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application of nanofibers. I hope that the book will lead to systematization of 

nanofiber science, creation of new nanofiber research field and further promotion 
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Preface

It gives us immense pleasure to introduce a book titled “Nanofiber Research - Reaching
New Heights” based on state-of-the-art of biomaterials, state-of-the-art of nanocomposites,
state-of-the-art of polymers as well as state-of-the-art of nanomaterials and with their vari‐
ous potential and significant applications. These deal with nanotechnological aspects of the
synthesis, growth, development and potential applications of nanofibers of materials and
polymers. The discussion of these aspects develops through the fundamentals and applied
experimental routes in conventional methods through the interaction of conducting materi‐
als to finally include the interfacing of the science and technology world. Generally, fiber
material has certainly attained achievement of its classical essence and has taken new direc‐
tions of growth, development, continuous changes and various potential applications in re‐
search and development sectors. The new paths and emerging frontiers are branching out
from time-to-time around this advanced nanotechnology stage on nanofibers. Advances in
fiber materials with instrumentation for evaluating the nanostructure model materials now
enable us to understand quite comprehensively almost all the events that take place at the
fibers at least at nano level. This work aims to bridge the gap between undergraduate, grad‐
uate and researches in applied material as well as polymer sciences, to initiate researchers
into nanofiber study in a straightforward way as possible and as to introduce the scientist to
the opportunities offered by the applied material science and technology fields.

We worked consistently to accomplish this work on “Nanofiber Research - Reaching New
Heights” under the INTECH open access publisher. We hope that this contribution would
further enhance the applied fiber materials in polymers and materials science, especially in
bringing new entrants into the applied nanofiber science and technology fields and help sci‐
entists to forward and develop their own field of specialization.

Dr. Mohammed Muzibur Rahman
CEAMR and Chemistry department,

Faculty of Science, King Abdualziz University,
Jeddah, Saudi Arabia

Prof. Abdullah M. Asiri, (PhD)
Head of Chemistry department,

CEAMR and Chemistry department,
Faculty of Science, King Abdualziz University,

Jeddah, Saudi Arabia
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Chapter 1

Introductory Chapter: Overview of Nanofibers

Mohammed Muzibur Rahman

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/64370

The book Nanofiber Research - Reaching New heights contains ten chapters divided in four
sections. Section 2, “State-of-the-Art Biomaterials,” deals with the preparation and character‐
ization of bio-fibers as well as nanofibers for scaffolds as promising cell carrier for tissue
engineering. In Section 3, “State-of-the-Art Polymers,” the advanced research of electrospin‐
ning and electrospraying methods for designing antimicrobial polymeric biocomposite mats
and natural medicinal plant polymer for cosmeceutical applications is presented here. The
fourth section “State-of-the-Art Nanocomposites” is describing the synthesis and character‐
istics  of  carbon  nanofibers  (CNFs)/silicon  composites  and  application  to  materials  of  Li
secondary batteries. The final, fifth section “State-of-the-Art Nanomaterials” deals with the
preparation, characterization, and potential applications of electrospun metal oxide nanofib‐
ers, titanium thin-film nanofibers, and hierarchical crystalline nanofibers on the Cooperative
Phenomena of Functional Molecular Group as the Target of Expression of New Physical
Properties.

Nanofibers are defined as fibers with diameters less than 100 nm. In the fabric industry, this
classification is often extended to include fibers as large as 1,000 nm diameter, which refer‐
red to microfibers. Generally, fibers can be prepared by melt processing, interfacial polymer‐
ization, electrospinning, antisolvent-induced polymer precipitation, and electrostatic spinning
[1], whereas carbon nanofibers are graphitized fibers produced by catalytic synthesis [2]. Here,
nanoscale fibers are an interesting noble type of fiber materials that significantly utilized as
different doping for momentous applications such as energy storage, fuel cells, aerospace,
diodes,  capacitors,  transistors,  drug  delivery  systems,  battery  separators,  sensors,  and
information  technology [3,4].  Metal  oxide  nanofibers  were  made from different  sorts  of
inorganic  precursors  by  different  conventional  methods.  The  most  regularly  mentioned
ceramic semiconductor materials with nanofiber surface morphology are TiO2, SiO2, lithium
titanate, ZrO2, Al2O3, titanium nitride, or platinum. Preparation techniques include direct
drawing from a precursor solution, melt processing in furnace, antisolvent-induced poly‐
mer precipitation, spinning, electrospinning, or “landmass in the ocean.”

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.



One-dimensional magnetic nanostructures have lately attracted much attention due to their
intriguing characteristics that are not showed by their bulk or nanoparticle counterparts. These
metal oxide nanostructures are also significantly useful as active chemical components for
ultrahigh-density data storage in the fabrication of selective and sensitive sensors and
spintronic chips or devices [5]. Electrospinning denotes a suitable technique to producing
polymer materials along low diameters ranging from nano- to micrometers. The spinning route
comprises the application of higher voltage to a micro-capillary that is attached to a reservoir
clutching the precursors of polymeric solution. Under the effect of high electric field, a hanging
droplet of the monomer solution at the capillary strip can be distorted into the narrowed shape.
When the ground strength has outstripped a threshold to overwhelm the surface pressure,
electrostatic forces are caused by the discharge of a thin, charged jet. The jet undergoes a
whipping technique, which guided to the development of ultrathin fibers as a consequence of
solvent evaporation. These nanofibers with significantly moderated diameters foldaway
toward a grounded conductor under the accomplishment of the modified electric field and
lastly can be accumulated in the form of long threads. Generally, the nanofibers that are
deposited on the surface of a conductor form nonwoven mats that are illustrated by higher
surface coverage and relatively small pore sizes. By adjusting the design of an accumulator, it
is promising to accumulate the thin nanofibers as uniaxially aligned nano-arrays [6–8].

In this book, M. Lizuka et al. focused on “Control of Hierarchical Structure of Crystalline
Nanofibers Based on the Cooperative Phenomena of Functional Molecular Group as the Target
of Expression of New Physical Properties” where the functional nanofibers were introduced.
Here, the formation of nanofiber morphology at a mesoscopic scale and molecular level
stacking of a tetrathiafulvalene (TTF) derivative with a chiral group were investigated by the
one-dimensional growth method in interfacial molecular films. The growth of morphology is
encouraged by the application of the one-dimensional growth method at low-surface pressure
conditions, varying compression speeds and sub-phase temperatures. Later on, the formation
of nanofiber morphology at a mesoscopic scale and molecular level packing of an amphiphilic
diamide derivative with two hydrocarbons were evaluated by the interfacial molecular films.
Authors H. Rodríguez-Tobías et al. have discussed about “Electrospinning and Electrospray‐
ing Techniques for Designing Antimicrobial Polymeric Biocomposite Mats.” Here, they
approached on electro-hydrodynamic techniques, namely, electrospraying and electrospin‐
ning, which are powerful methods for developing material with morphological features
suitable for tissue engineering applications. The incorporation of nanoparticles allows for the
generation of multifunctional mats that were used in different applications ranging from filters
for pollutant removal to wound dressings. Regarding the pollutant removal, zinc oxide (ZnO)
and TiO2 were the more promising nanoparticles for tissue engineering. Authors J. H. Yeum
et al. have focused on “Novel Natural Polymer/Medicinal Plant Extract Electrospun Nanofiber
for Cosmeceutical Application” where they approached on zein produced from maize is a
hydrophobic protein, which holds great potential for a number of industrial applications, for
example, packaging, food, pharmaceutical, cosmetic, and biomedical industries. Here, they
studied the influence of cosolvent ratio and concentration of zein/medicinal plant extract on
the morphologies of nanostructured zein/medicinal plant extract nanomaterials prepared by
electrospinning technique from ethanol/water solution. Zein/medicinal extract nanofibers
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were characterized in details by field emission scanning electron microscopy, transmission
electron microscopy, thermogravimetric analysis, and differential scanning calorimetric
techniques. They also worked to incorporate medicinal plant resources into the electrospun
zein nanofibers by electrospinning technique to investigate the effect of medicinal extract on
the morphologies, antibacterial, antioxidant, and other properties. Authors Y. Liao et al.
approached on “Electrospun Metal Oxide Nanofibers and Their Energy Applications” where
they focused on metal oxide, a nanofiber which has attracted considerable research interest
for processing both one-dimensional nanometer scale morphology and unique chemical and
electrical properties. A variety of their practical applications in light-emitting diodes, liquid
crystal displays, solar cells, and gas sensors have been demonstrated in this contribution. With
the electrospinning technique, it provides a rapid and facile way to fabricate nanofibers with
diameter several orders of magnitude smaller than that produced by conventional spinning
methods. They also discussed on the fabrication of ultrathin metal oxide nanofibers by the
electrospinning technique, where the priority was given to zinc oxide nanofibers. Major
parameters affecting the morphology and diameter of the nanofibers were also investigated
systematically. The effect of calcination condition on chemical composition and crystallization
of the electrospun nanofibers was also addressed in this book. Authors C. S. Lee et al. have
focused on “Synthesis and Characteristics of Carbon Nanofibers/Silicon Composites and
Application to Materials of Li Secondary Batteries,” where they approached on various
synthesizing technologies of carbon nanofibers (CNFs) as well as chemical vapor deposition
(CVD) technology. It used for hydrocarbon gas or carbon monoxide as a carbon source gas
and pyrolyze it to grow CNFs on transition metal catalysts such as Ni, Fe and Co, has been
regarded as the most inexpensive and convenient method to produce CNFs for industrial use.
Authors D. Kolbuk et al. have described on “Tailoring of Architecture and Intrinsic Structure
of Electrospun Nanofibers by Process Parameters for Tissue Engineering Applications.” They
approached on electrospinning process, which is commercially used to form nanofibers as
scaffolds in tissue engineering. Similarities in morphology of electrospun nanofibers to the
natural extracellular matrix, flexibility, and low cost of the process contribute to its use in
regeneration of the cartilage, ligaments/tendons, muscles, and bones. Properties are tailored
by the use of appropriate polymers: polyesters, their copolymers, and blends with natural
biopolymers like gelatin, collagen, chitosan, or composites with nanoparticles. In the case of
one-component fibers, factors strongly influencing the final diameter of the electrospinning
jet include volumetric charge density, distance between the needle and the collector, needle
diameter, and viscosity. Authors T. Behzad et al. have focused on “Bio Nanofibers” where they
approached on cellulose nanofiber preparation methods from different sources by chemical
treatments. They also described the effect of source variations and mechanical processes used
in extraction procedure on nanofiber morphology and crystallinity, and chemical composition
was evaluated in this contribution. Authors Lucie Bacakova et al. discussed on. “Nanofibrous
Scaffolds as Promising Cell Carriers for Tissue Engineering” where they approached on tissue
engineering and organs in the human organism, where experimentally used for reconstruction
and regeneration of the blood vessels, myocardium and heart valves, skeletal muscle, skin,
tendon and ligament, intestine, trachea and bronchi, bladder and urethra, liver, pancreatic
islets, brain, spinal cord, optic system, and peripheral nerves. Furthermore, they studied the

Introductory Chapter: Overview of Nanofibers
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interaction of human bone-derived cells with nanofibrous scaffolds made of polylactide and
its copolymer with polyglycolide, loaded with hydroxyapatite or diamond nanoparticles. They
also constructed the novel nanofibers based on diamond deposition on a SiO2 template and
practically demonstrated their effects on the adhesion, viability, and growth of human vascular
endothelial cells. Authors M. Yada et al. have focused on “Syntheses and Applications of
Titanium Compound Nanofiber Thin Films” where they introduced the generation of titanium
compounds with various nanostructures, including titanium phosphate nanobelts and titanate
nanofibers on the surface of titanium metal plate, from the treatment of a titanium metal plate
in aqueous solutions of various compositions. Various compositions and concentrations and
different reaction temperatures and times are combined for chemical processes involving
titanium metal and novel titanium compounds/titanium metal composites with various
compositions and nanostructures. Here, it was applied research on developing composites that
feature the characteristics of both nanostructured titanium compounds and titanium metal.
Authors F. Yilmaz et al. have discussed on “Nanofibers in Cosmetics.” They developed the
cosmetic nanofibers based on the properties on higher surface area to volume ratios, lower
diameter, high strength values, low basis weights, higher porosities, and small pore sizes for
numerous applications. Excellent interaction with environment, increased loading capacity for
agents, high-liquid absorption capacities, high oxygen, and water vapor permeability values
are provided by the characteristic properties of nanofibers.

Besides, nanofibers have potential applications in medicine and drug delivery, including
artificial organ components, tissue engineering, implant materials [9], injured area dressing,
and medical textile nanofiber materials. Lately, scientists have executed that nano-size fiber
meshes could be utilized to function with HIV-1 viruses and be capable to be organized as a
contraception. In injured area, healing fibers accumulate at the wounded-site and put,
depiction the body’s particular growth features to the injured-spotted area. Shielding nano‐
materials including sound absorption materials, shielding clothing over chemical as well as
biological warfare agents, and chemi- and bio-sensor applications for identifying toxic and
carcinogenic as well as hazardous environmental un-friendly chemical agents were utilized.
Nanofibers have also been utilized in pigments for cosmetics as coloring fiber materials.
Applications in the textile industry include sport apparel, shoes, climbing, rainwear, outer-
wear garments, and baby diapers [10]. Nanofibers comprise antibodies in napkins with several
biohazards and chemicals which signal by altering color. Filtration method for potential
applications includes heating ventilation and air conditioning (HVAC) system filters, high-
efficiency particulate air (HEPA), ultralow penetration air (ULPA) filters, air, oil, fuel filters
for automotive, filters for beverage, pharmacy, medical applications, and filter media for new
air and liquid filtration applications, such as vacuum cleaners. Fibrous carbon nanomaterials
have attracted the substantial attention of researchers [11]. In the last 1960s, carbon nanofibers
were introduced as one of the significant industrial implemental nanomaterials for existing
science and technology which have been made from different carbon reactant precursors via
spinning method. Polyacrylonitrile (PAN) has been utilized as the key reactant precursor with
various functionalization as well as modification in producing or processing fibrous materials.
Isotropic and anisotropic mesophase pitches and phenolic resins have also been reactant
precursors for active carbon nanofibers. A chemical vapor deposition (CVD) method has also
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formulated carbon nanofibers with a nanostructure and significant chemical and physical
properties that are changed from those made via catalytic melt spinning (vapor-grown carbon
fiber; VGCF). In the center of VGCFs, thin tubes containing conventional carbon multilayers
were executed [12] which were lately reported to be formed by arc discharging [13–15]. The
method utilized for the fabrication of VGCFs was effectively functionalized to prepare CNTs
[16]. The diameters of CNTs are very low in the nanometer range for single-wall CNTs, in
contrast to the μm-range diameters of carbon nanofibers. CNTs are ruminated to be an
significant nanomaterial for the improvement of up-to-date nanomaterials, due to carbon
nanofibers have substances the improvement of contemporary nanotechnology. Electrospin‐
ning has been utilized to make nanofibers of different fiber polymers and diameters. It is a
moderately simple method to produce unremitting fibers from fibrous polymer precursor
solutions. Carbon fibers are made by electrospinning and carbonization with encapsulation
on their nanostructure and characteristic properties in relation to their potential applications,
after a short clarification on the circumstance and situations for electrospinning, and some
fibrous polymers [17,18].

Nanotechnology of fibrous material is the understanding and controlling of matter at dimen‐
sions in nanoscale, where unique phenomena enable novel and significant applications.
Nanofibers from cellulose and lignocelluloses play a key role in the nanotechnology field. The
development of cellulose nanofibers has attracted significant interest in the last few decades
owing to the unique characteristics they endow such as high-active surface-area-to-volume
ratio, high Young’s modulus, high tensile strength, and low coefficient of thermal expansion
[19]. For environmental awareness and the international demand for green technology, bio-
nanocomposites have the potential to replace present petrochemical-based fiber materials. The
use of natural fibers instead of traditional reinforcement materials such as glass fibers, carbon,
and talc provides several advantages including low density, low cost, good specific mechanical
properties, reduced tool wear, and biodegradability [20]. Nanofibers of composites, polymers,
and materials are recently used for various significant applications with various compositions
in different physical and chemical properties. Nanofibers of doped metal oxides (CdO-ZnO)
were prepared by wet chemical method at low temperature in basic medium. Later on the
CdO-ZnO, nanofibers were used as photocatalyst for mineralizing the colored reactive
Remazol brilliant orange 3R dyes, where it exhibited better photocatalysis than commercially
available P25-TiO2 materials [21]. In vitro, carbon nanofiber microbiosensor were practically
developed for selective and sensitive dopamine neurotransmitter and supported copper-
graphene oxide nanocomposite onto glassy carbon electrode using conducting coating binders
by in situ chemical reduction [22].

Finally, we believe that this book offers broad examples of existing developments in recent
development of nanofiber technology research and an excellent introduction to polymer,
materials, and composite nanofibers for their potential applications. This work aims to bridge
the gap between undergraduate, graduate, and researches in polymers, materials, composite,
as well as biomedical sciences, in order to initiate researchers into various nanofiber studies
in as straightforward way as possible and to introduce the scientist to the opportunities
offered by the applied science and technology fields. It will provide review of the state-of-
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the-art techniques and advances of fiber researches and bio-nanotechnologies. Perspective
authors were invited to present their novel ideas and recent advanced developments in the
field of polymers, materials, or related fields. The primary target audience for the book
Nanofiber Research - Reaching New Heights includes students, researchers, technologists,
physicists, chemists, biologists, engineers, and professionals who are interested in nanofibers
and associated topics.
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Abstract

Cellulose  is  the  most  available  biopolymer  on  earth  existent  in  wood  and  other
lignocellulosic sources, which can be isolated as nanofibers to reinforce composites. The
aim of this chapter overview was to explain cellulose nanofibers’ preparation meth‐
ods from different plant sources. The chemical treatment of cellulose fibers including
dilute alkali swelling, acid and base hydrolysis, and bleaching was carried out followed
by a mechanical method to isolate nanofibers. In this study, the effect of few palnt source
variations  and  mechanical  processes  used  in  extraction  procedure  on  nanofibers
morphology, crystallinity, and chemical composition was evaluated. Characteristics of
extracted cellulose nanofibers obtained from different plant sources were presented as
well.

Keywords: natural fiber, extraction, cellulose nanofibers, chemical composition, mor‐
phology, crystallinity, thermal properties

1. Introduction

Over the past few decades, the use of plants as alternative sources of fibers instead of synthet‐
ic fibers has attracted more attention of many researchers. Employing natural fibers dates back
to the early 1990s when German automakers were ahead in this field [1, 2]. The main goal of
using natural fibers is recycling worthless materials which are found abundantly in nature.
Table 1 shows comparison between glass and and natural fibers properties [3].

Natural fiber application in construction and automotive industry is in significant progress
due to low density and relatively low cost compared to glass fiber. Natural fibers are the
miniature composites, which are composed of millions of microfibrils. Microfibrills are

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.



crystalline cellulose in a matrix contains lignin, hemicellulose , and other polysaccharides [4,
5]. According to the Food and Agricultural Organization (FAO) annually more than 35 million
tons of fibers from plants and animals are produced in the world. These fibers have served
useful purposes in the human society as they are widely used to make such valuable
commodities as fabrics, ropes, papers, and packaging [6]. Lignocellulosic natural fibers
obtained from plants are regarded as green, environmentally friendly materials due to their
Biodegradability and high specific strength [7]. An important aspect of these fibers is their
more recent application as reinforcement in composites. Compared to their inorganic
counterparts, natural fibers used in composites offer such major benefits as abundance, low
cost, renewability, and biodegradability, while they enjoy additional properties including low
density (1.5 g/cm3) and large surface area (50–70 m2/g) as well as such mechanical properties
as high aspect ratio, modulus, and strength [8–10].

Properties Natural fiber Glass fiber

Density Low Double than natural fibers

Price Low Low

Renewable Yes No

Recycle Yes No

Biodegradability Biodegradable Nonbiodegradable

Table 1. Comparison between glass and natural fiber properties.

1.1. Sources of biofibers

Natural fibers, or lignocelluloses, are classified according to their wood and non-wood sources.
Depending on the part of the plant that they are derived from, five categories of fibers are

Figure 1. Classification of natural fibers.
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identified: (1) bast or stem fibers; (2) leaf fibers; (3) seed-hair fibers, (4) core, pith, or straw
fibers; and (5) all other plant fibers not included above. In other words, the four main categories
of fibers are obtained from grain (cotton), vascular (flax, hemp, jute, rami, and wheat), grass
(beet pulp, and bamboo), and algal sources (Valonica and Vetricosa).

Among the lignocellulosic sources, wood is consumed for paper production and cotton is used
in the textile industry. However, only a small portion of annual plants such as hemp, wheat,
soy hulls, bamboo, and other animal feed plants are used for energy production, most of which
are burned as agricultural waste. Figure 1 shows classification of natural fibers [8, 11, 12].

1.2. Structure of biofibers

Native fiber is comprised of small long thin filaments called microfibrils that consist of
alternating crystalline and noncrystalline cellulose domains [13]. A single plant, typically 1–
50 mm in length and around 10–50 μm in diameter, is called an elementary plant fiber. A plant
fiber consist of few cells having cell walls compose of semicrystalline cellulose orientated in
the direction of fiber and lying within a matrix of hemicellulose and lignin. A cell wall also
surrounds a central lumen which help water uptake to the plant fiber [14, 15]. The fiber owes
its high mechanical properties to 30–100 molecules of cellulose arranged in an extended chain
conformation [16]. Figure 2 presents an arrangement of cellulose fiber.

Figure 2. Scheme of cellulose fiber morphology.

Figure 3 shows the cell wall structure of a fiber [14, 17].

The secondary cell wall consists of an outer (S1), a middle (S2), and an inner (S3) layer, each
consisting of microfibrils oriented in a specific angle with respect to one another [18–20].

The main constituents of natural fibers include cellulose, hemicellulose, lignin, pectin, wax,
and water-soluble compounds. Hemicellulose is contains polysaccharides (excluding pectin)
which remains connected to cellulose after lignin is removed. Hemicellulose is different from
cellulose in three main ways [16]: First, it comprises various units of sugars (xylose, mannose,
galactose, glucose, and rhamnose) [21]; second, it has a considerably higher degree of branch‐
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ing; and third, its degree of polymerization is 10–100 times lower than that of cellulose. In
contrast to cellulose, the constituents of hemicellulose vary from plant to plant. Consequetly,
hemicellulose is amorphous in structure and surrounds cellulose nanofibers [14, 16, 22].

Lignin is a perfectly amorphous and hydrophobic polymer formed by a combination of linear
and cyclic hydrocarbon derivatives of phenyl propane. The structure of lignin is not yet known,
but its mechanical properties are known to be inferior to those of cellulose [14, 16]. It provides
the necessary hardness and firmness to plants. Lignin cannot be hydrolyzed in acid but is
immediately oxidized in a warm alkaline environment and easily removed with phenol [16].

Pectin is the collective name for heteropolysaccharides mainly made of polygalacturonic acid.
It is an amorphous polymer that gives flexibility to the plant [16].

Figure 3. Scheme of plant fiber structure, S1, S2, and S3 layers.

1.3. Chemo-physical properties of cellulose

The specific structure of cellulose biopolymers defines their chemical and mechanical prop‐
erties. As shown in Figure 4, the molecular structure of cellulose consists of β-D-anhydro-
glucopyranose repeating units that are bonded covalently together using acetal functional
groups between the equatorial groups of C4 and C1 carbon atoms (β-1, 4-glycosidic bonds [23,
24].

Sensitivity to the hydrolytic attack of the β-1, 4-glycosidic linkages between the glucose
repeating units is the factor determining the chemical stability of a cellulose molecule. It is
clear from the molecular structure of cellulose that it is a linear polymeric chain having a large
number of hydroxyl groups. The reason for this linear conformation is the β-glucose link at
the C1–O–C4 to yield cellobiose units [23, 25, 26].

A second intramolecular hydrogen bonding may exist between the hydroxyl functional groups
on the C6 and C2′ carbon atoms of the neighboring glucose units. Moreover, an intermolecu‐
lar hydrogen bonding exists between the hydroxyl groups on the C6 and C3ʺ carbon atoms of
cellulose molecules that are adjacently located on the same plane [23, 27–29].
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Figure 4. Show cellulose structure.

It is known from Infrared spectroscopy and X-ray diffraction (XRD) investigations of cellu‐
lose organization in plants that crystallites and low degree of scattered amorphous regions are
the main constituents of cellulose [30, 31]. Native cellulose, namely cellulose I, is the crystal‐
line cellulose while that precipitated out of alkali solutions is generally known as regenerat‐
ed cellulose or cellulose II [30, 32]. Cellulose II is the most thermodynamically stable form due
to the presence of an additional hydrogen bond per glucose residue [30, 33, 34].

It should be noted that cellulose gains its unique properties (Table 2) mentioned earlier after
it reaches to its nanoscale [35].

Component Young’s modulus (MPa)

Biomass 20

Single fiber network 40

Microfibril 70

Cellulose nanocrystal 50–143

Cellulose nanofiber 145–150

Table 2. Young’s modulus of cellulose after it reaches its nano-size [35].

Table 3 presents a comparison mechanical properties of glass, jute fibers and celluloe
nanofibers [31, 36].

Specific fiber Young’s modulus (GPa) Tensile strength (GPa) Density (g/cm3)

Glass fiber ∼72.4 at 21°C ∼3.4 at 21°C 2.54–2.62

Jute fiber 13–26 0.39–0.77 1.3–1.45

Cellulose nanofibers ∼150 ∼10 1.5

Table 3. Comparison between mechanical properties of nanofibers and other fiber [31, 36].
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1.4. Cellulose nanofibers (CNF) extraction methods

A variety of methods may be used for the extraction of cellulose nanofibers, each of which
yields a unique type of nanofiber. Some of the extraction methods used are outlined below:

1.4.1. Biological method (hydrolytic enzyme)

This method is based on the use of micro-organisms, bacteria, or fungi. In this method, fibers
are produced with diameters in the order of 100 nm form a bunch of nanofibers including those
approximately 2 nm in diameter. These fibers have excellent intrinsic properties that yield
crystallinity percentage values of around 89–84% [16].

1.4.2. Mechanical method

Mechanical or physical methods of extraction include cryocrushing, grinding, high-pressure
homogenization, ultrasound, and steam explosion methods. The fibers obtained by these
methods have a low strength and a small length-to-diameter ratio because of applying high
tension on fibers. Another disadvantage of this method is its failure to easily manufacture
fibers of nanosize diameters. [14, 16].

1.4.3. Chemo-mechanical method

These comprise the most common methods used for producing nanofibers with diameters less
and length-to-diameter ratios higher than those produced by the mechanical method [16]. In
these methods, the non-cellulosic content is removed by acid hydrolysis and alkali treatment
[37]. Comparison of the advantages and disadvantages of conventional nanofiber extraction
methods indicates that the chemical-mechanical ones are the safest for nanofiber isolation.
Figure 5 schematically present a chemo-mechanical method for production of cellulose
nanofibers

Figure 5. Scheme of chemo-mechanical method for production of cellulose nanofibers.
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2. Experimental

2.1. Chemical treatment for CNF isolation

Some researchers have used an alkaline-acid pretreatment prior to mechanical isolation of CNF
in order to solubilize lignin, hemicellulose, and pectins [2, 38]. The chemical treatment is
accomplished in the following four steps:

(1) Soaking fibers in the 17.5 wt.% sodium hydroxide (NaOH) solution for 2 h; thus, the
exposed surface area of the cellulosic fibers is enhanced and they become more suscepti‐
ble to hydrolysis [16];

(2) Hydrolyzing the fibers in the hydrochloric acid (HCL) solution (2 M) at 80°C to solubi‐
lize hemicellulose [39];

(3) Treating the fibers with 2 wt.% NaOH solution for 2 h at 80°C in order to disrupt the lignin
structure and to break down the carbohydrate and lignin linkages [16, 40]; and

(4) Bleaching the fibers with sodium hypochlorite, sodium chlorite, and hydrogen peroxide
performed in an acidic environment at 50°C for 1 h [41].

2.2. Mechanical treatment

Cellulose nanofibers are extracted from the secondary cell walls by mechanical treatment
without any damages to the cellulose. The degree of polymerization of cellulose, morpholo‐
gy, and aspect ratio of the CNFs depend on the defibrillation technique employed. Refining,
grinding, and ultrasonication processes are performed for the mechanical isolation of CNF
from wood and non-wood fibers [10, 42].

2.2.1. Grinding

Grinding is used to break up cellulose microfiber into nanosized fibers. The grinding ma‐
chine consists of one rotating and one static grind stone where the pulp slurry passes through.
In the fibrillation mechanism using a grinder, the hydrogen bonds are disintegrated under
shear forces and the pulp is transformed into nanoscale fibers [42].

2.2.2. Ultrasonication

The mechanical process in which cellulose fibers are isolated using oscillating power by means
of hydrodynamic forces of an ultrasound device is called “high intensity ultra sonication”
(HIUS) [43]. When the ultrasonic energy is absorbed by the molecules, the cavitation evolv‐
ing during the process give rises to a strong oscillating power, which generates high-intensi‐
ty waves that lead to the formation, expansion, and explosion of microscopic gas bubbles [44].
Many efforts have been directed improving the HIUS resulting oscillating power to isolate
nanofibers from cellulosic sources [42]. Table 4 reports some of the plant sources of nano‐
scale cellulose fibers produced by a supergrinder and the ultrasonic system.
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Process Sources

Grinding and ultrasonic Bagasse

Grinding and ultrasonic

Ultrasonic Rice straw

Grinding Rice husk

Grinding and ultrasonic Maize

Grinding and ultrasonic Sawdust

Table 4. Different mechanical methods for isolating cellulosic nanofibers.

3. Results and discussions

3.1. Chemical composition characterization

An important factor affecting the application of natural fibers as biodegradable materials is
their chemical composition. It is, therefore, essential to determine their chemical and mechan‐
ical properties of fibers used for manufacturing different products such as composites or
newspaper. The three major chemical constituents of fibers extracted from lignocellulosic
products are α-cellulose, lignin, and hemicellulose [45]. The factors affecting the properties of
CNFs such as yield, dimensions, and mechanical properties of nanocellulose include chemi‐
cal composition, the structure of the base material, and the processing method used for their
extraction. Efficient isolation of cellulosic nanomaterials strongly depends on the removal of
hemicellulose and lignin [1, 7]. Lignocellulosic fibers may be transformed into individual fibers
during the extraction process by employing chemical purification via acid hydrolysis, alkali
treatment, and bleaching. Applying the dilute alkali treatment to the lignocellulosic fibers
breaks up the structural bonds between lignin and saccharides to remove the lignin content.
Acid hydrolysis is used to destroy and solubilize the hemicellulose and pectin. Bleaching
separates the Klasson (insoluble) lignin by oxidizers such as sodium chlorite, sodium hypo‐
chlorite, and hydrogen peroxide [2, 40, 46]. Table 5 presents the chemical compositions of
fibers extracted from different sources in the three raw, pre-, and post-bleaching stages. As it
can be noticed the cellulose content from different sources after purification is in the range
of 85 to 95 %; while the residual lignin content is obtained to be between 0.8 to 11%.

Figure 6 presents wheat-straw fibers before and after bleaching. Clearly, the brown color is
present in the sample before the removal of insoluble lignin, indicating that lignin is an
amorphous phase that keeps reducing with increasing removal efficiency. Comparison of the
colors in this Figure 5 shows that almost all the residual lignin (insoluble lignin) in the sample
was eliminated and the sample becomes pure white after bleaching.
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fibers extracted from different sources in the three raw, pre-, and post-bleaching stages. As it
can be noticed the cellulose content from different sources after purification is in the range
of 85 to 95 %; while the residual lignin content is obtained to be between 0.8 to 11%.

Figure 6 presents wheat-straw fibers before and after bleaching. Clearly, the brown color is
present in the sample before the removal of insoluble lignin, indicating that lignin is an
amorphous phase that keeps reducing with increasing removal efficiency. Comparison of the
colors in this Figure 5 shows that almost all the residual lignin (insoluble lignin) in the sample
was eliminated and the sample becomes pure white after bleaching.
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Sources Cellulose (%) Hemicellulose (%) Lignin (%)

Bagasse

Raw fiber 42.2 21.8 23.5

Before bleaching 88.23 8.82 2.95

After bleaching 91.8 7.37 0.82

Rice straw (stem)

Raw fiber 46.5 22.5 29.1

Before bleaching 79.3 4.8 15.9

After bleaching – – –

Rice husk

Raw fiber 34.67 27.3 25.7

Before bleaching 67.36 14.83 11.74

After bleaching 94.3 1.8 1.42

Wheat straw

Raw fiber 50.01 25.32 24.46

Before bleaching 86.2 3.7 10.1

After bleaching 93.7 2.95 3.35

Wheat straw (stem)

Raw fiber 49.8 27.2 23.1

Before bleaching 85.5 3.8 10.8

After bleaching – – –

Sawdust

Raw fiber 33.38 28.71 37.08

Before bleaching 57.84 18.71 23.2

After bleaching 86.24 7.76 5.98

Table 5. Chemical compositions of fibers from different sources after selective chemical treatments.

Figure 6. Image of raw wheat straw fiber, and its pulp before and after bleaching.

Nanofibers
http://dx.doi.org/10.5772/63704

21



3.2. Morphology description

Cellulosic fibers are made of cell walls that collectively form its structure. It is commonly
established that chemical and mechanical treatments bring about changes in fiber morpholo‐
gy [10, 47]. Microscopic examinations indicate that raw fiber bundles consist of individual
microfibers that are bonded together by lignin (Figure 6). Hence, chemical treatments are used
to reduce the surface roughness and the size of the bundles. It has been reported that fiber
diameter is reduced to the nanoscale as a result of chemical and mechanical treatments. This
can be related to the removal of such non-cellulose constituents as lignin, hemicellulose, and
waxes.

Figure 7. SEM images of a) raw fiber, b) pre-treated fiber, and c) bleached fiber.

Scanning electron microscopy (SEM), field-emission scanning electron microscopy (FE-SEM),
transmission electron microscopy (TEM), and atomic force microscopy (AFM) techniques are
used to characterize the morphology of the nanocellulose fibers produced. As can be seen, in
Figure 6, the microfiber diameter is reduced as a result of chemical operations due to remov‐
al of the non-cellulosic material. It is clear from the the FE-SEM and TEM images that the
extracted nanofibers have a network structure and are in the form of entangled fibrils. Table 6
presents the variations in the diameter of the nanocellulose fibers isolated from different plant
sources. The CNFs can have diameters varying from 15–200 nm depending on their source
and the mechanical method used to disintegrate them. The average diameters of individual
CNFs vary from 18 to 45 nm.

Sources Process Diameter Average (nm)

Bagasse Ultrasonic 700 W 44

Rice straw Grinding 19

Wheat straw Grinding 27.89

Wheat straw Ultrasonic 400 W 45

Sawdust Grinding 21.74

Sawdust Ultrasonic 400 W 1–15 μm

Table 6. Diameters and aspect ratios of cellulosic nanofibers extracted from different sources.
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Comparing the two mechanical methods used to convert microfibers to nanofibers, the grinder
method was found to have a higher mechanical efficiency. This is due to its higher power
compared to that of the ultrasonic device. It was found (Table 6) the fiber extracted from
sawdust disintegrated by ultrasonic 400 have diameter between 1-15 μm. The reasons for this
could be: First, the low shear stress of the ultrasound to separate the fibrils; and second, the
stronger fiber structure of sawdust compared to the other sources of lignocellulose listed in
Table 6.

Figure 8 shows the FE-SEM and TEM of CNFs as a network of intertwined long nanofibers
with a cellulosic appearance.

Figure 8. (a) FE-SEM and (b) TEM of cellulose nanofibers.

3.3. Crystallinity and thermal properties

The amount of crystallinity in the cellulosic nanofibers is expressed as total crystallinity
index (TCI). Represented by Equation (1) in this equation, A1372 is absorption in 1372 cm−1 and
A2900 is absorbtion in 2900 cm−1 in ATR spectrum. Generally, the peak in the infrared spec‐
trum at 1372 cm−1 represents the modified C-H standardization of crystalline regions, and
reveals any change in crystallinity, and that at 2900 cm−1 represents C-H stretching, which is a
measure of amorphous regions. The absorption band at these two points represents the total
crystallinity index, which is representative of the degree of crystallinity. The TCI values are
reported in Table 7.

1372

2900

ATCI
A

= (1)

One well-known characteristic of cellulosic materials is that they experience fast thermal
degradation at low to moderate temperatures, particularly at temperatures below 400°C. The
thermal decomposition of lignocellulosic materials begins with the disintegration of hemicel‐
lulose followed by pyrolysis of lignin, depolymerization of cellulose, active flaming combus‐
tion, and char oxidation. The thermal stability of cellulosic fibers is an important parameter
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for using them in the manufacture of composites. The structure and chemical composition of
cellulosic fibers drastically influence their thermal Degradation. The first stage takes place at
temperatures ranging from room temperature up to 120°C, at which a little weight loss is
observed in the TGA thermogram of CNFs; Which is related to the evaporation of water. The
second stage Occurres at temperatures in the range of 220 to 390°C, where the destruction of
the crystalline regions are started and polymer decomposition is simultaneously triggered,
which led to enhance the amorphous structure and ultimately to reduction in the degree of
polymerization. The third stage from 390 to 600°C involves the complete destruction of the
crystalline region and the formation of D-glucopyranosemonomers by the decomposition of
cellulose, which could be further converted into free radicals [48–50].

Sources TCI

Bagasse 1.26

Rice straw 1.4

Rice husk 1.56

Wheat straw 1.32

Wheat straw 1.232

Maize 1.564

Sawdust 2.507

Table 7. TCI values of nanofibers from different sources.

4. Conclusions

Today, cellulose nanofibers because of their unique reinforcing effect are widely used in
Nanocomposite. The effect of type of plant source and mechanical process used for produc‐
tion of nanofibers, on its properties, including the specific surface area and aspect ratio is
impressive. Among the mechanical methods used to produce nanofibers, super grinder has
the maximum efficiency. Due to creating higher tension. Different sources,produce nanofib‐
ers with cellulose content ranging between 85–95% and diameter changing between 18–45 nm
depend on the employed mechanical method.
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Abstract

Nanofibers are promising cell carriers for tissue engineering of a variety of tissues and
organs in the human organism. They have been experimentally used for reconstruction
of tissues of cardiovascular, respiratory, digestive, urinary, nervous and musculoskele‐
tal systems. Nanofibers are also promising for drug and gene delivery, construction of
biosensors and biostimulators, and wound dressings. Nanofibers can be created from a
wide range of natural polymers or synthetic biostable and biodegradable polymers. For
hard tissue engineering, polymeric nanofibers can be reinforced with various ceramic,
metal-based or carbon-based nanoparticles, or created directly from hard materials. The
nanofibrous scaffolds can be loaded with various bioactive molecules, such as growth,
differentiation and angiogenic factors, or funcionalized with ligands for the cell adhesion
receptors. This review also includes our experience in skin tissue engineering using
nanofibers fabricated from polycaprolactone and its copolymer with polylactide, cellulose
acetate, and particularly from polylactide nanofibers modified by plasma activation and
fibrin coating. In addition, we studied the interaction of human bone-derived cells with
nanofibrous scaffolds loaded with hydroxyapatite or diamond nanoparticles. We also
created novel nanofibers based on diamond deposition on a SiO2 template, and tested
their effects on the adhesion, viability and growth of human vascular endothelial cells.

Keywords: nanofibers, nanoparticles, natural polymers, synthetic polymers, ceramics,
carbon, diamond, biomaterial, biocompatibility, tissue engineering, tissue regenera‐
tion, nanomedicine, drug delivery, gene delivery, wound healing

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.



1. Introduction

In recent years, nanofibrous materials are becoming more and more popular for tissue engi‐
neering applications, because they mimic nanofibrous components of the native extracellular
matrix (ECM), for example, collagen fibers. Nanofibers are also widely used in other biotech‐
nologies, such as drug and gene delivery [1–5], gene silencing [6], construction of biosensors [7,
8], or preparation of wound dressings absorbing the exudate and protective against microbial
infection [9, 10].

Nanofibers are typically prepared from polymeric materials, such as natural and synthetic
polymers and their various combinations. Nature-derived polymers comprise a wide range of
proteins, peptides, and polysaccharides, for example collagen [11, 12], elastin [13] and elastin-
like peptides [14], silk fibroin [15, 16], amyloid [3], chitosan [12, 17], cellulose [10, 18], glyco‐
saminoglycans [11, 12], or hyaluronan [19, 20]. Even demineralized bone matrix (DBM) was
used for preparation of nanofibers by elecrospinning [21]. In fact, DBM, a natural polymer, is
allograft bone with inorganic material removed. DBM contains the protein components of
bone, which includes adhesion ligands and osteoinductive signals, such as important growth
factors. The DBM nanofiber mats exhibited good cytocompatibility with human dermal
fibroblasts [21].

Synthetic polymers include a broad spectrum of biostable polymers, for example polyethylene
terephthalate [9], polytetrafluoroethylene [22] and polyurethane, suitable for fabrication of
vascular grafts [23], and biodegradable polymers, for example polylactides (PLA) [24, 25] and
their copolymers with polyglycolides (PLGA) [1, 26], polycaprolactone (PCL) [2, 4, 6], poly-3-
hydroxybutyrate-co-3-hydroxyvalerate (PHBV) [27], polydioxanone [5], polyvinylalcohol
(PVA) [28, 29], and synthetic peptides [7, 30].

However, pure polymeric nanofibers are suitable mainly for soft tissue engineering, such as
reconstruction and regeneration of blood vessels [13, 22, 23, 31, 32], myocardium [33, 34], heart
valves [35, 36], skeletal muscle [37, 38], skin [15, 39–41], tendon and ligament [42, 43], intestine
[44, 45], tissues of the respiratory system, such as trachea and bronchi [46, 47], components of
urinary tract, such as bladder [48] and urethra [49], visceral organs, such as liver [50, 51] or
pancreas (pancreatic islets [52, 53]), central nervous system, such as brain [6, 54, 55], spinal
cord [56, 57], optic system, such as optical nerve [58] and retina [59], and peripheral nervous
system [17, 60]. Nanofibrous scaffolds can be associated with another advanced technique in
recent tissue engineering—controlled delivery of various types of stem cells, such as bone
marrow mesenchymal stem cells [51, 61–63], adipose tissue-derived stem cells [64, 65], neural
tissue-derived stem cells [57], and induced pluripotent stem cells [20, 34], and their appropriate
differentiation into desired cell types.

For hard tissue engineering, that is for reconstruction of bone, teeth, cartilage, and osteochon‐
dral interface, it is necessary to improve mechanical properties of the nanofibers. This is feasible
by addition of inorganic nanoparticles into nanofibers, such as ceramic nanoparticles, for
example hydroxyapatite [16, 27, 28, 30], tricalcium phosphate [63, 66], calcium oxide [67], or
calcium silicate [24]; metal-based nanoparticles, for example gold nanoparticles [29], ferro‐
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magnetic Fe3O4 nanoparticles [25], or antimicrobial silver nanoparticles [26]; and also carbon-
based nanoparticles, such as carbon nanotubes, graphene [62], or nanodiamonds [68]. These
nanoparticles not only reinforce the polymeric nanofibers but also enhance their bioactivity in
terms of increased cell adhesion, growth, osteogenic cell differentiation, bone matrix miner‐
alization and antimicrobial activity. The mineral component can also be added to the nano‐
fibers by biomimetic mineralization in simulated body fluid [69] and other ionic solutions [70].
Nanofibers can also be created exclusively from inorganic or other hard materials, for example
hydroxyapatite [71, 72] or carbon and bioactive glass [73], and also from SiO2 [74, 75] and
diamond [76, 77] or their combinations [78, 79].

On the other hand, carbon nanoparticles (mainly carbon nanotubes) have been also added into
nanofibers for soft tissue engineering in order to allow electrical stimulation of cells or delivery
of drug and other bioactive molecules to the cells. The electrical stimulation is suitable
especially for cells of excitable tissues, such as neural tissue [80] (for a review, see [81]),
myocardium [82], skeletal muscle [38], and vascular smooth muscle [83]. The addition of
carbon nanoparticles also improved the mechanical properties of the nanofibrous scaffolds for
engineering of muscular tissues, which are exposed to a relatively high mechanical loading in
the organism. For the purpose of electrical stimulation of cells, nanofibers can be also coated
with polypyrrole [55] or directly made of this polymer [58].

Nanofibers can be further loaded with various biomolecules in order to achieve their specific
effects on cells, for example, with growth factors such as basic fibroblast growth factor and
epidermal growth factor [12, 40, 42, 84], with angiogenic factors, such as vascular endothelial
growth factor or platelet-derived growth factor [52, 85], with differentiation factors, such as
bone morphogenetic protein-2 (BMP-2) [18] or with brain-derived neurotrophic factor [54].
Other bioactive agents include ascorbic acid, promoting the production of collagen by cells [86,
87], glutamate for neural tissue engineering [56], vitamin E and polyphenols (e.g., curcumin
and green-tea polyphenols), that are natural compounds with excellent antioxidant, anticanc‐
er, antimicrobial, anti-inflammatory and wound-healing properties [88, 89], hormones and
their analogues (estradiol [10], dexamethasone [89]), honey [9], and propolis [90]. The cell
adhesion and growth on nanofibrous scaffolds can be enhanced by their functionalization with
ligands for cell adhesion receptors, for example RGD-containing oligopeptides [20, 30, 39].

Nanofibers can be prepared by various techniques, for example self-assembly (silk-elastin-like
protein polymers [14]), interfacial polymerization, suitable for electrically conductive materi‐
als [8], melt processing [91], and antisolvent precipitation [92]. The latter two methods are
suitable for preparation of porous nanofibers for loading various substances. However, the
most effective method for large-scale production of nanofibers is electrospinning, particularly
needleless electrospinning [93]. Polymer composites produced via the needleless electrospin‐
ning allow a polymer nanofiber to act as a host for nanoparticles, and, in addition, the polymer
nanofibers will act as a three-dimensional carrier for cells imitating natural extracellular
matrix.

This chapter comprises our experience in using nanofibers for experimental soft and hard
tissue engineering in correlation with studies of other authors in recent years. We have focused
particularly on skin tissue engineering using polymeric nanofibers made of PLA, PCL, PLA/PCL
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or cellulose, and further modified with plasma or coated with fibrin and on bone tissue
engineering using polymeric nanofibers loaded with hydroxyapatite or diamond nanoparticles,
or SiO2 nanofibers coated with nanodiamond.

2. Nanofibers in skin tissue engineering

The skin is composed of three main layers—epidermis, dermis, and hypodermis. The epider‐
mis, the outermost layer, consists mainly of keratinocytes (more than 90% of all cell types) but
it also contains subpopulations of melanocytes, Langerhans cells, and Merkel cells. The
keratinocytes produce many important molecules, such as growth factor and protective
immunogenic molecules. These molecules include interleukins, transforming growth factors
α and β, platelet-derived growth factor, fibroblast growth factor, tumor necrosis factor α, and
interferons α and β. The melanocytes produce the pigment melanin that protects the skin
against harmful effect of sunlight. The Langerhans cells, that is a type of leucocytes, are
responsible for immune activation. The function of Merkel cells is not yet clearly elucidated
yet but they probably occasionally participate in formation of synaptic junction with peripheral
nerves, and in low-vertebrates, they participate in slow-adapting touch perception [94].

The epidermal cells form five sublayers: stratum basale, stratum spinosum, stratum granulosum,
stratum lucidum, and stratum corneum. New cells are created in the deepest basal layer as stem
cells, and then, they differentiate and mature in adult keratinocytes and move towards the skin
surface. As keratinocytes mature and ascend toward the epidermal layers, their shapes become
flattened, and these cells synthetize structural protein keratin. The outermost cornified layer
is created by dead keratinocytes rich in protein keratin. The importance of keratinization is
creating a barrier to prevent fluid loss and unwanted entry of potentially harmful molecules
and microorganisms.

Dermis, situated below the epidermis, is responsible for elasticity and mechanical integrity of
the skin, cutaneous nutrition, immunosurveillance, sensory perception, and temperature
regulation. The main cellular type of dermis are fibroblasts that are responsible for synthetic
and degradation of dermal proteins. The other cells included in the dermis are endothelial
cells, smooth muscle cells and immune cells (dendritic cells, monocytes, and lymphocytes).
The dermis also contains nerves, vessels, sweet glands, and hair follicles [94].

Hypodermis, the undermost layer, is mainly composed of adipose tissue and collagen and acts
as a fat storage, an energy source, and enables an anchorage of the skin to bone or muscle [94].

Skin tissue engineering is focused mainly on the reconstruction of epidermis and dermis using
a biomaterial scaffold (as cell carrier) and two main epidermal and dermal cell types, that are
keratinocytes and fibroblasts, respectively. Nanofibrous meshes can be advantageously used
for creating a bilayered epidermal–dermal construct containing keratinocytes and fibroblasts
located on the opposite sides of the membrane. The keratinocytes and fibroblasts could
communicate physically and biochemically through the pores in the membrane, if the
membrane is of appropriate thickness and pore size. The crosstalk between the keratinocytes
and fibroblasts contributed to epidermal stratification, higher tensile strength of the construct,
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modulation of cytokine and growth factor expression, and increased angiogenic properties
compared with constructs containing fibroblasts or keratinocytes alone [95]. Nevertheless, the
bilayered epidermal–dermal construct has been rarely developed on nanofibrous membranes.
For its creation, other forms of synthetic and natural polymers have been used, for example a
knitted PLGA mesh combined with collagen–hyaluronic acid sponge [96], porous scaffolds
made of a copolymer of poly(ethylene glycol terephthalate) and poly(butylene terephthalate)
[97] matrices containing fibrin, collagen, hyaluronan and their combinations [98–100], and
even spider silk woven on steel frames [101]. Thus, we have attempted to develop a bilayer of
keratinocytes and skin fibroblasts using nanofibrous PLA membranes, fixed in adapted
CellCrown inserts (Scaffdex, Tampere, Finland). The membranes were first seeded with
fibroblasts, because these cells served as a feeder layer for keratinocytes, and after reaching
confluence of fibroblasts (on day 7 after seeding), the inserts were converted, seeded with
keratinocytes, and these cells were cultivated for 4 days (Figure 1).

Figure 1. Development of a bilayered construct of HaCaT keratinocytes and neonatal human dermal fibroblasts on the
opposite sides of a nanofibrous membrane (scale bar = 100 μm). The keratinocytes were stained by immunofluores‐
cence against cytokeratin 5, an early marker of keratinocyte differentiation. The fibroblasts were stained with Texas
Red C2-Maleimide and Hoechst #33258.

As evident from the Figure 1, the keratinocyte layer on the PLA nanofibrous membrane was
not continuous. In general, synthetic polymeric materials in their pristine state are rather
hydrophobic and may behave as bioinert. Thus, we activated the PLA membranes by treatment
with oxygen plasma in order to improve the cell-material interaction. We found that the plasma
treatment improved the adhesion and growth of human HaCaT keratinocytes, which was
manifested by the formation of larger cell islands (Figure 2), and also by an increased activity
of mitochondrial enzymes (measured by the XTT assay), and increased DNA content (meas‐
ured by the Picogreen dsDNA assay kit), which both are indicators of an increased cell number
[102]. These beneficial effects of the plasma treatment of the cell behavior could be attributed
to the formation of new oxidized structures on the membrane surface, increase in surface
wettability, and changes in surface stiffness. Higher plasma power and, in particular, longer
exposure times resulted in more pronounced improvement of the cell adhesion and growth.
The fiber density of the membranes also played an important role in cell adhesion and growth.
The cells preferentially adhered on membranes of lower fiber densities, due to the larger void
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spaces between the fibers. Thus, PLA nanofibrous membranes subjected to physical modifi‐
cations proved as promising materials for the construction of temporary carriers for skin cells
[102].

Figure 2. The morphology of unmodified nanofibrous polylactide scaffolds (A) and scaffolds treated by oxygen plasma
(power 75 W, time 30 min, B), and the morphology of human HaCaT keratinocytes on these scaffolds (C and D). Note
larger keratinocyte islands on plasma-treated scaffolds (D) than on untreated scaffolds (C). A, B: FE-SEM Tescan
MIRA3 scanning electron microscope, objective magnification 10,000×, scale bar 5 μm. C, D: Cells stained with Texas
Red C2-Maleimide and Hoechst #33342. Olympus IX 51 microscope, obj. 10×, DP 70 digital camera, scale bar = 200 μm.
Day 3 after seeding.

Also the modification of polymeric membranes with fibrin, that is a provisional matrix
molecule playing an important role in tissue regeneration, had beneficial effects on the
adhesion, growth, and functioning of skin cells, particularly human dermal fibroblasts
(Figure 3). Fibrin films were developed by in vitro simulation of a specific part of physiological
hemocoagulation process [87, 103]. Fibrinogen for the preparation of fibrin could be isolated
in reasonable quantities from the patient’s own blood, that is used in autologous form [103].
Fibrin either enveloped individual fibers or formed additional nanofibrous network on the
synthetic polymeric nanofibrous membranes. Fibrin was gradually degraded by the adhering
and growing cells and was replaced by their own extracellular matrix, which was manifested
by increased production of collagen in these cells. The cell growth and collagen production
were further enhanced by the presence of ascorbic acid in the culture medium [87].
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Figure 3. Morphology of fibrin coatings (green immunofluorescence) on nanofibrous PLA membranes in six time inter‐
vals incubated without cells at 37°C, 5% CO2 (A), or incubated with human dermal fibroblasts (B—only fibrin, C—fi‐
brin with cells). (D) Cells on non-modified PLA membranes. The cells were stained with phalloidin-TRITC and
Hoechst #33258. Leica TCS SPE DM2500 confocal microscope, obj. 40×/1.15 NA oil, scale bar = 50 μm.

In another set of experiments, we studied the adhesion and growth of human keratinocytes
on nanofibrous membranes made of poly-ε-caprolactone (PCL) and its copolymer with PLA
(PLA/PCL, ratio 70:30). PCL and PLA/PCL copolymers have been experimentally used for
vascular tissue engineering, particularly for replacement of small caliber blood vessels [31,
32], neural tissue engineering, specifically for generation of conductive sheaths for neurite
outgrowth [104], for substituting the dura mater [105], and also for bone tissue engineering in
order to mimic hemi-osteons and to control the spatial organization of osteoblasts [106]. These
applications of PCL and PLA/PCL were enabled, among others, by suitable mechanical
properties of these polymers, particularly in case of PLA/PCL. PLA/PCL also proved as suitable
carriers for controlled delivery of drugs, for example antibiotics [107]. However, the potential
of PCL and PLA/PCL in skin tissue engineering has not yet been fully explored. Our prelimi‐
nary results with electrospun aliphatic polyesters, namely PCL and a PLA/PCL copolymer
(kindly provided by the Technical University of Liberec, Faculty of Textile Engineering,
Liberec, Czech Republic), showed that PCL and particularly PLA/PCL nanofibrous mem‐
branes would be suitable scaffolds for the adhesion and growth of skin cells. On PCL, human
HaCaT keratinocytes were able to form large islands on day 7 after seeding (cell seeding
density of 15,000 cells/cm2), and on the PLA/PCL copolymer (ratio 70:30), even a confluent
layer similar to that achieved on standard cell culture polystyrene dishes (Figure 4). The
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activity of mitochondrial enzymes, measured by the WST-1 test, showed a similar trend
(Figure 5). The beneficial effect of the PLA/PCL copolymer was probably due to its higher
hydrophilicity, and also to a greater thickness of the PLA/PCL fibers (diameter 1000 nm
compared to 500 nm in PCL fibers), which might provide a better adhesion and growth support
for cells. The interaction of skin cells with the PLA/PCL nanofibrous scaffolds can be further
improved by loading these scaffolds with ascorbic acid [86], vitamin E, and curcumin [88].

Figure 4. Human HaCaT keratinocytes on day 7 after seeding on nanofibrous membranes made (A) of poly-ε-caprolac‐
tone (PCL), (B) of a copolymer of PCL and polylactide (PLA/PCL) and (C) on standard cell culture polystyrene dishes
(PS). Cells stained with phalloidin conjugated with TRITC (red fluorescence), and the cell nuclei counterstained with
DAPI (blue fluorescence). Olympus IX 71 microscope, DP 70 digital camera, scale bar = 200 μm.

Figure 5. Activity of mitochondrial enzymes, measured by the WST-1 test in human HaCaT keratinocytes on day 7
after seeding on nanofibrous meshes made of poly-ε-caprolactone (PCL) and its copolymer with PLA (PLA/PCL), and
on standard cell culsture polystyrene dishes (PS). Mean ± SEM (standard error of mean) from nine measurements for
each experimental group. ANOVA, Student–Newman–Keuls method. Statistical significance: *#: p ≤ 0.05 in comparison
with PS and PCL, respectively.

Other promising nanofibrous scaffolds for skin tissue engineering are made of cellulose-based
materials, which have achieved a remarkably wide range of applications in clinical practice.
These materials serve as wound dressings, carriers for drug delivery, preparations for
treatment of ophthalmological disorders, membranes for prevention of postoperative adhe‐
sions, meshes for hernia repair, materials for hemostasis, membranes for hemodialysis, and
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each experimental group. ANOVA, Student–Newman–Keuls method. Statistical significance: *#: p ≤ 0.05 in comparison
with PS and PCL, respectively.

Other promising nanofibrous scaffolds for skin tissue engineering are made of cellulose-based
materials, which have achieved a remarkably wide range of applications in clinical practice.
These materials serve as wound dressings, carriers for drug delivery, preparations for
treatment of ophthalmological disorders, membranes for prevention of postoperative adhe‐
sions, meshes for hernia repair, materials for hemostasis, membranes for hemodialysis, and
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also as materials for plastic, reconstructive, and aesthetic surgery (for a review, see [108–110]).
For tissue engineering, including skin tissue engineering, cellulose is promising due to its
relatively good mechanical properties, low immunogenic properties, high biocompatibility,
and water-holding ability [111, 112] (for a review, see [109, 110]). However, in its pure natural
form, cellulose is nondegradable in the mammalian organism, while in tissue engineering,
particularly that of skin, degradability of material scaffolds is necessary in order to achieve
perfect skin regeneration without scar formation. Cellulose can be specifically degraded by
cellulase, which hydrolyzes the 1,4-D-glycosidic linkage in the cellulose molecules and is
produced by fungi, bacteria, and protozoans (for a review, see [113]). Thus, in preparation of
scaffolds for tissue engineering, these enzymes have been incorporated in bacterial cellulose
sheets [114]. Other approaches how to achieve and control the cellulose degradability were its
esterification, that is formation of carboxymethylcellulose, which was then susceptible to
degradation by esterases [115], acetylation, that is the formation of cellulose acetate, and its
further mixing with another polysaccharide, pullulan, in various ratios [116]. Cellulose is also
susceptible to hydrolysis by acids and, to a lesser extent, by alkalis (for a review, see [113]).
Our earlier study showed that the degradation rate of cellulose can also be adjusted by
percentage (wt.%) of COOH groups introduced into the cellulose molecules, but the follow‐
ing degradation of cellulose was accompanied by the release of glucuronic acid into the culture
medium, which considerably lowered its pH and hampered the cell growth even at relative‐
ly low concentrations of COOH groups in the cellulose molecules (about 6 wt.% [108]).

Our recent experiments revealed that nanofibrous scaffolds made of cellulose acetate, acted as
suitable growth support for human dermal fibroblasts in vitro. The cellulose acetate was
purchased from Sigma–Aldrich (Cat. No. 180955), and the nanofibrous scaffolds were
fabricated in Nanopharma Joint-Stock Co., Prague, Czech Republic. Neonatal human dermal
fibroblasts (Lonza, Basel, Switzerland) were seeded on the scaffolds at the density of
15,000 cells/cm2 and cultured in a Dulbecco’s modified Eagle’s medium (Sigma–Aldrich, Cat.
No. D5648) supplemented with 10% of fetal bovine serum (FBS; Sebak GmbH, Aidenbach,
Germany) and 40 μg/mL of gentamicin (LEK, Ljubljana, Slovenia). The number of the initially
adhering cells on day 1 after seeding was lower on the nanofibrous cellulose scaffolds than on
standard cell culture polystyrene dishes, and this number also remained lower on day 3 after
seeding. The cell spreading was also lower on the nanofibrous cellulose acetate scaffolds than
on polystyrene dishes. However, on day 7 after seeding, the cell numbers on the nanofi‐
brous scaffolds and polystyrene dished almost equaled and reached confluence (Figure 6).
Corresponding results were also obtained by the WST-1 test measuring the activity of
mitochondrial enzymes (Figure 7).

Similarly, in a recent study, micro- and nanofibrous scaffolds made of cellulose acetate
provided an excellent growth support for dermal fibroblasts in vitro, promoting a higher cell
adhesion and mitochondrial activity (measured by the MTT test) compared with the control
scaffolds made of PCL [117]. Positive influence on the adhesion and metabolic activity of
human dermal fibroblasts were also obtained in composite nanofibrous scaffolds made of PCL
and with cellulose acetate, cellulose acetate and pullulan [116], and particularly of electro‐
spun cellulose acetate and gelatin in a ratio of 25:75 [118].
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Figure 6. Human dermal fibroblasts on day 1 (A, D), day 3 (B, E), and day 7 (C, F) after seeding on nanofibrous mem‐
branes made of cellulose acetate (A–C) and on standard cell culture polystyrene dishes (D–F). Cells stained with phal‐
loidin conjugated with TRITC (red fluorescence), and the cell nuclei counterstained with DAPI (blue fluorescence).
Olympus IX 71 microscope, DP 70 digital camera, scale bar = 200 μm.

Figure 7. Activity of mitochondrial enzymes, measured by the WST-1 test in human dermal fibroblasts on days 1, 3,
and 7 after seeding on nanofibrous membranes made of cellulose acetate (nCEL) and on standard cell culture polystyr‐
ene dishes (PS). Mean ± SEM (standard error of mean) from nine measurements for each experimental group and time
ANOVA, Student–Newman–Keuls method. Statistical significance: *: p ≤ 0.05 in comparison with PS.

3. Nanofibers in bone tissue engineering

Among a wide range of nanofibrous scaffolds used for bone tissue engineering, our studies
concentrated on scaffolds reinforced with hydroxyapatite nanoparticles, diamond nanoparti‐
cles, and nanofibrous scaffolds created by the deposition of nanodiamond on SiO2 nanofibers.
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3. Nanofibers in bone tissue engineering

Among a wide range of nanofibrous scaffolds used for bone tissue engineering, our studies
concentrated on scaffolds reinforced with hydroxyapatite nanoparticles, diamond nanoparti‐
cles, and nanofibrous scaffolds created by the deposition of nanodiamond on SiO2 nanofibers.
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Nanofibrous PLA-hydroxyapatite (HAp) composites were created by addition of hydroxya‐
patite nanoparticles in concentrations of 5 wt.% and 15 wt.% to a PLA matrix before electro‐
spinning. The addition of nanoparticles improved mechanical properties of the scaffolds by
suppressing their creep behavior in their dry state. Addition of HAp nanoparticles also
increased the proliferation of human osteoblast-like MG 63 cells, and particularly their
osteogenic differentiation, manifested by production of osteocalcin, an extracellular matrix
glycoprotein binding calcium [119].

Diamond nanoparticles were added either into PLGA or PLA matrix before electrospinning.
PLGA nanofibers were enriched with 23 wt.% of diamond nanoparticles, and PLA nanofib‐
ers were enriched with several concentrations of diamond nanoparticles, ranging from 0.44
to 12.28 wt.%. To the best of our knowledge, we were the first laboratory creating nanodia‐
mond-loaded polymeric nanofibrous scaffolds for potential bone tissue engineering. Earlier,
nanofibrous polymer–nanodiamond composites were prepared only for technical applica‐
tions, for example protection of various surfaces against scratch and potential damage by the
ultraviolet light irradiation [120].

Our PLGA-nanodiamond nanofibrous scaffolds supported the adhesion and growth of human
osteoblast-like MG 63 cells to a similar degree as the pure PLGA nanofibrous scaffolds [68] but
accelerated the growth of human bone marrow mesenchymal stem cells [61] (Figure 8).

Figure 8. Growth curves of human osteoblast-like MG 63 cells (A) and human bone marrow mesenchymal stem cells
(MSC, B) in cultures on pure poly(lactide-co-glycolide) (PLGA) scaffolds and scaffolds loaded with 23 wt.% of dia‐
mond nanoparticles (PLGA-ND). Mean ± SEM (standard error of mean) from 8 to 28 measurements for each experi‐
mental group and time interval. ANOVA, Student–Newman–Keuls method. Statistical significance: *p ≤ 0.05 in
comparison with pure PLGA membranes.

However, when nanodiamond nanoparticles were incorporated into PLA nanofibrous
scaffolds, they had rather negative effects on human osteoblast-like MG 63 and Saos-2 cells.
The number and mitochondrial activity of cells growing of these scaffolds (Figure 9), as well
as their expression of alkaline phosphatase and osteocalcin on the mRNA and protein levels
decreased with increasing diamond particle concentration. This discrepancy was probably due
to the different origin and different physicochemical properties of the diamond nanoparti‐
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cles used for addition into PLGA and PLA nanofibers. For PLGA nanofibers, diamond
nanoparticles were prepared by a radio-frequency PACVD method, while the PLA nanofib‐
ers were loaded with detonation nanodiamonds with hydrophobic surface (purchased from
the Nano Carbon Research Institute, Japan, under the product name NanoAmando) (for a
review, see [121]).

Figure 9. The mitochondrial activity of human osteoblast-like MG 63 and Saos-2 cells, measured by XTT test on day 3
after seeding on nanofibrous polylactide membranes loaded with 0–12.28 wt.% of diamond nanoparticles (DNP).
Absorbances are given in % of values obtained from pure PLA membranes (sample A). Mean ± S.E.M. from 17 to 22
measurements for each experimental group and cell type. ANOVA, Student–Newman–KeulsStudent–Newman–Keuls
method. Statistical significance: A, Bp ≤ 0.05 in comparison with pure PLA membranes and membranes with the lowest
DNP concentration, respectively.

Interesting results were obtained with a novel nanofibrous material, that is SiO2 nanofibers
prepared by electrospinning and then coated by a thin diamond film. SiO2 nanofibers were
purchased from the Technical University of Liberec, Czech Republic. Nanodiamond coating
was performed by microwave plasma chemical vapor deposition [122]. Finally, both nano‐
diamond-coated and pure SiO2 nanofibers were terminated by oxygen in order to enhance
their attractiveness for the cell adhesion and growth. The nanofibers were seeded with human
umbilical vein endothelial cells (HUVEC, passage 4) purchased from Lonza (Cat. No. C2517A)
at the density of approx. 16,000 cells/cm2, and the cells were cultured in endothelial growth
medium (EGM-2, Lonza, Cat. No. CC-3162) for 1 and 4 days. The cells were then visualized
using a Live/Dead Viability/Cytotoxicity assay kit (Life Technologies). The endothelial cells
were chosen because they are an important cell type present in the bone, playing a key role in
the scaffold vascularization. In addition, primary and low-passaged endothelial cells are a
relatively demanding cell type sensitive to the physical and chemical properties of the material
and its potential cytotoxicity. We found that the diamond coating on SiO2 nanofibers mark‐
edly improved the growth of HUVEC cells. On day 1 after seeding, the number of viable cells
was similar on both pure and diamond-coated SiO2 nanofibers. However, on day 4, the cell
number on pure SiO2 remained similar as on day 1, while on diamond-coated SiO2 nanofib‐
ers, it increased, and the cells formed islands (Figure 10).
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Figure 10. Human umbilical vein endothelial cells (HUVEC) cells grown on O-terminated SiO2 nanofibers (A, B) and
on O-terminated diamond-SiO2 nanofibers on day 1 (A, C) and on day 4 (B, D) after seeding. The cells were stained
with Live/Dead Viability/Cytotoxicity assay kit; living cells are stained in green and dead cells are stained in red.
Olympus IX 71 microscope, IX71 digital camera, scale bar = 200 μm.

4. Conclusions

Nanofibrous scaffolds is one of the most promising materials for tissue engineering. At the
experimental level, they have been used for construction or regeneration of almost all tissues
in the human organism. Nanofibers are also applicable for the drug and gene delivery, gene
silencing, biosensing, electrical stimulation of cells, and wound dressings. Nanofibers can be
fabricated from a wide range of materials, mainly from natural and synthetic polymers, but
also from ceramic and carbon materials, including SiO2 and diamond. The main method
recently used for fabrication of nanofibers is electrospinning. In order to enhance the attrac‐
tiveness of nanofibers for the cell adhesion and growth, they can be loaded with various
growth, angiogenic, and differentiation factors and/or functionalized with oligopeptidic
ligands for the cell adhesion receptors. Other important modifications which improved the
cell behavior on nanofibrous scaffolds were the activation of nanofibers by plasma treatment
or coating of nanofibers with fibrin, as revealed by our earlier studies. For hard tissue
engineering, the nanofibers can be reinforced with ceramic, metal-, or carbon- based nano‐
particles, or by biomineralization. In our earlier studies, addition of hydroxyapatite to
synthetic polymeric nanofibers increased the growth and osteogenic differentiation of human
osteoblast-like cells. However, the addition of diamond nanoparticles to these nanofibers had
controversial effects, which depended on the preparation method and physicochemical
properties of the nanoparticles. Diamond nanoparticles prepared by PACVD method had

Nanofibrous Scaffolds as Promising Cell Carriers for Tissue Engineering 1341 
http://dx.doi.org/ 10.5772/63707



stimulatory effects on the cell adhesion and growth, while the effects of diamond nanoparti‐
cles prepared by detonation synthesis were rather negative. A novel material promising for
tissue engineering is the diamond-coated SiO2 nanofiber, recently developed and tested by our
group.
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Abstract

Electrospinning process is commercially used to form nanofibers as scaffolds in tissue
engineering.  Similarities  in  morphology  of  electrospun  nanofibers  to  the  natural
extracellular matrix, flexibility, and low cost of the process contribute to their use in
regeneration of cartilage, ligaments/tendons, muscles, and bones. Required properties
are tailored by the use of appropriate polymers: polyesters, their copolymers, blends with
natural biopolymers such as gelatin, collagen, chitosan, or composites with nanoparticles.

In the case of one component fibers, factors strongly influencing the final diameter of the
electrospinning jet include volumetric charge density, distance between the needle and
the collector, needle diameter, and viscosity. A moderate effect is exerted by initial polymer
concentration, solution density, electric potential, and solvent vapor pressure.

In the case of blend fibers, the w/w% ratio of mixed polymers is an additional parame‐
ter of the electrospinning process. Addition of gelatin, collagen, and/or chitosan
influence the solution properties and, in consequence, fiber diameter, mechanical
properties, wettability, chemical structure, crystallinity, etc. Cellular response de‐
pends on electrospun fibers’ tailored morphology, chemical structure as well as
mechanical properties.

Electrospinning process is one of the success stories in nanotechnologies during the last
few years. Understanding of electrospinning process parameters enables tailoring of
electrospun nanofibers morphology, internal structure, and properties to appropriate
application. This opens up new possibilities in tissue engineering.

Keywords: electrospinning, tissue engineering, collagen, chitosan, gelatin, polyester,
nanofibers, scaffold
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1. Introduction

Natural and synthetic fibers have been used commonly in many applications. Silk, cotton,
cellulose fibers have been used in textile industry and in regenerative medicine. Fibers and
patches obtained by melt spinning, solution wet spinning, solution dry spinning, dry-jet wet
spinning, gel spinning, phase separation spinning, reaction spinning are performed in
diameter from nano to hundreds microns [1].

Electrospinning is one of the most common methods of nanofiber formation for the purpos‐
es of life science, protective clothing, filters, nanosensors, tissue engineering, drug delivery
systems, and other applications. Synthetic and natural polymers, their blends, and compo‐
sites with appropriate nanoparticles are used in the electrospinning process to form nano and
submicron fibers with architecture and properties suitable for appropriate applications [2].
Fibers formed in the electrospinning process are used in tissue engineering, regeneration of
cartilage, ligaments/tendons, muscles, and bones. Generally, the polymer and bioactivator
used in the electrospinning process determine application in a suitable direction.

About 30 different parameters influence transformation of a polymer solution into electro‐
spun nanofibers [3, 4]. These parameters include (a) the solution properties such as viscosity,
conductivity, and surface tension; (b) processing parameters such as the applied electric
potential at the capillary tip and at the collector, distance between the tip and the collecting
screen, solution flow rate; and (c) ambient parameters such as solution temperature, and
humidity [5]. Due to many parameters, the electrospinning process is the most used multi‐
purpose technique of nanofibers and patches formation.

In this chapter, we concentrate on nanofibers formed for tissue engineering applications.
Langer and Vacanti in 1993 [6] defined tissue engineering as an interdisciplinary field that
applies the principles of engineering and life sciences toward the development of biological
substitutes that restore, maintain, or improve function (of tissue) or a whole organ. Ideally, a
fibrous patch should mimic the shape and functionality of the native extracellular matrix
(ECM) [7]. Scaffolds formed in the electrospinning process show great potential to provide
ideal microenvironments for growth and proliferation of various kinds of cells. Synthetic,
natural polymers and their blends are used for electrospinning to combine advantages of both
components. Electrospinning patches show various morphology, architecture, surface, and
mechanical properties, which have strong influence on cell growth, spreading, activity, and
functions [8].

It is widely described that the morphology of electrospun nanofibers strongly depends on the
solution properties (determined by the type of polymer and solvent (for example, see [3, 4, 10])
and parameters of the process (applied voltage, flow rate, diameter of the needle (for exam‐
ple, see [11, 12]). Several studies describe the influence of the aforementioned parameters on
the molecular structure. Crystallinity of poly(ε-caprolactone) (PCL) has been described to
depend on the solvent type [13]. Investigations on poly(vinyl alcohol) (PVA) indicate an
increase of the molecular orientation with an increase of the polymer molecular weight (Mn)
[14]. Still, only few publications show influence of applied voltage on crystallinity of polyest‐
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ers used in tissue engineering. Investigations on cellulose nanofibers (collected on a static plate)
indicate an increase of crystallinity, with a local maximum value, as a function of applied
voltage [15]. Qualitative analyses of crystallinity and molecular orientation of electrospun
polyacrylonitrile (PAN) and poly(lactic acid) (PLLA) nanofibers indicate changes depending
on polymer concentration, rotation speed of the collector (drum), and thermal treatment.
Surface properties, such as stiffness, strongly depend on the molecular structure. Recent
reports of in-vitro studies suggest a relationship between cellular response and molecular
structure [16, 17].

Naturally occurring polymers, such as collagen (Col), Gelatin (Ge) and chitosan (Chit),
implanted into humans do not cause foreign body response so they are successfully used in
tissue engineering [18]. Major drawbacks are poor mechanical properties and variable physical
properties due to different sources of the protein matrices. Taking these criteria into account,
a hybrid of a natural polymer, such as Col, Ge or Chit, and e.g. PCL, represents a biocompat‐
ible and degradable polymer [19]. Bicomponent nanofibers combine the advantages of both
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Proteins like Col and Ge in fibres form simulate Col fibres in ECM. Chit is a semi-crystalline
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morphology, patch architecture, molecular, and supermolecular structure as well as mechan‐
ical properties influencing the cellular response during in-vitro study. It is not possible to refer
to all the literature on this subject; however, we show possible ways of tailoring the afore‐
mentioned properties by process parameters. This review is concentrated on pure polyesters
and bicomponent nanofibers with Ge or Col. Blends: PCL/Ge, PCL/Col were selected as those
which are considered very prospective in regenerative medicine and used in 3D scaffolds,
wound dressing, drug delivery systems [21, 22]. At the end of the chapter, we try to answer
the question which parameters are critical in the electrospinning process from the point of view
of the morphology, structure, and properties of nanofiber patches influencing their function‐
ality in tissue engineering.

2. Electrospinning process

Rayleigh was the first scientist who observed and described the electrospray process [23]. He
discovered that a droplet in high voltage splints into small droplets through voltage gradi‐
ent. This effect is named as “Rayleigh’s instability”. Nowadays, Zeleny [24] and Dole [25]
continued investigations of Rayleigh. Dozin noticed that droplets from the electric field
resemble aerosols in their external look (superficies) and properties [26]. Finally, electrospin‐
ning process was developed as a result of investigations on the electrospray process. The
interest in electrospinning increased significantly after patent publishing in 1934 [27], which

Tailoring of Architecture and Intrinsic Structure of Electrospun Nanofibers by Process Parameters for Tissue
Engineering Applications

http://dx.doi.org/10.5772/64177

57



described the formation of cellulose fibers. In 1990s, PET nanofibers were electrospun,
outlining new directions of scientific investigations and applications [28, 29].

Yarin and Reneker analyzed physics of the process and modeled the impact of parameters of
the process on the jet move and formed fibers morphology [30, 31]. Those investigations enable
understanding and controlling of the electrospinning process. Theoretical investigations of the
electrospinning process were translated into use in nanotechnology, medicine, and texture
industry by Kowalewski, Zussman, Wendorff, Ramakrishna and many others groups.

Every year, hundreds of publications and patents are published; according to Pubmed, for
“electrospinning & tissue engineering”, number of publication increased from 35 in 2006 to
262 in 2015; for “electrospinning & scaffolds”, from 29 in 2006 to 235 in 2015 . According to
available data [32], the highest number of issued patents is published in USA, China, South
Korea, Japan, and Germany. It has hugely increased mainly in Europe (17%) and South
Korea (7%). The top patent owners include companies such as DuPont (6%) and Donaldson
(4%), and universities, with a major focus of the overall patent portfolio on the development
of filtration media, methods, and apparatus. On the other hand, the process scale-up is still
largely an issue even for electrospinning technologies, with a lot of space for further improve‐
ments. For example, from technological point of view, single length of fiber should be tailored/
guided. In this case, electrospinning process exhibits poor reproducibility and accuracy in the
production stage [33].

The equipment for the electrospinning process consists of high-voltage power supply, syringe
with polymer solution, pump with controlled flow, and collector. Figure 1 illustrates the
schemas of vertical model of the setup.

Figure 1. Schema of the process.

Depending on application, plates, drums, wires, or grids are used as the collector [10, 34]. To
increase productivity of the process, multijet setups are used in industry and selected scientific
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labs [35]. Usually, home-made equipment is located in a laminar chamber, in rooms where
temperature and humidity is controlled. Over the years, different methods of electrospin‐
ning have been considered: force spinning, multijet spinning, core-shell spinning, force-
spinning, needleless-spinning, etc. (for example, see [10]).

The following companies offer commercial electrospinning supplies: Elmarco (www.elmar‐
co.com), NaBond (www.electro-spinning.com), Holmarc Opto-Mechatronics (www.hol‐
marc.com), E-Spin Nanotech (www.espinnanotech.com), Linari Engineering
(www.linaribiomedical.com), Kato Tech (www.keskato.co.jp), Mecc Co. (www.mecc.co.jp),
Toptec (www.toptec.co.kr), Electrospinz (www.electrospinz.co.nz), Electrospunra
(www.electrospunra.com), IME Technologies (www.imetechnologies.nl), Yflow
(www.yflow.com), and Inovenso (www.inovenso.com) [33].

3. Fundaments of electrospinning

Simplistically, high voltage is applied to the needle of the syringe with polymer solution.
Electrostatic forces move the charges in the solution in the direction of the collector. Those
forces exert effect on the solution droplet and deform it. Outflow of the solution (controlled
by a dosing pump) and overrun of the critical value of the electrical field initialize flow of the
solution into the collector. The solution is stretched under the high voltage into a thin jet. The
solvent evaporates from the jet and formed fibers fall down on the collector [3].

Several steps can be distinguished during fiber formation in the electrospinning process
(Figure 2):

Figure 2. Zones during fibers forming in electrostatic field.

3.1. The solution in the needle

The first fiber forming zone, in the needle follows on initial orientation of the macromole‐
cules solution to the transversal velocity gradient. In this case, the degree of orientation is
determined by the ratio of the velocity gradient transverse to the rotational diffusion con‐
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stant or the product of the gradient of the transverse flow rate of the solution and the relaxa‐
tion time. Thus, the degree of orientation of the liquid jet leaving the needle increases with
increasing flow rate and the length of the needle [36, 37].

3.2. Taylor cone

A drop of the solution after leaving the needle is exposed to an electrostatic field and takes the
shape of a cone. Charge of the electric field is balanced by the forces of surface tension of the
solution that changes it from a drop into a spherical cone. It creates a so-called Taylor cone at
an angle of 49.3 degrees [38]. By the action of the electrostatic field, charges accumulated on
the surface of the cone of the solution coexist with a higher charge density at the tip of the cone.
The charge on the tip of the cone increases until exceeding the critical value at which the
polarization reaches a value in excess of energy surface tension of the solution. The density of
the charge at the top of the Taylor cone, which balances the surface tension of the polymer
solution, is called the critical polarization Vc. After exceeding the critical value of polariza‐
tion (V > Vc), the viscoelastic solution flows from the Taylor cone and there is a reduction in
electrostatic charge density on the surface of the jet. Taylor showed that Vc can be described
as [37]:
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where Vc is critical polarization, H is distance of the needle to the collector, L is length of the
needle, R is radius of the needle, and γ is surface tension of the solution.

After crossing Vc, the solution takes the form of a linear jet, being subjected to tension in the
electric field (Figure 3).

Figure 3. Changes in droplet shape under different forces, where V is solution polarization and Vc is critical polariza‐
tion.

3.3. Rectilinear jet of the solution

Zone of the rectilinear jet, leaving the ʺTaylor coneʺ is subjected to the electric field. Whereby
the accumulation of electrostatic charges appears at the surface that causes the surface layer
of the light polarization. In the layer of the surface of the solution, dipole (bipolar) layer electric
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is formed. This layer has always one type of charges facing toward the exterior surface and
the other inside the jet.

Generated charged jet of the solution is defined by density of surface charges and electric
potential. Aerial density of charges is varied along the length of the straight jet, due to
Coulomb’s law [39, 40].

In the fiber formation process, in a strong electrostatic field, the stretching of the jet reaches
very high values. When the jet of the solution is straight, the stretching value is approximate‐
ly 1000 times [39].

3.4. Disabilities in the rectilinear jet

Accumulated polarized charges on a straight stream interact with the generated electrostatic
field and a specific wavelength stream is formed at the critical value of the electrostatic charge,
initiating the formation of a large gradient flowing stream of the solution. Under these
conditions, the release of internal cohesion trickles, and the solution begins to flow rapidly,
causing turbulence of the straight section of the stream. The effect of turbulence is in the form
of a cone. It changes the straight stream of traffic solution in a conical spiral motion that results
from changes in the energy system. When the stream is subjected to bending, stretch reaches
approximately 25,000 times [37].

3.5. The spiral movement of the solution and solvent evaporation

The spirals of the polymer solution are the result of exceeding the cohesive energy inside of
the straight section of the stream by the value of the energy of the electrostatic field. As a result
of these energy changes, the straight jet of the solution starts to form a cone of the spirals
increasing in diameter.

Figure 4. Influence of electrospinning process parameters on morphology and molecular structure.

Descriptions of the causes and effects of instability in a spiral cone spray can be found in many
works by Reneker et al. [36, 41, 42].

About 15 main parameters of the process are distinguished. It is possible to divide them into
three groups related with parameters of the process, setup, and ambient conditions (Figure 4).
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Morphology describes diameter, shape, porosity, topography of the single fiber surface and
also pillarization (architecture), fiber association, total porosity of the patches. Morphology of
single fibers and patches is mostly described in literature by scanning electron microscopy.
Fibers formed in the electrospinning process are characterized by a diameter of 50–2000 nm.
The mean fiber diameter depends on the polymer, solvent type, and equipment parameters
(Figure 5) [11, 31]. Dry fibers, which are uniform in morphology, are electrospun in a nar‐
row range of process parameters, called a window process. All parameters of the process have
to be optimized to form beads-free uniform fibers [44].

Figure 5. Fibers diameter as a function of the parameters related to (a) forces in solution jet and (b) polymer mass [10].

One of the first systematic descriptions of the influence of the process parameters on fiber
morphology was prepared by Tan et al. [10].

In this simplification, parameters of the process were grouped into parameters which influence
the jet elongation—electrical forces (blue line) and parameters which are related to the polymer
mass (orange line). Each of them is divided into two individual groups: primary, exerting a
stronger impact, and secondary, not playing such a significant role.

Primary parameters related to the polymer solution include electrical conductivity of the
solvents and polymer concentration. Secondary parameters are related to applied voltage and
flow rate. Generally, when impact of electrical conductivity of the solvent and applied voltage
is lesser, thinner fibers are electrospun (smaller diameter); after achieving some maximum
fibers with beads or only beads are formed. On the other hand, increase in polymer concen‐
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tration, flow rate, and applied voltage contribute to smaller solution mass. As a consequence,
thicker fibers are formed. Fibers with beads are formed when jet elongation is too effective or
carried polymer mass is too low [45].

Deitzel et al. [45] reported that solution parameters had a stronger effect on fiber morpholo‐
gy than applied voltage. His observations overlapped with those of Ramakrishna et al., who
found that too high applied voltage led to beads formation.

Results of the Thompson et al. model [31] indicate five parameters with a strong influence on
the final diameter of the electrospinning jet, five parameters that have a moderate effect, and
three parameters with only a minor effect on the fiber diameter. The most significant effect on
the jet radius is exerted by volumetric charge density, distance from nozzle to collector, initial
jet/orifice radius, relaxation time, and viscosity. The other parameters (initial polymer
concentration, solution density, electric potential, perturbation frequency, and solvent vapor
pressure) have a moderate effect on the jet radius. Parameters such as relative humidity,
surface tension, and vapor diffusivity have a minor effect on the jet radius.

4. Materials

Biodegradable, synthetic polymers such as PCL, polylactic acid (PLA), polyglycolic acid (PGA)
and their copolymers, less frequently used poly-3-hydroxybutyrate (PHB), polyurethane (PU)
and natural polymers (biopolymers) are used in tissue engineering [4, 36]. Natural polymers
like Col, Ge, Chit, elastin, silk, and keratin are commonly investigated. During the last few
years, blends of synthetic polymers and biopolymers, or nanocomposites with nanoparticles
(Au, Ag, hydroxyapatite [41, 46], carbon nanotubes [42], etc.) have been formed to combine
their properties and enhance functionality. To enhance biological properties, the fiber surface
is modified by plasma, chemical assembly, growth factors, and drugs. Another trend is
addition of encapsulated cells, viruses [47].

This chapter concentrates on an analysis of literature about electrospun polyester and blends
of polyesters with biopolymers: Ge, Col, Chit. Polyester properties and chemistry are pro‐
foundly described in literature [33, 44].

Col is the most commonly used natural material for cartilage regeneration. In the native tissue,
it represents 90% of the cartilage skeletal tissue. Col is a natural polymer with a triple helical
structure which contains sequences enabling cell adhesion, migration, and differentiation [48].
Additionally, Col type II has a high amount of bound carbohydrate groups, allowing Col
scaffold-water interaction. Col can be easily formed into various scaffold architectures. Most
common forms analyzed and applied are gel [37, 43], sponges [49, 50], and fibers [51]. There
are several scaffolds dedicated to tissues regeneration made from bovine Col type I (Ne Celsius
degreesart, Histogenics Corporation, Waltham, MA) or rat-tail Col type I (CaReS-1S, Arthro-
Kinetics, Esslingen, Germany) [52].

Ge is a natural polymer, a denatured form of Col. It is obtained by controlled hydrolysis of
Col. Two types of Ge can be distinguished: Type A—extracted and processed by acidic pre-
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treatment from Col and Type B—obtained by alkaline pre-treatment [53]. Ge has been widely
used because of its biological origin, biodegradability, biocompatibility, and commercial
availability at a relatively low cost. The only disadvantage of Ge is its solubility in water
without special treatment like cross-linking [54]. Nowadays, it has been used as sealant for
vascular prostheses [55, 56], in drug delivery systems [33, 57, 58] or dressings for wound
healing [59, 60]. Fiber and sponge forms are also obtained by various methods. Nevertheless,
mixing Ge with other polymers, mostly synthetic polymers, is common practice [22, 61]. Ge is
already commercially used in wound dressings and as hemostatic sponges as well as bone
scaffold (Comfeel Plus, Duoderm, Granuflex, Ultec, 3M Tegaderm Hydrocolloid; Gelfoam is
also used [62].

Chit is a semi-crystalline polysaccharide polymer. It is produced commercially by deacetyla‐
tion of chitin from skeletons of crustaceans (crabs, shrimp) and cell walls of fungi. Chit is found
at least in 60% of deacetylated chitin [63]. Due to the high structural similarity to glycosami‐
noglycans, which build ECM of the cartilage tissue, it is commonly used in scaffolds for
cartilage regeneration [64]. Its degradation products: chondroitin sulfate, dermatan sulfate,
hyaluronic acid, keratin sulfate, and glycosylated type-II Col are nontoxic and they are easily
involved in synthesis of articular cartilage. Positive charge of Chit macromolecules is respon‐
sible for some problems with electrospinning uniform fibers from its solutions. On the other
hand, the positive charge of D-glucosamine residues in Chit helps in interaction with nega‐
tively charged compounds from the cell membrane, which has effect on analgesic activity and
inhibition of RNA synthesis of microorganisms [65].Chit is commercially used for cartilage
regeneration and wound healing [66].

5. One component fibers

Fibers electrospun from one polymer type are analyzed as a prospective material for tissue
engineering applications. This summary concentrates mostly on PCL, as one of the most
biocompatible, biodegradable, and promising polymers used in regenerative medicine.
However, many papers about poly(ethylene oxide) (PEO) are also mentioned because it was
the main demonstrator of the relationship between parameters of the electrospinning process
and properties of the fibers formed.

5.1. Solution parameters

Type, concentration of the polymer, and solvent type determine the solution properties
(density, boiling point, dipole moment, etc.). Those properties like viscosity, electrical
conductivity, surface tension are critical for morphology and structure of electrospun single
fibers and fiber patches.

Solution viscosity is highly related to polymer molecular chains entanglement; low polymer
concentration and/or low molecular weight yield lacks chains engagements. As a conse‐
quence, lack of polymer chains in the jet attacks in opposition to surface tension attacks in
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opposition to surface tension. Because of that, beads (so-called Rayleigh instability) are formed.
Critical chains engagement is necessary to form uniform fibres.

Solution viscosity depends on the polymer type, its concentration, and solvent type. Taking
into account manure parameters, it is possible to obtain appropriate solution viscosity for
effective electrospinning process [3, 67]. Fong was one of the first people who described
influence of viscosity on morphology of PEO fibers formed from aqua solution [12]. Beads
were observed below defined viscosity, number of beads decreased with an increase in
viscosity; the shape of beads changed from globular to spherical. After overrunning some
critical value, bead-free fibers are formed. The diameter of uniform fibers changes with the
polymer concentration.

The influence of the polymer concentration of aqueous PEO solutions on solution viscosity,
surface tension, and diameter of electrospun fibers was evaluated [49]. Surface tension of the
solution decreased with the polymer concentration, in opposition to the viscosity increase.
However generally, the mean diameter of fibers increased with polymer concentration.

Molecular weight of a polymer also plays a significant role in formation of uniform fibers. PVA
fibers electrospun from different molecular weight were analyzed. Electrospinning of low
molecular weight PVA decide about electrospray forming and/or bead fibers formation [68].

Influence of molecular weight and polymer concentration on chains engagement was analyzed
for some polymers and solution entanglement number (ne)s was determined [69].

( ) ( )ne  Mw/ Me s=s

where (Me)s is the entanglement molecular weight in solution, Mw is the weight-average
molecular weight.

Figure 6. Fibers electrospinning in relations to solution entanglement number (ne)s and Mw in function of solution
concentration (a) PLA and (b) PS [70].
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Horizontal lines electrospray (beads), fibers with beads (fibers + beads) and fibers (Figures 6a
and 6b). Crosscut of the diagonal lines related to Mw of the polymer (blue, red, black, green)
with horizontal lines (ne)s determines range of bead-free electrospun fibers. Examples: Mw
670kDa PLA below 4%, Mw 109kDa PLA below 32% uniform fibers were electrospun (Figure
6a).

PLA was electrospun from solutions differing in dichloromethane (DCM) concentration [71].
Viscosity and surface tension of the solution increased with polymer concentration; however,
a decrease in electrical conductivity was recorded. Average fiber diameter and standard
deviation of the diameter increased with the solution concentration. Analyses of electrical
conductivity by pyridine additives were also performed.

Solution surface tension depends on the surface tension of the solvent, polymer concentra‐
tion, and polymer molecular weight. Surface tension of the solution associated with low
polymer concentration is usually higher than polymer chains engagement. Uniform distribu‐
tion of the electrical charges possibly due to proper surface tension and viscosity (polymer
concentration) enable formation of uniform fibers, free of beads [72]. Fiber diameter increas‐
es as a function of polyesters concentration. Electrical conductivity, dielectric constant, and
viscosity enhance the effectiveness of forces applied to the solution [43].

Solutions characterized by relatively high electric conductivity carry more electrical charges
during the electrospinning process. High charges density leads to effective stretching of the
jet through repulsion of one sign charges. A highly conductive solvent eliminates high voltages
during the process (deranging the process stability). Addition of DMF increases the solution
conductivity; however, after exceeding a certain volume, beads are formed in the electrospin‐
ning process [73]. It is possible to enhance electrical conductivity by addition of polyelectric
polymers with high electrical charge, like Ge and slats (e.g., NaCl).

Dielectric constant supports formation of uniform fibers; however, similarly to electrical
conductivity, too high dielectric constant leads to beads formation.

Windows process for some polyesters has been described in literature [3, 19, 73].

Usually, round cross-section, ribbons or branched fibers are electrospun under certain
conditions [65, 74]. The phenomenon of formation of ribbon fibers was described using gelatin
as an example. During rapid evaporation of the solvent from the surface of the jet, the skin is
formed; under air pressure fibers are pressed and ribbons are formed [42].

On the surface of electrospun fibers, pores are formed. They influence chemical and physical
properties (tension, wettability). Surface porosity arises from the solvent type or ambient
conditions [75].

Fewer descriptions of the influence of electrospinning parameters on crystallinity and
molecular structure have been found than on morphology.

Crystallinity of electrospun fibers and casted films was determined from wide-angle X-ray
scattering (WAXS) data by Lee [76]. A higher degree of crystallinity was estimated for casted
films than for fibers. Intensity of peaks from PCL crystals (I from 110/I from 200) of electro‐
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tion of the electrical charges possibly due to proper surface tension and viscosity (polymer
concentration) enable formation of uniform fibers, free of beads [72]. Fiber diameter increas‐
es as a function of polyesters concentration. Electrical conductivity, dielectric constant, and
viscosity enhance the effectiveness of forces applied to the solution [43].

Solutions characterized by relatively high electric conductivity carry more electrical charges
during the electrospinning process. High charges density leads to effective stretching of the
jet through repulsion of one sign charges. A highly conductive solvent eliminates high voltages
during the process (deranging the process stability). Addition of DMF increases the solution
conductivity; however, after exceeding a certain volume, beads are formed in the electrospin‐
ning process [73]. It is possible to enhance electrical conductivity by addition of polyelectric
polymers with high electrical charge, like Ge and slats (e.g., NaCl).

Dielectric constant supports formation of uniform fibers; however, similarly to electrical
conductivity, too high dielectric constant leads to beads formation.

Windows process for some polyesters has been described in literature [3, 19, 73].

Usually, round cross-section, ribbons or branched fibers are electrospun under certain
conditions [65, 74]. The phenomenon of formation of ribbon fibers was described using gelatin
as an example. During rapid evaporation of the solvent from the surface of the jet, the skin is
formed; under air pressure fibers are pressed and ribbons are formed [42].

On the surface of electrospun fibers, pores are formed. They influence chemical and physical
properties (tension, wettability). Surface porosity arises from the solvent type or ambient
conditions [75].

Fewer descriptions of the influence of electrospinning parameters on crystallinity and
molecular structure have been found than on morphology.

Crystallinity of electrospun fibers and casted films was determined from wide-angle X-ray
scattering (WAXS) data by Lee [76]. A higher degree of crystallinity was estimated for casted
films than for fibers. Intensity of peaks from PCL crystals (I from 110/I from 200) of electro‐
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spun Fibers was compered to peaks from casted films. Additionally, radial profiles of WAXS
indicate partial orientation of PCL crystals along the fiber main axis in case of electrospun
fibres.

Crystallinity was also diversified by different types of solvents. Thermal analyses, such as
differential scanning calorimetry (DSC) and Raman spectroscopy, revealed lower crystallini‐
ty of PCL fibers electrospun from chloroform than from hexafluoroisopropanol (HFIP) [19].
The diameter of electrospun fibers, determined by properties of solvents, was not taken into
account.

Influence of average Mw on molecular orientation was characterized using PVA as an
example [77]. WAXS data indicate higher molecular orientation of PVA fibers electrospun from
polymers characterized by higher molecular weight. It correlates with increase of crystallini‐
ty of fibers electrospun from PVA with higher Mw.

By optical microscopy (dark field), optical birefringence of PEO electrospun fibers was
determined [78]. Degree of birefringence was not analyzed. In another publication, ordering
of polymer macromolecules in the direction of the electric field was found in the needle [79].

Morphology and molecular structure of a single electrospun fiber influences mechanical
properties.

Figure 7. PCL fibers illustrated by AFM, electrospun from 10% solutions (a) 150 nm and (b) 450 nm [81].

Nanometric PCL fibers indicate higher Young’s modulus than submicron ones [80]. It was
observed that thin fibers (electrsopun from solution with low concentrations) were character‐
ized by higher crystallinity than submicron fibers. It is opposite to publications which suggest
increase in crystallinity with polymer concentration (fiber diameter). Authors suspect increase
in molecular orientation with fiber diameter. Fibril structure of nanometric fibers and lamellar
structure of submicron fibers was illustrated by atomic force microscopy (AFM) (Figures 7a
& Figures 7b ). Fibrils consist of staggered crystal and amorphous phases; lamellas consist of
densely located lamellas and non-oriented amorphous phase.

Young’s modulus of single fibers was analyzed in nanoindentanion mode by AFM for PLLA,
PCL, Col fibers [82]. Analyses indicate higher Young’s modulus of nanometric fibers than
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submicron ones [83]. It can be related to the higher order of chains in thin fibers and smooth
surface.

Young’s modulus decreases with fiber diameter, the increase in fiber diameter is observed for
fibers electrospun from PCL solutions with concentration from 10–14 wt% [81]. In the same
publication, significant elongation at break increase is observed with an increase in polymer
concentration. These observations are confirmed on PVA [84]. Young’s modulus determined
from AFM in nanoindentation mode indicates decreased stiffness in fiber diameter. The
analysis was performed for solution with 8% concentration. For polyvinylidene fluoride
(PVDF) and PCL fibers, a decrease of Young’s modulus as a function of diameter was
observed [85].

5.2. Setup parameters

One of the most significant parameters in electrospinning process is applied voltage. Applied
voltage regulates charges to the solution droplet. Density of the applied voltage, as value of
applied charges on the surface of the droplet is described by applied voltage, distance between
the needle and collector, and solution conductivity. It has to be related to the solvent type and
polymer concentration.

Demir et al. [39] used polyurethane fibers and noticed that jet diameter increased with applied
voltage; however, threshold voltage (necessary for start of the process) strongly depends on
solution concentration [86].

Influence of applied voltage on the fiber diameter was found for PCL fibers electrospun from
HFIP solution. Fiber diameter increases with same maximum value for fibers electrospun with
different applied voltages in range of 7–20 kV [40].

Description of the applied voltage influence on crystallinity was not found for polyesters.
Crystallinity as a function of applied voltage was found for cellulose fibers electrospun on
plate [11]. Analyses indicate an increase of crystallinity with voltage, followed by a decrease
of crystallinity after achieving a certain maximum value. It is explained as a result of power‐
ful dynamics of crystallinity in high voltage which falters after the critical voltage is exceed‐
ed by longer distance fibers falling down.

Volume expansion of the solution is regulated by the flow rate settled by a medical pump.
Flow rate is critical in Taylor cone formation; as a consequence of too fast flow rate, beads are
formed, in the case of too slow flow rate, the needle clogs [15, 70].

Length nozzle optimization was also described. With the length of needles, polymer chains
orientation increases in the jet and standard deviation of diameter of electrospun fibers
decreases [87].

An appropriate distance between the needle and collector enables solvent evaporation which
also strongly influences the fiber morphology (single, not agglomerated fibers).

Fibers from poly(hydroxybutyrate-co-hydroxyvalerate) (PHBV) were electrospun using
positive applied (PV) and negative applied voltage (NV) [88]. In both PV and NV, it was found
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that the fiber diameter generally increased with increasing the solution concentration and
increasing inner diameter but decreased with increasing the working distance, while the
solution feeding rate did not significantly affect the fiber diameter. However, the fiber diameter
increased with increasing PV but decreased with increasing NV. Polarity of the applied voltage
did not significantly affect the water contact angle, which suggests no influence on the chemical
structure of fibers. In the case of polyamide 11, changes of surface chemistry were observed
while comparing fibers electrospun using NV and PV [76].

The architecture of electrospun patches depends on the collector type. Usually, fibers are
electrospun on plates, drums, wires, and grids. Porosity of the patches may be changed by
using different types of collectors [18]. Fibers electrospun on plate are of a random architec‐
ture, fibers electrospun on a drum are orientated in the direction of the drum rotation. Degree
of fiber polarization is regulated by the speed of drum rotation and applied voltage [9, 89].
Fibers collected on drum have lower diameter than those collected on plate because of
stretching during collecting (provided other parameters remain constant).

Porosity of electrospun fibers is within 60–92%, with the size of a single pore within the range
of 1–465 μm [90].

Intensity of peaks registered by WAXS of PLLA fibers change depending on polymer
concentration and degree of stretching; increase in molecular orientation and crystallinity was
found as a function of degree of stretching (comparison: 63m/min and 630m/min) [15]. Peaks
intensity increases with concentration, additionally with fibers annealing.

Molecular orientation of PAN electrspun fibers increases with the speed of drum rotation of
0–12.3 rot/min. Tailoring the rotation speed makes it possible to electrospin fibers of demand‐
ed molecular orientation [91]. High-speed rotation also guarantees paralyzation of electro‐
spun fibers.

Mechanical analyses of electrospun fibers and patches are performed using AFM and
traditional stress-strain equipment like INSTRON. The latter is more related to whole patches
than single fibers. Typically, Young’s modulus and maximum strain are determined.
Differences in calculation arise from consulting real fibers amount on the sample cross-section.

In general, fibers collected on a drum display higher strength than those collected on a plate,
which is related to molecular orientation of fibers collected on a drum [40].

5.3. Ambient conditions

Temperature plays a significant role during solvent evaporation. Time of crystallization
decreases with the rising temperature which correlates with a weaker degree of crystallinity
in the shorter time [3, 40]. Changes of temperature also lead to fiber porosity [15].

Air humidity has an effect on electrical conductivity of the ambient environment. Fiber
diameter decreases with humidity when we change it from 30–50% [3]. Relatively low applied
voltage and high viscosity can be used in 50% of humidity. Changes of humidity also influence
surface porosity of a single fiber [92].
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Usually, the electrospinning process takes place in air atmosphere; however, electrospinning
in atmospheres of different gases is possible.

Temperature and humidity are not strictly controlled, as a consequence not so many research‐
es describe influence of these parameters on fiber morphology and structure.

6. Bicomponent fibers with Col, Ge, and Chit

In the last few years, some literature has confirmed positive influence of biopolymer addi‐
tive on the functionality of electrospun patches in tissue engineering applications. Most
common biopolymers added to synthetic polymers are Col, Ge, and Chit.

6.1. Fibers with Col and Ge

Biopolymer additives to polyester influence the morphology as well as molecular and
supermolecular structures of electrospun fibers. This part of description concentrates on
blends with Ge and Col. Synthetic/biopolymer w/w% ratio is a subsequent parameter of the
solution parameters group.

A decrease in fiber diameter was observed as a function of applied biopolymer or poly-lactic-
co-glycolic acid (PLGA)/Ge and poly(lactide-co-ε-glycolic acid) (PLCL)/Ge blends [93].
Additionally, smaller fiber diameter and pore size of the patches electrospun on a drum in
comparison to fibers collected on a plate were seen.

From the viewpoint of tissue engineering application (in-vitro and in-vivo study), miscibili‐
ty (compatibility) of both polymers or interactions of their chemical groups seem to be
important. Literature about miscibility of biopolymer and polyesters is sketchy and inconsis‐
tent.

Phase separation of Ge/PCL (1:1) in tetrafluoroethylene (TFE) and its consequences on
electrospun fibers were analyzed by Feng et al [81, 94] and continued by Xue et al. [95].
Fluorescence observation of the FITC-conjugated Ge/PCL/TFE solution and dynamic light
scattering (DSL) methods confirm the phase separation in the mixed solution. Phase separa‐
tion leads to electropsun fibers splashing, bonding, and distribution in fiber diameter. Small
addition of acetic acid to solution was found to lead to the opaque solution becoming
transparent immediately without occurrence of precipitation for over 1 week. Nanofibers
formed from solution with acetic acid are thinner, smoother, and more uniform. Increase in
tensile strength and decrease in strain at break in fibers electrospun without acetic acid was
observed [96].

Miscibility of polymer depends on glass temperature Tg. It is known that Tg value of misci‐
ble blends is between the values of those for both components [97]. In immiscible blends, two
separate Tg values are observed [98].

Tg is usually determined from DSC data. However, it depends on the ambient temperature
and humidity, so changes are not always connected exclusively with both components’
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miscibility. Euna et al. [99] describes strong influence of water on Tg of Ge. Tg of some blends
within effect from crystal melting of one component PCL/Ge (Tg of Ge about 48°C), which
impedes miscibility analyses from Tg.

Zhang et al. observed phase separation in PCL/Ge blends electrospun from TFE. As a
consequence of leaching, pores on the surface of electrospun fibers appeared [100].

Phase separation was observed for PLLA/Ge in the analyses. Observation by transmission
electron microscopy (TEM) illustrated Ge phase located along fiber axes (Figure 8) [86].

Figure 8. TEM observations of PLLA/Ge. (a) 3:1, (b) 1:1, and (c) 1:3 [101].

Fourier Transform Infrared Spectroscopy (FTIR) analyses of the Chit-PEO fibers indicate
modified spectrum (between both polymers) [102].

In the article, Electro-spinning of pure collagen nano-fibers – Just an expensive way to make Ge?, polar
solvent denaturants helixes structure of peptides are shown. HFIP, TFE probably destroy weak
hydrogen bonds related to helixes structure [103].

DSC curves for PCL in PCL/Ge blends indicate overlapping of signals from both compo‐
nents (PCL,Ge) and dependence of PCL crystallinity on solvent type [19]. Crystallinity of PCL
in PCL/Ge 50:50 from HFIP and TFE data was found to be 0.20 and 0.25, respectively.
Miscibility of PCL/ Ge blends analysed from WAXS data was proved by shifts of peaks from
PCL crystals (shifts of 110, 200).

Molecular orientation also changes with addition of Ge to PCL, as was observed on drum-
collected fibers [79]. PCL crystallinity increases in the presence of a small amount of Ge.

In patches functioning as 3D cells scaffolds, wettability plays a significant role. Polyesters are
hydrophobic, the contact angle of PCL is 109° [104], Ge 76° [105], Col 50°. PCL/Ge, PLGA/Ge
blends show higher wettability than pure polymers, the contact angle is within 0–20° [72]. Lack
of additives of this parameter has not been clearly explained in literature. In some publica‐
tions, it is described as a result of ordering nonpolar groups of polymer in proximity of
synthetic polymer; in some others, ionization of Ge is considered to play a significant role.

6.2. Fibers with Chit

Solution prepared from pure Chit and 90% acetic acid showed an increase in viscosity with
higher Chit concentration. Uniform fibers are easily electrospun for Mn 106 kDa; for 30 kDa,
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the engagement of chains was too small, so beads were formed, for 398 kDa, driven mass was
too high to be driven by applied voltage, so again beads were formed [106]. Electrospinning
window process of Chit dissolved in acid aqueous solution was determined by Vrieze et al.
[107]. Optimal values of electrospinning parameters to form uniform fibers are Chit concen‐
tration of 3%, concentration of acetic acid of 90%, collector-needle distance of 10 cm, solution
flow rate of 0.3cml/h, applied voltage of 20 kV. Use of these parameters leads to the forma‐
tion of uniform fibers, with a diameter of 70 ± 45 nm.

In the case of PCL/Chit blends, an increase of conductivity was observed with an addition of
Chit to PCL [108], as a consequence, an increase in the diameter of fibers electrospun from
blends in comparison to those from pure PCL was observed.

Chen et al. analyzed changes of diameter as a function of PLCL/Chit (1:1 mol %) concentra‐
tion and ratio of PLCL/Chit [109]. Analyses indicate a decrease in the fiber diameter in the first
case, and a decrease in diameter with aggregate polymers concentration. Increase of porosi‐
ty and pore size was observed with Chit to PLCL additive. The porosity of patches electro‐
spun from blends decreased in the case of collection-oriented fibers (drum collector) in
comparison to fibers collected randomly on a plate or grid [131].

Peaks observed on FTIR spectra of PCL/Chit fibers, at 1675 and 1530 cm–1 correspond to the
stretching of amide and protonated amine groups resulting from residual trifluoroacetic
acid (TFA), as was also reported by Sangsanoh and Supaphol [110]. Spectra indicate that there
is no miscibility between PCL/Chit chains, so no covalent bonding between the polymers
occurred [111, 112]. The authors suggested that only physical interactions, such as the
intermolecular hydrogen bonding between the carbonyl group of PCL and hydroxyl or
ammonium ions of Chit between the Chit and PCL, remained. PCL/Chit fibers incubated in
cell culture media for two weeks did not swell. This capability of retaining structural integri‐
ty in an aqueous environment confirms interaction of chains, possibly by engagement of Chit
chains by PCL macromolecules.

XPS data confirm differences in surface analyses of blend electrospun using NV and PV applied
to the needle [107].

Fibers electrospun from pure Chit are fully amorphous; polyesters and copolymers usually
display crystallinity. WAXS observations indicate that blends elctrospun from PLCL/Chit (1:1)
exhibit less crystallinity than pure electrospun PLCL. It suggests that Chit destroyed most of
the regular arrangements of PLCL [131].

In the case of PCL/Chit blends, the intensity of the higher peak tends to decrease with the
increase in the Chit weight content [113]. It is also evident that the peak position shifts to a
smaller angle with the addition of Chit. It has been demonstrated that the conjugation of PCL
with Chit suppresses the crystallization of both Chit and PCL to a certain extent. It has also
been suggested that Chit and PCL chains are well mixed at a molecular level.

Decrease in tensile stress and ultimate strain and stiffness with Chit to PLCL [131], PCL
addition was observed [135].

Nanofiber Research - Reaching New Heights72



the engagement of chains was too small, so beads were formed, for 398 kDa, driven mass was
too high to be driven by applied voltage, so again beads were formed [106]. Electrospinning
window process of Chit dissolved in acid aqueous solution was determined by Vrieze et al.
[107]. Optimal values of electrospinning parameters to form uniform fibers are Chit concen‐
tration of 3%, concentration of acetic acid of 90%, collector-needle distance of 10 cm, solution
flow rate of 0.3cml/h, applied voltage of 20 kV. Use of these parameters leads to the forma‐
tion of uniform fibers, with a diameter of 70 ± 45 nm.

In the case of PCL/Chit blends, an increase of conductivity was observed with an addition of
Chit to PCL [108], as a consequence, an increase in the diameter of fibers electrospun from
blends in comparison to those from pure PCL was observed.

Chen et al. analyzed changes of diameter as a function of PLCL/Chit (1:1 mol %) concentra‐
tion and ratio of PLCL/Chit [109]. Analyses indicate a decrease in the fiber diameter in the first
case, and a decrease in diameter with aggregate polymers concentration. Increase of porosi‐
ty and pore size was observed with Chit to PLCL additive. The porosity of patches electro‐
spun from blends decreased in the case of collection-oriented fibers (drum collector) in
comparison to fibers collected randomly on a plate or grid [131].

Peaks observed on FTIR spectra of PCL/Chit fibers, at 1675 and 1530 cm–1 correspond to the
stretching of amide and protonated amine groups resulting from residual trifluoroacetic
acid (TFA), as was also reported by Sangsanoh and Supaphol [110]. Spectra indicate that there
is no miscibility between PCL/Chit chains, so no covalent bonding between the polymers
occurred [111, 112]. The authors suggested that only physical interactions, such as the
intermolecular hydrogen bonding between the carbonyl group of PCL and hydroxyl or
ammonium ions of Chit between the Chit and PCL, remained. PCL/Chit fibers incubated in
cell culture media for two weeks did not swell. This capability of retaining structural integri‐
ty in an aqueous environment confirms interaction of chains, possibly by engagement of Chit
chains by PCL macromolecules.

XPS data confirm differences in surface analyses of blend electrospun using NV and PV applied
to the needle [107].

Fibers electrospun from pure Chit are fully amorphous; polyesters and copolymers usually
display crystallinity. WAXS observations indicate that blends elctrospun from PLCL/Chit (1:1)
exhibit less crystallinity than pure electrospun PLCL. It suggests that Chit destroyed most of
the regular arrangements of PLCL [131].

In the case of PCL/Chit blends, the intensity of the higher peak tends to decrease with the
increase in the Chit weight content [113]. It is also evident that the peak position shifts to a
smaller angle with the addition of Chit. It has been demonstrated that the conjugation of PCL
with Chit suppresses the crystallization of both Chit and PCL to a certain extent. It has also
been suggested that Chit and PCL chains are well mixed at a molecular level.

Decrease in tensile stress and ultimate strain and stiffness with Chit to PLCL [131], PCL
addition was observed [135].

Nanofiber Research - Reaching New Heights72

Pure Chit is hydrophilic (contact angle of about 67°, while polyesters are usually hydropho‐
bic. Contact angle of PCL/Chit blend fibers increases from 109° for PCL/Chit 3:1 to 82° for 1:3
blend [135].

7. Biological investigation on one- and bicomponent electrospun fibers

In general, the product dedicated to use in tissue engineering should provide a repeatable and
long lasting effect on treated tissue. Because of that, scaffolds should fulfill the following
conditions connected with their functionality and the manufacturing process:

a. Biocompatible and bioresorbable;

b. Three-dimensional (3D) form which encourages formation of tissue;

c. Highly porous structure; interconnected/permeable pore network;

d. Mechanical properties suitable for application;

e. Controllable degradation rates;

f. Surface chemistry suitable for cellular attachment, proliferation; good connection with the
surrounding tissues;

g. Production of scaffold should be easy and give repeatable results;

h. Prepared product should be easy in application; and

i. Price of the product should be affordable.

Electrospinning process is flexible enough to fulfill all of these requirements. Fibers from
biocompatible, biodegradable polymers are easily prepared; additionally, it is possible to tailor
their morphology, architecture, mechanical properties, etc., by electrospinning process
parameters (paragraph 2–3). Electrospun patches exhibit many similarities in architecture and
porosity degree to natural ECM.

Influence on fiber morphology modulated by PCL concentration and applied voltage was
described [11]. PCL fibers electrospun from 8, 15, 20% HFIP solution exhibit increased
fibroblast proliferation which correlates with an increase in diameter as a function of concen‐
tration. Influence of applied voltage changes in time: increase of proliferation with voltage
after 3 days, increase after 6 days. Negative influence of beads on cell proliferation was
observed.

Analyses of cellular response indicate a complex relationship between the diameter of fibers
electrospun from PCL tailored by solution concentration (8–20%) and cell proliferation [96].
Beaded structures prevent cellular proliferation, indicating the need for uniform fibers for
tissue-engineering scaffolds. Maximum positive effect of fiber diameter was observed for
fibers with a diameter of 400 μm.

Electrospun patches showed a relatively small size of single pores. Pores facilitate cell
migration and transport [114]. Porosity of PCL patches can be expanded by appropriate
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collectors up to 10 times [90]. Cell migration increases with total porosity and pore size,
unfortunately publications about the degree of changes were not found.

Some tissues display a parallel arrangement of cells and ECM fibers (muscle, heart). It was the
impulse for the formation of scaffolds with parallel arrangement of fibers. Drums and parallel
wires are used for that purpose. For instance, in tendons and ligaments, stretch forces are 200–
500 times higher in the fiber direction (forces generation) than perpendicular to this direc‐
tion [115]. In cartilage joints, forces on the core are higher on the surface, and the highest in
the direction of the main Col fiber [99]. It is another reason to analyze and mimic the nature;
core fibers are formed as a consequence.

Increase of proliferation and migration was observed in PCL patches with a single pore size
enhanced to about 50 μm [116]. Additionally, cell migration was supported by “layer by layer”
technique, in which fiber spinning and cell seeding is held layer by layer.

Figure 9. WAXS radial profile of (a) PLCL, Chit and PLCL/Chit 1:1 [131] and (b) PCL/Chit blends with different ratios
[135].

Schwann cells seeded on PCL patches indicate parallelization in the direction of fibers. It is the
sign of interaction scaffolds–cell, described in literature as a contact guidance (Figure 9) [101].

Analyses of the polyester/biopolymer blends influence on patches functionality are usually
related to the arbitrally adopted ratio of the biopolymer about 20/30%.

The only publication found describes PLCL/Ge patches, electrospun from solutions of 100:0,
90:10, 70:30, 50:50, 30:70, and 0:100 [113]. A decrease in fiber diameter was observed as a
function of the Ge amount (Figure 10), increase in total porosity (from 52 to 74%) and Young’s
modulus. Miscibility of PLC/Ge was determined from DSC data, and it was found that 90:10
was miscible, while other blends were immiscible.
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Increase of proliferation and migration was observed in PCL patches with a single pore size
enhanced to about 50 μm [116]. Additionally, cell migration was supported by “layer by layer”
technique, in which fiber spinning and cell seeding is held layer by layer.

Figure 9. WAXS radial profile of (a) PLCL, Chit and PLCL/Chit 1:1 [131] and (b) PCL/Chit blends with different ratios
[135].

Schwann cells seeded on PCL patches indicate parallelization in the direction of fibers. It is the
sign of interaction scaffolds–cell, described in literature as a contact guidance (Figure 9) [101].

Analyses of the polyester/biopolymer blends influence on patches functionality are usually
related to the arbitrally adopted ratio of the biopolymer about 20/30%.

The only publication found describes PLCL/Ge patches, electrospun from solutions of 100:0,
90:10, 70:30, 50:50, 30:70, and 0:100 [113]. A decrease in fiber diameter was observed as a
function of the Ge amount (Figure 10), increase in total porosity (from 52 to 74%) and Young’s
modulus. Miscibility of PLC/Ge was determined from DSC data, and it was found that 90:10
was miscible, while other blends were immiscible.
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Neural stem cells (C17.2) seeded on PCL, PCL/Ge 70:30 patches indicate higher activity
determined by mitochondrial activity test after 2, 4, and 6 days on drum-collected patches
(oriented fibres) than on plate (random fibres) [117]. It is described as a result of high hydro‐
philicity of PCL/Ge patches and contact guidance on oriented patches–cells skeleton elongat‐
ed along the fiber direction.

Figure 10. Observations by fluorescence microscopy after 7 days, cells seeded on (a) control, (b) non-oriented fibers,
and (c) oriented (parallel) fibers [142].

Nerve cells seeded on PLCL/Col patches indicate higher activity on patches with Col type I
and III than with Col I additive. Contact guidance on oriented patches was observed [5].

Cancer cells seeded on PCL, PCL/Ge patches were also analyzed by Hartman et al. [19].
Addition of Ge to PCL supports functionality, as scaffolds are more effective when HFIP is
used as a solvent than TFE. A decrease in diameter and increase in Young’s modulus were
observed as a function of additive.

Decryption of cells differentiation on polyester blends with Ge or Col is picked up rarely.
However, stem cells differentiation to nerve is more effective on PCL/Col patches than with
those polymers electrospun separately [118]; (PCL/Ge 50:50 patches were taken into account).

PCL/Ge 7:3 blend electrospun on a drum displays higher Young’s modulus and less mass lost
during 12 weeks degradation than patches electrospun on a plate (random) [119]. Prolifera‐
tion degree was higher on fibers electrospun on a drum, which correlates with higher Young’s
modulus.

Pure Chit electrospun from 70:30 v/v TFA/DCM (trifluoroacetic acid/dichloromethane) was
analyzed as a substrate toward Schwann cells, osteoblast, keratinocyte, and fibroblast cells
viability, proliferation spreading [117]. Viability and proliferation of osteoblasts cultivated on
Chit fibers was highest in comparison to TCP and other cells types. Osteoblasts were also the
most spread in comparison to the other cells analyzed.

Human adipose-derived stem cells (hASCs) indicate better proliferation on PCL/Ge 1:1 with
addition of bone powder than on pure PCL/Ge [120].

That indicates that additional natural bioactivator enhances the cellular response. PCL/Chit
blends, containing various amounts of Chit (0, 3, 9, and 23%) were electrospun and evaluat‐
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ed for their osteogenic differentiation of preosteoblasts [135]. Osteoblasts cultivated on PCL/
Chit exhibit calcium deposition, alkaline phosphatase (ALP) activity, and the expression of
osteopontin (OPN). Culture of cell-rich 3D constructs prepared by assembling cells layer-by-
layer on PCL/Chit nanofibers led to a uniform tissue formation with significant mineraliza‐
tion at 21 days.

Patches electrospun from PCL/Chit solution were designed and evaluated in-vitro using rat
Schwann cells for nerve tissue engineering [121]. Investigations indicate smaller mean
diameter of blended fibers than pure polymers as follows: 630, 450, and 190 nm, respectively,
for PCL, Chit, PCL/Chit blend, where PCL/Chit scaffolds fabricated using an electrospinning
process showed better cell proliferation than PCL scaffolds and maintained their characteris‐
tic cell morphology, with spreading bipolar elongations to the nanofibrous substrates.

Post-treatment by cross-linking of PCL–gelatin, PLGA-gelatin, PLGA–Chit tubes was
analyzed in case of cytotoxicity [122]. All patches showed about 5% increase in toxicity after
cross-linking by glutaraldehyde. However, other analyses confirm higher liquid strength of
cross-linked scaffolds than non-cross-linked scaffolds. It was a consequence of superior
mechanical properties of a cross-linked scaffold and a decrease of pore size.

8. Conclusions

Nowadays, fibers formed in electrospinning process are commercially available in many
branches of industry, including regenerative medicine and tissue engineering. Electrospin‐
ning is a success story, one of the very few belonging to the broad area of nanotechnologies
which hold so great, unprecedented promises. Understanding of electrospinning process
parameters enables tailoring of electrospun nanofibers morphology, internal structure, and
properties. This opens up new possibilities for the use of fibers and improves the solutions
already produced on the basis of electrospun fibers.

Mammal cells are sensitive enough to respond even to small changes in the above parame‐
ters as well as to changes in the chemical structure. Cellular attachment, proliferation,
differentiation occur at the surface of the fiber through the interaction of polymer molecules
with the adhesion proteins (focal adhesion) found on the cellular surface. Use of electrospun
nanofibers in tissue engineering is also driven by process flexibility and similarities in
architecture to natural ECM. Different morphology, architecture, porosity, and alternative
polymers with bio-activators are combined easily in the electrospinning process. Additional‐
ly, low cost of fiber production accompanies the aforementioned advantages.

Regulations applicable to scaffolds (medical devices) are restrictive, so the commercializa‐
tion process is usually long in this case. However, tailoring of fiber composition appropriate
for the application and cooperation with companies specializing in the industrial upscaling of
electrospinning process are a guaranty of the success like in the case of Tegaderm, 3M Medical,
TranCyte, Dermagraft-TC, Chito-Flex, Integra, etc., for wound dressing.
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Abstract

Tissue engineering is an interdisciplinary area in which polymeric nanofibers have been
exploited either as scaffolds or wound dressings. This chapter overviews the use of
versatile  electro-hydrodynamic  processing techniques  for  developing antimicrobial
nanofibrous mats derived from polymeric biocomposites. The influence of well-known
antimicrobial nanoparticles on the physical properties of precursory polymeric solution
is discussed, and the consequences of their variations on several important morpho‐
logical parameters, namely average fiber diameter and orientation, porosity, pore size,
among others, are considered. Moreover, other specific properties of composite fibers
conferred by the nanoparticles are reviewed as well as their use toward the design of
multifunctional polymeric mats.

Keywords: antimicrobial nanoparticles, biocomposites, electrospinning, electrospray‐
ing, polymeric nanofibers

1. Introduction

Electro-hydrodynamic  techniques,  i.e.,  electrospinning  and  electrospraying,  have  been
extensively explored in the biomedical area for the last 15 years, probably due to the submi‐
crometric diameter exhibited by the obtained fibers; and consequently, to the large surface
area to volume ratio and high porosity with interconnected voids formed between the fiber
structures. These morphological features and size scale are suitable to mimic the natural
extracellular  matrix  (ECM),  thus promoting cell  attachment  and proliferation.  Therefore,
fibrous materials have been catalogued as excellent materials for tissue engineering, and a vast
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number of publications related to their applications as wound dressings and/or cell-based
scaffolds have been recorded [1, 2].

Electrospinning and electrospraying techniques are based on identical principles and the
equipment typically consists of a syringe containing the solution that passes through a
capillary (needle) and the flow rate is controlled by a pump. In turn, a power source applies
several tens of kV on the needle, and therefore on the polymer solution. The applied high
voltage causes a significant density of charges on the droplet which protrudes into the tip of
the needle up to a point where the repulsive forces of the charges exceed the surface tension
and polymer jet or drop is eventually produced and then captured in the grounded collector,
and the solvent being evaporated during the passage from the tip of the needle to the collector.
The final morphology of the obtained polymeric material depends on the physical proper‐
ties of the polymer solution as well as the electro-hydrodynamic device parameters [3, 4]. The
effects of these parameters on the fiber diameters and morphologies are gathered in Table 1.
When the polymer solution concentration is enough to promote chain entanglements, a
polymer jet is formed. On the contrary, if the polymer solution concentration is too low, chain
entanglements will not occur and droplets will be sprayed from the needle, and the electro‐
spraying process takes place [5–7].

Parameter Effect on fiber morphology

Increase in applied voltage Fiber diameter initially decreases, then increases (not monotonic)

Increase in flow rate Fiber diameter increases (beaded morphologies occur if the flow rate is to
high)

Increase in needle-to-collector distance Fiber diameter decreases (beaded morphologies occur if the needle-to-
collector distance is too short)

Increase in polymer concentration
(viscosity)

Fiber diameter increases (within optimal range)

Increase in solution conductivity Fiber diameter decreases (broad diameter distribution)

Increase in solvent volatility Fibers exhibit surface microtexture (pores on their surfaces, which may
increase surface area)

Source: Ref. [3].

Table 1. Effect of different parameters on the morphology of polymeric fibers derived from electrospinning process.

Currently, there is a trend to develop nanocomposite fibers by means of the incorporation of
nanoparticles in a polymer solution; the resulting materials consist of nanoparticles-embed‐
ded polymeric fibers with enhanced or new properties. On the other hand, an innovative
approach has been recently employed in order to obtain nanoparticles-coated polymeric fibers
that involve a tandem process, i.e., simultaneous electrospinning of a polymer solution and
the electrospraying of a nanoparticles dispersion, whose configuration is illustrated in
Figure 1. This combination of electro-hydrodynamic techniques gives rise to a higher extent
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of exposed nanoparticles, thus increasing the surface-dependent properties of nanocompo‐
site fibers, such as antimicrobial, optical, and catalytic properties, among others [5–10].

Figure 1. Typical configuration of an electrospinning/electrospraying tandem equipment.

2. Antimicrobial biopolymeric nanofibers by electrospinning and
electrospraying

Materials designed by electrospinning and electrospraying techniques are predominantly
used as mats in tissue engineering. The mats derived from electro-hydrodynamic techniques
indeed possess morphology similar to the natural ECM that is composed of a submicron fiber
network of proteins and glycosaminoglycans. Electrospun nanofibrous scaffolds may act as a
support for cell adhesion and subsequent proliferation, thus providing cells with the appro‐
priate microenvironment of chemical and physical cues, including cell-matrix and cell-cell
interactions, and eventually forming tissues with suitable mechanical and biological proper‐
ties [3, 4].

Regarding the polymeric matrix, biocompatible, biodegradable, and/or bioabsorbable
polymers are desirable, since the mats gradually degrade leaving only the new tissue and also
avoid a subsequent surgery [2–4]. Several aliphatic polyesters possess the aforementioned
features, among which poly(ε-caprolactone), poly(3-hydroxybutyrate), poly(4-hydroxybuty‐
rate), the corresponding copolymers with 3- and 4-hydroxyvalerate, poly(lactic acid), and the
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respective copolymer with glycolic acid could be cited. Some polysaccharides have also been
used, chitosan being the most noticeable.

However, polymeric mats derived from electro-hydrodynamic techniques entail a huge
inconvenient, their fibrous/porous morphology is also prone to the adhesion of pathogenic
microorganisms, thus facilitating the occurrence of serious infections [11–13]. Several strat‐
egies have been considered in order to overcome one such drawback, the incorporation of
organic compounds being the most prominent, and more recently, nanoparticles with well-
recognized antimicrobial properties. Polymeric nanofibers containing antimicrobial nanopar‐
ticles can exhibit several advantages compared to typical organic compound-loaded polymeric
analogues, such as higher thermal stability, enhanced mechanical performance, or biocom‐
patibility, depending on the chemical nature of nanoparticles [14–17]. In this context, the design
of antimicrobial polymeric fibers containing different nanoparticles will be addressed in the
next subsections.

2.1. Polymeric mats containing silver nanoparticles as antimicrobial additives

Silver nanoparticles (nano-Ag) have extensively been investigated as antimicrobial agents
against a broad variety of microorganisms, from bacteria to viruses [18]. Silver in its metallic
state is inert but it reacts with the moisture in the skin and the fluid of the wound and gets
ionized. The ionized silver is highly reactive, as it binds to tissue proteins and brings struc‐
tural changes in the bacterial cell wall and nuclear membrane leading to cell distortion and
death. Silver also binds to bacterial DNA and RNA by denaturing and inhibits bacterial
replication. The antimicrobial performance of silver is related to the amount of silver and the
rate of silver ions released [19]. Although silver nanoparticles have been used as cream or gel,
there is a trend to incorporate them into polymeric wound dressings in order to prevent
infections, and in turn, promote wound healing [20–22].

Poly(vinyl alcohol) (PVA) is a biocompatible and nontoxic polymer suitable for the design of
antibacterial wound dressings derived from electro-hydrodynamic techniques. Additionally,
PVA is a water soluble polymer, thus making its fibers elaboration an ecofriendly and
innocuous process. Hong [23] engineered PVA-based mats containing nano-Ag by means of
precursory solution of the corresponding polymer and AgNO3 with a subsequent thermal or
ultraviolet (UV) posttreatment. The obtained PVA-based mats exhibited excellent antibacte‐
rial activity against Staphylococcus aureus and Klebsiella pneumoniae. Although the water
solubility of PVA might be a drawback when using it as wound dressing, this can be over‐
come by simple thermal treatment without negative effect on final properties.

Likewise, PVA solutions have also been mixed with nano-Ag and montmorillonite (MMT) in
order to obtain the corresponding fibers with antibacterial properties and enhanced thermal
stability (conferred by MMT). At a fixed MMT concentration, an increase in nano-Ag from 1
to 5 wt% led to higher average fiber diameters, which was attributed to an increase in solution
viscosity, thus illustrating that nanoparticles seriously affected the final morphology of mats.
Nano-Ag triggered the inhibition growth of both Staphylococcus S. aureus and Escherichia coli
[24].
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In other studies, nano-Ag was embedded into electrospun nanofibers based on chitosan. This
polysaccharide has attracted the industrial and academic attention, as it is a bio-sourced
material and possesses inherent antimicrobial activity. Nonetheless, electrospinning of neat
chitosan is complicated due to its limited solubility; therefore, it has typically been mixed with
other biocompatible polymers such as poly(ethylene oxide) (PEO) and PVA. An et al. [25]
designed antibacterial chitosan/PEO nanofiber by means of incorporation of nano-Ag. The
results led to the conclusion that viscosity and surface tension of the precursory solution were
not affected by the nano-Ag concentration, but the electrical conductivity was proportional‐
ly increased by the augmentation of the metallic nanoparticles. The authors argued that
residual Ag+ ions were responsible for this behavior. Another important fact was that the
presence of nano-Ag promoted the formation of fibers with smooth surface and the average
fiber diameter was decreased, as expected by the increase in electrical conductivity. Further‐
more, the obtained polymeric mats with embedded nano-Ag (2.2 wt%) exhibited higher tensile
strength than that for neat mats, while the corresponding elongation was reduced. Regard‐
ing the antibacterial activity against E. coli, the chitosan/PEO-based mats significantly
decreased the proliferation of this bacterium in a short period of time (6–8 h). Penchev et al.
[26] have developed a one step-procedure for the preparation of cross-linked chito‐
san/PEO/Ag mats whose stability in aqueous environment render these new materials
promising candidates for applications, such as wound-healing dressings or antibacterial filters.

Other biodegradable polyesters, such as poly(lactic acid) and poly(ε-caprolactone) have been
used as matrices for the elaboration of nanofibers with Ag nanoparticles. Kim et al. [21]
investigated the influence of AgNO3 concentration on the viscosity, electrical conductivity,
and surface tension of precursory polymeric solution, and a relationship with the final
morphology was proposed. It is important to mention that after electrospinning process,
AgNO3 was reduced to Ag. The incorporation up to 9 wt% of AgNO3 did not alter the viscosity
or surface tension, but the electrical conductivity was considerably increased, as observed in
other polymeric systems. Regarding the morphology, the increase in AgNO3 concentration
(i.e., electrical conductivity) from 3 to 6 wt% led to thinner PLA fibers, interestingly, an optimal
AgNO3 concentration was perceived since thicker fibers were formed at 9 wt% AgNO3. The
mats containing nano-Ag showed growth inhibition values higher than 99%, regardless of the
type of bacterium and nanoparticles concentration. Xu et al. [27] conducted a similar investi‐
gation but with higher content of nano-Ag from 9 to 32 wt%. The author demonstrated that at
high nano-Ag concentration, average fiber diameter increased probably due to interactions
with PLA, and consequently increased the solution viscosity. The antibacterial activity against
E. coli and S. aureus was practically identical to that for PLA mats with lower nano-Ag
concentration as that reported by Kim.

Recently, Augustine et al. [28] prepared PCL fibers containing embedded silver nanoparti‐
cles. Regarding the morphological features, the fiber diameter was decreased by the pres‐
ence of nanoparticles. The authors claimed that nanoparticles increased the electrical
conductivity; however, no evidence was given. EDX analysis showed that the higher the silver
content, the more significant the formation of aggregates, and the latter were exposed on the
surface of the PCL fibers. The aggregation of silver nanoparticles had an impact on the
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mechanical properties of the fibrous materials, since at relatively low concentrations (0.05
and 0.5 wt%) both; elongation and fracture resistance were enhanced, while incorporating 1
wt%, the mechanical properties had no changes compared with blank PCL fibers. Concern‐
ing the performance of the fibers as antibacterial materials, disk diffusion tests proved that the
growth inhibition area of S. aureus is doubled at a nanoparticles concentration as low as 0.5 wt
%, while the bacterium E. coli showed greater resistance.

Actually, there is a limited investigation related to the use of mere electrospraying or its
combination with electrospinning for obtaining antimicrobial nanocomposites mats with Ag
nanoparticles. Park et al. [29] successfully obtained PVA/montmorillonite/silver hybrid
particles by means of an aqueous solution of the corresponding polymer and inorganic
nanoparticles subjected to electrospraying. The composite polymeric particles were formed
only at low PVA molar mass and concentration, and the transmission electron microscopy
(TEM) images evidenced the exfoliated montmorillonite and well-dispersed Ag nanoparti‐
cles, regardless of their concentration in the precursory solution. The hybrid polymeric
particles containing the combination of nanostructures possess a higher thermal stability
attributed to montmorillonite, and no interference of Ag was perceived. Electrosprayed
materials having Ag nanoparticles inhibited the proliferation of the S. aureus strain, while those
without the mentioned metallic nanoparticles failed, thus showing the potential of electro‐
spraying technique for obtaining polymeric nanoparticles with antibacterial activity.

2.2. Antimicrobial polymeric mats containing metal oxides nanoparticles

Metal oxides nanoparticles are another type of particles not only used as antimicrobial agents
but also they can also impart other interesting optical and electrical properties, which can
potentiate their use as a semiconductors, electroluminescent devices, thermoelectric materi‐
als, and for environmental decontamination applications [30–32]. Among the main metal oxide
nanoparticles used as antimicrobial agents, zinc oxide (ZnO) and titanium dioxide (TiO2) can
be mentioned. They are addressed in the following subsections.

In this context, TiO2 has also been embedded in biopolymer fibers to confer antimicrobial
properties and its potential use in tissue regeneration. Lee et al. [33] developed multifunction‐
al PVA fibers with excellent growth inhibition against S. aureus and K. pneumoniae. Further‐
more, the obtained fibrous materials functioned as UV filter membranes and degrading agents
of ammonia and formaldehyde. These features were accomplished with relatively low
nanoparticles content (2–3 wt% respect to the polymer). It is noteworthy that the effect of the
presence and/or concentration of the nanoparticles on the precursory solution properties was
not studied.

Son et al. [34] have also exploited the antibacterial activity of TiO2 to prepare polymeric fibers
based on chitosan/PVA blends. The experimental results demonstrated a direct relationship
between the content of chitosan and the viscosity of the precursory solution. The authors also
found that at chitosan concentration greater than 7 wt% (relative to volume of solution), it was
not possible to obtain uniform morphology, i.e., fibers with numerous ovoid defects were
obtained. Interestingly, the presence of TiO2 nanoparticles did not change the morphological
features, namely average fiber diameter. Authors also established that the diameter of the
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fibers (270–360 nm) had no significant effect on the antibacterial activity against E. coli and S.
aureus. Furthermore, good growth inhibition (approximately 83–85%) was obtained with TiO2

concentrations as low as 0.04 wt% into the polymeric blend. When comparing these results
with those for fibers containing silver nitrate, it was evidenced that the presence of the latter
was more effective for growth inhibition of both bacteria.

Rashkov’s group has thoroughly studied the combination of electro-hydrodynamic techni‐
ques. In 2013, this group prepared submicrometric fibers based on PHB and TiO2 nanoparti‐
cles by mere electrospinning and electrospinning/electrospraying tandem technique [35]. The
fibers obtained by mere electrospinning of PHB/TiO2 presented defects along them, which
were attributed to the formation of agglomerates, and consequently, disturbance of the
solution flow. Furthermore, the nanoparticles were successfully deposited on PHB fibers by
the tandem process, although some aggregates were perceived with up to 1 μm in size. In order
to overcome the aggregation of nanoparticles, the authors added chitosan oligomers to the
precursory solution, keeping in mind that it might act as a dispersant. However, the selected
approach was not favorable, since aggregates as big as 10 μm were detected, which was
attributed to the increase in the dispersion viscosity, thus forming large droplets during the
electrospraying process. The authors also implemented an impregnation process in order to
obtain the TiO2-covered PHB fibers, whose morphological results were not encouraging due
to the formation of large aggregates. The materials obtained showed excellent pigment
degradation of pollutants; methylene blue (used as pigment model) was entirely degraded
after only 3 h in the presence of the electrospun materials. The composite fibers obtained by
the different strategies showed significant antibacterial activity against E. coli, with the
advantage of allowing for the adhesion and development of human mesenchymal stem cells,
which was attributed to the morphological characteristics suitable for applications in the field
of tissue engineering.

Another contribution from Rashkov’s group was also related to the combination of electro-
hydrodynamic techniques, by which a series of PHB-based fibers with TiO2 and iron oxide
(Fe3O4) nanoparticles were designed in order to obtain multifunctional mats [36]. The authors
carried out the electrospinning of PHB containing TiO2 and Fe3O4, the combination of
electrospinning of PHB and electrospraying of Fe3O4 or Fe3O4/TiO2 dispersion, and electro‐
spinning of PHB/Fe3O4 combined with electrospraying of TiO2. In order to stabilize the
nanoparticles dispersions, low amounts of chitosan or its oligomers in acetic acid were used
(0.5–2%, w/v). Regarding the morphology, the composite PHB fibers derived from electro‐
spinning exhibited a significant number of beads, while the materials produced by the
combined techniques of electrospinning/electrospraying showed aggregates on the surface.
Furthermore, a smaller amount of nanoparticles than initial feed was determined by X-ray
photoelectron spectroscopy (XPS), which was ascribed to the formation of a dense layer of the
stabilizing agent used (chitosan or oligomers). Since the antibacterial activity of identical
materials had already explored, the new series of electrospun PHB fibrous mats were used as
membranes for the degradation of pollutants pigments. The degradation activity was higher
for the fibrous materials obtained by the conjunction of electro-hydrodynamic techniques, due
to higher surface area exposed to the solution containing the pigment. It is noteworthy that no
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information of the effect of metal oxide nanoparticles on viscosity or electrical conductivity
was reported in this work.

Zinc oxide (ZnO) nanoparticles are considered as antimicrobial agents that can strongly
compete with silver nanoparticles, especially for their simple and inexpensive synthesis as well
as its effectiveness in eliminating several pathogen microorganisms [37–40]. ZnO nanoparticles
have been exploited for the development of fibrous materials based on biodegradable
polymers, and some of these reports shall be addressed next.

Sodium alginate is a polyelectrolyte that has excellent biocompatibility, biodegradability, and
ease of dissolution in water; however, it is not suitable for the preparation of fibers by
electrospinning. In order to facilitate the fiber formation, Shalumon et al. [41] mixed sodium
alginate with different proportions of PVA, which lowers the inherent brittleness of the sodium
alginate, and the authors used ZnO nanoparticles (diameter = 100 nm) as an antibacterial agent.
The resulting fibers were crosslinked using glutaraldehyde to increase their dimensional
stability. Since sodium alginate is a polyelectrolyte, this increased electrical conductivity of the
solution. This behavior was also observed when the nanoparticles were incorporated;
however, the effect was not so marked but until a nanoparticles concentration higher than 5
wt%. Similarly, the viscosity of the solution was increased, due to the presence of alginate or
nanoparticles, and this parameter had the most important effect on fiber morphology,
specifically, the fiber diameter which slightly increased. The authors also demonstrated that
the presence of the alginate promoted higher thermal stability of the fibers, while the nano-
metal oxide did not contribute significantly to the retard in thermal degradation. Concern‐
ing the antibacterial properties, the fiber materials showed excellent antibacterial activity
against E. coli and S. aureus, which was proportional to the content of nanoparticles.
Conversely, the adhesion of mice fibroblasts was diminished as the concentration of ZnO was
increased.

Augustine et al. [42–44] have intensively investigated the influence of ZnO nanoparticles on
the morphology, bactericidal performance, and cell proliferation on mats based on PCL fibers.
In 2014, these authors reported that the incorporation of a relatively low amount of nano-ZnO
(0.1–0.9 wt%) did not significantly affect the morphology of PCL fibers. Conversely, when a
concentration of 1 wt% is exceeded, the morphology undergoes significant changes mainly in
the appearance of pores and the fiber diameters, which they attributed to the increased
viscosity of the precursor solution and the charge density; however, electrical conductivity or
rheological analyses were not presented. EDX spectroscopic studies showed that by increas‐
ing the concentration of ZnO nanoparticles, they can be exposed on the surface of the PCL
fibers, while the existence of hydrogen bond interactions between hydroxyl groups on
nanoparticles surface and the carbonyl groups of the PCL was established by Fourier trans‐
form infrared (FTIR). Regarding antibacterial activity, it was determined that a lower concen‐
tration of 5 wt% was not enough to inhibit the proliferation of E. coli and S. aureus. Interestingly,
PCL/ZnO fibrous mats did not show cytotoxicity against adult goat fibroblasts (in vitro study),
which makes them promising as antibacterial biodegradable scaffolds [43]. Concurrently,
Augustine et al. showed that the PCL/ZnO composite fibers had the ability to heal wounds on
the skin of animals without showing inflammation of tissues when ZnO nanoparticles was
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below 4 wt%, which allows for further use as wound dressings and/or scaffolds with bacteri‐
cidal properties [44].

Poly(L-lactide) has also been subjected to both the electrospinning process and the electro‐
spinning/electrospraying tandem technique. Rashkov’s group [45] designed fibrous mats
whose inorganic phase consisted of ZnO nanoparticles. The authors took advantage of the
photocatalytic and antibacterial properties of ZnO to generate purifying membranes. The
fibers obtained by mere electrospinning showed high efficiency to degrade methylene blue
and an azo pigment (95% and 65% degradation, respectively) in only 300 min. Meanwhile, the
fibers resulting from electrospinning/electrospraying degraded both pigments in a shorter
time (approximately 180 min). This behavior was explained in terms of a larger nanoparti‐
cles surface area prone to degrade the pigments. Furthermore, the materials had a considera‐
ble efficiency for killing S. aureus, in a greater extent for the PLA/ZnO fibers derived from the
combined technique. Considering the biocompatibility, the content of nanoparticles was
significantly high (greater than 45 wt%), which is not beneficial when trying to use such
materials as surgical implants, since it has been shown that ZnO nanoparticles contents higher
than 5 wt% is not suitable for adhesion and proliferation of tissue cells.

In order to get further insight into the antibacterial activity of PLA-based fibers containing
ZnO nanoparticles, our research groups in Mexico and France have developed electrospun
and electrospun/electrosprayed mats derived from poly(D,L-lactide) and low amounts of ZnO
nanoparticles [10]. Scanning electron microscopy (SEM) images of the obtained mats are
disclosed in Figure 2. It was noted that the incorporation of nanoparticles provoked slight
variations in viscosity and conductivity of precursory solutions, and no significant effect on
the morphological parameters (namely, average fiber diameter, pore size, and porosity) of
electrospun PLA-based mats was observed. Furthermore, the presence of nano-ZnO en‐
hanced the mechanical performance of these materials, exhibiting an optimal concentration of
nanoparticles for 3 wt%, probably due to hydrogen bonds between hydroxyl groups on ZnO
nanoparticles and carbonyl groups of PLA. Regarding the antibacterial properties of mats, they
were shown to be dependent on the type of bacteria, being E. coli less sensitive to the pres‐
ence of nanoparticles. On the other hand, when electrospinning/electrospraying was used with
at least 1 wt% of ZnO nanoparticles, values higher than 94% of growth inhibition of S. aureus
were achieved, while simple electrospun mats did not inhibit the bacterium growth for the
same ZnO concentration. The results obtained make ZnO-coated fibrous PLA mats potential
candidates for applications related to wound dressing materials.

A similar protocol used for PLA/ZnO mats was adapted for developing PHB-based antibac‐
terial fibers [46]. The analysis of the physical properties (viscosity and electrical conductivity)
showed that the presence of ZnO nanoparticles had an insignificant effect at low concentra‐
tion (1 and 3 wt%) and a slight effect at ZnO content of 5 wt%. Consequently, the final
morphology of corresponding nanofibers was not altered. The obtained PHB/nano-ZnO mats
showed uniform fiber morphology with an average porosity ca. 85% with enhanced thermal
stability compared to that of pristine PHB. Differential scanning calorimetry was also used to
determine the influence of ZnO nanoparticles on the phase transitions of as-spun PHB
nanofibers; it was thus shown that the nanoparticles promoted the formation of different
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crystalline entities. Furthermore, the antibacterial performance against E. coli and S. aureus was
proved to be dependent on the elaboration technique, being higher for electrospinning/

Figure 2. SEM images of PLA/ZnO mats obtained by means of electrospinning/electrospraying with (a) 1, (b) 3, and (c)
5 wt% ZnO, respectively, and simple electrospinning with (d) 0, (e) 1, (f) 3, and (g) 5 wt% ZnO, respectively. Insets: (a)-
(c) EDX maps;(f), (g) TEM images.
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electrospraying tandem technique, thus permitting the design of novel bacteriostatic or
bactericidal PHB/nano-ZnO nanofibrous composites.

Copper oxide nanoparticles are other well-recognized antibacterial agents that have been
incorporated into polymeric matrices, but not specifically biodegradable. The studies related
to copper nanoparticles used as antimicrobial agent in electrospun polymers are limited,
probably due to the instability of this metal oxide to environmental conditions, which can
change the oxidation state of copper, thus changing its final properties.

However, Ungur and Hrůza [47] used a semi-industrial scale electrospinning (roller spin‐
ning method) for developing poly(urethane) (PU) nanofibers modified with copper oxide (II)
(CuO). The roller spinning method consists of an aluminum rotating cylinder body with spikes
which was partially immersed into the polymer solution. High voltage is connected to the
rotating roller. As the solvent evaporates, the jets of polymer solution are transformed and the
solid nanofibers are obtained before reaching the collector electrode. The nanofibers were
collected on polypropylene (PP) spun bond nonwoven antistatic material. Regarding the
physical properties of PU solutions, the authors demonstrated that low CuO content (2.5 and 5
wt%) have no noticeable influence on the rheological behavior of solutions within time at low
shear rate. However, the viscosity of PU solutions was increased in the presence of higher
concentrations of antimicrobial agent (7, 9.5, 12, and 15 wt%). On the other hand, electrical
conductivity was identical for all solutions, i.e., the presence of CuO did not affect this physical
property. Interestingly, despite the increase in solution viscosity by the incorporation of CuO,
average fiber diameter of pristine PU and PU/CuO mats exhibited a slight variation ranging
from 250 to 300 nm. The result of EDX analysis demonstrated the significant decrease in the
amount of Cu on the nanofiber surface for the fibers with 15% CuO, probably due to their
aggregation within the fiber structure. The obtained materials demonstrated high antibacte‐
rial activity against Gram-negative bacterial strain E. coli and Gram-positive strain S. aureus at
relatively low CuO contents (2.5 wt%) and it was also demonstrated that the incorporation of
higher amount of nanoparticles did not improve the antibacterial properties.

Poly(acrylonitrile) (PAN) possesses good mechanical and thermal properties; therefore, it is a
suitable polymer for designing purifying filters and (no biodegradable) wound dressings by
electro-hydrodynamic techniques. For instance, Zhang et al. [48] employed a method that
allowed for the synthesis of zero-valent copper (Cu0) nanoparticles in/on PAN nanofibers by
two steps, including the preparation of polyacrylonitrile/copper(II) (PAN/Cu2+) nanofibers by
electrospinning, and the preparation of PAN/Cu0 nanofibers by high-pressure hydrogena‐
tion reduction. Regarding the morphology of PAN/Cu2+ nanofibers, the average diameter
ranged from 200 to 600 nm, and the nanofibers were becoming more and thicker with the
increase in copper nitrate. The authors also demonstrated that the use of high-pressure
hydrogenation reduction chamber did not change the fiber morphology, and a good disper‐
sion of nanoparticles was preserved, showing Cu0 aggregates lower than 20 nm. The PAN/Cu0

showed bacteriostatic effect against S. aureus (i.e., the survival bacteria population was lower
than those counted in pristine polymer, but higher than the bacteria population inoculated),
thus showing the potential use of these fibers as antifouling materials.
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3. Conclusions and perspectives

Electro-hydrodynamic techniques, namely electrospraying and electrospinning, are power‐
ful approaches for developing material with morphological features suitable for tissue
engineering applications. The incorporation of nanoparticles allows for the generation of
multifunctional mats that can be used in different applications ranging from filters for
pollutant removal to wound dressings. Regarding the pollutant removal, metal oxides
(mainly ZnO and TiO2) are the more promising nanoparticles, while for tissue engineering a
further insight into the biocompatibility should be obtained. Comparing the electro-hydrody‐
namic techniques, the electrospraying process enables higher nanoparticles surface area prone
to act as antibacterial agents or degrading materials, regardless of the presence of aggregates
obtained in most of the cases. Finally, certain nanoparticles promote other specific proper‐
ties, such as thermal stability, original crystallization behavior, enhanced mechanical proper‐
ties, etc. which can lead to the diversification of polymeric/nanoparticles-based mats.

Electro-hydrodynamic techniques have a great potential in many applications; however, there
is a need for developing novel or adapted equipment that enables the fabrication of polymer‐
ic mats in a higher scale.
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Abstract

Zein produced from maize is a hydrophobic protein, which holds great potential for a
number  of  industrial  applications,  for  example,  food  packaging,  pharmaceutical,
cosmetic,  and  biomedical  industry.  Sorghum,  known  as  important  cereal  crop
worldwide, is a good source of various phytochemicals such as tannins, phenolic acids,
anthocyanins,  phytosterols,  and policosanols,  and these phytochemicals have great
impact on human health. Poria cocos, a well‐known traditional East‐Asian medicinal
plant, is found around the roots of pine trees in Korea and China. As a rapid and efficient
process,  electrospinning  has  drawn  huge  interest  among  scientists  to  produce
nanostructured polymer materials with excellent properties. In this work, we studied
the influence of co‐solvent ratio and concentration of zein/medicinal plant extract on
the  morphologies  of  nanostructured  zein/medicinal  plant  extract  nanomaterials
prepared by electrospinning technique from ethanol/water solution. The zein/medici‐
nal extract nanofibers were characterized by field‐emission scanning electron micro‐
scopy, transmission electron microscopy, thermogravimetric analysis, and differential
scanning calorimetric technique. And we were to incorporate medicinal plant resources
into the electro‐spun zein nanofibers by electrospinning technique to investigate the
effect of medicinal extract on the morphologies, antibacterial, antioxidant, and other
properties. Zein/medicinal plant extract might have a practical use as a new preserva‐
tive for cosmeceutical applications.

Keywords: natural polymer, medicinal plant extract, sorghum extract, Poria cocos ex‐
tract, Electrospinning, Nanofiber, Cosmeceutical, zein
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1. Introduction

Recently, investigations have been focused on incorporating medicinal plant extracts with
natural  polymer‐based  electro‐spun  nanofibers  due  to  their  unique  characteristics  and
applications. Such materials can be prepared by incorporating medicinal plant extract into the
nanofibers of natural polymer by electrospinning technique. Electrospinning has generated
great interest among scientists due to its very simple, low‐cost method to produce nanofiber
which has exhibited outstanding properties such as high porosity and a high specific surface
area [1–5]. Biomaterials are of huge interest to the scientists due to their inclusive potential
applications particularly in tissue engineering and drug delivery [6–8]. Among the various types
of biomaterials being developed, electro‐spun ultrafine fibers of protein‐based biomaterials are
preferred for their cosmeceutical and medical applications. Having smaller pores and higher
surface area than general fibers, electro‐spun fibers have been successfully used in different
fields such as tissue engineering scaffolds, biomedical, pharmaceutical, healthcare, biotechnol‐
ogy, and others [9–13]. Medicinal plants act as a rich source for antimicrobial agents and used
as drugs and cosmetics due to their medicinal properties [14–18].

The principle of electrospinning is simple; however, it is necessary to control the process as
several variables have an influence on the properties of the end product [9, 19–22]. This chapter
is concerned with the fabrication of natural polymer/medicinal plant extract electro‐spun
nanofibers for cosmeceutical application which is one of the most important application areas.
Furthermore, the effects of co‐solvent ratio and concentration of natural polymer/medicinal
plant extract on the morphologies of nanostructured natural polymer/medicinal plant extract
electro‐spun nanofibers were also investigated. The effectiveness of these bio‐nanofibers is
demonstrated with a field emission scanning electron microscope (FE‐SEM), a transmission
electron microscopy (TEM), thermogravimetric analysis (TGA), a differential scanning
calorimetry (DSC) and the anti‐bacterial performance and antioxidant properties were also
discussed.

2. Effect of co‐solvent ratios on the morphologies of electro‐spun zein/
sorghum extract and zein/Poria cocos extract nanomaterials

Zein is considered as one of the best understood plant proteins and it is soluble in ethanol/
water solution. It presents good cell compatibility and has more hydrophobic characteristics
than other proteins as a result of the presence of polar amino acids, proline and glutamine,
which are the major constituents of zein [23, 24]. As a biocompatible and biodegradable protein,
zein has useful applications in tissue engineering and drug delivery [8, 23–26]. Also, zein has
been extensively used in food packaging, cosmetic, pharmaceutical and biomedical industries
[24, 27–32]. Another useful plant protein sorghum (Sorghum bicolor L. Moench) is an important
cereal food crop and in Asia and Africa, it is considered as an important human food resource
[33]. It contains various phytochemicals, for example tannins, phenolic acids, anthocyanins,
phytosterols, and policosanols and these phytochemicals have great potential to impact human
health significantly [34]. According to recent studies, sorghum has antioxidant activity [35,
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36], anti‐carcinogenic effects [36, 37], cholesterol‐lowering effects [38], antimicrobial effects [37]
and it has a potential to reduce the risk of cardiovascular disease [35, 36]. Poria cocos is used in
traditional East‐Asian medicine that is found around the roots of pine trees in Korea and China.
As a rapid and efficient process, electrospinning has attracted great interest among scientists
to produce nanostructured polymer materials having excellent properties. Though the
principle of electrospinning technique is simple; however, it is difficult to control the process
and several variables influence the properties of end product [39].

There are many parameters which have great influence on the morphology of the resultant
electro‐spun materials varying from nanoparticles to nanofibers, having pores on their surface
to beaded nanofibers. Electrospinning parameters can be broadly classified into polymer
solution parameters and processing conditions that comprise the applied voltage, tip‐to‐
collector distance (TCD), etc. In this work, we have studied the influence of co‐solvent ratio
and concentration of zein/sorghum extract and zein/Poria cocos extract on the morphologies of
nanostructured zein/sorghum extract and zein/Poria cocos extract nanomaterials prepared by
electrospinning technique from ethanol/water solution. The morphological changes were
observed in details by FE‐SEM and TEM.

2.1. Experimental

2.1.1. Materials

Zein (molecular weight = 35,000) extracted from corn was purchased from Tokyo Chemical
Industry Co. Ltd., Japan. Sorghum was collected from National Institute of Crop Science
(NICS) (Rural Development Administration, Korea). Poria cocos was obtained from cultivation
in a plastic bag. Double‐distilled water was used with 96% (v/v) ethanol (EtOH) (obtained from
Daejung Chemical & Materials Co. Ltd., Korea) as a co‐solvent to prepare all solutions.

2.1.2. Preparation of ethanolic extract and water extract of sorghum and Poria cocos

In case of ethanolic extract, at first, the stem and leaves of sorghum (Sorghum bicolor L. Moench)
and the sliced Poria cocos were air dried and chopped. Later, they were extracted three times
using 70% ethanol for 14 days at room temperature. The extracts were combined and evapo‐
rated for drying under reduced pressure, and temperature was kept bellow 40°C to yield a red
gum. In case of water extract, the stem and leaves of sorghum and the air‐dried Poria cocos
were extracted with distilled water by refluxing for 24 hours (three times) on a water bath at
85°C. The extract was filtered through a Buchner funnel using filter paper, concentrated by
rotary evaporator, and freeze dried.

2.1.3. Preparation of spinning solution

Zein solutions were obtained by dissolving zein at different volume ratios of ethanol/water
[9:1, 8:2, and 7:3 (v/v)] and various zein concentrations were used (10, 15, 20, 25, and 30 wt.%).
Zein/sorghum extract blend solutions were prepared by dissolving various amounts of
sorghum extracts in 7:3 (v/v) mixture solvent of EtOH/H2O at room temperature for 10 minutes.
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After that, 30 wt.% zein (based on the weight of the solution) was added into the above solution
and the mixture was stirred for another 10 minutes. Following this similar method, zein/Poria
cocos solutions were also prepared for electrospinning.

2.1.4. Electrospinning

Zein solutions were carefully placed into a syringe and a syringe pump was used to deliver
the solution through the blunt needle with a controlled solution feeding rate. Electrospinning
was carried out under a constant electric field of 10 kV (Chungpa EMT Co., Korea), which was
applied to the solution via an alligator clip attached to the syringe needle. An electrically
grounded Al foil was used to collect fibers, which was placed at 15 cm vertical distance to the
needle tip. Same method as described here was used for electrospinning zein/sorghum extract
and zein/Poria cocos blend solutions. Figure 1 shows a schematic diagram of the electrospinning
process.

Figure 1. Schematic representation of the electrospinning process.

2.1.5. Characterization

FE‐SEM images of the electro‐spun nanofibers of zein/Poria cocos extract were captured using
microscope (JSM‐6380, JEOL Ltd., Japan) after platinum coating. The TEM (H‐7600, Hitachi
Ltd., Japan) analysis was conducted with an accelerating voltage of 100 kV.
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Figure 2. FE‐SEM images of electro‐spun zein nanofibers prepared by different zein concentrations of (a) 10 wt.%, (b)
15 wt.%, (c) 20 wt.%, (d) 25 wt.%, and (e) 30 wt.% [EtOH/H2O ratio of 70:30 (v/v), TCD = 15 cm and applied voltage =
10 kV].

Figure 2 shows the variation in the FE‐SEM morphologies of the 10, 15, 20, 25, and 30 wt.% of
zein electro‐spun nanofibers from the 7:3 (v/v) of ethanol/water co‐solvents. At a fixed applied
voltage (10 kV) and TCD (15 cm), the effects of the polymer solution concentration on the
morphology of zein nanofiber are illustrated. At low concentration of polymer solution (10 wt.
% and 15 wt.%), mostly beads were produced as shown in Figures 2a and 2b. However, when
the zein concentration was increased, fibrous products started getting formed and beads
density decreased gradually (Figures 2c and 2d). Finally, uniform zein nanofiber mats having
no bead defects were observed at 30% zein concentration (Figure 2e). Ultrafine zein electro‐
spun nanofiber mats in a nanometer range (300–500 nm) prepared in the aqueous solutions
are presented in Figure 2e. The key factors that control the formation of the beaded fibers are
charge density carried by the jet, the viscoelasticity, and surface tension of the solution [21].
The effect of the different volume ratios of ethanol/water in the polymer solution was also
evaluated by changing the ethanol content from 70% to 90% (v/v) and the results are presented
in Figures 3 and 4. However, the most regular‐diameter ultrafine nanofibers were found at
EtOH/water ratio of 70:30 and 30 wt.% zein concentration (Figure 2e).

Figure 3. FE‐SEM images of electro‐spun zein nanofibers prepared by different zein concentrations of (a) 10 wt.%, (b)
15 wt.%, (c) 20 wt.%, (d) 25 wt.%, and (e) 30 wt.% [EtOH/H2O ratio of 80:20 (v/v), TCD = 15 cm and applied voltage =
10 kV].
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Figure 4. FE‐SEM images of electro‐spun zein nanofibers prepared by different zein concentrations of (a) 10 wt.%, (b)
15 wt.%, (c) 20 wt.%, (d) 25 wt.%, and (e) 30 wt.% [EtOH/H2O ratio of 90:10 (v/v), TCD = 15 cm and applied voltage =
10 kV].

FE‐SEM morphologies of electro‐spun zein nanofibers containing various quantities of
sorghum (0, 5, 10, and 20 wt.%) and Poria cocos extract (0, 5, 10, and 15 wt.%) are presented in
Figure 5 and 6, respectively. At a fixed applied voltage (10 kV) and TCD (15 cm), the typical
morphology of only zein nanofibers is shown in Figure 5a. The morphologies of the nanofibers
were gradually changed when the amount of sorghum extract was increased from 0 to 20 wt.
%. A slight reduction in the fiber diameters was observed with the increase of sorghum extract
content. In Figure 5b, it can be clearly seen that nanofibers were splattered as 5 wt.% sorghum
extract was added to zein solution. With the increase of the amount of sorghum extract,
splashing of the nanofibers was increased and they started forming branched nanofibers that
were connected with others (Figures 5c and 5d).

Figure 5. FE‐SEM images of electro‐spun zein nanofibers containing different sorghum extracts: (a) 0 wt.%, (b) 5 wt.%,
(c) 10 wt.%, and (d) 20 wt.% [zein concentration = 30 wt.%, EtOH/H2O of 7:3 (v/v), TCD = 15 cm and applied voltage =
10 kV].
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Figure 6. FE‐SEM images of electro‐spun zein nanofibers containing different Poria cocos extracts: (a) 0 wt.%, (b) 5 wt.
%, (c) 10 wt.%, and (d) 15 wt.% [zein concentration = 30 wt.%, EtOH/H2O ratio of 7:3 (v/v), TCD = 15 cm and applied
voltage = 10 kV].

Figure 7. TEM images of electro‐spun zein nanofibers containing different sorghum extracts: (a) 0 wt.%, (b) 5 wt.%, (c)
10 wt.%, and (d) 20 wt.% [zein concentration = 30 wt.%, EtOH/H2O of 7:3 (v/v), TCD = 15 cm and applied voltage = 10
kV].
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Figure 8. TEM images of electro‐spun zein nanofibers containing different Poria cocos extracts: (a) 0 wt.%, (b) 5 wt.%, (c)
10 wt.%, and (d) 15 wt.% [zein concentration = 30 wt.%, EtOH/H2O ratio of 7:3 (v/v), TCD = 15 cm and applied voltage
= 10 kV].

The modified physical properties that developed in zein/sorghum extract solutions are re‐
sponsible for these morphological changes [32]. An opposite trend was observed in case of
zein/Poria cocos nanofibers as the fiber diameters expanded slightly with the increase of the
amount of Poria cocos extract. Also, nanofibers showed the tendency of formation of rough
surfaces when the Poria cocos extract was added; however, nanofibers containing 15 wt.%
Poria cocos showed the maximum surface smoothness in comparison to those with 5 and 10
wt.% solutions (Figures 6b, 6c, and 6d). For preparing both types of electro‐spun nanofibers
(zein/sorghum extract and zein/ Poria cocos extract), a 7:3 (v/v) mixture solvent of EtOH/H2O
was used. The morphological changes of zein/sorghum extract and zein/ Poria cocos extract
were also observed from their TEM images listed in Figures 7 and 8, respectively. The TEM
images clearly show that both zein/sorghum extract and zein/ Poria cocos extract nanofibers
were crinkled with the increase of sorghum extract and Poria cocos extract, respectively.
However, folding is slight for Poria cocos extract in comparison to sorghum extract (Fig‐
ures 7b, 7c, 7d, 8b, 8c, and 8d). From FE‐SEM and TEM images, it can be clearly observed
that sorghum extract and Poria cocos extract could alter the zein morphology very effectively.
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2.2. Effect of extraction conditions on yield

Extract yield of sorghum and Poria cocos using water and 70% EtOH is summarized in
Table 1. For indicating the effects of the extraction conditions, extraction yield was used. In
case of sorghum, 70% EtOH extract yield rate (1.414%) was maximum followed by water. For
Poria cocos, the trend was similar as observed in the case of sorghum.

Medicinal plant extracts Total (g) Yield rate (%)

Water extract Sorghum 0.9468 1.1482

Poria cocos 0.8259 0.9177

70 % EtOH extract Sorghum 1.5846 1.7414

Poria cocos 1.3820 1.5356

Table 1. Yield rate of the extracts of sorghum and Poria cocos using water and ethanol.

3. Novel zein/medicinal plant extract electro‐spun nanofibers for
cosmeceutical application

Due to biocompatible nature, bio‐nanofibers have superiority over their synthetic counterparts
and have wide range of applications. Among the various types of bio‐nanofibers being
developed, extensive efforts are currently being made for the development of protein‐based
bio‐nanofibers. Nanofibers have a large surface‐to‐mass ratio that makes them promising
candidates for advanced material devices [40]. A number of methods have been developed to
spin nanofibers, among them electrospinning is one of the methods using electrical charge to
draw nanoscale fibers from polymer liquid solutions [20, 41]. Natural nanofibers are preferred
products over synthetic nanofibers as synthetic nanofibers are environmentally toxic [40].

The major purpose of this section is the incorporation of medicinal plant resources (sorghum
extract and Poria cocos extract) into the electro‐spun zein nanofibers by electrospinning
technique to investigate the effects of medicinal extract on the morphologies, antibacterial and
antioxidant properties of zein nanofibers. The prepared zein/medicinal extract nanofibers were
characterized by FE‐SEM, TGA, and DSC techniques. Photoshop 5 was used to measure the
fiber diameter. Using 2,2-diphenyl-2-picrylhydrazyl hydrate (DPPH) assay and superoxide
dismutase (SOD) assay, antioxidant properties of Zein/Poria cocos plant extract were investi‐
gated and improved antioxidant capacities were found. Zein nanofibers containing sorghum
extract were found to be effective to control the growth of bacteria. The significant anti‐bacterial
activity of zein/sorghum extract nanofibers and improved antioxidant capacities of zein/Poria
cocos extract nanofibers suggested that they might have a practical use of new preservative for
cosmeceutical and medical applications.
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3.1. Experimental

3.1.1. Materials

Zein (molecular weight = 35,000) extracted from corn was purchased from Tokyo Chemical
Industry Co. Ltd., Japan. Sorghum was collected from National Institute of Crop Science
(NICS) (Rural Development Administration, Korea). Poria cocos was obtained from plastic bag
cultivation method. Double‐distilled water was used with 96% (v/v) EtOH (Daejung Chemical
& Materials Co. Ltd, Korea) as a co‐solvent to prepare electrospinning solution.

3.1.2. Electrospinning

Zein/medicinal plant resources (sorghum extract and Poria cocos extract) blend solution was
carefully loaded into a syringe and the solution was delivered through blunt needle tip with
a controlled flow rate by means of a single syringe pump. During electrospinning, the voltage
was kept at 10 kV and applied to the solution via an alligator clip adhered to the syringe needle.
Fibers were deposited on an electrically grounded Al foil and the distance between the needle
and collector was maintained at 15 cm [42, 43].

3.1.3. Determination of antioxidant capacity

3.1.3.1. Free radical scavenging by the use of DPPH radical

The free radical scavenging activity was measured using DPPH radical following the protocols
of Brand Williams modified by Miliauskas [44, 45]. Maximum absorption of DPPH radicals is
at 515 nm and by an antioxidant compound, DPPH disappears with reduction. The DPPH
solution in methanol (6 × 10‐5 M) was required to prepare daily and 3 ml of this solution was
mixed with 100 μl of methanolic solutions of Poria cocos extracts. In a water bath, the samples
were incubated for 20 minutes at 37°C, and then the decrease in absorbance was measured at
515 nm (β). The measurement was carried out in triplicate and based on the following formula,
DPPH activity was calculated.

Inhibition % [( )] 100a b= - ´

where, α= absorbance of the blank sample and β = absorbance of the Poria cocos extract.

3.1.3.2. Free radical scavenging by the superoxide dismutase (SOD) assay

The superoxide anion scavenging activity of Poria cocos extract was determined by the WST
(2‐(4‐iodophenyl)‐3‐(4‐nitrophenyl)‐5‐(2,4‐disulphophenyl)2H‐tetrazolium, monosodium
salt) reduction method, using SOD assay kit‐WST. In this method, O2 reduced WST‐1 and
produced yellow formazan which is spectrophotometrically measured at 450 nm. Antioxidants
are capable to inhibit yellow WST formation. All experiments were done in triplicate. The
percentage of inhibition of superoxide radicals was measured using the formula discussed
earlier.
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3.1.4. Determination of anti‐microbial efficacy

For investigating anti‐bacterial performance of zein/medicinal plant extract, Klebsiella pneu‐
monia (ATCC 4352) was used. To prepare samples, nanofibers were dispersed into a viscous
aqueous solution containing 0.05 wt.% of polyoxyethylenesorbitan monooleate (TWEEN 80,
Sigma Aldrich). After 18 hours of incubation at 37°C, a mixed culture of microorganisms was
obtained on tryptone soya broth. After that, 0.4 g of sample was inoculated with 0.2 g of the
microorganism suspension to adjust the initial concentration of bacteria to 1.3 × 105 ea/ml.
Finally, the inoculants were mixed homogeneously with the samples and stored at 37°C.

3.1.5. Characterization

Average fiber diameters of the zein/Poria cocos extract and zein/sorghum extract nanofiber
were determined using Photoshop 5. The thermal properties of electro‐spun zein/sorghum
and zein/Poria cocos extract were studied with TGA (model Q‐50) and DSC (Q‐10) from TA
instruments under the nitrogen gas atmosphere. Using DPPH radical scavenging assay and
SOD assay, antioxidant properties of zein/Poria cocos plant extract were investigated. The anti‐
bacterial performance test of zein/sorghum extract was carried out on Klebsiella pneumonia.

3.2. Results and discussion

3.2.1. Morphology

Figure 9 presents the dependence of the average diameters of the zein/sorghum and zein/Poria
cocos extract nanofibers on the contents of sorghum and Poria cocos extracts, respectively. The
result indicates a dramatic decrease in fiber diameter when 5 wt.% sorghum extract was added
to zein nanofiber. However, nanofibers retained their previous shape (average diameter
around 600 nm) when 10 wt.% sorghum extract was added. Moreover, there is no huge change
in fiber diameter, when the sorghum extract contents increased from 10 to 20 wt.%. On the
other hand, when the Poria cocos extract contents increased from 5 to 15 wt.%, a slight increase
in fiber diameter was observed.

Figure 9. Average diameter of zein/sorghum extract and zein/Poria cocos extract nanofibers containing various sor‐
ghum extracts and Poria cocos extracts, respectively [zein concentration = 30 wt.%, EtOH/H2O of 7:3 (v/v), TCD = 15 cm
and applied voltage = 10 kV].
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3.2.2. Thermal properties

Temperature 50-150°C 150-350°C 350-450°C Above 500°C

Concentration Dehydration and

decomposition

of the solvent

Decomposition of the

sorghum extract

Decomposition

of thezein

Residue

Zein Sorghum 

extract

30 wt.% - 92.12% 34.17% 20.25% 18.51%

30 wt.% 5 wt.% 92.94% 34.62% 21.81% 19.35%

30 wt.% 10 wt.% 93.49% 38.15% 26.48% 24.64%

30 wt.% 20 wt.% 94.87% 43.65% 30.03% 27.72%

Table 2. TGA data of electro-spun zein nanofibers containing different sorghum extracts: (a) 0 wt.%, (b) 5 wt.%, (c) 10
wt.%, and (d) 20 wt.% [zein concentration = 30 wt.%, EtOH/H2O of 7:3 (v/v), TCD = 15 cm and applied voltage = 10 kV].

To measure thermal properties of zein/sorghum extract and zein/Poria cocos extract nanofibers,
TGA and DSC were used in nitrogen atmosphere. Table 2 presents the TGA data of decom‐
position temperature obtained from zein nanofibers containing 0, 5, 10, and 20 wt.% of
sorghum extract. From Table 2, it can be seen that, zein/sorghum extract nanofiber showed
three typical weight loss regions. The first region (50–150°C) was due to dehydration and
decomposition of the solvent, the second region (150–350°C) was due to the decomposition of
the sorghum extract and the third region (350–450°C) was due to thermal degradation of zein.
After thermal decomposition, the lowest amount of residue was obtained from pure zein
nanofibers (18.51%) and highest amount of residue was obtained from zein nanofiber con‐
taining 20 wt.% of sorghum extract. It can be concluded that higher thermal properties could
be obtained at higher weight percentage of sorghum extract. Similar effect was observed in
case of zein/Poria cocos nanofibers as shown in Table 3.

Temperature 50-150°C 150-350°C 350-450°C Above 500°C

Concentration Dehydration and

decomposition of the

solvent

Decomposition of the

Poria cocos extract

Decomposition of the

zein

Residue

Zein Poria cocos

extract

30 wt.% - 92.24% 35.26% 19.16% 17.15%

30 wt.% 5 wt.% 92.81% 35.71% 20.84% 18.45%

30 wt.% 10 wt.% 93.24% 37.66% 23.14% 22.16%

30 wt.% 20 wt.% 94.11% 39.72% 29.18% 25.72%

Table 3. TGA data of electro-spun zein nanofibers containing with different Poria cocos extracts: (a) 0 wt.%, (b) 5 wt.%,
(c) 10 wt.% and (d) 20 wt.% (zein concentration = 30 wt.%, EtOH/H2O of 7:3 (v/v), TCD = 15 cm and applied voltage =
10 kV).
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Zein/sorghum extract concentration Tg (°C)

(a) 30 wt.% 155.60

(b) 30 wt.%/5 wt.% 159.32

(c) 30 wt.%/10 wt.% 160.47

(d) 30 wt.%/20 wt.% 166.77

Table 4. Tg values of zein and zein/sorghum extract fibers containing different sorghum extracts: (a) 0 wt.%, (b) 5 wt.%,
(c) 10 wt.% and (d) 20 wt.% [zein concentration = 30 wt.%, EtOH/H2O of 7:3 (v/v), TCD = 15 cm and applied voltage =
10 kV].

The DSC data of electro‐spun zein nanofibers containing different sorghum extracts are shown
in Table 4. The lowest glass transition temperature (155.60°C) and melting temperature were
obtained from only zein nanofiber. Both glass transition temperature and melting temperature
of zein/sorghum extract nanofibers were shifted towards higher temperature values with the
higher weight percentage of sorghum extract. Similar effect was also observed when the Poria
cocos extract was added to zein nanofiber (Table 5). These results suggest that sorghum extract
and Poria cocos extract have an influence on the thermal properties of zein nanofibers.

Zein/Poria cocos extract concentration Tg (°C)

(a) 30 wt.% 155.60

(b) 30 wt.%/5 wt.% 158.12

(c) 30 wt.%/10 wt.% 159.48

(d) 30 wt.%/15 wt.% 161.37

Table 5. Tg values of zein and zein/Poria cocos extract fibers containing different Poria cocos extracts: (a) 0 wt.%, (b) 5 wt.
%, (c) 10 wt.% and (d) 15 wt.% [zein concentration = 30 wt.%, EtOH/H2O of 7:3 (v/v), TCD = 15 cm and applied voltage
= 10 kV].

3.2.3. Antioxidant activities

Radical scavenging capacities of Poria cocos extract were determined using DPPH and SOD
assay and results are presented in Tables 6 and 7. 15 wt.% Poria cocos extract showed the highest
antioxidant capacity (98.69 ± 1.49%) of DPPH inhibition, followed by 10 wt.% Poria cocos extract
(97.75 ± 1.42%), and 5 wt.% Poria cocos extract (96.88 ± 0.91%) which is the lowest antioxidant
capacity in this assay.

Sample Concentration (%) Scavenging activity (%)

Poria cocos 5 96.88 ± 0.91

10 97.75 ± 1.42

15 98.69 ± 1.49

Table 6. DPPH radical scavenging activities of ethanol extract from Poria cocos.
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Sample Concentration (%) SOD activity (%)

Poria cocos 5 66.51 ± 6.45

10 77.57 ± 4.34

15 83.49 ± 5.73

Table 7. SOD activities of ethanol extract from Poria cocos.

Results obtained using SOD assay differed from those observed for DPPH assays. 15 wt.%
Poria cocos showed the highest antioxidant capacities (83.49 ± 5.73%) followed by 10 wt.% Poria
cocos extract (77.57 ± 4.34%). In this assay, 5 wt.% Poria cocos showed the lowest antioxidant
potential (66.51 ± 6.45%). Therefore, both DPPH and SOD assay results suggest that antioxidant
capacity increased with the increased weight percentage of Poria cocos extract.

3.2.4. Anti‐bacterial ability

The anti‐microbial performance of zein and zein/sorghum extract nanocomposite against
Klebsiella pneumonia (ATCC 4352) was evaluated and results are shown in Figure 11. The anti‐
bacterial potency of only zein and zein/sorghum extract nanocomposite was assessed by
counting the number of remaining bacteria with the storage time at 25°C. As shown in
Figure 11, only zein nanocomposite has the anti‐bacterial ability; however, in the test sample,
a number of bacteria remained constant for a long time.

Figure 10. Antibacterial ability test with Klebsiella pneumonia (a) blank and electro‐spun zein nanofibers containing dif‐
ferent sorghum extracts: (b) 0 wt.%, (c) 5 wt.%, (d) 10 wt.% and (e) 20 wt.% (after 4 days).

On the other hand, zein/sorghum extract nanocomposites presented a remarkable decrease in
the number of bacteria (Figure 11c, 11d, and 11e). These results recommended that only a small
proportion of sorghum extract can make zein more competent against bacteria. The increase
in the concentration of the sorghum extract stimulates decrease in the number of bacteria.
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4. Conclusion

Different volume ratios (v/v) of ethanol/water solutions and zein concentration can affect
the morphology of the electro‐spun zein nanofibers. Uniform zein nanofiber mats having
average diameter around 600 nm could be obtained from the 7:3 (v/v) of ethanol with zein
concentration of 30 wt.%. Different amounts of sorghum and Poria cocos extracts have been
successfully incorporated into zein nanofibers by electrospinning technique from 7:3 (v/v)
EtOH/H2O solutions. Both sorghum extract and Poria cocos extract have shown remarkable
effect on the structures and morphology of zein/sorghum extract zein/Poria cocos extract
nanofibers and caused splattering, crinkling, and decreasing the diameter of the zein nano‐
fibers due to decreased viscosity. Moreover, zein/sorghum extract and zein/Poria cocos ex‐
tract nanofibers showed improved thermal property. Antioxidant properties of different wt.
% of Poria cocos extracts were investigated using DPPH assay and SOD assay and found that
15 wt.% Poria cocos extract possessed highest capacities in both methods used, and hence
could be a possible rich source of natural antioxidants. An improved performance was ach‐
ieved from zein/sorghum extract nanofibers against bacteria compared to only zein nanofib‐
ers. The significant anti‐bacterial activity of zein/sorghum extract nanofibers and improved
antioxidant capacities of zein/Poria cocos extract nanofibers recommended that they might
have a practical application as a new preservative for cosmeceutical and medical applica‐
tions.
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Abstract

Nanofibers form the broadest class of nanomaterials due to their unique properties.
High surface-area-to-volume ratios,  low diameters,  high strength values,  low basis
weights, high porosities, and small pore sizes make them good candidates for numerous
applications.  Cosmetics  are  one  of  these  important  application  areas.  Excellent
interaction with environment (e.g., skin or damaged tissue), increased loading capacity
for agents, high liquid absorption capacities, high oxygen, and water vapor permeabil‐
ity values are provided by characteristic properties of nanofibers. They are used as
therapeutics, facial masks, skin care, and renewal products. This chapter will provide
an overview of nanofibers in cosmetics. A brief history of cosmetics, different types of
nanomaterials used in cosmetics, nanofiber properties, and production methods are
described  in  this  chapter.  Novel  applications  of  nanofibers  in  cosmetics  are  also
mentioned.

Keywords: nanofibers, cosmetics, facial mask, skin care

1. Introduction

To be admired and look beautiful are two basic phenomena that exist in human nature. Seeming
beautiful and clear and feeling admiration increase people’s self-confidence and make them
satisfied in terms of psychology. Besides seeming good and well-groomed, requirement for
personal care increases the popularity of usage of cosmetics. The use of cosmetics is based on
the ancient age. Archaeological excavations have proved that cosmetics have been commonly
used in ancient Egypt. Dyes and paints that are used for coloring the skin and oils and per‐
fumes that are used for personal hygiene were the earliest cosmetic products [1]. Although
cosmetics were used in ancient age, they have become widespread in the 1900s and during the
World War II and more conscious approaches for cosmetics usage have begun to be shown [2,
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3]. As in every field, with the developments in cosmetics, qualities of cosmetic products used
nowadays are enhanced and diversities of these products are increased. Especially, insertion of
nanomaterials  (nanofibers,  nanoparticles,  nanoliposomes,  nanopigments,  etc.)  into  the
structures of cosmetics has given a new point of view to the cosmetic sector [4, 5].

Ancient Greek word “nanos” that means dwarf is used to describe the physical magnitudes in
orders of 10−9. Nanomaterials can be defined as materials having controllable sizes of 100 nm
or less. Nanomaterials with enhanced properties are obtained by the reason of the fact that
sizes at nano scales affect the structural, mechanical, thermal, thermo-dynamical, kinetical,
and electrical properties of materials [6]. Since the discovery of these nanomaterials, rapidly
increasing interest has been shown by the academic world and this has led to the production
of various nanomaterials for diverse sets of applications. One of these application areas is
cosmetics.

The usage of nanomaterials in cosmetics has continued for 40 years and has become popular
since 1990s. The first usage of nanomaterials in cosmetics has been seen in moisturizers with
liposomes. Nowadays, nanomaterials are widely used in sunscreen creams, anti-aging creams,
hair products (such as anti-hairloss, anti-hairgraying, etc.), facial masks, and toothpastes [4,
5]. Also, personal care cosmetic products such as soap, shampoo, bronzer, moisturizer,
foundation, and lip sticks are other examples of cosmetics that uses nanostructured materi‐
als [7, 8]. Besides personal care, researchers have been focusing on skin health care during the
last decades. Skin wound healing, drug/agent delivery to skin for anti-wrinkle, and anti-aging
purposes, and artificial skin applications are some challenging nanomaterial applications in
cosmetics.

2. Nanomaterials in cosmetics

An engineered nanomaterial is defined as a material that is intentionally produced as having
at least one dimension between the range of 1 and 100 nm [9]. Nanomaterials’ molecular
structure and advanced interactions with the environment are the two important factors that
affect preference of nanomaterials in cosmetics [10]. The nanomaterials used in cosmetics can
be classified as nanoemulsions, nanoliposomes, nanopigments, and nanofibers. These are all
used in sunscreens, skin creams, hair products, and oral hygiene products [11].

2.1. Nanoemulsions

Nanoemulsions are defined as transparent or translucent liquid dispersion systems which are
thermodynamically or kinetically stable. They contain nanometric sized droplets of water and
oil. A surfactant is also found in the dispersion. There are three types of nanoemulsions
depending on the composition: oil in water nanoemulsion (continuous aqueous phase where
oil droplets are dispersed in), water in oil nanoemulsion (continuous oil phase where water
droplets are dispersed in), and bicontinuous nanoemulsion (system where oil and water are
interdispersed in) [12–16]. High pressure homogenization, microfluidization, phase inver‐
sion, sonication, ultrasonic system, and jet disperser methods are some methods that are used
for the preparations of nanoemulsions [14, 15]. Physicochemical characterization of nanoe‐
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mulsions can be performed by particle size analysis, rheological measurements, refractive
index, and surface tension tests [14].

There are some advantages of nanoemulsions than the other types of emulsions, such as macro-
and microemulsions. The amount of surfactant is lower in nanoemulsions when compared to
microemulsions [17]. The advantages in terms of optical, tactile, and texture properties make
nanoemulsions attractive in cosmetics. The problems like inherent creaming, flocculation,
coalescence, and sedimentation that occur in macroemulsions and even in microemulsions
have not been met in nanoemulsions due to their small droplet sizes which enhance transpar‐
ent view and fluid properties [15, 18–20]. Reducing the sizes of emulsions to nanometers
provides an increase in the content of nourishing oil, and by this means, the transparency and
the lightness of the formula are preserved. Also, allowing fragilely transport of the active
ingredient (like vitamins) to the skin by means of higher surface area is another advantage [11].
Properties such as freshness, purity, simplicity, and rapid penetration make nanoemulsions
valuable for the cosmetic industry [12, 18, 21–23].

Sun care products, moisturizing and anti-aging creams, conditioners, and lotions are some of
the examples of nanoemulsions. Another attractive example of oil-in-water form of nanoe‐
mulsions is polyethylene glycol emulsifier-free emulsions that have low-viscosity. With the
advent of its moisturizing effect and low viscosity oil in water emulsions, it is used in emulsion-
based wet wipes for baby-care and make-up removal. In addition to these products, nanoe‐
mulsions have potentials for personal hair products. For dry hairs, extended effect provided
by cationic nanoemulsions usage makes hair gain less brittle, nongreasy, and shiny [12, 15, 24,
25]. Also, coenzyme encapsulated nanoemulsions enhance the collagen synthesis of fibro‐
blasts. Cell culture studies revealed that there was an increase in the secretion of collagen when
studied with coenzyme added nanoemulsion [26].

2.2. Nanoliposomes

Nanoliposome, as a term, means nanoscaled bilayered lipid vesicles or liposomes in the low
nanometer size range. Phospholipid molecules of components combine in an aqueous solution
to give a colloidal structure. This structure preserves its nanometric size during storage and
application period in virtue of polar and nonpolar regions of bilayer forming molecules.

Nanoliposomes have the same physical, structural, and thermodynamical properties and also
have the same way of formation with liposomes. Formation of both depends on the hydro‐
philic–hydrophobic interaction between phospholipids and water molecules [27–29]. There
are various methods to produce nanoliposomes. High-pressure homogenization is one of the
techniques and is used to produce liposomes ranging from 20 to 50 nm in size. Some of the
other methods for producing nanoliposomes are sonication technique, extrusion method,
microfluidization, heating method, and Mozafari method. Characterization of nanolipo‐
somes may be performed by electron microscopy, radiotracers, fluorescence quenching,
ultrasonic absorption, electron spin resonance spectroscopy, and nuclear magnetic reso‐
nance spectroscopy. Visual appearance, size distribution, stability, zeta potential, lamellarity,
and entrapment efficiency may be investigated [30, 31].
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Encapsulation and delivery of bioactive agents can be achieved by nanoliposomes. These can
be used in cosmetics, nutraceuticals, and pharmaceuticals. In cosmetic sector, nanolipo‐
somes are important because of their nanosized structure. They do not clog skin pores and
allow penetration of air and water soluble materials, while the many types of cosmetic products
cause accumulation of oil layer on the skin and block passing of air, water, vitamin, etc. through
the skin. Benefiting from these features, some trademarks claim that they produce cosmetics
with immediate lifting effect. As a result, nanoliposomes give wrinkleless effect to the skin
appearance [31–33].

2.3. Nanopigments

Dispersions of organic and inorganic nanopigments have been used in various applications
such as printing, paints, coatings, cosmetics, and color filter arrays for the display industry.
Nanopigments or pigment nanoparticles which differ from the bulk materials are functional
nanomaterials that are used in the cosmetics industry with a gradually broadening trend. The
nanoinorganic pigments having particle sizes less than 100 nm are considered as an insolu‐
ble and chemically and physically inert into the substrate or binders [34–36].

Nanopigments have the advantage of consisting ultrasmall particles, and certainly, the
dispersion of ultrasmall particles in solvents is easier than the larger ones. Also, their small
shape enables more stable dispersion because the gravity can be ignored with regard to the
other forces like van der Waals forces. Another advantage is the ability of forming closed
packed films. Capillary force of small particles is greater than that of large particles [34].

Nanopigments already exist in our natural environment. Titanium dioxide (TiO2) and zinc
oxide (ZnO) are the well-known examples of nanopigments. Since they have unique capaci‐
ty to reflect UV light, they are commonly used in sunscreens. They protect human skin against
damages like skin cancer arising from UV radiation [37]. Other examples in the cosmetic
market are firming lotions, bronzers, exfoliant scrubs, eye liners, hair coloring products, and
styling gels [38–40]. Nanoaluminum oxide having the feature of diffusing the light with
concealers and mineral foundations provide smooth effect to wrinkled areas on the face. Mica-
based pigments are also used in cosmetics since they give pearlescent effect [35, 36, 39].

2.4. Nanofibers

Nanofibers are the last and the largest of nanomaterials used in cosmetics and are discussed
in detail in Section 3.

3. Nanofibers: definition and properties

Fiber is defined as a unit of matter characterized by length, fineness, and high ratio of length
to thickness by the Textile Institute [41]. Nanofibers are characterized as nanomaterials that
have at least one dimension, that is, 100 nm or less, according to the definition of American
National Science Foundation [42, 43]. Nanofibers are classified as one-dimensional (1D)
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the skin. Benefiting from these features, some trademarks claim that they produce cosmetics
with immediate lifting effect. As a result, nanoliposomes give wrinkleless effect to the skin
appearance [31–33].

2.3. Nanopigments

Dispersions of organic and inorganic nanopigments have been used in various applications
such as printing, paints, coatings, cosmetics, and color filter arrays for the display industry.
Nanopigments or pigment nanoparticles which differ from the bulk materials are functional
nanomaterials that are used in the cosmetics industry with a gradually broadening trend. The
nanoinorganic pigments having particle sizes less than 100 nm are considered as an insolu‐
ble and chemically and physically inert into the substrate or binders [34–36].

Nanopigments have the advantage of consisting ultrasmall particles, and certainly, the
dispersion of ultrasmall particles in solvents is easier than the larger ones. Also, their small
shape enables more stable dispersion because the gravity can be ignored with regard to the
other forces like van der Waals forces. Another advantage is the ability of forming closed
packed films. Capillary force of small particles is greater than that of large particles [34].

Nanopigments already exist in our natural environment. Titanium dioxide (TiO2) and zinc
oxide (ZnO) are the well-known examples of nanopigments. Since they have unique capaci‐
ty to reflect UV light, they are commonly used in sunscreens. They protect human skin against
damages like skin cancer arising from UV radiation [37]. Other examples in the cosmetic
market are firming lotions, bronzers, exfoliant scrubs, eye liners, hair coloring products, and
styling gels [38–40]. Nanoaluminum oxide having the feature of diffusing the light with
concealers and mineral foundations provide smooth effect to wrinkled areas on the face. Mica-
based pigments are also used in cosmetics since they give pearlescent effect [35, 36, 39].

2.4. Nanofibers

Nanofibers are the last and the largest of nanomaterials used in cosmetics and are discussed
in detail in Section 3.

3. Nanofibers: definition and properties

Fiber is defined as a unit of matter characterized by length, fineness, and high ratio of length
to thickness by the Textile Institute [41]. Nanofibers are characterized as nanomaterials that
have at least one dimension, that is, 100 nm or less, according to the definition of American
National Science Foundation [42, 43]. Nanofibers are classified as one-dimensional (1D)
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nanomaterials (having a degree of freedom in one direction). Apart from the definition in
textiles, nanofibers are defined as fibers that have a minimum ratio of length to thickness of
1000:1 [44].

Properties of nanofibers can be specified as having low unit length (diameter), high surface-
area-to-volume ratio, high strength value, low basis weight, high porosity, and small pore
size [45–48]. These make them indispensable in numerous applications.

Increasing the number of fibers in a unit volume can be achieved by decreasing the diame‐
ters of fibers and by migrating atoms from the bulk to the surface. This leads to an increase in
surface-area-to-volume ratio, and hence the enhanced liquid absorption capacities and
increased retention levels of functional groups, ions, particulates, or agents are obtained. High
contact surface area between nanofibers and skin provides delivery of cosmetic agents to the
deeper skin parts. All these mean advancement in the activities of materials including
nanofibers instead of micro ones (Figure 1).

Figure 1. An exaggerated drawing of migration of atoms from bulk to surface and variation of properties with size.

The other properties enhanced by size reduction are the oxygen and water vapor permeabil‐
ity capabilities. According to high porosities and low pore diameters observed in nanofiber
mats, breathable cosmetics can be successfully produced. This gains importance in terms of
dermocosmetics that comprises cleaners, moisturers, and photoprotectors [49].

Mechanical strength of nanofibers is significant in terms of usage as artificial skin mats [50].
Since the mechanical properties of polymers are determined by molecular structure, weight,
and orientation, polymer nanofibers that can be produced as highly molecularly oriented by
fiber production methods serve as good templates in artificial skin applications. Low basis
weight of nanofiber mats is the other great property.
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4. Production methods of nanofibers

Nanofibers have been designed by choosing suitable polymers, convenient additives, and
proper production methods to meet the requirements of their specific application area.
Nanofibers are produced by lots of methods such as self-assembly, drawing, meltblowing,
template synthesis, phase separation, melt spinning, centrifugal spinning, and electrospin‐
ning [51]. Flash spinning is a modified spunbond method and is also considered as one of the
nanofiber production methods in some references [52]. The method is based on the forma‐
tion of fibrillar formed filaments by extrusion through a spinneret and removal of solvent. But
there is a lowest limit of about 1 μm for nanofiber diameters [53].

Although nanofibers can be achieved by the abovementioned methods, electrospinning is the
unique method for the production of nanofibers in cosmetics. All the methods are described
briefly except electrospinning, which is discussed elaborately because of its prevalence.

All the methods require sensitiveness at different levels due to the complexity of the process.
Since the production is made in nanometer ranges, it should be avoided from atmospheric
contaminations. If a visible threshold of about 40 μm is considered, the importance of clean
process environment will be well understood.

4.1. Self-assembly

Self-assembly is the only nanofiber production method that benefit from bottom-up ap‐
proach [54]. The term “self” corresponds to formation of molecules and molecular chains by
atoms, finally forming fibers by molecular chains with minimum external effect [55]. The
mechanism is based on formation of up structures (nanoscaled fibers) from bottom struc‐
tures (molecules). The drawbacks of the method are complication of process and uncontrol‐
lable fiber diameters [56]. Leibmann et al. have found that self-assembled spider silk nanofibers
and microbeads have potentials to be used in cosmetics and pharma [57].

4.2. Drawing

Drawing of individual nanofibers is achieved by a micromanipulator probe taking a little
amount of polymer from the viscoelastic polymer solution droplet placed on a flat surface.
Probe takes this little amount of polymer on and then draws it at a slow constant rate. By the
contact of probe onto the flat surface at a distance adequate for fiber length, individual fibers
are succeeded. Drawing rate and solvent evaporation rate are the important process parame‐
ters [56, 58, 59]. Polycaprolactone, polyethylene oxide, hyaluronic acid, fish gelatin blend, and
polymethylmethacrylate are the biopolymer nanofibers formed by the drawing method [60],
and in addition these, polymer nanofibers can be used as skin tissue scaffolds or skin wound
healers.

4.3. Meltblowing

High flow rate of hot air is contacted with polymer extruding out of a capillary tip. Nanofib‐
ers are formed at a very short time [61]. The viscosity of the polymer melt should allow
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sufficient thinning of nanofibers in this process [62]. In this method, nanofibers of approx. 250
nm diameter can be obtained with low cost by using thermoplastic polymers [63]. The most
common applications of meltblown nanofiber mats are filtering applications [64, 65]. Wet
wipes constitutes the other class of applications [66, 67]. Also, a pack of cosmetic facial mask
including a meltblown fiber mat layer was presented by Choi and Lee [68].

4.4. Template synthesis

As it is understood from the name of the method, templates are used for the production of
nanofibers. Electrochemical, chemical, sol-gel, and chemical vapor deposition are some types
of template synthesis [69]. Fiber diameters are determined by pore sizes of the templates. Since
the process needs preliminary preparation (e.g., preparation of metal oxide nanoporous
membranes), it is time consuming. Tao and Desai have pointed out the usage of biodegrada‐
ble polymers for the production of template synthesized nanofibers for tissue engineering
applications [70].

4.5. Phase separation

Basic principle of the phase separation is the formation of polymer-rich and polymer-poor
phases and formation of nanofibrous structure after the removal of polymer-poor phase. A
3D fibrous structure is obtained instead of mats composed of individual fibers [56, 71].

Type of solvent and polymer, concentration of polymer solution, and temperature are the key
parameters that affect the process [71]. Although there are limitations about the polymers that
can be used in this method, there is an advantage of adjusting the mechanical properties by
changing polymer concentration. Minimum equipment requirement is the other advantage
[56, 72].

4.6. Melt spinning

In this continuous process, melt is drawn first and then fiber is wound with a faster rate than
in extrusion [73]. Bicomponent spinning is a modified melt spinning method in which
unconventional spinnerets are used. As it is obvious from the name of the method, two
components are extruded through the spinneret, and then one component is removed and the
other one remains [74]. Different spinneret designs may be used in the production. Islands in
the sea model is the most used one [75]. Fibers approximately with diameters of 300 nm may
be obtained by drawing 1 denier (g/9000 m) fibers from the island in the sea type spinneret [52].

4.7. Centrifugal spinning

Centrifugal spinning method is proposed as a method that exceeds the limitations of other
nanofiber production methods such as available materials, production rate, safety, and cost
[76]. A polymer melt is fed toward a spinning head (with a rotational speed of approx. 3000
rpm) which forms the centrifugal force that is required for sufficient attenuation [77]. There is
an assistance of high velocity air during the transition of nanosize [76].Centrifugally spun
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biopolymer nanofibers were proposed as successful skin grafts with increased cell attach‐
ment and proliferation [78].

4.8. Electrospinning

Electrospinning is a simple peerless method that individual nanofibers can be formed
continuously. It allows production of functionality added nanofibers from polymer solu‐
tions/melts to be used in various applications. Since electrospinning equipment is cheap and
the process is simple, it is attractive for lots of researchers to produce nanofiber webs from a
wide range of polymers.

Figure 2. Schematic figure of (a) a coaxial needle and (b) an equipment with a rotating drum collector.

Basis of static electricity were laid by ancient Greeks. Thales of Miletus (630–550 BC) was the
one who realized the force created by amber (electron) on objects. The first written evidence
has been left by Theophrastus (374–287 BC) [79, 80]. William Gilbert has used an amber rod
for drawing water droplets [80, 81]. From the 1700s lots of researchers investigated the behavior
of droplets under electrostatic forces, electrospraying, stability of drawn jet, cone formation,
and so on [51]. Producing silk-like synthetic fibers was an important topic in the 1900s. In 1934,
Formhals took 11 patents about the subject. His mischance was the invention of polyamide
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with a higher output than proposed in Formhals’ methods [47]. As the academic interest
increased by the time, the method was developed by modifications in feeding and collecting
units as seen in Figure 2a and b, respectively. Coaxial needle provides feeding of two different
polymers or encapsulation of agents, drugs, or other bioactive materials inside the shell
polymer acting as a carrier. Rotating drum collectors develop the fiber structure, provide
molecular orientation, and make electrospinning easy with high angular velocity.

Figure 3. A photo of an electrospun mat.

The principle of electrospinning is drawing of nanofibers under the electrostatic forces created
with the usage of high voltage power supply and grounding placed on needle and collector,
respectively [82–85]. The steps encountered in the process may be classified into six groups:
the first one is the charging of polymer solution/melt causing a deformation on the droplet at
the tip and the formation of cone [86, 87]. The second one is the generation of jet by increas‐
ing charging. This causes a deformation in jet [86–88]. At the third stage, the straight jet segment
elongates [89, 90]. Deformation of straight jet segment, creation of instability, and continua‐
tion of elongation compose the fourth step [91, 92]. In the fifth step, solidification of nanofib‐
ers takes place by evaporation of solvent or cooling [87, 93]. And finally, fibers showing
buckling behaviors are collected on the collector [94].

As one can understand from the six basic steps of electrospinning, the rate of feeding, electric
field force acting on polymer solution/melt, and the flight distance of polymer jet are the key
parameters of electrospinning process. It is known that none of the parameters can be
evaluated independently from each other. In other words, there are optimum electrospin‐
ning parameters for every polymer solvent system or polymer melt. Since the adjustments of
these parameters are easy, it can be said that the method still maintains its position at the focus
of academic interest.
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Producing nanofibers quite easily from various polymers makes electrospinning and electro‐
spun products indispensible for a diverse set of applications. The electrospun nanofiber mats,
as shown in Figure 3, may be used in drug delivery systems, therapeutics, and body care
supplements [95].

5. Applications of nanofibers in cosmetics

Nanofibers take the advantage of their unique properties and have extensive usage in
cosmetics, tissue engineering, biomedical, filtering, composites, protective clothing, electri‐
cal and optical applications, sensors, and agriculture [80, 96]. Since nanotechnology allows
production of value-added products, cosmetics produced by nanotechnological methods have
attracted attention from every area. With the aid of nanofiber production methods, especial‐
ly by electrospinning, mats with controllable pore sizes and fiber diameters can be obtained.
Also, the novel approaches that have been shown to cosmetics led to consumption of more
conscious cosmetic products including therapeutic products and products for skin health and
renewal (such as facial masks for skin cleansing, skin healing, and skin therapy) [95, 97]. All
of the products mentioned above can be produced by using nanofibers. Applications of
nanofibers in cosmetics are described below.

5.1. Facial masks and skin cleansings

Fathi-Azarbayjani et al. have presented an antioxidant and anti-wrinkle nanofiber face mask.
They added ascorbic acid, retionic acid, collagen, and gold nanoparticles to the electrospin‐
ning solution and directly spun the fibers. In order to avoid from instability problems of
prewetted facial masks, they have designed a mask that will be wetted just before the
application. They indicated that wetting of masks will provide the release of agents from
nanofibrous mats and ensure high skin penetration due to the high surface area of nanofib‐
ers. Thus, they developed healthy appearance of skin [98]. Smith et al. have a patent related
to skin care mask. This mask is composed of nanofibers and can be used as a cleansing product
for overaccumulated oil on skin [99]. Also, skin revitalizing factors can also be impregnated
to nanofiber-based masks [95]. Kim designed a water soluble nanofiber layer for removal of
cosmetic ingredients. He argued that dissolution of nanofiber layer by water maximized
adhesion to the skin [100].

5.2. Skin health and renewal products

Researcher groups have attempted to electrospin nanofibers with various agents and investi‐
gate the effects on skin health. One of them produced cellulose acetate nanofibers by loading
vitamin A and E to the spinning solution. They have searched the dermal therapeutic effect of
vitamin loaded nanofiber mats as carriers. They compared the release of vitamins from the
nanofiber mats and cast films and have not come across with a burst release in nanofibers as
seen in cast films [101].
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Another study including the loading of vitamin E to silk fibroin nanofibers was conducted
in 2013. The researchers have argued that the mats presented in the study can be used as
personal skin care products since they enhance the survival of the L929 fibroblast cells during
in vitro tests [102].

5.3. Skin wound dressings and drug delivery products

Delivery of drugs to the skin can be considered in cosmetic applications, especially in
dermocosmetics. Sufficient delivery results were observed due to the higher surface area of
nanofibers [103]. A researcher group has prepared electrospun chitosan-based nanofiber mats
with Garcinia mangostana extracts. The agent has made the nanofiber mats antioxidant and
antibacterial. According to the in vivo wound healing test results, acceleration in wound
healing has been observed. They stated that these extract loaded chitosan nanofiber mats were
good candidates for dermal healing mats [104]. Charernsriwilaiwat et al. were the ones trying
to load lysozyme on chitosan nanofibers. Enhancement in wound healing was observed in in
vivo tests of Male Wistar rats [105]. Vargas et al. revealed that electrospun hyperbranched
polyglycerol nanofibers involving Calendula officinalis extract were suitable for wound dressing
materials. They investigated the water vapor permeability, cytotoxicity, and skin irritation
values and found that these nanofiber mats were proper for wound healing [106].

Silver nanoparticles are known as antimicrobial agents. Silver nanoparticles damage bacteria,
virus, and fungi, and so they can be used as wound healing agents [107]. Nguyen et al.
produced silver nanoparticles loaded with PVA electrospun fiber mats for wound healing.
High antibacterial activities against S. aureus and E. coli were observed that is important for
rapid wound healing [108]. Rujitanaroj et al. produced gelatin nanofibers with silver nano‐
particles. They recommended that these mats can be used as dressing materials for burn
wounds [109].

Epidermal growth factor added silk fibroin nanofiber mats were produced by electrospin‐
ning technique to improve wound healing process [110]. Also, Han et al. investigated
nanofiber-based dressing from poly(3-hydroxybutyrate-co-3-hydroxyvalerate) polymer. They
found that wound healing was supported at early stages by providing proper moist and
mechanical support to the wound environment [111].

Poly(L-lactic acid) nanofibers were obtained in another study as skin tissue scaffolds. The
success of the product was associated to the similarity of the structure of nanofibers to the extra
cellular matrix of the skin [112].

6. Conclusions

Nanofibers have great potentials for use in cosmetics. Advances in fiber production technol‐
ogies allow the design of new products for versatile usage in cosmetic applications. Increase
in the awareness of usage of cosmetics in skin care as well as in therapy and healing directs
researchers to conduct more research this field. It seems that nanofibers will continue to attract
attention in this specific application area for many years.
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Abstract

Among the various synthesizing technologies of carbon nanofibers (CNFs), chemical
vapor deposition (CVD) technology, which uses hydrocarbon gas or carbon monox‐
ide as a carbon source gas and pyrolyzes it to grow CNFs on transition metal cata‐
lysts, such as Ni, Fe, and Co, has been regarded as the most inexpensive and convenient
method to produce CNFs for industrial use. Experimental variables for CVD are source
gas, catalyst layers, temperature, and reaction time. Since the particle size of metal
catalysts has an influence on the diameter of CNFs, it is possible to control the diameter
of CNFs by varying particle sizes of the metal. As such, it is possible to synthesize CNFs
selectively through the selective deposition of catalyst metals. In this study, CNFs were
grown by CVD on C-fiber textiles, which had catalysts deposited via electrophoretic
deposition. The CNFs were coated with a silica layer via hydrolysis of TEOS (tetraeth‐
yl orthosilicate), and the CNFs were oxidized by nitric acid. Due to oxidation, a hydroxyl
group was created on the CNFs, which was then able to be used as an activation site for
the SiO2. CNFs and the CNFs/SiO2 composite can be used in various applications, such
as a composite material, electromagnetic wave shielding material, ultrathin display
devices,  carbon semiconductors,  and anode materials  of  Li  secondary batteries.  In
particular, there is an increasing demand for lightweight, small-scale, and high-capacity
batteries for portable electronic devices, such as laptop computers or smart phones,
along with the escalating concern of fossil energy depletion. Accordingly, CNFs and
CNFs/SiO2 composites are receiving attention for their use as anode materials of Li
secondary batteries, which are eco-friendly, lightweight, and high capacity. Therefore,
the physicochemical properties and electrochemical performance data of synthesized
CNFs and CNFs/SiO2 composite are described in this chapter.

Keywords: carbon nanofibers, chemical vapour deposition, silicon composites, anode
materials, Li secondary batteries
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1. Introduction

Carbon has various types of allotrope (graphite, diamond, carbon nanofibers (CNFs), carbon
nanotubes, graphene, etc.) depending on the molecular bonding mode with hybridized bonding
of sp, sp2, and sp3. Figure 1 shows a schematic of carbon fibers and tubes of various sizes.

CNFs among various allotropes of carbon are fibrous carbon materials with less than 1 μm
thickness and over 90% carbon content and can take various forms, such as herringbone,
platelet, and spiral. Such CNFs can be used in various applications, such as a composite
material, electromagnetic wave shielding material, ultrathin display devices, carbon semicon‐
ductors, and anode materials of secondary batteries. In particular, there is an increasing
demand for lightweight, small-scale, and high-capacity batteries for portable electronic
devices, such as laptop computers or smart phones, along with the recent concern of fossil
energy depletion. Accordingly, CNFs are receiving attention for their potential use as anode
materials of Li secondary batteries, which are eco-friendly, lightweight, and high capacity.
Secondary batteries can be charged and discharged several times for reuse. Lead and Ni-Cd
batteries have been most commonly used prior to the introduction of Li secondary batteries,
but they harbor the disadvantages of a memory effect and environmental pollution issues.

Recently, the development of Li secondary batteries received more attention, since they are
environmentally safe, with lightweight, small-scale, and high-capacity features required for
small IT devices, such as laptop computers or mobile phones [1–17].

Figure 1. Schematic of carbon fibers and tubes of various types.

1.1. Lithium secondary batteries

Li secondary batteries mainly consist of a cathode, anode, electrolyte, and separator. The anode
reversibly intercalates and disintercalates the lithium ions coming from the cathode to allow
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electrons to flow through the internal circuit and generate electricity. Figure 2 shows a
schematic diagram showing the principle behind the Li secondary battery.

Studies on the performance enhancement of lithium secondary batteries are mostly concern‐
ing the performance improvement of anode materials, including carbon materials and the
development of new materials. Since the charging and discharging performance of Li
secondary batteries is significantly influenced by the structure of the anode materials for
intercalating lithium ions, this study focused on the performance improvement and develop‐
ment of carbon materials as anode materials to allow more Li ions to be inserted. For such
anodes, graphite, first developed by Bell Labs in 1981, has been used in most cases. Graphite
has the advantage of its crystal structure during charging and discharging, so that its vol‐
ume does not significantly change; however, it limits the performance of the Li secondary
batteries, due to its small maximum theoretical capacity of 372 mAh g−1.

Accordingly, studies are actively conducted to test new carbon-based materials that would
allow high-capacity and performance improvement of Li secondary batteries. The CNFs of
carbon-based anode materials do not change significantly in their crystal structure during the
intercalation and disintercalation process of lithium ions, as in the case of graphite. They are
accordingly receiving attention as a new anode material that would allow lithium secondary
batteries to provide an excellent lifetime [18–20].

Figure 2. Schematic diagram of the principle of the Li secondary battery.
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1.2. CNFs/silicon composites

Silicon is suitable as a high-capacity anode material because of its high maximum theoretical
capacity of 4200 mAh g−1; however it is associated with a deteriorating electrical connection
due to cracks forming as a result of the nearly 400% volume change during charging and
discharging. It also has the problem of deteriorating charging and discharging characteris‐
tics by generating a large irreversible capacity. Various studies have been attempted to solve
the problems of CNFs and silicon, and a method of synthesizing CNFs/Si composites was
presented as one of the solutions [19].

Since CNFs provide a flexible space for the volume expansion of silicon in the process of
synthesizing CNFs/Si composite, it has the potential to be a good candidate and as such has
been selected as an anode material of Li secondary batteries in order to enhance its perform‐
ance for use in this study. Figure 3 shows the grown CNFs on a Si surface which play a role
as shrinked springs when the composites are charged.

CNFs were synthesized by using chemical vapor deposition (CVD), and the effects of synthesis
conditions, such as synthesis temperature and the concentration ratio of catalysts on the
growth of CNFs, were studied. CNFs/Si composites were synthesized based on these CNFs,
and the physiochemical characteristics of CNFs/Si composites and the electrochemical
characteristics as anode materials of Li secondary batteries were also investigated [9, 18–22].

Figure 3. Schematic diagram showing the buffering principle of CNFs/Si composites.

2. Synthesis of CNFs on electroplated Fe/C-fiber textiles

2.1. Experimental process

2.1.1. Oxidation

C-fiber textiles (SGL Carbon Group) were put into 60% nitric acid and heated at 80°C for
30 min under reflux to form OH groups on the surface of C-fiber textiles. After the comple‐
tion of oxidation, the oxidized C-fiber textiles were cleaned and stored in distilled water,
without drying in an oven, in order to keep the OH groups attached to the surface [4, 7, 17].
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2.1.2. Deposition of Fe catalyst

For the deposition of a Fe catalyst, Fe(NO3)3∙9H2O as a precursor was first dissolved in distilled
water, and then the C-fiber textiles were immersed in the solution. The pH of the solution was
lowered to 1.00 with nitric acid, and the solution was heated to 90°C. The ratio of C-fiber textiles
and the amount of Fe in the solution was controlled as an experimental variable. Afterward,
hydrolysis was carried out by slow dropping of 1 M urea solution.

It is known that Fe(OH)3 is formed by deposition-precipitation on the surface of oxidized C-
fiber textiles, through the reaction of OH groups. For comparison, deposition of ferrous
particles on the oxidized C-fiber textiles was carried out, by dipping the substrate into the
solution, after the hydrolysis by urea was complete. The specimen was cleaned by distilled
water, after completion of the deposition process, and dried for 24 hours at 80°C [4, 7, 17].

2.1.3. Reduction

A reduction step was applied in order to convert iron hydroxides and oxides attached to the
surface of C-fiber textiles into elemental iron using a tube furnace. Hydrogen balanced with
nitrogen gas was used for the reduction process, and the flux of the reaction gas was control‐
led by an electronic mass flow controller (MFC). The reactor temperature was increased by
10°C/min up to 600°C in pure N2 atmosphere. Once the temperature reached 600°C, N2 gas
balanced with 20% H2 gas was flowed into the reactor for 3 hours to carry out the reduction
process [4, 7, 17].

2.1.4. Growth of CNFs

CNFs were grown on C-fiber textiles by CVD in a horizontal quartz tube reaction apparatus
after completion of the reduction process. The flux of reaction gas was controlled by an
electronic MFC, and ethylene gas (C2H4) was used to grow the CNFs as a carbon source.
Hydrogen gas was used to eliminate the remaining hydroxyl group after the reduction process,
while nitrogen was used to stabilize the reaction.

The prepared metal catalyst was evenly spread on a quartz boat, which was placed into the
reactor under nitrogen atmosphere, and the reactor temperature was increased by 10°C/min.
Once the temperature reached 700°C, it was maintained for 30 min. N2 gas balanced with 20%
H2 gas was flowed into the reactor, and then 20% ethylene balanced with N2 gas was flowed
into the reactor for 5 hours. After the completion of the reaction, the temperature was lowered
to room temperature in N2 atmosphere [4, 7, 17].

2.2. Physicochemical properties of the grown CNFs

2.2.1. Scanning Electron Microscope (SEM)

Figures 4 and 5 show the shape of the CNFs grown on the C-fiber textiles by the CVD method,
as taken by SEM, with 100,000× magnification. It was found that the diameters of CNFs
increased with decreasing a Fe/C ratio. The diameters of CNFs grew up to 40–60 nm when the
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weight ratio of C-fiber textiles to Fe was 1:30, whereas CNFs grew up to 30–55 nm in diame‐
ter when the ratio was 1:70.

In contrast, it was observed that CNFs scarcely grew in the samples prepared by the dip-coating
method if the ratio of C-fiber textiles to Fe reached 1:70; instead they started to cohere during
the growth process. It is assumed that too many Fe catalyst particles were present on the surface
of the C-fiber textiles, which interferes with the growth of CNFs. CNFs of 40–60 nm in diameter
grew when the ratio was 1:10, while the thinnest and the most even CNFs, of 25–30 nm in
diameter, grew when the ratio was 1:30 [4, 7, 17].

Figure 4. CNFs grown on C-fiber textiles, under the CVD method. (a) 1 g C-fiber textile, 10 g Fe(III) weight ratio; (b) 1 g
C-fiber textile, 30 g Fe(III) weight ratio; (c) 1 g C-fiber textile, 50 g Fe(III) weight ratio; and (d) 1 g C-fiber textile, 70 g
Fe(III) weight ratio.

Figure 5. Shapes of CNFs, after the CVD process, when the dip-coating time was 30 min. (a) 1 g C-fiber textile, 10 g
Fe(III) weight ratio; (b) 1 g C-fiber textile, 30 g Fe(III) weight ratio; (c) 1 g C-fiber textile, 50 g Fe(III) weight ratio; and
(d) 1 g C-fiber textile, 70 g Fe(III) weight ratio.
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2.2.2. X-ray Diffraction (XRD)

XRD patterns were taken in order to analyze how the crystalline structure of the samples
change according to the different processes, and the results are shown in Figure 6. After the
deposition process, iron oxide phases of different stoichiometry were found. It is known that
Fe(OH)3 present on the sample surface after precipitation-deposition transforms into iron
oxide during the drying process, and then Fe particles of cubic crystalline structure re‐
mained after reduction.

The graphite peaks in the raw material mainly belong to the graphite flakes, which are present
in the C-fiber textile. The peak broadening, which can be observed for the samples after CVD,
can be attributed to the presence of CNFs [4, 7, 17].

Figure 6. XRD pattern of sample according to changes in the experimental process.

2.2.3. X-ray Photoelectron Spectroscopy (XPS)

XPS analysis was carried out in order to analyze the binding energies of C, Fe, and oxygen.
Measurements were performed for the sample where the CNFs (C:Fe 1:30, 30 min dip coating)
were grown as uniformly as possible. Figure 7 shows the XPS analysis result after the growth
of CNFs. The binding energy of the Fe catalyst particles deposited to CNFs, which were grown
on the surface, did not appear on the XPS spectrum, while the binding energies of C and oxygen
appeared on the spectra [4, 7, 17].
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Figure 7. XPS results of CNFs grown on C-fiber textiles.

2.2.4. Thermogravimetry/Differential Thermal Analysis (TG/DTA)

Figure 8 shows TG/DTA thermograms for the CNF grown samples. After the Fe catalyst was
deposited (a) by the deposition-precipitation method or (b) by the dip-coating method, with
the same C:Fe ratio of 1:30, analysis was performed on the samples in which CNFs were grown.
The TG/DTA curves showed similar tendencies when the experiment was conducted by both
methods.

As can be seen in Figure 8, the decrease of TGA thermogram ranges from 490°C to 750°C,
which resulted from the oxidation of CNFs and C-fiber textiles composing the sample. As for
the DTA thermogram, exothermic peaks were found in both samples near 600°C, 690°C, and
850°C. The exothermic peak near 600°C appearing at the beginning of the DTA thermogram
is deemed as oxidation reaction to carbon of CNFs; and meantime, exothermic peaks appear‐
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ing in higher temperature of near 690°C and 850°C are deemed as peaks showing the oxida‐
tion reaction of C-fiber and graphite composing C-fiber textiles, which were used as
substrate [4, 7, 17].

Figure 8. TG/DTA thermograms of CNFs grown on C-fiber textiles by the two different deposition methods: (a) depo‐
sition-precipitation method and (b) dip-coating method.

2.2.5. Raman

After CNFs had been synthesized in the CVD method, Raman analysis was performed in order
to investigate the characteristics of C─ bonding, and the results are presented in Figure 9.
After Fe catalysts were deposited on CNFs, they were grown on C-fiber textiles by the
deposition-precipitation method or dip-coating method with a C:Fe ratio of 1:30. No differen‐
ces were discovered in the patterns of Raman spectrum by the Fe catalyst deposition meth‐
od; however the intensity value was relatively larger when the dip-coating method was used,
when compared to the deposition-precipitation method.

As seen in Figure 9, a D band appeared around 1332 cm−1, a G band around 1582 cm−1, and a
2D band around 2700 cm−1; and the intensity and R = (ID/IG) values of the D band, G band,
and 2D band appear in the respective spectra. When CNFs were grown after the deposition of
Fe catalyst in the two different methods, the respective R values were 0.64 under deposition-
precipitation, while they were 0.73 under the dip-coating method. As such, it is known that
CNFs grow better, if and when the Fe catalyst is deposited by dip-coating, and then CNFs are
grown. Meanwhile, a 2D band appeared in both samples, which means that not only pure
CNFs carbon grow but also multiwalled carbon nanotubes (MWCNTs) partially grow
together, when CNFs are grown by both the deposition-precipitation and dip-coating
methods [4, 7, 17].
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Figure 9. The Raman spectra of CNFs grown on C-fiber textiles by the two different deposition methods.

3. Synthesis of CNFs and CNFs/SiO2 composite on electroplated Co-Ni/C-
fiber textiles

3.1. Experimental process

3.1.1. Deposition of Co-Ni catalysts on C-fiber textiles

Using the electrophoretic method, Co-Ni catalysts were deposited on C-fiber textiles. Carbon
electrodes and carbon sheets were used as the anode and cathode, respectively, while a mixture
of cobalt nitrate and nickel nitrate was used as the electrolyte. To analyze the characteristics
of the CNFs according to their cobalt and nickel contents, cobalt nitrate and nickel nitrate, with
the weight ratio of 6:4 and 8:2, were used as the electrolyte for the deposition of Co-Ni catalysts
by applying 0.04–0.05 A of current for 5 min [4, 7, 17, 18, 22].

3.1.2. Reduction of catalysts and synthesis of CNFs

After placing the C-fiber textiles with deposited catalysts into a furnace, the temperature was
increased by 12°C/min up to 700°C in N2 atmosphere. While maintaining the temperature at
700°C, H2 gas was flowed into the furnace for 1 hour for the reduction of the catalysts.
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Using CVD, CNFs were synthesized to electroplated Co-Ni/C-fiber textiles. Ethylene gas, as
the C source, was flowed into the furnace for an hour at 700°C, during which reduction was
completed. After the completion of the reaction, the temperature was lowered to room
temperature in N2 atmosphere [4, 7, 17, 18, 22].

3.1.3. Synthesis of the CNFs/SiO2 composite

For the silica coating, a hydroxyl group was attached to the surface of the CNFs as an anchor
group and oxidized for 30 min in 80°C nitric acid. Using the sol-gel process, SiO2 was applied
as a coating through the hydrolysis of tetraethyl orthosilicate (TEOS) on the surface of the
reduced CNFs. TEOS was hydrolyzed by dissolving hydrochloric acid and distilled water with
ethanol and stirred for 6 hours at room temperature. After soaking the CNFs/C-fiber textiles
in this solution and adding ammonia solution for gelation, the solution was stirred for
12 hours and SiO2 was coated on the surface of the CNFs [4, 7, 17, 18, 22].

3.1.4. Fabrication of coin cell

To investigate the electrochemical characteristics of the CNFs and the CNFs/SiO2 composite,
a coin cell was fabricated. For the working electrode, the CNFs and CNFs/SiO2 deposited on
C-fiber textiles were used without a binder, Li metal was used for the counter electrode, and
polyethylene was used for the separator. For the electrolyte, LiPF6 was dissolved in ethylene
carbonate (EC) and diethyl carbonate (DEC) (1:1 vol.%) for a mixed solution. The coin cell was
fabricated in a glove box filled with Ar gas [4, 7, 17, 18, 22].

3.2. Characterization of the CNFs/SiO2 composite

3.2.1. Scanning Electron Microscope (SEM)

Figure 10 shows the SEM images of CNFs synthesized according to the Co-Ni ratio. In both
samples, CNFs in a curved form with a uniform diameter were synthesized. With a Co-Ni ratio
of 8:2, 40 nm CNFs were synthesized, while 30 nm CNFs were synthesized with a ratio of 6:4
[22].

Figure 10. SEM images of CNFs grown on Co-Ni/C-fiber textiles.
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3.2.2. X-ray Photoelectron Spectroscopy (XPS)

Figure 11 shows the XPS spectra of CNFs that were synthesized using Co-Ni catalysts. With
Co-Ni ratios of 8:2 and 6:4, a C═C (sp2) bond, C─C (sp3) bond, ─C═O bond, and ─COO
bond were observed around 285, 286, 288, and 292 eV, respectively. It was found that the
catalyst ratio did not affect the binding energy of CNFs as the same C-binding energy was
observed with both catalyst ratios.

Figure 12 shows the XPS spectra of the as-synthesized CNFs/SiO2 composite. Around the
binding energy of 103–105 eV for silicon, SiO2 and SiO were identified. Considering that the
intensity of SiO2 bonding is higher than that of SiO bonding in larger areas, the coated layer
on the surface of CNFs consisted mostly of SiO2 [22].

Figure 11. XPS spectra of CNFs grown on Co-Ni/C-fiber textiles.

Figure 12. XPS spectra of CNFs/SiO2 composite.
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3.2.3. Raman

Figure 13 shows the Raman spectra of CNFs according to the Co-Ni ratios. Around 1590 cm−1,
a G band indicating a C═C (sp2) bond was observed, while a D band indicating a C─C (sp3)
bond was observed around 1350 cm−1. Considering that the intensity ratio of the D band and
B band at both ratios was close to 1, it was determined that CNFs were synthesized with a 1:1
ratio of sp2 bonds and sp3 bonds. The intensity of CNFs synthesized at the Co-Ni ratio of 8:2
was higher than that of CNFs synthesized at a 6:4 ratio. Accordingly, this showed that CNFs
synthesized at the Co-Ni ratio of 8:2 had higher crystallizability [22].

Figure 13. Raman spectra of CNFs grown on Co-Ni/C-fiber textiles.

3.2.4. Transmission electron microscopy (TEM)

To observe the layer of silica coated on the surface of the CNFs, TEM images were examined
and are shown in Figure 14. For the CNFs coated with silica, CNFs synthesized at the Co-Ni
ratio of 8:2 with relatively high crystallizability were used. A layer of silica at a thickness of
about 10 nm was coated evenly on the surface of the CNFs in a hollow form with about
8 nm center diameter [22].

Figure 14. TEM image of SiO2-coated CNF composite.
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3.2.5. Cycle performance

The discharge capacities of C-fiber textiles, CNFs, and CNFs/SiO2 composite were measured
and are shown in Figure 15. The respective initial discharge capacities of the CNFs synthe‐
sized with the Co-Ni ratios of 8:2 and 6:4 were 258 and 234 mAh g−1, respectively, thereby
showing higher results than that of C-fiber textiles with the initial discharge capacity of
190 mAh g−1 and a high retention rate of 95%. The CNFs/SiO2 composite showed the highest
initial discharge capacity of 1468 mAh g−1 with the retention rate of 47% [22].

Figure 15. Discharge capacities and retention rates of C-fiber textiles, CNF/Co-Ni and CNF/SiO2 composites.

4. Conclusions

Based on the catalysts deposited using the electrophoretic method, CNFs were synthesized on
the surface of C-fiber textiles through CVD. Upon hydrolysis of TEOS, silica was coated on the
surface of CNFs to synthesize the CNFs/SiO2 composite. The characteristics of the as-synthe‐
sized CNFs and CNFs/SiO2 composite were analyzed through various spectroscopic meth‐
ods. Upon fabricating a coin-type half-cell without a binder for the as-synthesized sample, its
cycle performance when used as an anode material in Li secondary batteries was investigat‐
ed. Based on the results, the following conclusions were deduced [22].
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1. When the CNFs grew, after deposition of the Fe catalyst using the deposition-precipita‐
tion method, the diameters grew up to 40–60 nm and 30–55 nm, when weight ratios of
C:Fe were 1:30 and 1:50, respectively.

2. When the CNFs grew, after deposition of Fe catalyst using the dip-coating method, the
diameters grew up to 40–60 nm and 25–30 nm, when the weight ratios of C:Fe were 1:10
and 1:30, respectively [4, 7, 17].

3. With Co-Ni ratios of 8:2 and 6:4, CNFs with diameters of 40 and 30 nm were synthe‐
sized, respectively [22].

4. The Raman analysis results confirmed that CNFs with a 1:1 ratio of C sp2 bonds and sp3

bonds were synthesized when Co-Ni catalysts were used. When the Co-Ni ratio was 8:2,
CNFs with higher crystallizability were synthesized compared to that synthesized with a
ratio of 6:4 [22].

5. The discharge capacity of the CNFs synthesized on the surface of the C-fiber textiles
was 230–260 mAh g−1, about 35% higher than that of pure C-fiber textiles, with a high
retention rate of 95% [22].

6. CNFs/SiO2 composites showed the highest discharge capacity of 1468 mAh g−1 with a
retention rate of 47% [22].
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Abstract

Metal oxide nanofibers have attracted considerable research interest for processing both
one-dimensional  nanometer  scale  morphology  and  unique  chemical  and  electrical
properties.  A variety of  their  practical  applications in light-emitting diodes,  liquid
crystal displays, solar cells, and gas sensors have been demonstrated. Electrospinning
provides a rapid and facile way to fabricate nanofibers with diameter several orders of
magnitude smaller  than that  produced by conventional  spinning methods.  In  this
chapter, we discuss the fabrication of ultrathin metal oxide nanofibers by the electro‐
spinning  technique.  Priority  is  given  to  zinc  oxide  nanofibers.  Major  parameters
affecting the morphology and diameter of the nanofibers are investigated systemati‐
cally. The effect of calcination condition on chemical composition and crystallization of
the electrospun nanofibers is also addressed. In addition, we show the advantages and
problems when applying electrospun nanofibers to solar cells.

Keywords: electrospinning, metal oxide nanofibers, solar cells, energy, zinc oxides

1. Introduction

Nanofibers have been widely used in many areas, including catalysis [1–3], tissue engineer‐
ing [4–7], filtration [8–10], biomedical [11–13], sensors [14–16], energy [17–19], and magnetic
[20, 21]. The most common ceramic materials of nanofibers are zinc oxide (ZnO), titanium
dioxide, silicon dioxide, zirconium dioxide, aluminium oxide, and lithium titanate [22–24].
Nanofibers can be synthesized by various methods, such as melting processing, antisolvent-
induced polymer precipitation, electrospinning, island in the sea, or direct drawing from a
solution [25–27]. Electrospinning is one of the mostly studied techniques due to its simplicity

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.



of experimental setup and relatively high production rate. As shown in Figure 1, the number
of published papers on electrospun nanofibers every year increases quickly in the past 10 years.

Figure 1. Comparison of the number of research publications (a) on electrospun nanofibers and their energy applica‐
tions part and (b) on major energy applications of nanofibers in the past 10 years. The data are obtained from Web of
Science Core Collection.

As the demand for energy is growing rapidly in recent years, energy conversion and energy
storage become hot research topics. Nanofibers and other one-dimensional structures, such as
nanowires, nanorods, nanobelts, and nanotubes, have been investigated intensively for their
unique properties in energy applications [28–31]. As indicated in Figure 1a, about 20% of
publications on electrospun nanofibers are for energy applications in 2015. Nanofibers,
especially metal oxide nanofibers, possess unique optical and electrical characteristics and
have been used in various energy devises [2, 32]. The number of published research articles
on the energy application of nanofibers shows exponential increment in the past 10 years. Most
of them focus on solar cells, fuel cells, lithium ion batteries, and photocatalysis applications.
Other applications, e.g., super capacitors and hydrogen generation, are also attracted a lot of
research interest.

In this chapter, we introduce the electrospinning technique briefly and discuss the process‐
ing parameters for controlling the diameter and morphology of electrospun metal oxide
nanofibers as exemplified by ZnO nanofibers. Then, we show applications of nanofibers in
energy conversion (e.g., energy devices and fuel cells) and energy storage (e.g., lithium ion
batteries) and figure out the challenges for these applications.

2. Electrospinning of ultrathin metal oxide nanofibers

2.1. Electrospinning technique

The electrospinning technique is considered as one of the most simple and effective ways to
fabricate nanofibers. Figure 2 shows a schematic diagram of an electrospinning setup. A basic
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of published papers on electrospun nanofibers every year increases quickly in the past 10 years.

Figure 1. Comparison of the number of research publications (a) on electrospun nanofibers and their energy applica‐
tions part and (b) on major energy applications of nanofibers in the past 10 years. The data are obtained from Web of
Science Core Collection.
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The electrospinning technique is considered as one of the most simple and effective ways to
fabricate nanofibers. Figure 2 shows a schematic diagram of an electrospinning setup. A basic
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electrospinning setup usually consists of three parts: a high-voltage power supply, a spinner‐
et, and a collector. To facilitate monitoring the state of the electrospinning, a laser and a CCD
camera are sometimes added into the setup. The inset of Figure 2 is obtained from a CCD
camera and illustrates a typical image of a spinning jet during the electrospinning. A com‐
mon high-voltage power supply for electrospinning is a direct current power in the range of
several kV to about 20 kV. The spinneret is usually connected with a syringe to hold more
solution and control the flow rate. The inner diameter of the spinneret can be smaller and more
individual for glass capillaries compared to metallic needles. The collector could be an
aluminium foil or other substrates with conductive surface, which depends on practical
application.

Figure 2. A schematic diagram of the electrospinning apparatus. Inset shows the CCD image of electrospinning proc‐
ess near the tip of the glass capillary.

The electrospinning setup is rather simple and can be built easily, however, the mechanism of
electrospinning is very complicated [18, 27]. When a high voltage is applied to the liquid inside
the spinneret, an electrical filed is set up between the spinneret and the collector. The liquid
(usually a polymer solution) reaching the spinneret tip forms a Taylor cone, which emits a
liquid jet through its apex. This electrified liquid jet undergoes a stretching and whipping
process, which leads to the formation of a long and thin thread. As the liquid jet is continu‐
ously elongated and the solvent is evaporated, its diameter can be greatly reduced from
hundreds of micrometres to as small as tens of nanometres. Attracted by the grounded collector
placed under the spinneret, randomly orientated fibres are deposited [24].

Nanofibers with novel structures can be archived by modifying the basic electrospinning setup
in a number of ways. Modifications are usually in the spinneret or the collector. It has been
demonstrated that a spinneret containing two needles could be used to electrospun compo‐
site nanofibers. In another approach, a spinneret consisting of two coaxial capillaries has been
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used to fabricate fibres with core/sheath or hollow structures. In addition, the orientation of
electrospun nanofibers can be controlled by changing the electrode of the collector. One also
can get relatively uniform mat by replacing the planar collector with a rotating drum.

2.2. Controlling the diameter and morphology of electrospun nanofibers

The diameter and morphology of electrospun nanofibers are two key factors, which should be
controlled for practical applications. They are dependent on a lot of processing parameters
relevant to the solution and setup conditions. The intrinsic properties of the solution play
important role in determining the diameter and morphology of resultant nanofibers. One can
get target nanofibers by changing the type of the polymer, the conformation of polymer chain,
or by adjusting concentration, viscosity, elasticity, electrical conductivity, and the polarity and
surface tension of the solution. The conditions of electrospinning setup, e.g., the flow rate for
the solution, the applied voltage, the distance between the spinneret and the collector, could
also affect tremendously the diameter and the morphology of electrospun nanofibers. In
addition to these parameters, variables of evaporation, such as temperature and humidity,
may also influence the two key factors.

Figure 3. A typical procedure for preparing the ZnO nanofibers by electrospinning.

Here, we take the electrospinning of ZnO nanofibers as an example to explain how to control
the diameter and morphology of electrospun nanofibers. Figure 3 shows a typical procedure
for the electrospinning of ZnO nanofibers. In this progress, 43.9 mg of Zn(CH3COO)2•2H2O
(zinc acetate dihydrate) was first dissolved in a monoethanolamine (MEA)-2-methoxyetha‐
nol solution at room temperature. The molar ratio of MEA to zinc acetate dihydrate was kept
at 1.0, and the concentration of zinc acetate was 0.1 mol/L. The resultant mixture was stirred
at 40°C for 12 hours to obtain a transparent and homogeneous solution. Then polyvinylpyr‐
rolidone (PVP) was added into the ZnO sol-gel solution to increase the viscosity of the solution.
The solution was finally loaded into a glass capillary with a 100 μm inner diameter at the blunt
tip. A stable high voltage of 6.0 kV was generated by a high-voltage power supply and was
applied to the solution through a copper wire in the glass capillary. In addition, an indium tin
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oxide (ITO)–coated glass substrate (25 mm × 25 mm) was placed perpendicular to the axis of
the capillary at a distance of 10 cm from its tip as a collector for solar cell applications (see next
section). The collector was connected to the ground along with the high-voltage power supply.
The effect of three processing parameters relevant to the properties of the precursor solution,
molecular weight of PVP, the concentrations of zinc acetate and PVP in the precursor solution,
on the diameter and morphology of electrospun ZnO nanofibers is investigated systematically.

2.2.1. Effect of the concentration of precursor solution

SEM images in Figure 4 show the progression of ZnO-PVP composite from grains to nanofib‐
ers when the concentration of PVP in the precursor solution increases from 0.02 to 0.06 g/mL.
It is rather clear that only ZnO-PVP composite grains with various sizes are formed with 0.02
g/ml PVP regardless of the concentration of zinc acetate. This implies that the electrospun
product is grains instead of nanofibers when the PVP in the solution could not provide enough
viscosity for electrospinning.

Figure 4. SEM images of the ZnO-PVP composite structure electrospun from a mixture of ZnO sol-gel and PVP solu‐
tion. Concentrations of zinc acetate are 0.1 M (top row), 0.4 M (middle row), and 0.75 M (bottom row); those of the PVP
solution are 0.02, 0.04, and 0.06 g/mL from the left to the right column, respectively [33].

As the concentration of PVP is increased to 0.04 g/mL, a few ZnO-PVP nanofibers appear
among ZnO-PVP grains, see the middle column of Figure 4. When the concentration of PVP
reaches 0.06 g/mL, ZnO-PVP nanofibers become predominant (right column of Figure 4). It is
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worth noting that similar progression from grains to nanofibers is taken place in all solu‐
tions (0.1 M, 0.4 M and 0.75 M zinc acetate). So, we can conclude that it is not the concentra‐
tion of zinc acetate but the concentration of PVP, which determines the formation of ZnO-PVP
nanofibers.

Figure 5. SEM images of the ZnO-PVP composite nanofibers electrospun from a mixture of ZnO sol–gel and PVP solu‐
tion. Concentrations of zinc acetate are 0.1 M (top row), 0.4 M (middle row), and 0.75 M (bottom row); those of the PVP
solution are 0.06, 0.08, 0.12, and 0.14 g/mL from the left to the right column, respectively. High-magnification SEM
images are shown as insets [33].

SEM images in Figure 5 show the effect of the concentration of precursor solution on the
diameter of the ZnO-PVP composite nanofibers. One can see that the diameter of electro‐
spun nanofibers increases steadily with the concentration of PVP for all three groups of
samples. And the beads present in the top row images (0.1 M zinc acetate) become less
prominent with the growth of the nanofibers, which can also be attributed to the increment of
the viscosity of the precursor solution induced by more PVP [27]. These results suggest that
the concentration of PVP in the precursor solution plays a significant role in determining not
only the size of the nanofibers but also the absence of the beads. As for the concentration of
zinc acetate, we find that it could also influence the diameter of resultant nanofibers when
comparing the three groups of samples in Figure 5. Relatively high molar concentration of zinc
acetate induces the formation of thicker ZnO-PVP composite nanofibers. Moreover, the
nanofibers synthesized with 0.1 M zinc acetate are more uniform than those in the other two
groups. In general, the diameter of ZnO-PVP nanofibers can be controlled through changing
the concentration of either PVP or zinc acetate in the precursor solution. But thin ZnO-PVP
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nanofibers are produced commonly with some beads at low concentration of the precursor
solution.

In order to analyze quantitatively and compare the effect of the concentration of PVP and zinc
acetate on the size of the resultant nanofibers, we measured the diameter of the nanofibers
from their high-resolution SEM images and plotted the mean of 50 measurements with
corresponding standard error for each sample (Figure 6).

Figure 6. Statistics for the diameter of the ZnO-PVP nanofibers [33].

For the ZnO nanofibers synthesized with 0.1 M zinc acetate, their diameter increase almost
linearly with the concentration of PVP. The finest ZnO nanofiber is 29.9 ± 0.8 nm in diameter.
In the case of 0.4 M zinc acetate, the diameter of electrospun ZnO nanofibers increased
superlinearly from 79.9 ± 7.1 to 162.0 ± 5.5 nm as the PVP concentration increased from 0.06
to 0.14 g/mL. Comparing the fibres synthesized with given PVP concentration, we found that
their diameter increases considerably with the molar concentration of zinc acetate. We also
noticed that the standard error of the mean diameter for the fibres synthesized with 0.4 and
0.75 M zinc acetate, especially the latter, is larger than the case of 0.1 M zinc acetate, which
implies that the concentrated ZnO sol-gel solution disturbed the balance electrospinning set
up by the PVP component. In general, one can get ZnO nanofibers with large diameter by
increasing the concentration of zinc acetate or PVP in the precursor solution. And the former
could contribute to greater nonuniformity in the distribution of the diameter than the latter.

2.2.2. Effect of the molar mass of polymer and applied voltage

As indicated by the Mark-Houwink equation, the intrinsic viscosity of a polymer is related to
its molecular weight. That means one can adjust the viscosity of a polymer solution by
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changing the molar mass of the polymer. The parameters of electrospinning setup could also
influence the diameter and morphology of electrospun nanofibers. Here, the molar mass of
PVP and applied voltage are investigated together.

Figure 7. SEM images of ZnO-PVP nanofibers electrospun with PVP of different molar mass (top: 40,000; middle:
360,000; bottom: 1,300,000). And the high voltage applied to the spinneret is 6, 7, and 8 kV from left to right.

One can see from the first row in Figure 7, with PVP 40,000, the electrospun product is varicose
fibres with relative large size and short length. As the applied voltage increases from 6 to 8 kV,
the size of fibres become larger, but the amount of fibres is fewer. For PVP 360,000 and PVP
1,300,000, ZnO-PVP nanofibers are observed. These nanofibers get denser with increment of
the applied voltage. On the whole, the role of the molar mass of PVP in determining the
diameter of ZnO-PVP nanofibers is similar to that of the concentration of precursor solution.
At the same time, turning the concentration is much easier than changing the molar mass for
practical application. The applied voltage could also affect the size of electrospun nanofibers,
but not as direct as other parameters discussed above.

2.3. Crystallization of metal oxide nanofibers

Electrospinning of composite nanofibers is the first step for the preparation of metal oxide
nanofibers. In order to improve the purity and other characteristics of the composite nanofib‐
ers (e.g., transmittance, mobility, and crystallinity) for energy application, calcination will be
conducted after electrospinning. For example, the as-spun ZnO-PVP nanofibers described
above could be subsequently converted into ZnO nanofibers with pure phase through
calcination. In this section, we discuss the calcination conditions for the crystallization of metal
oxide nanofibers.
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Figure 8. Thermogravimetric analysis curves of as-spun ZnO-PVP nanofibers.

To determine the decomposition temperature of the precursor and the calcination tempera‐
ture for the ZnO-PVP nanofibers, thermogravimetric analysis for the as-spun ZnO-PVP
nanofibers was performed and shown in Figure 8. For the thermogravimetric analysis curve,
the residue weight of the as-spun ZnO-PVP nanofibers is only 4.73%. Most organic in the as-
spun ZnO-PVP nanofibers comes from PVP, and the CH3COOH group of zinc acetate was
removed at a temperature below 480°C. A strong endothermic peak appeared at around
100°C in the differential thermal analysis (DTA) curve, which corresponds to the loss of
absorbed water. The exothermic peak at around 400, 430, and 463°C in the DTA curve may
have resulted from decomposition on the side and main chains of PVP. The thermogravimet‐
ric analysis indicates that a calcination temperature of the as-spun ZnO-PVP nanofibers may
existed above 480°C.

Transmission electron microscopy (TEM) images in Figure 9 show the microscopic structure
of ZnO nanofibers after calcination under different conditions. The diameter of as-spun ZnO-
PVP nanofibers is around 120 nm before calcination. After calcination at 300°C for 10 mi‐
nutes, the diameter of the nanofibers does not change a lot, see Figure 9a. And the shape of
the nanofibers is rather uniform. Even from the magnified image of Figure 9a (see Figure 9b),
it is difficult to identify ZnO grains, which suggests that the ZnO did not crystallize suffi‐
ciently. From the thermogravimetric analysis above, one can know that the PVP component
in the as-spun ZnO nanofibers did not decompose at 300°C. This means that the as-spun ZnO-
PVP nanofibers need higher calcination temperature and longer calcination duration to
remove the PVP content and crystallize as-spun ZnO-PVP nanofibers. Figure 9c shows the
TEM image of the as-spun ZnO-PVP nanofibers calcined at 500°C for 2 hours. The diameter
of the nanofiber shrinks down to about 50 nm. It is clear that the nanofiber is composed of
many single isolated ZnO grains. The lattice images of ZnO in Figure 9d suggest that ZnO
crystallized under this calcination condition, which is also evidenced by the X-ray diffrac‐
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tion (XRD) analysis given below. The growth direction of the crystalline ZnO is indicated by
a red arrow in Figure 9d. By comparing the two samples of ZnO-PVP nanofiber calcined under
different conditions, one can learn that as-spun ZnO-PVP nanofibers could be converted into
crystallized ZnO nanofibers by calcination at 500°C for 2 hours in air. Calcination at 300°C
for 10 minutes is insufficient for the decomposition of PVP and crystallization of ZnO-PVP
composite.

Figure 9. TEM images of the fibres electrospun from the solution of 0.1 M zinc acetate and 0.12 g/mL PVP. After calci‐
nation (a, b) at 300°C for 10 min and (c, d) at 500°C for 2 hours [33].

Figure 10 shows the XRD patterns of ZnO-PVP composite nanofibers after calcination at
300°C for 10 minutes and after calcination at 500°C for 2 hours, respectively. The XRD pattern
for the sample calcined at 300°C for 10 minutes indicates amorphous ZnO in nature.
Characteristic peaks for ZnO are rather weak and obscure, which indicates that only few
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portions of crystalline ZnO are present under this calcination condition. Strong diffraction
peaks in the pattern come from the substrate used for XRD measurement. As for the sample
with calcination at 500 °C for 2 hours, five diffraction peaks at 31.76°, 34.34°, 36.20°, 56.50°,
and 62.84° appear corresponding to (100), (002), (101), (110), and (103) of the wurtzite crystal
structure, respectively. These diffraction peaks can be indexed to a wurtzite hexagonal phase
of ZnO. And the phase of the ZnO nanofibers obtained after calcination at 500°C for 2 hours
is rather pure, because no characteristic peaks for other impurities were found in the XRD
pattern. So, it can be conclude that the calcination condition plays an important role in
crystallizing the as-spun ZnO-PVP nanofibers and removing residual PVP component from
the nanofibers.

Figure 10. XRD pattern of ZnO nanofibers after calcination under different conditions. The ZnO nanofibers were syn‐
thesized using the precursor solution containing 0.1 M zinc acetate and 0.14 g/mL PVP [33].

3. Applications of electrospun nanofibers in the fields of energy

Electrospun nanofibers possess large surface area, high chemical reactivity, and relatively low
density, which could contribute a higher absorption of light and dye than the bulk counter‐
parts. These unique optical and electronic properties enable them to be widely applied to a
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variety of energy harvesting and storage devices, such as solar cells, photocatalysts, fuel cells,
and lithium-ion batteries.

3.1. Solar cell applications

Electrospun nanofibers are commonly made from metal oxides, composites, or surface
modification. Metal oxide nanofibers, e.g., ZnO nanofibers and Ti2O nanofibers, are some of
the mostly used nanofibers in solar cell applications. One can archive high power conver‐
sion efficiency by fast charge transfer and efficient charge separation introduced by nanofib‐
ers. Many polymers, such as PVP, polymethylmethacrylate, and polystyrene, are added into
the solution to increase the viscosity for the electrospinning of metal oxide nanofibers. Among
these polymers, PVP is the most popular one for its high solubility in various solvents and
possibility in mass production [34]. It can used to substitute the liquid state electrolyte for solid
or semi-solid electrolyte for dye-sensitized solar cell devices. Hybrid solar cells and dye-
sensitized solar cells are two major applications of nanofibers in solar cells, which will be
introduced as following.

3.1.1. Hybrid solar cells

Hybrid solar cells have attracted considerable research interest as a promising type of solar
cells in which the merits of organic and inorganic materials combine. Commonly used
combination of organic and inorganic material in hybrid solar cells is polymers and metal
oxides. Both of them play important role in improving the performance of hybrid solar cells
[35]. The polymers, e.g., poly(3-hexylthiophene-2,5-diyl) (P3HT) and phenyl-C61-butyric acid
methyl ester (PCBM), could constitute a donor-acceptor system just like they work in poly‐
mer solar cells. The inorganic materials (e.g., ZnO and Ti2O) could help improve electron
transport for the donor-acceptor system, which is essential for archiving high power conver‐
sion efficiency. It has been reported that nanofibers of polymer-metal oxide composites could
be fabricated by the electrospinning technique. One-dimensional nanofibrous structure
provides much larger interface than the conventional planar structure of polymers and metal
oxides. Researcher recently found that the usage of metal oxide nanofibers in hybrid solar cells
could not only increase the interfacial area but also contribute to the improvement of elec‐
tron mobility and the dissociation of excitons. The external quantum efficiency could be
improved tremendously at the absorption peak of P3HT due to the enhanced dissociation of
photo-generated excitons when an electrospun ZnO nanofiber layer is inserted into the
P3HT:PCBM blend. Hybrid solar cells using ZnO nanofibers and a P3HT:PCBM donor-
acceptor system could yield a power conversion efficiency over 2% [36].

Our group has worked on hybrid solar cells using ZnO nanofibers as electron transport
materials. Figure 11 presents a scheme for the structure of devices used. ZnO nanofibers were
fabricated as described in previous section. A blend of P3HT:PCBM is added into the ZnO
nanofiber mat. To avoid direct contact between the P3HT:PCBM blend layer and the indium
tin oxide (ITO) electrode, a thin ZnO layer was spin coated on the ITO-coated glass substrate
before electrospinning of ZnO nanofibers. Here, MoOx was used as the anode interfacial layer
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P3HT:PCBM blend. Hybrid solar cells using ZnO nanofibers and a P3HT:PCBM donor-
acceptor system could yield a power conversion efficiency over 2% [36].

Our group has worked on hybrid solar cells using ZnO nanofibers as electron transport
materials. Figure 11 presents a scheme for the structure of devices used. ZnO nanofibers were
fabricated as described in previous section. A blend of P3HT:PCBM is added into the ZnO
nanofiber mat. To avoid direct contact between the P3HT:PCBM blend layer and the indium
tin oxide (ITO) electrode, a thin ZnO layer was spin coated on the ITO-coated glass substrate
before electrospinning of ZnO nanofibers. Here, MoOx was used as the anode interfacial layer
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instead of commonly used mixture of poly(3,4-ethylenedioxythiophene) and polystyrene
sulfonate, because it has higher charge extraction efficiency.

Figure 11. Device structure of hybrid solar cells using ZnO nanofibers as an electron-transporting layer.

To crystallize the electrospun ZnO nanofibers, calcinations at 300 and 500°C were performed.
The nanoscale surface morphologies of calcined ZnO nanofibers were investigated by atomic
force microscopy (AFM). As shown in Figure 12, ZnO nanofibers can be identified from the
surface of ITO substrate after calcination. As the calcination temperature increases from 300
to 500°C, more particles can be observed. As confirmed by TEM and XRD (see Figures 9 and

Figure 12. AFM topographies of ZnO nanofibers after calcination at 300°C for 10 min (top) and at 500°C for 2 hours
(bottom).
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10), these particles are crystalline ZnO. From the magnified AFM images in Figure 12, one can
also find that the PVP component on the surface of the nanofibers was partially removed after
calcination at 500°C. The surface of ZnO nanofibers, however, could still be compositionally
rich in PVP even after calcination. The residual PVP may create a contact barrier between the
ZnO nanofibers and the P3HT:PCBM blend resulting in a low charge collection efficiency.

Previous paper has shown that the PVP on the surface of colloidal surface could be removed
by UV-ozone treatment [37, 38]. To ensure a good contact between ZnO nanofibers and the
active layer, we performed UV-ozone treatment on ZnO nanofibers to remove residual PVP
from the nanofibers. The atomic concentration of zinc, carbon, and oxygen in the UV-ozone–
treated ZnO nanofibers based on the Zn 2p, C 1s, and O 1s XPS spectra is summarized in
Figure 13. The atomic concentration of zinc and oxygen present in the UV-ozone–treated ZnO
nanofibers both increase as the time of treatment. The atomic concentration of oxygen shows
relatively larger increment than zinc because there is a competition between increment and
decrement in the oxygen atomic concentration by UV-ozone treatment and removal of PVP,
respectively. On the contrary, the atomic concentration of carbon from the PVP in the ZnO
nanofibers reduced by the UV-ozone treatment, especially from 5 to 7.5 min.

Figure 13. Atomic concentrations of zinc, carbon, and oxygen based on the corresponding XPS spectra. The ZnO nano‐
fibers were measured after UV-ozone treatment for 2.5, 5, and 7.5 min.

The performance result for the hybrid solar cells with UV-ozone–treated ZnO nanofibers is
shown in Figure 14. The J-V characteristics for the hybrid solar cells were measured under
AM 1.5G solar illumination at 100 mW cm−2. The ZnO nanofibers were UV-ozone treated for
2.5, 5, and 7.5 min, resulting in a variation in the Jsc. Although the Jsc decreases from 2.5 to 5
min, it increases a lot at 7.5 min. As for the UV-ozone treatment for a longer time, it may reduce
the electron extraction efficiency due to excess oxygen on the surface of the ZnO nanofibers.
It is worth noting that UV-ozone treatment could somewhat contribute to an improvement of
charge collection but the power conversion efficiency of the hybrid solar cells with UV-ozone–
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treated ZnO nanofibers is lower than the reference device. Various chemical surface treat‐
ments are investigated for the application of ZnO nanofibers in hybrid solar cells.

Figure 14. J-V characteristics for hybrid solar cells with UV-ozone–treated ZnO nanofibers for various treatment times
(2.5, 5, and 7.5 min).

PVP can dissolve in water and a lot of polar solvents. Here, we use the solubility of PVP in
ethanol, acetone, and isopropyl alcohol (IPA) to treat the ZnO nanofibers and remove the
residual PVP in the nanofibers. The J-V characteristics for the hybrid solar cells with surface-
treated ZnO nanofibers are shown in Figure 15. Corresponding performance parameters are
presented in Table 1. The Jsc of the solar cell decreases dramatically after immersing the ZnO
nanofibers into an ethanol solution. This effect is aggravated by an ultrasonic cleaning, which
results in a smaller fill factor of 0.27 compared to the immersed device. While the treatment
with acetone and IPA exhibits positive effect. After ultrasonic cleaning in acetone and IPA
subsequently for 1 min, the open voltage of the solar cells increases from 0.54 to 0.61 V. It
implies that the ZnO nanofibers have more contact with the active layer. The contact quality
between the electron transport layer like ZnO nanofibers and the active layer like the
P3HT:PCBM blend layer can be reflected by the values of shunt resistance (Rsh) and series
resistance (Rs). Researchers found that contact resistance and charge recombination at the
interface are major reasons for giving rise to the increase in Rs and the drop in Rsh, respective‐
ly [39]. A low Rs of 14 Ω cm2 and a high Rsh of 952 Ω cm2 strongly support the assertion that
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ultrasonic cleaning in acetone and IPA could effectively remove the residual PVP from the
ZnO nanofibers and ensure a good contact between the ZnO nanofibers and the P3HT:PCBM
layer.

Figure 15. J-V characteristics for hybrid solar cells with ZnO nanofibers after different surface treatment.

Device Surface treatment method PCE [%] Voc [V] Jsc [mA/cm2] FF Rsh [Ω cm2] Rs [Ω cm2]

A Immersed in ethanol 1.18 0.50 5.98 0.40 500 53

B Ultrasonic cleaning in ethanol 0.72 0.49 5.42 0.27 145 106

C Ultrasonic cleaning in acetone and IPA 2.31 0.61 6.93 0.54 952 18

D 20 nm ZnO thin layer with no treatment 1.87 0.54 7.04 0.49 869 25

Table 1. Averaged solar cell performance of the hybrid solar cells with surface-treated ZnO nanofibers as electron
transport media. PCE: power conversion efficacy; Voc: open-circuit voltage; Jsc: short-circuit current; FF: fill factor; Rsh:
shunt resistance; Rs: series resistance.

Although electrospun nanofibers show great potential in hybrid solar cells applications, there
are still some problems to be solved. (1) Removing residual polymers. The polymers using for
fabricating metal oxide nanofibers should be removed before applied to hybrid solar cells.
Only calcination cannot remove completely the residual polymers, which limits the function
of metal oxide nanofibers. (2) Reducing the diameter of nanofibers and spacing to around 10
nm. As we discussed in Section 2.2, the diameter of electrospun metal oxide nanofibers is
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usually in the range of several tens of nanometers (30 nm to several micrometres in case of
electrospun ZnO nanofibers), which is still above the diffusion length of exciton. The diffu‐
sion length of excitons in electronic devices like solar cells is usually around 10 nm. Hence,
electrospun metal oxide nanofibers with finer size are expected to get improved excition
dissociation and higher power conversion efficiency. (3) Controlling the orientation of
nanofibers. Vertically aligned metal oxides could provide an ideal structure for suppressing
of the recombination of dissociated electrons and holes. But most of the orientations of
electrospun nanofibers are parallel to the substrate. Vertically aligned electrospun nanofib‐
ers have addressed seldom until now. Control of orientation, particularly vertical orienta‐
tion, is still a challenge for the hybrid solar cell application of electrospun nanofibers. In
general, the possibility to control the purity, diameter, spacing, and orientation on metal oxide
nanofibers is a critical issue for all researchers.

3.1.2. Dye-sensitized solar cells

Dye-sensitized solar cells usually exploit porous structure of metal oxide nanoparticles to
absorb sensitizing dyes, see Figure 16. The usage of particles, however, could result in charge-
carrier recombination and low power conversion efficiency, because the conduction of
electrons in the matrix of nanoparticles could be diminished across the boundaries of the metal
oxide nanoparticles.

Figure 16. A scheme for dye-sensitized solar cells with dye-covered metal oxide particles (left) and dye-covered metal
oxide nanofibers (right).

Comparing with sintered nanoparticles, one-dimensional metal oxide nanofibers can pro‐
duce high charge conduction because they have smaller particle boundaries and higher specific
surface area (see Figure 16), which can absorb more sensitizing dyes [40]. The size of the pores
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in electrospun metal oxide nanofibers is usually larger than that in metal oxide nanoparti‐
cles, which facilitates the filling of viscous electrolyte into nanofibers. It has been demonstrat‐
ed that dye-sensitized solar cells using electrospun TiO2 nanofibers as electrode could reach
power conversion efficiency comparable with that produced by liquid electrolyte system [41].
However, there are problems when applying electrospun mental oxide nanofibers to dye-
sensitized solar cells. The porous metal oxide electrodes have poor adhesion to the substrate
after removing the polymer component through calcination at high temperature. As shown in
Figure 9, the metal oxide nanofibers shrink prominently after calcination because of the large
stress generated at high temperature. The shrinkage in calcination could affect tremendous‐
ly not only dye-sensitized solar cell devices but also other energy applications of metal oxide
nanofibers. More details about the effect on hybrid solar cell devices are given later. A variety
of methods have been reported to solve the adhesion problem for metal oxide nanofibers. Some
researchers use pretreatment or solvent vapour to diminish the stress effect during calcina‐
tion and improve the adhesion between metal oxide nanofibers and the substrate [42].

3.2. Lithium-ion battery applications

Lithium-ion batteries have attracted considerable attention in both research and industrial
development due to their advantages, such as high energy density, long cycle life, low
gravimetric density, and flexible design. Rechargeable solid lithium-ion batteries have been
widely applied to portable electronic devices for more than 25 years. The solid lithium-ion
batteries produce electrical energy by converting chemical energy via redox reactions at the
electrode. Similarly to working mechanism of fuel cells, lithium-ion batteries comprise an
electrolyte sandwiched by an anode and a cathode. The electrolyte is an insulator for elec‐
trons but a conductor for Li+. Carbon/graphite is commonly used anode material for conven‐
tional batteries. A lithium-metal oxide (e.g., LiCoO2, LiMn2O4, and LiNiO2) is usually selected
as the cathode materials. And the organic electrolyte could be lithium hexafluorophosphate
(LiPF6) salt.

As the demand for energy increases, lithium-ion batteries are expected to be applied to more
applications requiring fast charging and discharging at high power rates like electric vehi‐
cles. So, many improvements, for instance, cycling life, charge/discharge rate, power, energy
density, are needed to meet the requirements. Researchers have developed various novel
materials and nanostructures for both electrodes and electrolytes of lithium-ion batteries.
Electrospun nanofibers is one of the most promising structures for high-performance lithi‐
um-ion batteries due to their one-dimensional structure and low manufacturing cost. LiCoO2

nanofibers have been used as the cathode of lithium-ion battery to get a fast solid state
diffusion [43]. While the electrospun LiCoO2 nanofibers have a large loss in capacity during
the charge-discharge process, resulting from the dissolution of cobalt and lithium cations
forming Li2CO3 and CoF2 impurities. To increase stability and cycling performance of lithium-
ion batteries, coatings on the electrospun nanofibers have also been investigated. Besides
cathode materials, electrospun nanofibers have been employed for use as anode and electro‐
lyte.

Nanofiber Research - Reaching New Heights186



in electrospun metal oxide nanofibers is usually larger than that in metal oxide nanoparti‐
cles, which facilitates the filling of viscous electrolyte into nanofibers. It has been demonstrat‐
ed that dye-sensitized solar cells using electrospun TiO2 nanofibers as electrode could reach
power conversion efficiency comparable with that produced by liquid electrolyte system [41].
However, there are problems when applying electrospun mental oxide nanofibers to dye-
sensitized solar cells. The porous metal oxide electrodes have poor adhesion to the substrate
after removing the polymer component through calcination at high temperature. As shown in
Figure 9, the metal oxide nanofibers shrink prominently after calcination because of the large
stress generated at high temperature. The shrinkage in calcination could affect tremendous‐
ly not only dye-sensitized solar cell devices but also other energy applications of metal oxide
nanofibers. More details about the effect on hybrid solar cell devices are given later. A variety
of methods have been reported to solve the adhesion problem for metal oxide nanofibers. Some
researchers use pretreatment or solvent vapour to diminish the stress effect during calcina‐
tion and improve the adhesion between metal oxide nanofibers and the substrate [42].

3.2. Lithium-ion battery applications

Lithium-ion batteries have attracted considerable attention in both research and industrial
development due to their advantages, such as high energy density, long cycle life, low
gravimetric density, and flexible design. Rechargeable solid lithium-ion batteries have been
widely applied to portable electronic devices for more than 25 years. The solid lithium-ion
batteries produce electrical energy by converting chemical energy via redox reactions at the
electrode. Similarly to working mechanism of fuel cells, lithium-ion batteries comprise an
electrolyte sandwiched by an anode and a cathode. The electrolyte is an insulator for elec‐
trons but a conductor for Li+. Carbon/graphite is commonly used anode material for conven‐
tional batteries. A lithium-metal oxide (e.g., LiCoO2, LiMn2O4, and LiNiO2) is usually selected
as the cathode materials. And the organic electrolyte could be lithium hexafluorophosphate
(LiPF6) salt.

As the demand for energy increases, lithium-ion batteries are expected to be applied to more
applications requiring fast charging and discharging at high power rates like electric vehi‐
cles. So, many improvements, for instance, cycling life, charge/discharge rate, power, energy
density, are needed to meet the requirements. Researchers have developed various novel
materials and nanostructures for both electrodes and electrolytes of lithium-ion batteries.
Electrospun nanofibers is one of the most promising structures for high-performance lithi‐
um-ion batteries due to their one-dimensional structure and low manufacturing cost. LiCoO2

nanofibers have been used as the cathode of lithium-ion battery to get a fast solid state
diffusion [43]. While the electrospun LiCoO2 nanofibers have a large loss in capacity during
the charge-discharge process, resulting from the dissolution of cobalt and lithium cations
forming Li2CO3 and CoF2 impurities. To increase stability and cycling performance of lithium-
ion batteries, coatings on the electrospun nanofibers have also been investigated. Besides
cathode materials, electrospun nanofibers have been employed for use as anode and electro‐
lyte.

Nanofiber Research - Reaching New Heights186

3.3. Other applications

Electrospun metal oxide nanofibers can also be applied to other devices, such as fuel cells,
supercapacitors, and so on. For example, many electrospun metal oxide (e.g., TiOx, MnOx, WOx,
and SnO2) nanofibers can be used as catalyst support in fuel cells.

4. Conclusions

The diameter of electrospun metal oxide nanofibers can be controlled by adjusting the
properties of the solution. Ultrathin nanofibers formed when using very dilute solution. But
fabrication of metal oxide nanofibers at the scale of 10 nm or smaller is still a challenge.
Calcination process after electrospinning determined the chemical composition and crystalli‐
zation of resultant nanofibers. It could help crystallize metal oxide nanofibers, but some‐
what limit the practical application of electrospun nanofibers due to the high temperature.
Residual polymers in the calcined metal oxide nanofibers could be removed by chemical
surface treatments. After surface treatment, the nanofibers have more contact with the active
layer, which contributes high performance for solar cells.
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Abstract

Syntheses, characteristics,  wettability, and antibacterial activity of a titanium phos‐
phate nanobelt thin film and titanate nanofiber thin films formed on titanium plates are
presented in this chapter.

Keywords: titanium phosphate, sodium titanate, wettability, antibacterial activity,
thin film

1. Introduction

Vigorous efforts have been made in recent years to control the structure and morphology of
ceramic nanoparticles. The formation of peculiar nanostructures and morphologies can expose
a specific crystal surface or cause a high specific surface area or characteristic pore diameter
distribution, which can result in the manifestation of various peculiar physical and chemical
properties. Vigorous efforts have been made to form the thin film comprised of nanoparticles,
which should help peculiar physical and chemical properties of nanoparticles manifest more
efficiently. The dip‐coating, spin‐coating, and electrophoretic deposition methods are com‐
monly used to form the thin film, but they tend to cause nanoparticles to be randomly deposit‐
ed on substrates, and the adhesion between the particles and substrate is often not good. An
alternative method to form the thin film involves forming a nanostructured metal compound
thin film on a metal surface where the metal itself is used as the raw material. Because the metal
compound grows crystals directly on the metal surface in the nanostructured metal com‐
pound thin film/metal composites, superior adhesion between the metal and the thin film can
be expected. In addition, the particle arrangement can be controlled by aligning the crystal
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orientations of the particles to some degree. The superior electrical conductivity and mechani‐
cal properties of the metal and the peculiar physical and chemical properties of the nanostruc‐
tured metal compound thin film can potentially provide a superior functional material that
combines  all  such properties.  Vigorous  research efforts  have  been made on this  aspect,
particularly with regard to the synthesis of a nanostructured titanium compound thin film/
titanium composite. This is because titanium compounds such as titanium dioxide and titanate
feature superior characteristics for a broad range of applications, e.g., photocatalysts [1], dye‐
sensitized solar cells [2], lithium‐ion batteries [3, 4], and biomaterials [5, 6]. Titanium dioxide
and titanate are also extremely attractive because they are available at relatively low prices and
are safe materials with no toxicity. Titanium dioxide and titanate have reportedly been used in
such syntheses as the formation of a titanium dioxide nanotube thin film on a titanium metal
surface with an electrochemical method (anodic oxidation of titanium metal) [6, 7], the formation
of nanostructured titanate (nanotube, nanofiber, nanosheet, etc.) thin films on titanium metal
surfaces by the reaction of titanium metal in an alkaline aqueous solution, and their conver‐
sions into nanostructured titanium dioxide thin film [5, 8–11]. For example, known applica‐
tions of composites that utilize the superior electrical conductivity of titanium include electrode
materials of dye‐sensitized solar cells [12], lithium‐ion batteries [13], and sodium‐ion batteries
[14]. Superior electrical conductivity can be secured by using titanium dioxide or titanate with
one‐dimensional morphologies, such as nanorods, nanotubes, or nanofibers, while electrodes
can be prepared without using binders or conducting agents. Applied research on field emission
materials [15] and electrochromic materials [16] of composites is also underway. On the other
hand, biomaterials are a known application that utilizes the superior mechanical properties and
safety of titanium metal. Titanium and titanium alloys are used as artificial joints based on their
mechanical properties and safety inside the living body. Using composites adds osteoconduc‐
tivity derived from titanium dioxide or titanate and antibacterial properties to titanium and
titanium alloys, which facilitates the safe adhesion of bones and artificial joints in a short period
of time [5, 6]. Antibacterial biomaterials are also desirable for medical sites; infections occur in
1–2% of artificial joint replacement surgeries and are a major problem [17, 18]. The present
chapter evaluated the synthesis and antibacterial properties of titanate nanofiber thin film/
titanium metal composites as an example application for biomaterials [10]. Various crystal
structures such as Ti(HPO4)2·H2O and Ti(H2PO4)PO4·2H2O are known to exist with titanium
phosphate. Morphology controls to shape nanotubes [19], nanofibers [20], elongated hexago‐
nal nanoplates [21], and so on are also being developed. Applications of titanium phosphate
include not just fundamental research on topics such as ion exchange and intercalation reactions
but also catalysts [22], selective absorbents for toxic substances (e.g., Pb2+, Cd2+) [23, 24], the
support and release of drugs [25], sodium batteries [26], and solar cells [27]. However, exam‐
ples of reports on such efforts are primarily about particles, and there have not been many
examples of studies on thin films. In particular, there are only three reports on the synthesis of
titanium phosphate thin film on the surface of titanium, including the research of the present
author. Lu et al. [28] immersed titanium in a phosphoric acid aqueous solution and induced a
hydrothermal reaction at 250°C, while Park et al. [29] also immersed titanium in a phosphoric
acid aqueous solution and induced a hydrothermal reaction at 180°C to form Ti2O(PO4)2(H2O)2

nanorod thin films on the titanium surface. Park et al. [29] revealed that such a thin film has
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superior osteoconductivity. The present author added to these prior studies by discovering that
titanium phosphate featuring a variety of crystal structures and morphologies is generated on
the surface of a titanium plate immersed in an aqueous solution of hydrogen peroxide and
phosphoric acid to produce a hydrothermal reaction [30]. This book is focused on nanofibers;
this chapter narrows the focus to the titanium phosphate nanobelt thin film/titanium metal
composite by introducing the formation mechanism and wettability.

2. Synthesis and wettability of a titanium phosphate nanobelt thin film

A titanium plate (20 mm × 20 mm × 0.5 mm) was scoured by using an abrasive paper and then
immersed in 10 mL of an aqueous solution of 2 mol/L hydrogen fluoride for 10 min at room
temperature to remove the surface‐oxidized phase. It was then repeatedly washed with
distilled water. A synthesis experiment of titanium phosphate thin film was performed with
the derived plate. This experimental manipulation was performed in order to obtain a
homogeneous titanium surface. This manipulation changed the morphology of the surface
from that shown in Figure 1a to that shown in Figure 1b with a homogeneous surface
morphology derived for each experiment. This plate was immersed in a mixture comprising
9.2 mL of 30 wt% H2O2 solution and 0.5 g of 85 wt% H3PO4 solution and left to react for 24 h at
120°C. Depending on the synthesis conditions (e.g., the raw material ratio or reaction temper‐
ature), this reaction generates high pressure inside the reaction container due to the generated
gas, particularly when the hydrothermal reaction takes place at 100°C or higher. A reactor
vessel that can measure the internal gas pressure while a reaction occurs inside and that is
equipped with a safety valve to release the gas when required is desired. The obtained product
was repeatedly washed with distilled water after the reaction. Because titanium phosphate
particles that were generated in the solution during reaction deposited on the upper surface
(front face), it was not possible to accurately evaluate the morphology of the titanium phos‐
phate thin film growing from the titanium plate. Thus, a detailed evaluation was performed
on the lower surface (back face) on which particles did not deposit. A thin film formed evenly
on the surface of the titanium plate, as shown in Figure 2a. The thin film is composed of
nanobelts with approximate widths of 30–270 nm and lengths of a few microns or more formed
on the surface of the titanium plate, as shown in Figure 2b and c. The TEM image (Figure 2c)
confirmed that the particles constituting the thin film were nanobelts because they were thin
one‐dimensional in morphology. Diffraction peaks that were attributed to titanium metal and
Ti2O3 (H2PO4)2·2H2O were observed in the X‐ray diffraction measurements (Figure 3). They
revealed that the nanobelts were made of Ti2O3 (H2PO4)2·2H2O. Korösi et al. [25] reported on
rectangular Ti2O3(H2PO4)2·2H2O nanoparticles with dimensions of 15 ± 3 nm × 20–150 nm. The
nanobelts observed during this experiment, however, had nanoparticles with significant
growth in the long axis direction. The thin film thickness was about 8 µm at the reaction time
of 24 h but this thin film thickness became broader and reached 20 µm when the reaction time
was extended to 72 h. SEM image of the thin film cross‐section at the reaction time of 72 h are
shown in Figure 2d. A phase comprising nanobelts was observed from the top surface of the
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thin film down to a depth of about 18 µm. On the side closer to the titanium plate of the thin
film, however, a phase of about 2 µm that was relatively dense was observed.

Figure 1. SEM images of the titanium plates before (a) and after (b) the HF treatment.

Figure 2. SEM images (a, b, and d) and a TEM image (c) of the titanium phosphate nanobelt thin films formed on tita‐
nium plates.

Figure 3. XRD pattern of the titanium phosphate nanobelt thin film.
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The role of hydrogen peroxide was examined in order to consider the formation mechanism
of nanobelts. This is because past studies that did not involve the use of hydrogen peroxide
did not generate Ti2O3 (H2PO4)2·2H2O, as described earlier [28, 29]. In order to investigate the
impact of hydrogen peroxide on the formation of the thin film, synthesis was performed with
a fixed reaction temperature, reaction time, and phosphoric acid quantity of 120°C, 24 h, and
0.5 g, respectively, with varying quantities of hydrogen peroxide and water. When 9.2 mL of
water was used for synthesis instead of hydrogen peroxide, the thin film did not form, and the
formation of TiH2 was observed in the XRD measurement. This confirmed that hydrogen
peroxide plays an important role in the formation of the Ti2O3(H2PO4)2·2H2O nanobelt thin
film. Figure 4 shows a schematic representation of the formation mechanism for nanostruc‐
tured titanium phosphate thin films based on the above results. Hydrogen peroxide has two
primary roles. First, it acts as an oxidizer. Hydrogen peroxide acts as an oxidizer in acid
solutions according to the following reaction formula:

2 2 2H O   2H   2e   2H O+ -+ + ®

Figure 4. Schematic representation of the formation mechanism of the nanostructured titanium phosphate thin film
formed on a titanium plate.

Therefore, hydrogen peroxide promotes the generation of Ti4+ from the titanium plate, as
described by the following equation:

4 4
2 2 2 2 2 2Ti 2H O 4H Ti 4H O  H O 2H 2e 2H O,  Ti T )4e( i+ + + - + -+ + ® + + + ® ® +
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Although Ti4+ can be generated according to the following reaction formula by H+ or dissolved
oxygen in the aqueous solution, hydrogen peroxide has the greatest effect on promoting Ti4+

generation:

4+
2Ti + 4H   Ti  + H+ ®

4+ -
2 2Ti + O  + 2H O  Ti  + 4OH®

Ti4+ eluted from Ti into the reaction solution immediately starts to react with H2O2. Ti4+ is known
to react with hydrogen peroxide when pH <1 [31].

( )( ) ( )4-n4+
2 2 2 n-2

Ti·aq  + H O    Ti O OH  + nH+ +®

Furthermore, binuclear complexes such as Ti2O5 (OH)x
(2-X) (x = 1–6) are known to be generated

when pH >1 [31]. These are referred to as peroxotitanic acid complexes and are indicated by a
yellow color in the aqueous solution. The color of the solution after synthesis of the titanium
phosphate nanobelt thin film was actually yellow, as shown in Figure 5, which indicates that
a peroxotitanic acid complex was formed. Therefore, the second role of hydrogen peroxide is
the formation of chemical species that contain Ti–O bonds. When such chemical species react
with H2PO4

- ions, a relatively dense phase is formed first as an amorphous or low‐crystalline
titanium phosphate phase precipitates on the titanium plate. The nanobelt thin film forms next
as high‐crystalline Ti2O3(H2PO4)2·2H2O, which is the most stable phase, grows on the surface
of the dense phase. The formation of such a dense amorphous phase is important to link the
titanium metal with Ti2O3(H2PO4)2·2H2O, which has a completely different crystal structure.
The phenomenon of a peculiar nanostructured thin film forming via the formation of a
relatively dense phase on a metal surface has also been observed for the formation of sodium
titanate thin films on titanium plate surfaces [9], which is described later. Synthesis using a
mixture comprising 2.3 mL of hydrogen peroxide and 6.9 mL of water instead of 9.2 mL of
hydrogen peroxide led to a flower‐like aggregate of semispherical morphologies having a
diameter of about a few tens of microns while the composition remained the same as
Ti2O3(H2PO4)2·2H2O. This means that a thin film comprising microflowers was generated
(Figure 6a). Observation of the cross‐section revealed that the thickness of the thin film was
about 30 µm, and the microflower comprised particles with a nanoplate morphology about
400–700 nm wide and about 30–40 µm long growing in a radial pattern. A thin film of
Ti2O3(H2PO4)2·2H2O having an intermediate morphology between the nanobelt thin film
(Figure 2b) and microflower thin film (Figure 6a) was formed by using a mixture comprising
4.6 mL of hydrogen peroxide and 4.6 mL of water instead of 9.2 mL of hydrogen peroxide, as
shown in Figure 6b. These results indicate the following formation process. The number of
nuclei of Ti2O3(H2PO4)2·2H2O formed on the titanium plate decreased significantly once the
amount of hydrogen peroxide in the reaction solution decreased. The microflower thin film
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was believed to have been formed as a large number of Ti2O3(H2PO4)2·2H2O crystals slowly
grew radially from these nuclei, which were just a few in number. Therefore, the morphology
of the thin film can clearly be controlled in a variety of ways while the composition of
Ti2O3(H2PO4)2·2H2O is maintained by controlling the synthesis conditions as described above.

Figure 5. Digital camera images of the solutions before (a) and after (b) the reaction.

Figure 6. SEM images of Ti2O3(H2PO4)2·2H2O thin films formed on titanium plates.

Thin films with compositions other than Ti2O3(H2PO4)22H2O or of various morphologies other
than nanobelts can be generated by controlling the raw material ratios and reaction tempera‐
tures, although no detailed descriptions are provided here because this chapter is focused on
nanobelts. For instance, a thin film composed of anatase‐type titanium dioxide and about 2 
µm thick, a few tens of nanometers wide, and about 2 µm long—similar to that reported by
Wu et al. [32]—was generated when synthesis was performed with a reaction temperature of
120°C, 9.2 mL of 30 wt% H2O2 solution, 0 g of 85 wt% H3PO4 solution, and reaction time of 24 
h. A thin film about 8 µm thick, which appears to have been composed of hexagonal
Ti(HPO4)2·H2O nanoplates a few microns in size, was derived when synthesis was performed
with a reaction temperature of 120°C, 9.2 mL of 30 wt% H2O2 solution, 5 g of 85 wt% H3PO4

solution, and reaction time of 24 h (Figure 7a). A 2‐µm‐thick thin film composed of low‐
crystalline Ti2O3(H2PO4)22H2O nanosheets about a few hundred nanometers to 2 µm in size
was formed when synthesis was performed with a reaction temperature of 80°C, 9.2 mL of
30 wt% H2O2 solution, 0.5 g of 85 wt% H3PO4 solution, and reaction time of 24 h (Figure 7b). A
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thin film about 20 µm thick composed of Ti2O(PO4)2H2O nanorods about 80–200 nm in
diameter and a dozen or so microns long was formed when synthesis was performed with a
reaction temperature of 160°C, 9.2 mL of 30 wt% H2O2 solution, 0.5 g of 85 wt% H3PO4 solution,
and reaction time of 24 h (Figure 7c).

Figure 7. SEM images of the hexagonal Ti(HPO4)2·H2O nanoplate thin film (a), the Ti2O3(H2PO4)22H2O nanosheet thin
film (b), and the Ti2O(PO4)2H2O nanorod thin film (c).

The wettability of these thin films was investigated since titanium phosphate thin films having
a diverse range of surface morphologies were derived, as described above. The wettability of
a surface is generally determined by the surface energy and uneven structure of the surface
[33]. In cases where the surface energy is high, the thin film tends to be hydrophilic; when the
surface energy is low, it tends to be hydrophobic. Furthermore, the wettability is enhanced
when an uneven structure is formed on a surface. When a water droplet was dropped on a
synthesized titanium phosphate thin film, the droplet spread instantaneously, which indicates
super‐hydrophilicity. When the thin film was immersed in a 0.1 mol/L n‐dodecyl decylamine
hydrochloride solution of 2‐propanol, on the other hand, the hydrophilicity decreased because
the surface energy decreases when dodecylamine is adsorbed on the surface of titanium
phosphate. The contact angle was 25° with the nanobelt thin film, 98° with the microflower
thin film, 151° with the nanorod thin film, 151° with the nanoplate thin film, and 128° with the
nanosheet thin film. Thus, the contact angle varies significantly depending on the composition
and morphology of the thin film. Common features of test specimens with larger contact angles
(nanorod thin film, nanoplate thin film and nanosheet thin film) were that the gap between
protruding parts was narrow, and the spacing was uniform. With the nanobelt thin film, on
the other hand, there were portions where the spacing between protruding parts was narrow
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was then washed repeatedly with water to produce a titanium plate covered by a sodium
titanate nanofiber thin film on the surface, i.e., a sodium titanate nanofiber thin film/titanium
metal composite. A digital camera photograph and a SEM image (Figure 8a) confirmed that
nanofibers were formed uniformly on the surface of the titanium metal. SEM observation of
the cross‐section revealed that the thin film thickness was about 5 µm. Furthermore, the TEM
images revealed that the nanofibers were a few tens to a hundred nanometers in width and a
few microns in length (Figure 8b). The diffraction peaks attributed to titanate were observed
in the X‐ray diffraction pattern of the thin film. A Na:Ti:O molar ratio of 1:3.04:6.08 was
determined from the EDS analysis of the thin film. This approximates the molar ratio for
Na2Ti6O13. Thus, the thin film was considered to be a Na2Ti6O13 nanofiber thin film. The
morphology of the sodium titanate thin film can be controlled according to the concentration
and reaction temperature of the aqueous solution of NaOH. Using 1 mol/L NaOH aqueous
solution instead of 4 mol/L NaOH aqueous solution resulted in the generation of a nanosheet
thin film (Figure 9a) [10]. Using 10 mol/L NaOH aqueous solution resulted in the generation
of a nanotube thin film (Figure 9b) [9]. Using 5 mol/L NaOH aqueous solution for a reaction
at 60°C for 24 h resulted in the generation of a thin film with a porous network structure [5, 34].

Figure 8. SEM images (a and c) and TEM images (b and d) of the sodium titanate nanofiber thin film (a and b) and the
silver nanoparticles/silver titanate nanofiber thin film (c and d). Insets are photographs taken with a digital camera
[10].
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Figure 9. SEM images of the sodium titanate nanosheet thin film (a), the sodium titanate nanotube thin film (b) [34],
and the sodium titanate thin film with a porous network structure (c) [34] formed on titanium plates.

The antibacterial activity of sodium titanate nanofiber thin film against methicillin‐resistant
staphylococcus aureus (MRSA) was investigated. MRSA is one of principal causative agents
for nosocomial infection. Two types of tests were performed for the antibacterial test: the test
specimen was irradiated and not irradiated with ultraviolet rays with the expectation of
photocatalytic activity. Refer to the authors’ previous paper for details on the methods used
in the antibacterial tests [34]. The antibacterial activity value was used as an index for evalu‐
ation. The antibacterial activity value R is defined by the following equation; the antibacterial
activity is considered to exist when R ≥ 2.

( ) ( ){ } ( )R = log B/A  - log C/A  = log B/C

Here, A is the viable bacterial count immediately after inoculation, B is the viable bacterial
count of a blank test specimen 24 h later, and C is the viable bacterial count of the nanostruc‐
tured titanate thin film 24 h later.

A high antibacterial activity value of 5.9 was recorded during the first round of antibacterial
tests conducted under exposure to ultraviolet irradiation. Surprisingly, an extremely high
antibacterial activity value of 5.8 was recorded even when a similar antibacterial test was
conducted with no exposure to ultraviolet rays. This means that a high level of antibacterial
activity was recorded for the nanofiber thin film during the first round of antibacterial tests
regardless of whether or not the test specimen was exposed to ultraviolet rays. The antibacterial
test was repeatedly performed using the same test specimen with and without (i.e., in a dark
place) exposure to ultraviolet rays. Extremely high values of 7.7 and 6.6 were recorded for
antibacterial activity during the second and third rounds of tests conducted under exposure
to ultraviolet rays. Extremely low values of 1.0 and 0.3 were recorded for antibacterial activity
during the second and third rounds of antibacterial tests conducted without exposure to
ultraviolet rays. The above results revealed that (1) a high level of antibacterial activity
manifested with the sodium titanate nanofiber thin film due to photocatalysis effects with
exposure to ultraviolet rays and that (2) the sodium titanate nanofiber thin film has a high level
of antibacterial activity immediately after synthesis, even when they are not exposed to any
ultraviolet rays. Only the sodium titanate nanofiber thin film indicating a high level of
antibacterial activity is extremely peculiar because the antibacterial activity of the sodium
titanate nanosheet thin film and nanotube thin film described above were 2.1 [10] and 1.7 [34],

Recent Development of Nanofibers10200



Figure 9. SEM images of the sodium titanate nanosheet thin film (a), the sodium titanate nanotube thin film (b) [34],
and the sodium titanate thin film with a porous network structure (c) [34] formed on titanium plates.

The antibacterial activity of sodium titanate nanofiber thin film against methicillin‐resistant
staphylococcus aureus (MRSA) was investigated. MRSA is one of principal causative agents
for nosocomial infection. Two types of tests were performed for the antibacterial test: the test
specimen was irradiated and not irradiated with ultraviolet rays with the expectation of
photocatalytic activity. Refer to the authors’ previous paper for details on the methods used
in the antibacterial tests [34]. The antibacterial activity value was used as an index for evalu‐
ation. The antibacterial activity value R is defined by the following equation; the antibacterial
activity is considered to exist when R ≥ 2.

( ) ( ){ } ( )R = log B/A  - log C/A  = log B/C

Here, A is the viable bacterial count immediately after inoculation, B is the viable bacterial
count of a blank test specimen 24 h later, and C is the viable bacterial count of the nanostruc‐
tured titanate thin film 24 h later.

A high antibacterial activity value of 5.9 was recorded during the first round of antibacterial
tests conducted under exposure to ultraviolet irradiation. Surprisingly, an extremely high
antibacterial activity value of 5.8 was recorded even when a similar antibacterial test was
conducted with no exposure to ultraviolet rays. This means that a high level of antibacterial
activity was recorded for the nanofiber thin film during the first round of antibacterial tests
regardless of whether or not the test specimen was exposed to ultraviolet rays. The antibacterial
test was repeatedly performed using the same test specimen with and without (i.e., in a dark
place) exposure to ultraviolet rays. Extremely high values of 7.7 and 6.6 were recorded for
antibacterial activity during the second and third rounds of tests conducted under exposure
to ultraviolet rays. Extremely low values of 1.0 and 0.3 were recorded for antibacterial activity
during the second and third rounds of antibacterial tests conducted without exposure to
ultraviolet rays. The above results revealed that (1) a high level of antibacterial activity
manifested with the sodium titanate nanofiber thin film due to photocatalysis effects with
exposure to ultraviolet rays and that (2) the sodium titanate nanofiber thin film has a high level
of antibacterial activity immediately after synthesis, even when they are not exposed to any
ultraviolet rays. Only the sodium titanate nanofiber thin film indicating a high level of
antibacterial activity is extremely peculiar because the antibacterial activity of the sodium
titanate nanosheet thin film and nanotube thin film described above were 2.1 [10] and 1.7 [34],

Recent Development of Nanofibers10200

respectively. Treating such sodium titanate nanofiber thin film with a hydrochloric acid
aqueous solution or heat‐treating it at 600°C reduced the antibacterial activity value to 0.9 and
1.3, respectively, which eliminated the antibacterial activity. Because bacteria are known to
have different properties that classify them as gram‐positive or gram‐negative depending on
their structures, antibacterial tests regarding such individual bacteria types were also con‐
ducted. The antibacterial activity value of the sodium titanate nanofiber thin film was 5.5
against Escherichia coli, which is a gram‐positive bacteria, and 4.7 against Staphylococcus
aureus, which is a gram‐negative bacteria. This reveals that sodium titanate nanofibers have a
high level of antibacterial activity against bacteria of both structures. Because the reaction time
was extended from 1 to 20 h, the formation of nanofibers was clarified according to the SEM
images depicted in Figure 10. The intensities of the respective diffraction peaks were greater
in the X‐ray diffraction pattern, as shown in Figure 11. The antibacterial activity values of the
thin films generated with reaction times of 1 and 5 h were 1.2 and 0.3, respectively, which
indicates no antibacterial activity. The antibacterial activity value for the thin film generated
with a reaction time of 12 h was 3.1; thus, the antibacterial activity manifested. The value was
6.5 for the thin film generated with a reaction time of 20 h; thus, a high level of antibacterial
activity occurred. The above results indicate that the antibacterial activity increases with the
growth of nanofibers and enhanced crystallinity. While it is not possible to offer any clear
reason for such high levels of antibacterial activity at present, the following assumptions were
made. All nanostructure morphologies (i.e., nanofiber, nanosheet, and nanotube) involve
layering and rolling of titanate sheets, and the surface and the edge sections of titanate sheets
can be considered separately because of their different chemical properties [35]. Nanofiber
structures are characterized by having the highest proportion of the edge section to the overall
area compared with other nanostructures. This may mean that the edges of titanate sheets
become active sites and affect bacteria in some way, which manifests as a high level of
antibacterial activity.

Figure 10. SEM images of sodium titanate nanofiber thin films synthesized following different reaction times; the tita‐
nium plate before the synthesis (a), and after 1 h (b), 5 h (c), and 12 h (d) reaction times [10].
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Figure 11. XRD patterns of sodium titanate nanofiber thin films following different reaction times; the titanium plate
before the synthesis (a), and after 1 h (b), 5 h (c), 12 h (d), and 20 h (e) reaction times. Peak assignment: ●, sodium tita‐
nate; ▲, titanium [10].

Sodium titanate nanofiber thin film is considered to have poor practicality at the current point
in time; while superior antibacterial activity was indicated during the first round of tests, the
results from the second and subsequent rounds were not good, and there are many unknown
aspects about the antibacterial mechanism. Silver, which is already being used in many studies
on antibacterial materials, was therefore considered as an antibacterial component based on
three considerations: (1) the superior antibacterial activity, (2) some degree of safety for living
organisms, and (3) the relative lack of reports regarding the manifestation of drug‐resistant
bacteria [36]. Sodium titanate is a cation exchanger with a layered structure and can support
silver in the titanate by exchanging Na+ in sodium titanate with Ag+. A composite treated with
silver ion exchange was derived by immersing the sodium titanate nanofiber thin film/titanium
metal composite generated with a reaction time of 20 h in 12 mL of a 0.05 mol/L silver acetate
aqueous solution at 40°C for 3 h, which was then washed repeatedly with distilled water and
dried in a cool and dark location. The thin film derived after the silver ion exchange process
remained firmly attached to the titanium plate, as shown in the digital camera photographs
and SEM images in Figure 8c. There were no changes in the morphology, which had dimen‐
sions on the scale of microns. The TEM images, however, revealed precipitation of nanopar‐
ticles with dimensions of a few nanometers to a few tens of nanometers on the surface of the
nanofiber (Figure 8d). These particles were considered to be silver nanoparticles, but no
diffraction peaks attributed to silver were observed in the X‐ray diffraction pattern (Fig‐
ure 12). This may have been due to the small amount of precipitation that occurred because of
the small diameters of the silver nanoparticles. No sodium was detected from the thin film
after the silver ion exchange process, but silver was detected when the EDS analysis was
conducted. A silver‐to‐titanium molar ratio of 0.638 was detected; this is greater than the
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sodium‐to‐titanium molar ratio of 0.329 before the silver ion exchange process. Such results of
the EDS analysis correspond to the precipitation of silver particles on the surface of nanofiber
when Na+ in the sodium titanate nanofiber was exchanged with Ag+. The X‐ray diffraction
pattern after the silver ion exchange process indicates the disappearance of the diffraction peak
of 2θ = 8.78°, which was caused by the layered structure observed with sodium titanate
(Figure 12). Significant changes in the position and strength of the diffraction peaks at 2θ ≥ 
15°owing to the crystal structure of titanate were observed compared to before the silver ion
exchange process (Figure 12). Such results indicate that the crystal structure of titanate changed
from a two‐dimensional layered structure to a three‐dimensional crystal structure. The above
results reveal that silver nanoparticles and silver titanate nanofiber thin film are generated by
the silver ion exchange process of the sodium titanate nanofiber thin film. Such precipitation
of silver nanoparticles on the surface of titanate and change in crystal structure caused by the
silver ion exchange process have also been observed with the sodium titanate nanotube thin
film and the sodium titanate thin film with a porous network structure [34]. This suggests that
these are reaction behaviors common to layered titanates.

Figure 12. XRD patterns of the thin film before (a) and after (b) the silver ion exchange treatment. Peak assignment: ●,
sodium titanate; ▲, titanium; ○, silver titanate [10].

The antibacterial activity value of the silver nanoparticles/silver titanate nanofiber thin film
with respect to MRSA is 7.9, which is extremely high. This value is greater than the antibacterial
activity value of 6.3 for a silver nanoparticles/silver titanate nanotube thin film or 7.8 for a
silver nanoparticles/silver titanate thin film with a porous network structure [34]. The elution
behavior of silver was investigated in fetal bovine serum (FBS) to simulate the environment
of a living body because it was presumed to impact the antibacterial activity in a significant
manner. Please refer to the authors’ previous paper for details on the experimentation
methods. Elution of 110 ppm was observed with silver nanoparticles/silver titanate nanofiber
thin film, 94 ppm was observed with the silver nanoparticles/silver titanate nanotube thin film,
and 68 ppm was observed with the silver particles/silver titanate thin film with a porous
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network structure on the first day. The greatest amount of silver was clearly eluted by silver
nanoparticles/silver titanate nanofiber thin film with the highest level of antibacterial activity.
The orders of antibacterial activity and elution quantity for silver did not match completely.
Therefore, antibacterial activity cannot be explained solely by the elution amount of silver.
Although a clear examination is not possible at the present point in time, the surface mor‐
phology of the thin film is considered to be somehow related to the antibacterial activity.
Chronologically, the amount of silver elution was 110 ppm on the first day, decreased to 77 
ppm by the second day, and gradually decreased with subsequent days to 20 ppm by the tenth
day. The elution of silver from silver nanoparticles and from silver titanate nanofiber due to
the ion exchange reaction were considered as sources of silver elution from the thin film. FBS
is known to contain a large amount of proteins and cations that readily bond with Ag+, and
the ion exchange reaction is known to be extremely rapid. This means that it is extremely likely
that the large amount of silver elution on the first day was due to the silver elution from the
ion exchange reaction of silver titanate nanofibers. The contribution to silver elution by the
silver titanate nanofibers decreased with time; instead, the silver elution from silver nanopar‐
ticles increased in their place. The antibacterial activity can be expected to be sustained over a
long period since the silver nanoparticles/silver titanate nanofiber thin film can continue to
elute silver in this manner for over 10 days.

4. Conclusion

This chapter introduces the generation of titanium compounds with various nanostructures,
including titanium phosphate nanobelts and titanate nanofibers on the surface of titanium
metal plate, from the treatment of a titanium metal plate in aqueous solutions of various
compositions. Because aqueous solutions of various compositions and concentrations and
different reaction temperatures and times can be combined for chemical processes involving
titanium metal, novel titanium compounds/titanium metal composites with various compo‐
sitions and nanostructures are expected to be synthesized in the future. It is important to
continue with applied research on developing composites that feature the characteristics of
both nanostructured titanium compounds and titanium metal, as described in Section
“Introduction.” In this manner, characteristics that surpass those of the nanostructured
titanium compound particles can be derived. Research is expected to continue with applica‐
tions including biomaterials and electrode materials intended for dye‐sensitized solar cells,
lithium‐ion batteries, and sodium‐ion batteries.
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Abstract

In this chapter, a study on two kinds of examples of functional nanofibers has been
introduced. In the first section, the formation of nanofiber morphology at a mesoscopic
scale and molecular level stacking of a tetrathiafulvalene (TTF) derivative with a chiral
group were investigated by the one-dimensional growth method in interfacial molecu‐
lar films. Monomolecular films of a TTF derivative with a chiral borneol group display a
two-dimensional phase transition at the air/water interface. The formation of nanonet‐
work domains is attributed to the organized aggregation of the TTF derivatives, which is
a result of strong intermolecular interactions. In the second section, the formation of
nanofiber morphology at a mesoscopic scale and molecular level packing of an amphi‐
philic diamide derivative with two hydrocarbons were investigated by the in interfacial
molecular films. It has found that the growth of this nanofiber morphology is encour‐
aged by the application of the epitaxial growth in the spin-cast film with 1 wt% layered
silicate  having long hydrocarbons.  As mention above,  it  is  found that  mesoscopic
morphological formation of super-hierarchical structure of the nanofibers having a
crystalline arrangement at Å level can be induced conductivity and the thixotropy at
macroscopic level.

Keywords: crystalline nanofiber, TTF derivative, diamide derivative with two hydro‐
carbons, thixotropic ability, one-dimensional growth
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1. Morphological transition of a conductive molecular organization with
non-covalent from nanonetwork to nanofiber

1.1. Introduction

Although the synthesis of the Langmuir–Blodgett (LB) film was first reported by Blodgett in
1934 [1], this technique has attracted a lot of attention in recent years, following its application
in the formation of two-dimensional lamellae in linear polymers [2]. While there is a long history
of development of this technique beginning with the studies on the optical and electronic
properties of the LB films by Khun et al. [3, 4], direct observation of the folding of polymer chains
in LB films using atomic force microscopy was a significant milestone, which revealed the
phenomenon of “morphogenesis at the interface” [5, 6]. For the several examples of “morpho‐
genesis at the interface,” the formation of nanofibers [7], nanowires [8, 9], nanospheres [10],
nanocoils [11], nanoribbons [12], sea-island structures [13, 14], rods [15], gyroids [16], lamel‐
lae  [17],  and  honeycombs  [18]  are  noteworthy.  Simultaneous  control  of  the  mesoscopic
morphology (at the sub-micron level) of a non-covalent molecular organization, along with
control of the molecular arrangement and packing structure (at the sub-nanometer level), is
essential for the construction of next-generation quantum devices and medical materials. In
other words, the molecular arrangement and morphology need to be controlled at different
dimensional scales.

In this chapter, the formation of a nanofiber morphology at the mesoscopic scale and the
molecular level stacking of a tetrathiafulvalene (TTF) derivative with a chiral group were
investigated by the method of one-dimensional molecular film growth (Figure 1(a)). The
fabrication of a nanometer-scale thin film having a fibril texture, which was achieved by
incorporating a phenyl group in the TTF derivatives, has been reported previously [19].
However, the strong interactions between the molecules, which is a consequence of the
competing forces of π–π interactions (of TTFs and phenyl rings) and hydrogen-bonding (of
urethane bonding units), inhibited accurate morphological control. Therefore, in our previous
study, we attempted to substitute the phenyl ring with the bulky and chiral borneol group [20],
in order to minimize these strong intermolecular interactions. However, since TTF derivatives
containing borneol groups are amorphous, top-down fabrication of thin films and control of
the molecular arrangement were quite difficult.

Organized molecular films [21] have been developed as potential candidates for the synthesis
of biomimetic models [22] and molecular electronic devices [23, 24], which are of considerable
technological interest [25–29]. In addition to the interaction of lipids and proteins with
hydrocarbons, various amphiphiles containing functional groups (including π- and d-electron
systems), and polymerizable groups have been synthesized to obtain monolayer assemblies
with well-defined molecular arrangements [30]. Therefore, this technology could potentially
provide an effective means for attaining hierarchically precise and regular structures.
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Figure 1. (a) Formation of nanofiber morphology at mesoscopic scale and molecular level stacking and (b) chemical
structure of TTF-4Bor.

In the present chapter, a new, conducting, four-armed amphiphilic compound (a TTF deriva‐
tive with chiral borneol groups (TTF-4Bor, Figure 1(b) [20]) was synthesized. The monolayer
behavior, molecular arrangement, and surface morphology of organized molecular films of
TTF-4Bor were investigated by analysis of the surface pressure–area (π–A) isotherms, in-plane
and out-of-plane X-ray diffraction (XRD) profiles, and atomic force microscopy (AFM) images.
Further, morphogenesis was encouraged by applying the one-dimensional growth method to
an LB film of TTF-4Bor in distilled water, under low surface pressure conditions. The size of
the nanofibers thus obtained was controlled by variation of the subphase temperature. Since
the internal structure of the mesoscopic nanofiber is comprised of stacked TTF planes at a
molecular level, effective electrical conduction is expected along the direction of stacking.
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1.2. Experimental section

1.2.1. Synthesis of TTF-4Bor (Scheme S1)

A three-necked flask with a stirrer was purged with nitrogen, followed by the addition of L(-)-
borneol (compound 1, 20.5 g, 1.33 mmol), 2-chloroethyl isocyanate (compound 2, 16.8 g, 159
mmol), and anhydrous tetrahydrofuran (THF, 300 mL). To this, 24 drops of dibutyltin dilaurate
were added, and the mixture was stirred overnight in an oil bath at 50°C. The solvent was then
evaporated under reduced pressure, and the residue was purified by column chromatography
over silica gel (chloroform/ethyl acetate = 9:1). The product (compound 3) was obtained as a
white solid with a yield of 84% (29.07 g, 112 mmol).

Scheme S1. Synthesis of TTF-4Bor.

Synthesis of Compound 4: To a 500-mL four-necked flask (with a stirrer, purged with nitrogen),
shredded sodium (23.0 g, 1.00 mol) and carbon disulfide (180 mL, 3 mol) were added and
stirred. Then, the four-necked flask was placed in an ice bath, and N,N-dimethylformamide
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(DMF) (200 mL) was added in drops over 4 h through a dropping funnel. The mixture was
removed from the ice bath, brought to room temperature, and stirred overnight. This was again
cooled in an ice bath, and methanol (50 mL) was added slowly through a dropping funnel.
The contents of the four-necked flask were then transferred to a 3 L conical flask, and a mixture
of methanol (200 mL) and deionized water (250 mL) was added in drops, followed by the
gradual addition of a solution of zinc chloride (20 g, 0.15 mol) in concentrated aqueous
ammonia (500 mL). To this, a solution of tetraethylammonium bromide (106 g, 0.50 mol) in
deionized water (500 mL) was added in drops over a period of 4 h (in two portions), and the
mixture was stirred overnight. This was suction-filtered through a Kiriyama funnel, and the
residue was washed with water (500 mL), isopropanol (200 mL), and diethyl ether (200 mL).
This residue was dissolved in acetone, and the resulting solution was evaporated under
reduced pressure. Red crystals of the desired product (compound 4) were obtained with 97.6%
yield (87.7 g, 0.12 mol).

Synthesis of Compound 5: In a 100-mL three-necked flask (with stirrer, purged with nitrogen),
compound 4 (5.53 g, 7.70 mmol), compound 3 (10.00 g, 38.49 mmol), and DMF (90 mL) were
added and stirred overnight in an oil bath at 125°C. Following concentration of the reaction
mixture, the organic layer was extracted thrice with chloroform and distilled water, and dried
using anhydrous magnesium sulfate. The magnesium sulfate was removed by filtration, and
the filtrate was purified by column chromatography over silica gel (chloroform/ethyl acetate
= 47:3). The desired product (compound 5) was obtained as a yellow solid with 72.3% yield
(7.19 g, 11.15 mmol).

Synthesis of Compound 6: To a 100-mL three-necked flask (with a stirrer, purged with nitrogen),
compound 5 (1.00 g, 1.55 mmol), chloroform (9.70 mL), acetic acid (3.23 mL), and mercury
acetate (II) (1.72 g, 4.13 mmol) were added, and this mixture was stirred overnight at room
temperature. The mixture was then subjected to Celite filtration, and the filtrate was extracted
thrice using chloroform and distilled water. The chloroform layer was washed thrice with a
saturated aqueous sodium bicarbonate solution and dried over anhydrous magnesium sulfate.
This mixture was purified by column chromatography over silica gel (ethyl acetate). The
desired product (compound 6) was obtained as a yellow solid with a yield of 84.1% (0.82 g, 1.3
mmol).

Synthesis of Compound 7 (TTF-4Bor): In a 50-mL three-necked flask (with a stirrer, purged with
nitrogen), a mixture of compound 6 (0.82 g, 1.30 mmol) and triethyl phosphite (1.5 mL) was
heated in an oil bath at 120°C with stirring for half day. The triethyl phosphite was removed
under reduced pressure, and the remaining solid was purified by column chromatography
over silica gel (hexane/ethyl acetate = 3:2). The desired final product (compound 7, TTF-4Bor,
Figure 1(b)) was obtained as a yellow solid with a yield of 63% (0.51 g, 0.41 mmol). The chemical
structure of this compound has been determined by NMR and IR spectroscopy previously [20].

1.2.2. Formation of monolayers of TTF-4Bor on the water surface

Monolayers were formed by spreading a toluene solution of TTF-4Bor (∼1.0 × 10−4 M) on the
surface of distilled water (resistivity: approximately 18.2 MΩ cm). After evaporation of the
toluene for 5 min, surface pressure–area (π–A) isotherms were recorded at compression speeds
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ranging from 0.8 to 4.8 cm2 min−1. The air/water interface was kept at a constant temperature
of 15°C by circulation of thermostated water around the trough. Measurement of the mono‐
layer properties and LB film transfer were carried out in a USI-3-22 Teflon-coated LB trough
(USI Instruments).

1.2.3. Study of the surface morphology and estimation of the molecular arrangement

The surface morphologies of the transferred films were observed using a scanning probe
microscope (Atomic Force Microscopy, SII Nanotechnology, SPA300 with SPI-3800 probe
station), and microfabricated rectangular Si cantilevers with integrated pyramidal tips, by
applying a constant force of 1.4 N m−1. In this chapter, AFM observations were carried out in
the tapping mode. XRD samples were transferred onto a glass substrate by the LB method (20
layers, subphase temperature of 15°C, and surface pressures of 5 and 35 mN m−1). The large
spacing between the layers in the films was measured using an out-of-plane X-ray diffrac‐
tometer (Rigaku, Rint-Ultima III, CuKα radiation, 40 kV, 30 mA) equipped with a graphite
monochromator. The in-plane spacing of the two-dimensional lattice of the films was deter‐
mined using an X-ray diffractometer with different geometrical arrangements [31, 32] (Bruker
AXS, MXP-BX, CuKα radiation, 40 kV, 40 mA, a customized instrument) and equipped with
a parabolic-graded multilayer mirror. The X-rays were incident at an angle of 0.2°, and the
films were scanned at a speed of 0.05°/80 s, as a result of which the in-plane XRD measurements
had monomolecular resolution.

1.3. Results and discussion

1.3.1. Monolayer behavior and surface morphology of TTF-4Bor

Figure 2 shows the π–A isotherms of a TTF-4Bor monolayer at the air/water interface at 15°C,
along with the estimated collapse surface pressure and the limiting area. TTF-4Bor forms an
expanded phase at low surface pressures and an extremely condensed phase at high surface
pressures. These results indicate that the TTF-4Bor film undergoes a two-dimensional transi‐
tion, from parallel to normal orientation on the water surface.

Figure 2. Surface pressure–area isotherm at the air/water interface for the TTF-4Bor monolayer.
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Figure 3 shows the AFM images of LB monolayers of TTF-4Bor (Z-type) on mica, transferred
at 35 and 10 mN m−1. At low surface pressures, sparsely dotted nanodomains with a height of
about 1 nm are observed, confirming the flat-on orientation of the molecular planes. In the
high pressure regions, however, submicron network domains are formed, and the height
information indicates that the conformation of the TTF derivatives is normal to the plane of
the film. It has been suggested that the mesoscopic morphogenesis is attained by aggregation,
which is based on the competition between the π–π interaction of the TTF molecular planes,
and the strong interaction of hydrogen bonds between the urethane bonding sites. This
hypothesis is supported by the infrared (IR) spectra (Figure 3(c)), which exhibit a shift of the
band attributed to the carbonyl group toward lower wavenumbers, indicating the formation
of hydrogen bonds [19, 20].

Figure 3. AFM images of Z-type monolayers of TTF-4Bor transferred at (a) 35 mN m−1 and (b) 10 mN m−1; (c) IR spectra
of LB multilayers of TTF-4Bor transferred at 35 mN m−1 on a CaF2 substrate.
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1.3.2. Molecular arrangement in organized molecular films of TTF-4Bor

In order to estimate the crystallinity and periodicity of the molecules in multilayers of
TTF-4Bor, in-plane and out-of-plane XRD analyses of LB multilayers were carried out. In-plane
XRD profiles of multilayers transferred at 35 and 10 mN m−1 are shown in Figure 4. This
technique provides information regarding molecular arrangement at a sub-nanometer scale,
and the internal fine structure of the mesoscopic morphology. At low surface pressures, a clear
periodic structure was not observed, indicating that the film might be amorphous. On the other
hand, in the LB multilayers formed at high surface pressures, a clear periodic structure with
regular molecular packing was confirmed. The short spacing value of 4.1 Å appears to
correspond to the stacking of the TTF molecular planes based on π–π interactions. A similar
in-plane packing system based on π–π interactions, established by in-plane XRD, was reported
in conducting organized molecular films of metal (dmit)2 charge transfer complexes [33]. Dense
stacking of molecular planes has been known to induce electrical conductivity along the
direction of stacking.

Figure 4. In-plane XRD profiles of LB multilayers (20 layers) of TTF-4Bor transferred at (a) 35 mN m−1 and (b) 10 mN
m−1.

Figure 5 shows the out-of-plane XRD profiles for LB multilayers (20 layers) of TTF-4Bor,
transferred at 35 and 10 mN m−1. In the multilayers fabricated under high surface pressure
conditions, a d0 0 1 layer corresponding to the end-on orientation of TTF-4Bor was observed
along the c-axis. The formation of the highly regular layered structure is believed to have
occurred during the transfer of the interfacial monomolecular film to a solid, by the LB method.
At low surface pressures, a layer spacing of ∼5 nm is observed in the multilayers, which exhibit
molecular organization along with disorder in the ab-plane, and regularity along the c-axis.
Therefore, rearrangement of the molecular groups is expected to take place during multilayer
formation, along with a change in the conformation from flat-on to end-on, resulting in layered
regularity in the c-direction. These results are summarized in Figure 6.
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conditions, a d0 0 1 layer corresponding to the end-on orientation of TTF-4Bor was observed
along the c-axis. The formation of the highly regular layered structure is believed to have
occurred during the transfer of the interfacial monomolecular film to a solid, by the LB method.
At low surface pressures, a layer spacing of ∼5 nm is observed in the multilayers, which exhibit
molecular organization along with disorder in the ab-plane, and regularity along the c-axis.
Therefore, rearrangement of the molecular groups is expected to take place during multilayer
formation, along with a change in the conformation from flat-on to end-on, resulting in layered
regularity in the c-direction. These results are summarized in Figure 6.
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Figure 5. Out-of-plane XRD profiles of LB multilayers (20 layers) of TTF-4Bor transferred at (a) 35 mN m−1 and (b) 10
mN m−1.

Figure 6. Schematic illustration of the (a) molecular arrangement of TTF-4Bor along the c-axis and (b) molecular stack‐
ing model of LB multilayers of TTF-4Bor in the ab-plane.

1.3.3. Morphological changes from a two-dimensional film to nanofibers of TTF-4Bor

At present, there are limitations in the ability to achieve one-dimensional growth of a nanofiber
consisting of tightly stacked electrically conducting molecules. Although stacked conducting
molecular planes are obtained at high surface pressures, morphologies at the mesoscopic scale
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are too developed due to the strong forces of aggregation, with the presence of long-range
order between molecules, as a result of the competitive effect of π–π interactions and hydrogen
bonding. Hence, although the molecules cannot be arranged under low surface pressure
conditions, the disordered molecular groups can be rearranged by multilayer formation,
owing to their strong aggregation tendency. In this chapter, the technique of one-dimensional
growth at the air/water interface was adopted, which involved transfer of the film at low
surface pressures with reduction of the compression speed (by a factor of 8), inducing a
spontaneous growth structure at the interface. Figure 7 shows a comparison of the π–A
isotherms, at different compression speeds (4.8 and 0.6 cm2 min−1), and a schematic illustration
of molecular aggregation. The tendency to expand at low pressures and condense at higher
pressures is conspicuous in the π–A isotherms measured at a low compression rate (0.6 cm2

min−1).

Figure 7. Surface pressure–area isotherms at different compression speeds (4.8 cm2 min−1 [dashed line] and 0.6 cm2 min
−1 [solid line]) of monolayer of TTF-4Bor at the air/water interface.
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Figure 8. AFM images of Z-type monolayers of (a) nanofiber and (b) helical nanofiber forms of the one-dimensional
growth TTF-4Bor. (c) In-plane XRD profiles of LB multilayers (20 layers) of TTF-4Bor (at 10 mN m−1 and compression
speed 0.6 cm2 min−1), and (d) a schematic model for their molecular packing.

In Figure 8, AFM images of the Z-type monolayers of TTF-4Bor after one-dimensional growth
are shown, along with the in-plane XRD profiles of multilayers of TTF-4Bor transferred at 10
mN m−1 with a compression speed of 0.6 cm2 min−1. In this system, there is a clear transition
from a mesoscopic morphology to a nanofiber shape (thickness ∼70 nm). While many of the
nanofibers are linear (Figure 8(a)), some fibers exhibit a branching morphology (Figure 8(b))
and some others grew as a right-handed spiral. This morphological formation is expected to
have occurred to minimize the steric hindrance from the four functional groups in the TTF
derivative. This material exhibited circular dichroism (CD) for every adsorption band [20], and
the Cotton effect centered around 380 and 530 nm was attributed to the helical dipole coupling
between TTF rings through the formation of a network of hydrogen bonds [34–38]. In-plane
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XRD reveals multilayers of these integrated nanofiber films, with the formation of stacked
conducting molecular planes with a spacing of 4.1 Å (Figures 8(c) and (d)). It is expected that
the promotion of spiral morphogenesis based on steric hindrance of chiral functional groups
is dependent on the enhancement of the molecular mobility at the air/water interface.
Therefore, the formation of nanofibers was studied at different subphase temperatures
(Figure 9). It is seen that an increase in the subphase temperature results in an increase in the
diameter of the fibers, rather than the formation of the helical structure, which could be due
to an increase in the aggregation force between the molecules. The diameters of the nanofibers
formed at 15, 20, and 25°C, are 70, 125, and 190 nm, respectively. From the π–A curves, these
correspond to aggregates of 20–40 molecules at 15°C, 30–60 molecules at 20°C, and 50–90
molecules at 25°C. The nanofiber morphology was retained upon inclusion of 2,3,5,6-
tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F4-TCNQ) acceptor molecules to this system at
a molecular ratio of 1:1 (Figure 10). Since F4-TCNQ is not amphiphilic, mixing it with the TTF
derivative results in the formation of a charge transfer (CT) complex and interfacial nanofiber
films. The retention of the nanofiber morphology after the inclusion of F4-TCNQ is because the
structural formation is related to the stacking arrangement of the TTF molecular planes, and
first-order spontaneous growth of mesoscopic nanofibers. The CT complex exhibited a broad
absorption band in the IR region (2500–3500 cm−1), which was attributed to a CT between the
electron-donating TTF and the electron-accepting F4-TCNQ moieties [39–41]. Figure 10 shows
the color change of the solution to support the CT complex formation, and further, the AFM
image and in-plane XRD profile also show evidences of maintaining of a mesoscopic fiber form
and stacking of a conductive molecular plane. In addition, Figure 10(c) also shows UV
spectrum of charge transfer complex of TTF-4Bor:F4-TCNQ = 1:1 in solution. Absorption band
near 300 nm corresponds to the TTF-4Bor, and the band of 400 nm except the shoulder peak
corresponding to F4-TCNQ. Absorption band at 700–800 nm corresponds to the anionic radical
of the F4-TCNQ, and shoulder-shaped absorption band around 400 nm corresponds to the
cationic radical of TTF [41]. From the above, the formation of a charge-transfer complex in
solution is supported.

As detailed in this chapter, the amphiphilic TTF derivative with chiral borneol groups are
closely packed in the nanofiber morphology at the air/water interface. Although the densely
packed molecular arrangement is easily attained by standard film fabrication methods at high
surface pressures, mesoscopic nanofiber morphology is obtained by spontaneous one-
dimensional growth at the air/water interface (Figure 11). The dense stacking structure of these
molecular planes induces electrical conduction, and nanofibrous morphogenesis can be
deployed in quantum devices, medical applications, etc. It can be seen that the control of the
mesoscopic morphology at the air/water interface provides several variations and possibilities
in the chapter of molecular organization, such as helical morphogenesis and size control of
nanofibers [42].
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Figure 9. AFM images of Z-type monolayers of the one-dimensional growth of TTF-4Bor transferred at (a) 15°C, (b)
20°C, and (c) 25°C.
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Figure 10. (a) AFM image of Z-type monolayer, (b) in-plane XRD, and (c) IR and UV–Vis spectra of the LB multilayers
(20 layers) of TTF derivative/F4-TCNQ = 1:1 charge transfer complex.

Recent Development of Nanofibers14222



Figure 10. (a) AFM image of Z-type monolayer, (b) in-plane XRD, and (c) IR and UV–Vis spectra of the LB multilayers
(20 layers) of TTF derivative/F4-TCNQ = 1:1 charge transfer complex.

Recent Development of Nanofibers14222

Figure 11. Schematic models for the formation of spiral morphology at the mesoscopic scale, and molecular level stack‐
ing of TTF-4Bor by the one-dimensional growth method.

1.4. Conclusions

In this chapter, monolayer behavior on the surface of water, mesoscopic morphological
formation, and molecular arrangement in LB multilayers of the conductive TTF derivative with
chiral groups were investigated. For this purpose, π–A isotherms, in-plane and out-of-plane
XRD, and AFM measurements were carried out. From the AFM analysis, the formation of
submicron networks and nanofiber morphology of the conducting molecular organization was
confirmed at different monolayer compression rates. The in-plane and out-of-plane XRD
measurements elucidated the formation of highly ordered layered structures and close-
stacking of molecular planes due to π–π interactions.

Nanofibers of the TTF derivative were obtained by applying the one-dimensional growth
method at low compression speeds and low surface pressure conditions. Under these condi‐
tions, the formation of helical nanofibers was also observed. These mesoscopic helical nano‐
fibers, whose internal structure consists of stacked conducting planes, are expected to display
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spontaneous electrical conduction by electromagnetic induction. Hence, these materials are
likely candidates for future innovation in the molecular device and healthcare industries.

2. Morphological control of crystalline nanofiber derived from
amphiphilic diamide derivative which induces the thixotropic ability

2.1. Introduction

In the molecular and materials chemistry, the concept of “hierarchy [43]” is very important.
In usual, the molecular level orientation and arrangements beyond the level of mesoscopic
morphogenesis cannot affect the level of the macroscopic physical properties. However, there
are cases that molecular groups with crystalline array achieved a fibrous growth by the
cooperative phenomenon of molecules, and its network form occurs thixotropic ability [43]. If
this crystalline fiber network contacts to other medium and induces the increase of that
viscosity, the corresponding molecule is acting as a thixotropic agent beyond the size hierarchy
of materials.

In addition, current nanotechnology in the chemistry and biophysics fields has undergone a
remarkable development through the “discovery of the nanosized architecture” such as carbon
nanotubes [44], “their deployment to the nanocomposite materials [45–48]”, and “re-attention
to the bottom-up technologies as the classical LB method [1]”. Performance enhancement of
analytical techniques, such as scanning probe microscopy and X-ray diffraction, has also
helped strongly to the development of nanoscience.

By the way, the thixotropic phenomenon, which solidification and the flow are, respectively,
occurred by standing and application of an external forces, is observed in familiar mayonnaise,
ketchup, etc. Commercially available anti-sedimentation agent and liquid dripping inhibitors
are also used as thixotropic agents. In addition, an additive which can be solidified the cooking
waste oil and discarded it as a solid is also corresponding to a thixotropic agent. Traditionally,
the main raw material of the thixotropic agent was 12-hydroxystearic acid. In this case, an
occurrence origin of thixotropic properties is the fiber growth by 12-hydroxystearic acid
molecule at micrometer level. The increase in viscosity has occurred by the contact of this
developed microfiber to the corresponding medium. In other words, relationship between
fiber growth and occurrence of thixotropic properties is almost equal. However, although the
12-hydroxy stearic acid can form a fibrous morphology in the view of molecular science, stearic
acid does not form a fibrous form. It is well-known that stearic acid is the standard material
of monolayer on the water surface, and corresponding LB film. Although stearic acid is a
crystalline compound, its mesoscopic form is a sheet-like morphology. In other words, the
influence of the hydrogen bonding between hydroxyl groups at the 12-position to the forma‐
tion of the fibrous morphology is remarkable. However, the hydrogen bonding itself is also
interaction at the molecular level. It cannot be asserted to affect the mesoscopic morphogenesis
and macroscopic thixotropic by only the presence of a simple hydrogen bonding. However,
hydrogen bonding “between biological polymers that forms the human body” and “between
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the polyamide fibers which is raw materials of a garment,” reality induces the macroscopic
physical properties. In order to attain an understanding of these phenomena, the material
evaluation by the hierarchical point of view will be essential by making full use of nano-
technological analysis developed in recent years. In addition, discussion ability that be
considered in connecting these phenomena will be extremely important. However, discussion
to the 12-hydroxystearic acid itself has already been a thing of the past on the development of
academic field of modern chemistry.

In the present chapter, amphiphilic diamide derivative which obtained by condensation
reaction of 12-hydroxystearic acids and hexamethylenediamine was synthesized. The mono‐
layer behavior, molecular arrangement, and surface morphology of organized molecular films
of diamide derivative with two hydrocarbons were investigated by analysis of the π–A
isotherms, in-plane and out-of-plane XRD profiles, and AFM images. Further, morphogenesis
was encouraged by applying the epitaxial growth to a spin-cast film of diamide derivative.
The form of the nanofibers thus obtained was indicated the linearly developed shape. Since
the internal structure of the mesoscopic nanofiber is comprised of packed hydrocarbons at a
molecular level, effective molecular packing is expected along the fiber growing direction.

2.2. Experimental section

2.2.1. Synthesis and characterization of amphiphilic diamide derivative with two hydrocarbons

In order to obtain the material used in this chapter, a condensation reaction of 12-hydroxys‐
tearic acid and hexamethylenediamine (2 mol: 1 mol) was performed. The obtained material
was purified by recrystallization, and a removal of impurity checked by thermal analysis.
Figure 12(a) shows thermogravimetric (TG) curves of this material under the N2 purge and in
the air atmosphere. Under the N2 purge and in the air atmosphere, the decreasing of weight
of material is started at 250 and 350°C, respectively. Further, there is a residual of heated
material until 500°C and in the air atmosphere. That is to say, this material decomposes like a
certain polymer at 250°C and do not sublimate as substance with low molecular weight. In
other words, it finds that this compound is an extreme high heat resistance by the influence of
hydrogen bonding. Figure 12(b) shows differential scanning calorimetric (DSC) thermogram
of diamide derivative with two hydrocarbons. Only one transition peaks in both heating and
cooling processes exist at around 150 and 135°C, respectively. In the case of unpurified sample,
transition peaks of reacted substances in heating process are indicated at around 77 and 42°C.
Therefore, it was considered that unreacted 12-hydroxystearic acid and hexamethylenedia‐
mine have been removed by recrystallization purification.

2.2.2. Characterization of bulk and their spin-cast film

The spin-cast films of diamide derivative with two hydrocarbons and the mixture with organo-
modified layered silicate were formed from xylene– ethanol (9/1, v/v) mixed solution over
100°C. Organo-modified montmorillonite (MMT) was fabricated by surface modification
method with natural MMT and long-chain quaternary ammonium cation at oil/water interface
[49]. Powder X-ray diffraction (XRD) measurement to the both bulk and cast film samples is
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performed by X-ray diffractometer (Rigaku, Rint-Ultima III, CuKα radiation, 40 kV, 30 mA)
equipped with a graphite monochromator. Infrared (IR) spectra of the sample are measured
by IR spectrometer (Bruker AXS TENSOR II).

Figure 12. (a) TG curves of diamide derivatives having two hydrocarbons used in this study under the N2 purge and in
the air atmosphere. (b) DSC thermogram of purified diamide derivatives having two hydrocarbons (scanning rate;
10°C min−1).
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2.2.3. Formation of monolayers of diamide derivative with two hydrocarbons on the water surface

Monolayers were formed by spreading from a CHCl3 solution including a small amount of
trifluoroacetic acid (TFA) of diamide derivate having two-stearic chains with –OH groups
(∼1.0 × 10−4 M) on the surface of distilled water (resistivity: approximately 18.2 MΩ cm). After
evaporation of the CHCl3 for 5 min, surface pressure-area (π–A) isotherms were recorded at
compression speeds ranging from 4.8 cm2 min−1. The air/water interface was kept at a constant
temperature of 3.5, 12, and 15°C by circulation of thermostated water around the trough.
Measurement of the monolayer properties and LB film transfer were carried out in a USI-3-22
Teflon-coated LB trough (USI Instruments). Further, mixed monolayers on the aqueous buffer
solution including Na+ ion of diamide derivative and organo-MMT have been formed by co-
spreading method of CHCl3 solution with small amount of TFA and toluene solution, respec‐
tively.

2.2.4. Study of the surface morphology and estimation of the molecular arrangement

The surface morphologies of the transferred films were observed using a scanning probe
microscope (Atomic Force Microscopy, SII Nanotechnology, SPA300 with SPI-3800 probe
station), and microfabricated rectangular Si cantilevers with integrated pyramidal tips, by
applying a constant force of 1.4 N m−1. In this chapter, AFM observations were carried out in
the tapping mode. XRD samples were transferred onto a glass substrate by the LB method (20
layers, subphase temperature of 15°C, and surface pressures of 35 mN m−1). The large spacing
between the layers in the films was measured using an out-of-plane X-ray diffractometer
(Rigaku, Rint-Ultima III, CuKα radiation, 40 kV, 30 mA) equipped with a graphite monochro‐
mator. The in-plane spacing of the two-dimensional lattice of the films was determined using
an X-ray diffractometer with different geometrical arrangements [31, 32] (Bruker AXS, MXP-
BX, CuKα radiation, 40 kV, 40 mA, a customized instrument) and equipped with a parabolic
graded multilayer mirror. The X-rays were incident at an angle of 0.2°, and the films were
scanned at a speed of 0.05°/20 s, as a result of which the in-plane XRD measurements had
monomolecular resolution.

2.3. Results and discussion

2.3.1. Molecular arrangement and packing of diamide derivative including two-stearic chains with –
OH groups

Figures 13(a) and (b) shows the powder XRD profiles and IR spectrum of diamide derivative
with two hydrocarbons in bulk. In powder XRD profile, the developed layer spacing is
indicated in low angle side. In this case, the long spacing peaks until fifth-order reflection are
clearly confirmed. Furthermore, bands of stretching vibration of N–H and O–H are shifted to
relative low angle side in IR spectra by the influence on the hydrogen bonding. In addition,
amide I and II bands are clearly confirmed at around 1640 and 1550 cm−1.
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Figure 13. (a) Powder X-ray diffraction profile of diamide derivatives having two hydrocarbons in bulk. (b) IR spectra
of diamide derivatives having two hydrocarbons in bulk.

Figure 14 shows the schematic illustration of two kind of possibility of molecular arrangement
of diamide derivative with two hydrocarbons in bulk. In the case of model in Figure 14(a),
molecules form the extended chain conformation. On the other hand, bilayer structure is
formed like a general surfactant molecules in Figure 14(b). In both case, it finds that intermo‐
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lecular hydrogen bonding between hydroxyl groups and amide groups have formed by the
results of IR. There are two kinds of possibility of molecular orientation that first-order
reflection corresponds to tilted single-layer spacing or bilayer spacing. In this stage, both
possibilities cannot be rejected. However, authors support bilayer conformation as Fig‐
ure 14(b) according to the nature of this type of amphiphilic materials.

2.3.2. Monolayer behavior and surface morphology of diamide derivative with two hydrocarbons

Figure 15 shows the π–A isotherms of monolayer on the water surface of a diamide derivative
with two hydrocarbons at 3.5, 12, and 15°C. At 15°C, isotherm of diamide derivative with two
hydrocarbons indicates the overshoot shoulder and plateau region near the 10 mN m−1. On the
other hand, the number of two-dimensional phase transition increases in isotherms below
12°C. The origin of these two-dimensional phase transition can be inferred by the AFM
measurement to monolayers which are transferred on the solid substrate. Figure 16 shows the
AFM images of LB monolayers of diamide derivative with two hydrocarbons (Z-type) on mica,
transferred at 7, 10 and 35 mN m−1. At low surface pressures region after first transition,
continuously dotted nanodomains are observed. Next, thin fibrous morphology is confirmed
after the second transition. Finally, in the high pressure regions, the developed fiber is formed
as their monolayer feature. Therefore, it finds that an each two-dimensional transitions are
corresponds to morphological changes of monolayer of diamide derivative with two hydro‐
carbons.

Figure 14. Schematic illustration of two kind of possibility of molecular arrangement of diamide derivatives having
two hydrocarbons in bulk. (a) An extended chain model. (b) Double layered structure model.
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Figure 15. Surface pressure–area isotherms of monolayer on the water surface of diamide derivatives having two-hy‐
drocarbons at 3.5, 12, and 15°C subphase temperature.

Figure 16. AFM images of monolayer on solid substrate of two-chain-type diamide derivatives transferred at (a) 35
mN m−1, (b) 15 mN m−1, and (c) 7 mN m−1 with corresponding isotherm at 12°C.
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2.3.3. Molecular arrangement in organized molecular films of diamide derivative having two
hydrocarbons

In order to estimate the crystallinity and periodicity of the molecules in multilayers of diamide
derivative having two hydrocarbons, out-of-plane and in-plane XRD analyses of LB multilay‐
ers were carried out. Figures 17(a) and (b) shows the out-of-plane XRD profiles for LB
multilayers (20 layers) which are transferred at 35 mN m−1. In the multilayers fabricated under
high surface pressure conditions, it seems that a layer spacing along the c-axis at d0 0 1 = 53.2 Å
is corresponding to the bilayer spacing. The shape of first-order reflection is unclear by the
influence on the direct beam. However, third-order reflection has also been confirmed. It is
expected that highly order layer structure has formed. In-plane XRD profiles of multilayers
transferred at 35 mN m1 are shown in Figure 17(c). This technique provides information
regarding molecular arrangement at a sub-nanometer scale, and the internal fine structure of
the mesoscopic fiber morphology. In the LB multilayers formed at crystalline phase, a clear
periodic structure with regular molecular packing was confirmed. The short spacing values
of 4.4 and 4.1 Å appear to correspond to the packing of the long hydrocarbon chains based on
van der Waals interactions. A similar in-plane packing system based on van der Waals
interactions between chains, established by in-plane XRD, was reported in organized molec‐
ular films of long-chain fatty acid [31]. The packing of hydrocarbons are assigned to two-
dimensional orthorhombic system. These results are summarized in Figure 18. Due to the
nature of the wide angle X-ray diffraction, the exact value of the first-order period (bilayer

Figure 17. (a, b) Out-of-plane and (c) in-plane XRD profiles of LB multilayers of two-chain-type diamide derivatives
transferred at 35 mN m−1 and 12°C.
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spacing) corresponds to three times of d0 0 3 value (48.3 Å) calculated from the third-order
reflection, rather than d0 0 1 value calculated from the first-order reflection. It finds that
formation of the developed layer structure and sub-cell is the feature of this crystalline LB film.
Further, bilayer conformation in this LB film is similar to the expected model of this molecule
in the bulk state.

2.3.4. Liner morphological growth of nanofibers in a spin-cast film of diamide derivative having two
hydrocarbons from layered silicate

At present, there are limitations in the ability to achieve one-dimensional growth of a nanofiber
consisting of tightly packed molecules. Although the packed molecules are obtained in the
two-dimensional interfacial film at high surface pressures, morphologies at the mesoscopic
scale are too entangled and undulated due to the strong forces of aggregation, with the
presence of long-range order between molecules, as a result of the competitive effect of van
der Waals interactions and hydrogen bonding. Hence, if formation of the packed molecular
arrangement is accelerated by the external forces at molecular level, the mesoscopic fiber

Figure 18. Schematic models of layer structure and sub-cell of hydrocarbons in LB multilayers of two-chain-type dia‐
mide derivatives.
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growth might be linearly and hierarchically developed. In this chapter, the technique of
epitaxial growth from harmless layered material in the mesoscopic spin-cast film was adopted,
which used general organic solvent with relative low harmful effect at high temperature,
inducing a spontaneous growth structure at the interface. Figure 19(a) and (b) shows AFM
images of spin-cast film of diamide derivative and their composite with 1 wt% organo-
modified MMT, respectively. From the comparison between these figures, it is confirmed that
essential entanglement and wavy fibers have been performed the one-dimensional growth and
changed to the linear shape in the spin-cast film by organo-MMT addition. As shown the
results of XRD of Figure 20 in the Supporting Information, a organo-MMT is also the developed
layer-organization with 38 Å double-layered period [50]. Here, it will consider the interaction
between organo-modified MMT and two-chain-type diamide derivative.

Figure 19. AFM images of spin-cast films of (a) neat diamide derivatives having two hydrocarbons and (b) their com‐
posite with 1 wt% organo-modified MMT.
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Figure 20. (a) Powder X-ray diffraction profile of organo-modified MMT used in this study [50]. (b) Schematic illustra‐
tion of layer structure of organo-modified MMT in bulk.

Figure 21(a) indicates the π–A isotherms of the mixed monolayer of two-chain-type diamide
derivative: organo-modified MMT = 3:1 and 1:1. Compared to behavior of an each original
monolayers, since a change in the collapsed surface pressure occurs, it can be understood
the existence of interaction between components. In AFM observation to this mixed mono‐
layer transferred on solid substrate, the fibers of diamide derivative are in contact with the
organo-MMT without phase separation, which can be understood to be a system of an ideal
mixing (Figure 21(b)). Next, the results of XRD of spin-cast films of Figure 19 are shown
(Figure 22(a)). (Here, since the presence of the organo-MMT is a very small amount, they are
not observed as the IR signal and this spectrum indicates very similar features to that in
bulk as shown the IR result of Figure 23 in the Supporting Information.) From the compari‐
son between both profiles, it finds that the third-order reflection has appeared and the inten‐
sity of the second-order reflection slightly decreased by organo-MMT addition. Considering
from the concept of odd–even effect of high-order reflection, it seems that “an expression of
the higher-order reflection” and “the occurrence of odd–even tendency” indicate an en‐
hancement of regularity (Figure 22(b)). As the supporting of this speculation, the intensity
of out-of-plane XRD profile of diamide derivative–organo-clay = 1:1 mixed multilayers
clearly is increased to the one of the film of single diamide derivative, which is based on the
enhancement of regularity along the c-axis by addition of organo-clay (Figure 22(c)). A sche‐
matic diagram which summarizes the above discussion has shown in Figure 24. That is to
say, it is found that the epitaxial growth along the (0 0 l) plane based on the similar long-
spacing value of about 4 nm is induced from the affinity of diamide derivative and the long-
alkyl chain on the montmorillonite surface.
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Figure 21. (a) Surface pressure–area isotherms of mixed monolayer on an aqueous buffer solution with Na+ ion of dia‐
mide derivatives having two hydrocarbons:organo-MMT = 1:1 at 12°C. (b) AFM image of Z-type mixed monolayer on
solid of diamide derivatives having two hydrocarbons–organo-MMT = 1:1 transferred at 3 mN m−1.
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Figure 22. (a) XRD profiles of spin-cast films of neat diamide derivatives having two hydrocarbons and their compo‐
site with 1 wt% organo-modified MMT. (b) Simulation of XRD profiles of the layered materials influenced by an odd–
even effect. (c) Out-of-plane XRD profiles of LB multilayers of neat diamide derivatives having two hydrocarbons and
1:1 mixed monolayer with organo-modified MMT.
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Figure 23. IR spectrum of mixed spin-cast film of two-chain-type diamide derivative with 1 wt% organo-modified
MMT.

Figure 24. Schematic illustration of epitaxial growth of nanofiber morphology of two-chain-type diamide derivative
from organo-modified MMT in spin-cast film.

2.4. Conclusions

In this chapter, monolayer behavior on the water surface, mesoscopic morphological forma‐
tion, and molecular arrangement in LB multilayers of the diamide derivative having two
hydrocarbons were investigated. For this purpose, π–A isotherms, in-plane and out-of-plane
XRD, and AFM measurements were carried out. From the AFM analysis, the formation of
nanofiber morphology of the thixotropic molecular organization was confirmed at different
surface pressures. The in-plane and out-of-plane XRD measurements elucidated the formation
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of highly ordered layered structures and close-packing of molecular chains due to van der
Waals interaction.

Nanofibers of the two-chain-type diamide derivative were obtained by applying the epitaxial
growth method in spin-cast film. Under these conditions, the formation of linearly developed
nanofibers was also observed. These mesoscopic extended nanofibers, whose internal struc‐
ture consists of the packed long-alkyl chain, are expected to display cooperative thixotropic
ability by fiber growth. Hence, these materials are likely candidates for future innovation in
an additive, waste oil treatment agent, and paint industries.
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