,7]. The chosen polymer

solution can be incorporated with one or a combination of antibiotics, making it pos-

sible to fabricate fibers with a narrow or wide spectrum of action (e.g., ciprofloxacin

(CIP), metronidazole (MET), and minocycline (MINO)) that have been shown to

inhibit the growth of endodontic pathogens [7,9,13,14]. In a recent study,

ciprofloxacin-containing polymer nanofibers were tested against E. faecalis biofilm
developed on human root fragments [11]. Caries-free extracted human mandibular

incisors were longitudinally sectioned to obtain two halves, each measuring

10�5�0.6 mm. An E. faecalis suspension was inoculated on the specimens for

5 days to allow for biofilm formation, and they were then exposed (direct contact)

to CIP-containing (5 and 25 wt%CIP) nanofibers. A thick biofilm mass was observed

using scanning electron microscopy (SEM) along the whole root segment (i.e., cervi-

cal, middle, and apical thirds), with a remarkable concentration of bacteria on the mid-

dle third, probably due to intrinsic substrate characteristics (e.g., uniform distribution

of dentinal tubules and a similar tubule diameter) (Fig. 16.8) [131]. Antimicrobial

assays involving the use of colony-forming units (CFU) and SEM methodologies

found that this young E. faecalis biofilm was susceptible to 25 wt% CIP nanofibers,

demonstrating maximum bacterial biofilm elimination [11].

In an attempt to improve the antimicrobial effects of these unique nanofibers

and based on several studies using TAP as the standard of care in regenerative

endodontics, our group was the first to develop triple (MET, CIP, and MINO)

antibiotic-containing polymer nanofibers [10]. The chosen bacteria, A. naeslundii,
consisted of uncommon bacterial species used for in vitro studies in endodontics;

however, it has been recently associated with root canal infections, particularly in

cases of undeveloped traumatized teeth [132]. A. naeslundii was cultured on human

dentin for 7 days to allow for biofilm formation on the surface and inside dentinal

tubules. Infected dentin specimens exposed to triple antibiotic-containing nanofibers

revealed significant bacterial death based on CLSM data when using the live/dead cell

assay (Fig. 16.9) [10].

Noteworthy, the aforementioned studies focused on facultative anaerobic bacteria;

however, root canal colonization, mainly in primary infections, is often composed of

strict anaerobic species [133]. Therefore, recent research [15] used Porphyromonas
gingivalis to induce a 7-day biofilm on human dentin through the careful limitation of

environmental conditions (anaerobic jars). The established P. gingivalis biofilm was

also susceptible to triple antibiotic-containing nanofibers [15]. Taken together, our

studies [5,7–11,13–15] have provided abundant background information to not only test

the antimicrobial efficacy of these nanofibers on multispecies biofilms in vitro but to

also explore their clinical efficacy using preclinical animal models of periapical disease.
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16.6 Conclusions and future perspectives

Periodontitis is a chronic inflammatory disorder affecting nearly 50% of adults in the

United States. If left untreated, it can lead to the destruction of both soft and mineralized

tissues, which constitutes the periodontium. Clinical management, including but not

limited to flapdebridement and/orcurettage, aswell as regenerative-based strategieswith

periodontal membranes associated or not with grafting materials, has been used with

distinct levels of success. Unquestionably, no single implantable biomaterial can consis-

tently guide the coordinated growth and development ofmultiple tissue types, especially

in very large periodontal defects.With the global population aging, it is extremely impor-

tant to find novel biomaterials, particularly bioactive membranes and/or scaffolds for

guided tissue/bone regeneration (GTR/GBR), to aid in the reestablishment of the health

and functions of distinct periodontal tissues. Resorbable and nonresorbable membranes

act as a physical barrier to avoid connective and epithelial tissue downgrowth into the

Fig. 16.8 Representative SEM images (�2000) of the radicular dentin specimen before (A–C)
(i.e., biofilm) and after (D–L) scaffold exposure (i.e., PDS, PDS+5 wt% CIP, and PDS+25 wt

% CIP) at the distinct specimen regions evaluated (cervical, middle, and apical thirds). (J–L)
Dentin specimens exposed to PDS+25 wt% CIP scaffolds displayed a bacteria-free surface,

with a few dead bacteria (white arrows) and dentin debris (white circles). Scale bar¼10 μm [6].
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Fig. 16.9 CLSM images were collected in sequential illumination mode by using 488 and 552 nm

laser lines. Fluorescent emissionwas collected in 2HyD spectral detectors with filter range set up to

500–550 nm and 590–655 nm for green (SYTO9) and red dye (PI), respectively. CLSM

macrophotographs of 7-day A. naeslundii biofilm (negative control) growth inside dentinal tubules

(A), infected dentin treated with pure PDS (B), TAP scaffold (C), and TAP solution (D) for 3 days.

SEMimagesofA.naeslundiibiofilmon thedentin surface (negativecontrol) (E) treatedbypurePDS

(F), TAP scaffold (G), and TAP solution (H). Dentin discoloration images of negative control (I),

pure PDS (J), TAPscaffold (K), andTAP solution (L) groups. Representative SEM images (original

magnification, �200 and �1000) of TAP solution treated dentin showing calcium-enriched (Ca)

insoluble agglomerates attached to the dentin surface (M) and covering dentinal tubules (N) as

demonstrated by energy-dispersive X-ray spectroscopy (EDS) analyses (inset EDS image N);

A. naeslundii can be seen on the surface of this insoluble complex (white arrows) (N and H) [7].



defect, favoring the regeneration of periodontal tissues. These conventional membranes

possess many structural, mechanical, and biofunctional limitations. Taken together, cur-

rent technology and results from the literature suggest that both bioactive and multilay-

ered nanofibrous membranes have significant potential for use in periodontal tissue

engineering.Nonetheless, inorder tomaximizeperiodontal regeneration, the implantable

membrane must support bone cells’ infiltration from the bone-defect side. Vasculariza-

tion of the biomaterial/cell construct is an essential step in tissue healing, as this process

provides the nutrients and oxygen needed for bone cells to survive while facilitating

removal of cell waste products.

Regarding regenerative endodontics, categorically, antibiotic mixtures have

become an important intracanal medicament in cases of necrotic immature permanent

teeth. However, the way they have been used remains obsolete, since microorganisms

colonizing the root canal are usually not identified before the application of antibi-

otics, which could favor bacterial resistance toward these antibiotics. Accordingly,

there is a trend in endodontic drug therapy toward determining the microbiota present

in root canals and then administering specific antibiotics to properly fight the infec-

tion. Taken together, the clinical prospects associated with the design and synthesis of

patient-specific cytocompatible antibiotic-containing polymer nanofibers that can be

fabricated in a 3D structure (Fig. 16.7) allowing for intracanal drug delivery have

gained increased attention, and in vivo preclinical studies are currently being carried

out to expedite its clinical translation.

Our research team’s next step is to further validate these results in preclinical large

animal and eventually start clinical trials in humans. There are several technical hur-

dles still ahead before the use of electrospinning can be considered ready for commer-

cial applications in dentistry. The manufacturing process and costs involved in the

fabrication of bioactive multilayered membranes for periodontal regeneration and

nanofibrous drug delivery systems for root canal disinfection have to be evaluated

and the relevant Food and Drug Administration (FDA) and intellectual property con-

siderations are currently being pursued.
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17Electrospinning: A versatile

technology to design biosensors

and sensors for diagnostics
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17.1 Introduction

Providing diagnosis fast and precisely through diagnostic tools (devices and tests) to pre-

vent disease progression is a fundamental issue ofmodern research inmedicine. For sev-

eral years, the outstanding electric, optical, and magnetic properties of nanomaterials

have been supporting the research and development of new strategies and approaches

inmedicineplaying also a key role indesigning cutting-edge novel technologies for diag-

nostics. One of the most prominent applications of nanomaterials in medicine has been

their employment in image analyses and the consequent creation of exceptional diagnos-

tic tools on purpose. Furthermore, they have been involved in the development of inno-

vative analytic means for monitoring markers and biomarkers pertinent to human

diseases. More recently, smart nanostructures have been integrated with therapies

(nanotheranostics) or sensing and destruction/removal (sensor/removal) for simulta-

neously detecting and solving issues [1]. The peculiar chemical and physical features

of materials at nanoscale allow them reacting with single molecules by fast, precise,

and accurate identifications performed within miniaturized and easy-to-use devices.

A plethora of nanomaterials are commonly used to generate nanosensors, such as

nanotubes (NTs), nanowires, nanorods (NRs), nanoparticles (NPs), and thin films

made of nanocrystalline matter [2]. The high capacity of these nanomaterials for

charge transfer enables nanostructured sensors to achieve low detection limits and

high sensitivity values. The selection of a kind of nanomaterial for a specific sensing

application depends on a multitude of physical and chemical parameters and on the

type of transduction mechanism desired. Moreover, nanomaterials can be further

modified to detect specific molecules (Fig. 17.1) by introducing functional groups

and suitable nanodoping through several strategies to both work in distinct environ-

ments and detect a wide range of analytes, such as gases and volatile organic com-

pounds (VOCs), metals and other inorganic ions, organic compounds, and even

entire cells (i.e., microorganisms). An additional strategy improving the sensing fea-

tures of sensors is to increase the specific surface of the interacting material: the higher

the specific surface area of the sensing material, the higher its ability to interact, a

common feature in biological sensing structures. In physiology, the features of sensing

surfaces express at macroscale the properties of both their molecular structure (e.g.,
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extended specific surface area) and composition (e.g., receptors). As a matter of fact,

molecular recognition in living systems generally occurs at interfaces (cell mem-

branes like the outer plasma membrane and internal membranes), where recognition

sites mostly made of proteins/glycoproteins/lipoproteins (receptors, transporters,

pumps, enzymes, etc.), carbohydrates, and polysaccharides are located. Additionally,

recognition occurs intracellularly, where the binding between analytes and ligands

involves various types of molecules (e.g., chelating agents) and macromolecules like

nucleic acids (DNA double helix) and proteins/enzymes. Recently, the strategies used

to design man-made sensors, overall electrode-based sensors, and sensing systems

employ nanomaterials through variously complex techniques to closely reproduce

both biological molecular recognition at interfaces [3] and mimic in vitro biological

structures [4–8].
The recent literature has confirmed electrospinning as one of the most intriguing

nanotechnologies for designing and developing smart and ultrasensitive sensing sys-

tems, for both uniqueness of the resulting nanostructures and production rate and

costs. Parameters like the extremely rapid formation of fibers and fibrous scaffolds

generated on a millisecond scale and the easy tuning of size and shape of fabrics until

3-D matrix production have raised great scientific interest for this technology, con-

firmed from the increasing number of publications in the last decade [9]. Sensors

based on electrospinning showed interesting sensing properties like fast analyte

adsorption, mostly resulting from the high porosity of the generated nanofibrous layer

(with consequent easy diffusion through the fibrous framework) and minimized bulk

effects (e.g., diffusion-desorption time and analyte entrapment). Since the diameter of

fibers can roughly achieve sometimes that of interacting molecules, scientists may

exploit size effects, such as quantization, and single-molecule sensitivity deriving

from such tiny dimensions. As concerns the morphology of electrospun fibers, it

depends on the properties of the original polymer solution (system parameters), pro-

cess conditions (operational parameters), and environmental conditions. The resulting

aligned or nonwoven nanofibers, arranged in 2-D or 3-D fibrous structures with tun-

able porosity and high specific surface area, can be grown up directly onto suitable

transducers, often without further expensive modifications [10]. Furthermore, a large

combination of polymer fibers by blends or core shells arrangement and by inorganic

doping can be fabricated. The electrospinning apparatus can generate fibers using

needles or multiple nozzles or through a needleless process, and it is also able to

manage the production rate and control the jet formation, jet acceleration, and

the collection of nanostructures. The further chance to customize and functionalize

these micronanofibers in a postprocessing step and on a large-scale enables the

electrospinning technique to match a wide range of requirements for specific sensing

applications, including health monitoring and biodetection. The decoration of

electrospun nanofibers by specific receptors can remarkably increase the number

of recognition sites suitable for sensing, that is, available for interacting with

analytes through specific binding mechanisms. Due to such an extreme versatility,

electrospinning is expected to have several strategic advantages, relative to other

nanotechnologies, in the fabrication of advanced tools for diagnostics and health mon-

itoring. Obviously, due to the wide and ever increasing production of scientific papers
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in this topic, this chapter is not surely exhaustive, but it likes to enhance some main

strategies that researchers are pursuing to create more and more innovative and

high-performance support systems to human health (Fig. 17.2).

17.2 ES-nanosensors for blood analysis

The use of blood as a diagnostic medium is a routine and prevalent medical practice,

not only in providing alerts about general health status but also in furnishing detailed

information on individual diseases based on specific constituent biomarkers. A crucial

issue arising in diagnosing health status of individuals is that in some pathology,

symptoms emerge when the disease is in an advanced stage, and possible treatments

can be ineffective or heavily invasive for humans, relative to early diagnosing.

The employment of nanomaterials in diagnoses has allowed remarkable improve-

ments like quick testing and earlier detection of diseases than other current techniques,

thus providing great potentials also for point of care applications [11].

In medical diagnostic imaging, for example, the exploitation of the optical features

of some NPs has already driven scientists to successfully improve disease diagnoses

through biological imaging, so that clinicians can detect health problems in patients

uponvisible accumulations of theseparticles or throughmolecular signals uponbinding

ofNPswith other compounds. Similarly, the binding ofNPs to blood proteins and other

molecules has been allowing the detectionof disease indicators at a very early stage. For

instance, Randeria et al. described a promising method for detecting cancer cells in the

bloodstream by using NPs called nanoflares. Nanoflares were planned to bind genetic

targets in cancer cells and generate light when such recognition occurs [12]. These pro-

bes are based on spherical nucleic acids and are composed of gold-NP cores and highly

oriented oligonucleotide shells; these sequences are complementary to specific intra-

cellular mRNA targets and are hybridized to fluorophore-labeled reporter strands.

Nanoflares take advantage of the highly efficient fluorescence quenching properties

Fig. 17.2 Needle-based electrospinning process for growing up nanofibrous fabrics directly

onto microchips. On the right, optical microscope image of a classical interdigitated electrode

(IDE) coated with aligned fibers [10].
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of gold, the rapid cellular uptake of spherical nucleic acid that occurs without the use of

transfection agents and the enzymatic stability of such constructs to report a highly sen-

sitive and specific signal in the presence of intracellular target mRNA.

Another example of strategy for early diagnosis of brain cancer uses properly

functionalizedmagnetic NPs andmagnetic resonance imaging (MRI) technology, based

on the principle thatwhenNPs bind the tumor cells or their fragments (proteins, vesicles,

and nucleic acids), their magnetic properties result enhanced [13].

Abakumov et al. [13] synthesized ferric oxide (Fe3O4) cores coated with bovine

serum albumin (BSA) to form NPs (53�9 nm) and monoclonal antibodies against

vascular endothelial growth factor (mAbVEGF), demonstrating that MNPs were sta-

ble and nontoxic to different cells at concentration up to 2.5 mg/mL, easily bound

VEGF-positive glioma C6 cells in vitro and finally were effective in MRI visualiza-

tion of the intracranial glioma.

When compared with molecular probes, nanosensors result as a combination of

high sensitivity and selectivity with low toxicity, which are crucial parameters for

sensing in live cells [14].

17.2.1 Cells capturing systems

Electrospinning technology, too, has been used to develop smart sensing systems for

early diagnosis. The group of Hsian-Rong Tseng has developed an advanced filtering

system to capture individual cancer cells circulating in the blood stream (named

“NanoVelcro” chip). Circulating tumor cells (CTCs) are responsible of cancer metas-

tasis, thus spreading cancer cells of the primary tumor to other organsof the individual’s

body, so that new tumors are generated. These scientists used nanofibers of poly(lactic-

co-glycolic acid) (PLGA) functionalized with antibodies capable of binding proteins

located at cancer cell surface (Fig. 17.3). Consequently, they succeed in selectively

entrapping cancer cells in the blood of people affected by cancer flowing through

the chip and isolate and use them for further analyses. Such a system, then, works as

a “liquid biopsy” of the tumor, because it identifies cancer cells in liquid medium

and it also provides earlier information about potentially terminal metastases [15,16].

Similarly to what observed with antibodies, the functionalization of electrospun the

fibers can be functionalized with bioreceptors, and such purpose can be achieved

through several methods, depending on the final target application. A common strategy

to bind and immobilize these biomolecules (such as bioreceptors and antibodies) to

Fig. 17.3 (A) Sketch of a supramolecular Velcro chip sketch; (B) cancer cells intercepted by an

ES functionalized polymer layer according to Velcro working principle.
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electrospun nanofibers is based on physical or physicochemical interactions occurring

between the bioreceptors and fibers. Additionally, the bioreceptors can be immobilized

fixed in situ, that is, on the fibrous surface, to prevent their leaching, mostly through

chemical reactions. Another method of immobilization of receptors makes use of such

molecules by solving them directly into the electrospinning solution in order to obtain

nanofibers with bioreceptors embedded into the electrospun polymer [17–19].

17.2.2 Glucose sensors

A lot of both chemical [20–23] and biochemical nanosensors based on electrospinning

have been designed, investigated, and fabricated to detect glucose in the blood. Using

chemical sensors, Zhang et al. [21] prepared a glucose sensor based on graphene oxide

(GO) and electrospun NiO nanofibers (NiONFs). Indeed, the catalytic activity of metal

oxides can be greatly enhanced through the incorporation ofNPs of conductingmaterials

such as carbon NTs, graphene, gold, and platinum, as well as quantum dots of various

semiconductors [24–26]. Graphene, emerging as a new two-dimensional material,

has captured great attention due to its high electric conductivity, huge surface area,

low cost, and good thermomechanical features [27]. GO as the starting material was

electrochemically reduced to go. Nation (NA) was coated on the sensor surface to

improve the antifouling ability. The addition of rGO sheets caused numerous corruga-

tions and wrinkles of the fibers improving the electrode active area (Fig. 17.4B).

As the glucose was added into the stirring buffer solution, the sensor responded rapidly
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Fig. 17.4 Comparison of two nanofibrous nonenzymatic biosensors for glucose detection: SEM

images of the modified electrode surface of NiONF/GCE (A) and NiONF-rGO/GCE (B) and

steady-state response of the sensor on successive injection of glucose (0.60 V) [21]; SEM

images of (B) CuO nanofibers and (C) Ag/CuO nanofibers and amperometric response of

Ag/CuO NFs and CuO NFs sensors based on ITO, (red and black, respectively) to successive

additions of glucose at an applied potential of 0.50 V [22].
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achieving 95% of the steady-state current within 5 s (S¼1100 μA mM�1 cm�2, where

S denotes sensor sensitivity).
Similarly, Zhang et al. [22] developed a sensor based on Ag modified CuO NFs but

using a simple two-step procedure including the electrospun of precursor NFs on to the

electrodes and a subsequent calcination process. The direct preparation of CuO NFs

on indium-tin oxide (ITO) electrode and the AgNPs modification ensured the fast

electron transfer between the CuO NFs and the ITO electrode, enhancing the sensi-

tivity of the sensor. The resulting Ag/CuO NFs-ITO electrode possessed fast and good

response to glucose (Fig. 17.5D), making that an ideal nonenzymatic sensor for

directly detect glucose (S¼1347 μA mM�1 cm�2; LOD¼51.7 nM; and S/N¼3).

To measure the glucose concentration, biosensors can detect oxygen variations,

pH, or H2O2 concentration. Specifically, oxygen sensors convert O2 concentration
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Fig. 17.5 SEM micrograph of electrospun samples after bacteria test (A) E. coli O157:H7
effectively captured on functionalized fiber mat (inset: Ag electrode), (B) no bacteria observed
in the nanofiber mat without treatment. Nanofibers confocal laser scanningmicroscopy (CLSM)

of fluorescein isothiocyanate (FITC) conjugated antibody/electrospun nanofibers, (C);

biosensor test results for E. coli O157:H7 bacteria demonstrate the linear sensor response and

lower detection limit of 61 CFU/mL BVDV virus, respectively (D) [28].
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into electric current, pH sensors convert pH change into a voltage change, and perox-

idase sensor convert H2O2 concentration into an electric current. The choice of the

biological recognition element is the crucial decision to make when developing a

novel biosensor. Similarly, the operation and storage conditions determining the

half-life and stability of the sensor are important. Glucose oxidase (GOD) turned

out then to be a remarkable bioreceptor for revealing glucose traces in liquids, because

of its importance in food production, fermentation, and clinical diagnostics [29,30].

The first application of electrospinning technology to GOD-based biosensors is dated

to 2006, when Ren et al. [31] immobilized this enzyme onto electrospun poly(vinyl

alcohol) (PVA) fibrous membranes. Wu et al. also designed an easy and effective

amperometric biosensor for glucose monitoring [32]. This biosensor was based on

the quantitative measurement of an intermediate product of the enzyme reaction cat-

alyzed by GOD, hydrogen peroxide (H2O2), which in turn was reduced by Prussian

blue film (also named as “artificial peroxidase”) present in composite nanofibers (a

mediator compound). Chitosan/polyvinyl alcohol composite nanofibers (CS/PVA)

were selected because they generated a suitable scaffold for both enzyme immobili-

zation (high bioaffinity) and preservation of the Prussian blue leaching out upon its

layer electrodeposition onto the ITO underlayer (due to the long, straight, porous,

and aligned nanofibers). Furthermore, the resulting nanofibrous layer was particularly

attractive because it is composed of biocompatible, biodegradable, and nontoxic nat-

ural biopolymers. In such a structured electrospun nanobiosensor, the electrocatalytic

activity occurred because the porous and high surface area of the nanomaterial

enabled the diffusion of glucose to GOD. When the reaction product, that is, H2O2,

reached the PB layer, the PB film rapidly catalyzed H2O2 and substantially enhanced

the electron transfer rate between GOD and the electrode. The obtained detection limit

was lower than that of other enzymatic glucose sensors based on different modified

nanomaterials (3.61�10�7 M), and the range of concentration monitored covered

normal (3.6–6.1 mM) and abnormal (20 mM), glucose levels in human blood [33].

Since the immobilization of enzymes at surfaces is a crucial step in designing biosen-

sors, immobilization shouldmake the enzyme electroactive, stable, and with high pop-

ulation density. Physisorbed enzymes, indeed, frequently lose their activity due to

conformational changes upon interaction at electrode surface. Conversely, covalently

immobilized enzymes can show improved stability. Notwithstanding the miniaturiza-

tion of electrodes, electrospinning technology can increase the gold surface of the

electrochemical electrodes and globally improve their sensing performances. In the

study of Marx et al. [34], a novel bioelectrode, based on electrospun nanofibers of

gold with chemically immobilized fructose dehydrogenase (FDH), was presented.

A solution containing poly(acrylonitrile) (PAN) and HAuCl4 in dimethylformamide

(DMF) were electrospun and collected on a rotating cylinder, then reduced by immer-

sion in a NaBH4, and washed with dilute HCl and then H2O. Therefore, gold was elec-

trolessly deposited on the fibers by dipping the fibers in an aqueous solution

containing hydroxylamine hydrochloride and HAuCl4. Gold fibers are incubated

firstly in a cystamine solution, then in glutaraldehyde (to create suitable linkers for

binding the enzyme), and finally in an FDH/PBS/glutaraldehyde solution. Such a

structured biosensor was proved to be fully stable for at least 20 cycles of use with

392 Electrospun Materials for Tissue Engineering and Biomedical Applications



an eightfold higher enzyme loading than conventional flat gold disk electrode biosen-

sor. The authors reported, too, the possibility to expand the substrate variety of the

fructose sensor to glucose by addition of glucose isomerase, successfully testing

the performances of the sensor in serum under aerobic conditions, usually not favor-

able for glucose sensors based on GOD.

17.2.3 Cancer, drugs, and infectious agents’ detection

DNA plays a crucial role in the life process for both retaining the global information

pertaining to organisms, from cells to individuals, and participating the replication and

transcription of genetic information in living cells. Therefore, specific interactions

involving DNA offer promising opportunities for biomedical applications, including

screening of new anticancer drugs, mutagenic factors, and genetic diseases. To mag-

nify the responses of biosensors in terms of signals and improve their sensitivity, sev-

eral strategies involving nanomaterials have been performed: NPs (e.g., metals and

magnetic particles), fluorescent probes, carbon NTs, graphene, and biotin/avidin

interactions.

Li et al. combined biotin with polylactic acid (PLA) through electrospinning to pre-

pare free-standing membrane substrates for biosensors based on biotin-streptavidin-

specific binding to detect pathogens. They observed that streptavidin immobilized

on the membrane surface could capture a biotinylated DNA probe for binding a syn-

thetic pathogen’s DNA (Escherichia coli) where streptavidin had been deposited [35].
For instance, in the study of Liu et al. [36], ultrafine fibers with diameters ranging

from 50 to 300 nm were prepared from a dispersion of DNA/single-walled carbon

nanotubes (SWNTs)/poly(ethylene oxide) blend, and well-defined electrospun fibers

were obtained, with good interaction between DNA and SWNTs (electroactive

fibers). The resulting fibers also exhibited electroactive behavior and could be used

as an immobilization matrix for a GOD enzyme biosensor. The sensor response

was linear up to 20 mM glucose with a sensitivity of 2.4 mA cm2M�1.

In the study ofWang et al. [37] both electrospinning and NPs (i.e., MWCNTs) were

included in the sensing process. Specifically, they developed a novel electrochemical

biosensor based on functional composite nanofibers for the sensitive hybridization

detection of p53 tumor suppressor using methylene blue (MB) as an electrochemical

indicator. In human tumors, it is the most commonly mutated gene that may lead to

the loss of transcriptional activation potency and the ability to bind DNA. In literature,

it has been reported that about half of the cancers contain a mutation in p53. Moreover,

p53 is involved in sustaining cellular homeostasis and in complex regulatory interac-

tions [38]. Sequence-specific analysis of the p53 can help early diagnosis of cancer and

consequently increase the success of the treatment. The authors used electrospinning to

prepare composite nanofibers composed of carboxylate multiwalled carbon nanotubes

(MWNTs) doped with nylon 6 (PA6) (MWNTs-PA6) that served as nanosized back-

bone for pyrrole (Py) electropolymerization. The functional composite nanofibers

(MWNTs-PA6-PPy) were used as supporting scaffolds for ssDNA immobilization

to dramatically increase the amount of DNA attachment and the hybridization sensitiv-

ity. First, PA6 andMWNTswere dissolvedmixture of cresol and formic acid to obtain a
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homogeneous solution to be electrospun. Second, the electrode was dipped in a PPy

solution and subjected to electropolymerization. Finally, the MWNTs-PA6-PPy elec-

trode was immersed into HAc solution containing ssDNA, and under a constant poten-

tial (+0.5 V), the ssDNA electrode was formed. The resulting biosensor, in effect,

exhibited good sensitivity and specificity: the target wild-type p53 sequence (wtp53)

could be detected as low as 50 fM, and the discrimination was up to 57.5% between

thewtp53 and themutant type p53 sequence (mtp53). Such findings resulted as a prom-

ising support for the early diagnosis of cancer development and monitoring of patient

therapy.

Biosensors mainly appreciated in point of care diagnosis of diseases are commonly

based on the conversion of antigen-antibody complex formation (immunosensors) into

electric signals by suitable transducers. Antibodies are proteins produced by the

immune system to recognize not only bacteria, viruses, parasites, and all those micro-

organisms or macromolecules considered extraneous to the hosting living system but

also damaged or altered cells (e.g., upon mutation, infection, and cancer). Briefly, in

electrochemical immunosensors, the antigen-antibody complex is converted into an

electric signal (amperometric, potentiometric, or conductometric sensors), by the coop-

eration with redox enzymes. To allow the immunosensor to work properly, it is neces-

sary that the enzyme employed as labeling is very close to the electrode surface. In

optical biosensors, the biological sensing element responds to the interaction with

the target analyte either by generating an optical signal (e.g., fluorescence) or by under-

going changes in optical properties (i.e., absorption, reflectance, emission, refractive

index, and optical path), where the conjugate antibody is labeled with an optically

detectable probe (e.g., a fluorophore). Microcantilevers and quartz crystal microbal-

ances (QCMs) are commonly used for immunosensors because of the potential to

microfabricate immunosensors at low cost: antigen-antibody complex can be revealed

as a mass change causing a frequency shift, without using additional markers. A novel

electrospun-based biosensor has been designed and optimized by Luo et al. in order to

detect fragments of bacteria and viruses [28,39].

It consisted of a sequence of application-capture-absorption pads and a pair of elec-

trodes capable of measuring the conductance of the adsorbed pathogens linked with

conductive and magnetic NPs (Fig. 17.5). The electrospun material, deposited on a

polyvinylidene chloride substrate, was fabricated using nitrocellulose polymer due

to its biocompatibility and solubility in common solvents. The fiber surface was

treated with glutaraldehyde as cross-linker for linking polyclonal antibodies. A pair

of electrodes was fabricated on the capture membrane 0.5 mm apart using a spray

deposition of silver paint (Fig. 17.5A, inset). The working principle is presented in

Fig. 17.7. The EAPMNPs were synthesized from aniline monomer (made electrically

active by acid doping) and gamma iron(III) oxide (γ-Fe2O3) NPs using the chemical

synthesis procedure proposed by Sharma et al. [41,42] (Fig. 17.6).

The antibody modified conductive magnetic NPs were mixed and incubated with

the test sample for target conjugation. After magnetic separation, the purified sample

with the conductive label was carried out on the application pad forming a sandwich

complex, capable of producing an electron transport path across the silver electrodes

(Fig. 17.7). Due to the unique nanostructure and biocompatibility of electrospun
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nitrocellulose membranes, the biosensor showed linear detection response for E. coli
O157:H7 and BVDV virus samples. Only an 8 min detection process was needed for

each measurement. The sensitivity of the portable and low-cost biosensor was

61 CFU/mL and 103 CCID/mL for E. coli O157:H7 and BVDV, respectively

(Fig. 17.5D).

More recently, Reinholt et al. created a biosensor based on paper (lateral flow

assay, LFA) [43] using electrospun nanofibers of polylactic acid (PLA) with

poly(ethylene glycol) (PEG) and a functionalized polystyrene (PS). Specifically, anti-

streptavidin antibodies adsorbed on the nanofibers captured streptavidin-conjugated

sulforhodamine B (SRB)-encapsulating liposomes. Varying the functional polymer

concentration within the PLA base allowed the creation of separate capture zones.

Also, a sandwich assay for the detection of E. coli O157:H7 was developed using

anti-E. coli antibodies as capturer and reporter species with horseradish peroxidase

for signal generation (LOD: 1.9�104 cells).

On the basis of economic criteria and the need for ultrasensitive assays,Dai et al. [40]

developed very recently a novel 3-D biosensing platform based on electrospun carbon

NTs/poly(methyl methacrylate) nanofibers composite biofunctionalized with

α-fetoprotein (α-AFP) antibody, via electrostatic interaction. This platform was used

to fabricate label-free electrochemiluminescent immunosensor to detect α-AFP. Elect-
rochemiluminescent (ECL) technique is concerned with interplay between optical
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Fig. 17.6 Detection scheme of the immunosensor based on the antibody-functionalized

electrospun capture membrane capable to entrap only the antigen-antibody conjugated to the

magnetic/conductive nanoparticles (MNPs) [42].
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information and electrochemistry: CNTs were incorporated at first in the PMMA to

form conductive nanofibers through electrospinning. A three-dimensional network

structure composed of chitosan, peroxydisulfate, and CNTs/PMMA nanofibers was

deposited on a disk glassy carbon electrode (GCE) for sensing, benefited from the

unique properties of this netlike interface (i.e., strong ECL emission of peroxydisulfate

nearly35 folds higher thanGCEalone) (Fig. 17.7).When the reaction betweenantibody

Fig. 17.7 Sketch of the working principle of the sensor (top); ECL intensity and potential curve

of different modified electrodes in 0.1 mol/L pH 7.0 PBS solution containing 0.1 mol/L

peroxydisulfate and the ECL image of peroxydisulfate at the CNTs@PNFs modified

electrode [40].
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andAFP happened, the ECL response of peroxydisulfate dramatically decreased. Such

design offered a suitable carrier for immobilizing biological recognition elements with

low toxicity and eco-friendliness, thus opening apromising approach to developing fur-

ther electrospun nanofibers based on amplified ECL biosensors with remarkable ana-

lytic performances.

Sun et al. fabricated a 3-D immunosensor consisting in a biosensor to detect drugs,

such as chloramphenicol, by immobilizing antibodies on electrospun polystyrene (PS)

membranes and QCMs. Three-dimensional fibrous PS membranes comprising porous

PS fibers were deposited on the electrode of QCM via electrospinning and then

functionalized with sensing antibody on the membranes. The functionality of the

immobilized antibodies was tested with CAP using the 3-mercaptopropionic acid

(MPA) method. The antibody-functionalized MPA biosensor sensitivity increased

concurrently with increasing the PS loading and the specific surface area on the

QCM (a mass sensor), and its responses showed good linearity in the 5–100 ppb con-

centration range. The authors also observed fast response (2–3 s) to CAP, detection

limit of 5 ppb, and sound capturing selectivity to CAP when tested with other antibi-

otics at a concentration between 5 and 200 ppb [44]. The use of electrospun sensing

membrane was described in the study of Senecal et al. [45], who developed two types

of electrospun capture membranes containing either carboxyl (COOH) or amine

(NH2) functional groups for covalently attaching antibodies. The carboxyl functional

membrane was produced by electrospinning polyvinyl chloride (PVC) formulated,

while the amine functional membrane was made through coelectrospinning of two

polymers, water-soluble polyamine, and water-insoluble polyurethane. Antibodies

were covalently attached to the functional groups on the membranes, and the assay

was developed for detecting Staphylococcus enterotoxin B (SEB) and resulted in

effective recognition.

An exhaustive description on biosensors and biosensing devices based on

electrospinning has been reported by De Cesare et al. [19]. A recent pioneering project

led by Haberer et al. (University of California, USA) is attempting to demonstr-

ate and develop an electrospun whispering gallery mode resonator with integrated

phage-based recognition elements as robust, highly sensitivemultiplexed optical biosen-

sors. The involved researchers are creating a new biosensor using laser light, engineered

viruses, and advanced manufacturing techniques to more accurately detect the smallest

amounts possible of biological molecules in our own blood and in other complex envi-

ronments (food, water, and soil). The basic mechanism behind such advanced sensors

reliesonanoldphenomenon: laser light is able toamplify thedetectionof singleparticles,

a technique known as whispering gallery mode resonators. Whispering galleries of light

work with waves of photons traveling within a circular space, or cavity. Any particles

within these cavities encounter the waves thousands to millions of times, changing the

light in subtleways tobe revealed.Thecavity is actually a long, thin fiberwithengineered

viruses embedded in it. The laser is directed perpendicular to the length of the fiber,

activating the sensor. The challenge is to create smooth, durable cavities simply, so they

can be used for different purposes; integrating different types of phage-based recognition

elements within fibers, the resulting sensors will be able to detect different kinds of

molecules. Viruses are just protein-surrounding genetic materials, so they are more
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stable than enzymes or antibodies. The incorporation of biorecognition elements into the

fiber-based sensors will further facilitate sensing of multiple biomolecules while

maintaining a small footprint andminimal sample volume. Electrospinning iswell suited

to incorporate biorecognition elements such as filamentous phage within the optical

cavity at high concentrations. Phage-based bioreceptors provide a high density of

well-organized and highly oriented analyte binding sites for high-sensitivity detection.

Furthermore, they are chemically and thermally robust, tolerating a range of sensing con-

ditions, and can be manufactured inexpensively in large quantities with a bacterial host.

The integration of bioreceptors into thewhispering gallerymodeoptical cavitywill elim-

inate the need for biofunctionalization steps following cavity fabrication, thus minimiz-

ing manufacturing complexity, reducing biosensor footprint, and enabling

straightforward multiple analyte detection. Likewise, the unsurpassed density of highly

orientedbioreceptors associatedwith the filamentousphageand the long-andshort-range

ordering created by the electrospun scaffold are expected to produce fast biosensing tools

with excellent sensitivity and selectivity [46] (Fig. 17.8).

17.3 ES-nanosensors for breath analysis

An alternative perspective to this approach is offered in the form of exhaled-breath gas

analysis [47]. Conventional diagnostic methods such as MRI, CT, blood test, endo-

scope, and X-ray examination, which are expensive and sometimes painful, are usu-

ally implemented in hospitals. However, in the near future, inexpensive and simple

diagnoses are expected to detect and examine diseases in the early stages.

The relationship between some human diseases and the specific odors in patients’

breath has already been suggested by ancient Greek physicians. Nevertheless, such an

approach has gradually been abandoned in favor of the blood tests, and only in the last

thirty years, a renewal and growing interest in breath analysis for medical purposes has

been rediscovered. It has been realized, in effect, that some characteristics of breath

may reflect perturbations in humanmetabolism. Then, its analysis can be used as a sort

of window through which look into the human body by a completely noninvasive

strategy. This analysis is based on the assumption that the biochemical perturbations

associated with metabolic diseases can be somehow “volatilized” when they reach the

alveoli interfaces in the lungs and are consequently expelled from the body during

Fig. 17.8 Graphic representation of a fiber resonator: electrospinning creates long, hairlike

fibers made of plastic, metal, or ceramics. The light or electromagnetic field profile of a

whispering gallery mode is depicted propagating along the periphery of the fiber and subjected

to interferences due to the analyte adsorption.
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exhalation. Breath is mostly composed of water vapor but also comprises aerosol par-

ticles of nonvolatile biomolecules, such as leukotrienes and prostaglandins, inorganic

compounds such as hydrogen peroxide, nitric oxide derivatives and hydrogen ions,

inorganic gases, such as nitric oxide, ammonia, carbon monoxide and dioxide, and

various VOCs. The latter ones can be produced in various organs of the human body

and may result from both normal physiological and biochemical processes and path-

ological conditions, such as lipid peroxidation, renal failure, liver disease, perturba-

tions of glucose or cholesterol metabolism, and even cancer. Among the about 500

compounds detected till now in breath, only few tens have been established to be

potential markers of pathologies. Among them, for instance, exhaled CO has been

recognized as a marker for diabetes and cardiovascular diseases, NO is a biomarker

for oxidative stress including asthma, exhaled low-molecular-mass hydrocarbons

(ethane and n-pentane) are markers for high levels of cholesterol in the blood, and

ammonia is a marker of active bacterial infection of the lung or for renal and kidney

malfunctioning. Thanks to major breakthroughs in new technologies (infrared, elec-

trochemical, chemiluminescence, etc.) and the availability of very sensitive mass

spectrometers, breath analysis has made considerable advances in the last century

[48]. The analysis of patients breath using gas chromatography and mass spectrometry

(GC-MS) has revealed VOC patterns that are associated with well-defined patholo-

gies, that is, succeeding in identifying not only cancer-affected from healthy patients

but also multiple cancer subtypes including the lung, breast, prostate, and colorectal

cancer [49]. Another recent study identified a natural compound (limonene) detected

in the breath as an unambiguous biomarker of early-stage cirrhosis of the liver [50].

Similarly to the hereinabove reported and extensively tested instruments for the iden-

tification of pathologies through breath analysis, nanosensor-based devices have been

more recently designed and investigated as key tools to get early diagnosis, together

with the opportunity to create miniaturized and portable structures, based also on high

sensitivity, low power consumption and low cost, easy in manufacturing, handling,

and understanding, and capability of working in platforms providing multiple infor-

mation [51]. Chemoresistive or conductometric sensors have attracted a great deal of

attention because of their simple structure and their ability to be miniaturized as well

as their low cost and easy of fabrication. These sensors measure the change in the con-

ductance or resistance of the sensing material caused by its interaction with the target

analytes. Chemoresistive sensors have the benefit of being simple in configuration and

in signal measurement.

17.3.1 NO sensors

Macagnano et al. [52] reported the potentials of a preindustrial prototype to reveal NO

within the exhaled air. The core of the system was based on a nanostructured

chemoresistor based on a conducting polymer (CP, PEDOT/PSS) covering a fibrous

scaffold of electrospun TiO2 nanofibers (Fig. 17.9) and capable of detecting NO (after

its oxidation over trough an oxidizing cartridge), comprising pneumatic, measuring,

and communicating systems, all managed by a reduced instruction set computing

(RISC) microcontroller.
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Fig. 17.9 Schematic representation of the experimental setup used to obtain chemosensors based on Pt-Ti IDEs coated with a thick nanofibrous

scaffold of titania (by electrospinning) and an overlying thin layer of CP (by dipping); AFM micrograph of TiO2 fibrous layer before and after CP

dip-coating, respectively [53].
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Its sensitivity, defined as the ratio between the sensor signal and the amount of gas

adsorbed to the sensor surface, was calculated as the slope of the calibration curve

(since the response curve was a straight line). The calculated value of the linear fitting

slope of the response curve was 2.4�0.3�102 mA ppb�1, with a limit of detection

(LOD) of 6 ppb. Such indexes are parameters correlated to the affinity of the sensor

toward NOox and the limit value to generate electrically readable signals, respec-

tively. Additionally, the sensor, powered to 0.3 V, showed further attractive features

as concerns low power consumption and a relatively fast recovery of the sensor after

each measurement (about 10 min). The high sensitivity of the sensors has been sup-

posed to be related to many factors acting simultaneously: the polymer (PEDOT-PSS)

sensing properties, the nanostructure arrangement, and the doping effect of the CP due

to the underlying nanofibrous metal oxide (i.e., TiO2) (Fig. 17.10) [54].

Yoo et al. [55], indeed, suggested that the junctions between the materials are capa-

ble of decreasing the energy gap and increasing the charge carriers available. Thus, the

supposed mechanism occurring between NO2, an electron withdrawing, and the

p-type CP, depending on the minority of electron carriers’ attraction, was favored.

In the nanocomposite film, the supposed mechanism of reaction occurred at the inter-

face between CP and TiO2. It is, in effect, where the interacting gas, after adsorption,

was capable of modulating easily the conductivity of the junction. The n-p contacts

between TiO2 nanofibers and PEDOT-PSS layer, indeed, gave the rise to CP’s elec-

tronic structure changes and resulted in gas sensitivity increment. The gas delivery

system was designed to both allow the sensor to be quickly pervaded by a stable con-

centration of NO (to assess the response time) and keep the sensor working even after

removing the flow of the analyte by a recirculating system (despite the short time of

the exhalation).

17.3.2 Acetone sensors

Kim et al. at KAIST developed a highly sensitive exhaled-breath sensors, using tin

dioxide (SnO2) fibers assembled from thin, wrinkled SnO2 NTs [51]. These metal

oxide nanofiber-based chemoresistive gas sensors were expected to be usable in por-

table real-time breath tests (Fig. 17.11). Such sensors were designed such as to diag-

nose diabetes or lung cancer quickly and effectively by simply breathing into a small

nanofiber-based breathing sensor, mounted on a phone or other similar device.

Varying the flow rate of an electrospinning solution feed and then applying a heat

treatment provided the specific arrangement of these SnO2 fibers, called “microphase

separations.” Such processing resulted in nanofibers with shape like an open cylinder.

Inside the cylinder, thin-film SnO2 NTs were layered and then rolled up. A number of

elongated pores ranging from 10 to 500 nm (nanometers) in length along the fiber

direction were generated on purpose on the surface of the SnO2 fibers, to allow

exhaled gas molecules easily permeating the fibers. The inner and outer walls of

the SnO2 tubes were evenly coated with catalytic platinum (Pt) NPs. According to

the authors, highly porous SnO2 fibers showed fivefold higher acetone responses than

that of the dense SnO2 nanofibers.
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Fig. 17.10 (Left): Current changes versus increasing concentration of oxidized NO, normalized to I0 (starting current) and (inset) current variation

reported when 20 ppb of oxidized NO interacted with the sensor, at 25°C and 40%RH, normalized to the starting current value (I0); (right): normalized

sensor transient responses to decreasing concentration of NOox (ranging between 130 and 10 ppb) for 90 s sampling under comparable environmental

condition of an exhalation [54].
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The following metal Pt doping of these tubes [57] showed a great potential for

future exhaled-breath-sensor applications, detecting promptly and accurately acetone

or toluene even at very low concentration—less than 100 parts per billion (ppb). The

exhaled acetone level of diabetes patients exceeds 1.8 parts per million (ppm), which

is two- to sixfold higher than that (0.3–0.9 ppm) of healthy people. Therefore, a highly

sensitive detection that responds to acetone below 1 ppm, in the presence of other

exhaled gases (and also under the humid environment of human breath), sounds as

an accurate performance to diagnose diabetes.

17.3.3 Toluene and H2S sensors

Similarly, a trace concentration of toluene (30 ppb) in exhaled breath, considered to

be a distinctive early symptomof lung cancer, could be easily detectedwith this designed

sensor.Afterward, theKim’s researchgroupdevelopedWO2semiconductivenanofibers,

designed with a controlled porosity and functionalized by graphene nanoflakes, to

detect further markers in breath (i.e., H2S, halitosis) [58].

The nonwovenWO3NFs can be obtained by a conventional single-nozzle electrospin-

ning of the W precursor (ammonium metatungstate hydrate)/PVP composite solution

followed by high-temperature calcination. During the preparation of the electrospinning

solution, insoluble PS colloidswere added and dispersed homogeneouslywithin compos-

ite electrospinning solution. After calcination, the spherical PS colloids and the PVPwere

eliminated, and W precursor was oxidized to form WO3 NFs. The controlled spherical

Fig. 17.11 Components of exhaled-breath sensor, showing optical microscope image (right,
top) of exhaled-breath sensing layer coated on sensor substrate [56].

Courtesy of Prof. Il-Doo Kim, Department of Materials Science and Engineering, KAIST.
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pores distribution on the surface and inside of theWO resulted from decomposition of the

sphericalPScolloids (200and500 nm).Remarkable featuresof this processing improving

gas-sensing performance are increased surface area due to electrospun nanofibers and

facilitated gas penetration path through the pores. In addition, the sensitization effect of

NOGR flakes could further enhance the sensing characteristics. The gas-sensing charac-

teristics revealed that the PS (200 and 500)-WO3 NFs showed a significantly enhanced

H2S (5 ppm) response, due to the increased BET surface area and easy diffusion of small

and light H2S molecules penetrating through the small pores. In contrast, PS (500)-WO3

NFs were more sensitive to acetone (5 ppm) due to the facile penetration of the large and

heavy acetonemolecules through the enlarged pores. When the synthesized porousWO3

NFsobtainedbyPScolloid templateswere further integratedwithNOGRflakes, theLOD

for H2S was improved (100 ppb H2S) as well as the selectivity toward this analytes,

because of lower responses to interfering chemicals. Finally, this workmanaged to verify

the effective pore size and pore distribution control method in SMO nanofiber structure

and the potential use of NOGR flakes without using noble metallic catalysts, which opti-

mize the sensing characteristics for potential application in diagnosis of halitosis.

17.3.4 NH3 and pH sensors

Also, ES sensor based on conductive polymers has recently emerged as an attractive

alternative to metal and semiconducting nanowires for breath analysis. A series of

polymers have been investigated for their electric features. Polyaniline has emerged

as an excellent material candidate to be used as a material for a series of nanoscale

applications, particularly for chemical and biological sensors [59].

Its primary chain consists of a combination of benzenoid—amine sites reacting

with oxidizing substances and quinoid-imine sites reacting with reducing and proton-

ating compounds. In the base form, all structures are insulating. Upon exposure to an

acidic medium, these structures transform into salts, the highest conducting and most

stabilized form being emeraldine salt.

Since electrospinning process of polyaniline is relatively hard, mainly due to its

rigid backbone and relatively low molecular weight, Rutledge’s group reported the

successful production of continuous fibers of pure PANi doped with HCSA by coaxial

electrospinning and subsequent removal of the shell polymer (poly(methyl methacry-

late)). These fibers exhibited electrical conductivities as high as 130 s/cm when fully

doped and were extremely sensitive to NH3 in a response time of about 45�3 s upon

exposure and 63�9 s for recovery upon purging. The results also showed that the

measurement was reasonably reversible; the maximum ΔR/R0 value did not vary a

lot over multiple cycles of exposure to the same concentration of gases, so that the

fibers can be used multiple times for ammonia sensing. Alternatively, many

researchers have explored the use of secondary polymers such as polyethylene oxide

(PEO), polyvinylpyrrolidone (PVP), and cellulose acetate (CA) [60–62]. The choice
of matrix polymer depends on the stability of the polymer, its vapor transport ability,

and the affinity of the secondary component to the CP. The advantage of the fibrous

matrix is that the high surface area and high porosity allow enhancement of the
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percolation of analyte molecules to the CP, while the secondary component operates

dually as an absorbent for target analytes and as filter for undesired interferents. Using

the electrospinning technique, sensors based on polyaniline hybrids were also fabri-

cated for both gas and pH monitoring in order to determine the suitability of these

sensors in human breath analysis [63]. Due to the relationship between the pH of con-

densed saliva and peculiar pulmonary diseases (probably upon neutrophilic and/or

eosinophilic inflammation), “breath” pH represents a parameter that could be detected

in diagnostics. Indeed, the average pH of deaerated (removal of CO) exhaled-breath

condensate (EBC) in healthy patients is 7.7 [64]. For patients with chronic pulmonary

illnesses, the pH of EBCmay decrease to 7.38 for asthma, 7.14 for bronchiectasis, and

7.24 for chronic obstructive pulmonary disease (COPD). Concurrently, researchers

have found that pH can be correlated with an increase in NO released by the inflam-

matory cells (as in asthmatic patients). Gouma’s group described a sensor based on

CA and ES-PANI capable to monitor the “headspace” of several solutions containing

different pH levels. The emeraldine salt, used in these studies, was the highest con-

ducting form of polyaniline. EDAX analyses revealed that there were sulfate ions

attached to the polymer chain (consisting of half benzenoid amine and half quinoid

imine units) that could act as sites for H reactivity. The results showed that as pH

increased and H decreased, the films exhibited an increase in resistance by 1.7–2.0
times per pH unit (which it was correlated to a tenfold decrease in H). This increase

in resistance was supposed to be associated with reduction of the electroactive sites

along the polymer chain by the basic headspace. As H increased, the films became

highly protonated along the imine sites yielding a decrease in the films resistance

on exposure to the headspace of low pH.

17.3.5 Humidity sensors

The content of water can also be taken into account to monitor pathologies. Although

literature is over abounds of studies on humidity sensors [65], those with fast response

form only a small subset. The subset includes those based on inorganic materials in the

form of nanostructures such as nanowires [66], NTs [67], and nanofibers of oxides

[68] and of few sulfides [69]. The basic mechanism of humidity detection in the above

materials is based on the change in proton/ionic conduction (resistive), dielectric con-

stant (capacitive), refractive index (optical), frequency (impedance), or in mass, of the

active material with the humidity level [70].

Mogera et al. designed an ultrafast response humidity sensor for monitoring breath

humidity and flow, capable of monitoring the respiration rate (to be employed for

sleep apnoea) [71].

The humidity sensor was fabricated using supramolecular nanofibers as active resis-

tive sensingmaterial. The nanofibers were built via self-assembly of donor and acceptor

molecules (coronene tetracarboxylate and dodecyl methyl viologen, respectively)

involved in charge transfer interactions. The conductivity of the nanofiber markedly

varied sensitively over a wide range of relative humidities (RH) with unprecedented

fast response and recovery times. Based on UV-VIS, XRD, and AFM measurements,
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it was found that the stacking distance in the nanofiber decreased slightly while the

charge transfer band intensity increased, all observations implying enhanced charge

transfer interaction and hence the conductivity. Using two humidity sensors, a breath

flow sensor was made, which could simultaneously measure RH and flow rate of

exhaled nasal breath. The integrated device was tested for monitoring RH in the exhaled

breath from volunteers undergoing exercise and alcohol-induced dehydration.

17.3.6 Aldehyde sensors

Inspired by the Solid Phase Microextraction (SPME) principle but provided with

higher surface/volume ratio, a study of Huang et al. [72] presented a novel polysty-

rene/graphene (PS/G) composite nanofiber film for thin-film microextraction

(TFME) for the first time. The PS/G nanofiber film was fabricated on the surface

of filter paper by a facile electrospinning method. The morphology and extraction per-

formance of the resultant composite film were investigated systematically. The PS/G

nanofiber film exhibited porous fibrous structure, large surface area, and strong hydro-

phobicity. It was developed and investigated for the quantification of six aldehydes in

human EBCs. The method showed high enrichment efficiency and fast analysis speed.

Under the optimal conditions, the linear ranges of the analytes were in the range of

0.02–30 μmol L(�1), and the recoveries were between 79.8% and 105.6%with the rel-

ative standard deviation values lower than 16.3% (n¼5). The limits of quantification

of six aldehydes ranged from 13.8 to 64.6 nmol L�1. The established method was suc-

cessfully applied for the quantification of aldehyde metabolites in EBCs of lung can-

cer patients and healthy people. As a whole, the TFME-HPLC method is expected to

be a simple, rapid, sensitive, cost-effective, noninvasive approach for the analysis of

linear aliphatic aldehydes in human EBCs.

17.4 Electronic nose devices for breath analysis

More sophisticated and emerging devices can be used to detect simultaneously more

biomarkers in breath and diagnose diseases. In particular, electronic noses, which are

composed of cross sensitive sensor arrays, the signals of which are interpreted through

pattern recognition algorithms, present several advantages, compared with other types

of detecting equipment, such as portability and cost-effectiveness for handheld breath

analysis devices (Fig. 17.12) [73].

Since 2003, Di Natale et al. [74] successfully investigated the use of an electronic

nose composed of eight quartz microbalance gas sensors, coated with different met-

alloporphyrins, to check whether volatile compounds present in expired air could

diagnose lung cancer. The alteration of breath composition induced by the presence

of lung cancer was such to provide a complete identification of samples from diseased

individuals by their prototype. Specifically, the working principle consisted in a sen-

sor array sniffing chemicals from a sample and providing a set of signals; the pattern

recognizer compared the pattern of the measurements with stored patterns of known
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chemical species to identify the sniffed sample. Gas sensors tend to have very broad

selectivity and respond differently to different chemical species. This is a disadvan-

tage in many applications, but in the electronic nose, it turns into an advantage.

Although every sensor in an array may respond to a given chemical, these responses

will usually be different. A good sensor should fulfill a number of criteria such as hav-

ing high sensitivity to the target group of chemical compounds intended for detection

and relatively low selectivity in order to be sensitive to a wide number of different

chemical compounds. Hundreds of different prototypes of artificial-nose devices have

been developed to discriminate complex vapor mixtures containing many different

types of VOCs in several applications.

The electronic-nose (e-nose) technology is able to provide a sort of fingerprint of

exhaled breath (breath print, BP) by detecting VOCs through multiple sensors. In this

case, individual VOCs of exhaled-breath profiles remain unidentified, but the e-nose is

able to give a comprehensive VOCs profile. Variations in the concentration of the

exhaled VOCs that may serve as biomarkers for specific diseases can distinguish

healthy people from those who are sick. Commonly, noses designed for breath analysis

make use of breath-collecting systems. These prototypes collectively represent various

electronic detection (EAD) technologies that utilize different sensor types including

metal oxide [75], conductive electroactive polymers [76], optical, surface acoustic

wave [77], and electrochemical gas sensors [78] to the newer DNA-carbon NTs [79].

A collection of advantages and drawbacks of electronic-nose technology when

compared with traditional analytic tools for breath has been more recently reported

in literature by Wilson [80]. Advantages comprise features like less expensive, ease

of use and operation without extensive training required, rapid results and response

time, quick sensor recovery time, excellent precision, low operating costs, and large

flexibility in sensor array selection [80]. Some disadvantages of e-nose instruments

are the inability to identify individual compounds in complex mixtures, sensor arrays

sensitive to water vapor, relatively short sensor life, difficulty in measuring analyte

concentrations accurately, and somewhat lower sensitivity than instruments usually

employed in analytical chemistry.

Fig. 17.12 Sketch of a breath-diagnostic array based on flexible gold-nanoparticle sensors

housed in an electronic nose (left). Scheme of an electronic nose working principle (right) [73].
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To overcome this issue, Gouma’s group [81] has been working to produce e-noses

(or diagnostic breathalyzers) based on ES technology exploiting highly selective

semiconducting ceramic sensors to detect disease and measure specifically metabolic

functions.

Semiconducting sensors based on metal oxides (MOx) are probably the most

widely used sensor technology in electronic-nose applications since they display a

high level of sensitivity for a range of organic vapors, offer perhaps the best balance

between drift, lifetime, and sensitivity, and finally are readily available commercially

in a variety of different types with broadly different specificity. Normally, they con-

tain a heating element and a semiconductor material. Two types of semiconductor

material are used: n-type semiconductors (normally oxides of zinc, tin, or iron) that

respond mainly to reducing compounds and p-type semiconductors (normally oxides

of nickel or cobalt) mainly responding to oxidizing compounds. Beyond the choice of

the semiconductor material, the selectivity of the sensors can be modified in several

ways including the doping of the interacting layer by noble metal catalysts, changing

the operational temperature, and the particle size.Gouma’s sensors were highly sen-

sitive to gaseous disease-signaling markers in breath: they could detect specific mol-

ecules in parts per billion (such as ammonia, acetone, NO, and CO). The sensor chip

was covered with spaghetti-like metal oxide fibers with diameters ranging from 1 to

100 nm. Oxides in the ReO3 family such as α-MoO3 and ε-WO3 were investigated.

The nanowires were synthesized by electrospinning, crystallized as it passed through,

and collected on an aluminum plate.

The crystalline structure of nanofibers and the atomic configuration on their surfaces

determined which compound could be detected. For instance, gases such as carbon

monoxide and methane are able to stick to a nanofiber oxide the atoms of which have

a tetragonal (four-sided) arrangement. Nanofibers can be made in large quantities and

properly tuned during production to respond to different compounds. Once the e-nose

detected its target molecule, its concentration was shown on a digital display. One sen-

sor could detect acetone in the breath of diabetics to determine whether they need to

increase their insulin doses. Another could measure nitric oxide in asthmatics’ breath

to detect an impending or worsening asthma attack. Gouma’s group is going also to

develop e-noses to detect the organic compound isoprene tomeasure cholesterol levels,

ammonia to detect kidney disease, and a mix of ammonia and ketones to get a whiff of

liver disease as well as specific alkanes and alkenes for early detection of lung cancer.

Kim’s group [82] is also developing arrays of ultrasensitive and highly selective

gas sensors to diagnose diseases by exhaled-breath analysis (Fig. 17.13).

The sensor technology is compatible with various types of smartphones, wearable

electronic gadgets, and medical devices (Fig. 17.14).

After MOx, conducting polymers are probably the most widely used sensor tech-

nology. They have received considerable attention and have formed the basis of sev-

eral of the earlier generation of commercial electronic noses. They appear promising

materials since they exhibit reversible changes in conductivity at room temperature

and are relatively resistant to poisoning. Zampetti et al. [83] combined electronic nose

and bioinspired nanofibrous artificial epithelium principles and reported the sensing

features of an array of 9 microchemoresistors (Cr-Au, 3�3) coated with electrospun
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Fig. 17.13 Demonstration of breath analysis using nanofibers functionalized with various

catalysts for pattern recognition of breath components such as hydrogen sulfide, acetone, and

methyl mercaptan for diagnosis of diabetes and halitosis [82].

Courtesy of Prof. Il-Doo Kim, Department of Materials Science and Engineering, KAIST.

Fig. 17.14 Real-time breath analysis using portable sensor platforms such as a

dongle-type sensor module, wearable patch-type sensor module, and wearable-watch-type

sensor module [82].

Courtesy of Prof. Il-Doo Kim, Department of Materials Science and Engineering, KAIST.
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nanofibrous CP structures. Since polyaniline is one of the most interesting CPs for

its conductive features (when doped), its thermal stability, and its sensing perfor-

mances, it has been selected and investigated as crucial in the construction of the

sensor array. Thus, at first, blends of polyaniline and insulating host polymers were

planned, prepared, and studied to verify, contemporarily, the combination of electrical

conductivity of the conductive polymer and the physical properties of the host

polymer. Secondly, a combination of overlaid and double-overlaid areas linked by

interconnections of different fibers has been created and investigated as potential

sensors. The selected overdepositions of couples of fibrous polymers, with their inter-

connections, introduced broader and overlapping sensitivities to different analytes,

making each sensor a desirable sensing element of an artificial olfactory system. Such

an interdigitated sensor array (ISA) included a plurality of nanofibers whose electric

parameters were contemporarily depending on each polymer exposure to analytes and

on the spatial distribution of the interlaced fibers. The choice of the hosting polymer

depends on the stability of the polymer, gas/vapor transport ability, and affinity to the

CP. The selected hosting polymer carriers (respectively, PVP, PEO, and PS) modified

remarkably the typology of the interacting surface (diameter and length of the fibers,

roughness, porosity, the presence of beads and grains, and nonwoven and/or branched

framework) in addition to the different affinity to the tested analytes and thus allowed

ISA getting a wider dynamic range of sensitivities. The prototype features were inves-

tigated to detect ammonia and nitrogen dioxide, useful markers in breath. The high

porosity of the sensors allowed getting rapid changes in current (fast responses), when

the gas was sorbed and desorbed, respectively. Since each sensor of such a nanostruc-

tured device could detect, with different sensitivity, very low concentrations of both

ammonia and nitrogen dioxide (up to ppb levels), potential employments of the pro-

posed artificial nose as a diagnostic instrument are expected to detect and reveal gases

involved in metabolic diseases and released in traces from breath and skin. The

sensors made of the double fibrous polymeric layer contribute to increase the

variability in the sensor array broadening the sensitivity and creating a wider over-

lapping selectivity. The resulting LOD for NH3 and NO2 was confirmed to be about

250 ppb, in spite of higher values (>500 ppb) observed when only single fibrous

layers (PANi-PEO, PANi-PVP, and PANi-PS) were used (Fig. 17.15).

Based on both nanofibrous chemoresistors and optical and photoconductive prop-

erties of the sensing materials, a commercial electronic nose has been fabricated and

commercialized by Vaporsens [84]. Over thirty nanofibrous sensors have been devel-

oped to date to detect redox active chemicals in traces. Each sensor is able to respond

differently to chemicals such as amines, oxides, aromatic compounds, and aldehydes,

letting suppose potential application for health monitoring, too.

17.5 Summary and outlooks

This chapter gives a brief description of the recent results related to electrospun

nanodevices designed and investigated to create novel and advanced diagnostic tools

to prevent disease progression and to allow a proper and prompt therapeutic treatment.
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Fig. 17.15 IDEs array layout (A) and sketch of the fibrous sensor array (B); SEM micrograph of PANi-PS/PANi-PVP (under- and overlayer,

respectively) (D); transient response of PANi-PS/PANi-PVP sensor in the presence of increasing concentrations of NO2 supplied through pulses of

180 s (C); PCA bi-plot, pointing out the combined loadings and score plot, projected along the second and third principal components (E) [83].
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Electrospun nanofibers have been confirmed to be an exceptional support for these

detecting tools, due to their uniqueness in morphology and fibrous arrangements

and to the great versatility of the ES technology in creating advanced and sophisticated

sensing layers compatible with electronics and electronic nanodevices. Together with

a great number of novel sensors for early detecting pathologies markers in the blood,

also sensors for more noninvasive diagnostics systems are getting increasingly pop-

ular in the scientific community and on market (e.g., breath and skin monitoring) and

routine analysis. Furthermore, emerging analysis methods and the development of

accurate detection techniques for biomarkers provide a bright perspective for diagnos-

ing different diseases using exhaled-breath analysis. In particular, electronic noses,

which are composed of cross sensitive sensor arrays with pattern recognition algo-

rithms, show several advantages compared with other types of analyzing equipment

with respect to portability and cost-effectiveness for handheld breath analysis devices.

These studies reported that ES sensors exhibit exciting performances in health disease

monitoring.

According to recent literature, sensing is an area where electrospun nanofibers

technologies are a great promise for industry. Despite the great potential of

electrospun nanofibers, the number of commercialized products remains extremely

limited.

Probably, up to now, one reason for this lack of commercialization was due to

the small scale at which nanofibers could be produced using the conventional

electrospinning method, which limited its use to the production of small samples

within laboratories. However, the growing interest to the ES potentials, through

funded projects that have facilitated the cooperation of academic world with industry,

is pushing start-ups and large multinationals to recognize the commercial potential of

electrospun products beyond laboratory setup. Thus, a number of companies have

attempted to address the problem of nanofibers production rates and have developed

new methods, adapted from conventional electrospinning, which are capable of sig-

nificantly faster production than methods previously reported within academia. With

these new technological advancements, the potential for the use of electrospun

nanofibers in industrial applications has become more achievable, and there are a

growing number of companies being formed to develop an industry for nanofibers

use. Leading players in the market include Donaldson, DuPont, Ahlstrom,

Hollingsworth & Vose, Johns Manville, Kuraray, Mitsubishi Rayon, Teijin, and

Toray, but innovative up and coming companies involved in both the production

and application of nanofibers are emerging. Significant examples comprise Elmarco,

FibeRio Technology Corporation, Finetex EnE, BioInicia, Linari Engineering Srl,

Nanopharma, and Revolution Fibres Ltd.

Cooperation among companies is providing successfully results. For instance,

whereas functionalization of the sensing material’s surface is required to impart the

desired reactivity, a promising R&D collaboration, KODE Biotech Ltd (New

Zealand) with Revolution Fibres reported the benefits of biofunctionalization tech-

nique with mass-produced electrospun nanofibers demonstrating the potential to rev-

olutionize diagnostic kits worldwide—making them simple to use, simple to

manufacture, and easy to be used.
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Cutting-edge work by Professor Il-Do Kim at the Korea Advanced Institute of Sci-

ence and Technology has widely demonstrated the mass-market potential for

nanofibrous-based sensing. The especially exciting development is due to the integra-

tion of sensors platforms into USB-enabled electronic devices to allow it to be con-

nected to smartphone devices (Samsung). It is this extra step that helps end users

imagine the mass-market potential and makes future commercialization more likely.

Currently, optical and photoconductive properties of the ES sensing materials have

been exploited in electronic noses and then commercialized.

The natural fit between electrospun nanofibers and the requirements for a sensing

material, together with the ability to produce nanofibers from a wide range of mate-

rials and in combination with a variety of functional additives, means that ES sensors

can be applied in a plethora of sensing devices, suggesting a significant commercial-

ization potential. For instance, a recently funded project called iSMART has reported

interesting developments in the commercialization nanofibrous sensors based on

cost-effective and flexible electrochemical devices at commercial scale suitable for

disposable medical diagnostics.

High expectations are also focused onto the new and upcoming projects that make

the ES nanofibers an extremely intriguing subject, whose numerous features are still

far to be fully discovered.
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