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Chapter 1

Electrospun Nanofiber Based Solid Phase Extraction

Samuel  Chigome and Nelson  Torto

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/57100

1. Introduction

The objectives of a sample preparation technique in Analytical Chemistry are twofold;
transformation of a sample into a form that is suitable for instrumental analysis and to ensure
that the sample is at the detection level for the instrument of choice. Solid phase extraction
(SPE) is a popular sample preparation technique for liquid samples with subsequent chroma‐
tographic analysis [1]. SPE is employed with the aim of either reducing interferences or
achieving analyte preconcentration in order to enhance instrumental detection. Although SPE
can be described as a physical extraction process involving a liquid phase and a solid phase
(that can be packed or free flowing sorbent), the increased use of packed sorbent formats seems
to have led to a bias towards packed sorbent SPE devices [2]. One of the first applications of
packed sorbent SPE was reported in 1951, when Braus and co-workers packed 1.2-1.5 kg of
granular activated carbon into an iron cylinder for the isolation of organic compounds [3].
Since then, there has been significant progress in SPE technology, as evidenced by reports on
new formats and sorbents covering a wide range of morphologies and chemistries [1].

SPE research and developments have progressed with a focus on SPE device fabrication or
SPE method development. In principle, the heart of the SPE technique is the sorbent material
as it has a direct influence on the selectivity, sorptive capacity and the format or the configu‐
ration of the resultant SPE device (s).

To predict and optimize extraction, it is important to be aware of the nature of the sorbent used
with respect to physicochemical characteristics. The most important physicochemical charac‐
teristics for optimal extraction are porosity, specific surface area and surface chemistry.

Given that there will always be a need for new sorbent materials, it is imperative to focus
research efforts on versatile sorbent fabrication techniques that could address current and
anticipated challenges. Electrospinning is seen as having great potential as a sorbent fabrica‐
tion technique, given its versatility [4].

© 2013 Chigome and Torto; licensee InTech. This is a paper 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.
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The objective of the chapter is to equip the readers with sufficient knowledge that would enable
them to fabricate and employ electrospun nanofibers as sorbents not only for SPE but for a
wide range of applications. A discussion of the fundamental principles of SPE, the challenges
associated with further research efforts and the unlimited potential that lies in electrospinning
to address SPE will be presented. The use of electrospun nanofibers for SPE is an area that is
still at its infancy (Scifinder scholar search of the words “Electrospinning”and”Solid Phase
Extraction” showed 34 hits which consisted of 30 papers, 2 review articles, 2 patents and 0
books/book chapters) thus the chapter will be presented mostly in a postulative manner on
the basis of the experiments conducted in the authors’ research lab as well as literature reports.

2. Fundamental principles of sorbent extraction

Sorption can be defined as a process by which a substance (sorbate) is sorbed (adsorbed or
absorbed) on or into another substance (sorbent) [5]. In the sample preparation context, the term
sorbent refers to the solid extracting phase, including solid-supported liquid phases upon
which an analyte is retained. Schwarzenbach and co-workers [6] made a distinction between
absorption meaning into a three dimensional matrix, and adsorption as meaning onto two
dimensional surface. Figure.1. shows a schematic representation of analyte adsorption (analyte
accumulation onto the sorbent surface) and absorption (analyte accumulation into the bulk of
the sorbent) type extraction mechanisms.

Figure 1. Schematic representation of (a) absorptive and (b) adsorptive extraction processes [7].

Although sorbent based extraction techniques could be classified on the basis of either
adsorption or absorption, the two processes are not completely separable as they occur
concurrently. In principle, what differs is the extent of contribution of the predominant
extraction mechanism as that is solely dependent on the nature of the extraction phase.
Consequently, it may be difficult to distinguish between the two processes experimentally [8].

Advances in Nanofibers2

thus the general term sorption is often used to refer to a combination of these processes. Despite
the uncertainty of the extent of contribution of adsorption or absorption mechanisms in
extraction, fundamentally, all sorbent based extraction techniques are guided by the thermo‐
dynamic partition or distribution coefficient K , which is usually expressed as the ratio of
analyte concentration in the sorbent phase, Csorbent  to that in the sample phase, Csample;

K =
Csorbent

Csample
 (1)

For adsorption, surface structure (porosity and surface area governing the available sites for
analyte retention) is the more important sorbent characteristic compared to chemical compo‐
sition. While the chemical composition (governing the diffusion coefficient of the analyte into
the sorbent) of the liquid phase is the more important for absorption.

Sorption from the sample phase is essentially a dynamic process in a heterogeneous system in
which transport of the analytes between the sorbent and the sample phase is achieved. The
process proceeds by a decrease in free energy until it reaches the minimum value (that is
equilibrium). The mechanism of analyte adsorption or absorption is governed by the charac‐
teristics of interactions between the analyte and active sites of the sorbent. Therefore, sorbent
selection is based on the binding mechanisms between the sorbent and analyte of interest.
Table.1. shows different interaction mechanisms with their corresponding energies.

Interaction mechanism Energy (kJ/mol)

Van der Waals 1-5

Dipole-induced dipole 2-7

Dipole-dipole 5-10

Hydrogen bonding 5-10

Ionic 50-200

Covalent 100-1000

Table 1. Energies of interaction mechanisms [9].

The process of analyte sorption can be assumed to consist of multiple steps. Any of the steps
may become rate limiting in controlling sorption of an analyte. The analyte may interact with
a sorbent in at least four ways:

1. Through absorption, the analyte may interact with the sorbent by penetrating its three
dimensional structure. Three dimensional penetration into the sorbent is a particularly
dominating process for solid supported liquid phases. In the absorption process, analytes
do not compete for sites; therefore, absorbents can have a high capacity for the analyte.

2. The analyte may interact two dimensionally with the sorbent surface through adsorption
due to intermolecular forces [10]. Surface interactions may result in displacement of water
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http://dx.doi.org/10.5772/57100

3



The objective of the chapter is to equip the readers with sufficient knowledge that would enable
them to fabricate and employ electrospun nanofibers as sorbents not only for SPE but for a
wide range of applications. A discussion of the fundamental principles of SPE, the challenges
associated with further research efforts and the unlimited potential that lies in electrospinning
to address SPE will be presented. The use of electrospun nanofibers for SPE is an area that is
still at its infancy (Scifinder scholar search of the words “Electrospinning”and”Solid Phase
Extraction” showed 34 hits which consisted of 30 papers, 2 review articles, 2 patents and 0
books/book chapters) thus the chapter will be presented mostly in a postulative manner on
the basis of the experiments conducted in the authors’ research lab as well as literature reports.

2. Fundamental principles of sorbent extraction

Sorption can be defined as a process by which a substance (sorbate) is sorbed (adsorbed or
absorbed) on or into another substance (sorbent) [5]. In the sample preparation context, the term
sorbent refers to the solid extracting phase, including solid-supported liquid phases upon
which an analyte is retained. Schwarzenbach and co-workers [6] made a distinction between
absorption meaning into a three dimensional matrix, and adsorption as meaning onto two
dimensional surface. Figure.1. shows a schematic representation of analyte adsorption (analyte
accumulation onto the sorbent surface) and absorption (analyte accumulation into the bulk of
the sorbent) type extraction mechanisms.

Figure 1. Schematic representation of (a) absorptive and (b) adsorptive extraction processes [7].

Although sorbent based extraction techniques could be classified on the basis of either
adsorption or absorption, the two processes are not completely separable as they occur
concurrently. In principle, what differs is the extent of contribution of the predominant
extraction mechanism as that is solely dependent on the nature of the extraction phase.
Consequently, it may be difficult to distinguish between the two processes experimentally [8].

Advances in Nanofibers2

thus the general term sorption is often used to refer to a combination of these processes. Despite
the uncertainty of the extent of contribution of adsorption or absorption mechanisms in
extraction, fundamentally, all sorbent based extraction techniques are guided by the thermo‐
dynamic partition or distribution coefficient K , which is usually expressed as the ratio of
analyte concentration in the sorbent phase, Csorbent  to that in the sample phase, Csample;

K =
Csorbent

Csample
 (1)

For adsorption, surface structure (porosity and surface area governing the available sites for
analyte retention) is the more important sorbent characteristic compared to chemical compo‐
sition. While the chemical composition (governing the diffusion coefficient of the analyte into
the sorbent) of the liquid phase is the more important for absorption.

Sorption from the sample phase is essentially a dynamic process in a heterogeneous system in
which transport of the analytes between the sorbent and the sample phase is achieved. The
process proceeds by a decrease in free energy until it reaches the minimum value (that is
equilibrium). The mechanism of analyte adsorption or absorption is governed by the charac‐
teristics of interactions between the analyte and active sites of the sorbent. Therefore, sorbent
selection is based on the binding mechanisms between the sorbent and analyte of interest.
Table.1. shows different interaction mechanisms with their corresponding energies.

Interaction mechanism Energy (kJ/mol)

Van der Waals 1-5

Dipole-induced dipole 2-7

Dipole-dipole 5-10

Hydrogen bonding 5-10

Ionic 50-200

Covalent 100-1000

Table 1. Energies of interaction mechanisms [9].

The process of analyte sorption can be assumed to consist of multiple steps. Any of the steps
may become rate limiting in controlling sorption of an analyte. The analyte may interact with
a sorbent in at least four ways:

1. Through absorption, the analyte may interact with the sorbent by penetrating its three
dimensional structure. Three dimensional penetration into the sorbent is a particularly
dominating process for solid supported liquid phases. In the absorption process, analytes
do not compete for sites; therefore, absorbents can have a high capacity for the analyte.

2. The analyte may interact two dimensionally with the sorbent surface through adsorption
due to intermolecular forces [10]. Surface interactions may result in displacement of water

Electrospun Nanofiber Based Solid Phase Extraction
http://dx.doi.org/10.5772/57100

3



or other solvent molecules by the analyte. In the adsorption process, analytes may compete
for sites; therefore, adsorbents have limited capacity. Three steps occur during the
adsorption process on porous sorbents; (a) film diffusion (when the analyte passes through
a surface film to the solid phase surface), (b) pore diffusion (when the analyte passes through
the pores of the solid phase), and (c) adsorptive reaction (when the analyte binds, associates
or interacts with the sorbent surface) [11].

3. If the analyte is ionisable in aqueous solution, there may be an electrostatic attraction
between the analyte and the charged sites on the sorbent surface. Sorbents specifically
designed to exploit these types of ionic interactions are referred to as ion-exchange (either
anion or cation exchange).

4. It is possible that the analyte and the sorbent may be chemically reactive toward each
other such that  the analyte becomes covalently bonded to the sorbent.  This  type of
sorption is generally detrimental to analytical recovery and may lead to slow or reduced
recovery [6, 11].

For porous sorbents, most of the surface area is inside the nanopores of the sorbent (see Fig.
2.). Nanopores of the sorbent are classified into three as; micropores (diameters smaller than 2
nm), mesopores (2 to 50 nm), and macropores (greater than 50 nm) [12]. Most of the surface area
is derived from the small diameter micropores and the medium diameter mesopores. Porous
sorbents vary in pore size, shape, tortuosity and are characterized by properties such as particle
diameter, pore diameter, pore volume, specific surface area and particle distribution.

Figure 2. Schematic representation of porous regions of a sorbent [13].

Advances in Nanofibers4

2.1. Solid phase extraction process

Classically, batch mode liquid solid extractions were used in which the liquid sample was
placed in contact with the bulk free flowing solid extracting phase. Equilibrium between the
two phases was allowed to occur, followed by physical separation (decanting or filtering).
Advancements of liquid solid extractions could be said to have taken two approaches; the first
being solid phase microextraction (SPME) which consists of a two-step process in which the
sorbent or solid supported sorbent is allowed to reach equilibrium before analyte desorption
[14-17]. Figure.3. shows the most widely used version of SPME which is based on an organic
polymer coated fused silica fiber operated in a syringe format. The syringe is designed to move
the fiber in and out of the needle, which allows exposure of the fiber during extraction and
desorption [18].

Figure 3. Schematic representation of the components of a commercially available SPME device [18].

While packed sorbent format SPE generally involves four steps;

Conditioning: functions to activate or “wet” the sorbent to prepare for its interaction with the
analyte. This is especially necessary for hydrophobic sorbents that would not be activated by
an aqueous sample. If the sorbent is not adequately conditioned, poor analyte retention may
be achieved. If pH is critical for retention, then the conditioning solvent has to be matched to
that of the sample to prepare for maximum analyte retention during the loading step.

Loading: when the liquid sample is added to the sorbent, sufficient residence time should be
allowed for maximum analyte-sorbent interaction. This is especially critical when employing
ion exchange to provide for adequate residence time of the sample solution in the sorbent since
the analyte has to achieve an appropriate orientation for electrostatic retention with the sorbent
functional groups.

Electrospun Nanofiber Based Solid Phase Extraction
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Washing: this serves to remove interferences retained on the sorbent leaving behind the
analytes of interest. In some cases, it could be used to wash-off the analyte of interest while
retaining the interferences. In mechanisms employing ion exchange, the pH of the wash solvent
should be sufficient enough to disrupt the charged sites of interferences but not affect the
analyte.

Elution: the elution solvent should be strong enough to disrupt all analyte-sorbent interactions
in order to obtain the highest recoveries. However, there is a limit to the strength as harsh
solvents would not only desorb analytes from the sorbent, but also strip strongly retained
interferences.

Figure.4. shows schematic representations of the four approaches typically taken in practical
SPE applications. Figure.4. (a) shows a three step SPE process in which; (1) the sorbent is
conditioned after which the sample is loaded and finally (2) the analyte is eluted with the
interferences being retained (clean up) or the analyte is simply eluted into a smaller sample
volume (preconcentration).

Figure.4. (b) shows a four step SPE process in which; (1) the sorbent is conditioned after which
the sample is loaded, (2) the interferences eluted and finally (3) the analyte is eluted (clean up)
or the analyte is simply eluted into a smaller sample volume (preconcentration).

Figure.4. (c) shows a five step SPE process in which; (1) the sorbent is conditioned after which
the sample is loaded, (2) the interferences eluted, (3) a fraction of analyte is selectively eluted
and finally (4) the second fraction of analytes is eluted.

Figure 4. Schematic representation of practical SPE operations

Advances in Nanofibers6

3. Nanofiber based sorbents

Sorbent selection for SPE is normally guided by the ability of a material to retain analytes
selectively as well as facilitate rapid and complete elution. The sorption process must be
reversible [19, 20]. In addition to reversible sorption, SPE sorbents should possess a large
specific surface area as well as exhibit stability in the sample matrix and elution solvents.
Lastly, a sorbent material with a good surface contact with the sample solution would be most
preferred.

Poole and co-workers [21] categorized SPE sorbents into three as; (i) general purpose, (ii) class
specific and (iii) analyte specific. The most common retention mechanisms in SPE are based
on van der Waals forces, π-π interactions, hydrogen bonding, dipole-dipole interactions and
ion exchange interactions. As a result, sorbents can be classified on the basis of retention
mechanisms as; (i) reversed phase (ii) normal phase and (iii) ion exchange. From the materials
perspective, sorbents are classified into three as; (i) carbon based (ii) inorganic based and (iii)
polymer based.

The SPE sorbent fabrication technique of choice could be viewed as one that produces a
material that exhibits chemical and morphological properties that can be easily modified.
Similarly, an optimal SPE sorbent material combines the following benefits: (i) small diameter,
(ii) large specific surface area, (iii) simplified fabrication/synthesis, (iv) ability to be modified
in order to incorporate all sorbent chemistries/functionalities, (v) ability to be modified in order
to incorporate all sorbent morphologies (vi) a material that can be packed in the lower (less
than 10) mg range without presenting a backpressure limitation or low analyte recoveries.

The advent of nanotechnology has been a major leap forward in the research area of sorbent
based sample preparation techniques as it opened up possibilities for a new class of materials
that could be used in SPE applications. The main benefit of nanostructured materials is their
large specific surface area that facilitates the miniaturization of SPE allowing for the use of a
reduced sorbent bed mass that achieves high extraction efficiency.

Although nanoparticles offer improved performance as sorbent material [22], they inherently
exhibit some limitations. One of the main challenges is associated with their handling in packed
SPE formats.

Given the fact that nanoparticles have shown excellent properties as sorbent material, it would
seem prudent to focus developmental efforts on nanostructured material with the aim to
address the challenges of nanoparticles. This brings about a need for an alternative fabrication
approach that carries with it the benefits of nanoparticles at the same time addressing some
(if not all) of their limitations. From our research group’s perspective, the use of electrospun
nanofibers as sorbent material is seen as a possible way of carrying along the benefits of
nanoparticles, whilst addressing their limitations and increasing the possibilities for modifying
sorbent morphology and functionality. It is upon this background that the section has been
compiled to present and discuss relevant examples that demonstrate the potential of electro‐
spinning as an alternative fabrication technique.
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3.1. Range of sorbent materials

For it to be a good alternative, it should be able to fabricate a wide range of materials on the
basis of type (inorganic, organic, inorganic/organic hybrid and biological), stability (mechan‐
ical and chemical) and morphology (pore structure and surface area).

3.1.1. Carbon based

Commercial polyacrylonitrile (PAN) based carbon fibers account for nearly 90% of the total
carbon fiber output worldwide due to the high carbon yield and easy carbonization process.
Therefore, PAN is mostly chosen as the precursor polymer for the preparation of electrospun
carbon nanofibers (CNFs) [23].

Porous carbon nanofibers fabricated by thermal activation of electrospun PAN based CNFs
have improved sorptive properties due to their large specific surface area. In a report by Oh
and co-workers, a study was carried out to determine the toluene adsorption capacity for PAN-
based steam activated carbon nanofibers (ACNFs) [24]. The CNFs were activated between
800°C and 1000°C in order to evaluate the effect of activation temperature on fiber porosity.
A relatively large adsorption capacity (65 g toluene/100 g ACNFs) was achieved by ACNFs
(activated at 1000°C) with a specific surface area of 1403 m2g-1 as compared to (40 g
toluene/100 g ACNFs) that was achieved for ACNFs (activated at 800°C) with a lower specific
surface area of 853 m2/g. The results obtained in the study clearly demonstrated the great
potential of steam activation as a post electrospinning modification approach for the fabrica‐
tion of carbon nanofibers with a large sorptive capacity that could be used as sorbent material
for SPE.

Shim and co-workers, compared the adsorption properties of electrospun steam activated
carbon nanofibers and commercially available activated carbon fibers (CFs) [25]. Although
there was a significant attenuation in the average fiber diameter from 20 µm (CFs) to 250 nm
(ACNFs), the change in specific surface area was not significant (1015 m2/g for CFs to 1193 m2/
g for ACNFs). Nevertheless, ACNFs exhibited a much larger adsorption capacity and faster
adsorption/desorption kinetics due to their large number of shallow micropores and a more
homogeneous surface, all these properties brought about by their nanoscale size. As demon‐
strated by the results obtained in the study, it was interesting to note that, besides the specific
surface area, the pore structure and surface homogeneity also plays a significant role in
improving sorptive capacity.

Bui and co-workers explored an alternative approach for fabricating porous carbon nanofibers
in which PAN/pitch blends were electrospun with subsequent steam activation [26]. The
specific surface area of the fabricated ACNFs increased from 723 m2/g (activation temperature
700°C) to 1877 m2/g (activation temperature 900°C). This was attributed to an increase in the
mesopore fraction as the micropore fraction decreased. Given the fact that a specific surface
area of 1877 m2/g is among the highest ever reported for nanostructured materials, it is expected
that carbon nanofibers fabricated in the study would exhibit an excellent sorptive capacity.
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3.1.2. Silica based

Over the years, silica microparticles have been used widely as a sorbent for solid phase
extraction. Recently, the focus has shifted to the use of silica nanoparticles due to their large
specific surface area and intrinsic surface reactivity [27]. However, the use of silica nanopar‐
ticles for packed sorbent SPE still remains a challenge chiefly because of high back pressure,
which explains why to date the smallest microparticle that has been used for packed sorbent
SPE has a diameter of 8 µm [28]. Due to the fact that the simplest electrospinning set-up allows
the collection of nanofibers in the form of a porous nonwoven mesh, it follows that porous
electrospun nanofiber based SPE sorbent formats could be easily fabricated. Therefore, it is
anticipated that electrospun silica nanofibers would be used for packed sorbent SPE, thus
overcoming the high back pressure limitation associated with silica nanoparticles.

The fabrication of inorganic nanofibers typically involves the electrospinning of a polymer/sol
composite and subsequent calcination of the electrospun fibers. In 2002, Shao and co-workers
were the first to report the fabrication of silica nanofibers [29]. The experimental approach
involved first, the preparation of a silica sol from tetraethyl orthosilicate (TEOS), H3PO4, H2O
followed by electrospinning of a PVA/silica sol. The PVA/ silica fibers were calcined to remove
PVA resulting in amorphous silica fibers.

In 2003, Choi and co-workers reported a simplified approach in which silica nanofibers were
fabricated directly from a silica sol [30]. Their fabrication method involved the preparation of
a silica sol from TEOS, distilled water, ethanol and HCL with subsequent electrospinning. An
interesting aspect of the fabrication approach was the fact that unlike in the first report by Shao
and co-workers [29], TEOS did not contain a polymer to help spinnability, thus there was no
need for the calcination step. Spectroscopic characterizationof the silica nanofibers confirmed
the extensive hydrolysis of the TEOS suggesting the availability of a substantial amount of
silanol groups for silylation [30].

A way of improving the adsorption capacity of silica nanofibers is to increase the specific
surface area as a function of the pore volume. Wei and co-workers fabricated porous silica
nanofibers containing catalytic silver nanoparticles [31]. TEOS, poly [3- (trimethoxysily)
propylmethacrylate] (PMCM) and AgNO3 were used as precursors for the production of silica/
polymer hybrid nanofibers. On heat treatment of the electrospun fibers, degradation of the
PMCM polymer resulted in pores that led to the increase in specific surface area from 11 m2/g
to 600 m2/g. The porous fibers exhibited an improved catalytic activity due to the increased
surface area. Therefore it is expected that a similar approach could be used to improve the
adsorptive capacity of silica fibers in SPE applications.

3.1.3. Polymer based

Synthetic polymers are the most popular class of materials that have been electrospun for SPE
applications. Some of these polymers include polystyrene or polystyrene copolymers,[32-41]
Nylon 6,[42-44] and poly (ethylene terepthalate) [45]. Other reports have appeared in the
Chinese database, unfortunately the polymeric material was not described in English [46-48].
It is expected that synthetic polymers will continue to be the most popular class of electrospun
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materials for use as SPE sorbents. This is due to the fact that, of all the materials that have been
electrospun, polymers show the greatest potential for tuning of the sorptive chemistries.

Sorptive capacity of polymer nanofibers could be improved by increasing the pore volume.
There are several methods that have been reported for introducing porous structures in
nanofibers which include electrospinning of polymer blends, [49] controlled humidity, [50]
the salt induced process [51] and silica nanotemplating [52]. Silica nanotemplating is a
relatively simple process compared to the other methods as they require handling of compli‐
cated interactions between the polymer matrix and pore generator. In addition, porosity and
pore size of the resultant porous nanofibers may be controlled easily by adjusting the content
and size of silica nanoparticles.

Shi and co-workers fabricated porous nylon 6 nanofibers using silica nanoparticles as the
nanotemplate [52]. The experimental approach involved the fabrication of nylon 6/silica
nanofiber composites, followed by removal of the silica nanoparticles through treatment with
hydrofluoric acid. After the removal of the silica nanoparticles, the specific surface area and
pore volume increased from 4.68 m2/g to 8.31 m2/g and 0.0133 cm3/g to 0.0250 cm3/g respec‐
tively. The increase in specific surface area demonstrated that the approach could be used to
improve the sorptive capacity of nylon nanofibers for SPE applications.

3.2. Control of selectivity

Selectivity of sorbent material is a parameter of great concern in current SPE applications. Over
the years, various sorbent modification strategies have been employed to impart selectivity
based on basicity, acidity, polarity, size and more recently molecular recognition [53-55]. For
it to be a good alternative, electrospinning should be able to allow the incorporation of an
unlimited range of functionalities in order to target a broad spectrum of analytes.

3.2.1. Polarity based

Besides the conventional small functional groups like sulphonates and carboxylic acids,
macromolecules can be incorporated into polymer nanofibers to improve their selectivity as
SPE sorbents. Wan and co-workers reported the fabrication of porphyrinated nanofibers by
copolymerization and electrospinning [56]. The fabrication approach involved solution
copolymerization of acrylonitrile with vinyl porphyrins (see Scheme.1) and subsequent
electrospinning of the resulting porphyrin copolymers.

3.2.2. Ion exchange based

At the beginning of 2008, Kang and co-workers reported a comparative study of the perform‐
ances of poly (styrene-co-methacrylic), poly (styrene-co-p-sodium styrene sulphonate) and
polystyrene nanofibers for the extraction of steroidal compounds [35]. Of the three kinds of
nanofibers, those of poly (styrene-co-p-sodium styrene) exhibited the highest extraction
efficiencies, while those of polystyrene were the least efficient. The trend was attributed to the
fact that the polar model analytes favored the polar sorbent. With respect to applications, the
study provided a platform for different chemistries that may introduce selectivity based on
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hydrophobicity (polystyrene nanofibers) for non polar analytes, strong cation exchange
properties (poly (styrene-co-p-sodium styrene sulphonate) nanofibers) for basic and neutral
analytes and weak cation exchange properties (poly (styrene-co-methacrylic) nanofibers for
strongly basic analytes. Due to the ease of spinnability of polystyrene copolymers and the
demonstrated performance of the resultant fibers as SPE sorbents, a wide range of function‐
alities can be introduced on the polystyrene backbone by an experimental approach that
involves copolymerization and electrospinning. It is expected that in the near future, SPE
sorbents based on electrospun polystyrene copolymers will increase as there is a wide range
of vinylic monomers that can be copolymerized with styrene.

3.2.3. Molecular imprinting based

Of all SPE sorbent materials that have been reported to date, those fabricated via the molecular
imprinting technology have shown the best selectivity after immunosorbents [57].

Through electrospinning it is possible to incorporate the selectivity of MIPs either by encap‐
sulating MIP nanoparticles into electrospun nanofibers or by imprinting the electrospun fibers.

Yoshimatsu and co-workers encapsulated molecularly imprinted nanoparticles into poly
(ethylene terephthalate) (PET) nanofibers through electrospinning [45]. The composite
nanofibers (Fig.5.) were used as a sorbent material for batch solid phase extraction of propa‐
nolol. As confirmed by radio ligand binding analysis, the specific binding sites in the composite
nanofibers remained easily accessible and were chiral-selective. Furthermore, it was demon‐
strated that without the electrospun nanofiber based solid phase extraction step, the existence
of propranolol residues in water could not be confirmed even with the sensitivity of HPLC–
MS/MS analysis [45].

Scheme 1. Schematic representation of synthesis and molecular structure of the porphyrin copolymers [56].
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Figure 5. SEM image of electrospun nanofiber composite membrane containing molecular imprinted nanoparticles
[45].

Figure 6. Schematic representation of molecularly imprinted nanofibers with binding sites specific for 2,4-D template
molecules [58].

Chronakis and co-workers reported a simplified approach that allowed the generation of
template defined sites directly during electrospinning [58]. The electrospun nanofibers were
prepared from a solution mixture of PET and polyallylamine in the presence of a template
molecule, 2,4-dichlorophenoxyacetic acid (2,4-D). Polyallylamine was used to provide
functional groups that interacted with the template during the electrospinning process, and
PET was used as the supporting matrix to ensure easy fiber formation and to minimize the
conformational change of the polymers when the nanofibers were subjected to different
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solvent treatments. Figure.6. shows a schematic representation of a possible binding site model
for the reported 2,4-D imprinted nanofibers.

4. Nanofiber based SPE method development

What is the starting point in electrospun nanofiber based SPE method development? The
questions can be classified into four as;

i. Nature of the analyte: What are the functional groups on the analyte? What is the logP
of the analyte? What is the pKa of the analyte? What is the solubility of the analyte?

ii. Nature of the electrospun fibers: How does one introduce a functionality of the target
analyte onto the surface of electrospun fibers? Which polymer (s) or spinnable
precursor (s) material should be employed? Which electrospinning protocol should
be adopted (electrospinning conditions and electrospinning set-up)? Is there a need
to modify the morphology of the fibers, if there is, how could it be done? What
diameter of the fibers should be fabricated?

iii. Nature of the SPE device: What is the best way of handling the fibers (that is what sort
of SPE device (s) should be fabricated)? What is the best way of packing the nanofibers
(that is what shape or format)? How much sorbent should be packed?

iv. SPE operation: What sample volume, analyte concentration, volume of SPE solvents
and at what flow rate?

Of all these, the most important aspect is to come up with a feasible electrospun nanofiber
based SPE device as that serves as a platform for a optimal SPE method development.

To date, fabricated SPE devices that employ electrospun nanofibers as a sorbent bed have
been  based  on  polystyrene  or  nylon  polymers.  This  has  resulted  in  a  classification  of
electrospun nanofiber based SPE devices into two as: polystyrene type (polymer fibers of
a relatively low mechanical strength); and, nylon type (polymer fibers of a relatively high
mechanical strength) [59].

4.1. Polystyrene type SPE devices

In 2007, Kang and co-workers were the first to report the use of electrospun polymer nanofibers
for packed sorbent SPE [60]. They manually packed 1 mg of polystyrene nanofibers into a 200
µl micro pipette tip to form a micro column as shown in Fig.7. (a) and (b) as published in their
2009 article. Solvents were pushed through the electrospun nanofiber based SPE device
manually by the pressure of air forced by a gas tight plastic syringe (2 mL) (Fig.7 (c)). The
device demonstrated a leap forward regarding the use electrospun nanofibers for miniaturized
SPE devices. Although the packing process involved the use of simple homemade tools, it
seems the packing operation is not that simple as reproducibility relies very much on operator
experience. Nevertheless, the study created a platform for further research as it clearly
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solvent treatments. Figure.6. shows a schematic representation of a possible binding site model
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mising the extraction efficiency. The packing procedure took advantage of the ease of rolling
polystyrene nanofibers into nanofiber clews. Several reports followed where either polystyr‐
ene or polystyrene copolymer nanofibers were employed as the sorbent bed packed in micro
column format [61-66].

Figure 7. Micro column packed with polystyrene nanofibers and designed setup: (a) Schematic representation of
packed fiber solid phase extraction device: (1) Pipette tip, (2) nanofibers packed, (3) eppendorf certrifuge tube, (4) de‐
sorption solution; and (b) Photograph of the micro-column; and (c) Photograph of a manual device [63].

All reports seem to have focused mainly on demonstrating the feasibility of using electrospun
nanofibers as a SPE sorbent material since the experiments were biased towards obtaining
maximum recovery.

For a better understanding of the use of electrospun nanofibers as a sorbent bed, it would be
necessary to determine the mechanical strength, packing density and retention characteristics
of the sorbent bed. In an effort to determine the mechanical strength of electrospun polystyrene
fibers as a function of the effect of the force applied in the manual packing process, in our
research group we viewed the top side of the micro column sorbent bed under scanning
electron microscopy (SEM) (see Fig.8. (b-c)). The SEM morphology confirmed that the force
applied did not induce any breakup or significant flattening of the electrospun polystyrene
fibers.

One of the main drawbacks of the micro column packing procedure is consistency as it relies
very much on the experience of the researcher. The main challenge is the rolling up of a uniform
size of fiber clews. Without precise control of the size of fiber clews as well as the force applied,
it would be difficult to maintain a uniform packing density and sorbent bed height, thus
inconsistency of flow characteristics. Since electrospun nanofibers are applicable as a HPLC
stationary phase, adopting this packing method for HPLC columns would be a challenge. This
is in light of the fact that, without precise control of the packing procedure, band broadening
could result due to multiple flow paths as a function of non uniform fiber orientation. Despite
all these challenges, the development of the micro column packing procedure was invaluable
to electrospun nanofiber based SPE sorbent research as it was used as a platform for evaluating
the feasibility of using electrospun nanofibers as a sorbent bed.

Two important aspects in the development of SPE technology are simplicity of sorbent
fabrication and miniaturization of devices. It is a fact that electrospun fibers could be packed
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in all existing formats and configurations for both SPE and SPME [4]. Furthermore, the use of
electrospun fibers introduces an aspect of simplicity and miniaturization to the fabrication of
SPE devices.

To date, methods of SPE disk fabrication involve a complicated multi step process in which
microparticles are tightly held together within an inert fiber matrix, such as polytetrafluoro‐
ethylene [67]. This has limited the range of disk sorbent chemistries that are available. Two
possible ways of simplifying the disk sorbent fabrication process would be; (i) to incorporate
nanoparticles into nanofibers and pack the fibers in disk format or (ii) to fabricate nanofibers
of the material with the chemistry of interest and pack them in disk format.

In 2010, our group reported an alternative polystyrene fiber based SPE device fabrication
procedure [68]. The experimental approach consisted of copolymerization with subsequent
electrospinning of the resultant polymer. 10 mg of electrospun polystyrene fibers were packed
in a disk format (5 mm × 1 mm) (Fig.9.). The study clearly demonstrated how the use of
electrospun fibers can simplify SPE disk fabrication as the sorbent material was packed using
simple homemade tools. It is expected that in the near future, a wide range of chemistries will

Figure 8. (a) Photograph of micro column SPE device, SEM images of (b) sorbent bed (c) magnification of top edge (d)
zoomed in top surface.
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be introduced on disk SPE devices fabricated using a similar approach that will ultimately lead
to a routine disk fabrication technology.

Although the procedure involved a manual compression stage, it was presumably simplified
as it did not involve the rolling up of fiber clews. Unlike the micro column SPE device where
some degree of flattening was observed, for this device, flattening was not observed as viewed
under SEM (see Fig.9. b-c). This suggested that the force applied in the packing process was
lower compared to that applied for the micro column SPE device. A possible explanation could
be that the wire (0.5 mm diameter) employed in the micro column SPE device fabrication
procedure by virtue of having a smaller contact surface compared to the glass rod (5 mm
diameter) employed in the disk SPE device fabrication procedure resulted in increased
pressure.

Figure 9. (a) Photograph of disk (I) SPE device, images of (b) sorbent bed (c) zoomed in top surface [68].

Despite the observed slight flattening of the electrospun polystyrene fibers in the micro column
packing format, percolation of the solvents was not hindered which suggested that the packing
procedure was adequate for fundamental experiments. To date, it seems, the only way of
fabricating SPE devices that use electrospun nanofibers of a relatively low mechanical strength
(as represented by polystyrene) would be via a mechanical compression stage. A possible way
of improving on consistency could be to automate the mechanical compression stage.

4.3. Nylon type SPE devices

In 2009, Xu and co-workers were the first to report the fabrication of SPE devices that rely on
relatively mechanically strong electrospun nanofibers as the sorbent bed [69]. Nylon 6
nanofiber sorbent beds were “packed” by cutting out circular portions (1.5 cm × 120-150 µm
× 1.5 mg) of the nanofiber sheet (see Fig.10.).

There have been several other reports on the use of nylon 6 nanofibers packed in the same
format [70-74]. Similar to the first report by Xu and co-workers [69], all these reports seem to
have focussed on demonstrating the feasibility of using electrospun nylon 6 nanofibers as a
SPE sorbent material.
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In 2011, Bagheri and co-workers reported an alternative fabrication procedure for a nylon type
SPE device in which a polypyrrole-nylon 6 blend was employed as a sorbent bed [75]. Similar
to the nylon 6 disk sorbent fabrication procedure, a nanofiber sheet (1× 1 cm) was cut out
directly from the aluminium foil (see Fig.11.). However, the extraction procedure was not a
flow through process as the sorbent bed was held by a wire and dipped into a sample solution.
Although they referred to their device as micro SPE, it could be regarded as a SPME device as
it was equilibrium based. Nevertheless, it is presented in this context as the fabrication
procedure takes advantage of the mechanical strength of nylon nanofibers to illustrate the
dependence of electrospun nanofiber evice fabrication on nanofiber mechanical stability.

Figure 11. (a) Image of the polypyrrole-polyamide nanofiber sheet used for micro-solid phase extraction (µ-SPE). (b)
Sample extraction: (A) magnetic bar; (B) nanofiber sheet; (C) thin holding wire; (D) vial; and, (E) vial cap [75].

The only report of electrospun nanofiber based micro extraction in a packed syringe (MEPS)
was by Bagheri and co-workers [76]. Their packing procedure involved the manual compres‐
sion of 8.1 mg of polyrrole/nylon 6 nanofiber blend into a 1 mL insulin injection syringe. The
electrospun nanofiber sorbent bed was laid flat at the bottom of the syringe barrel between

Figure 10. The fiber-filter solid phase extraction (SPE) device: gas tight syringe (1); sample solution (2); filter (3); elec‐
trospun mat using nylon 6 nanofibers (4); and, collecting tube (5) [70].
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two SPE frits. It is quite unfortunate that the authors did not publish the resultant SPE device
otherwise it would have contributed towards a better understanding of the behaviour of the
sorbent bed under compression. Similar to conventional MEPS [77] (see Fig.12.) procedure that
proceeds via a draw eject cycle, a variable speed stirring motor was employed to drive solvents
through the electrospun nanofiber MEPS device. Despite the fact that the authors did not
publish their fabricated device, their contribution was invaluable as they were the first to
demonstrate an electrospun nanofiber based MEPS device.

Figure 12. Representation of a MEPS syringe from SGE Analytical Science [77]

In our group, we fabricated a miniaturised version of an electrospun nylon 6 nanofiber based
disk SPE device (Fig.13.a). The device was fabricated by cutting out circular portions of 5 mm
diameter from the nanofiber sheet (Figure.13.b) and stacking them up to an optimal sorbent
mass of 4.6 mg (5× 350 µm disks).

Figure 13. (a) Photograph of disk (II) SPE device, (b) photograph of an electrospun nylon 6 nanofiber mat showing
regions from which disks were cut and (c) SEM image of sorbent bed zoomed in top surface [59].

Operationally, solvents have been driven through the SPE sorbent bed manually by a micro‐
pipette, syringe or by a vacuum manifold. All these approaches seem to be tedious particularly
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at the stage of determining the breakthrough volume. Simplification of the electrospun
nanofiber based SPE process has been achieved in our group by employing a syringe pump
for semi automation.

Figure 14. Syringe pump driven semi automated systems (a) micro column SPE device (b) modified disk (I) and disk (II)
SPE device (s) (c) syringe pump (d) polypropylene syringe (e) PVC tubing (f) polypropylene adaptor (g) glass adaptor.

It is expected that in future, further simplification of electrospun nanofiber based SPE opera‐
tion may be achieved employing robotic solid phase extraction systems. Despite the fact that
robotic SPE systems like the Hamilton Micro Lab 2200 [20] and the Zymark Py Technology II®
[21] achieved minimal success contrary to expectation, the knowledge gained could be useful
as a step towards a new direction in automated electrospun nanofiber based SPE.

Figure 15. Most common robots for automated SPE (a)Zymark Rapid Trace System (b) Tomtec Quadra System (c) Gil‐
son SPE 215 System.

5. Theoretical aspects

An optimal sorbent could provide a platform for fast analyte mass-transfer kinetics, which
depends on the physicochemical properties of the sorbent (surface area, pore structure and
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surface chemistry). Although the physicochemical properties of the sorbent may be used to
predict SPE performance, bias towards sorbent characterization in SPE-method development
is more effective, as the contribution of physicochemical properties and flow rate of solution
to analyze mass transfer kinetics is significant. Initial evaluation of new sorbent materials for
SPE application can be achieved without complete characterization of the physicochemical
properties of the sorbent. Progress could be made towards a better understanding of new
sorbent materials by relying on the theoretical prediction of the physicochemical properties of
the sorbent.

For sorbent screening, does one start off with batch experiments and then transfer to packed
sorbent formats? Batch experiments are important as they give information about sorbent
adsorption characteristics, in particular adsorption kinetics derived from the equilibrium
isotherms (Freundlich and Langmuir) [78]. Although batch and flow through SPE rely on the
distribution or partition coefficient, thus directly linked, a flow through based screening
experimental approach that relies on breakthrough profiles could be employed.

Given that the major sorption parameters characterizing a sorbent are analyte recovery
efficiency and breakthrough volume [21], the experimental design for fabrication and evalu‐
ation of SPE devices could proceed in two steps:

i. The first involves establishing an optimal sorbent mass, packing format and SPE
method at which quantitative recoveries (preferably above 80%) are achieved; and

ii. The second involves determining breakthrough curves from which sorbent retention
characteristics are derived.

One of the most important characteristic parameters in establishing the suitability of a SPE
sorbent bed for extracting target analytes is the breakthrough volume  (V B) as it gives an
indication of the sorbent’s loading capacity. Assuming that there is a measurable analyte
retention, the breakthrough curve forms a sigmoid shape (see Fig.17.) that gives an indication
of the analyte mass transfer kinetics as a function of the sorbent retention characteristics [21].
In addition to the breakthrough volume, two important parameters that are obtained from the
breakthrough curve are holdup volume (VM ) and retention volume (V R).

These three parameters: (V B), (V R), (VM ) can be defined as points corresponding (on the
breakthrough curve) to 1%, 99% and 50% of the maximum concentration of analyte in the
eluate. From these parameters, two important chromatographic characteristics of a sorbent
bed; theoretical plates (N )  and retention factor (k )  are calculated.

The number of theoretical plates corresponds to the extraction efficiency and it depends on
the physicochemical properties of the sorbent, particularly the available surface area for
analyte retention. While the retention factor gives an indication of the quantity of sorbed
analyte and it is directly related to the sorbent recovery efficiency.

Two methods have been employed for the calculation of theoretical plates for conventional
SPE sorbents, the first was proposed by Werkhoheve-Goëwie and co-workers [79] Eq.2.
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While the second method was proposed by Lövkvist and Jönsson [80] who adopted a differ‐
ential numerical solution to the breakthrough curve for analytes on a sorbent bed with a low
number of theoretical plates Eq.3.
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Where ao =(1 - b)2, a1 and a2  are complex functions of b evaluated from the tabular data [80]
and b is the breakthorugh level (the fraction of the total mass of analyte which has passed
through the sorbent bed).

The retention factor (k ) is calculated from the fundamental equation of chromatography
expressed as;

( )1R MV V k= + (4)

Given that the equations for calculating (N ) and (k ) have been applied to microparticle based
sorbents (commercially available sorbents), a question raised would be whether they would
be suitable for nanofibrous sorbent bed material. Moreso, bearing in mind that the research
work on electrospun nanofiber based SPE sorbents is a step towards the development of
electrospun nanofiber based HPLC stationary phases, it is necessary to have a fundamental
understanding of their kinetic and thermodynamic properties in relation to retention charac‐
teristics.

Theoretical and experimental methods have been proposed for determining breakthrough
curves [81, 82]. Although experimental breakthrough curve determination by frontal chroma‐
tography (continuously added sample to sorbent bed see Fig.16.) is more tedious, it is more
useful for SPE device fabrication. This is due to the fact that it serves as a guide for under‐
standing the effect of sorbent packing format, packing density and sorbent morphology on the
flow characteristics of the sample phase.

Under ideal conditions, the breakthrough curve forms a smooth sigmoid shape (see Fig.17.)
with the specific shape depending on the sorbent retention characteristics

However, experimentally the breakthrough curve is plotted by using a line of best fit as the
data points do not always follow a smooth pattern.

The correct determination of breakthrough parameters is subject to debate as several methods
have been proposed [83, 84]. Nevertheless, a mathematical modeling approach may be said to
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While the second method was proposed by Lövkvist and Jönsson [80] who adopted a differ‐
ential numerical solution to the breakthrough curve for analytes on a sorbent bed with a low
number of theoretical plates Eq.3.
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Where ao =(1 - b)2, a1 and a2  are complex functions of b evaluated from the tabular data [80]
and b is the breakthorugh level (the fraction of the total mass of analyte which has passed
through the sorbent bed).

The retention factor (k ) is calculated from the fundamental equation of chromatography
expressed as;

( )1R MV V k= + (4)

Given that the equations for calculating (N ) and (k ) have been applied to microparticle based
sorbents (commercially available sorbents), a question raised would be whether they would
be suitable for nanofibrous sorbent bed material. Moreso, bearing in mind that the research
work on electrospun nanofiber based SPE sorbents is a step towards the development of
electrospun nanofiber based HPLC stationary phases, it is necessary to have a fundamental
understanding of their kinetic and thermodynamic properties in relation to retention charac‐
teristics.

Theoretical and experimental methods have been proposed for determining breakthrough
curves [81, 82]. Although experimental breakthrough curve determination by frontal chroma‐
tography (continuously added sample to sorbent bed see Fig.16.) is more tedious, it is more
useful for SPE device fabrication. This is due to the fact that it serves as a guide for under‐
standing the effect of sorbent packing format, packing density and sorbent morphology on the
flow characteristics of the sample phase.

Under ideal conditions, the breakthrough curve forms a smooth sigmoid shape (see Fig.17.)
with the specific shape depending on the sorbent retention characteristics

However, experimentally the breakthrough curve is plotted by using a line of best fit as the
data points do not always follow a smooth pattern.

The correct determination of breakthrough parameters is subject to debate as several methods
have been proposed [83, 84]. Nevertheless, a mathematical modeling approach may be said to
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be more preferable as it takes into consideration the actual shape of the breakthrough curve.
In addition, interpreting observed experimental phenomena from the mathematical modeling
perspective is invaluable as it provides a platform for linking up the various parameters
influencing any system [85-89].

Our research group [68] and that of Susan Olesik were the first to report chromatographic
parameters of electrospun nanofiber sorbent beds and chromatographic parameters of thin
layer chromatography (TLC) plates [90], respectively. Therefore, an approach adopted in our
group and results obtained will be discussed. Due to the importance of the accurate determi‐
nation of breakthrough parameters, it was imperative for us to compare different mathematical
models for each set of data points obtained in the experimental procedure.

A breakthrough curve typically follows a form of an “S” shape (Fig.18.). Therefore, it may be
considered to be a form of a logistic function. A simple logistic function may be defined by the
formula;

Figure 16. Representation of a (a) online (b) offline frontal chromatography set-up

Figure 17. Mathematical simulations of breakthrough curves that can be obtained
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Where the variable Y  might be considered to denote analyte concentration, e is Euler’s number
and the variable x might be thought of as volume. For values of x in a defined range of real
numbers from -∞ to +∞, exponential growth which slows to linear growth and progresses to
exponential decay is observed.

The logistic function is the solution of the simple first order non-linear differential equation

( ) ( ) ( )( )1d Y x Y x Y x
dx

= - (6)

The qualitative behavior may be understood as follows; the derivative is 0 at Y = 0 or 1 and the
derivative is positive for Y  between 0 and 1, and negative for Y  above 1 or less than 0. Thus
for any value of Y  greater than 0 and less than 1, Y  grows to 1.

Alternatively, the logistic function may be expressed symbolically as;

( ) 1
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x c x
eY x

e e e-
= =
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Where 1 is chosen as the constant of integration (e c =1)

Besides the logistic function, sigmoid functions include the ordinary arctangent, the hyperbolic
tangent and the error function. However, for this book contribution, the logistic function was
employed as the fundamental equation upon which curve fitting models were developed. The
curve fitting mathematical model depends on the “S“ shape of the data points and the selection
is guided by by the resulting regression constants.

The Boltzmann model has been used to fit experimental data for conventional SPE sorbents as
it has generally been accepted as an accurate method [84]. Thus it was the first model that was
explored (see equation 8).
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Where Y represents the ratio of the eluted  (Ce) to the inlet  (Ci) analyte concentration ( Ce

Ci
), x 

is the volume of sample flowing through the sorbent, A1 and A2 are two regression parameters.

The maximum value of ( Ce

Ci
) is (A2) and it is obtained when x→∞, while the minimum value
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of ( Ce

Ci
) is approximately A1, obtained for x →0. The retention volume which corresponds to

the point of inflexion on the breakthrough curve was obtained from the model and it corre‐

sponds to the ( Ce

Ci
)=

A1 + A2

2

R oV x= (9)

The hold-up volume (VM ) and the breakthrough volume (V B) were calculated as the x values
obtained from equating the following;

( 99
100 )*A2 = A2 +

A1 - A2

1 + e
x -xo
dx

(10)

( 1
100 )*A2 = A2 +

A1 - A2

1 + e
x -xo
dx

(11)

And by solving these equations, the formulae below were derived;

V B = xo + (dx)*ln  ( 100
99 (1 -

A1

A2
) - 1) (12)

VM = xo + (dx)*ln  (99 - 100*
A1

A2
) (13)

The second mathematical model employed is the sigmoid three parameter model (see equation
14)

Y = a

1 + e -
(x -xo)

b
(14)

Similar to the Boltzmann model, Y represents the ratio of the eluted  (Ce) to the inlet  (Ci)

analyte concentration ( Ce

Ci
), x is the volume of sample flowing through the sorbent, a and b are

two regression parameters. The maximum value of ( Ce

Ci
) is (a). Calculation of VM  and V B was

achieved by expressing ( Ce

Ci
) as a fraction of a as follows;

 ( Ce

Ci
)= F *a (15)
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Where F = 1

1 + e -
(x -xo)

b

 and solving for x (corresponding to either VM  or V B) resulted in the

expression below

x = xo + bln F
1 - F (16)

VM  and V B were obtained from equation 16 at F  values of 0.99 and 0.01 respectively.

The third model that was explored is the Weibull five parameter model (see equation 17)

Y =Yo + a 1 - e -
( x -xo+bln 2

1
c

b
)c

(17)

Yo and a correspond to the maximum and minimum points on the breakthrough curve, xo

corresponds to the point of inflexion while b and c are regression parameters.

As x→∞, Y  approaches the maximum value of ( Ce

Ci
)=Yo + a thus, ( Ce

Ci
) at any point of the

breakthrough curve can be expressed as a fraction (F ) of the maximum value of ( Ce

Ci
).

If the maximum value of ( Ce

Ci
) is expressed as

F *(Yo + a ) =Yo + a 1 - e -
( x -xo+bln 2

1
c

b
)c

(18)

Solving for x results in the expression below;

x = xo - bln 2
1
c  + b ln ( Y o

a + 1)-1
(1 - F )-1

1
c (19)

Therefore, VM   and V B  can be calculated at F  values corresponding to 99
100  and 1

100  respec‐
tively.

An example in which we compared the Boltzmann model and the sigmoid Weibull five
parameter model for the evaluation of a microcolumn SPE device. The experimental approach
to determine the breakthrough curves involved the use of a syringe pump (see Fig.14) to drive
a sample of 500 ngml-1 corticosteroids through a 10 mg electrospun polystyrene fiber sorbent
bed at 0.1 mlmin-1 with subsequent HPLC-DAD detection.
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Analyte
V B(µl)

Observed

V B(µl)

Calculated
V M (µl) V R(µl) Ncal Nobs k

Betamethasone 1400 848.18 5185.39 3044.89 7.69 13.71 -0.41

Dexamethasone 1400 924.53 5189.44 3100.98 8.12 13.29 -0.40

Table 2. Chromatographic parameters of the electrospun polystyrene fiber based micro colum sorbent bed format
derived from the sigmoid Boltzmann model

Figure 18. Breakthrough curves determined for two steroids on electrospun polystyrene fibers packed in micro col‐
umn sorbent bed format presented as lines of best fit using the sigmoid Boltzmann model.

The breakthrough volumes, equilibrium volumes, retention volumes, theoretical plates and
retention factor values for betamethasone and dexamethasone were very close which was
consistent with the closeness of their logP values. This consistency was observed for the
breakthrough curves fitted using both the Boltzmann and the Weibull five parameter model.
On that basis, it may be concluded that these mathematical models would be suitable for
characterisation of any electrospun fiber sorbent-analyte system that follows a similar profile.

Comparison of the calculated theoretical plates for the disk (1.39-2.82) and the micro column
(7.98-9.1) SPE devices revealed that the shape of the breakthrough curve could be related to
the theoretical plates [80, 91]. In addition, the observed breakthrough volumes for the disk
(400-500 µl) and micro column (1400 µl) respectively were consistent with the theoretical
plates. This may mean that theoretical plates could be important for the retention character‐
istics of a SPE sorbent bed.

Given the fact that theoretical plates are a function of the available surface area for analyte
interaction, it could be concluded that a sorbent material with a larger surface area may exhibit
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a larger number of theoretical plates and consequently a large retention capacity as mass
transfer kinetics would be enhanced. Therefore, a larger number of theoretical plates would
correspond to a steeper slope of the breakthrough curve as a result of fast mass transfer kinetics.

Figure 19. Breakthrough curves determined for two steroids on electrospun polystyrene fibers packed in microcol‐
umn sorbent bed format presented as lines of best fit using the Weibull five parameter model.

Coefficient
R2

Analyte a b c xo yo

Betamethasone 1.0396 (0.01) 545252504.47

(0.30)

879140.39 (7.94) 3088.50 (40.73) -0.0143 (0.0094) 0.9953

Dexamethasone 1.0528

(0.02)

15042770.75

(8.91)

23676.51 (7.37) 3032.19 (34.33) -0.0159 (0.0110) 0.9943

Table 3. Regression parameters for the Weibull five parameter model

Analyte V B(µl)

Observed

V B(µl)

Calculated

V M (µl) V R(µl) Ncal Nobs k

Betamethasone 1400 901 4250 3088.5 7.98 13.38 -0.27

Dexamethasone 1400 1020 4240 3032.2 9.1 13.80 -0.28

Table 4. Chromatographic parameters of the electrospun polystyrene fiber based micro column sorbent bed format
derived from the Weibull five parameter model.

6. Conclusions

Given the fact that the feasibility of electrospun nanofiber based SPE has been successfully
demonstrated, it is proposed that future research efforts should be channelled towards
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simplifying SPE device fabrication and SPE procedures. In addition, more research efforts
should be channelled towards physicochemical characterisation of electrospun nanofibers and
relating to retention characteristics of the electrospun nanofiber based sorbent beds. Therefore,
it is expected that with a better control of nanofiber orientation, packing procedures and pore
structure, analytically useful electrospun nanofiber based chromatographic sorbent beds for
HPLC could be fabricated.

By describing the wide nanofiber sorbent range of chemistries, functionalities and morpholo‐
gies, it is hoped that this book chapter has provided enough evidence to support the hypothesis
that electrospun nanofibers will be an effective class of SPE sorbents.

However several questions relating to the role of electrospinning, surface area to volume ratio,
sorptive capacity and the miniaturisation route (should it be SPE or SPME variations?) still
need to be answered. Looking into the future one wonders if nanostructured materials will
mark the end of the sorbent technology development chain. In conclusion one can say with
some degree of confidence that through electrospinning, a new class of sorbent based techni‐
ques/devices will eventually find their way into the analytical process either as a low or high
resolution separation step.
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Chapter 2

Electrospun Nanofibers: From Rational Design,
Fabrication to Electrochemical Sensing Applications

Jianshe  Huang and Tianyan  You

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/57099

1. Introduction

Electrospinning is a convenient and versatile technique to prepare continuous fibers with
diameters ranging from tens nanometers to several micrometers [1]. In early works, electro‐
spinning was limited to the fabrication of nanofibers from organic polymers due to the
stringent requirement on the viscoelastic behavior of the electrospinning solution [2]. Recent
efforts have greatly expanded the application scope of electrospinning technique. Various one-
dimensional (1D) nanomaterials can be prepared by electrospinning besides the common
polymer fibers, such as polymer fibers loaded with nanoparticles and functional molecules,
ceramics fibers and metal/metal oxide fibers. Additionally, with the development of electro‐
spinning method and setup, electrospun fibers have not been limited to the morphology of
solid interior and smooth surface. Fibers with novel secondary structures, such as core/sheath,
hollow and porous, can also be prepared if appropriate processing parameters or new designs
of setups are employed.

Due to the small diameter, extremely long length, high surface area and complex pore
structures, electrospun fibers have being attracted extensive research interests for their
applications in biomedical field [1, 3, 4], such as tissue engineering, drug delivery and wound
healing, as well as energy and environmental engineering [5, 6]. The relatively large specific
surface area and high porosity make electrospun nanomaterials attract significant attentions
in developing ultrasensitive sensors [7-9]. Various electrospun nanomaterial-based sensors
have been designed, including resistive sensor, electrochemical sensor, fluorescent sensor,
acoustic wave sensor, colorimetric sensor, photoelectric sensor, etc. Among these read-out
modes, electrochemical read-out, featured with high sensitivity and selectivity, inexpensive
equipment and easy miniaturization, has attracted remarkable attentions in the ultrasensitive
detection. In this chapter, we focus on the synthesis of nanofibers with different composition,
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modes, electrochemical read-out, featured with high sensitivity and selectivity, inexpensive
equipment and easy miniaturization, has attracted remarkable attentions in the ultrasensitive
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and the design and preparation of electrospun nanofibers with novel secondary structures.
Following this, the application of electrospun nanomaterials in constructing electrochemical
sensors and their analytical performance is discussed.

2. General process of electrospinning

The basic setup for electrospinning consists of three major components: a high voltage power
supply, a spinneret, and a collector (a counter electrode) (Fig. 1). In the process of electrospin‐
ning, the applied voltage causes a cone-shaped deformation of the drop of polymer solution
(Taylor cone). Once the strength of electric field exceeds a threshold value, the electrostatic
force on the deformed polymer drop can overcome the surface tension and thus a liquid jet is
formed. This electrified jet then moves toward counter electrode, leading to the formation of
a long and thin thread. As the liquid jet is continuously elongated and the solvent is evaporated,
solid fibers with diameters as small as tens nanometers are deposited on the colletor.

Figure 1. Schematic illustration of the basic setup of electrospinning.

In spite of the simple setup, there are a number of parameters that can greatly affect the
morphology and diameter of electrospun fibers, including: (1) the intrinsic properties of
solution such as the type of polymer, concentration, conductivity, and solvent volatility; and
(2) the processing parameters such as the strength of the applied electric field, solution flow
rate, and the distance between spinneret and collector [2, 10, 11]. In addition, the humidity and
temperature of the surroundings may also play an important role in determining the mor‐
phology and diameter of electrospun fibers. Numerous experimental investigations and
theoretical models have drawn some general relationships between these parameters and fiber
morphology. For example, the higher applied voltage will lead to a larger fiber diameter, but
this trend is not monotonic; the higher polymer concentration (higher viscosity) or faster flow
rate usually results in the larger nanofiber diameters. In contrast, the increase of solution
conductivity can significantly reduce the fiber diameter. These results are instructive to some
extent in experiment design and predicting the resultant fiber morphology. However,
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empirical knowledge is crucial because the ideal values of these parameters vary considerably
with the polymer/solvent system.

3. Fabrication of nanofibers by electrospinning

Electrospinning has been proved to be a versatile method to prepare 1D nanomaterials of
polymer, ceramics, metal, and metal oxide. Various functional elements, such as drugs, dyes,
DNA, proteins, and nanoparticles, could be incorporated into electrospun nanofibers to form
composite nanofibers. Additionally, except for the nanofibers with solid interior and smooth
surface, nanofibers with various secondary structures, including core/sheath, hollow, and
porous, could be fabricated by electrospinning. In this section, the preparation of electrospun
nanofibers with different composition and secondary structures is introduced, and the
parameters that control the composition and morphology are highlighted.

3.1. Electrospun nanofibers with different composition

In principle, almost all natural and synthetic polymers can be electrospun into their 1D
nanostructures through judicious selection of solution and processing parameters [1]. Besides
itself nanofibers, polymers can also be used as template or host to load nanoparticles or
functional molecules. The produced composite nanofibers exhibit various electronic, optical,
magnetic, and biological properties.

In order to incorporate nanoparticles into electrospun fibers, pre-synthetic Au [12], Fe3O4 [13],
SiO2 nanoparticles [14], CdTe quantum dots [15], and Au nanorods (AuNRs) [16] were
introduced in polymer solution and then electrospinning was conducted. For example,
AuNRs/poly(vinyl alcohol) (PVA) nanofiber was prepared by electrospinning the mixture
solution of AuNRs and PVA [16]. The AuNRs were well aligned along the axis direction of the
fibers due to the external fields (Fig. 2A). In a one-step method, silver nitrate was dissolved in
poly(vinyl pyrrolidone) (PVP)/N, N-dimethylformamide (DMF) [17], or nylon 6/formic acid
[18] solution, where DMF and formic acid acted as both a solvent for polymer and a reducing
agent for the Ag+ ion, followed by electrospinning to form Ag nanoparticle-filled composite
nanofibers. In addition, the introduction of nanoparticles into polymer nanofibers have also
been accomplished by adding appropriate precursors to the electrospinning solution, after that
a chemical or physical method was used to reduce the metal precursor. For example, PdCl2

and copolymers of acrylonitrile and acrylic acid (PAN-AA) are dissolved in DMF for electro‐
spinning. And then, the fiber mat was immersed into diluted hydrazine water solution to
reduce Pd cations [19]. The as-prepared Pd/PAN-AA composite material showed high catalytic
activity toward hydrogenation of dehydrolinalool. Li et al. prepared Ag nanoparticle-loaded
PAN nanofibers via electrospinning of PAN/AgNO3-DMF solution followed by UV-irradia‐
tion photoreduction [20].

Carbon nanotubes (CNTs), an actively studied nano-object, can also be incorporated into
electrospun fibers. The goal of most studies in this direction is to improve the electrical
conductivity and mechanical strength of the fibers [21-25]. Some exciting properties were also
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introduced in polymer solution and then electrospinning was conducted. For example,
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solution of AuNRs and PVA [16]. The AuNRs were well aligned along the axis direction of the
fibers due to the external fields (Fig. 2A). In a one-step method, silver nitrate was dissolved in
poly(vinyl pyrrolidone) (PVP)/N, N-dimethylformamide (DMF) [17], or nylon 6/formic acid
[18] solution, where DMF and formic acid acted as both a solvent for polymer and a reducing
agent for the Ag+ ion, followed by electrospinning to form Ag nanoparticle-filled composite
nanofibers. In addition, the introduction of nanoparticles into polymer nanofibers have also
been accomplished by adding appropriate precursors to the electrospinning solution, after that
a chemical or physical method was used to reduce the metal precursor. For example, PdCl2

and copolymers of acrylonitrile and acrylic acid (PAN-AA) are dissolved in DMF for electro‐
spinning. And then, the fiber mat was immersed into diluted hydrazine water solution to
reduce Pd cations [19]. The as-prepared Pd/PAN-AA composite material showed high catalytic
activity toward hydrogenation of dehydrolinalool. Li et al. prepared Ag nanoparticle-loaded
PAN nanofibers via electrospinning of PAN/AgNO3-DMF solution followed by UV-irradia‐
tion photoreduction [20].
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observed for CNT-incorporated polymer fibers, such as enhanced thermal stability [21],
anisotropic electrical conductivity [24], and the preferential orientation of the CNTs along the
fiber axis. These composite fibers can find promising applications in high strength membrane
and electronics. Graphene, a single layer of aromatic carbon nanomaterial, has also been used
as nanofiller in polymer nanofibers to reinforce the mechanical, electrical, thermal, and optical
properties. For example, Bao et al. prepared graphene-poly(vinyl acetate) (PVAc) composite
nanofibers by electrospinning [26]. The results indicated that the dispersity of pristine or
functionalized graphene greatly influenced the morphology of fibers. When graphene
modified by 1-pyrenebutanoic acid succinimidyl ester (G-PBASE) or 4-(2-(pyridin-4-yl)vinlyl)
phenyl group (G-dye) was used as nanofillers, uniform and smooth nanofibers were readily
obtained (Fig. 2B). In contrast, some micrometer-sized beads were formed when plain
graphene oxide (GO) was used due to the poor dispersion of GO in the DMF solvent.

In addition to the nano-objects, drugs, dyes, proteins, DNA, virus, and other compounds can
be readily incorporated into electrospinning solutions to produce functional fibers. For
example, collagen could be electrospun into fibers from a solution of 1, 1, 1, 3, 3, 3-hexafluoro-2-
propanol (HFP) [27, 28], or from a blend with poly(ethylene oxide) (PEO) [29]. Other proteins
and enzymes, such as elastin [29], casein [30], α-chymotrypsin [31], bovine serum albumin
(BSA) [32, 33], silk fibroin [34], lipase [30, 35], cellulose [36, 37], lysozyme [38, 39], glucose
oxidase [40], luciferase [32], alkaline phosphatase and β-galactosidase [41], diisopropylfluor‐
ophosphatase [42], and lactate dehydrogenase [43], could only be processed by electrospinning
as blends with synthetic polymers. The catalytic activity of encapsulated enzyme is usually
lower than that of free enzyme, but more active than that in the cast membrane due to the
higher surface area and porous structures of electrospun fibers. In addition, DNA molecules
can also be encapsulated in electrospun fibers from blends with polymers [44, 45]. DNA
molecules incorporated into electrospun nanofiber could reserve structurally intact and
bioactive. More interestingly, virus could be used to fabricate 1D micro- and nanosized
diameter fibers by electrospinning [46]. M13 virus was dispersed in HFP solution to form a
homogeneous virus suspension, and then was directly electrospun into fibers (Fig. 2C). Due
to the toxicity of HFP to the M13 virus, infectibility of M13 virus in HFP solution was dramat‐
ically decreased, showing no infectibility. In order to improve processing ability and preserve
the intact viral structure and infecting ability, the M13 virus suspension was blended with a
water soluble polymer PVP. Uniform fibers with the diameter of 100-200 nm could then be
obtained.

For inorganic compounds, it is very difficult to directly process by electrospinning due to the
strict requirement of solution viscoelasticity. Only a few types of inorganic fibers could be
obtained by carefully selecting metallic precursors and solvents [47-49]. Recent studies
demonstrated that the combination of electrospinning and sol-gel process could be used for
direct producing inorganic fibers, for example TiO2/SiO2 and Al2O3 [50], SiO2 [51], V2O5/SiO2

[52], SiO2/ZrO2 [53]. The key point of this method was to control the hydrolysis rate of sol-gel
precursors by adjusting the pH value or aging conditions. However, the fibers prepared via
direct electrospinning of inorganic sols are usually several hundred nanometers in diameter
with poor monodispersity, and only a limited number of materials can be prepared by this
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method. In order to reduce the diameter of electrospun fibers, Li and Xia developed a new
approach in which polymer was introduced into the sol-gel precursor to control the viscoelastic
behavior, at the same time the sol-gel reaction was controlled to take place mainly in the
spinning jet rather than in the stock solution [54-56]. In a typical procedure [55], a sol-gel
precursor of titanium tetraisopropoxide (Ti(OiPr)4) was mixed with PVP in alcohol solution.
After the solution had been electrospun into a thin jet, the metal alkoxide immediately started
to hydrolyze by reacting with the moistrure in air to generate a continuous gel network within
the polymer matrix. As a result, TiO2/PVP composite nanofibers would be obtained (Fig. 2D).
These composite nanofibers could subsequently be converted into TiO2 nanofibers without
changing their morphology via calcinations at the elevated temperature (Fig. 2E). The average
diameter of these ceramic nanofibers could be controlled in the range of 20-200 nm with
relatively narrow size distribution by varying a number of parameters. This method has also
been extended to process many other oxide ceramics into nanofibers. Similarly, a great number
of metal oxide or sulfide nanofibers have been produced by electrospinning the solutions of
appropriate metal precursors and polymers, followed by calcination at elevated temperatures.
Electrospun metal oxide nanofibers could be further converted into continuous and thin metal
nanofibers in reducing atmosphere, such as Cu [57, 58], Fe, Co, and Ni [59]. Shui and Li
prepared long Pt nanowires with a few nanometers in diameter by electrospinning of
H2PtCl6/PVP mixture solution and heat treatment [60]. A series of processing parameters were
optimized to control the morphology and diameter of the nanowires. Very recently, Greiner’s
group prepared Au nanowires by electrospinning of highly concentrated aqueous dispersions
of gold nanoparticles in the presence of PVA and subsequent annealing at 300-500 ℃ in air [61].
The produced Au nanowires represented solid structures like bulk gold (Fig. 2F). The electro‐
spun metal nanofibers with ultrahigh aspect ratio and ultralow junction resistance are of great
interest for foundational research and applications in nanoelectronics, fuel cells, and sensors.

Carbon fibers or nanofibers, which have many noticeable properties in mechanical strength,
electrical conductivity, and special surface area, have been considered as one of the most
important materials for modern science and technology. Various electrospun polymer
nanofibers could be converted into carbon nanofibers, such as polyacrylonitrile (PAN),
polyimide (PI), PVA, poly(vinylidene fluoride) (PVDF) and pitch. Inagaki et al. recently
composed a review on the preparation of carbon nanofibers from electrospun polymer
nanofibers [62]. Carbon precursors and the control of structure and texture in the resultant
carbon nanofibers were highlighted.

3.2. Nanofibers with core/sheath structures

Nanofibers with core/sheath structures have many potential applications in microfluidics,
photonics, and energy storage. Electrospinning provides a simple method for the large-scale
fabrication of such nanofibers. Up to now, several methods have been developed to prepare
core/sheath structured nanofibers by electrospinning. For example, in template-directed
method, polymer fibers (template) were produced by ordinary electrospinning, and then the
as-prepared fibers were coated with the shell component by various chemical and physical
methods [63-67]. With the use of conventional single-nozzle electrospinning, it is also possible
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H2PtCl6/PVP mixture solution and heat treatment [60]. A series of processing parameters were
optimized to control the morphology and diameter of the nanowires. Very recently, Greiner’s
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polyimide (PI), PVA, poly(vinylidene fluoride) (PVDF) and pitch. Inagaki et al. recently
composed a review on the preparation of carbon nanofibers from electrospun polymer
nanofibers [62]. Carbon precursors and the control of structure and texture in the resultant
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fabrication of such nanofibers. Up to now, several methods have been developed to prepare
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as-prepared fibers were coated with the shell component by various chemical and physical
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Electrospun Nanofibers: From Rational Design, Fabrication to Electrochemical Sensing Applications
http://dx.doi.org/10.5772/57099

39



to prepare core/sheath nanofibers from emulsion or homogeneous polymer solutions. In the
case of emulsion electrospinning, a core/sheath jet was formed in the electrospinning process
due to the stretching and collapse of emulsion. This method has been used to prepare
poly(methyl methacrylate) (PMMA)/PAN [68, 69], protein-methyl cellulose/poly(D, L-lactide)
(MC/PDLLA) [39, 70], and PEO/poly(ethylene glycol)-poly(L- lactic acid) (PEG-PLA) (Fig. 3)
[71] core/sheath nanofibers, and has the potential to extend to any pair of water-soluble
polymer and hydrophobic (or amphiphilic) polymer. In the case of homogeneous solution
electrospinning, the formation of core/sheath structure was mainly attributed to the phase
separation of polymer blends, different solubility of the two components, and some other
rheological factors [72-76]. The type of polymers, the ratios of components and the additives
play key roles in the formation of core/sheath structures, rather than co-continuous morphol‐
ogies. Recently, Jo et al. reported a one-step, single-nozzle electrospinning method for
producing core-sheath nanofibers with cross-linked polymeric colloids as core and polymer
as sheath (Fig. 4) [77]. Cross-linked PMMA colloids or poly(N-isopropylacrylamide) (PNI‐
PAm) microgels were dispersed in a concentrated polymer solution, e.g. poly(ε-caprolactone)
(PCL) in chloroform solution, for electrospinning. In the electrospinning process, fast evapo‐
ration of the solvent from the Taylor cone and following solution jet enhanced the phase
separation of colloids from the condensed polymer solution, which resulted in a continuous
colloidal packing at the inner region of fibers. If a small amount of colloids was used, the
beanpod-like morphology of the nanofibers could be obtained; while a larger amount of
colloids would lead to the colloids closely packing at the central area of the fibers, and core/
sheath fibers consisting of a colloidal core could be produced.

Figure 2. Electrospun nanofibers with different composition. (A) Typical backscattering SEM image of the AuNRs/PVA
nanofibers [16]. (B) High-magnification TEM image of G-PBASE/PVAc nanofiber. The arrows indicate the graphene
flakes inside the nanofiber. The inset shows an enlarged image of G-PBASE embedded in the sidewall of a PVAc nano‐
fiber [26]. (C) SEM image of electrospun M13 virus-only fibers. (Scale bars: 5 μm) [46]. (D) TEM image of TiO2/PVP com‐
posite nanofibers fabricated by electrospinning an ethanol solution that contained 0.03 g/mL PVP and 0.1 g/mL
Ti(OiPr)4 [55]. (E) TEM image of TiO2 nanofibers prepared by calcining (D) sample in air at 500 ℃ for 3 h [55]. (F) Optical
microscopy image of gold nanowires on a mica slide, scale bar: 100 μm [61].
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Figure 3. (A) Schematic mechanism for the formation of core/sheath composite fibers during emulsion electrospin‐
ning. (B) Confocal laser scanning microscope image of core/sheath structured PEO/PEG-PLA nanofiber prepared from
W/O emulsions [71].

Figure 4. (A) Schematic illustration of the method for producing core/sheath nanofibers that contain an array of col‐
loids in the core. (B) Combination of optical and fluorescent mode images of the core/sheath fiber, consisting of a PCL
sheath and PNIPAm microgel particles in the core [77].

Coaxial electrospinning, in which coaxial two spinnerets replaced the single nozzle in the
conventional setup for electrospinning, is a more convenient and direct method for the
preparation of core/sheath structured nanofibers. Loscertales et al. initially designed a coaxial
spinneret to generate steady core/sheath liquid jet from immiscible liquids [78]. However, in
their experiment, the liquid jet was broke up to form core/sheath capsules, rather than fibers.
Sun and co-workers overcame the instability problem in the coaxial electrospinning process
to obtain continuous core/sheath jet, and then core/sheath polymer fibers [79]. The experi‐
mental setup for coaxial electrospinning is shown in Fig. 5A. It was proposed that undesirable
mixing of the two polymer solutions could be prevented by the low diffusion coefficients
relative to the fast stretching and solidification processes taking place in the electrospinning
process. Core/sheath fibers with identical polymers PEO/PEO, or two different polymers
polysulfone (PSU)/PEO could be obtained using this method. More importantly, non-spinna‐
ble solutions, such as poly(dodecylthiophene) (PDT) and Pd(OAc)2, could also be used as core
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to prepare core/sheath nanofibers from emulsion or homogeneous polymer solutions. In the
case of emulsion electrospinning, a core/sheath jet was formed in the electrospinning process
due to the stretching and collapse of emulsion. This method has been used to prepare
poly(methyl methacrylate) (PMMA)/PAN [68, 69], protein-methyl cellulose/poly(D, L-lactide)
(MC/PDLLA) [39, 70], and PEO/poly(ethylene glycol)-poly(L- lactic acid) (PEG-PLA) (Fig. 3)
[71] core/sheath nanofibers, and has the potential to extend to any pair of water-soluble
polymer and hydrophobic (or amphiphilic) polymer. In the case of homogeneous solution
electrospinning, the formation of core/sheath structure was mainly attributed to the phase
separation of polymer blends, different solubility of the two components, and some other
rheological factors [72-76]. The type of polymers, the ratios of components and the additives
play key roles in the formation of core/sheath structures, rather than co-continuous morphol‐
ogies. Recently, Jo et al. reported a one-step, single-nozzle electrospinning method for
producing core-sheath nanofibers with cross-linked polymeric colloids as core and polymer
as sheath (Fig. 4) [77]. Cross-linked PMMA colloids or poly(N-isopropylacrylamide) (PNI‐
PAm) microgels were dispersed in a concentrated polymer solution, e.g. poly(ε-caprolactone)
(PCL) in chloroform solution, for electrospinning. In the electrospinning process, fast evapo‐
ration of the solvent from the Taylor cone and following solution jet enhanced the phase
separation of colloids from the condensed polymer solution, which resulted in a continuous
colloidal packing at the inner region of fibers. If a small amount of colloids was used, the
beanpod-like morphology of the nanofibers could be obtained; while a larger amount of
colloids would lead to the colloids closely packing at the central area of the fibers, and core/
sheath fibers consisting of a colloidal core could be produced.

Figure 2. Electrospun nanofibers with different composition. (A) Typical backscattering SEM image of the AuNRs/PVA
nanofibers [16]. (B) High-magnification TEM image of G-PBASE/PVAc nanofiber. The arrows indicate the graphene
flakes inside the nanofiber. The inset shows an enlarged image of G-PBASE embedded in the sidewall of a PVAc nano‐
fiber [26]. (C) SEM image of electrospun M13 virus-only fibers. (Scale bars: 5 μm) [46]. (D) TEM image of TiO2/PVP com‐
posite nanofibers fabricated by electrospinning an ethanol solution that contained 0.03 g/mL PVP and 0.1 g/mL
Ti(OiPr)4 [55]. (E) TEM image of TiO2 nanofibers prepared by calcining (D) sample in air at 500 ℃ for 3 h [55]. (F) Optical
microscopy image of gold nanowires on a mica slide, scale bar: 100 μm [61].
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Figure 3. (A) Schematic mechanism for the formation of core/sheath composite fibers during emulsion electrospin‐
ning. (B) Confocal laser scanning microscope image of core/sheath structured PEO/PEG-PLA nanofiber prepared from
W/O emulsions [71].

Figure 4. (A) Schematic illustration of the method for producing core/sheath nanofibers that contain an array of col‐
loids in the core. (B) Combination of optical and fluorescent mode images of the core/sheath fiber, consisting of a PCL
sheath and PNIPAm microgel particles in the core [77].

Coaxial electrospinning, in which coaxial two spinnerets replaced the single nozzle in the
conventional setup for electrospinning, is a more convenient and direct method for the
preparation of core/sheath structured nanofibers. Loscertales et al. initially designed a coaxial
spinneret to generate steady core/sheath liquid jet from immiscible liquids [78]. However, in
their experiment, the liquid jet was broke up to form core/sheath capsules, rather than fibers.
Sun and co-workers overcame the instability problem in the coaxial electrospinning process
to obtain continuous core/sheath jet, and then core/sheath polymer fibers [79]. The experi‐
mental setup for coaxial electrospinning is shown in Fig. 5A. It was proposed that undesirable
mixing of the two polymer solutions could be prevented by the low diffusion coefficients
relative to the fast stretching and solidification processes taking place in the electrospinning
process. Core/sheath fibers with identical polymers PEO/PEO, or two different polymers
polysulfone (PSU)/PEO could be obtained using this method. More importantly, non-spinna‐
ble solutions, such as poly(dodecylthiophene) (PDT) and Pd(OAc)2, could also be used as core
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components to obtain core/sheath structured PDT/PEO (Fig. 5B) and Pd/PLA composite fibers.
Yu et al. detailedly studied the coaxial electrospinning process for producing fibers with
smaller diameters and core/sheath structure from difficult-to process fluids [80]. They pointed
out that the stabilization of the core fluid in the sheath against breakup into droplets were
mainly accomplished through two mechanisms: (1) The viscoelastic sheath fluid could delayed
or completely suppressed the Rayleigh instability (which resulted in the breakup of fluid jet
into droplets) in the core fluid. In the electrospinning process, stretching of the sheath
component imparted great elasticity to the interface due to strain hardening, further stabilizing
the core fluid. (2) The sheath fluid also reduced the surface forces at the boundary of the core
fluid by replacing the relatively high fluid-vapor surface tension typically present in single-
fluid electrospinning by a lower fluid-fluid interfacial tension. Additionally, the fast travelling
speed of fluids in electrospinning process prevented the two fluids from mixing significantly.
Li and Xia also systematiclly investigated the coaxial electrospinning process by using two
immiscible liquids of heavy mineral oil and an ethanol solution of PVP and Ti(OiPr)4 as the
materials for core and sheath [81]. They argued that rapid stretching of the sheath caused strong
viscous stress, which would stretch the oil phase and elongate it along with the sheath solution
via the mechanisms of viscous dragging and/or contact friction.

Figure 5. (A) Experimential setup used for coaxial electrospinning of core/sheath nanofibers. (B) TEM image of co-
electrospun PEO (shell) and PDT (core) composite nanofibers [79].

With the development of theoretical and experimental aspects, this coaxial electrospinning
method has been extended to prepare core/sheath fibers of various composition, such as
gelatin/PCL [82, 83], poly(ethylene glycol) (PEG)/PCL [38], PCL/collagen [84], polyurethane/
polycarbonate (PU/PC) [85], PCL/PEG [86], PVP/PDLLA [87], polypyrrole (PPy)/PVP [88],
poly(lactide-co-glycolide) (PLGA)/chitosan [89], PVP/poly(L-lactide-co-epsilon-caprolactone)
(PLCL) [90], dextran/PLCL [91], Alq3/PVP [92], poly(glycerol sebacate) (PGS)/gelatin [93],
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poly(lactic acid) (PLA)/chitosan [94], PEO/chitosan [95], poly(L-lactide-co-caprolactone)
(PLLACL)/collagen [96], and poly(hydroxybutyrate-co-hydroxyvalerate) (PHBV)/chitosan
[97]. Other functional components, for example, FePt nanoparticles [98], Si nanoparticles [99],
multi-walled carbon nanotube (MWNT) [100], O2 indicator (PtOEP) and γ-Fe3O4 [101], proteins
[102], and drug molecules [103], have also been used as core components to fabricate core/
sheath fibers. In combination of coaxial electrospinning and sol-gel process, inorganic fibers
with core/sheath structures were also prepared, such as LiCoO2/MgO [104], TiN/VN [105],
CoFe2O4/Pb(Zr0.52Ti0.48)O3 [106], and SnO2/TiO2 [107].

3.3. Nanofibers with hollow structures

Tubular nanostructures with dimensions in the range of submicrometer to a few nanometers
are of great interest for applications in catalysis, fluid transportation, drug release, sensing,
and gas storage. Various methods have been demonstrated to fabricate such structures from
a broad range of materials. Similar to the preparation of core/sheath nanofibers, electrospun
nanofibers have been used as sacrificial templates for preparing tubular fibers. For example,
Bognitzki and co-workers designed a method termed tubes by fiber templates (TUFT) process
for fabricating nano- and mesotubes [108]. They selected electrospun PLA nanofibers as
templates. Polymer, polymer-metal hybrid and metal tubes could be obtained after coating
and removing the template fibers. In this template method, various coating techniques have
been employed, such as chemical vapor deposition [108, 109], physical vapor deposition [108],
sol-gel process [110], electrochemical deposition [111], in-situ polymerization [112], layer-by-
layer assembly [113-115], vapor deposition polymerization [116], atomic layer deposition [117],
and sputtering [118]. After the formation of core/sheath fibers, the templates could be removed
by heat treatment [108-110, 117, 118], or solvent extraction [109, 111-116], to obtain tubular
structures. Additionally, nanofibers with hollow interior could be prepared by using electro‐
spun nanofibers as sacrificial templates without post-treatment process. For example, Te and
BixTe1-x hollow nanofibers were directly synthesized by galvanic displacement reaction of
electrospun Ni nanofibers at room temperature [119]. In general, additional coating and
etching steps are required in these template methods, and the quality of the resultant tubes is
strongly dependent on the control of each step.

Nanofibers  with  hollow structures  were  also  prepared  by  single-nozzle  electrospinning,
followed by appropriate post-treatment. For example, ceramics or metal oxide tubes have
been fabricated by calcining the  composite  fibers,  which were  produced by electrospin‐
ning the mixture solution of polymer and procursors. LiNiO2 [120], CeO2 [121], Y2O3-ZrO2

[122], LaMgAl11O19 [122, 123], ZnO [124], MgO [125], TiO2 [126], BaFe12O19 [127], SiO2 [128],
α-Fe3O4 and Co3O4 [129],  Fe2O3  [130],  CoFe2O4 [131],  CuO and Cu [132],  and SnO2 [133]
tubes have been prepared by this method. Several groups have systematically investigat‐
ed the preparation process and proposed the formation mechanism of hollow fibers [120,
121,  129,  130,  133].  Cheng et  al.  [130]  proposed that:  In the electrospinning process,  the
evaporation  of  solvent  would  result  in  the  formation  of  a  gel  layer  on  the  surface  of
composite nanofibers, which has an important function to keep fiber texture during heat
treatment.  During  heating,  the  gas  produced  by  the  decomposition  of  polymer  would
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components to obtain core/sheath structured PDT/PEO (Fig. 5B) and Pd/PLA composite fibers.
Yu et al. detailedly studied the coaxial electrospinning process for producing fibers with
smaller diameters and core/sheath structure from difficult-to process fluids [80]. They pointed
out that the stabilization of the core fluid in the sheath against breakup into droplets were
mainly accomplished through two mechanisms: (1) The viscoelastic sheath fluid could delayed
or completely suppressed the Rayleigh instability (which resulted in the breakup of fluid jet
into droplets) in the core fluid. In the electrospinning process, stretching of the sheath
component imparted great elasticity to the interface due to strain hardening, further stabilizing
the core fluid. (2) The sheath fluid also reduced the surface forces at the boundary of the core
fluid by replacing the relatively high fluid-vapor surface tension typically present in single-
fluid electrospinning by a lower fluid-fluid interfacial tension. Additionally, the fast travelling
speed of fluids in electrospinning process prevented the two fluids from mixing significantly.
Li and Xia also systematiclly investigated the coaxial electrospinning process by using two
immiscible liquids of heavy mineral oil and an ethanol solution of PVP and Ti(OiPr)4 as the
materials for core and sheath [81]. They argued that rapid stretching of the sheath caused strong
viscous stress, which would stretch the oil phase and elongate it along with the sheath solution
via the mechanisms of viscous dragging and/or contact friction.

Figure 5. (A) Experimential setup used for coaxial electrospinning of core/sheath nanofibers. (B) TEM image of co-
electrospun PEO (shell) and PDT (core) composite nanofibers [79].

With the development of theoretical and experimental aspects, this coaxial electrospinning
method has been extended to prepare core/sheath fibers of various composition, such as
gelatin/PCL [82, 83], poly(ethylene glycol) (PEG)/PCL [38], PCL/collagen [84], polyurethane/
polycarbonate (PU/PC) [85], PCL/PEG [86], PVP/PDLLA [87], polypyrrole (PPy)/PVP [88],
poly(lactide-co-glycolide) (PLGA)/chitosan [89], PVP/poly(L-lactide-co-epsilon-caprolactone)
(PLCL) [90], dextran/PLCL [91], Alq3/PVP [92], poly(glycerol sebacate) (PGS)/gelatin [93],
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poly(lactic acid) (PLA)/chitosan [94], PEO/chitosan [95], poly(L-lactide-co-caprolactone)
(PLLACL)/collagen [96], and poly(hydroxybutyrate-co-hydroxyvalerate) (PHBV)/chitosan
[97]. Other functional components, for example, FePt nanoparticles [98], Si nanoparticles [99],
multi-walled carbon nanotube (MWNT) [100], O2 indicator (PtOEP) and γ-Fe3O4 [101], proteins
[102], and drug molecules [103], have also been used as core components to fabricate core/
sheath fibers. In combination of coaxial electrospinning and sol-gel process, inorganic fibers
with core/sheath structures were also prepared, such as LiCoO2/MgO [104], TiN/VN [105],
CoFe2O4/Pb(Zr0.52Ti0.48)O3 [106], and SnO2/TiO2 [107].

3.3. Nanofibers with hollow structures

Tubular nanostructures with dimensions in the range of submicrometer to a few nanometers
are of great interest for applications in catalysis, fluid transportation, drug release, sensing,
and gas storage. Various methods have been demonstrated to fabricate such structures from
a broad range of materials. Similar to the preparation of core/sheath nanofibers, electrospun
nanofibers have been used as sacrificial templates for preparing tubular fibers. For example,
Bognitzki and co-workers designed a method termed tubes by fiber templates (TUFT) process
for fabricating nano- and mesotubes [108]. They selected electrospun PLA nanofibers as
templates. Polymer, polymer-metal hybrid and metal tubes could be obtained after coating
and removing the template fibers. In this template method, various coating techniques have
been employed, such as chemical vapor deposition [108, 109], physical vapor deposition [108],
sol-gel process [110], electrochemical deposition [111], in-situ polymerization [112], layer-by-
layer assembly [113-115], vapor deposition polymerization [116], atomic layer deposition [117],
and sputtering [118]. After the formation of core/sheath fibers, the templates could be removed
by heat treatment [108-110, 117, 118], or solvent extraction [109, 111-116], to obtain tubular
structures. Additionally, nanofibers with hollow interior could be prepared by using electro‐
spun nanofibers as sacrificial templates without post-treatment process. For example, Te and
BixTe1-x hollow nanofibers were directly synthesized by galvanic displacement reaction of
electrospun Ni nanofibers at room temperature [119]. In general, additional coating and
etching steps are required in these template methods, and the quality of the resultant tubes is
strongly dependent on the control of each step.

Nanofibers  with  hollow structures  were  also  prepared  by  single-nozzle  electrospinning,
followed by appropriate post-treatment. For example, ceramics or metal oxide tubes have
been fabricated by calcining the  composite  fibers,  which were  produced by electrospin‐
ning the mixture solution of polymer and procursors. LiNiO2 [120], CeO2 [121], Y2O3-ZrO2

[122], LaMgAl11O19 [122, 123], ZnO [124], MgO [125], TiO2 [126], BaFe12O19 [127], SiO2 [128],
α-Fe3O4 and Co3O4 [129],  Fe2O3  [130],  CoFe2O4 [131],  CuO and Cu [132],  and SnO2  [133]
tubes have been prepared by this method. Several groups have systematically investigat‐
ed the preparation process and proposed the formation mechanism of hollow fibers [120,
121,  129,  130,  133].  Cheng et  al.  [130]  proposed that:  In the electrospinning process,  the
evaporation  of  solvent  would  result  in  the  formation  of  a  gel  layer  on  the  surface  of
composite nanofibers, which has an important function to keep fiber texture during heat
treatment.  During  heating,  the  gas  produced  by  the  decomposition  of  polymer  would
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diffuse through the fiber surface. Once the rate of gas release was larger than gas diffu‐
sion through the fiber surface, the pressure inside the fibers increased to be larger than that
outside of the composite fibers; consequently, hollow fibers could be obtained. However,
Xia and co-workers argued that polymer template and Kirkendall effect played an important
role to build hollow fibers [133]. Vacancies generated by the diffusion of metal precursors
to the fiber surface and the decomposition of polymers finally formed the hollow struc‐
tures. Although the exact mechanism is ambiguous and not consistent, a necessary condition
for the formation of tubular structures is  that a rigid “skin” must form before the com‐
plete  removal  of  polymer.  In  this  method,  the  concentration  of  precursor,  the  ratio  of
precursor to polymer, the calcination temperature and heating rate significantly influence
the  morphology of  the  final  products.  In  another  single-nozzle  electrospinning  method,
tetraethyl orthosilicate (TEOS) [134],  PEO [135],  or mineral oil  [136] was introduced into
the  electrospinning  solution  to  induce  phase  separation,  and  finally  hollow fibers  were
obtained.  Yu  et  al.  prepared  Sn  nanoparticle  encapsulated  multichannel  carbon  micro‐
tubes by single-nozzle electrospinning process of tin octoate-PMMA-PAN in DMF emul‐
sion  and  subsequent  calcinations  [137].  Because  PAN  solution  is  easier  to  stretch  than
PMMA/DMF fluid, thus a core-shell jet was formed and the subsequent formation of core-
shell fibers. The as-collected electrospun fibers were stabilized in air at 250 ℃, leading to
the thermal degradation of the core components to create SnO2 nanoparticles encapsulat‐
ed in porous hollow fibers. After carbonization under an Ar/H2 atmosphere, the fibers were
transformed into multichannel hollow porous carbon microtubes and SnO2 was reduced to
Sn nanoparticles.

Figure 6. (A) Schematic illustration of the setup for electrospinning nanofibers with a core/sheath structure. The spin‐
neret was fabricated from two coaxial capillaries, through which heavy mineral oil and an ethanol solution containing
PVP and Ti(OiPr)4 were simultaneously ejected to form a continuous, coaxial jet. (B) TEM image of two as-spun hollow
fibers after the oil cores had been extracted with octane. The walls of these tubes consisted of amorphous TiO2 and
PVP. (C) TEM image of TiO2 (anatase) hollow fibers that were obtained by calcining the composite nanotubes in air at
500 ℃ [81].
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The studies  in  several  groups have demonstrated that  electrospinning could be  directly
utilized  to  prepare  hollow  nanofibers.  For  example,  Li  and  Xia  developed  a  coaxial
electrospinning  setup  to  fabricate  ceramic  hollow  fibers  by  co-electrospinning  viscous
mineral oil  as the core and a mixture ethanol solution of PVP and Ti(OiPr)4 as the shell
(Fig. 6A) [81].  The mineral oil  was subsequently extracted to form amorphous TiO2/PVP
composite tubes (Fig.  6B).  After  calcination at  elevated temperatures in air,  hollow TiO2

fibers  were  obtained  (Fig.  6C).  The  wall  thickness  and  inner  diameter  of  the  hollow
nanofibers  could  be  varied  in  the  range  from  tens  of  nanometers  to  several  hundred
nanometers by controlling the processing parameters. The same group also demonstrated
that functional nanoparticles (iron oxide, SnO2, Au) or molecular species (dye, octadecyltri‐
chlorosilane) could be directly incorporated into the hollow interiors by pre-dissolving these
functional materials into the core liquid [138]. Using a similar setup, Loscertales and co-
workers prepared polymer-free SiO2 and ZrO2 tubes by co-electrospinning an aged inorganic
sol and an immiscible (or poorly miscible) liquid such as olive oil or glycerin, followed by
selective  removal  of  the  inner  liquid  [139].  Turbostratic  carbon  nanotubes  with  inner
diameter of 500 nm and wall thickness of 200 nm could also be obtained via coelectrospin‐
ning of  PAN and PMMA with subsequent thermal degradation of  the PMMA core and
finally  carbonization  of  the  PAN  shell  [140].  Besides  the  ceramics  and  carbon  tubes,
polymeric  microtubes  were  also  fabricated  in  a  single  step  by  using  the  co-electrospin‐
ning of  two polymeric  solutions [141].  In  this  approach,  two mechanisms,  fast  evapora‐
tion of the shell solvent and contact with a nonsolvent, were responsible for the formation
and stabilization of the microtubes. Using the coaxial electrospinning, hollow fibers with
various composition have been prepared, such as zeolite [142], SiO2 [143, 144], TiO2 [145],
LiNiO2 [146], LiCoO2 [147], BaTiO3 [148], LiNi0.8Co0.1Mn0.1O2-MgO [149], PMMA [150, 151],
PC  [151],  poly(3-hydroxy  butyrate)  (PHB)  [152],  Sn@carbon  nanoparticles  encapsulated
carbon [153], and carbon [154].

Except for the spinneret with two coaxial capillaries, tri-axial spinneret was also designed
to fabricate hollow nanostructures. For example, Lallave et al. [155] prepared Alcell lignin
hollow nanofibers by tri-axial spinneret co-electrospinning Alcell lignin solutions at room
temperature without any added polymer. The outmost sheath flow of ethanol was used to
avoid  solidification  of  the  Taylor  cone.  After  stabilization  and  carbonization  of  the  as-
spun fibers at elevated temperatures, hollow carbon nanofibers were obtained. Zhao and
co-workers developed a multifluidic compound-jet electrospinning technique to fabricate
bio-mimic  hierarchical  multichannel  microtubes  (Fig.  7a)  [156].  They  used  an  ethanol
solution  of  Ti(OiPr)4  and  PVP  as  outer  liquid  and  paraffin  oil  as  inner  liquid.  After  a
compound fluidic electrospinning process and removing the organics, TiO2 three-channel
tubes were obtained (Fig. 7b, c and d). With the rational design of the spinneret, tubes with
two to five channels have been successfully fabricated. Such multichannel structure greatly
improved  photocatalytic  activity  of  TiO2  for  degrading  gaseous  acetaldehyde  due  to  a
cooperative effect  of  trapping more gaseous molecules inside the channels  and multiple
reflection of incident light [157].
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improved  photocatalytic  activity  of  TiO2  for  degrading  gaseous  acetaldehyde  due  to  a
cooperative effect  of  trapping more gaseous molecules inside the channels  and multiple
reflection of incident light [157].
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Figure 7. (a) Schematic illustration of the three-channel tube fabrication system. The immiscible inner and outer fluids
were paraffin oil (red), and ethanol solution containing Ti(OiPr)4 and PVP (blue). The inset shows the outlet section of
the spinneret. (b) Side-view SEM image of sample after the organics have been removed. (c) Magnified SEM image of
tubes in which the channels were divided into three independent flabellate parts by a Y-shape inner ridge. (d) TEM
image of a three-channel tube; the individual channels of tube are straight and continuous [156].

3.4. Nanofibers with porous structures

Nanofibers with porous structures have excited immense interest because of their ultrahigh
surface area, and thus potential applications in filtration, absorption, fuel cell, catalysis, tissue
engineering, and sensors. Several methods have been reported for fabricating porous electro‐
spun nanofibers. In one method, phase separation was utilized to induce the formation of
porous nanostructures in the electrospinning process. For example, Bognitzki et al. prepared
porous polymer fibers of poly(L-lactic acid) (PLLA), PC, and polyvinylcarbazole by using
dichloromethane as solvent [158]. For PLLA fibers, the average pore size is in the order of 100
nm in width and 250 nm in length with the long axis being oriented along the fiber axis (Fig.
8). The fast evaporation of solvent gave rise to local phase separation, and the solvent-rich
regions transformed into pores during the electrospinning process. Rabolt’s group systemat‐
ically investigated the influence of polymer/solvent properties on the fiber surface morphology
[159]. A variety of solvents (tetrahydrofuran (THF), CS2, toluene, THF/DMF) with different
boiling points and vapor pressures were examined to prepare polystyrene (PS) fibers. It was
found that a very high density of pores were observed on PS fibers electrospun from THF,
while the microtexture and nanopores disappeared as substitution of THF with DMF. This
result indicated that the volatility of the solvent significantly influenced the pore formation.
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In addition to PS, the polymers including PMMA, PC, and PEO were also investigated. In
general, electrospun PMMA fibers from CHCl3 and THF exhibited a nanoporous surface
texture. PC fibers electrospun from CHCl3 showed elongated nanopores of about 100-250 nm,
while those formed from THF exhibited irregular-shaped micropores with diameters of about
20 µm. However, no nanopores were observed on electrospun PEO fibers under any process‐
ing conditions. They also investigated the effect of humidity and molecular weight on the
surface morphology of electrospun PS fibers from PS/THF solution [160]. They found that
increasing humidity caused an increase in the number, diameter, shape, and distribution of
the pores, and increasing the molecular weight of PS resulted in larger, less uniform shaped
pores. From these systematic studies, they ascribed the formation of porous surface morphol‐
ogy to the combinative effect of both phase separation and breath figure formation. Dayal and
co-workers studied experimentally and theoretically the formation of porous structures from
electrospinning of PMMA/CH2Cl2 and PS/THF systems [161]. They proposed that the porous
fibers were favored to form if the polymer/solvent system was partially miscible showing an
upper critical solution temperature (UCST) envelope at the electrospinning temperature,
especially if the solvent utilized were volatile and sensitive to moisture absorption. The pore
size depends on various factors such as surface energy and the solvent evaporation rates. With
the use of phase separation mechanism, ultrafine porous cellulose triacetate (CTA) fibers were
also prepared by electrospinning CTA dissolved in CH2Cl2 or a mixed solvent of CH2Cl2/
ethanol [162]. Similarly, PS fibers with micro- and nanoporous structures both in the core and/
or on the fiber surfaces were prepared in a single process by varying solvent compositions
(THF/DMF) and the concentration of PS solutions [163]. Porous polymer fibers of PLLA [164],
PAN [165], and cellulose acetate [166] were also prepared by electrospinning with appropriate
binary solvent system. The formation of porous structures was mainly due to the spinodal
decomposition phase separation occurred during the electrospinning process.

Figure 8. SEM micrographs of porous PLLA fibers obtained via electrospinning of a solution of PLLA in dichlorome‐
thane. a) Survey; b) Magnification [158].

In another method, porous nanofibers could be prepared by the selective removal of a
component from nanofibers made of a composite or blend material. For example, the structural
changes for fibers consisting of a PLA/PVP blend were investigated when one of the two
components was selectively removed [167]. It was found that porous nanofibers were obtained
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surface area, and thus potential applications in filtration, absorption, fuel cell, catalysis, tissue
engineering, and sensors. Several methods have been reported for fabricating porous electro‐
spun nanofibers. In one method, phase separation was utilized to induce the formation of
porous nanostructures in the electrospinning process. For example, Bognitzki et al. prepared
porous polymer fibers of poly(L-lactic acid) (PLLA), PC, and polyvinylcarbazole by using
dichloromethane as solvent [158]. For PLLA fibers, the average pore size is in the order of 100
nm in width and 250 nm in length with the long axis being oriented along the fiber axis (Fig.
8). The fast evaporation of solvent gave rise to local phase separation, and the solvent-rich
regions transformed into pores during the electrospinning process. Rabolt’s group systemat‐
ically investigated the influence of polymer/solvent properties on the fiber surface morphology
[159]. A variety of solvents (tetrahydrofuran (THF), CS2, toluene, THF/DMF) with different
boiling points and vapor pressures were examined to prepare polystyrene (PS) fibers. It was
found that a very high density of pores were observed on PS fibers electrospun from THF,
while the microtexture and nanopores disappeared as substitution of THF with DMF. This
result indicated that the volatility of the solvent significantly influenced the pore formation.
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In addition to PS, the polymers including PMMA, PC, and PEO were also investigated. In
general, electrospun PMMA fibers from CHCl3 and THF exhibited a nanoporous surface
texture. PC fibers electrospun from CHCl3 showed elongated nanopores of about 100-250 nm,
while those formed from THF exhibited irregular-shaped micropores with diameters of about
20 µm. However, no nanopores were observed on electrospun PEO fibers under any process‐
ing conditions. They also investigated the effect of humidity and molecular weight on the
surface morphology of electrospun PS fibers from PS/THF solution [160]. They found that
increasing humidity caused an increase in the number, diameter, shape, and distribution of
the pores, and increasing the molecular weight of PS resulted in larger, less uniform shaped
pores. From these systematic studies, they ascribed the formation of porous surface morphol‐
ogy to the combinative effect of both phase separation and breath figure formation. Dayal and
co-workers studied experimentally and theoretically the formation of porous structures from
electrospinning of PMMA/CH2Cl2 and PS/THF systems [161]. They proposed that the porous
fibers were favored to form if the polymer/solvent system was partially miscible showing an
upper critical solution temperature (UCST) envelope at the electrospinning temperature,
especially if the solvent utilized were volatile and sensitive to moisture absorption. The pore
size depends on various factors such as surface energy and the solvent evaporation rates. With
the use of phase separation mechanism, ultrafine porous cellulose triacetate (CTA) fibers were
also prepared by electrospinning CTA dissolved in CH2Cl2 or a mixed solvent of CH2Cl2/
ethanol [162]. Similarly, PS fibers with micro- and nanoporous structures both in the core and/
or on the fiber surfaces were prepared in a single process by varying solvent compositions
(THF/DMF) and the concentration of PS solutions [163]. Porous polymer fibers of PLLA [164],
PAN [165], and cellulose acetate [166] were also prepared by electrospinning with appropriate
binary solvent system. The formation of porous structures was mainly due to the spinodal
decomposition phase separation occurred during the electrospinning process.

Figure 8. SEM micrographs of porous PLLA fibers obtained via electrospinning of a solution of PLLA in dichlorome‐
thane. a) Survey; b) Magnification [158].

In another method, porous nanofibers could be prepared by the selective removal of a
component from nanofibers made of a composite or blend material. For example, the structural
changes for fibers consisting of a PLA/PVP blend were investigated when one of the two
components was selectively removed [167]. It was found that porous nanofibers were obtained
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after selective removal of PVP by water extraction or PLA by annealing at elevated tempera‐
tures when equal amount of the two polymers were loaded into the electrospinning solution.
However, the fibers remained compact without any alteration of the surface structure after
removing the minor component when another component was the major one in the composite
fibers. This morphological change was believed to result from the rapid phase separation and
rapid solidification in the electrospinning process. Porous inorganic nanofibers of TiO2 [55,
81], SiO2 [168-170], SnO2 [171, 172], NaYF4:Yb3, Er3@silica [173], and ZnCo2O4 [174] have been
fabricated by electrospinning the blend solutions of polymer and procursors, followed by
selective removal of the polymer component. Porous polymer fibers, such as PEI [175],
poly(glycolic acid) (PGA) [176], and PAN [177] were also prepared by electrospinning of a
blend solution, followed by thermal degradation or solvent extraction of another component.
Salts, such as GaCl3 and NaHCO3, were also introduced into the electospinning solution to
induce porous structures after the removal of the salts [178, 179].

Xia’s group reported a novel method to produce porous nanofibers by modifying the electro‐
spinning setup [180]. In this setup, the collector was immersed in a bath of liquid nitrogen.
Porous polymer fibers can be obtained through thermally induced phase separation (TIPS)
between the solvent-rich and solvent-poor regions in the fiber during electrospinning,
followed by removal of solvent in vacuum. PS fibers with ~1 µm in diameter were obtained
by using this method (Fig. 9A). Examination of the end of a broken fiber (inset) indicated that
the fiber was porous throughout. It should be noted that the fibers prepared by this method
had larger diameters than those prepared without the use of a liquid nitrogen bath. The reason
is that the fibers were collected with a smaller distance between the spinneret and the liquid
nitrogen (10 cm), which greatly weakened the size reduction caused by whipping and solvent
evaporation. This method could be extended to prepare porous fibers from a variety of
different polymers, such as PAN, PVDF, and PCL (Fig. 9B). Similarly, Pant et al. developed a
water-bath electrospinning setup, and highly porous PCL fibers were prepared by electro‐
spinning from pure PCL, and its blends with methoxy poly(ethylene glycol) (MPEG) [181]. A
simultaneous phase separation and dissolution of MPEG from electrospun PCL fibers caused
the formation of porous structure during water-bath electrospinning.

Figure 9. (A) SEM images of PS porous fibers prepared by electrospinning into liquid nitrogen, followed by drying in
vacuum. The inset is a SEM micrograph of the broken end of a fiber at a higher magnification, showing that the fiber
was porous throughout. (B) PCL fibers obtained by electrospinning into liquid nitrogen followed by drying in vacuum
[180].
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Porous carbonaceous materials have been widely used in gas storage, separation, purification,
or as catalyst carriers, electrode materials for fuel cells, and electrochemical double-layer
supercapacitors, because of their unique mechanical properties, heat resistance, chemical
inertness, etc. Porous carbon nanofibers could be prepared by the combination of electrospin‐
ning and post-spun treatment. For example, PAN-based carbon fibers with porous structures
have been fabricated by electrospinning the mixture solutions of PAN and other polymers,
followed by removal of the polymer and carbonization of the remaining PAN [177, 182, 183].
Kim et al. prepared porous carbon nanofibers by the electrospinning of PAN solution con‐
taining zinc chloride [184]. Zinc chloride trapped in the electrospun PAN nanofibers acted as
a dehydrating agent and thus enhanced the oxidation rate, affording a shortened stabilization
time. During carbonization process, zinc oxide was formed and acted as the catalyst for
creating micropores on the outer surface of carbon nanofibers by etching carbon atoms. Porous
structures were also produced on carbon nanofibers during the stabilization and carbonization
process by activation using chemical activation regents, such as zinc chloride [185], and KOH
[186], or activation using SiO2 nanoparticles [187-189].

3.5. Nanofibers with other secondary structures

In addition to the structures aforementioned, beaded, necklace-like, and ribbon nanofibers
could be prepared by adjusting the processing and solution parameters for electrospinning.
The beads formed in the electrospinning process were usually regarded as by-products, and
the formation mechanism was studied by several groups [190, 191]. It was found that the
viscoelasticity of the solution, charge density carried by the jet, and the surface tension of the
solution were the key factors that influence the formation of the beaded fibers. Jin et al.
fabricated necklace-like structure via electrospinning aqueous solution of PVA and SiO2

particles [192]. The results indicated that the diameter of SiO2 particles, the weight ratio of PVA
to SiO2, the voltage, and the relative content of PVA/SiO2/H2O greatly influenced the mor‐
phology of electrospun fibers. Especially, the diameter of SiO2 particles greatly influenced the
morphology of produced fibers. For example, SiO2 particles with diameter of 143 nm tended
to aggregate into bunches in the fibers, while 265 and 910 nm SiO2 particles tended to align
along the fibers one by one, resembling necklaces. In addition to round nanofibers, electro‐
spinning a polymer solution can produce thin fibers with a variety of cross-sectional shapes.
Koombhongse and co-workers studied a series of polymer solutions, and various shaped fibers
were observed, including branched fibers, flat ribbons, ribbons with other shapes, and fibers
that were split longitudinally from larger fibers [193]. In the electrospinning process, a thin
polymer skin was formed due to the rapid evaporation of the solvent. Following the escape of
solvent inside the fibers, tube-like fibers were formed, which collapsed due to atmospheric
pressure to create ribbon-like fibers. Branched fibers were formed by the ejection of smaller
jets from the surface of the primary jets, while split fibers were obtained by the separation of
a primary jet into two smaller jets. They proposed that fluid mechanical effects, electrical charge
carried with the jet, and evaporation of the solvent all contributed to the formation of these
special shaped fibers.
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after selective removal of PVP by water extraction or PLA by annealing at elevated tempera‐
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selective removal of the polymer component. Porous polymer fibers, such as PEI [175],
poly(glycolic acid) (PGA) [176], and PAN [177] were also prepared by electrospinning of a
blend solution, followed by thermal degradation or solvent extraction of another component.
Salts, such as GaCl3 and NaHCO3, were also introduced into the electospinning solution to
induce porous structures after the removal of the salts [178, 179].

Xia’s group reported a novel method to produce porous nanofibers by modifying the electro‐
spinning setup [180]. In this setup, the collector was immersed in a bath of liquid nitrogen.
Porous polymer fibers can be obtained through thermally induced phase separation (TIPS)
between the solvent-rich and solvent-poor regions in the fiber during electrospinning,
followed by removal of solvent in vacuum. PS fibers with ~1 µm in diameter were obtained
by using this method (Fig. 9A). Examination of the end of a broken fiber (inset) indicated that
the fiber was porous throughout. It should be noted that the fibers prepared by this method
had larger diameters than those prepared without the use of a liquid nitrogen bath. The reason
is that the fibers were collected with a smaller distance between the spinneret and the liquid
nitrogen (10 cm), which greatly weakened the size reduction caused by whipping and solvent
evaporation. This method could be extended to prepare porous fibers from a variety of
different polymers, such as PAN, PVDF, and PCL (Fig. 9B). Similarly, Pant et al. developed a
water-bath electrospinning setup, and highly porous PCL fibers were prepared by electro‐
spinning from pure PCL, and its blends with methoxy poly(ethylene glycol) (MPEG) [181]. A
simultaneous phase separation and dissolution of MPEG from electrospun PCL fibers caused
the formation of porous structure during water-bath electrospinning.

Figure 9. (A) SEM images of PS porous fibers prepared by electrospinning into liquid nitrogen, followed by drying in
vacuum. The inset is a SEM micrograph of the broken end of a fiber at a higher magnification, showing that the fiber
was porous throughout. (B) PCL fibers obtained by electrospinning into liquid nitrogen followed by drying in vacuum
[180].
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a dehydrating agent and thus enhanced the oxidation rate, affording a shortened stabilization
time. During carbonization process, zinc oxide was formed and acted as the catalyst for
creating micropores on the outer surface of carbon nanofibers by etching carbon atoms. Porous
structures were also produced on carbon nanofibers during the stabilization and carbonization
process by activation using chemical activation regents, such as zinc chloride [185], and KOH
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In addition to the structures aforementioned, beaded, necklace-like, and ribbon nanofibers
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The beads formed in the electrospinning process were usually regarded as by-products, and
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viscoelasticity of the solution, charge density carried by the jet, and the surface tension of the
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fabricated necklace-like structure via electrospinning aqueous solution of PVA and SiO2

particles [192]. The results indicated that the diameter of SiO2 particles, the weight ratio of PVA
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4. Application of electrospun nanofibers in electrochemical sensors

Electrospun nanofibers are featured with small diameter, extremely long length, high surface
area and complex pore structure. As mentioned above, electrospinning has been applied to
fabricate nanofibers with various compositions and secondary structures. These electrospun
nanofibers readily assemble into three-dimensional membranes, which characterized as high
porosity, interconnectivity, and a large surface-to-volume ratio, makes electrospun nanoma‐
terials highly attractive to different applications, including sensors. Several reviews on the
application of electrospun nanofibers in constructing sensors with different read-out mode
and for different target were published in past several years [7-9, 194, 195]. Among various
read-out modes, electrochemical read-out has attracted remarkable attentions in the ultrasen‐
sitive detection due to its high sensitivity and selectivity, inexpensive equipment and easy
miniaturization. Various electrospun nanofibers, including polymer nanofibers, composite
nanofibers, and metal or metal oxide nanofibers, have been used to prepare electrochemical
sensors for a wide range of analytes. A summary of electrochemical sensors based on electro‐
spun nanomaterials is illustrated in Table 1.

Materials

Fiber

diameter

(nm)

Analytes
Detection

potential (V)

Linear Rang

(μM)

Limit of

Detection

(μM)

Ref.

PVA 70-250 glucose 0.65 1000-10000 50 [40]

PVA/F108/AuNPs/Lac ~

4-CP

2,4-DCP

2,4,6-TCP

0.0

-0.15

0.1

1-25

1-25

1-25

12.09

2.70

9.33

[196]

nylon-6 95(RSD 27%) glucose ~ 1000-10000 6 [197]

nylon-6 ~ glucose 0.70 1000-9000 2.5 [198]

nylon-6 ~ glucose 0.50 1000-10000 6 [199]

nylon-6 ~ pyrocatechol -0.2 ~100 0.05 [200]

PMMA/PANi-

Aunano

400-500
superoxide anion

(O2˙ˉ)
0.3 ~ 0.3 [201]

Pt/PANi ~ urea -0.1 ~20000 10 [202]

DNA/SWNT/PEO 50-300 glucose 0.5 ~20000 [203]

PANCAA

MWNT/PANCAA

~

~

glucose

glucose

0.8

0.8

0-7000

0-7000

557

668
[204]

PVDF/PAPBA 150 glucose 0.04 100-1600 [205]

nylon-6 140±15 cysteine 0.3 100-400 15 [206]

P2W18/PVA ~500 nitrite -0.2 100-1500 0.96 [207]

CNF 200-500 NADH 0.45 0.02-11.47 0.02 [208]
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Materials

Fiber

diameter

(nm)

Analytes
Detection

potential (V)

Linear Rang

(μM)

Limit of

Detection

(μM)

Ref.

CNF 200-500

DA

UA

AA

0.376

0.475

0.200

0.04-5.6

0.8-16.8

2-64

0.04

0.2

2

[209]

CNF 200-400

L-tryptophan

L-tyrosine

L-cysteine

0.9

0.8

0.75

0.1-119

0.2-107

0.15-64

0.1

0.1

0.1

[210]

CNF 200-400 xanthine 0.85 0.03-21.19 0.02 [211]

CNF 400-600
catechol

hydroquinone

~

~

1-200

1-200

0.2

0.4
[212]

CNF 100±25 glucose 0.2 ~ ~ [213]

Pd/CNF 200-500
H2O2

NADH

-0.2

0.5

0.2-20000

0.2-716.6

0.2

0.2
[214]

Pd/CNF 200-500

DA

UA

AA

0.402

0.550

0.158

0.5-160

2-200

50-4000

0.2

0.7

15

[215]

Pd/CNF 200-500 hydrazine -0.32 10-4000 2.9 [216]

Pd/CNF 300-500 oxalic acid 1.07
200-13000

13000-45000
200 [217]

Ni/CNF 200-400 glucose 0.6 2 -2500 1 [218]

Ni/CNF 200-400 ethanol 0.55 250-87500 250 [219]

Rh/CNF 300-500 hydrazine 0.4 0.5-175 0.3 [220]

Pt/CNF 200-500 H2O2 0.0 1-800 0.6 [221]

ZnO 195-350 glucose 0.8 250-19000 1 [222]

Mn2O3-Ag ~ glucose -0.45 ~1100 1.73 [223]

Au 990±490 fructose 0.2 100-3000 11.7 [224]

Co3O4 105 ±10 glucose 0.59 ~2040 0.97 [225]

CuO 90-240 glucose 0.4 6-2500 0.8 [226]

CuO ~2 μm glucose 0.4 0.2 -600 0.0022 [227]

NiO 10 μm glucose 0.5 1-270 0.033 [228]

Pd-CuO 90-140 glucose 0.35 0.2-2500 0.019 [229]

NiO-Ag 82.1± 13.8 glucose
0.1

0.6

~590

~2630

1.37

0.72
[230]

NiO-Au
width 580

±44,
glucose

0.2

0.6

~2790

~4550

0.65

1.32
[231]
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4. Application of electrospun nanofibers in electrochemical sensors

Electrospun nanofibers are featured with small diameter, extremely long length, high surface
area and complex pore structure. As mentioned above, electrospinning has been applied to
fabricate nanofibers with various compositions and secondary structures. These electrospun
nanofibers readily assemble into three-dimensional membranes, which characterized as high
porosity, interconnectivity, and a large surface-to-volume ratio, makes electrospun nanoma‐
terials highly attractive to different applications, including sensors. Several reviews on the
application of electrospun nanofibers in constructing sensors with different read-out mode
and for different target were published in past several years [7-9, 194, 195]. Among various
read-out modes, electrochemical read-out has attracted remarkable attentions in the ultrasen‐
sitive detection due to its high sensitivity and selectivity, inexpensive equipment and easy
miniaturization. Various electrospun nanofibers, including polymer nanofibers, composite
nanofibers, and metal or metal oxide nanofibers, have been used to prepare electrochemical
sensors for a wide range of analytes. A summary of electrochemical sensors based on electro‐
spun nanomaterials is illustrated in Table 1.
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[204]
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P2W18/PVA ~500 nitrite -0.2 100-1500 0.96 [207]

CNF 200-500 NADH 0.45 0.02-11.47 0.02 [208]
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DA

UA

AA

0.376

0.475

0.200

0.04-5.6

0.8-16.8

2-64

0.04

0.2

2

[209]

CNF 200-400

L-tryptophan

L-tyrosine

L-cysteine

0.9

0.8

0.75

0.1-119

0.2-107

0.15-64

0.1

0.1

0.1

[210]

CNF 200-400 xanthine 0.85 0.03-21.19 0.02 [211]

CNF 400-600
catechol

hydroquinone

~

~

1-200

1-200

0.2

0.4
[212]

CNF 100±25 glucose 0.2 ~ ~ [213]

Pd/CNF 200-500
H2O2

NADH

-0.2

0.5

0.2-20000

0.2-716.6

0.2

0.2
[214]

Pd/CNF 200-500

DA

UA

AA

0.402

0.550

0.158

0.5-160

2-200

50-4000

0.2

0.7

15

[215]

Pd/CNF 200-500 hydrazine -0.32 10-4000 2.9 [216]

Pd/CNF 300-500 oxalic acid 1.07
200-13000

13000-45000
200 [217]

Ni/CNF 200-400 glucose 0.6 2 -2500 1 [218]

Ni/CNF 200-400 ethanol 0.55 250-87500 250 [219]

Rh/CNF 300-500 hydrazine 0.4 0.5-175 0.3 [220]

Pt/CNF 200-500 H2O2 0.0 1-800 0.6 [221]

ZnO 195-350 glucose 0.8 250-19000 1 [222]

Mn2O3-Ag ~ glucose -0.45 ~1100 1.73 [223]

Au 990±490 fructose 0.2 100-3000 11.7 [224]

Co3O4 105 ±10 glucose 0.59 ~2040 0.97 [225]

CuO 90-240 glucose 0.4 6-2500 0.8 [226]

CuO ~2 μm glucose 0.4 0.2 -600 0.0022 [227]

NiO 10 μm glucose 0.5 1-270 0.033 [228]

Pd-CuO 90-140 glucose 0.35 0.2-2500 0.019 [229]

NiO-Ag 82.1± 13.8 glucose
0.1

0.6

~590

~2630

1.37

0.72
[230]

NiO-Au
width 580

±44,
glucose

0.2

0.6

~2790

~4550

0.65

1.32
[231]
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Materials

Fiber

diameter

(nm)

Analytes
Detection

potential (V)

Linear Rang

(μM)

Limit of

Detection

(μM)

Ref.

thickness 60

±21

NiO-Pt 214±77 glucose 0.6 ~3670 0.313 [232]

CuO-NiO 10 μm glucose 0.5 3-510 0.001 [233]

NiO-CdO ~ glucose 0.6 ~6370 0.35 [234]

Mn2O3 105 hydrazine 0.6 ~644 0.3 [235]

CuO/Co3O4 150-350 fructose 0.3 10-6000 3 [236]

Hb

width

~2.5μm,

thickness

~600 nm

nitrite

H2O2

-0.65

-0.377

~4500

~27

0.47

0.61
[237]

SWNTs-Hb

width

~2.5μm,

thickness

~600 nm

TCA

nitrite

H2O2

-0.65

-0.65

-0.364

12-108

~207

~27.3

2.41

0.30

0.22

[238]

TiO2-Pt 72.61±15.04 hydrazine 0.5 ~1030 0.142 [239]

SiO2@Au ~ H2O2 -0.4 5-1000 2 [240]

Table 1. Electrospun nanofibers based electrochemical sensors.

Abbreviations in the table: PVA: poly(vinyl alcohol); F108: PEO-PPO-PEO; Lac: laccase; 4-CP:
4-chlorophenol; 2, 4-DCP: 2, 4-dichlorophenol; 2, 4, 6-TCP: 2, 4, 6-trichlorophenol; PMMA:
Poly(methyl methacrylate); PANi: polyaniline; PEO: poly(ethylene oxide); PANCAA:
poly(acrylonitrile-co-acrylic acid); SWNT: Single-walled carbon nanotube; MWNT: Multi-
walled carbon nanotube; PVDF: poly(vinylidene fluoride); PAPBA: poly(aminophenyl boronic
acid); P2W18: α-K6[P2W18O62] 14H2O; CNF: carbon nanofiber; Hb: hemoglobin; TCA: trichloro‐
acetic acid.

4.1. Polymer nanofibers based electrochemical sensors

Since the first enzyme-based electrochemical biosensor was proposed by Clark and Lyons
[241], numerous efforts have been afforded in this direction because of the simplicity and high
selectivity of enzyme electrodes. The immobilization of enzymes on a suitable matrix and their
stability are important factors in the fabrication of biosensors. Several methods have been
developed for immobilization of enzymes, including physical adsorption, cross-linking, self-
assembly, as well as entrapment in polymers or sol-gels. Due to the merits of high specific
surface area and porous structure, electrospun polymer fibers would be a promising biocom‐
patible material for enzyme immobilization [1]. For example, Ren and co-workers prepared a
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glucose biosensor by electrospinning a solution of glucose oxidase (GOx) and PVA, and
directly collecting the fibers on a electrode [40]. Then GOx was immobilized by cross-linking
the electrospun PVA/GOx composite membranes with glutaraldehyde. The immobilized GOx
remained active inside the electrospun PVA fibrous membranes after the harsh process of
electrospinning. The apparent Michaelis-Menten constant (KM

app) for this biosensor was
determined to be 23.66 mM. Liu et al. developed laccase (Lac) biosensor for the determination
of phenolic compounds by in situ electrospinning of a mixture of PVA, Lac, PEO-PPO-PEO
(F108) and Au nanoparticles, where F108 was used as an enzyme stabilizing additive and Au
NPs were used to enhance the conductivity of the biosensor [196]. Under the optimal condi‐
tions, the biosensor showed a sensitivity following the order of 2, 4-dichlorophenol (2, 4-DCP)
> 2, 4, 6-trichlorophenol (2, 4, 6-TCP) > 4-chlorophenol (4-CP). The obtained KM

app values were
426.06, 9.41 and 73.36 µM for 4-CP, 2, 4-DCP and 2, 4, 6-TCP, respectively. The results indicated
that Lac encapsulated into electrospun nanofibers retained its high catalytic activity. The
sensing performance of this biosensor was attributed to the suitable electrochemical interface
(e.g. biocompatibility, high surface area-to-volume ratio and superior mechanical properties)
of PVA/F108/Au NPs/Lac.

Figure 10. (A) Schematic picture of the nylon nanofibrous biosensing unit coupled with a glassy carbon electrode. Al‐
so shown a scanning electron microscopy detail of the nanofibrous structure. (B) Response current of nylon nanofiber-
based glucose biosensors after the addition of glucose (1 mM each). Detection potential, + 0.5 V vs. Ag/AgCl.
Supporting electrolyte, 0.1 M PBS (pH 6.5) containing 0.1 mM ferrocene methanol. Inset (bottom-right) shows the cor‐
responding calibration plot. Inset (top-left) shows the catalyzed electrochemical oxidation of glucose mediated by fer‐
rocene methanol, where curve a and b are the cyclic voltammograms (CVs) of the blank and of the ferrocene
methanol (0.1 mM) in the absence of glucose. Other CVs are obtained upon addition of glucose from 5 to 100 mM. In
all the CVs, scan rate=0.02 V s-1; 0.1 M PBS (pH 6.5) [199].

In addition to the direct incorporation of enzyme into polymer nanofibers, post-spun modifi‐
cation is a widely used method for constructing enzyme-based biosensors. Mannino’s group
developed glucose biosensors by using electrospun nylon-6 nanofibrous membranes (NFM)
as the enzyme immobilization matrix [197-199]. A piece of NFM was placed over the electrode
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Fiber

diameter

(nm)

Analytes
Detection

potential (V)

Linear Rang

(μM)

Limit of

Detection

(μM)

Ref.

thickness 60

±21

NiO-Pt 214±77 glucose 0.6 ~3670 0.313 [232]

CuO-NiO 10 μm glucose 0.5 3-510 0.001 [233]

NiO-CdO ~ glucose 0.6 ~6370 0.35 [234]

Mn2O3 105 hydrazine 0.6 ~644 0.3 [235]

CuO/Co3O4 150-350 fructose 0.3 10-6000 3 [236]

Hb

width

~2.5μm,

thickness

~600 nm

nitrite

H2O2

-0.65

-0.377

~4500

~27

0.47

0.61
[237]

SWNTs-Hb

width

~2.5μm,

thickness

~600 nm

TCA

nitrite

H2O2

-0.65

-0.65

-0.364

12-108

~207

~27.3

2.41

0.30

0.22

[238]

TiO2-Pt 72.61±15.04 hydrazine 0.5 ~1030 0.142 [239]

SiO2@Au ~ H2O2 -0.4 5-1000 2 [240]

Table 1. Electrospun nanofibers based electrochemical sensors.

Abbreviations in the table: PVA: poly(vinyl alcohol); F108: PEO-PPO-PEO; Lac: laccase; 4-CP:
4-chlorophenol; 2, 4-DCP: 2, 4-dichlorophenol; 2, 4, 6-TCP: 2, 4, 6-trichlorophenol; PMMA:
Poly(methyl methacrylate); PANi: polyaniline; PEO: poly(ethylene oxide); PANCAA:
poly(acrylonitrile-co-acrylic acid); SWNT: Single-walled carbon nanotube; MWNT: Multi-
walled carbon nanotube; PVDF: poly(vinylidene fluoride); PAPBA: poly(aminophenyl boronic
acid); P2W18: α-K6[P2W18O62] 14H2O; CNF: carbon nanofiber; Hb: hemoglobin; TCA: trichloro‐
acetic acid.

4.1. Polymer nanofibers based electrochemical sensors

Since the first enzyme-based electrochemical biosensor was proposed by Clark and Lyons
[241], numerous efforts have been afforded in this direction because of the simplicity and high
selectivity of enzyme electrodes. The immobilization of enzymes on a suitable matrix and their
stability are important factors in the fabrication of biosensors. Several methods have been
developed for immobilization of enzymes, including physical adsorption, cross-linking, self-
assembly, as well as entrapment in polymers or sol-gels. Due to the merits of high specific
surface area and porous structure, electrospun polymer fibers would be a promising biocom‐
patible material for enzyme immobilization [1]. For example, Ren and co-workers prepared a
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glucose biosensor by electrospinning a solution of glucose oxidase (GOx) and PVA, and
directly collecting the fibers on a electrode [40]. Then GOx was immobilized by cross-linking
the electrospun PVA/GOx composite membranes with glutaraldehyde. The immobilized GOx
remained active inside the electrospun PVA fibrous membranes after the harsh process of
electrospinning. The apparent Michaelis-Menten constant (KM

app) for this biosensor was
determined to be 23.66 mM. Liu et al. developed laccase (Lac) biosensor for the determination
of phenolic compounds by in situ electrospinning of a mixture of PVA, Lac, PEO-PPO-PEO
(F108) and Au nanoparticles, where F108 was used as an enzyme stabilizing additive and Au
NPs were used to enhance the conductivity of the biosensor [196]. Under the optimal condi‐
tions, the biosensor showed a sensitivity following the order of 2, 4-dichlorophenol (2, 4-DCP)
> 2, 4, 6-trichlorophenol (2, 4, 6-TCP) > 4-chlorophenol (4-CP). The obtained KM

app values were
426.06, 9.41 and 73.36 µM for 4-CP, 2, 4-DCP and 2, 4, 6-TCP, respectively. The results indicated
that Lac encapsulated into electrospun nanofibers retained its high catalytic activity. The
sensing performance of this biosensor was attributed to the suitable electrochemical interface
(e.g. biocompatibility, high surface area-to-volume ratio and superior mechanical properties)
of PVA/F108/Au NPs/Lac.

Figure 10. (A) Schematic picture of the nylon nanofibrous biosensing unit coupled with a glassy carbon electrode. Al‐
so shown a scanning electron microscopy detail of the nanofibrous structure. (B) Response current of nylon nanofiber-
based glucose biosensors after the addition of glucose (1 mM each). Detection potential, + 0.5 V vs. Ag/AgCl.
Supporting electrolyte, 0.1 M PBS (pH 6.5) containing 0.1 mM ferrocene methanol. Inset (bottom-right) shows the cor‐
responding calibration plot. Inset (top-left) shows the catalyzed electrochemical oxidation of glucose mediated by fer‐
rocene methanol, where curve a and b are the cyclic voltammograms (CVs) of the blank and of the ferrocene
methanol (0.1 mM) in the absence of glucose. Other CVs are obtained upon addition of glucose from 5 to 100 mM. In
all the CVs, scan rate=0.02 V s-1; 0.1 M PBS (pH 6.5) [199].

In addition to the direct incorporation of enzyme into polymer nanofibers, post-spun modifi‐
cation is a widely used method for constructing enzyme-based biosensors. Mannino’s group
developed glucose biosensors by using electrospun nylon-6 nanofibrous membranes (NFM)
as the enzyme immobilization matrix [197-199]. A piece of NFM was placed over the electrode
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surface and secured with an o-ring (Fig. 10A). The highly porous morphology of the NFM
allowed the analytes to diffuse toward the transducer, while the proteins might be retained by
physical or chemical bonding with its large available surface. With the presence of mediator
(ferrocene methanol) in the detection cell, a linear current response of this biosensor was
obtained in the range of 1-10 mM, with detection limit of micromole-level (Fig. 10B). The KM

app

value for the immobilized GOx was 17 mM, which was greater than that obtained for homo‐
geneous enzyme catalysis, but was comparable to that of GOx covalently bound to nylon [199].
These results indicated that this NFM provided favorable environment for the immobilization
of GOx enzyme. Additionally, the nylon nanofibers membrane was also used to immobilize
tyrosinase and construct an amperometric biosensor for the detection of phenolic compounds
[200]. This biosensor showed excellent performance in respect to sensitivity, selectivity and
reproducibility. Santhosh et al. developed an electrochemical sensor for the detection of
superoxide anion (O2˙ˉ) based on Au nanoparticles loaded PMMA-polyaniline (PANi) core-
shell electrospun nanofiber membrane [201]. This membrane provided high surface area and
porous structure for effective immobilization of superoxide dismutase (SOD), as well as
offered excellent biocompatible microenvironment for SOD. Direct electron transfer was
achieved between SOD and the electrode with an electron transfer rate constant of 8.93 s-1. Jia
et al. prepared a urea biosensor based on Pt nanoflower/PANi nanofibers [202]. PANi nano‐
fibers were prepared by in situ polymerization of aniline on an electrospun PAN nanofiber
template in an acidic solution with ammonium persulfate as the oxidant. Pt nanoflowers were
further electrodeposited onto the PANi nanofibers backbone by cyclic voltammetry. Then,
urease was physically adsorbed on the Pt/PANi modified electrode, followed with Nafion
entrapment. This biosensor was applied for the sensitive urea detection in a flow injection
analysis (FIA) system.

Carbon nanotubes (CNTs) have become the subject of intense investigation due to their
remarkable electrical, chemical, mechanical and structural properties. Recent studies have
demonstrated that CNT could greatly promote the electron-transfer reaction of proteins [242].
Therefore, CNT-filled electrospun nanofibers as matrix for the immobilization of enzyme are
expected to further improve the analytical performance of enzyme electrode. Liu et al.
prepared CNT-filled composite nanofibers by electrospinning DNA/SWNT/PEO blended
suspension [203]. The noncovalent binding of DNA to the sidewalls of SWNTs was used to
highly disperse SWNTs in the solution. The DNA/SWNT/PEO composite nanofibers were
deposited on Pt-coated glass slides, and then directly used as substrate electrode for immobi‐
lization of GOx. This biosensor displayed the direct electrochemistry of GOx, suggesting that
GOx immobilized on the nanofibers still maintained its electrochemical properties and the
composite nanofibers promoted the electron transfer between the electrode and the redox
center of enzyme. Nanofibrous membranes filled with multiwalled carbon nanotube (MWNT)
were also electrospun from the mixture of poly(acrylonitrile-co-acrylic acid) (PANCAA) and
MWNTs [204]. These nanofibrous membranes were directly deposited on Pt electrodes for the
fabrication of glucose biosensors. Glucose oxidase (GOx) was covalently immobilized on the
membranes through the activation of carboxyl groups on the PANCAA nanofiber surface.
Compared with PANCAA nanofiber membrane, MWNT-filled PANCAA nanofiber mem‐
brane enhanced the maximum current response, while the electrode response time was
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delayed. The MWNT filling also increased the KM
app value, indicating that the secondary

structure of immobilized GOx was disturbed.

Although good selectivity and high sensitivity were obtained with these enzyme-based
biosensors, inevitable drawbacks such as the chemical and thermal instabilities originated
from the intrinsic nature of enzymes as well as the tedious fabrication procedures might limit
their analytical applications. Therefore, it is desirable to develop sensitive and selective non-
enzymatic sensors. Manesh et al. prepared a non-enzymatic glucose sensor based on the
composite electrospun nanofibrous membrane of PVDF and poly(aminophenyl boronic acid)
(PAPBA), which was collected on indium tin oxide (ITO) glass plate [205]. The smaller size of
PVDF/PAPBA nanofibers provided a large number of active sites for sensing action and the
boronic acid groups in PAPBA were the sources for the preferential selectivity and sensing of
glucose. The sensor retained 90% of the original activity after 50 days repeated usage and
storage at 4 ℃, indicating an excellent long-term stability.

Scampicchio et al. studied the protective properties of nylon-6 nanofiber membrane against
fouling and passivation of the carbon working electrode [243]. For example, the polyphenols
oxidation usually results in the severe passivation of carbon electrode due to the adsorption
of analytes or reaction intermediates. However, no voltammetric waves appeared at the
nylon-6 nanofiber membrane coated electrode for the flavonoids (quercetin, myricetin and
cathechin) oxidation. On the contrary, when phenol acids (caffeic, synapic, syringic, vanillic
and gallic acid) were used, their typical oxidation waves emerged. Therefore, nylon-6 nano‐
fiber membrane could be used as a selective barrier to preserve the active surface of the
electrode from passivation of flavonoids and to construct sensors with high selectivity.
Furthermore, this protective nylon-6 nanofiber membrane was used to adsorb MWNTs and
construct a sensor for the electrochemical detection of sulfhydryl compounds [206]. The
membrane was easily peeled off, leaving the bare electrode surface back to its original
electrochemical behaviour. Preliminary experiments indicated that the membrane coating
protected the bare electrode from the passivation occurred during oxidation of cysteine. Cao
and co-workers prepared a nitrite sensor based on polyoxometalate hybrid nanofibers, which
was fabricated by electrospinning of a mixture of PVA and α-K6[P2W18O62] 14H2O (P2W18) onto
the surface of an ITO electrode [207]. After thermal crosslinking at 135 ℃ for 24 hours, the
P2W18 hybrid nanofibers were insoluble in aqueous solutions even after a period of 24 hours,
which ensured the electrochemical stability of the hybrid nanofiber-modified ITO electrode.
This P2W18 hybrid nanofiber modified electrode presented excellent electrocatalytic activity
toward the reduction of nitrite, which could be attributed to the large electroactive surface area
of the P2W18 hybrid nanofibers.

4.2. Carbon nanofiber based electrochemical sensors

Carbon nanofibers (CNFs), a unique 1D carbon nanomaterial, have attracted great interests
due to their high mechanical strength and excellent electric properties similar to carbon
nanotubes (CNTs), but larger surface-active groups-to-volume ratio than that of the glassy-
like surface of CNTs [244]. CNFs can be used as immobilization matrixes for biomolecules,
while at the same time they can relay the electrochemical signal acting as transducers.
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surface and secured with an o-ring (Fig. 10A). The highly porous morphology of the NFM
allowed the analytes to diffuse toward the transducer, while the proteins might be retained by
physical or chemical bonding with its large available surface. With the presence of mediator
(ferrocene methanol) in the detection cell, a linear current response of this biosensor was
obtained in the range of 1-10 mM, with detection limit of micromole-level (Fig. 10B). The KM

app

value for the immobilized GOx was 17 mM, which was greater than that obtained for homo‐
geneous enzyme catalysis, but was comparable to that of GOx covalently bound to nylon [199].
These results indicated that this NFM provided favorable environment for the immobilization
of GOx enzyme. Additionally, the nylon nanofibers membrane was also used to immobilize
tyrosinase and construct an amperometric biosensor for the detection of phenolic compounds
[200]. This biosensor showed excellent performance in respect to sensitivity, selectivity and
reproducibility. Santhosh et al. developed an electrochemical sensor for the detection of
superoxide anion (O2˙ˉ) based on Au nanoparticles loaded PMMA-polyaniline (PANi) core-
shell electrospun nanofiber membrane [201]. This membrane provided high surface area and
porous structure for effective immobilization of superoxide dismutase (SOD), as well as
offered excellent biocompatible microenvironment for SOD. Direct electron transfer was
achieved between SOD and the electrode with an electron transfer rate constant of 8.93 s-1. Jia
et al. prepared a urea biosensor based on Pt nanoflower/PANi nanofibers [202]. PANi nano‐
fibers were prepared by in situ polymerization of aniline on an electrospun PAN nanofiber
template in an acidic solution with ammonium persulfate as the oxidant. Pt nanoflowers were
further electrodeposited onto the PANi nanofibers backbone by cyclic voltammetry. Then,
urease was physically adsorbed on the Pt/PANi modified electrode, followed with Nafion
entrapment. This biosensor was applied for the sensitive urea detection in a flow injection
analysis (FIA) system.

Carbon nanotubes (CNTs) have become the subject of intense investigation due to their
remarkable electrical, chemical, mechanical and structural properties. Recent studies have
demonstrated that CNT could greatly promote the electron-transfer reaction of proteins [242].
Therefore, CNT-filled electrospun nanofibers as matrix for the immobilization of enzyme are
expected to further improve the analytical performance of enzyme electrode. Liu et al.
prepared CNT-filled composite nanofibers by electrospinning DNA/SWNT/PEO blended
suspension [203]. The noncovalent binding of DNA to the sidewalls of SWNTs was used to
highly disperse SWNTs in the solution. The DNA/SWNT/PEO composite nanofibers were
deposited on Pt-coated glass slides, and then directly used as substrate electrode for immobi‐
lization of GOx. This biosensor displayed the direct electrochemistry of GOx, suggesting that
GOx immobilized on the nanofibers still maintained its electrochemical properties and the
composite nanofibers promoted the electron transfer between the electrode and the redox
center of enzyme. Nanofibrous membranes filled with multiwalled carbon nanotube (MWNT)
were also electrospun from the mixture of poly(acrylonitrile-co-acrylic acid) (PANCAA) and
MWNTs [204]. These nanofibrous membranes were directly deposited on Pt electrodes for the
fabrication of glucose biosensors. Glucose oxidase (GOx) was covalently immobilized on the
membranes through the activation of carboxyl groups on the PANCAA nanofiber surface.
Compared with PANCAA nanofiber membrane, MWNT-filled PANCAA nanofiber mem‐
brane enhanced the maximum current response, while the electrode response time was
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delayed. The MWNT filling also increased the KM
app value, indicating that the secondary

structure of immobilized GOx was disturbed.

Although good selectivity and high sensitivity were obtained with these enzyme-based
biosensors, inevitable drawbacks such as the chemical and thermal instabilities originated
from the intrinsic nature of enzymes as well as the tedious fabrication procedures might limit
their analytical applications. Therefore, it is desirable to develop sensitive and selective non-
enzymatic sensors. Manesh et al. prepared a non-enzymatic glucose sensor based on the
composite electrospun nanofibrous membrane of PVDF and poly(aminophenyl boronic acid)
(PAPBA), which was collected on indium tin oxide (ITO) glass plate [205]. The smaller size of
PVDF/PAPBA nanofibers provided a large number of active sites for sensing action and the
boronic acid groups in PAPBA were the sources for the preferential selectivity and sensing of
glucose. The sensor retained 90% of the original activity after 50 days repeated usage and
storage at 4 ℃, indicating an excellent long-term stability.

Scampicchio et al. studied the protective properties of nylon-6 nanofiber membrane against
fouling and passivation of the carbon working electrode [243]. For example, the polyphenols
oxidation usually results in the severe passivation of carbon electrode due to the adsorption
of analytes or reaction intermediates. However, no voltammetric waves appeared at the
nylon-6 nanofiber membrane coated electrode for the flavonoids (quercetin, myricetin and
cathechin) oxidation. On the contrary, when phenol acids (caffeic, synapic, syringic, vanillic
and gallic acid) were used, their typical oxidation waves emerged. Therefore, nylon-6 nano‐
fiber membrane could be used as a selective barrier to preserve the active surface of the
electrode from passivation of flavonoids and to construct sensors with high selectivity.
Furthermore, this protective nylon-6 nanofiber membrane was used to adsorb MWNTs and
construct a sensor for the electrochemical detection of sulfhydryl compounds [206]. The
membrane was easily peeled off, leaving the bare electrode surface back to its original
electrochemical behaviour. Preliminary experiments indicated that the membrane coating
protected the bare electrode from the passivation occurred during oxidation of cysteine. Cao
and co-workers prepared a nitrite sensor based on polyoxometalate hybrid nanofibers, which
was fabricated by electrospinning of a mixture of PVA and α-K6[P2W18O62] 14H2O (P2W18) onto
the surface of an ITO electrode [207]. After thermal crosslinking at 135 ℃ for 24 hours, the
P2W18 hybrid nanofibers were insoluble in aqueous solutions even after a period of 24 hours,
which ensured the electrochemical stability of the hybrid nanofiber-modified ITO electrode.
This P2W18 hybrid nanofiber modified electrode presented excellent electrocatalytic activity
toward the reduction of nitrite, which could be attributed to the large electroactive surface area
of the P2W18 hybrid nanofibers.

4.2. Carbon nanofiber based electrochemical sensors

Carbon nanofibers (CNFs), a unique 1D carbon nanomaterial, have attracted great interests
due to their high mechanical strength and excellent electric properties similar to carbon
nanotubes (CNTs), but larger surface-active groups-to-volume ratio than that of the glassy-
like surface of CNTs [244]. CNFs can be used as immobilization matrixes for biomolecules,
while at the same time they can relay the electrochemical signal acting as transducers.

Electrospun Nanofibers: From Rational Design, Fabrication to Electrochemical Sensing Applications
http://dx.doi.org/10.5772/57099

55



Therefore, a great number of CNF-based sensors or biosensors have been developed [245]. In
combination with the carbonization process, electrospinning has been actively exploited as a
valuable and versatile method for preparation of CNFs with the controllable structure and
texture [62]. As a result, electrospun CNFs or their composite materials are expected to be a
promising material for constructing ultrasensitive electrochemical sensors.

Our group has successfully prepared CNFs by electrospinning, followed by stabilization and
carbonization processes. These electrospun CNFs were directly used to modify carbon paste
electrode (CNF-CPE) and construct a sensor for mediatorless detection of NADH (Fig. 11)
[208]. This electrochemical sensor showed low detection limit down to nM-level, wide linear
range and good selectivity for determination of NADH in the presence of ascorbic acid (AA).
CNF-CPE was also employed for the simultaneous determination of AA, dopamine (DA), and
uric acid (UA) by using differential pulse voltammetry (DPV) method [209]. Three well-
defined peaks with remarkably increased peak current could be achieved at the CNF-CPE.
Low detection limits of 0.04 µM, 2 µM and 0.2 µM for DA, AA and UA were obtained. Some
oxidizable amino acids such as L-tryptophane, L-tyrosine and L-cysteine play important roles
in many biochemical processes. However, the determination of these amine acids usually
suffers from high overpotential and poor reproducibility. We found that the electrospun CNF
modified electrode displayed high electrocatalytic activity toward the oxidation of these amino
acids with enhanced peak currents and low overpotentials [210]. This sensor showed excellent
analytical performance for the detection of the three amino acids. In addition, electrospun CNF
modified electrode was also used for non-enzymatic electrochemical detection of xanthine
[211], and simultaneous determination of dihydroxybenzene isomers (catechol and hydroqui‐
none) [212]. These sensors exhibited high sensitivity, stability and selectivity, as well as good
anti-fouling properties. The practical application of these sensors for determining the target
analytes was evaluated, and satisfactory results were obtained. Recently, we fabricated a novel
composite electrode by mixing the electrospun CNF with the ionic liquid 1-butyl-4-methyl‐
pyridinium hexaflurophosphate (PFP) [246]. This CNF/PFP electrode exhibited strong current
response and low background noise at the studied composite ratio. When used as electro‐
chemical sensor, it showed high sensitivity and good selectivity for simultaneous detection of
DA, AA and UA, guanine and adenine, as well as high signal-to-noise ratio (S/N) and good
stability for amperometric detection of NADH under physiological conditions.

Recently, Lee‘s group prepared porous carbon nanomaterials by electrospinning, thermal
treatment and activation process, and then constructed GOx-based glucose biosensors [213,
247, 248]. Silica nanoparticles with average size of 16±2 nm were used as physical activation
agent. It was found that micro- and mesopores were induced through the physical activation
process, which increased the specific surface area by over 42-fold compared to the untreated
materials [247]. These carbon nanomaterials were also treated by oxyfluorination at 1 bar for
5 min using a mixed gas of oxygen and fluorine to introduce hydrophilic functional groups.
After the activation and oxyfluorination treatment, the GOx immobilization was maximized
by enlarged sites of carbon electrode and improved interfacial affinity between the carbon
surface and the GOx. Subsequently, high sensitivity was obtained for this glucose sensor. They
also investigated the influence of carbonization temperature on the carbon structure, and
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subsequent analytical performance [213]. Raman spectra indicated the crystallization and
orientation of the carbon fibers was improved with the increase of carbonization temperature.
The electrical conductivity was also improved after heat treatment at higher temperature. The
sample treated at 2473 K showed the highest sensitivity for glucose detection among the tested
samples, which was ascribed to the high porosity, crystallization and orientation of the carbon
structure. Additionally, CNTs were used as an electrically conductive additive to prepare
CNT-embedded carbon fibers [248]. Combined with physical activation and oxyfluorination
treatment, the prepared glucose sensor showed improved sensitivity and rapid response time
as a result of more efficient GOx immobilization and electron transfer.

Figure 12. (A) Typical TEM image of Pd/CNF nanocomposites; (B) Current-time responses of the Pd/CNF-CPE on suc‐
cessive injection of specific concentration of H2O2 into N2-saturated PBS (0.1 M, pH 7.0), inset shows the calibration
curve for H2O2 concentration between 0.2 μM and 20 mM [214].

Metal nanoparticle/CNF nanocomposites have received great attention in catalysis, fuel cell,
and  chemical/biological  sensing  applications.  In  conventional  synthesis  method,  CNFs
usually  suffer  from  harsh  oxidation  or  modification  with  polymers  in  order  to  realize

Figure 11. (A) SEM image of electrospun CNFs. Inset shows TEM image of CNFs. (B) CVs of 0.1 M PBS (pH 7.0) a) plain
and b) containing 1 mM NADH at the CNF-CPE; c) Corresponding CV of (b) with the CPE. Scan rate: 50 mV s-1 [208].
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none) [212]. These sensors exhibited high sensitivity, stability and selectivity, as well as good
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analytes was evaluated, and satisfactory results were obtained. Recently, we fabricated a novel
composite electrode by mixing the electrospun CNF with the ionic liquid 1-butyl-4-methyl‐
pyridinium hexaflurophosphate (PFP) [246]. This CNF/PFP electrode exhibited strong current
response and low background noise at the studied composite ratio. When used as electro‐
chemical sensor, it showed high sensitivity and good selectivity for simultaneous detection of
DA, AA and UA, guanine and adenine, as well as high signal-to-noise ratio (S/N) and good
stability for amperometric detection of NADH under physiological conditions.

Recently, Lee‘s group prepared porous carbon nanomaterials by electrospinning, thermal
treatment and activation process, and then constructed GOx-based glucose biosensors [213,
247, 248]. Silica nanoparticles with average size of 16±2 nm were used as physical activation
agent. It was found that micro- and mesopores were induced through the physical activation
process, which increased the specific surface area by over 42-fold compared to the untreated
materials [247]. These carbon nanomaterials were also treated by oxyfluorination at 1 bar for
5 min using a mixed gas of oxygen and fluorine to introduce hydrophilic functional groups.
After the activation and oxyfluorination treatment, the GOx immobilization was maximized
by enlarged sites of carbon electrode and improved interfacial affinity between the carbon
surface and the GOx. Subsequently, high sensitivity was obtained for this glucose sensor. They
also investigated the influence of carbonization temperature on the carbon structure, and
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subsequent analytical performance [213]. Raman spectra indicated the crystallization and
orientation of the carbon fibers was improved with the increase of carbonization temperature.
The electrical conductivity was also improved after heat treatment at higher temperature. The
sample treated at 2473 K showed the highest sensitivity for glucose detection among the tested
samples, which was ascribed to the high porosity, crystallization and orientation of the carbon
structure. Additionally, CNTs were used as an electrically conductive additive to prepare
CNT-embedded carbon fibers [248]. Combined with physical activation and oxyfluorination
treatment, the prepared glucose sensor showed improved sensitivity and rapid response time
as a result of more efficient GOx immobilization and electron transfer.

Figure 12. (A) Typical TEM image of Pd/CNF nanocomposites; (B) Current-time responses of the Pd/CNF-CPE on suc‐
cessive injection of specific concentration of H2O2 into N2-saturated PBS (0.1 M, pH 7.0), inset shows the calibration
curve for H2O2 concentration between 0.2 μM and 20 mM [214].

Metal nanoparticle/CNF nanocomposites have received great attention in catalysis, fuel cell,
and  chemical/biological  sensing  applications.  In  conventional  synthesis  method,  CNFs
usually  suffer  from  harsh  oxidation  or  modification  with  polymers  in  order  to  realize

Figure 11. (A) SEM image of electrospun CNFs. Inset shows TEM image of CNFs. (B) CVs of 0.1 M PBS (pH 7.0) a) plain
and b) containing 1 mM NADH at the CNF-CPE; c) Corresponding CV of (b) with the CPE. Scan rate: 50 mV s-1 [208].
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selective deposition of metal nanoparticles on the surface of CNFs. These surface function‐
alization approaches provide efficient avenues for the deposition of metal  nanoparticles,
but  tend  to  degrade  the  mechanical  and  electronic  properties  of  CNFs  because  of  the
introduction of  a  large  number  of  defects  or  polymer  shell.  Electrospinning provided a
simple and efficient method to prepare metal nanoparticle/CNF nanocomposites with high
quality and purity. Recently, palladium nanoparticle-loaded carbon nanofibers (Pd/CNFs)
were  synthesized  by  the  combination  of  electrospinning,  reduction  and  carbonization
processes  [214].  The  metallic  Pd  nanoparticles  were  well-dispersed  on  the  surface  or
completely  embedded into  CNFs  (Fig.  12A),  which  rendered  the  Pd  nanopatticles  high
stability and resistance to the aggregation and desquamation. Pd/CNF-modified electrode
exhibited high electrocatalytic activities towards the reduction of H2O2 and the oxidation
of NADH. For H2O2, the Pd/CNF-modified electrode displayed a wider linear range from
0.2 µM to 20 mM with a detection limit of 0.2 µM at -0.2 V (Fig. 12B), and the detection
was free of interference from the coexisted AA and UA. In the case of NADH, the linear
range at the Pd/CNF-modified electrode was from 0.2 µM to 716.6 µM with a detection
limit of 0.2 µM at 0.5 V. The high sensitivity, wide linear range, good reproducibility, and
the minimal surface fouling make this Pd/CNF-modified electrode a promising candidate
for  amperometric  H2O2  or  NADH  sensor.  Pd/CNFs  modified  electrode  also  displayed
excellent electrocatalytic activities towards DA, UA and AA [215]. The oxidation overpoten‐
tials of DA, UA and AA were decreased significantly compared with those obtained at the
bare  electrode.  Due  to  the  different  extent  of  the  peak  potential  shift,  these  three  com‐
pounds  could  be  determined  simultaneously  by  CV  or  DPV  at  the  Pd/CNF  modified
electrode. The Pd/CNF composite materials were also applied for the detection of hydra‐
zine and oxalic acid with attractive analytical performances [216, 217]. Nickel nanoparticle-
loaded carbon nanofibers (NiCF) were also fabricated by using the similar method to that
of Pd/CNF [218]. NiCF paste (NiCFP) electrode exhibited excellent electrocatalytic perform‐
ance for the oxidation of glucose. The amperometric responses of the NiCFP electrode to
glucose showed a linear range from 2 µM to 2.5 mM with the detection limit of 1 µM at
the applied potential  of  0.6 V.  The proposed electrode,  featured with good resistance to
surface fouling and high operational stability, could be used as a promising nonenzymat‐
ic glucose sensor. The NiCFP electrode also showed high electrocatalytic activity toward
the ethanol  oxidation,  and was used as  enzyme-free ethanol  sensor [219].  The detection
exhibited high response, good stability and acceptable reproducibility. Similarly, Hu et al.
prepared  rhodium  nanoparticle-loaded  carbon  nanofibers  by  electrospinning  [220].  Rh
nanoparticles with the diameter of 30-70 nm were uniformly distributed on the CNF surface.
This  nanocomposite  was  used for  determination of  hydrazine  with  high sensitivity  and
selectivity. Very recently, a Pt nanoparticle-loaded electrospun carbon nanofiber electrode
was  prepared  by  a  simple  wet-chemical  method  [221].  CNF paste  electrode  was  firstly
prepared using electrospun CNFs, then it was immersed into H2PtCl6 solution to adsorb
[PtCl6]2−. After that, HCOOH was added to reduce the metal precursors. Large amounts of
Pt nanoparticles could be well deposited on the surface of the electrospun CNF electrode
without using any stabilizer or pretreatment procedure. In application to electrochemical
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sensing platform, the Pt/CNF electrode exhibited high sensitivity and good selectivity for
amperometric detection of H2O2.

4.3. Metal/metal oxide nanofiber based electrochemical sensors

Electrospinning has been proved to be a simple method for large-scale producing metal or
metal oxide nanofibers. One of the most important applications of these nanomaterials is
to develop their potential in chemical sensing or biosensing, profiting from their small size,
large surface-to-volume ratios and high aspect  ratios.  Reliable and fast  determination of
glucose  is  of  considerable  importance  in  biotechnology,  clinical  diagnostics  and  food
industry.  Up to  now,  numerous  electrospun metal/metal  oxide  nanofiber  based glucose
sensors or biosensors have been reported. For example, Ahmad and co-workers prepared
an  amperometric  glucose  biosensor  based  on  a  single  ZnO  nanofiber  which  was  pro‐
duced  by  electrospinning  of  PVP/zinc  acetate  mixture  solution  and  subsequent  high-
temperature calcination [222]. A single ZnO nanofiber was transferred on Au electrode and
functionalized with GOx via physical adsorption. The KM

app value was estimated to be 2.19
mM, indicated that the immobilized GOx possessed a high enzymatic activity. Huang et
al.  fabricated highly  porous Mn2O3-Ag nanofibers  by a  two-step procedure (electrospin‐
ning and calcinations) [223]. The as-prepared Mn2O3-Ag nanofibers were employed as the
immobilization matrix for GOx to construct oxygen-reduction based glucose biosensor. The
Mn2O3-Ag nanofibers could effectively mediated the direct  electron transfer between the
electroactive  center  of  GOx and the  electrode.  This  biosensor  displayed good analytical
performance for glucose detection due to the merits of this porous nanofiber, such as high
surface area for enzyme loading, and high electrocatalytic activity toward the reduction of
oxygen. Recently, electrospun Au nanofiber based biosensor for the detection of fructose
and glucose was also developed by Russell’s group [224]. The gold fibers were prepared
by  electroless  deposition  of  gold  nanoparticles  on  an  electrospun  PAN-HAuCl4  fiber.
Fructose dehydrogenase was covalently coupled to the Au fiber surface through glutaralde‐
hyde crosslink to a cystamine monolayer. The enzyme exhibited mediated electron transfer
directly to the gold electrode, and catalytic currents characteristic of fructose oxidation in
the presence of a ferrocene methanol mediator were observed. This fructose sensor could
also be used to determine glucose by using glucose isomerase to convert glucose to fructose.

Compared with the enzyme-based glucose biosensors,  nonenzymatic glucose sensors are
preferential  because  they  avoid  the  problem  of  enzyme  denature  and  intricate  enzyme
immobilization  process.  The  nonenzymatic  electrochemical  glucose  sensors  significantly
depend on  the  properties  of  electrode  materials,  on  which  glucose  is  oxidized directly.
Various  electrospun  metal  oxide  nanofibers  have  been  used  to  construct  nonenzymatic
glucose sensors.  For example,  Ding et al.  fabricated Co3O4 nanofibers by electrospinning
and  subsequent  calcination  [225].  The  as-prepared  Co3O4  nanofibers  were  applied  to
construct a non-enzymatic sensor for glucose detection in alkaline solution. The catalytic
property  of  the  as-prepared Co3O4  nanofibers  towards  glucose  oxidation was  related to
CoOOH and CoO2. The negatively charged Co3O4 nanofibers surface could strongly repel
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selective deposition of metal nanoparticles on the surface of CNFs. These surface function‐
alization approaches provide efficient avenues for the deposition of metal  nanoparticles,
but  tend  to  degrade  the  mechanical  and  electronic  properties  of  CNFs  because  of  the
introduction of  a  large  number  of  defects  or  polymer  shell.  Electrospinning provided a
simple and efficient method to prepare metal nanoparticle/CNF nanocomposites with high
quality and purity. Recently, palladium nanoparticle-loaded carbon nanofibers (Pd/CNFs)
were  synthesized  by  the  combination  of  electrospinning,  reduction  and  carbonization
processes  [214].  The  metallic  Pd  nanoparticles  were  well-dispersed  on  the  surface  or
completely  embedded into  CNFs  (Fig.  12A),  which  rendered  the  Pd  nanopatticles  high
stability and resistance to the aggregation and desquamation. Pd/CNF-modified electrode
exhibited high electrocatalytic activities towards the reduction of H2O2 and the oxidation
of NADH. For H2O2, the Pd/CNF-modified electrode displayed a wider linear range from
0.2 µM to 20 mM with a detection limit of 0.2 µM at -0.2 V (Fig. 12B), and the detection
was free of interference from the coexisted AA and UA. In the case of NADH, the linear
range at the Pd/CNF-modified electrode was from 0.2 µM to 716.6 µM with a detection
limit of 0.2 µM at 0.5 V. The high sensitivity, wide linear range, good reproducibility, and
the minimal surface fouling make this Pd/CNF-modified electrode a promising candidate
for  amperometric  H2O2  or  NADH  sensor.  Pd/CNFs  modified  electrode  also  displayed
excellent electrocatalytic activities towards DA, UA and AA [215]. The oxidation overpoten‐
tials of DA, UA and AA were decreased significantly compared with those obtained at the
bare  electrode.  Due  to  the  different  extent  of  the  peak  potential  shift,  these  three  com‐
pounds  could  be  determined  simultaneously  by  CV  or  DPV  at  the  Pd/CNF  modified
electrode. The Pd/CNF composite materials were also applied for the detection of hydra‐
zine and oxalic acid with attractive analytical performances [216, 217]. Nickel nanoparticle-
loaded carbon nanofibers (NiCF) were also fabricated by using the similar method to that
of Pd/CNF [218]. NiCF paste (NiCFP) electrode exhibited excellent electrocatalytic perform‐
ance for the oxidation of glucose. The amperometric responses of the NiCFP electrode to
glucose showed a linear range from 2 µM to 2.5 mM with the detection limit of 1 µM at
the applied potential  of  0.6 V.  The proposed electrode,  featured with good resistance to
surface fouling and high operational stability, could be used as a promising nonenzymat‐
ic glucose sensor. The NiCFP electrode also showed high electrocatalytic activity toward
the ethanol  oxidation,  and was used as  enzyme-free ethanol  sensor [219].  The detection
exhibited high response, good stability and acceptable reproducibility. Similarly, Hu et al.
prepared  rhodium  nanoparticle-loaded  carbon  nanofibers  by  electrospinning  [220].  Rh
nanoparticles with the diameter of 30-70 nm were uniformly distributed on the CNF surface.
This  nanocomposite  was  used for  determination of  hydrazine  with  high sensitivity  and
selectivity. Very recently, a Pt nanoparticle-loaded electrospun carbon nanofiber electrode
was  prepared  by  a  simple  wet-chemical  method  [221].  CNF paste  electrode  was  firstly
prepared using electrospun CNFs, then it was immersed into H2PtCl6 solution to adsorb
[PtCl6]2−. After that, HCOOH was added to reduce the metal precursors. Large amounts of
Pt nanoparticles could be well deposited on the surface of the electrospun CNF electrode
without using any stabilizer or pretreatment procedure. In application to electrochemical
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sensing platform, the Pt/CNF electrode exhibited high sensitivity and good selectivity for
amperometric detection of H2O2.

4.3. Metal/metal oxide nanofiber based electrochemical sensors

Electrospinning has been proved to be a simple method for large-scale producing metal or
metal oxide nanofibers. One of the most important applications of these nanomaterials is
to develop their potential in chemical sensing or biosensing, profiting from their small size,
large surface-to-volume ratios and high aspect  ratios.  Reliable and fast  determination of
glucose  is  of  considerable  importance  in  biotechnology,  clinical  diagnostics  and  food
industry.  Up to  now,  numerous  electrospun metal/metal  oxide  nanofiber  based glucose
sensors or biosensors have been reported. For example, Ahmad and co-workers prepared
an  amperometric  glucose  biosensor  based  on  a  single  ZnO  nanofiber  which  was  pro‐
duced  by  electrospinning  of  PVP/zinc  acetate  mixture  solution  and  subsequent  high-
temperature calcination [222]. A single ZnO nanofiber was transferred on Au electrode and
functionalized with GOx via physical adsorption. The KM

app value was estimated to be 2.19
mM, indicated that the immobilized GOx possessed a high enzymatic activity. Huang et
al.  fabricated highly  porous Mn2O3-Ag nanofibers  by a  two-step procedure (electrospin‐
ning and calcinations) [223]. The as-prepared Mn2O3-Ag nanofibers were employed as the
immobilization matrix for GOx to construct oxygen-reduction based glucose biosensor. The
Mn2O3-Ag nanofibers could effectively mediated the direct  electron transfer between the
electroactive  center  of  GOx and the  electrode.  This  biosensor  displayed good analytical
performance for glucose detection due to the merits of this porous nanofiber, such as high
surface area for enzyme loading, and high electrocatalytic activity toward the reduction of
oxygen. Recently, electrospun Au nanofiber based biosensor for the detection of fructose
and glucose was also developed by Russell’s group [224]. The gold fibers were prepared
by  electroless  deposition  of  gold  nanoparticles  on  an  electrospun  PAN-HAuCl4  fiber.
Fructose dehydrogenase was covalently coupled to the Au fiber surface through glutaralde‐
hyde crosslink to a cystamine monolayer. The enzyme exhibited mediated electron transfer
directly to the gold electrode, and catalytic currents characteristic of fructose oxidation in
the presence of a ferrocene methanol mediator were observed. This fructose sensor could
also be used to determine glucose by using glucose isomerase to convert glucose to fructose.

Compared with the enzyme-based glucose biosensors,  nonenzymatic glucose sensors are
preferential  because  they  avoid  the  problem  of  enzyme  denature  and  intricate  enzyme
immobilization  process.  The  nonenzymatic  electrochemical  glucose  sensors  significantly
depend on  the  properties  of  electrode  materials,  on  which  glucose  is  oxidized directly.
Various  electrospun  metal  oxide  nanofibers  have  been  used  to  construct  nonenzymatic
glucose sensors.  For example,  Ding et al.  fabricated Co3O4 nanofibers by electrospinning
and  subsequent  calcination  [225].  The  as-prepared  Co3O4  nanofibers  were  applied  to
construct a non-enzymatic sensor for glucose detection in alkaline solution. The catalytic
property  of  the  as-prepared Co3O4  nanofibers  towards  glucose  oxidation was  related to
CoOOH and CoO2. The negatively charged Co3O4 nanofibers surface could strongly repel
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the negatively  charged UA and AA molecules,  thus resulting in  good selectivity.  Other
metal oxide nanofibers, such as CuO [226, 227], and NiO [228] were also prepared by using
the similar  method and used for  nonenzymatic  detection of  glucose.  The direct  glucose
detection on these metal oxide nanofiber modified electrodes usually carried out in alkaline
electrolyte and mediated by Ni(OH)2/NiO(OH) or Cu(OH)2/CuO(OH) redox couples. The
study also demonstrated that the content of metal precursor in the electrospinning solution
and the calcination temperature greatly influenced the morphology and catalytic activity
of the produced nanomaterials [227, 228]. In contrast to the monometallic nanomaterials,
bimetallic ones usually show enhanced electrocatalytic activity due to the synergistic effect.
Wang et al. initially prepared electrospun palladium (IV)-doped CuO composite nanofib‐
er  based non-enzymatic  glucose  sensors  [229].  The  as-prepared nanofibers  had a  rough
surface and consisted of the agglomeration of oxide nanoparticles with average size of about
40  nm.  This  sensor  exhibited high sensitivity  for  the  determination of  glucose  with  the
detection limit of 19 nM. Following a facile two-step synthesis route of electrospinning and
calcination, Ding and co-workers prepared NiO-Ag hybrid nanofibers, NiO nanofibers, and
porous Ag [230]. The NiO-Ag hybrid nanofibers consisted of homogeneous distribution of
NiO and irregular  distribution  of  Ag nanoclusters.  The  as-prepared  samples  were  then
applied  to  construct  non-enzymatic  sensors  for  glucose  detection.  The  NiO-Ag  hybrid
nanofiber modified electrode showed 55-fold higher sensitivity than that obtained on the
porous Ag modified electrode at 0.1 V, and 5.2-fold higher sensitivity, lower detection limit
and wider linear range than that of the NiO nanofiber modified electrode at 0.6 V (Fig. 13).
The significant improvement obtained with NiO-Ag nanofiber were attributed to the use
of abundant nanofibers which could provide numerous electron transfer tunnels, the highly
porous structure which minimized the diffusion resistance of analytes, and the synergetic
effect between NiO and Ag. This method have also been extended to prepare NiO-Au [231],
and  NiO-Pt  [232]  bimetallic  nanofibers.  The  as-prepared  hybrid  nanofibers  were  em‐
ployed  for  the  nonenzymatic  glucose  detection  in  alkaline  electrolyte  and  showed  im‐
proved analytical performance compared to the monometallic counterparts. Binary metal
oxide nanofibers, including CuO-NiO [233], and NiO-CdO [234] have also exploited as the
candidates  for  developing  nonenzymatic  glucose  sensors.  These  binary  metal  oxide
nanofibers showed good analytical properties for glucose detection due to the large amounts
of reactive sites on the electrode surface and improved conductivity of NiO nanofibers by
the incorporation of secondary metal oxide.

In addition to the predominant glucose sensors, the applications of electrospun metal/metal
oxide nanofibers in the preparation of sensors for other important analytes were also investi‐
gated. For example, Ding et al. constructed an amperometric sensor for hydrazine detection
by using electrospun Mn2O3 nanofibers [235]. Wang and co-workers exploited electrospun
CuO-Co3O4 nanofibers as active electrode materials for direct enzyme-free fructose detection
[236]. These works demonstrated that electrospun metal/metal oxide nanometerial is one of
the promising catalytic electrode materials for constructing ultrasensitive electrochemical
sensors.
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Figure 13. (A) Hydrodynamic voltammograms of 200 μM glucose at the porous Ag/GCE, NiO NFs/GCE and NiO-Ag
NFs/GCE; (B) Amperometric response of porous Ag/GCE and NiO-Ag NFs/GCE to successive additions of glucose at an
applied potential of 0.1 V; (C) Amperometric response of porous NiO NFs/GCE and NiO-Ag NFs/GCE to successive ad‐
ditions of glucose at an applied potential of 0.6 V; (D) the corresponding calibration curves [230].

4.4. Other electrospun nanofibers based electrochemical sensors

Ding et al. developed an amperometric biosensor by directly electrospinning deposition of
hemoglobin (Hb) microbelts on the surface of glassy carbon electrode (Fig. 14A) [237]. This
porous Hb microbelt coating closely contacted to the electrode surface and showed enhanced
direct electrochemistry of Hb (Fig. 14B). The Hb microbelts based amperometric biosensor
showed a fast response to the analytes and low detection limits of 0.61 µM for H2O2 and 0.47
µM for nitrite. The KM

app value of 0.093 mM was obtained for the electrocatalytic reduction of
H2O2, reflecting the high affinity of Hb to the substrate H2O2. SWNT-Hb composite microbelts
were also fabricated by the same group and employed as active material to prepare mediator-
free biosensors [238]. The direct electrochemistry of Hb at SWNT-Hb/GCE was more promi‐
nent than that obtained at the Hb microbelt/GCE because of the enhanced electron transfer by
incorporated/embedded SWNTs and the porous 3D structure of Hb microbelt coating.
Sensitive amperometric detection of trichloroacetic acid (TCA), nitrite, and H2O2 was obtained
with the detection limits of 2.41 µM, 0.30 µM and 0.22 µM, respectively. TiO2-Pt nanofibers
were fabricated by electrospinning PVP/ethanol solution containing platinum acetate and
Ti(OiPr)4, followed by calcination in air at 500 °C for 3 h [239]. The as-prepared TiO2-Pt hybrid
nanofibers were used as the electrochemical catalyst for hydrazine detection. Au-coated SiO2
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the negatively  charged UA and AA molecules,  thus resulting in  good selectivity.  Other
metal oxide nanofibers, such as CuO [226, 227], and NiO [228] were also prepared by using
the similar  method and used for  nonenzymatic  detection of  glucose.  The direct  glucose
detection on these metal oxide nanofiber modified electrodes usually carried out in alkaline
electrolyte and mediated by Ni(OH)2/NiO(OH) or Cu(OH)2/CuO(OH) redox couples. The
study also demonstrated that the content of metal precursor in the electrospinning solution
and the calcination temperature greatly influenced the morphology and catalytic activity
of the produced nanomaterials [227, 228]. In contrast to the monometallic nanomaterials,
bimetallic ones usually show enhanced electrocatalytic activity due to the synergistic effect.
Wang et al. initially prepared electrospun palladium (IV)-doped CuO composite nanofib‐
er  based non-enzymatic  glucose  sensors  [229].  The  as-prepared nanofibers  had a  rough
surface and consisted of the agglomeration of oxide nanoparticles with average size of about
40  nm.  This  sensor  exhibited high sensitivity  for  the  determination of  glucose  with  the
detection limit of 19 nM. Following a facile two-step synthesis route of electrospinning and
calcination, Ding and co-workers prepared NiO-Ag hybrid nanofibers, NiO nanofibers, and
porous Ag [230]. The NiO-Ag hybrid nanofibers consisted of homogeneous distribution of
NiO and irregular  distribution  of  Ag nanoclusters.  The  as-prepared  samples  were  then
applied  to  construct  non-enzymatic  sensors  for  glucose  detection.  The  NiO-Ag  hybrid
nanofiber modified electrode showed 55-fold higher sensitivity than that obtained on the
porous Ag modified electrode at 0.1 V, and 5.2-fold higher sensitivity, lower detection limit
and wider linear range than that of the NiO nanofiber modified electrode at 0.6 V (Fig. 13).
The significant improvement obtained with NiO-Ag nanofiber were attributed to the use
of abundant nanofibers which could provide numerous electron transfer tunnels, the highly
porous structure which minimized the diffusion resistance of analytes, and the synergetic
effect between NiO and Ag. This method have also been extended to prepare NiO-Au [231],
and  NiO-Pt  [232]  bimetallic  nanofibers.  The  as-prepared  hybrid  nanofibers  were  em‐
ployed  for  the  nonenzymatic  glucose  detection  in  alkaline  electrolyte  and  showed  im‐
proved analytical performance compared to the monometallic counterparts. Binary metal
oxide nanofibers, including CuO-NiO [233], and NiO-CdO [234] have also exploited as the
candidates  for  developing  nonenzymatic  glucose  sensors.  These  binary  metal  oxide
nanofibers showed good analytical properties for glucose detection due to the large amounts
of reactive sites on the electrode surface and improved conductivity of NiO nanofibers by
the incorporation of secondary metal oxide.

In addition to the predominant glucose sensors, the applications of electrospun metal/metal
oxide nanofibers in the preparation of sensors for other important analytes were also investi‐
gated. For example, Ding et al. constructed an amperometric sensor for hydrazine detection
by using electrospun Mn2O3 nanofibers [235]. Wang and co-workers exploited electrospun
CuO-Co3O4 nanofibers as active electrode materials for direct enzyme-free fructose detection
[236]. These works demonstrated that electrospun metal/metal oxide nanometerial is one of
the promising catalytic electrode materials for constructing ultrasensitive electrochemical
sensors.
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Figure 13. (A) Hydrodynamic voltammograms of 200 μM glucose at the porous Ag/GCE, NiO NFs/GCE and NiO-Ag
NFs/GCE; (B) Amperometric response of porous Ag/GCE and NiO-Ag NFs/GCE to successive additions of glucose at an
applied potential of 0.1 V; (C) Amperometric response of porous NiO NFs/GCE and NiO-Ag NFs/GCE to successive ad‐
ditions of glucose at an applied potential of 0.6 V; (D) the corresponding calibration curves [230].

4.4. Other electrospun nanofibers based electrochemical sensors

Ding et al. developed an amperometric biosensor by directly electrospinning deposition of
hemoglobin (Hb) microbelts on the surface of glassy carbon electrode (Fig. 14A) [237]. This
porous Hb microbelt coating closely contacted to the electrode surface and showed enhanced
direct electrochemistry of Hb (Fig. 14B). The Hb microbelts based amperometric biosensor
showed a fast response to the analytes and low detection limits of 0.61 µM for H2O2 and 0.47
µM for nitrite. The KM

app value of 0.093 mM was obtained for the electrocatalytic reduction of
H2O2, reflecting the high affinity of Hb to the substrate H2O2. SWNT-Hb composite microbelts
were also fabricated by the same group and employed as active material to prepare mediator-
free biosensors [238]. The direct electrochemistry of Hb at SWNT-Hb/GCE was more promi‐
nent than that obtained at the Hb microbelt/GCE because of the enhanced electron transfer by
incorporated/embedded SWNTs and the porous 3D structure of Hb microbelt coating.
Sensitive amperometric detection of trichloroacetic acid (TCA), nitrite, and H2O2 was obtained
with the detection limits of 2.41 µM, 0.30 µM and 0.22 µM, respectively. TiO2-Pt nanofibers
were fabricated by electrospinning PVP/ethanol solution containing platinum acetate and
Ti(OiPr)4, followed by calcination in air at 500 °C for 3 h [239]. The as-prepared TiO2-Pt hybrid
nanofibers were used as the electrochemical catalyst for hydrazine detection. Au-coated SiO2
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core-shell nanofibers were prepared by the seed-mediated growth Au shell on electrospun
SiO2 nanofibers [240]. Then horseradish peroxidase (HRP) was immobilized on the SiO2@Au
nanofibers modified electrode via physical adsorption to construct an amperometric H2O2

biosensor. This biosensor exhibited high biological affinity to H2O2 and the HRP enzyme on
the gold shell kept its activity with a low-diffusion barrier.

Figure 14. (A) Typical SEM images of Hb microbelts at low (scale bar=10 μm) and high (inset, scale bar=1 μm) magnifi‐
cation; (B) CVs of the bare GC electrode (a) and Hb microbelts modified GC electrode (b) in 0.1 M pH 7.0 phosphate
buffer solution. Scan rate, 100 mV s-1 [237].

5. Conclusions and remarks

In past few years, numerous studies have demonstrated that elctrospinning is a simple and
versatile method for fabricating nanofibers of organic or inorganic materials. Various func‐
tional components, such as nanoparticles, CNTs, proteins, DNA and so on, have been incor‐
porated into the electrospun nanofibers. These composite nanofibers exhibited excellent
properties and extended the applications of electrospun nanomaterials. With the profound
understanding the electrospinning process and the development of setup for electrospinning,
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nanofibers with core/sheath, hollow and porous structures have been directly generated by
electrospinning or prepared through the combination of electrospinning with some post-spun
treatments. Due to the small size, high surface area, and high porosity, electrospun nanoma‐
terials have been witnessed as a promising candidate for a wide range of applications. One of
the important applications is the construction of electrochemical sensors or biosensors, where
electrospun nanomaterials acted as matrix for the immobilization of enzyme or as the active
electrocatalysts. Electrospun nanofiber-based electrochemical sensors or biosensors have
exhibited excellent analytical performances for a number of analytes.

In spite of the significant progress in the area of electrospinning, several challenges have to be
resolved before large-scale fabrication and extensive applications of electrospun nanomateri‐
als. Most important is that more experimental studies and theoretical modeling are required
in order to achieve a better control over the size and morphology of electrospun fibers. To date,
it is still not easy to generate uniform nanofibers with diameters below 100 nm, in particular,
on the scale of 10-30 nm. Additionally, it is still necessary to systematically investigate the
correlation between the processing/solution parameters and the secondary structures of
produced nanofibers. Frankly speaking, the application of electrospun nanomaterials in
electrochemical sensors is still in its infancy stage, where the applied materials and analytical
targets are limited. The majority of polymers have poor conductivity, which limited their direct
applications in electrochemical sensors. In this case, it is desirable to develop conductive
polymer nanofibers based electrochemical sensors. However, it is still rarely reported in the
literatures. Electrospun carbon nanofiber is another good alternative, but the limited catalytic
activity and larger diameters confined their analytical performances. Metal nanoparticle
loaded carbon nanofibers showed great promise in the preparation of ultrasensitive electro‐
chemical sensors, while the diameter of nanoparticles is difficult to control by using the current
one-step method. For the analytical targets, it is still focused on the small molecules at the
present research, predominated by glucose. Therefore, there is a large scope to extend the
analytes to other significant molecules, particularly the biomolecules such as DNA, proteins,
and cells.

There is no doubt that electrospinning has become one of the most powerful techniques for
fabricating 1D nanomaterials with broad range of functionalities. Electrospun nanofibers have
emerged as a kind of great promising material for constructing ultrasensitive electrochemical
sensors or biosensors. We can believe that with the extensive interdisciplinary research more
and more electrspun nanofiber-based electrochemical sensors or biosensors with excellent
properties will emerge in the near future and will be practically applied in environmental
monitoring, food analysis and clinical diagnostics.
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tional components, such as nanoparticles, CNTs, proteins, DNA and so on, have been incor‐
porated into the electrospun nanofibers. These composite nanofibers exhibited excellent
properties and extended the applications of electrospun nanomaterials. With the profound
understanding the electrospinning process and the development of setup for electrospinning,
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1. Introduction

Chitin nanofibers (CNFs) are mainly extracted from crab and prawn shells [1, 2] and recetly
found in small amount in edible species of mushrooms [3]. CNFs are composed of chitin
compound. Chitin in powder form is obtained from fish industry wastes which is otherwise
thrown as industrial waste. Since CNFs are biodegradable having typical width 10-20 nm and
large surface-to-mass ratio thus they are being prepared, studied, and applied more recently
world wide along with rapidly growing field nanotechnology dealing with the better proper‐
ties of materials when their sizes are smaller in the range 1-100 nm. Fibrilated chitin in the form
of highly viscous gel suspension in water has found scope in pharmaceuticals [4], chiral
separation [5], fillers in silsesquioxane [6]. When blended with inorganic metals to prepare
advanced hybrid organic-inorganic composites they can have applications in electronics,
electrical, optical devices and much needed solar energy production.

To introduce NFs, cellulose NFs are most important as cellulose is most abundant and readily
available from plant cell walls and also produced by bacteria. Thus cellulose NFs must be most
existing and easily available in nature. Attempt was successful to apply the cellulose NFs by
using bacterial cellulose of the width 50 nm [7]. Though the diameter of NFs was 50 nm, larger
compared to latter extracted by researchers [8], fibers worked as nanofillers in the cavities of
polymerized acrylic resin. A visible light (400-800 nm) transparent flexible sheet of cellulose
NFs reinforced acrylic resin polymer was obtained that showed a transmittance value of 85%
at 600 nm wavelength when NFs content was 60 wt%. Prepared sheet was highly transparent
due to the nanosized effect of NFs as the size of fibers was one-tenth of the wavelength of light
that made material free from scattering therefore sheet was transparent. Thus authors claimed
that the NFs of 50 nm width can have scope in optical devices such as displays. In year 2007,
Abe et al. [8] extracted cellulose NFs of 15 nm width from Radiata pine tree wood powder

© 2013 Ifuku et al.; licensee InTech. This is a paper 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.
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using a series of chemical treatments followed by mechanical grinding. The width of the fibers
was measured by field emission scanning electron microscopy (FE-SEM). The authors were
first successfully reduced the size of extracted NFs from 50 to 15 nm from any natural resources.

Chitin is second most plentiful biomaterial [9] next to cellulose exists on earth with yearly
production of 1011 tons. Chitin raw dried powder is manufactured from exoskeleton of sea food
shellfish, crabs, shrimps, and insects and edible mushrooms of fungus species and sea weed
algae. Chitin content in fish industrial waste is 8-33% which is thrown if not used. Thus our
group is actively engaged in developing chitin research to make a number of products from
atomized or fibrillated chitin in the form of chitin nanofibers (CNFs) and its derivatives [10-13].
Chitin obtained from its natural resources is highly crystalline and most of it is α-chitin
conformation though the contents of α- and βchitin depends on the source.

We have published a number of review articles [11, 14, 15] covering back ground of CNFs in
detail, method of preparation, sources, composition, physical and chemical properties,
characterization, their composites and derivatives preparations, surface modification. Com‐
mercialization of dry chitin powder and CNFs has also been described. For atomization or
fibrillation of 1 wt.% wet chitin to CNFs three types of methods were used and compared. A
very recently developed [10] Star Burst atomization system which employed high pressure
water jet system where slurry of chitin in high acetic acid medium is introduced in chamber
of Star Burst system machine where it is fibrilized into NFs of width (18.0-19.0 nm). Atomiza‐
taion occurred in this newly developed machine chamber by collision to ceramic ball that
throws out fine fibrillated NFs at extremely high pressure of 245 MPa through an out let nozzle.
The two other commonly used apparatus used for fibrillation are a blender and grinder. The
advantages of Star Burst system over blender or grinder for fibrillation have been described
in article [10] published recently. CNFs obtained by Star Burst system were studied thoroughly
recording FE-SEM images of fibers obtained after a number of passes up to ten. The width of
NFs decreased from 19.0 nm to 16.5 nm when number of passes increased from one to ten,
respectively. Effect of number of passes on the CNFs properties was investigated by FT-IR,
XRD profiles of chitin. In review article [11] molecular structure of chitin, hierarchical organ‐
ization on the surface of crab shell exoskeleton and isolation from crab and prawn shell has
been described. Method of isolation of CNFs from crab or prawn shell using a number of
chemical treatments followed by grinder treatment has been explained. The width of NFs was
determined by FE-SEM recordings, NFs of 10-20 nm diameter with high aspect ratio were
obtained after one pass. FE-SEM images were recorded of stepwise isolation of NFs, just after
removing the matrix components and after one pass treatment in acetic acid and without acetic
acid condition. Without grinding treatment the fibers were like accumulated ribbons, after one
pass treatment without acid the fibers were not separated but in acidic condition after one pass
the fibers separated due to repulsion among the positive charges generated on the surface of
fibers in acidic conditions. Chitin NFs were modified to produce novel green materials into
nano-whiskers of width 6.2 nm and length 250 nm when fibers were deacetylated by treating
with 33% NaOH. This contribution discusses most recent advances in preparation, derivati‐
zation, characterization and applications of CNFs. Most of the work has been conducted in our
laboratory and we have also discussed the results from other groups as well.

Advances in Nanofibers86

2. Preparation of CNFs from crab and prawn shells, and mushrooms

2.1. CNFs from crab shells

Commercial grade dried crab shell flakes of species Paralithodes camtschaticus (red king crab)
were used as a raw starting material to isolate NFs. Flakes from red king crab shell are so cheap
and abundant that they are used in fertilizer industry. Crab shells were crushed to powder
and purified according to the well established method. 1 wt.% slurry of crab chitin was
prepared by a series of chemical treatment described in a previous chapter [14]. In brief
minerals were removed by HCl treatment, suspension was filtered and washed thoroughly
with distilled water, removal of proteins was done by refluxing the suspension with NaOH,
pigments and lipids were removed by ethanol. After completion of above the treatments,
suspension was filtered washed with distilled water and kept wet for mechanical grinding for
fibrillation, this wet slurry was made to a concentration of 1 wt.% and called chitin slurry.
Chemical treatment loosened the tightly bonded fibrils bundles to larger extent apart from
removal of minerals, proteins, pigments, and lipids as shown in Fig. 1a and b.

Figure 1. FE-SEM images of crab shell surface after removal of matrix from shell surface by chemical treatment with‐
out mechanical grinding at different magnification scales; a) 1000 nm; b) 100 nm. Reprinted with permission from ref.
1. Copyright 2009, American Chemical Society.

Bundles of NFs of width 30 nm are visible in micrographs without mechanical grinding. For
fibrillation, 1 wt.% slurry was passed through a grinder of the model (MKCA6-3; Masuko
Sangyo Co., Ltd.). After passing through the grinder, chitin slurry changed to highly viscous
stable wet gel of CNFs. To record FE-SEM picture of sample, sheet of chitin material was
prepared. Sheet was coated with 2 nm layer of platinum by an ion sputter coating before
recording SEM micrographs. Chitin slurry was passed for one cycle through grinder at pH 7
and 3. As shown in Fig. 2a at neutral pH, fibers had width in wider range 10-100 nm. The
bundles of embedded chitin-protein fibers were fibrillated successfully by grinding of wet
chitin. It was easy to remove protein from water soaked chitin to isolate chitin fibrils. Authors
[16] reported preparation method of CNFs from wet squid pen β-chitin at pH 3–4. In acidic
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nano-whiskers of width 6.2 nm and length 250 nm when fibers were deacetylated by treating
with 33% NaOH. This contribution discusses most recent advances in preparation, derivati‐
zation, characterization and applications of CNFs. Most of the work has been conducted in our
laboratory and we have also discussed the results from other groups as well.
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2. Preparation of CNFs from crab and prawn shells, and mushrooms

2.1. CNFs from crab shells

Commercial grade dried crab shell flakes of species Paralithodes camtschaticus (red king crab)
were used as a raw starting material to isolate NFs. Flakes from red king crab shell are so cheap
and abundant that they are used in fertilizer industry. Crab shells were crushed to powder
and purified according to the well established method. 1 wt.% slurry of crab chitin was
prepared by a series of chemical treatment described in a previous chapter [14]. In brief
minerals were removed by HCl treatment, suspension was filtered and washed thoroughly
with distilled water, removal of proteins was done by refluxing the suspension with NaOH,
pigments and lipids were removed by ethanol. After completion of above the treatments,
suspension was filtered washed with distilled water and kept wet for mechanical grinding for
fibrillation, this wet slurry was made to a concentration of 1 wt.% and called chitin slurry.
Chemical treatment loosened the tightly bonded fibrils bundles to larger extent apart from
removal of minerals, proteins, pigments, and lipids as shown in Fig. 1a and b.

Figure 1. FE-SEM images of crab shell surface after removal of matrix from shell surface by chemical treatment with‐
out mechanical grinding at different magnification scales; a) 1000 nm; b) 100 nm. Reprinted with permission from ref.
1. Copyright 2009, American Chemical Society.

Bundles of NFs of width 30 nm are visible in micrographs without mechanical grinding. For
fibrillation, 1 wt.% slurry was passed through a grinder of the model (MKCA6-3; Masuko
Sangyo Co., Ltd.). After passing through the grinder, chitin slurry changed to highly viscous
stable wet gel of CNFs. To record FE-SEM picture of sample, sheet of chitin material was
prepared. Sheet was coated with 2 nm layer of platinum by an ion sputter coating before
recording SEM micrographs. Chitin slurry was passed for one cycle through grinder at pH 7
and 3. As shown in Fig. 2a at neutral pH, fibers had width in wider range 10-100 nm. The
bundles of embedded chitin-protein fibers were fibrillated successfully by grinding of wet
chitin. It was easy to remove protein from water soaked chitin to isolate chitin fibrils. Authors
[16] reported preparation method of CNFs from wet squid pen β-chitin at pH 3–4. In acidic
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condition at low pH cationization of C2 amino groups in β-chitin occurred resulted in more
dispersed and stable phase because of electrostatic repulsion. Similar electrostatic phenomena
occurred at low pH of 3 when amino groups cationized in preparation of CNFs from α-chitin
obtained from crab shell in one grinding pass in acidic condition by our research group [1].
Fine fibrils in the narrow range of 10-20 nm were obtained as shown in Fig. 2b and c. Chitin
slurry of 1 wt.% became a highly viscous gel phase after one cycle of grinding treatment is due
to large surface area of NFs. Viscous gel phase formation is the indication that fibrillation was
successful in one cycle of grinding and it was more facilitated in acidic medium as unbroken
high aspect ratio NFs were visible in FE-SEM images.

Figure 2. FE-SEM pictures CNFs prepared from crab shell after one cycle of grinding at pH values; a) pH 7; b and c) pH
3; the scale is a and b) 400 nm, c) 200 nm. Reprinted with permission from ref. 1. Copyright 2009, American Chemical
Society.

2.2. CNFs from prawn shell

In section 2.1, CNFs were isolated successfully from crab shells flakes in acidic medium with
uniform width (10-20 nm) and high aspect ratio after series of chemical treatments followed by
one pass of mechanical grinding. Acidic pool and excess acetic acid, however, in CNFs is a matter
of worry for applications of NFs especially in pharmaceutical, cosmetic, biomedical indus‐
tries. Acidic contamination of NFs for above applications is an important issue to address from
toxicity viewpoint. Removal of acid from NFs is difficult, complicated, and make products
expensive. Therefore preparation of CNFs in normal condition of neutral pH is utmost and
immediate necessity to apply them for above products. CNFs from prawn shells have been
extracted under neutral conditions without addition of any acid. Fresh shells of prawn species
Penaeus monodon (black tiger prawn) was used to prepare CNFs. Prawns are cultivated on large
scale world wide and its shells are thrown as industrial waste. Chemical treatments to remove
minerals, pigments and proteins and lipids are same for prawn [2] as described for isolation of
chitin from crab shells. In brief, addition of NaOH and HCl removed proteins and minerals,
respectively leaving the chitin and pigments in shell. Pigments were removed with ethanol
extraction. Yield of dry chitin from prawn shells was 16.7%. Degree of deacetylation (DDA) of
prepared samples determined by the content of C and N by elemental analysis was 7%. SEM
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micrograph of the black tiger prawn shell surface after removal of the matrix components is
shown in Fig. 3. SEM picture shows exocuticle which is the main part of the prawn shells. It is
important that uniform CNFs with an elaborate interwoven structure is clearly visible in the
image. 1 wt.% chemically treated chitin suspension was crushed by a domestic blender and
passed through a grinder for fibrillation without addition of acid. Chitin slurry obtained was
high viscous gel after a single grinding treatment similar to that observed in CNFs from crab
shell. Fig 4a and b are the SEM images of one pass NFs at different magnifications. The width of
NFs was 10–20 nm. In crab shell NFs at neutral pH, width of the fibers was widely distributed
in range 10-100 nm after single grinding pases. Thus preparation of NFs from prawn shells is
much advantageous  than crab  shell.  Using prawn shells,  thin,  homogeneous,  uniformly
distributed, well separated, and large aspect ratio CNFs were successfully prepared in neutral
medium with much superiority over acidic crab shell preparations to apply for a number of
industrial applications. The explanation we have given of fibrillation of prawn shell achieved at
neutral pH unlike to crab shell that occurred at pH 3 is following. The outer most skeleton
(exoskeleton) of prawn or crab shell is made up of two parts exocuticle and endocuticle. Exocuticle
has a very fine interwoven plywood type structure, endocuticle is rather more coarse and has
thick fibers as shown in Fig.1. 90% of crab shell is made up of these thicker endocuticular fibers
[17]. Thus a low pH of 3 medium is used to obtain nanofibrils in crab shell. On the other hand
the exoskeleton of prawn including black tiger prawn made up of mostly semitransparent soft
shell of fine exocuticle as shown in Fig. 3, thus their fibrillation occurs easier than crab shell at
neutral pH. The preparation for CNFs from prawn shells in neutral pH is also valid to other
species of prawn as described in article [2].

Figure 3. FE-SEM image of black tiger prawn after chemical treatment. Reproduced with permission from ref. 2. Copy‐
right 2011, Elsevier.
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Figure 4. FE-SEM image of black tiger prawn NFs after one pass in grinder at neutral pH; a) scale: 1000 nm, b) scale:
200 nm. Reproduced with permission from ref. 2. Copyright 2011, Elsevier.

2.3. Nanofibrillation of dry chitin powder by Star Burst system

Authors [10] used new fibrillation machine Star Burst system (SBS) developed by Sugino
Machine Co., Ltd. to prepare NFs from commercially available dry α-chitin powder from crab
shell with and without acetic acid medium. The working principle of SBS instrument has been
described in introduction part of the review. Instrument uses high pressure water jet to
atomized the chitin slurry into NFs. FE-SEM showed that NFs became thinner as the number
of SB passes increased. Fibers were thinner in acidic medium than neutral conditions. NFs
prepared in SBS were thinner than reported earlier [1] using grinder in acidic medium. XRD
recording showed that SBS did not damage NFs and did not reduce crystallinity.

Fig. 5 shows FE-SEM micrographs of CNFs after SB treatments under a neutral aqueous
condition. After one pass, the chitin was not fibrillated (Fig. 5(a)). Thick aggregates of CNFs
were observed. There was a significant change in the morphology of CFs after the treatment
with five and ten passes (Fig. 5b, c, d, and e). In five and ten passes the NFs are fibrillated as
shown in Fig. 5c and e on maginification of 300 nm. The width of fibers in five passes is 18.2
and it reduced to 17.3 nm in ten passes. Thus SBS is powerful tools to give fibers of very thin
diameter even without acetic acid solution pool. If we consider the atomization of CNFs in SBS
with acetic acid then even in one pass fibrillation occurred as shown in Fig. 6a, b.). Fibrillation
completed in five passes as can be seen from SEM pictures Fig. 6d, c.), while processing the
fibers in ten passes the thickness of fibers decreases while aspect ratio reduced as fibers breaks
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due to over processing as can be seen from SEM pictures Fig. 6e and f.). Fiber thickness in one,
five, and ten passes are 19.0, 18.0, and 16.5 nm, respectively. It is very noteworthy that advatage
of very renetly developed advanced technology high pressure jet SBS can atomized chitin
slurry with or wthout acetic acid in just five passes to give NFs of small diameter (18.0-18.2
nm) and with high aspect ratio. Increasing number of passes to ten that is considered over
processing decreases the width of NFs to very smaller extent. So five passes are optimum with
or wthout acetic acid medium.

Figure 5. FE-SEM of CNFs; a) one pass, b and c) 5 passes, d and e) 10 passes prepared by SBS instrument without acetic
acid. The scales are shown in the pictures. Reprinted from ref. 10.

2.4. Characterization of CNFs by FT-IR and XRD recoding

Fig. 7 shows the FT-IR spectra of chitin fibers treated by the Star Burst system after 1, 5, and
10 passes under both neutral and acidic conditions. All spectra of obtained of CNFs showed
that spectral features are in excellent agreement with the spectrum of commercial chitin. In
particular the OH stretching band at 3424 cm−1, NH stretching band at 3259 cm−1, amide band
I at 1652 and 1621 cm−1, and amide II band at 1554 cm−1 of the CNFs are observed. These
absorption peaks are especially characteristic of chitin. This suggests that original chemical
structures of chitin were maintained even after 10 passes of Star Burst mechanical treatments
with or without acidic pool. Fig. 8 are the XRD pattern of commercial chitin and processesed
CNFs. X-ray diffraction profiles of CNFS processed by the Star Burst system after several
passes under both neutral and acidic conditions. All diffraction patterns coincide closely with
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original chitin powder. The four diffraction peaks of the CNFs observed at two θ= 9.2, 19.1,
20.9, and 23.1◦ corresponded to 020, 110, 120, and 130 planes, respectively [18]. They were
typical antiparallel crystal patterns of α-chitin. Thus, the original crystalline structure was
maintained after the purification process followed by the Star Burst treatments. Following are
the relative crystalline indices of CNFs determined from X-ray diffraction profiles. Original
chitin powder has a comparatively high crystallinity of 83.7%. After the Star Burst process
under both acidic and neutral conditions, there was no significant difference in the relative
degree of crystallinity after the various numbers of passes. This result indicates that at least 10
mechanical treatments with the SBS did not damage the CFs, even though the system used a
super high pressure water jet operated at 245 MPa.

2.5. Preparation of CNFs from edible mushrooms

CNFs were isolated and charecterized [3] from cell wall of edible mushrooms by a number of
chemical treatments to remove glucans, minerals, and proteins associated with mushrooms
followed by grinding treatment in acidic medium. NFs width was in the range 20-28 nm
depending on the type of mushroom used. The goal of extraction of CNFs from edible
mushrooms of nano-sized scale fibers is to develop novel functional food materials. The
detailed extraction method and final SEM images of NFs extracted and methods employed to
characterize them have been described below. The mushrooms species Pleuotus eryngii (king
trumpet mushroom), Agaricus bisporus (common mushroom), Lentinula edodes (shiitake), Grifola
frondosa (maitake), and Hypsizygus marmoreus (buna-shimeji) commonly used for human

Figure 6. FE-SEM of CNFs; a and b) one pass, c and d) 5 passes, e and f) 10 passes prepared by SBS instrument with
acetic acid. The scales are shown in the pictures. Reprinted from ref. 10.
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Figure 7. FT-IR spectra of chitin fibers after 1, 5, and 10 passes through Star Burst with and without acetic acid. Re‐
printed from ref. 10.

Figure 8. X-ray diffraction profiles of chitin fibers after 1, 5, and 10 passes through Star Burst with and without acetic
acid. Reprinted from ref. 10.
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Figure 7. FT-IR spectra of chitin fibers after 1, 5, and 10 passes through Star Burst with and without acetic acid. Re‐
printed from ref. 10.

Figure 8. X-ray diffraction profiles of chitin fibers after 1, 5, and 10 passes through Star Burst with and without acetic
acid. Reprinted from ref. 10.
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consumption were used in this study. The purification was done by a series of chemical
treatments to remove associated compounds: proteins, pigments, glucans, and minerals
according to the following procedure. Sodium hydroxide was used to dissolve, hydrolyze, and
remove proteins and alkali soluble glucans. Hydorochloric acid was used to remove minerals.
At this stage partial neutral saccharides and acid soluble protein compounds were also
removed. The extraction step with sodium chlorite and acetic acid removed pigments from
the sample. At final stage, the sample was treated with sodium hydroxide again to eliminate
and remove the residual glucans including trace amount of proteins. After chemical treatment
if the extracted mass allowed to dry, it causes strong hydrogen bonding between CNFs when
all matrix substances are washed away which makes it difficult to fibrillate chitin to NFs. Thus
the sample was kept wet after removal of the matrix for preparation of CNFs. The purified
sample with 1 wt.% content of chitin was passed through a grinder for nano-fibrillation in
acetic acid medium at pH 3. After grinder treatment, the chitin homogeneous stable dispersed
slurry of chitin with high viscosity was obtained resulted due to high surface-to-volume ratio
of NFs thus finally the sample was successfully fibrillated. Fig. 9 shows SEM images of CNFs
from five mushrooms after removing matrix components and one pass though the grinder.
The isolated chitins are well fibrillated and uniform. The width of the fibers was in the range
20-28 nm depending on the species of mushroom. The yield of CNFs contents in mushrooms
was not so high as in crab or prawn shells, it was merely in the range 1.3-3.5 wt.% depending
on the species of mushrooms.

Figure 9. FE-SEM images of CNFs prepared from a) Pleuotus eryngii, b) Agaricus bisporus, c) Lentinula edodes, d) Grifo‐
la frondosa, e) Hypsizygus marmoreus. The scale bars are 200 nm. Reprinted from ref. 3.
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FT-IR and XRD spectrometry were employed to characterized the CNFs from mushrooms. FT-
IR spectra (Fig. 10) of commercially available chitin derived from crab shell and CNFs from 5
types of mushroom were compared for analysis. The major bands of the spectra of CNFs are
in agreement with commercial chitin. Similarly XRD of commercially available chitin and the
CNFs prepared from five types of mushrooms were compared (Fig. 11). The four diffraction
bands of CNFs are typical crystal patterns of α-chitin. Thus, CNFs extracted from several types
of mushroom maintained α-chitin crystalline structures after the removal of matrix substances
followed by grinder treatment. However, in the case of Hypsizygus marmoreus, X-ray diffrac‐
togram (Fig. 11f) contains crystal patterns of cellulose (Fig. 11g). The diffraction peaks observed
from 15° to 17°, and 22.5°, corresponding to the 110, 1–10, and 200 planes, respectively are
typical for the cellulose I crystal.

Figure 10. FT-IR spectra of a) commercial chitin, and CNFs from mushroom source of species b) Lentinula edodes, c)
Pleuotus eryngii, d) Hypsizygus marmoreus, e) Grifola frondos, and f) Agaricus bisporus. Reprinted from ref. 3.

Figure 11. XRD pattern of a) commercial chitin, and CNFs from mushroom source of species b) Pleuotus eryngii, c)
Agaricus bisporus, d) Lentinula edodes, e) Grifola frondos, f) Hypsizygus marmoreus, and g) commercially available cel‐
lulose. Reprinted from ref. 3.
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3. CNFs nanocomposites

Very recently [6] new nanocomposite films of CNFs reinforced silsesquioxane-urethaneacry‐
late (SSQ-UA) copolymer were prepared. CNFs-SSQ-UA nanocomposite films were highly
transparent due to filling of nanometer sized (10-20 nm) CNFs inside the hybrid inorganic-
organic SSQ-UA copolymer. CNFs due their crystalline structure drastically increased the
Young’s moduli and the tensile strengths of the composite and decreased the coefficient of
thermal expansion (CTE). High thermal stability of polysilsesquioxane improved heat
resistance of CNFs. The composite in the ratio of SSQ/UA = 5/0, 4/1, 3/2, 2/3, and 1/4, was
prepared and blended with CNFs and copolymerized using a photo initiator 2-Hydroxy-2-
methylpropiophenone then cured for free radical polymerization by UV irradiation for 8 min
at 40 mW cm-1 (SPOT CURE SP-7, Ushio Inc).

3.1. Optical properties of CNFs composites

Fig. 12 shows % transmittance vs wavelength (nm) of composite film. Neat CNF sheet was not
transparent as % transmittance is nil in visible region and interpreted at 600 nm for all
composites. While neat poly-SSQ film had approximately 90% transmittance. After SSQ-UA
matrix impregnation and subsequent polymerization, the obtained CNFs nanocomposites in
different ratio of SSQ/UA became highly transparent for visible light. CNFs sheets blended
with SSQ-UA had good transparency (85% at 600 nm) in case of SSQ/UA ratio 5/0. Blending
with 1/4 ratio of SSQ/UA, CNFs sheet transparency decreased slightly to 80% compared with
85% for 5/0 blending ratio of SSQ/UA. The composite films became transparent due to nano-
sized composition of CNF sheet. Since the width (10-20 nm) of CNFs was much shorter than
the wavelength of visible light (approximately 400-800 nm), the nanocomposites cause less
light scattering than a microfiber reinforced composite at the interface between nanofiber and
SSQ-UA matrix. At 600 nm since transmittance of nanocomposites were 85-80%, the optical
loss caused by nanofiber reinforcement were only in the range 5-10% despite the high fiber
content of 50 wt.%. The transmittance of nanocomposites increased as ratio of SSQ increased.
The chitin nanofiber sheet obtained in this study can be available like a paper, though the
novelty of the paper is composed of nano-meter thick fibers. Several patterns can be printed
on the nanofiber paper that we have prepared using a domestic inkjet printer (Fig. 13a). The
printed NF paper became transparent (Fig. 13b) after matrix impregnation. This newly
established technique of transparent printing on such a thin (70 µm) composite sheet can have
application in printing of wiring used in electronic devices or electronic papers.

3.2. Thermal properties of composites

Fig. 14 shows the CTE of neat CNFs and its composites. Although neat poly-SSQ (SSQ/UA =
5/0) was too fragile to measure the thermal expansion, the CNF reinforced nanocomposite was
tough for CTE measurement. CTE of CNF sheet without SSQ matrix was only 8.0 ×  10-6 K-1.
While CTE of SSQ-UA copolymer films without CNFs were high in the range 96.2-164.0 ×  10-6

K-1 depending on the ratio of SSQ/UA as shown by bars in Fig. 14. CTEs of all nanocomposites
decreased significantly to a constant value of 30 ×  10-6 K-1. These values corresponded to 66 to
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81% decreased compared to the corresponding to neat SSQ-UA matrices. Thus, CNFs with low
CTE worked effectively to decrease the thermal expansion of SSQ-UA copolymer film as a
result of reinforcement.

3.3. Mechanical characterization of composites

Fig. 15 shows Young’s moduli and tensile strengths of SSQ-UA copolymer films and their
CNFs composites. The Young’s moduli of SSQ-UA with the ratio of 3/2, 2/3, and 1/4 without
CNFs decreased from 1,571 to 128 MPa with increasing the ratio of reactive diluent UA
oligomer. This is due to decrease in crosslinking density with decreasing the amount of
strengthening hybrid component SSQ. The SSQ-UA films with the ratio of 5/0 and 4/1 were
too fragile to measure the mechanical properties so their bars are not shown in the Young’s

Figure 12. Regular light transmittance spectra of CNFs composite film, the material of which measurements were con‐
ducted are shown in the inset of figure. Reproduced with permission from ref. 6. Copyright 2012, Elsevier.

Figure 13. CNFs sheet a) without blending with SSQ-UA matrix; b) after blending with SSQ-UA matrix followed by
copolymerization by UV irradiation. Reproduced with permission from ref. 6. Copyright 2012, Elsevier.
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moduli plot. Nanocomposites were tough enough for the testing due to CNF support. The
Young’s moduli of these nanocomposites significantly increased and reached in the range 3.36
to 4.29 GPa. The tensile strengths also significantly increased in the range 31 to 59 MPa. It is
important to notice that each Young’s moduli and tensile strength of the chitin nanofiber
composites were higher than that of CNF sheet or SSQ-UA copolymer. The higher Young’s
moduli and tensile strength of composite is due to SSQ-UA matrix embedded in every space
of CNF sheet and strongly interacts with NF at the interface thus resulted in the increase of
the reinforcement effect. The enhancements of mechanical properties of composite strongly
support that a CNF sheet with a high Young’s modulus (1.80 GPa) and a high tensile strength
(30 MPa) worked effectively as a reinforcement filler for SSQ-UA copolymer.

Figure 15. Young’s modulus and tensile strength of SSQ-UA copolymer and SSQ-UA-CNFs composites. Reproduced
with permission from ref. 6. Copyright 2012, Elsevier.

Figure 14. Coefficient of thermal expansion (CTE) of SSQ-UA copolymer films and SSQ-UA-CNFs composites. Repro‐
duced with permission from ref. 6. Copyright 2012, Elsevier.
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4. Preventive effect of CNF on dextran sulfate sodium (DSS)-induced
ulcerative colitis (UC)

In this section we describe the medical aspect of CNFs taking a model of DSS- induced colitis
in mouse as investigated by Azuma et al [4]. The effect of CNFs on disease activity index such
as weight loose, loose stools, and bleeding symptoms in colitis were studied. CNFs adminis‐
tered mouse exhibited a significant reduced in disease activity index. Colon length increased
that was shortened due to DSS induction by administration of CNFs compared to control.
Damage in intestinal mucosa was microscopically monitored as shown in Fig. 16. In CNFs
group on 6th day erosion, crypt destruction, and edema were markedly suppressed compared
to control. The number of myeloperoxidase (MPO)-positive cells lowered significantly
compared to control group. Thus CNFs improved clinical symptoms in DSS-induced acute UC
mouse model.

Figure 16. Effect of CNFs administration on histopathologicucedal changes in DSS-induced acute UC mice; a) control,
b) CNFs, and c) chitin powder. Reproduced with permission from ref. 4. Copyright 2012, Elsevier.

5. Conclusion

Preparation of CNFs from crab, prawn shells, and a number of species of mushrooms have
been discussed. Both chemical treatments and mechanical processing have been described in
detail. CNFs prepared from crab shell, the presence of acidic medium was important to reduce
the size of NFs. While in case of prawn shells the fibrillation was achieved in neutral conditions.
Width of CNFs was 10-20 nm with high aspect ratio. After completion of fibrillation the CNFs
were in physical state of wet gel of very high viscosity. Size of NFs was determined by
recording FE-SEM of flakes or thin film of NFs. Apart from using grinder a newly developed
high pressure jet atomization machine (Star Burst System; SBS) was also employed to fibrillate
the NFs. Fibrillation was more effective when SBS was used that gave more thinner (19.0-16.5
nm) and homogeneous NFs compared to girder. NFs were characterized for chitin content by
XRD and FT-IR measurements. CNFs were also prepared from five different species of edible
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mushrooms, NFs of width 20-28 nm were obtained. But the chitin yield in mushroom was
lower (1.3-3.5 wt.%) compared to crab (12.2 wt.%) or prawn (16.7 wt.%). SSQ-UA copolymer-
CNFs transparent composite sheets or thin film ware prepared and their optical, thermal, and
mechanical properties were investigated. The properties improved on blending CNFs with
copolymer to larger extent which has increased the scope of CNFs. CNFs were found effective
to DSS-induced UC disease in mouse colon, the UC symptoms removed and lowered the MPO-
positive cell count decreased significantly.
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Chapter 4

Fabrication of Nanofibrous Scaffolds by Electrospinning
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Additional information is available at the end of the chapter
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1. Introduction

Continuous progress in surgical technologies and biomedical science has allowed tissue or
whole-organ transplantation to become potential options to restore native functions such as
regeneration of fractured or diseased bones. Unfortunately, the increasing demand for function
transplants and the human aspiration for longer living far exceed the available supply of usable
donor tissues. Transplantation technology has encountered severe limitations. Therefore, new
technologies are needed to reduce this gap in clinical need versus available healthy tissue and
organ supplies. In recent years, electrospinning has been employed as a leading technique for
generating biomimetic scaffold made of synthetic and natural polymers for tissue engineering.
This method can produce electrospun fibers with diameters in the range from several micro‐
meters down to less than 100 nm that have a very high surface area to mass ratio. This kind of
thee dimensional, fibrous scaffold with high porosity can closely biomimic that of native
extracellular matrix. Thus, facilitate cell attachment, support cell growth and regulate cell
differentiation [1, 2].

Silk filament derived from silkworm Bombyx mori is a natural protein mainly made of sericin
and fibroin proteins, i.e., sericin (the outer coating) and fibroin (the inner brins). The sericin
protein is removed by a process called degumming in industry, so that the term silk is
commonly improperly used to define only one of its two components, the silk fibroin. Silk
fibroin is a typical fibrous protein that has been studied as a scaffold for tissue engineering
because of its excellent biocompatible, bioabsorbability and low level of inflammatory
potential [3–5]. In recent years regenerated silk fibroin nanofibers have been developed using
electrospinning technique for tissue engineering [4, 5].

In tissue engineering in vitro, many researches were directed towards the development of novel
hybrid nanofibers scaffold using regenerated silk fibroin by electrospinning technique [6–9]
in order to improve cell adhesion, proliferation and differentiation behavior. In current

© 2013 Wei and Kim; licensee InTech. This is a paper 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.
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because of its excellent biocompatible, bioabsorbability and low level of inflammatory
potential [3–5]. In recent years regenerated silk fibroin nanofibers have been developed using
electrospinning technique for tissue engineering [4, 5].

In tissue engineering in vitro, many researches were directed towards the development of novel
hybrid nanofibers scaffold using regenerated silk fibroin by electrospinning technique [6–9]
in order to improve cell adhesion, proliferation and differentiation behavior. In current
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research, various electrospun nanofibers have been devised to prepare biomimetic nanocom‐
posites for potential application in tissue engineering. For instance, Mather et al. prepared silica
from nanofibers by immersion of the PEI/PVP (poly(ethylene imine)/poly(vinyl pyrrolidone))
nanofibers in silica precursor tetramethylorthosilicate (TMOS) and then calcinations [10]. A
simple alternative to create silk/silica composites is to coat silk-based material templates with
silica precursors (such as tetraethylorthosilicate (TEOS)) and subsequently heat them at 105
°C for several h, as was demonstrated with cocoon fibers of Bombyx mori fibroin silkworms [11].
Furthermore, the silk template can subsequently be removed by calcinations, yielding a porous
material in which the pore structure is determined by the silk-based material.

Bioactive ceramics, such as hydroxyapatite (HA) has also been used in many medical appli‐
cations in orthopedic and dental surgery owing to its osteoconductivity and osteophilicity [12–
14]. In the past few years, various electrospun nanocomposite fibers, such as PCL/CaCO3 [15],
HA/gelatin [16], silk/HA [17], PLA/HA [18], and triphasic HA/collagen/PCL [19] had been
devised and explored for potential bone regeneration applications. However, since most of
these electrospun composite fibers were prepared by electrospinning of blends made by
simply mixing the prior obtained inorganic nanoparticles with viscous spinning solutions of
polymers, it usually results in nanocomposites with very limited or lacking of specific
interactions between the organic and inorganic phases [20].

Besides the widely recognized merits of electrospun fibers, Core-sheath structural nanofibrous
scaffold incorporated with bioactive agents is supposed to promote cell migration, prolifera‐
tion, and gene expressions because the controllable and sustainable release of bioactive agents
from the fibers and the preservation of bioactivity. A functional nanofibrous scaffolds incor‐
porated with bioactive agents depends on two factors: the controllable and sustainable release
of bioactive agents from the fibers and the preservation of bioactivity. A majority of the
reported works on drug release scaffolds tends to adopt the route of simple mixing of bioactive
agents and the carrier polymers for blend-electrospinning. The resultant blend formulation
would usually lead to initial burst release of drug, which is undesirable for an effective and
controllable device. [11] Moreover, simple blending of electrospinning dopes leads to the direct
exposure of bioactive agent to aggressive solvent environment that potentially denatures the
biomolecules and loses the bioactivity. Therefore, developing novel processes capable of
providing controllable system for the release of biomolecules from the electrospun fibers while
preserving the bioactivity is of great importance.

In this study, three kinds of nanocomposite scaffold were prepared by electrospinning for
improving cell cultivation. Firstly, we describe the formation of regenerated silk fibroin/
tetramethoxysilane (TMOS) nanofibers hybrid nanocomposites obtained by electrospinning
of their blends. Hydrolysis and condensation of alkoxy silicon monomer (TMOS) shows that
the Si–O–Si bonds join together in order to form a network made of porosities. Moreover, the
amine groups catalyze the hydrolysis process due to the alternating presence of protonated
and non-protonated amine groups in the fibroin molecular chains, which allows hydrogen
bond formation with the oxygen adjacent to silicon in the precursor and thus facilitate –Si–O–
Si– bond formation [21]. Here we hypothesize that the hybrid of silk fibroin and TMOS could
improve hydrophilicity of the fibrous nanocomposites, furthermore, it would improve cell
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activity by accelerating adhesion behavior in the early stages. Secondly, a silk-nHA (nano-
hydroxyapatite) biocomposite scaffold was also developed by an electrospinning technique
and then post-treated by employing a calcium phosphate (Ca–P) alternate soaking method.
We hypothesized that well-distributed HA nanoparticles on the silk nanofibrous would
improve cell activity by accelerating differentiation in the late stages. Extensive material
characterizations and cell culture studies using MC3T3-E1 were conducted to assess the
viability and potential application of this material for future bone grafts applications. Fur‐
thermore, we present a novel and effective emulsion electrospinning method in obtaining
Fluorescein isothiocyanate-dextran (FITC-dextran)/poly (lactic-co-glycolic acid) (PLGA) and
Type I collagen/poly (lactic-co-glycolic acid) (PLGA) fibrous composite scaffolds. Core-sheath
structured fibers are successfully fabricated with average diameters of 665 nm and 567 nm for
FITC-dextran/PLGA and collagen/PLGA, respectively. In vitro release profile shows sustained
release of encapsulated FITC-dextran from FITC-dextran/PLGA fibers as long as 7 weeks. The
osteoblastic activities of collagen/PLGA nanofibrous scaffold are also investigated by employ‐
ing osteoblastic-like MC3T3-E1 cell line. Lactate dehydrogenase assay results suggest the
excellent cytocompatibility. Cell proliferation and alkaline phosphatase (ALP) activity is also
ameliorated on this emulsion electrospun collagen/PLGA fibrous scaffold. All the results
indicated that this composited scaffold could support the early stages of osteoblast behavior
as well as immediate/late stages. The emulsion electrospinning process has good potential for
application in drug release device and three-dimensional scaffold in bone regeneration.

2. Fabrication of silk/TMOS composite nanofibers by co-electrospinning

In the electrospinning system [22, 23], a high-voltage power supply (Har-100*12, Matsusada
Co., Tokyo, Japan), capable of generating voltages up to 100 kV, was used as the source of the
electric field. The regenerated silk protein solution was contained in a plastic tube connected
with a capillary tip with an inner diameter of 0.6 mm. The copper wire connected to a positive
electrode (anode) was inserted into the polymer solution, and a negative electrode (cathode)
was attached to a metallic collector. The solution volume was controlled to keep proper flow
rate for spinning.

Silkworm Bombyx mori is a natural protein that is mainly made of sericin and fibroin proteins,
i.e., sericin (the outer coating) and fibroin (the inner brins). The sericin protein is removed by
a process called degumming in industry, so that the term silk is commonly improperly used
to define only one of its two components. In this work, the cocoons of Bombyx mori were
degummed three times in an aqueous Na2CO3 (0.02 M) at 100 °C for 30 min and washed with
distilled water in order to remove sericin from the surface of silk fibers and then the silk fibroin
was obtained. The silk fibroin was then dissolved in a ternary solvent system of CaCl2/
CH3CH2OH/H2O in 1:2:8 molar ratio at 70 °C with vigorous stirring. After dialysis against
distilled water with cellulose tubular membrane with molecular weight cutoffs (MWCO)
ranging from 12,000 to 16,000 Daltons for 4 days at 25 °C, the regenerated silk fibroin sponge
was obtained by lyophilization (−20 °C, 24 h). the solutions were prepared by dissolving 8%
(w/w) regenerated silk protein in 1,1,1,3,3,3-Hexafluoro-2-propanol (HFIP), after 24 h stirring,
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5% and 15% (on the weight of silk fibroin) of TMOS was added to the fibroin solution within
30mins under stirring [24–26].

2.1. Morphology of silk/TMOS nanocomposites scaffolds

Electrospun nanofibers of regenerated silk fibroin and its blends with TMOS from their HFIP
solutions were obtained using conditions specified above. Figure 1(a) shows SEM image of
pure regenerated silk fibroin nanofibers electrospun from a regenerated silk solution dissolved
in HFIP at a concentration of 8 wt %. SEM analysis indicates a broad diameter distribution,
with an average diameter of 1252 nm and standard deviation (SD) of 410 nm.

The silk/TMOS nanofibers, shown in Figure 1(b, c), were obtained by adding 5 wt % TMOS in
8 wt % regenerated silk fibroin solution within 30 mins under stirring, electrospinning at a
voltage of 16 kV and a TCD of 10 cm, and finally drying at 25 °C for 24 h under humidity of
20%. Interestingly, the adjacent fibers in silk/TMOS hybrid electrospun nanofibers caused to
‘weld’ at fiber contact points [27], as evident in the SEM images (Figure 1(b)). Compared to
welded hybrid fibers, the pure silk nanofibers shown in Figure 1(a) are intact and do not show
flash welding. Additionally, the fiber diameters showed almost same to 1,287 nm (SD = 367
nm) (Figure 1(b)), to fibers spun from the pure silk solution (Figure 1(a)). The observed ‘weld’
at contact points may be due to the equilibrium water content, as was verified by TGA analysis
shown later. Moreover, as the TMOS concentration increased to 15%, the fibers became belts
and the juncture extended like a sheet which could not be identified as nanofiber mats at all
(Figure 1(c)). So in this study we just investigated the hybrid nanofibers with the TMOS
concentration of 5%.

Figure 1. SEM images of the nanofibers (a) regenerated silk fibroin nanofibers; (b) silk/TMOS hybrid nanofibers with
TMOS concentration of 5 wt %; and (c) silk/TMOS hybrid nanofibers with TMOS concentration of 15 wt %.

2.2. Hydrophilicity properties of electrospun regenerated silk/TMOS nanofibers

The hydrophilicity of electrospun nanofibers composites can be seen from Figure 2. Water
contact angle showed a sharp decrease of electrospun silk nanofibers incorporated with TMOS
than pure regenerated silk fibroin nanofiber from 116.2° to 84.8°. Although silk fibroin has
many hydrophilic groups such as –OH and –COOH, the incorporation of TMOS result in
higher water capacity in the fibers due to the formation of spatial net structure formed via Si–
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O–Si– linkages as proved by TG result. Furthermore, the water contact of silk/TMOS hybrid
nanocomposites was closed to that of TCD (Tissue culture Dish) template (75.6°), which
indicated that it may be more suitable for cell attachment than pure silk nanofibers because
the optimum water contact of the surface for fibroblast adhesion is reported in the range
between 55° and 75° [28]. The adhesion behavior will be discussed in the following text.

Figure 2. Water contact angle of (a) pure silk nanofibers; and (b) silk/TMOS nanofibers.

2.3. Cytotoxicity assay

Lactate dehydrogenase (LDH) leakage assay results in Figure 3(a) suggest that cell culturing
on silk/TMOS fibrous scaffolds cause LDH release near 8% while that on silk is near 7%. Both
of them are of no significant difference with the LDH release from TCD as a control. The results
showed that the incorporation of TMOS in the fibrous material didn’t affect the excellent
biocompatibility of silk fibroin. From the live/dead fluorescence micrographs in Figure 3(b)
and (c), the majority of cells incubated for 12 h on silk/TMOS and silk scaffolds were alive and
parts of them revealed spindle shaped morphology. Cytotoxicity assays indicate that L929 cells
on silk/TMOS fibrous scaffold have comparable viability on silk fibrous scaffold.

2.4. Adhesion behavior of electrospun regenerated silk/TMOS nanofibers

The adhesion ratio of L929 cells on pure silk, silk/TMOS nanofibers and TCD controls were
shown in Figure 4(a). The cell adhesion ratio of silk/TMOS nanofibers was significantly higher
than pure silk nanofibers and TCD controls in all the culture times, it reached as high as 95%
after 90 mins’ cultivation while that on pure silk was near 85%. Although an increase in
adhesion ratio on both pure silk nanofibers and TCD controls after 30 to 90 mins of cell culture
were observed, results of adhesion ratio of silk/TMOS nanofibers showed excellent attachment
behavior to L929 cells which could be attributed to the melioration of hydrophilicity. The
incorporation of TMOS on silk fibroin nanofibers had enhanced the adhesion behavior of L929
cells as expected.

Immunofluorescence microscopy of L929 cells grown on pure silk, silk/TMOS fibrous scaffold
and TCD after 6 h cultivation are shown in Figure 4(b-d). Blue fluorescence of cell nuclei
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parts of them revealed spindle shaped morphology. Cytotoxicity assays indicate that L929 cells
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The adhesion ratio of L929 cells on pure silk, silk/TMOS nanofibers and TCD controls were
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after 90 mins’ cultivation while that on pure silk was near 85%. Although an increase in
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were observed, results of adhesion ratio of silk/TMOS nanofibers showed excellent attachment
behavior to L929 cells which could be attributed to the melioration of hydrophilicity. The
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cells as expected.
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revealed round, well-spaced, and regularly distributed nuclei across the surface of both fibrous
scaffolds. Compared to the L929 cells on pure silk that showed round shaped, the cytoskeletal
organization (green fluorescence) of most cells on silk/TMOS scaffold showed obvious spindle-
shaped morphology, while both round and spindle-shaped L929 cells have been investigated
on TCD as a control. Moreover, only L929 cells on silk/TMOS showed vinculin signals (red
fluorescence) at the extremities of cellular extensions. Consisting with the adhesion ration in
Figure 4 (a), these results mean a better adhesion and stretching behavior of L929 cells on silk/
TMOS nanofibrous scaffold than that on pure silk scaffold.

Accordingly, intensive researches have been carried out in order to manipulate cellular
behavior by modifying the relative properties of materials. Y. Sasai et al. induce durable
hydrophilicity on the hydrophobic of polystyrene surface and further modified it by RGD
sequence which can be recognized by the receptor protein on the cellular membrane to enhance
the adhesion and proliferation of PC12 cell [29]. Vera A. et al. induced stable cell adhesion by
manipulating the surface topography to the hydrogel poly (ethylene glycol) although fibro‐
blast is intrinsically non-adhesive to the smooth surface [30]. Mohammad et al. found that the
positive surface of the titanium cylinder results in favorable NCTC clone 929 fibroblast cell
adhesion [31]. The results in our study suggested that the cell adhesion ratio and spreading
on silk/TMOS has been enhanced comparing to the pure silk. This can be explained by the
change of fibrous surface properties in the terms of hydrophilicity and surface morphology
change. First of all, water contact angle showed that silk/TMOS have better hydrophilicity than

Figure 3. LDH release (a) and fluorescence micrographs of Calcein AM/PI-stained L929 cells with live cells fluorescing
green and dead cells fluorescing red after 12 h culture on the Silk/TMOS; (b), silk; (c) nanofibrous scaffold; and TCD (d).
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neat silk because of the formation of spatial net structure formed via Si–O–Si– linkages. Studies
about the wettability, initial protein adsorption, and the cell adhesion showed that one of the
fibronectin state has more active conformation (secondary structure rearrangements) being on
a hydrophilic surface [32, 33]. This will consequently lead to more spreading of fibroblasts and
ultimately the sufficient cell adhesion and spreading. It has been reported that the optimum
wettability of the surface for fibroblast adhesion is in the range between 55° and 75° [28]. The
TCD used in this study as control has a water contact of 75.6° (data not shown) and the
incorporation of TMOS has change the hydrophobic silk surface of 116.2° to hydrophilic 84.8°.
Secondly, SEM images in Figure 1(b, c) showed the interesting adjacent fibers in silk/TMOS
hybrid electrospun nanofibers caused to ‘weld’ at contact points. It has been known that the
substrate’s topography has a great influence on the behavior of cells at interface. Studies
showed that contact guidance happened to cells of different types on different materials with
different sizes and shapes of patterns [34–36]. Probably, this kind of ‘weld’ in silk/TMOS
nanofibrous mats influence the surface microstructure of the fiber that might has positive effect
to the L929 cell adhesion, though more intensive study is necessary for the conclusion.
Nevertheless, considering the complexity of cell surface interaction, which involves protein
absorption and specific binding, the function groups that existed in TMOS and net charges
presented on the silk/TMOS hybrid scaffold might also influence the protein adsorption and
therefore cell adhesion in some degree [37, 38].

Figure 4. The adhesion ratio (a) for L929 cells after 90 min culture on pure silk, silk/TMOS nanofibers and TCD con‐
trols. Significant difference between different materials groups were denoted as * (p < 0.05). and Fluorescent staining
of F-actin (green), vinculin (red), and cell nuclei (blue) for L929 cells after 6 hs culture on silk; (b) fibrous scaffold, silk/
TMOS; (c); and TCD (d).
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revealed round, well-spaced, and regularly distributed nuclei across the surface of both fibrous
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positive surface of the titanium cylinder results in favorable NCTC clone 929 fibroblast cell
adhesion [31]. The results in our study suggested that the cell adhesion ratio and spreading
on silk/TMOS has been enhanced comparing to the pure silk. This can be explained by the
change of fibrous surface properties in the terms of hydrophilicity and surface morphology
change. First of all, water contact angle showed that silk/TMOS have better hydrophilicity than

Figure 3. LDH release (a) and fluorescence micrographs of Calcein AM/PI-stained L929 cells with live cells fluorescing
green and dead cells fluorescing red after 12 h culture on the Silk/TMOS; (b), silk; (c) nanofibrous scaffold; and TCD (d).
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about the wettability, initial protein adsorption, and the cell adhesion showed that one of the
fibronectin state has more active conformation (secondary structure rearrangements) being on
a hydrophilic surface [32, 33]. This will consequently lead to more spreading of fibroblasts and
ultimately the sufficient cell adhesion and spreading. It has been reported that the optimum
wettability of the surface for fibroblast adhesion is in the range between 55° and 75° [28]. The
TCD used in this study as control has a water contact of 75.6° (data not shown) and the
incorporation of TMOS has change the hydrophobic silk surface of 116.2° to hydrophilic 84.8°.
Secondly, SEM images in Figure 1(b, c) showed the interesting adjacent fibers in silk/TMOS
hybrid electrospun nanofibers caused to ‘weld’ at contact points. It has been known that the
substrate’s topography has a great influence on the behavior of cells at interface. Studies
showed that contact guidance happened to cells of different types on different materials with
different sizes and shapes of patterns [34–36]. Probably, this kind of ‘weld’ in silk/TMOS
nanofibrous mats influence the surface microstructure of the fiber that might has positive effect
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Figure 4. The adhesion ratio (a) for L929 cells after 90 min culture on pure silk, silk/TMOS nanofibers and TCD con‐
trols. Significant difference between different materials groups were denoted as * (p < 0.05). and Fluorescent staining
of F-actin (green), vinculin (red), and cell nuclei (blue) for L929 cells after 6 hs culture on silk; (b) fibrous scaffold, silk/
TMOS; (c); and TCD (d).
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3. Fabrication of silk/nHA composite nanofibers

The regenerated  silk  fibroin  sponge  was  obtained using  the  same method as  described
above. Silk fibroin solutions in the concentration of 18% (w/w) were prepared by dissolv‐
ing the regenerated silk  protein sponge into  98% formic  acid,  and used for  electrospin‐
ning [39].  The electrospun silk nanofiber was post-treated by a Calcium–Phosphate (Ca–
P) alternate soaking method. That is,  mineralization of nHA was achieved by subjecting
the nanofibers in a series of calcium and phosphate treatments,  deemed as the alternate
soaking method [40]. Silk nanofibrous scaffolds were first immersed in 0.5 M of CaCl2 (pH
of 7.2) (Aldrich Chemical Company, Inc., St. Louis, State Abbreviation, USA), followed by
rinsing with deionized (DI) water. Afterwards, the scaffolds were subsequently immersed
in 0.3 M of Na2HPO4 (pH of 8.96) (Merck & Co. Inc., City, NJ, USA) and rinsed with DI
water.  The  above-mentioned  step  was  referred  to  as  1  cycle  of  Ca–P  treatment.  All
nanofibers were subjected to 3 cycles of Ca–P treatments, where the first cycle was 10 min
(in each chemical solution) and the second and third cycles were 5 min (in each chemical
solution). After mineralization, the nanofibers were freeze-dried overnight.

3.1. Morphology of silk/nHA nanofibrous scaffolds

Mineralization of nHA was successfully deposited on pure silk fibroin nanofibers after 3 cycles
[41] of Ca–P treatment as depicted in Figure 7. As shown in Figure 5(b,c), the diameter of
obtained silk fibroin nanofibers was around 242 ± 34 nm. It was observed that nHA was
homogenously formed on pure silk nanofiber substrates. As evidenced in the high resolution
FE-SEM micrograph (Figure 5(d)), nHA particles formed on silk fibroin nanofibrous scaffolds
were nanocrystalline in structure and the deposition was occurred predominately on the
surfaces of the nanofibrous scaffolds. The size of nHA particles was approximately 30–35 nm
in diameter, which was proved by WAXD (see below).

3.2. Crystal Structure of Silk/nHA Nanofibrous Scaffolds

XRD results as can be seen in Figure 8 clearly demonstrated the presence of nHA in the
mineralized silk/nHA nanofibrous scaffolds (Figure 6(b): nHA residues and Figure 6(c):
mineralized silk/nHA nanofibers). The broad halo peak at 20.6° in Figure 6(c) was attributed
to the silk II form of β-sheet crystalline structure [42, 43]. All the peaks in Figures 6(b) and
(c) were consistent with the peaks associated with pure nHA (Figure 6(a)), suggesting that
rapid mineralization approach used in our study was effective in producing nHA phases on
the silk nanofibrous substrates. But unfortunately, both the EDX and XRD analyses indicate
the poor crystallinity of the nHA formed on silk nanofibers. It can be explained that the
hydroxyl or amide group, which existed in the silk fibroin macro chains, captured calcium or
phosphate ions in the solution by chelation. The supply of calcium or phosphate ions to the
apatite nuclei was retarded, and the apatite crystals grew under the condition that the calcium
or phosphate ions were not sufficiently supplied. Therefore, the crystal growth of apatite was
inhibited along a particular axis and resulted in random orientations of crystals in the miner‐
alized fibroin [44].

Advances in Nanofibers110

Figure 6. X-ray diffraction (XRD) patterns of (a) pure HA (control); (b) nHA residues; and (c) mineralized silk/nHA
nanofibers.

Figure 5. FE-SEM images of pure silk and mineralized silk/nHA nanofibers after 3 cycles of Ca–P treatment. (a) pure
silk nanofibers (6000 ×; scale bar, 500 nm), (b–d) mineralized silk/nHA nanofibers after 3 cycles of Ca–P treatment with
different magnification.
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3.3. Proliferation behavior of silk/nHA nanofibrous scaffolds

In Figure 7, immunofluorescence of actin filaments demonstrates the cytoskeletal organization
(green). Since the high surface area to volume of nanofibers which is used to mimic the
extracellular matrix environment of cells, the MC3T3-E1 cells in Figure 7(I) is investigated to
spread in spindle or polygonal morphology after 24 h cultivation. Moreover, intensive vinculin
signals can be found along the stretching cellular axis. The MC3T3-E1 cell’s adhesion activity
in Figure 7(I) suggested that the mineralization of nHA on silk fibrous mats didn’t outweigh
the benefit of silk nanofibrous scaffold. 3D network culturing morphology of MC3T3-E1 in
Figure 7(II) was determined by laser depth-of-focus scanning about 20µm of the silk-nHA
scaffold. Together with the cross-section image of Figure 7(III) where a portion of cells are
penetrated into fabricated channels, silk-nHA fibrous mats were proved to be suitable for
supporting the MC3T3-E1’s 3D cultivation.

Figure 7. Fluorescent staining of F-actin (green), vinculin (red), and cell nuclei (blue) for MC3T3-E1 cells after 24 h cul‐
tivation on silk/nHA fibrous scaffold. (I) 2D morphology of cultivation; (II) 3D morphology by laser scanning of fibrous
scaffold; and (III) cross section of II.

As evidenced in the FE-SEM micrographs, osteoblasts were successfully seeded on both pure
and mineralized silk nanofibers where the cells were partly adhered to nHA regions in the
silk/nHA nanofibers (Figure 8(b)). The deposition of nHA did not affected the MC3T3-E1
attachment compared to those on those grown on pure silk nanofibers after 1 day cultivation
(Figures 8(a) and 8(b)) [45, 46], Likewise, cell spreading in a spindle-like shape was also
observed on HA-based composites after 2 days of cell culture due to the physical contacts
between cells which is maintained via the formation of filopodia or lamellipodia [47]. As seen
in Figure 8(d), the cells were strongly anchored on the silk/nHA nanofibrous scaffolds, with
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preferential attachment of the pseudopodia to nHA regions. In addition, a greater cell
spreading on silk/nHA nanofibers was observed after 2 days of cell culture (Figure 8(d)),
compared to that after 1 day (Figure 8(b)). When the culture period is prolonged in our study,
full cell coverage was found on the nanofibers, and eventually osteoblasts covered most of the
nanofiber surfaces after 7 days of cell culture with extended lamellipodia, creating a cell multi-
layers on the fibers (Figure 8(f)).

Figure 8. Osteoblasts on pure and mineralized silk/nHA nanofibers. (a) pure silk (day 1); (b) silk/nHA (day 1); (c) pure
silk (day 2); (d) silk/nHA (day 2); (e) pure silk (day 7); and (f) silk/nHA (day 7).

Figure 9 shows cell proliferation on pure and mineralized silk nanofibers onward 3 days of
cultivation. It was observed that when compared with the pure silk nanofibers, the cell
numbers were smaller for mineralized silk/nHA nanofiber scaffold and TCD until 7 days
cultivation. This is different from what was observed in other studies where osteoblast
proliferation was improved on nanophase HA materials [48, 49]. Probably, the difference was
due to the size effect of hydroxyapatite nanoparticles on proliferation as well as the density or
bulk distribution. Moreover, previous studies showed that curved nHA surface at a nanometer
level could decrease osteoblast-like cells on early period of proliferation [50]. The previously
reported results [51–53] were also coincided with those observed in our study: surface
topography had a crucial influence on cell behavior, which was accompanied by attenuated
proliferation rates on rougher surfaces. Nevertheless, after 14 days of cultivation, cell number
on mineralized silk is of no significant differences between pure silk and TCD controls (p ≥
0.05), suggesting that the addition of nHA had no negative effect on later period of cell
proliferation.
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Figure 9 shows cell proliferation on pure and mineralized silk nanofibers onward 3 days of
cultivation. It was observed that when compared with the pure silk nanofibers, the cell
numbers were smaller for mineralized silk/nHA nanofiber scaffold and TCD until 7 days
cultivation. This is different from what was observed in other studies where osteoblast
proliferation was improved on nanophase HA materials [48, 49]. Probably, the difference was
due to the size effect of hydroxyapatite nanoparticles on proliferation as well as the density or
bulk distribution. Moreover, previous studies showed that curved nHA surface at a nanometer
level could decrease osteoblast-like cells on early period of proliferation [50]. The previously
reported results [51–53] were also coincided with those observed in our study: surface
topography had a crucial influence on cell behavior, which was accompanied by attenuated
proliferation rates on rougher surfaces. Nevertheless, after 14 days of cultivation, cell number
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0.05), suggesting that the addition of nHA had no negative effect on later period of cell
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Figure 9. Cell proliferation on pure and mineralized silk nanofibers after 3 to 14 days of cell culture. Significant differ‐
ence between different materials groups were denoted as * (p ≥ 0.05).

3.4. Alkaline phosphatase (ALP) activity of silk/nHA nanofibrous scaffolds

One of the properties of nHA is its bioactive nature which promotes osteoblastic differentiation
in vitro [54–56]. ALP-hydrolyzed phosphate esters play an essential role in the initiation of the
cell differentiation process. Thus, ALP activity, as a marker of osteoblastic activity and a
standard to evaluate the differentiation of MC3TC-E1 cells, were measured and shown in
Figure 10. There was a slight reduction in ALP activity on the pure silk and mineralized
silk/nHA nanofibers than TCD after 5 days of cell culture, while a significant increase in ALP
activity on both pure silk and mineralized silk/nHA nanofibers after 7 to 14 days of cell culture,
compared to TCD counterparts. Results of ALP activity of pure silk and mineralized silk/nHA
nanofibers were comparable on an early stage after 5 days of cell culture, but after 7 days of
cell culture ALP activity was meliorated in mineralized silk/nHA than pure silk substrates.
The incorporation of nHA on silk fibroin nanofibers had enhanced the differentiation activity
of MC3T3-E1 from day 7 to 14. After 14 days of cell culture, ALP activity on mineralized silk/
nHA nanofibers was nearly 1.6 times higher than that of pure silk nanofibers. One noteworthy
observation was that ALP activity in pure silk and mineralized silk/nHA nanofibers was
superior to that of TCD as a control from 7 to 14 days of cell culture.
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Figure 10. ALP activity on pure and mineralized silk/nHA nanofibers after 5, 7, 10 and 14 days of cell culture. Signifi‐
cant difference between different materials groups were denoted as * (p < 0.05).

4. Fabrication of core-sheath structured nanofibers by emulsion
electrospinning

There are two possible approaches of incorporating biomolecules in the fibers during electro‐
spinning. These approaches include coaxial electrospinning and emulsion electrospinning.
The coaxial electrospinning utilizes two feeding capillary channels for different solutions thus
maintaining the functional activity of bimolecular. [57] However, special apparatus is required
for coaxial electrospinning and it demands careful adjustment of the operational conditions in
order to obtain desirable results. On the other hand, emulsion electrospinning has attracted
growing interests, [58-60] due to its relative simplicity and capability of preparing core-sheath
type nanofibers using normal solution electrospinning process. In emulsion electrospinning,
an aqueous drug solution is prepared and dispersed into a polymer solution in an organic
solvent to form a water-in-oil emulsion electrospinning dope. However, the emulsifying
process by ultra-sonication might cause conformational changes of biomolecules that affect its
bioactivity. Thus, it is necessary not only to prepare emulsion electrospun fibrous scaffold
where encapsulated proteins can be controllably released but also to preserve the bioactivities
of the encapsulated biomolecules during the emulsifying process.

Fabrication of Nanofibrous Scaffolds by Electrospinning
http://dx.doi.org/10.5772/57093

115



Figure 9. Cell proliferation on pure and mineralized silk nanofibers after 3 to 14 days of cell culture. Significant differ‐
ence between different materials groups were denoted as * (p ≥ 0.05).

3.4. Alkaline phosphatase (ALP) activity of silk/nHA nanofibrous scaffolds

One of the properties of nHA is its bioactive nature which promotes osteoblastic differentiation
in vitro [54–56]. ALP-hydrolyzed phosphate esters play an essential role in the initiation of the
cell differentiation process. Thus, ALP activity, as a marker of osteoblastic activity and a
standard to evaluate the differentiation of MC3TC-E1 cells, were measured and shown in
Figure 10. There was a slight reduction in ALP activity on the pure silk and mineralized
silk/nHA nanofibers than TCD after 5 days of cell culture, while a significant increase in ALP
activity on both pure silk and mineralized silk/nHA nanofibers after 7 to 14 days of cell culture,
compared to TCD counterparts. Results of ALP activity of pure silk and mineralized silk/nHA
nanofibers were comparable on an early stage after 5 days of cell culture, but after 7 days of
cell culture ALP activity was meliorated in mineralized silk/nHA than pure silk substrates.
The incorporation of nHA on silk fibroin nanofibers had enhanced the differentiation activity
of MC3T3-E1 from day 7 to 14. After 14 days of cell culture, ALP activity on mineralized silk/
nHA nanofibers was nearly 1.6 times higher than that of pure silk nanofibers. One noteworthy
observation was that ALP activity in pure silk and mineralized silk/nHA nanofibers was
superior to that of TCD as a control from 7 to 14 days of cell culture.

Advances in Nanofibers114

Figure 10. ALP activity on pure and mineralized silk/nHA nanofibers after 5, 7, 10 and 14 days of cell culture. Signifi‐
cant difference between different materials groups were denoted as * (p < 0.05).

4. Fabrication of core-sheath structured nanofibers by emulsion
electrospinning

There are two possible approaches of incorporating biomolecules in the fibers during electro‐
spinning. These approaches include coaxial electrospinning and emulsion electrospinning.
The coaxial electrospinning utilizes two feeding capillary channels for different solutions thus
maintaining the functional activity of bimolecular. [57] However, special apparatus is required
for coaxial electrospinning and it demands careful adjustment of the operational conditions in
order to obtain desirable results. On the other hand, emulsion electrospinning has attracted
growing interests, [58-60] due to its relative simplicity and capability of preparing core-sheath
type nanofibers using normal solution electrospinning process. In emulsion electrospinning,
an aqueous drug solution is prepared and dispersed into a polymer solution in an organic
solvent to form a water-in-oil emulsion electrospinning dope. However, the emulsifying
process by ultra-sonication might cause conformational changes of biomolecules that affect its
bioactivity. Thus, it is necessary not only to prepare emulsion electrospun fibrous scaffold
where encapsulated proteins can be controllably released but also to preserve the bioactivities
of the encapsulated biomolecules during the emulsifying process.

Fabrication of Nanofibrous Scaffolds by Electrospinning
http://dx.doi.org/10.5772/57093

115



In this study, poly (lactic-co-glycolic acid) (PLGA), a hydrophilic polymer with excellent
biocompatibility and biodegradability which has been widely used in drug delivery and
scaffold application, [61-63] was dissolved in chloroform/toluene (C/T) mixed solvent to form
the oil phase of the emulsion. SPAN80 (Sorbitan Monooleate) was selected as a non-ionic
surfactant widely used in pharmaceuticals and presumed to be non-toxic for biomedical use.
The Fol-8Col dissolved in aqueous solution was emulsified with the PLGA oil phase to prepare
the emulsion electrospinning dope. (Figure.11) The past work in emulsion electrospinning has
been limited to relatively low water content of 4 vol.% (volume percent). [64] For some
biomacromolecules that have comparatively low solubility in water, higher water content in
the emulsions may be advantageous for their desirable encapsulation in fibers. The concept of
using emulsion as a modulator in electrospinning was reported by J.C. Sy et al. [65] Here, we
propose to introduce emulsions with high water content of 10 wt.% (weight percent). The
distribution and inner layer structure of the encapsulated Fol-8Col was investigated. More‐
over, release profiles of encapsulated Fol-8Col from the fibrous mats and its short-term cell
cytocompatibility to fibroblasts cell line L929 were tested for its potential application as a drug
release device as well as tissue engineering scaffold.

Figure 11. Schematic of emulsion electrospinning.

4.1 Characterization of the encapsulation

In order to clarify the encapsulation of Fol-8Col inside the fibers, two means were employed
to characterize the encapsulation effect. FITC produces green fluorescence at 490nm. The
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fluorescence micrographs of NHS-Fluorescein labeled Fol-8Col/PLGA showed fluorescence
emitting fibers (Figure 12), suggesting the homogeneous presence of Fol-8Col in the emulsion
electrospun fibers. Consisting with the SEM images in Figure 1, bead defects of fibrous
morphology were not observed.

TEM observation was further conducted to identify the layer structure of emulsion electro‐
spun fibers in this study. The TEM image of Figure 13 suggested that the inner component
Fol-8Col of W/O emulsion was properly wrapped in the centre of resultant composite fiber. The
boundary in the TEM images reflects the difference of electron transmission ability between the
core (Fol-8Col) and sheath (PLGA). However, a slanted portion of boundary can be observed
which is associated with the miscibility of amphiphilic surfactant (SPAN80) molecule.

Figure 12. Fluorescence microphotograph of Fol-8Col/PLGA fibers electrospun with Fol-8Col (5 wt% aqueous con‐
tent), a C/T weight ratio of 75/25, and 10wt% PLGA.

Figure 13. TEM images of Fol-8Col/PLGA fibers electrospun from Fol-8Col [5 (I) and 10wt%(II) aqueous content], with
a C/T weight ratio of 75/25 and a PLGA concentration of10 wt%.
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4.2 Cytotoxicity assay and live/dead cell staining

The cytocompatibility test of murine fibroblast L929 on Fol-8Col/PLGA emulsion electrospun
fibrous scaffold was performed to investigate its potential for tissue engineering application.
Here we chose the fibrous scaffold prepared from the electrospinning dope of Fol-8Col
aqueous 5 wt.%, PLGA 10 wt.%, C/T 75:25. Collagen/PLGA fibrous mat (morphological data
not shown) produced under the same electrospinning condition were tested as control. Figure
14 shows that LDH release after 24 hours’ cultivation on all the samples was approximately
10% percent without significant difference (p>0.05). From the live/dead fluorescence micro‐
graphs, the majority of live cells incubated on Fol-8Col/PLGA scaffold can be observed with
stretching spindle shaped morphology. The cytotoxicity assays indicate that the L929 cells have
comparable viability on Fol-8Col/PLGA scaffold as that on Collagen/PLGA scaffold.

Figure 14. L929 cell LDH leakage results and fluorescence micrographs of Calcein AM/PI-stained L929 cells with live
cells fluorescing green and dead cells fluorescing red after 24 h culture on the Fol-8Col/PLGA and collagen/PLGA as a
control. Fibers are electrospun at 5 wt% protein aqueous content, C/T 75/25, and 10wt% PLGA.

4.3 Adhesion ratio and cell morphology

The adhesion activity of L929 cells on Fol-8Col/PLGA scaffold is shown in Figure 15. After 6
hours of cultivation, the adhesion ratio of L929 cells on Fol-8Col/PLGA achieved 62±2.3% while
that on PLGA is 45±3.4%. This can be attributed to the effect of the Fol-8Col, which is a
hydrophilic compared to PLGA molecule; where in the RGD sequences in Fol-8Col molecule
has been proven effective at improving cell adhesion. [66] The result shows that the adhesion
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ratio (87.6±2.5%) of L929 cells on Fol-8Col/PLGA scaffold after 24 hours cultivation remains
higher than that on neat PLGA (68±1.8%).

The immunocytofluorescence staining for nuclei, vinculin, and filamentous actin of L929 cell
after 24 hours adhesion shows that L929 cells on both scaffolds exhibited obvious stretching
spindle morphology. The filament bundles (green stain) are oriented in a parallel direction
following the main cellular axis. A comparatively intensive vinculin signals (red) was inves‐
tigated on the higher magnificent (630x) image of cells on Fol-8Col/PLGA scaffolds compared
to that on PLGA. Our previous results have proved that the biocompatibility of Fol-8Col matrix
to L929 cell line is higher than that of the native collagen. [67] The immunocytofluorescence
staining results on Fol-8Col/PLGA scaffold in this section is consistent with the adhesion ratio
analysis, showing that good cytocompatibility has been preserved after the emulsion electro‐
spinning process.

Figure 15. Adhesion ratio and fluorescent staining of F-actin (green), vinculin (red), and cell nuclei (blue) for L929 cells
after 24 h culture on a Fol-8Col/PLGA fibrous scaffold (electrospun from 5 wt% Fol-8Col aqueous content, C/T 75/25,
and 10wt% PLGA). A neat PLGA fibrous scaffold was used as a control.

Previous studies have addressed the issue of preserving the biomolecular activity through
various methods. [68, 69] Our previous research on Fol-8Col has shown that it has excellent
biocompatibility to L929 cell line. [4] The results in Figure 14 and 15, show that the cytocom‐
patibility of encapsulated Fol-8Col released from Fol-8Col/PLGA fibrous scaffold to L929 cells
were preserved. The effectiveness of SPAN80 in the formation of W/O emulsion is thought to
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facilitate the production of core-sheath structure via the electrospinning process. The core-
sheath structure lessens the possibility of the exposure of Fol-8Col to the harsh organic solvents
and thus protects Fol-8Col from activity loss. We assumed that the collagen derivate sequences,
RGD sequences, and the triple-helix have been preserved in Fol-8Col, which is an essential
element of its bioactivity.

5. Conclusions

We have successfully prepared three different nanofibrous scaffolds via co-electrospinning,
post-treatment processes and emulsion electrospinning.

Regenerated silk fibroin/TMOS hybrid nanofibers showed superior fibroblast attachment,
compared to pure silk fibroin nanofibers, due to relatively higher hydrophilicity. Accordingly,
the silk/TMOS nanofibrous composites showed a sharp decrease in water contact angle than
pure regenerated silk fibroin nanofiber due to the spatial net structure formed via Si–O–Si–
connection which was responsible for water capacity. Interestingly, the electrospinning
process caused adjacent fibers to ‘weld’ at contact points, as confirmed by SEM analysis. This
study of simple incorporation silk with TMOS has merit of preserving the excellent biocom‐
patibility of silk, and the fibrous three-dimensional silk/TMOS scaffold can support signifi‐
cantly enhanced L929 adhesion than pure silk. Thus this method might open a new pathway
to preparing various functional scaffolds with enhanced bioactivity for in vitro tissue engi‐
neering application.

Nano hydroxyapatite was successfully deposited on regenerated silk fibroin nanofibrous
scaffolds by a biomimetic Ca–P method. It was found that the primary nHA crystals with a
diameter about 30 nm were well-distributed on the surface of the nanofibrous substrates. The
ALP expression of the cells was improved on mineralized silk/nHA nanofibers during the cell
culture periods, irrespective of the cell number which was leveling off (3 to 7 days). It appeared
that the nHA presenting in mineralized silk/nHA nanofibers had a greater improvement on
differentiation stages than in an early stage of cultivation, such as adhesion and proliferation.
The cell cultivation in this study demonstrated that silk/nHA nanocomposite scaffold could
support the early stage of osteoblast adhesion and had a significant effect on the differentiation
stage, suggesting that this composite scaffold may be a promising biomaterial for bone tissue
engineering.

Furthermore, Fol-8Col, an original designed recombinant collagen-like protein, has been
successfully encapsulated in PLGA in the form of core-sheath fibrous structure via emulsion
electrospinning. The homogenous encapsulation of the Fol-8Col in a core-sheath form was
characterized by the fluorescence micrographs of NHS-Fluorescein labeled Fol-8Col/PLGA
and transmission electron microscope. The cytocompatibility of Fol-8Col/PLGA fibers proved
its superior ability for L929 cells adhesion compared to that of the neat PLGA. In this regard,
this emulsion electrospinning process might open a new pathway to preparing tailored core-
sheath fibers to ultimately fulfill the functions of drug release device as well as tissue engi‐
neering scaffold.
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1. Introduction

Fiber research in concrete construction is an ongoing field and the use of carbon nanofibers
(CNF) is examined. Fibers improve brittle materials such as concrete by enhancing tensile
strength, ductility, toughness, and conductivity. Short-fiber composites are a class of strain
sensor based on the concept of short electrically conducting fiber pull-out that accompanies
slight and reversible crack opening. For a fiber composite to have strain sensing ability, the
fibers must be more conducting than the matrix in which they are embedded, of diameter
smaller than the crack length, and well dispersed. Their orientations can be random, and they
do not have to touch one another. The electrical conductivity of the fibers enables the direct
current (DC) electrical resistivity of the composites to change in response to strain change or
temperature, allowing sensing.

2. Nanotechnology in concrete

Despite the fact that nanotechnology is a relatively recent development in scientific research,
the introduction of the concept is credited to Nobel Prize winner Richard Feynman from his
1959 lecture, “There’s Plenty of Room at the Bottom” [1]. Feynman considered the possibility
of direct manipulation of individual atoms as a powerful form of synthetic chemistry. Decades
later, Feynman’s concept morphed into the field of nanotechnology. According to the National
Science Foundation and National Nanotechnology Initiative, the definition of nanotechnology
includes three elements [2]:

• The size range of the material structures under consideration should be approximately 100
nanometers;
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• The nanotechnology should have the ability to measure or transform at the nanoscale;

• There should be properties that are specific to the nanoscale as compared to the macro or
micro scale.

Following this definition, in the past 25 years nanotechnology has expanded from Feynman’s
idea and now finds applications in fields ranging from medical devices to nano-reinforced
concrete [3, 4].

To date, the awareness and application of nanotechnology in the construction industry are
increasing; however, progress is uneven in the current early stages of its practical exploitation.
Bartos [5] presents three reasons for this phenomenon:

• The nature of the construction industry differs greatly from the other industries doing
research in nanotechnology. The final products coming from the construction industry are
not mass-produced and require relatively long service lives, differentiating it from the
products from the microelectronics, information technology, and automotive industries.

• Historically, there is a very low level of investment in construction research and develop‐
ment.

• Research in nano-related research and development requires very high initial capital
investment

Despite these difficulties, there have been significant advances in nanoscience of cementitious
materials with an increase in the understanding of basic phenomena in cement at the nanoscale.
These include structure and mechanical properties of the hydrate phases, origins of cement
cohesion, cement hydration, interfaces in concrete, and mechanisms of degradation [6]. A
major nanotechnology application is to include nano-sized reinforcement in cement-based
materials such as carbon nanotubes or nanofibers.

3. Fiber reinforced concrete

Concrete, composed of fine and coarse aggregates held together by a hydrated cement binder,
is one of the most important construction materials and is used in diverse project areas
including house foundations, high rise tower components, highways, and dams. Hydrated
cement is a brittle material that is an order of magnitude stronger in compression than in
tension. To compensate for this weakness reinforcement consisting typically of rebar or fibers
are added to the concrete.

The use of fibers to reinforce brittle materials can be traced back to ancient times when straw
and hair was added to mud bricks. The modern development of the use of fibers in construction
began in the 1960s with the addition of steel fibers to reinforced concrete structures. This was
closely followed by the addition of polymeric fibers, glass fibers, and carbon fibers in the 1970s,
80s, and 90s, respectively [7].

Fibers improve brittle materials such as concrete by enhancing tensile strength, ductility,
toughness, and conductivity [8-13]. Fibers are typically used in two forms: short randomly
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dispersed fibers in a cementitious matrix or a continuous mesh of fibers used in thin sheets.
Here we will focus on randomly dispersed fibers used to arrest cracks. The cracking process
within concrete begins with the onset of isolated nanocracks. These nanocracks grow together
to form localized microcracks, which in turn grow together to form macrocracks. These
macrocracks widen to form cracks visible with the naked eye. Fibers arrest these cracks by
forming bridges across them. With increasing tensile stress, a bond failure eventually occurs,
and the fiber will pull out of the concrete allowing the crack to widen. Fig. 1 shows the bridging
action of fibers across micro and macrocracks in concrete.

Figure 1. Bridging Action of Fibers Across Micro and Macrocracks

4. Nanoreinforcement in cement-based materials

Since the discovery of carbon nanotubes (CNT) in 1991 [14], researchers have desired to
implement the unique mechanical, thermal, and electronic properties of CNT and CNF in
cement-based composites. Single-wall CNT (SWCNT), multi-wall CNT (MWCNT) and CNF
are graphene ring-based materials with aspect ratios greater than 1000 and high surface areas
[6, 15]. CNT and CNF have moduli of elasticity in the range of terrapascals and tensile strength
on the order of gigapascal [6, 16, 17]. SWCNT consist of a single graphene sheet wrapped into
a seamless cylinder, while, as the name suggests, MWCNT inhere of multiple concentric sheets
of graphene wrapped around a hollow core. CNF are cylindric nanostructures with graphene
layers arranged as stacked cones, cups, or plates. CNF are adventagious because their stacked
structure presents exposed edge planes not present in CNT that intoduce increased surface
area and better bond characteristics. Because of their structure, CNF are easier to produce and
cost 100 times less than SWCNT [18]. Because of the increased bond surface and lower cost,
CNF are more attactive than CNT for application in cement-based composites.
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5. CNT and CNF dispersion

The  majority  of  nanoreinforced  composite  research  has  been  completed  on  polymers
containing CNT or CNF [6, 19, 20]. One of the main reasons for this is because uniform
dispersion is  difficult  in cement-based materials.  Well  dispersed CNF results in uniform
calcium-silicate-hydrate (CSH) gel formation, which improves the structural and electrical
properties of the concrete [21]. CNT and CNF are inherently hydrophobic and are attract‐
ed due to Van der Waals forces, causing the fibers to tend to agglomerate hindering their
dispersion in solvants [17, 22-24].

Several solutions have been proposed to solve this issue including dispersing the fibers
through milling, ultrasonication, high shear flow, elongational flow, functionalization, in
addition to surfactant and chemical dispersement systems [24]. These methods primarily fall
into two categories: mechanical and chemical dispersion. The mechanical dispersion methods,
such as ultrasonification, while effective in seperating the fibers, can fracture them decreasing
their aspect ratio. Chemical methods use surfactants or functionalization to make the fibers
less hydrophobic, reducing their tendancy to agglomerate. However, many of the chemicals
used can digest the fibers causing the fibers to become less effective. The surfactants also often
cause bubbles to form in the composite negatively effecting the strength of the material.

Gao et al [12] proposed a dispersion method specifically used for CNF/CNT dispersion in
cement-based materials that eliminates the beforementioned drawbacks. In this method, a
high-range water reducer (HRWR) is used to create a self-consolidating concrete (SCC). ACI
Committee 237 Self-Consolidating Concrete offers the following definition for SCC [25]:

Self-consolidating concrete (SCC) is highly flowable, non-segregating concrete that can spread
into place, fill the formwork, and encapsulate the reinforcement without any mechanical
consolidation.

SCC is a product of technological advancements in the area of under-water concrete technology
where the mixtures must ensure high fluidity and high resistance to washout and segregation.
Okamura originally advocated SCC in 1986, and the first success with SCC occurred in 1988
[26]. The use of SCC has gained wide acceptance for savings in labor costs, shortened con‐
struction time, a better finish, and an improved work environment [27-30].

Advancement in SCC technology was primarily possible due to the introduction of new
chemical admixtures that improved and controlled the SCC rheological properties. Better
performing SCC mixes were produced on the advent of melamine, naphthalene, polycarbox‐
ylate, and acrylic based HRWR superplasticizers and viscosity modifying agents (VMA).

Gao et al [12] proposed using SCC because acceptable SCC is not only highly flowable, but it
is also highly stable and homogenious on a macro scale. The Prestressed Concrete Institute
(PCI) stipulates the following criteria for SCC [26]:

• Filling ability – The property that determines how fast SCC flows under its own weight and
completely fills intricate spaces with obstacles, such as reinforcement, without losing its
stability.
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• Passing ability – the ability of SCC to pass through congested reinforcement and adhere to
it without application of external energy.

• Stability – the ability of SCC to remain homogenous by resisting segregation, bleeding, and
air popping during transport and placing as well as after placement.

Gao et al [12] studied SCC containing CNF to see if the same effect was present on the nano
scale. In Gao et al’s mixing procedure, HRWR, water, and CNF are mixed in a laboratory-grade
blender. Simultaneously, fine aggregate, course aggregate, and cement are combined in a
centrifugal mixer. The CNF mixture is then slowly added to the mixer to gain a homogenous
mix. The fresh concrete was used to create cylinders that were tested in compression. After the
test, pieces of the cylinders were observed under a scanning electron microscope (SEM). The
SEM showed significant CNF clumping in specimens made of normal CNF concrete and
uniform distribution in SCC containing CNF, as shown in Figs. 2 and 3, respectively.

Figure 2. Scanning Electron Microscope Image of CNF Clump in Normal Cement (1670x Magnification)

Figure 3. Scanning Electron Microscope Image of Well Dispersed CNF in a Uniform Self-Consolidating Cement (9410x
Magnification)
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6. Strain sensing ability of CNT/CNF cement-based materials

Smart materials are materials that sense their environment and respond to changes in strain,
temperature, moisture, pH, and/or electric or magnetic fields. CNT/CNF composites qualify
as smart materials since they can be used to measure strain and temperature [4, 13, 32-35].
There are two types of strain sensing, reversible and irreversible. The measurement of
irreversible strain allows structural health monitoring, while the sensing of reversible strain
permits dynamic load monitoring. Structural health monitoring is the process of implementing
a damage detection and characterization strategy for engineering structures. Dynamic load
monitoring can detect loads on structures as they are applied and removed in real time. These
are important technologies because they gauge the ability of a structure to perform its intended
function despite aging, degradation, or disasters. Typically, monitoring reversible strain is
more difficult because it can only be monitored in real time. Additionally, reversible strain
tends to be smaller than irreversible strain [31].

Strain sensing refers to the ability to measure an electrical or optical response corresponding
to a strain. Chen and Chung [31] give the following requirements for a structural sensor:

a. Wide strain/stress range of detection (from small strains up to failure)

b. Response being reversible upon stimulus removal (necessary for repeated use of the
sensor)

c. Ease of measuring the response (without the need of expensive peripheral equipment)

d. Presence of the sensor having no bad effect on the structural properties of the structure

e. Chemical stability and durability

f. Low cost

Current commonly used strain sensors include strain gages, fiber optic sensors, and piezo‐
electric sensors, which all suffer from high cost, poor durability, and the need for expensive
peripheral equipment including electronics and lasers. Because of this, the use of sensors in
civil structures is uncommon [31]. CNT/CNF composites could become a better option as a
strain sensor because however, technology may provide a way to make them more cheaply in
the future.

CNT and CNF cement-based materials exhibits properties necessary for reversible strain
monitoring and electromagnetic interference (EMI) shielding. Short-fiber composites were
found to be a class of strain sensor based on the concept of short electrically conducting fiber
pull-out that accompanies slight and reversible crack opening. For a CNT/CNF composite to
have strain sensing ability, the fibers must be more conducting than the matrix in which they
are embedded, of diameter smaller than the crack length, and well dispersed. Their orienta‐
tions can be random, and they do not have to touch one another [32, 33]. The electrical
conductivity of the fibers enables the DC electrical resistivity of the composites to change in
response to strain damage or temperature, allowing sensing [13, 32-35].
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7. Carbon fiber cement and mortar self-sensing applications

Around the same time that CNT were discovered, reseachers were adding carbon microfibers
to cement-based materials and studying their mechanical properties. In 1992 while studying
the mechanical properties of carbon microfibers dispersed in mortar, Yang and Chung [35]
noted that the electrical resitivity of mortar containing these fibers dramatically decreased by
up to several orders of magnitude.

This idea of electrically conducting concrete led to Chen and Chung proposing an intrinsically
smart concrete containing carbon microfibers [8]. Chen and Chung prepared mortar cubes
containing carbon microfibers and tested them cyclically. They discovered that the electrical
resistivity of the concrete increased irreversibly upon compressive loading up to approxi‐
mately 1/3 the compressive strength of the mortar. After this point, the resistance reversibly
increased and decreased upon loading and unloading of the specimens. Chen and Chung
concluded that carbon fiber reinforced concrete can serve as a smart structural material. Chen
and Chung followed this experiment with a more detailed cyclic experiment on carbon fiber
mortar under cyclic loads [31]. After this test, they concluded that the initial irreversible
behavior is due to permanent damage associated with the fiber/matrix interface weakening.
They attributed the reversible behavior to crack opening with fiber pull-out and crack closing
with fibers pushing back in.

CNT are the most conductive fibers presently known and are, therefore, more ideal for
electrical applications than their micro-scale counterparts [36, 37]. CNT and CNF are also
attractive for use in cement-based composites because of strength and high aspect ratios [6, 16,
17]. Li et al proposed adding MWCNT to mortar for improved mechanical properties [14]. Li
et al confirmed that the flexural and compressive strength of the concrete was enhanced, but
they did not study the electrical properties. The same group later studied the electrical volume
resistivity of cement paste containing CNT measured using the four-probe method [39]. They
applied a cyclic compressive load to a 40.0 mm by 40.0 mm by 160.0 mm (1.575 in. by 1.575 in.
by 6.30 in.) rectangular prism made of the material. The fractional change in the volume
resistivity oscillated up to approximately 10% with the oscillation of the compressive load.

8. Damage detection of CNF concrete columns

Gao et al expanded the work on self-sensing cement-based materials by studying 152.4 mm
by 305 mm (6.00 in. by 12.00 in.) cylindars made of concrete containing CNF [12]. Gao et al
crushed the cylinders monotonically and studied the electrical resistance variation. They
observed electrical resistance variations up to 80% and concluded that concrete containing
CNF can be used for self structural health monitoring.

Howser et al continued Gao et al’s work and extended it to a full scale reinforced concrete
column containing CNF [4, 12]. A self-consolidating CNF concrete (SCCNFC) column was
built and tested under a reversed cyclic load. The structural behavior and the self-sensing
ability were examined. The results were compared to the structural and self-sensing ability of
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a traditional self-consolidating reinforced concrete (SCRC) and a self-consolidating steel fiber
concrete (SCSFC) specimen.

All of the columns were 508 mm (20.0 in.) tall with cross-sections of 305 mm by 305 mm (12.00
in. by 12.00 in.). Each specimen contained six #8 (25.4 mm or 1.00 in. diameter) rebar, which
corresponded to 3.27% logitudinal steel by volume of concrete. The SCRC and SCCNFC
columns contained #2 stirrups with a spacing of 120.7 mm (4.75 in.) providing transverse
reinforcement of 0.287% by volume of concrete. Since the columns were designed to be shear
critical, the maximum reinforcement spacing was chosen based on the ACI 318 specifications
[25]. See Fig. 4 for the cross-section used for the SCRC and SCCNFC columns. SCSFC column
contained no transverse reinforcement, as shown in Fig. 5. Each of the columns was rigidly
connected to similar foundations. See Fig. 6 for the elevation view of the SCRC and SCCNFC
columns and foundations. The SCSFC column is identical to that shown in Fig. 6, except it does
not contain transverse reinforcement. Fig. 7 shows the experimental set-up.

Figure 4. Cross-Section of SCRC and SCCNFC Columns (dimensions in inches)

Figure 5. Cross-Section of SCSFC Column (dimensions in inches)
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Figure 6. Elevation View of the Strong Axis of the Shear-Critical SCRC and SCCNFC Columns and Foundations (dimen‐
sions in inches)

Figure 7. Experimental Set-Up

The properties of the materials used for the three mixes were as follows:

a. Cement: The cement used in all mixtures was ASTM Type III Portland cement.

b. Fly Ash: Class C fly ash was used for the SCSFC mix and Class F fly ash was used for the
SCRC mix.
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c. Coarse Aggregate: Crushed limestore with a maximum diameter of ¾” was used in the
SCCNFC column. River rock with a maximum diameter of ¾” was used in the other
columns.

d. Fine Aggregate: Natural river sand with a fineness modulus of 2.71 was used in all mixes.

e. High Range Water Reducer (HRWR): Glenium® 3200HES was used in the SCCNFC
column and Glenium® 3400 HES was used in the other columns. Both chemicals were
polycarboxylate admixtures from BASF Chemical Co.

f. Viscosity Modifying Agent (VMA): RHEOMAC® VMA 450 was used in the specimens
and also supplied by BASF Chemical Co.

g. Steel Fibers: Dramix® ZP305 fibers were used in the SCSFC mix. This was a hooked fiber
with a specific gravity of 7.85. The diameter of the fiber is 0.55 mm (0.0217 in.) and the
length is 30 mm (1.18 in.) resulting in an aspect ratio of 55.

h. Carbon Nanofibers: Pyrograf Products, Inc. PR-19-XT-LHT-OX fibers were used in this
study. The specific gravity of the fibers was 0.0742. The diameter of the fibers was 149 nm
(5.87e-6 in.) and the length was 19 µm (7.48e-4 in.) resulting in an aspect ratio of 128.

The mix proportions used for the three columns can be seen in Table 1. One percent fiber by
volume was used for both of the fiber columns chosen based on literature review. It was
discovered by Gao et al that CNF has an optimal dosage of approximately 1% by volume [12]
[12]. It was found by many researchers that increased steel fiber increases concrete properties;
however, after a percentage of 1% fibers by volume, the concrete becomes increasingly less
workable, which could cause problems in construction such as honeycombing [39-41].

Material SCRC Mix SCSFC Mix SCCNFC Mix

Cement 446 (752) 446 (752) 457 (771)

Fly Ash (Class C) - 299 (504) -

Fly Ash (Class F) 299 (504) - -

Fine Aggregate 937 (1580) 937 (1580) 898 (1514)

Coarse Aggregate (Limestone) - - 859 (1448)

Coarse Aggregate (River Rock) 491 (827) 491 (827) -

Water 224 (377) 224 (377) 182 (307)

Glenium® 3400HES 2.81 (4.73) 2.81 (4.73) -

Glenium® 7700HES - - 2.34 (3.94)

REHEOMAC® VMA 450 5.69 (9.59) 5.69 (9.59) -

Steel Fibers - 79.8 (134) -

Carbon Nanofibers - - 3.23 (5.45)

Table 1. Mix Proportions in kg/m3 (lb/yd3) of Concrete

Advances in Nanofibers134

The main goal of testing the SCCNFC column was to prove that concrete containing CNF can
be used as a sensor. To test the electrical properties of the concrete, wire meshes were con‐
structed and embedded in each of the columns. The wire meshes were made of 12.7 mm (1/2
in.) hardware cloth with 14 gauge copper wire soldered to it. The wire extended outside of the
column. The four probe method for measuring resistance was implemented, and the meshes
were placed in the column as shown in Fig. 8. A power supply was attached to the top mesh
that provided a current of approximately 31 V DC. An ammeter was attached to the bottom
mesh and connected back to the power supply to complete a circuit. The current measured by
the ammeter was recorded continuously during the tests by hand. Additional voltmeters were
attached to the two middle meshes on both the north and south sides of the column to measure
voltage. The voltage readings were also recorded continuously throughout the test.

Figure 8. Four Probe Method of Resistance Measurement

The first step of the load program was to apply an axial load that would remain constant during
the course of the test. The axial load equaled one-tenth of each of the columns calculated axial
capacity. The axial capacity is dependent on the compressive strength of the concrete, so the
axial force for each specimen varied.

After the application of the axial load, a reversed-cyclic load was added using a 649 kN (146
kip) capacity actuator. The intended load path was to use force control to complete two cycles
each of ±89 kN (20 k), ±178 kN (40 k), and ±267 kN (60 k). A positive force denotes a push by
the actuator while a negative force represents a pull. At the point of longitudinal steel yielding,
the test switched to displacement control and completed two cycles each at a displacement
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ductility of 2, 3, 4, etc. Once failure occurred, a descending branch on the load versus dis‐
placement curve was obtained in displacement control mode.

The load path followed for the SCRC column specimen can be seen in Fig. 9 with the first cracks,
switch to displacement control and failure marked. The first crack on the south side of the column
occurred at -178 kN (-40 k). The first shear crack formed on the column during the first -178 kN
(-40 k) cycle at -178 kN (-40 k) on the west side. The column failed in shear and crushing of
concrete at 276 kN (62 k). The west side of the column exhibited crushing of the concrete struts
with large shear cracks. The east side exhibited local crushing at the actuator connection. The
maximum displacement at the top of the column (drift) was 12.7 mm (0.50 in.).

Figure 9. SCRC Column Load Path

The load path followed for the SCSFC column can be seen in Fig. 10 with the first cracks and
failure marked. The first shear and flexural cracks formed on the column during the second
178 kN (40 k) cycle at 178 kN (40 k) on the west and north sides, respectively. The second
flexural crack formed on the south side during the second -178 kN (-40 k) cycle at -178 kN (-40
k). The column failed suddenly in shear and crushing at 347 kN (78.0 k) on the west side of the
column before the rebar yielded. The maximum displacement was 8.38 mm (0.33 in.).

The actual load path followed for the SCCNFC column can be seen in Fig. 11. The pump shut
down during the test, and the actuator unloaded during the fifth cycle of the test. The pump
was turned back on and the test resumed. The first flexural crack formed on the column at 160
kN (36 k) on the east, west and north sides. The second flexural crack formed on the east, west
and south sides at a load of -158 kN (-35.6 k). The column failed in the combined modes of
shear and concrete crushing due to flexure at 298 kN (67 k) on the west side of the column.
The maximum displacement was 10.16 mm (0.4 in.).

During each of the column tests, the electrical resistance was determined to check the self-
sensing ability of the concrete. The electrical readings showed a great correlation between the
peaks in the applied horizontal force, strain, and resistance plots for the SCCNFC column but
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little correlation between the resistance plots and the force or strain plots for the SCRC or
SCSFC column. Fig. 12 shows the relationship between the SCRC column’s horizontal force,
LVDT strain, and electrical resistance versus time on the north side of the column. There is no
relationship between the peaks and valleys in the electrical resistance and the load or strain
on the north side of the column.

Fig. 13 shows the SCSFC column’s force, strain, and resistance versus time on the north and
south sides of the column, respectively. As shown by the grey vertical lines, there is not a
relationship between the peaks and valleys in the resistance and load or strain until major
cracking began to occur. After major cracking began to occur, the peaks and valleys in the
electrical resistance began to correspond with the load and strain peaks and valleys. This point
is shown by the dashed line in Fig. 13.

Fig. 14 shows relationship between the SCCNFC column’s horizontal load, LVDT strain and
electrical resistance versus time on the north side of column. As shown by the vertical lines in

Figure 10. SCSFC Column Load Path

Figure 11. SCCNFC Column Load Path
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the grid, there is very good correlation between the force, strain and resistance. On the north
side of the column, the peaks and valleys matched up until the point that the column was
greatly damaged.

Because of the strong correlation found between the horizontal load, LVDT strain, and
electrical resistance verses time graphs for the SCCNFC column, the electrical resistance
variation (ERV) was calculated and compared to the deflection at the top of the column. ERV
is the measured electrical resistance minus the initial electrical resistance quantity divided by
the initial electrical resistance. Fig. 15 shows the relationship between the ERV and deflection

Figure 12. SCRC Column Comparison of Horizontal Force, LVDT Strain and Electrical Resistance on North Side

Figure 13. SCRC Column Comparison of Horizontal Force, LVDT Strain and Electrical Resistance on North Side
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at the top of the column for the first five cycles of the test. It is obvious from Fig. 15 that the
column shows major damage at approximately a deflection of 2.03 mm (0.08 in.). This corre‐
sponds to the steel yielding in the SCCNFC column. This proves that SCCNFC can be used as
a type of self-structural health monitoring system.

Figure 14.SCCNFC Column Comparison of Horizontal Force, LVDT Strain and Electrical Resistance on North Side 

Because of the strong correlation found between the horizontal load, LVDT strain and electrical resistance verses time graphs for 
the SCCNFC column, the electrical resistance variation (ERV) was calculated and compared to the deflection at the top of the 
column. ERV is the measured electrical resistance minus the initial electrical resistance quantity divided by the initial electrical 
resistance. Fig. 15 shows the relationship between the ERV and deflection at the top of the column for the first five cycles of the test. 
It is obvious from Fig. 15 that the column shows major damage at approximately a deflection of 2.03 mm (0.08 in.). This 
corresponds to the steel yielding in the SCCNFC column. This proves that SCCNFC can be used as a type of self-structural health 
monitoring system. 

 

Figure 15.SCCNFC Column ERV versus Horizontal Deflection 

9. Conclusions 

Self-consolidating carbon nanofiber concrete (SCCNFC) follows the definition for nanotechnology set forth by the National Science 
Foundation and National Nanotechnology Initiative [2]. The size range of the carbon nanofibers (CNF) is approximately 100 
nanometers, the SCCNFC is able to measure damage in the composite, and the CNF have properties that are specific to the 
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the grid, there is very good correlation between the force, strain and resistance. On the north
side of the column, the peaks and valleys matched up until the point that the column was
greatly damaged.

Because of the strong correlation found between the horizontal load, LVDT strain, and
electrical resistance verses time graphs for the SCCNFC column, the electrical resistance
variation (ERV) was calculated and compared to the deflection at the top of the column. ERV
is the measured electrical resistance minus the initial electrical resistance quantity divided by
the initial electrical resistance. Fig. 15 shows the relationship between the ERV and deflection

Figure 12. SCRC Column Comparison of Horizontal Force, LVDT Strain and Electrical Resistance on North Side

Figure 13. SCRC Column Comparison of Horizontal Force, LVDT Strain and Electrical Resistance on North Side
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at the top of the column for the first five cycles of the test. It is obvious from Fig. 15 that the
column shows major damage at approximately a deflection of 2.03 mm (0.08 in.). This corre‐
sponds to the steel yielding in the SCCNFC column. This proves that SCCNFC can be used as
a type of self-structural health monitoring system.

Figure 14.SCCNFC Column Comparison of Horizontal Force, LVDT Strain and Electrical Resistance on North Side 
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9. Conclusions

Self-consolidating carbon nanofiber concrete (SCCNFC) follows the definition for nanotech‐
nology set forth by the National Science Foundation and National Nanotechnology Initiative
[2]. The size range of the carbon nanofibers (CNF) is approximately 100 nanometers, the
SCCNFC is able to measure damage in the composite, and the CNF have properties that are
specific to the nanoscale.

Well-dispersed CNF improves the strength and stiffness of concrete. Excess concentration
leads to poorly dispersed CNF clumps inside the concrete and has a negative effect on both
strength and electrical sensitivity. Highly workable and stable self-consolidation concrete
(SCC) can maintain its workability and stability with the addition of fibers. SCC greatly
increases the dispersion of carbon nanofibers (CNF) [12].

As proven by Gao et al [12] and Howser et al [4], SCCNFC can be used as a reversible strain
sensor. In Howser et al’s test [4], the peaks and valleys in the electrical resistance readings of
the SCCNFC match the peaks and valleys of the applied force and the strain in the concrete.
While the peaks and valleys in the electrical resistance readings of the self-consolidating
reinforced concrete and self-consolidating steel fiber concrete specimens occasionally match‐
ed, there was not enough correspondence to safely assume that these concretes could be used
as a reversible strain sensor. It was concluded that when an appropriate dosage of CNF is used,
SCCNFC can be used for self-structural health monitoring.
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9. Conclusions

Self-consolidating carbon nanofiber concrete (SCCNFC) follows the definition for nanotech‐
nology set forth by the National Science Foundation and National Nanotechnology Initiative
[2]. The size range of the carbon nanofibers (CNF) is approximately 100 nanometers, the
SCCNFC is able to measure damage in the composite, and the CNF have properties that are
specific to the nanoscale.

Well-dispersed CNF improves the strength and stiffness of concrete. Excess concentration
leads to poorly dispersed CNF clumps inside the concrete and has a negative effect on both
strength and electrical sensitivity. Highly workable and stable self-consolidation concrete
(SCC) can maintain its workability and stability with the addition of fibers. SCC greatly
increases the dispersion of carbon nanofibers (CNF) [12].

As proven by Gao et al [12] and Howser et al [4], SCCNFC can be used as a reversible strain
sensor. In Howser et al’s test [4], the peaks and valleys in the electrical resistance readings of
the SCCNFC match the peaks and valleys of the applied force and the strain in the concrete.
While the peaks and valleys in the electrical resistance readings of the self-consolidating
reinforced concrete and self-consolidating steel fiber concrete specimens occasionally match‐
ed, there was not enough correspondence to safely assume that these concretes could be used
as a reversible strain sensor. It was concluded that when an appropriate dosage of CNF is used,
SCCNFC can be used for self-structural health monitoring.
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Chapter 6

Materials and Processes for Ion Permeable Separating
Membranes by Electro-Spinning

Rocío del A. Cardona and Jorge J. Santiago-Avilés

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/57094

1. Introduction

This chapter describes the generation of polymeric and composite materials, and their
pertinent processing sequence for the fabrication of ion permeable membranes utilized in
super-capacitors and other bipolar charge storage devices. Energy storage devices are
conspicuous and ubiquitous these days. Mostly, because we are utterly dependent on electric
energy for so many facets of our life, from the trendy and somewhat common electric or hybrid
car, to the more rare, but no less useful pacemaker that keeps the heart pumping periodically
for those in need for such device. Electric energy is so useful, because its versatility. Electric
energy can be used to activate actuators to generate forces or torque, to sense mechanical,
thermal, optical and chemical variables, to generate radiation fields for wireless communica‐
tions, and in many other tasks. The problem with electrical energy is that in contrast with the
chemical energy stored in liquid fossil fuels such as gasoline, the amount of energy per unit
volume or mass stored in batteries or capacitors is less than a tenth [1, 2] of that of gasoline.
This low energy density means that large volumes and masses are required to store reasonable
amounts of energy resulting in reduce range for electric vehicles and short intervals between
charging for “smart” phones.

2. Batteries and super-capacitors

The desire to increase the energy density of electrical cells or batteries (collection of cells) is
what drives research in electrical energy storage systems. From the Zn/ZnCl2 Leclanché cell to
the modern Li-ion or Li-polymer batteries, what the scientist and engineers have been seeking
are larger capacities (Coulombs, or Ampere-Hours delivered) [3]. All batteries consist of two
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electrodes, a salt-bridge (permeable membrane that allows for the transport of ions), and
electrically conductive liquid called the electrolyte. Batteries are very low impedance current
sources, meaning that they have a small series resistance, this series resistance is kept small by
design in order to reduce the time it takes to discharge the battery or charge the battery in the
case of rechargeables [3]. Multiple challenges remain, such as better electrode materials (the
density of Li ions “stored” in an electrode can be enhanced by intercalation, a phenomenon
occurring in layered materials such as graphite, where the ions penetrate between the material
layers), better electrolytes, the use of environmentally friendly materials (such as substituting
Li for Mg as the active ion), and the use of inexpensive materials. Although electrical storage
systems, such as batteries, are incapable of storing as much energy as liquid fossil fuels, for
portable room temperature operations they avoid the burden that fossil fuels imposed as one
try to extract the energy content stored in the chemical bonds, which require their oxidation
or “burning” at high temperatures. Is evident that for this to happen at room temperature the
combustion process must be thermally isolated, not a particularly inexpensive proposition, so
under these circumstances batteries are a very good option.

Batteries are not the only charge storage device currently utilized or being researched. A
relatively new breed of capacitors, called electrochemical capacitors, or depending on its
formulation and operation, also called super-capacitors or pseudo-capacitors are been
explored as potential energy storage devices [4]. The difference between these and the usual
capacitors utilized in electronics / electrical applications is the capacitance or amount of charge
stored per volt. The definition of a capacitor is therefore,

=
QC
V

(1)

Where C is the capacitance value, Q the stored charge in Coulombs, and V the electric potential
in Volts. In terms of materials parameters and dimensions, another simple version of this
relation is given by:

=
kAC
d

(2)

In this case k is a material parameter, namely the product of ε the relative permittivity, and ε0,
the permittivity of free space, A, the effective capacitor area and d, the distance between the
positive and negative charges. This last relation is fundamental in the understanding of these
electrochemical super-capacitors functioning, as it is described in page 3 of this chapter.

3. Electrical double layer and pseudo-capacitors

There are two distinct types of electrochemical super-capacitors with different phenomena
utilized as a charge storage mechanism. The first type is called an electrical double layer (EDL)
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super-capacitor, and the second is called a redox pseudo-capacitor [4]. The first type, store
charges utilizing the physical phenomenon of a double layer, where in the first layer lies
negative charges (electrons) placed in the electrodes by a voltage bias, and the second layer is
formed by mobile ions in an electrolyte. An EDL is formed when you immerse a conductor in
an electrolyte, and proceed to bias the conductor. In that case, electrons are injected into the
conductor, producing an attractive electric field to the positive ions in the electrolyte. These
ions move to the surface of the conductor in order to minimize the distance between opposite
polarity charges, forming the so-called inner Helmholtz layer. Since one can place more
electrons in the conductor than there are ions in the electrolyte, not all the electric field from
the conductor is cancelled, and more ions are accommodated increasingly farther away from
the surface and the inner Helmholtz layer, forming the outer Helmholtz layer and the diffuse
layer. The average distance from the conductor, where the diffuse layer ends, is called the
Debye Length. See figure 1 for a schematic of the EDL.

Figure 1. Simplified graphical description of the Electrical Double Layer (EDL).

For the second type, one has one or two electro active polymers (EAP) electro-deposited onto
a metallic current collector and bathed by a suitable electrolyte. When you place opposite
polarity voltage bias in the two electrodes, the built-on electric field attracts ions from the
electrolyte, which undergo redox reactions placing charges in the peripheral chemical groups
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of the EAP. If you find that this second type looks a lot like a battery, you are completely correct,
it is a battery that can be charged and discharged quickly and for the electric circuit, if it behaves
as a capacitor, it must be a capacitor. Since the phenomena mediating in the charge storage for
this type of capacitor is chemical, they are generally addressed as pseudo-capacitors. From
equation 2, one may note that capacitance increases with the effective area, which in the case
of a DLC device, the area can be enhanced by using a high specific surface area (SSA) conductor
such as activated carbon or any of a multiplicity of carbon allotropes [5] such as Graphene,
carbon nano-tubes, carbide derived carbons, carbon onions and perhaps others.

4. Materials and models

Some of these materials possess SSA as large as 3,000 m2 /g. The other geometrical parameter
in equation 2 is d, the separation between oppositely charged particles, in this case, electrons
in the electrode and ions in the electrolyte. As electrostatics demands, the mobile ions will lie
on the surface of the carbon electrode pores, making d of nanoscopic dimensions. This
combination of large numerator and small denominator leads to a large value of the capaci‐
tance, as large as several hundred Farads [4]. Super-capacitor in general consists of two
capacitors in series, the one electrode biased negatively will attract the positive ions and the
other, biased positively, will attract the counter-ions. For this reason, relation 3 gives the total
capacitance, namely:

1 2

1 1 1
= +

TC C C (3)

Note that some electrolytes are of the aqueous type (a salt dissociated in water) and other
use more sophisticated organic liquids or ionic liquids, these last two, organic in origin and
capable  of  sustaining  larger  voltages  before  degrading  [4]  as  implied  in  the  following
relation (equation 4):

21
2

=E CV (4)

Where, E is energy in Joules, C capacitance in Farads and V electrical potential in volts. Both
types of super-capacitors have the distinct characteristic that they can be charged and dis‐
charged very quickly (the DLC more than the redox). Since you are doing work in order to
load energy into these devices, and how quickly you do work (or use energy) is power, these
super-capacitors possess large power densities (power per unit weight, or gravimetric power
density, or power per unit volume, or volumetric power density). Most super-capacitors share
a common configuration. If we look at one of those devices edgewise, they possess the
packaging (usually metallic or polymeric), a metallization as a current collector for one of the
electrodes, the electrode material (usually a carbon allotrope or a EAP / composite), the
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electrolyte, and the separating membrane. The structure is symmetric, so the other side is pretty
much the same sequence in reverse order. Figure 2 shows a schematic of a super-capacitor
configuration and the inner details of its working. The simplest way of modeling a super-
capacitor is by an ideal capacitor with a resistor in series. This resistor is a lump parameter,
and includes all possible phenomena offering resistance (or impedance) to the flow of current,
including the electrolyte, the electrodes, the current collectors, the external contacts, etc. One
key aspect in the construction and improvement of EDLC is the ion permeable separator that
prevents electrical contact between the conducting electrodes (shorting), but still allows ions
from the electrolyte to pass through. Most of the membranes currently used, are made from
polypropylene [6], a thermoplastic polymer that among other characteristics, can stand the
chemical environment to which they are exposed. However, its use is limited due to UV-Vis
degradation and low biocompatibility.

Figure 2. Schematic of the super-capacitor configuration and inner working details (not to scale).

5. Separating membranes

Ideally a good separating membrane will be thin (10-15 µm), mechanically strong (1-4 GPa),
chemically inert to the electrolyte utilized, electrically insulating (R>108 Ω), and thermally
stable. The high resistivity of the composite membrane might be counter intuitive, as the filler
are highly conductive carbon nano-tubes (CNT’s). Remember that in order for the composite
to conduct an electric current effectively (with low resistance), the CNT’s must be touching
each other making a conductive path from one electrode to the other, in a process called
percolation. The amount of CNT’s as filler added to a given amount of binder in the composite
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as to provoke this change in resistance is called the percolation threshold (PT). Although the
PT for most polymers is small, for PLA at the highest concentration used in this study, the
membrane resistance exceeded tens of MegOhms.

Besides polypropylene another common separating membrane is a composite layer of poly-
tetra-fluoro-ethylene (PTFE or Teflon) between nylon or polyester layers. Polypropylene is a
low-density linear polymer often used for its reasonable mechanical properties and low cost.
The PTFE composite (GoreTexTM) [7] relies on the properties of PTFE whose mechanical
properties are defined by the rate of the strain applied during its manufacture. If high enough,
it produces billions of slit shaped nanoscopic pores per square inch, allowing the flow of ions
but impeding the passage of particles or colloids. The polypropylene membranes are often
weaved mechanically, but they can be electro-statically deposited by electro-spinning, a
process that will be described shortly. Polypropylene is also notorious for its sensitivity to
sunlight, in particular the UV part of the solar spectrum as mentioned above, where carbon
bonds in their chain structures are attacked by the UV photons. The ultra-violet rays modify
the affected bonds to form highly reactive free radicals, which then further react with atmos‐
pheric oxygen forming carbonyl groups in the main chain. These chemical transformations
modify the polymer properties, in particular mechanical properties. The device might lose
color and surface cracks will appear often leading to device failure. There are other types of
membranes being explored for the particular application of electrochemical super-capacitors.
Some work on bipolar membranes constructed using ion-exchange membranes (anions) and
a cation exchange solution to form the bipolar structure. This proto-membrane is then coated
with a NAFION layer. NAFION has been utilized using other formulations [8]. Sulfonated
poly (ether ether ketone, SPEEK) has been used, as a proton conducting polymer membrane
in similar applications [9].

6. Polylactic acid

In our laboratory we have been exploring materials for ion permeable separating membranes
showing ease of fabrication (primarily electro-spinning), chemical and mechanical stability,
and low cost.

Poly lactic acid, an alpha polyester discovered in 1932 by Carothers in DuPont [10] has been
the polymer of choice. There are two main routes for the synthesis of PLA, direct condensation
of lactic acid, which produce low molecular weight polymers (2,000-10,000). This procedure
can be followed by de-polymerization to form a cyclic dimmer intermediate followed by a ring
opening polymerization to produce high molecular weight PLA (>100,000). The process is
solvent free which represent a synthetic advantages for the scaling up, minimizing waste
disposal. An alternative approach to obtain high molecular weight PLA is using chain coupling
agents or azeotropic dehydrative condensation (figure 3) [11].

One of the principal advantages of PLA is that the precursor monomer, lactic acid, can be
obtained from renewable sources including the fermentation of molasses, potato starch, or of
the dextrose from corn. It can also obtained from petrochemical sources, however, due to the
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optimization of cornstarch bacterial fermentation using a Lactobacillus strain, this is now a
days the most often employed method to obtained the monomer. Poly-L-lactic acid (PLLA),
the principal product of the reaction under controlled synthetic conditions, is chiral, that is, it
rotates the polarization plane of light, that is why the L, for levo-rotation. PLLA has a crystal‐
linity of around 37%, a glass transition temperature between 60-65 °C, a melting temperature
between 173-178 °C and a tensile modulus between 2.7-16 GPa. Interestingly, heat resistant
PLLA can withstand temperatures of 110 °C (230F) [12]. These relatively high temperatures
represent an adequate factor of safety for automotive and other traction applications of super-
capacitors.

Besides its synthetic and physical properties advantages, PLLA is a biodegradable and
biocompatible polymer approved by the FDA for food packaging and implantable medical
devices, allowing it use in EDL applications as for example pacemakers.

There are several examples in the literature of PLA and other polymers [13] been combined
with other materials to form composites. In a composite, one mixes (or react) two or more
materials (phases) with diverse properties, to combine the effect of those properties in the
product material or phase. In our continual study of materials for permeable membranes, we
have combined the ease of fabrication by electro-spinning fibers formation of polymeric
materials, with the enhanced mechanical and electrical properties of carbonaceous allotropes
materials, and some metallic colloids such as silver. Although diamond and graphite are the
most commonly mentioned allotropic phases of carbon, there are multiple members in this
family, from graphene through various types of carbon nano-tubes and bucky-balls, to carbon
onions, they span a gamma of physical and chemical characteristics of substantial relevance
to super / pseudo- capacitor technology [14]. More on polymer based composites will be
presented latter in the chapter.
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7. Electro-spinning of polymers

Electro-spinning or electrostatic deposition is one of the easiest and most inexpensive methods
of generating nanoscopic polymer / composite fibers of macroscopic lengths. In other words,
the ease of processing, the low learning curve and inexpensive instrumentation render this
technique extremely popular and versatile. One electro-spin viscous liquids, so having the
right resin / solvent ratio, or in the case of composites, the right filler / binder / solvent
proportions (and perhaps access to a good rheometer in order to characterize the polymer
solution) is of some importance.

Figure 4. Details of a simple “home brew” electro-spinning apparatus.

The “home brew” configuration utilized in electro-spinning usually consists of a small (low
power), high voltage power supply capable of voltage outputs in the range to several tens of
kilovolts at very low current levels (below µA is desirable, see figure 4). A syringe pump, (to
controlled the rate of fluid outcome from the syringe), syringe (containing the polymer
solution), and an electrically grounded collector, complete the “home brew” set-up as shown
above.

The morphology of the out coming fibers or mats will depend of several experimental
conditions including: viscosity of the solution, applied electric field (applied voltage/needle to
collector distance), the pump rate, temperature and pressure, solvent vapor pressure (evapo‐
ration rate), and collection time. Another method employed to control the fibers morphology
(alignment) during electro-spinning is using a rotating collector or an oscillating needle [15].
These make electro-spinning a good tool to produce mats with a better-controlled morphology.
A common morphological feature in electro-statically deposited fiber and mats is the formation
of beads or beading. This particular feature involve the formation of random beads, preferen‐
tially where fibers cross each other, often due to the visco-elastic nature of the electro-spinned

Advances in Nanofibers152

precursor fluids or fluctuations in the deposition parameters. The mats permeability is a
function of the pores dimensions distribution. These dimensions are statistically distributed
and they tend to correlate inversely with the mat thickness or electro-spinning deposition time.
The dimensions of most pores for reasonable deposition times (a few hours or less) lie in the
range between micro and nano-meters, as evidenced by SEM micrographs.

8. Composites and characterization

In our studies, solutions of PLLA and PLLA- multi walled carbon nano-tubes (MWCNTS)
composites were used. It is know that the addition of carbon nano-tubes to a polymeric solution
can improved the mechanical properties of the resulting fibers and/or mat [16]. The PLLA was
dissolved in 1:3 acetone/chloroform to prepare solutions of 13, 15 and 17 % w/v concentrations.
The viscosity of the solutions were measured in a Bolin Rheometer with the following results,
namely (1.1 +/_ 0.1, 2.8 +/_ 0.4 and 3.2 +/_0.6) Pa.s, respectively. As expected, viscosity increased
as the content of polymer in solution is increased. These initial solutions were spun using the
standard electro-spinning set-up, where the resulting fibers were collected in silicon wafers
for subsequent structural analysis. The applied electric field during deposition was 2.3 kV/ cm,
with a collection time of 10 s and a pump rate of 0.5 mL/hr. Usually for large anode-cathode
distance, in excess of let’s say 5 cm and a homogeneous solution, fibers diameters are randomly
distributed usually following a log-normal distribution.

One problem when working with very small fibers, with diameters comparable to the
wavelength of the visible light, is you inability to see or clearly image structural details such
as diameters, asperities, and general morphological features. It is in such cases that scanning
electron microscopy (SEM) can be a formidable characterization tool. Even when one ignores
the differences in magnification between optical and SEM instruments (500,000 x, that is 250
times better magnification than a good optical microscope), the depth of field is what makes
SEM such a versatile instrument. In optical microscopy, you can see the top of a micrometric
diameter fiber, but not its sides or bottom, unless you move the focus. In SEM one sees around
the complete fiber in focus, that is the top, sides and bottom. Of course, SEM requires a vacuum
for the electron optics, and liquid samples, or samples involving liquids present serious
imaging challenges. In our experimental work, SEM has been the instrument of choice for
imaging and measure.

Analysis of SEM data for the fiber diameter reveals that as the solution viscosity increased, the
diameter of the obtained fibers was smaller. One can see the effect by examining the distribu‐
tion with a higher mean value of the fiber diameter (4 µm) for the 13 % w/v solution, and
compare it to those with smaller mean diameters, i.e. (1 µm), for the 17 % w/v solution. Figure
5, show the SEM images of deposited fibers from different solutions and a histogram with the
diameters frequency.

These experimental results on fibers diameter distribution suggested continuing further
experimentation using the 15 % w/v solution. This particular solution produced fiber with an
average diameter of (2.2±0.5) µm. It also, have no beading and more uniform morphology than
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the fibers collected from the other two solutions. These sets of facts are important, as later on
they can be helpful in controlling the membranes morphology. As we proceed further, (0.2
mg/mL and 1.0 mg/mL) utilizing multi-walled carbon nano-tubes of different sizes, small (s),
or large (l) (s-MWCNTs, 30-50 nm diameter, 0.5-2 µm length, and l-MWCNTs 60-100 nm
diameter, 5-15 µm length), were added to the solution (15 % w/v PLLA). The viscosity of these
solutions is lower than that of the pure PLLA solutions as expected, since the CNT’s can only
chemically interact through atoms lying in the prismatic planes (both ends of the tube) and
defects, not through atoms in cylinder surface (the non-bonding π bands). Table 1 shows the
viscosity data for all the solutions studied.

Figure 6 shows the SEM images and histograms for fiber diameter size distribution of 15 % w/
v PLLA/ MWCNTs composites. From the SEM images we can observe that even when the
viscosities of these solutions are similar, the morphology of the obtained fibers is affected by
the size of the carbon nano-tubes.

Figure 5. SEM images and data analysis for sample A) 13 % w/v PLLA, B) 15 % w/v PLLA, and C) 17 % w/v PLLA. All in
1:3 acetone/chloroform
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Note, how the diameters distribution shift to nano-metric size fibers for the solutions contain‐
ing s-MWCNTs (figure 6, a-b) in comparison to the solutions containing l-MWCNTs (figure
6, c-d). From SEM images it can also be observed that the addition of l-MWCNTs seems to
promote the formation of beads within the fibers. In order to study the suitability of PLLA/
MWCNTs composites in the production of membranes, the electro-spinning set-up was
modified, using as a collector a rotating cylinder. The electro-spinning conditions were kept
as before (applied electric field was 2.3 kV/ cm, and a pump rate of 0.5 mL/hr), with the
exception of an extended collection time of 1 hr, while the cylinder angular speed was kept at
69 rpm.

Figure 6. SEM images and histograms for A) 15 % w/v PLLA with 0.2 mg/mL s-MWCNTS B) 15 % w/v PLLA with 1.0
mg/mL s-MWCNTS, C) 15 % w/v PLLA 0.2 mg/mL l-MWCNTS, and D) 15 % w/v PLLA 1.0 mg/mL l-MWCNTS. All in a
solution of 1:3 acetone/chloroform.

Viscosity, Pa.s

13% w/v PLLA 15%  w/v PLLA 17%  w/v PLLA
15%  w/v PLLA

(0.2mg/mL 
s-MWCNT)

15%  w/v PLLA 
(0.2mg/mL
l-MWCNT)

15%  w/v PLLA 
(1.0mg/mL 
s-MWCNT

15%  w/v PLLA 
(1.0mg/mL
l-MWCNT

1.1+ 0.1 2.8 + 0.4 3.2 + 0.6 1.6 + 0.2 1.3 + 0.1 1.5 + 0.3 2.1 + 0.6

Table 1. Viscosity as a function of composition for PLLA / MWCNT composites.
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Other significant characterization techniques, of particular importance in the compositional
and structural characterization of carbon allotropes and polymers are infrared (IR) and Raman
spectroscopy. In the case of IR spectroscopy (see figure 7), the electric field associated with the
photon; excite vibrations of existing dipoles in the material. If the material is crystalline,
phonons of differing modes will propagate carrying part of the degenerated energy as heat
(motion). In the case of Raman, a laser, with the intense electric field associated to its photons,
induce a dipole in the material, and excite dipole oscillations with similar consequences as in
IR. Of course, the light emitted by the vibrating charges in both cases (IR and Raman) is used
as a signature of the material under study, collected by suitable optics, send to a photo-detector
and transduced as a voltage to the processing unit and displayed. Most polymers are IR active,
that is, they possess the pertinent dipoles in their structure. For these materials IR spectroscopy
is a useful characterization tool, as most spectra are tabulated and indexed. In the case of
carbonaceous materials, Raman spectroscopy is the technique of choice, as their spectrum,
shows two prominent peaks around 1350 and 1600 cm-1. (see figure 8) The peak at ~ 1350 wave
numbers is a disorder induced response, and the other, ~1600 cm-1, is a Raman-allowed mode
found in highly oriented pyrolytic graphite (HOPG). The ratio of the intensity of both peaks
often correlates with order and crystallinity [17]. In order to have a large SSA material, its
crystallinity (order) is compromised and these spectroscopic tools become excellent local
structural characterization instruments.

Figure 7. IR spectra for A) PLLA in 1:3 acetone/chloroform B) insert: bands at 1763 cm-1 and 1714 cm-1 assigned to the
ester carbonyl and carboxylic acid carbonyl functional group respectively can be observed together to the OH bend at
1361 cm-1 and 1093 cm-1, the C-O stretch can be observed at 1223 cm-1. The strong band at 750 cm-1 is due to the S-C
stretch because the samples were mounted in silicon wafers.
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The interaction between mathematical modeling and experiments often can be mutually
beneficial. A theoretical framework can provide experiments with the “backbone” of predict‐
ability. Clear correlations by fitting experimental results to a suitable theory helps the scientist
decide how and where to do the next experiment, and to “understand” results, errors and
fluctuations. The problem is that at times, analytical results are difficult or impossible to obtain.
In that case the scientist often utilize numerical methods with the aid of a plethora of com‐
mercially available software packages of ease implementation in a personal computer. The
software of our choice is COMSOLTM. We like this software for its versatility, friendliness, and
economy [18]. This software is capable of coupling the PDE’s for mechanics, heat, E&M,
acoustic, electro-chemistry and others. We have used it for about a decade now, and really
benefited from it.

Figure 8. Raman spectrum for a carbonized electro-spun PAN fiber. The first peak, labeled D, correlates with disorder
while the second, labeled G correlates with crystallinity.

9. Mechanical properties

The relevance of mechanical properties to the performance of super-capacitors separating
membranes stem from the forces and stresses these membranes are exposed during capacitor
fabrication, when the material is cut and aligned, as well as during service, when Joule heating
generated thermal stresses load the fibers. Since the fibers forming the matt are randomly
deposited, they are fluctuating in both on its spatial distributions in the deposition plane, and
in fiber diameter. The possibility of having simultaneously a particular spatial location with a
particular concentration of small diameter fibers, generating a “soft spot” mechanically and
easily deformed by the transported fluid, is finite. Ongoing analytical and simulations research
testing this hypothesis is expected to soon yield a predictive model.

The relation between stresses and deformation, at least for small deformations or strain are
linear and they have been systematized by solutions to Hookes’ Law that, for an anisotropic
substance, linearly relates the strain tensor to the stress tensor with the elastic moduli as the
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proportionality constant. For a homogeneous isotropic substance, the stress, strain and elastic
constants are all scalars with the value of the elastic constants known as the Young’s modulus
as depicted in equations 5.

s e=ij ijkl klc (5)

Equations 5, σij =cijklεkl  (anisotropic media), σ =Yε(isotropic media), where σ is the symbol for
stress, c for elastic constants, Y for Youngs’ modulus, and ε for strain.

Sample ID Thickness, 
inches

Cross 
Section 
Length, 
inches

Area, 
inches2 UTS, PSI Breaking 

Point, PSI
Speed, 

inches/min
Breaking 
Time, min

Breaking 
Time, 

min/ inch2

Young's 
Modulus, 

PSI

GoreTex TM 0.0011 0.197 0.00022 3508.97 2787.64 0.5 0.84 3818.18 653.73
15 % PLA 0.0018 0.236 0.00042 889.37 728.93 0.3 1.56 3714.29 20.07

(1 mg/mL)
s-MWCNT 0.0006 0.236 0.00013 1186.90 957.78 0.1 0.74 5692.31 12.27

(1 mg/mL)
l-MWCNT 0.0007 0.236 0.00017 1711.86 1482.08 0.3 0.36 2117.65 29.73

Table 2. Mechanical properties of the mats studied.

There are multiple approximate solutions to Hooke’s law for different experimental circum‐
stances. Since the thickness of these permeable separating mats is small compared to the
diameter when utilized in super-capacitors, they are bona-fide membranes. There are two
types of membranes often encountered in practice [19] namely, the thick and thin membranes.
The first type received its name when the maximum deflection at its center (in this case of a
circular membrane as often used in super-capacitors) under load, wo is far smaller than the
membrane thickness dm. The membrane is thin when the deflection is larger than the mem‐
brane thickness. The approximations are such that a thick membrane maybe treated as thin as
the pressure head increases, and so the deflection. The deflection shape for a thick membrane
relates to the torques acting along the circumference where the membrane is clamped. The
deflection of a circular thick membrane w, with radius of Rm is described by equation 6. The
membranes thickness range between 50 and 150 µm, while the estimated deflections are much
smaller (nano-metric), so equation 6 for a thick membrane model the behavior of our separating
membranes reasonably well.

2
2

0 2( ) (1 )= -
m

rw r w
R

(6)

Various fibers and mats were prepared for mechanical test as well as for morphological
analysis. The mechanical strength was measured using the INSTRON (Model 4206), the sample
were cut it with “doggy bone” configuration [20]. During the experiment, both ends of the
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sample are clamped. The upper end is vertically pulled up at a constant force and velocity,
until the samples fracture. From the geometry and strain rate information one can infer the
value of the composite Young’s modulus. Table 2 summarize the results for mechanical test
for mats obtained from the electro-spinning of 15 % w/v PLLA solutions in 1:3 acetone/
chloroform with MWCNTs in comparison with currently use membrane in our laboratory,
GoreTexTM.

Figure 9. SEM with corresponding histogram analysis for fibers diameter and pores diameter for A) 15 % w/v PLLA B)
15 % w/v PLLA with 1.0 mg/mL s-MWCNTS, C) 15 % w/v PLLA 1.0 mg/mL l-MWCNTS in 1:3 acetone/chloroform.

It can be observed from our results that the Young’s modulus decreases from l-MWCNTs (29.73
PSI) > 15 % PLA (20.07 PSI) > s-MWCNTs (12.27 PSI), this can be correlated with the mats fiber
diameters distribution, where the number of nanometric diameter fibers increases in the same
order: l-MWCNTs > 15 % PLA > s-MWCNTs. However, the number and dimensions of pores,
decreases in the following order, 15 % PLA > s-MWCNTs > l-MWCNTs (figure 9). It has been
reported previously that the Young’s modulus in nonwoven fabrics is affected by porosity,
fiber diameter, radius of curvature, and the distance between the junctions where fibers cross
[21]. Therefore, not a single factor is responsible for the mechanical properties, but we can see
a trend in our results that smaller fiber composition, together with bigger pores seems to
somewhat enhance the Young’s modulus. In comparison, the GorTexTM membrane has a higher
Young’s modulus, as it is expected for woven fabrics. We test the performance of the membrane
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were cut it with “doggy bone” configuration [20]. During the experiment, both ends of the
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sample are clamped. The upper end is vertically pulled up at a constant force and velocity,
until the samples fracture. From the geometry and strain rate information one can infer the
value of the composite Young’s modulus. Table 2 summarize the results for mechanical test
for mats obtained from the electro-spinning of 15 % w/v PLLA solutions in 1:3 acetone/
chloroform with MWCNTs in comparison with currently use membrane in our laboratory,
GoreTexTM.

Figure 9. SEM with corresponding histogram analysis for fibers diameter and pores diameter for A) 15 % w/v PLLA B)
15 % w/v PLLA with 1.0 mg/mL s-MWCNTS, C) 15 % w/v PLLA 1.0 mg/mL l-MWCNTS in 1:3 acetone/chloroform.

It can be observed from our results that the Young’s modulus decreases from l-MWCNTs (29.73
PSI) > 15 % PLA (20.07 PSI) > s-MWCNTs (12.27 PSI), this can be correlated with the mats fiber
diameters distribution, where the number of nanometric diameter fibers increases in the same
order: l-MWCNTs > 15 % PLA > s-MWCNTs. However, the number and dimensions of pores,
decreases in the following order, 15 % PLA > s-MWCNTs > l-MWCNTs (figure 9). It has been
reported previously that the Young’s modulus in nonwoven fabrics is affected by porosity,
fiber diameter, radius of curvature, and the distance between the junctions where fibers cross
[21]. Therefore, not a single factor is responsible for the mechanical properties, but we can see
a trend in our results that smaller fiber composition, together with bigger pores seems to
somewhat enhance the Young’s modulus. In comparison, the GorTexTM membrane has a higher
Young’s modulus, as it is expected for woven fabrics. We test the performance of the membrane
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produced from the 15% w/v PLA solution to that of the GorTex for one of our devices. The
decision to use the 15% w/v PLA membrane was done under the bases that this membrane
posses more uniformity in the average pores’ size than the others.

10. Concluding remarks

The device utilized to test the suitability of the PLLA based composite membrane was a
pseudo-capacitor device, using as electrode material the oxidized and neutralized species of
poly-3,4-propylenedioxythiophene (the process for the construction of this device have been
previously reported by our group) [22,23]. The results indicated (figure 10) that over slow
charging-discharging rates our membrane performed better than the bench mark membrane,
but as we moved from moderate to fast charge-discharge rates, the performance of both
membranes are comparable.

Figure 10. Specific capacitance as a function of scan rate and voltage window for poly-3,4-propylenedioxythiophene
pseudo-capacitor using GorTexTM and PLLA separator membranes.
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Chapter 7

Nanofibers Reinforced Polymer Composite
Microstructures

A. Alubaidy, K. Venkatakrishnan and B. Tan

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/57101

1. Introduction

In general, nanocomposites are defined as the combination of multiphase materials in which
at least one of the constituents has one dimension in the nanometer range [1]– [3]. The nanoscale
constituent could be one dimensional likenanofibres and nanowires, two-dimensional like
nanoclay or three-dimensional like spherical particles in nanoscale range. Nanofibers rein‐
forced polymermultifunctionalitycan be attributed to the combination of the constituent
materials. Desired properties of nanofibers reinforced polymercan be obtained by the selection
of the constituent materials and the size of the nanofibress based on the required application.
Current research has focused in the areas of manufacturing techniques and material combi‐
nation for the fabrication of the nanostructured reinforced polymers [4], [5].

Nanofibers reinforced polymer are progressing with the use of a combination of atomic scale
characterization and detailed modeling. In the early 1990s, Toyota Central Research Labora‐
tories in Japan reported working on a Nylon-6 nanocomposite [6], in which a small amount of
nano filler resulted in a considerable improvement of thermal and mechanical properties. The
properties of nanofibers reinforced polymer materials depend on their morphology and
interfacial characteristics as well as on the properties of their individual parents (nanofillers
and polymer, in this case).

Dramatic changes in physical properties will be the result of the transition from microparticles
to nanoparticles. Nanoscale materials have a large surface area for a given volume [7]. A
nanostructured material can have substantially different properties from a larger-dimensional
material of the same composition because many important chemical and physical interactions
are governed by surfaces and surface properties. In the case of nanoparticles and nanofibers,
the surface area per unit volume is inversely proportional to the material’s diameter. So, the
smaller the diameter, the greater is the surface area per unit volume [7]. Figure 1 shows

© 2013 Alubaidy et al.; licensee InTech. This is a paper 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.



Chapter 7

Nanofibers Reinforced Polymer Composite
Microstructures

A. Alubaidy, K. Venkatakrishnan and B. Tan

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/57101

1. Introduction

In general, nanocomposites are defined as the combination of multiphase materials in which
at least one of the constituents has one dimension in the nanometer range [1]– [3]. The nanoscale
constituent could be one dimensional likenanofibres and nanowires, two-dimensional like
nanoclay or three-dimensional like spherical particles in nanoscale range. Nanofibers rein‐
forced polymermultifunctionalitycan be attributed to the combination of the constituent
materials. Desired properties of nanofibers reinforced polymercan be obtained by the selection
of the constituent materials and the size of the nanofibress based on the required application.
Current research has focused in the areas of manufacturing techniques and material combi‐
nation for the fabrication of the nanostructured reinforced polymers [4], [5].

Nanofibers reinforced polymer are progressing with the use of a combination of atomic scale
characterization and detailed modeling. In the early 1990s, Toyota Central Research Labora‐
tories in Japan reported working on a Nylon-6 nanocomposite [6], in which a small amount of
nano filler resulted in a considerable improvement of thermal and mechanical properties. The
properties of nanofibers reinforced polymer materials depend on their morphology and
interfacial characteristics as well as on the properties of their individual parents (nanofillers
and polymer, in this case).

Dramatic changes in physical properties will be the result of the transition from microparticles
to nanoparticles. Nanoscale materials have a large surface area for a given volume [7]. A
nanostructured material can have substantially different properties from a larger-dimensional
material of the same composition because many important chemical and physical interactions
are governed by surfaces and surface properties. In the case of nanoparticles and nanofibers,
the surface area per unit volume is inversely proportional to the material’s diameter. So, the
smaller the diameter, the greater is the surface area per unit volume [7]. Figure 1 shows

© 2013 Alubaidy et al.; licensee InTech. This is a paper 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.



common particle geometries and their respective surface area-to-volume ratios. For the
nanofiber and layered material, the surface area to volume ratio is dominated by the first term
in the equation, especially for nanomaterials. The second term (2/l and 4/l ) has a very small
influence and is often omitted compared to the first term. Therefore, a changefrom the
micrometer to nanometer in particle diameter, layer thickness, or fibrous material diameter
range, will affect the surface area to volume ratio by three orders of magnitude [8].

Figure 1. Common particle reinforcements/geometries and their respective surface areatovolume ratios. [8].

Typical nanomaterials currently under investigation include nanoparticles, nanotubes,
nanofibers, fullerenes, and nanowires. In general, these materials are broadly classified by their
geometries [9]: particle, layered, and fibrous nanomaterials [8], [9]. Carbon black, silica
nanoparticle, polyhedral oligomericsislesquioxanes, can be classified as nanoparticle reinforc‐
ing agents, while nanofibers and carbon nanotubes are examples of fibrous materials [9]. When
the filler has a nanometer thickness and a high aspect ratio (30–1000) plate-like structure, it is
classified as a layered nanomaterial such as an organosilicate [10].

In general, the high aspect ratio of nanomaterials provides the necessary reinforcement
properties. The properties of reinforced polymers are greatly influenced by the size of its
nanomaterial and the quality of the interfacing between the matrix material and the filler
material. Significant differences in composite properties may be obtained depending on the
nature of the filler material used whether its layered silicate or nanofiber, cation exchange
capacity, or polymer matrix and the method of preparation [11]. As an example, when the
polymer is unable to intercalate (or penetrate) between the silicate sheets, a phase-separated
composite is obtained, and the properties stay in the same range as those for traditional
microcomposites [10]. In an intercalated structure, where a single extended polymer chain can
penetrate between the silicate layers, a well-ordered multilayer morphology results with
alternating polymeric and inorganic layers. An exfoliated or delaminated structure is obtained
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when the silicate layers are completely and uniformly dispersed in a continuous polymer
matrix. In any case, the physical properties of the resultant nanofibers reinforced polymer will
be significantly different, as discussed in the following sections. Similarly, in fibrous or
particle-reinforced polymer nanofibers reinforced polymer (PNCs), dispersion of the nano‐
particle and adhesion at the particle–matrix interface play crucial roles in determining the
mechanical properties of the nanofibers reinforced polymer. The nanomaterial will not offer
improved mechanical properties without proper dispersion. A poorly dispersed nanomaterial
may degrade the mechanical properties of the produced reinforced polymers [12]. Addition‐
ally, optimizing the interfacial bond between the nanostructures and the matrix, one can tailor
the properties of the overall nanofibers reinforced polymer in a similar manner to what is done
in macrocomposites. As an example, good adhesion at the interface will improve properties
such as interlaminar shear strength, fatigue, delamination resistance,and corrosion resistance.
Finally, it is important to recognize that snanofibers reinforced polymer researches are
extremely broad,encompassing areas such as communications, electronics and computing,
data storage, aerospace and sporting materials, health and medicine, transportation, energy,
environmental, and many other applications. The focus of this chapter is to highlight the state
of knowledge in processing, fabrication, characterization, properties, and potential applica‐
tions of the nanofibrous reinforced polymer microstructures.

2. Fabrication techniques

The advancement in the technology of MicroElectroMechanical Systems (MEMS) has demand
for the fabrication of 3D micro/nanostructures and devices. The excitement surrounding the
nanoscale science and technology gives us unique opportunities to develop and examine
revolutionary processes and materials. Nanofibers reinforced polymer embedded with 2D and
3D micro/nano materials find many applications in the field of medicine, tissue engineering,
drug delivery, antibacterial implants or catheters, modification of textiles, and modification of
polymers. Many optical, electrical and magnetic applications, have opened up new areas of
research for manufacturing nanofibers reinforced polymer with engineered nanoparticles
materials.

Researchers have been working on different micro/nano manufacturing techniques. LIGA
(German acronym for Lithographie, Galvanoformung, Abformung) [7], [8], Photolithography
(6), Electrochemical Fabrication (EFAB) [9], localize electrochemical deposition [10] and laser
sintering [13] are some of the techniques used for micro/nano fabrication. Some of these
techniques have been used for the fabrication of nanofibers reinforced polymer by dispersing
nanofibers in polymer resins.

The LIGA technique was invented approximately 20 years ago. It is a powerful method that
facilitates the high volume production of nanofibers reinforced polymer components for many
fields of applications [14]. Researchers presented designs, fabrication and experimental results
of high power electrostatic microactuators, using LIGA process. This process is capable of
producing high aspect ratio microstructures of nanofibers reinforced polymer, as shown in
Figure 3 [15].
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The LIGA process uses the simple shadow printing process onto a resist on an electrically
conducting substrate. After development of the irradiated resist, an electroforming step fills
the holes of the relief with metal. This more stable body is used as a mold insert for further
molding or embossing steps [8]. The deep lithography step, performed by the use of highly
parallel and collimated synchrotron radiation, is the basic step, thus not only defining the shape
but also the structural accuracy of the final product. [16].

Typically LIGA structures allow for the free choice of the lateral 2D pattern that is projected
into the third dimension to form prismatic or cylindrical geometries. Generally, this technique
has been used to produce structures with straight walls. However, for all major LIGA process
steps, variations have been developed to increase the fabrication flexibility. Geometrical
variations in the third dimension (vertical) are possible and can be obtained in different ways
by modifying or combining process steps, in particular for producing shapes with increased
dimensionality. The consecutive process steps of deep UV lithography, electroforming, and
plastic molding can be used to fabricate three dimensional (3D) microstructures with almost
no restrictions in their lateral shape in a large variety of snanofibers reinforced polymer.

Photolithography is one of the widely used techniques for fabrication of nanofibers reinforced
polymers. Two photolithography-based approaches has been presented to directly microma‐
chinephotopatternablesuperhydrophobicmicropatterns with excellent adaptability and
flexibility to a wide variety of substrates, employing the nanomorphology and hydrophobicity
of polytetrafluoroethylene (PTFE) nanoparticles and the photopatternability and transparency
of an SU-8 photoresist [17].

A  light  source  such  as  UV light  is  used  in  photolithography  to  polymerize  the  photo-
responsive resin with suspended nanoparticles through a mask [6].  Depending upon the
requirement of the feature, a mask is prepared and the feature is transferred using a UV
source light. The removal of the unaffected part by the light source is performed using the
secondary process of chemical etching. UV light has been used primarily for transferring the
mask, but various other alternatives such as X-ray lithography,lithography, nanoimprint and
ion projection lithography are being explored [6], [18]. For several decades, this technique
has  been  researched  and  developed,  but  the  resolution  of  the  fabricated  feature  using
photolithography is limited due to the optical diffraction limitation. Photolithography also
requires the use of expensive masks and molds for the fabrication process. These techni‐
ques are effective for the mass fabrication of high resolution microfeatures,  but they are
limited  to  2D  geometries  [18].  Nanofibers  reinforced  polymer  microstructures  can  be
fabricated by dispersing the photosensitive resin with naomateirals [14]. Figure 2 shows SEM
photographs of the photolithographic patterns for photosensitive polyimide with montmor‐
illonitenanofibers reinforced polymers [19].

Electrochemical Fabrication (EFAB) was originally invited to addresses the long develop‐
ment time for Optical MEMS, which can go up to few weeks. This method has also been
used for the fabrication of nanofibers reinforced polymer microstrucutres. The fabrication
of nanofibers reinforced polymer film of polypyrrole (PPY) and TiO2 nanotube (TNT) arrays
via electrochemical methods was reported in several articles. A novel dual-layered photore‐
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ceptor based on the reinforced polymer film as a charge generation layer (CGL) was designed
and fabricated [20].

EFAB is a solid free-form fabrication technology that creates complex, miniature three-
dimensional shapes based on 3-D computer aided design CAD data [8]. Inspired by rapid
prototyping methods, EFAB can fabricate complex shapes by stacking multiple patterned
layers. Unlike rapid prototyping,EFAB is a batch process that is suitable for volume production
of fully functional devices in engineering materials, not only models and prototypes [9]. EFAB
has some limitations and shortcomings. EFAB is a technique that requires the use of masks to
build two-dimensional (2D) planar structures. High aspect ratio microstructures are thus a
result of multiple steps of material deposition or removal through the use of several masks,
that requires increased fabrication time and cost.

A conducting microelectrode is untilizedin a localized electrochemical deposition (LECD)
technique to fabricate high aspect ratio structures. During fabrication, a localized deposition
is produced by placing an electrode tip that has micrometre-scale dimensions, near a substrate
in an electrolyte and applying an electric potential between them. Confined deposition is
produced due to the highly localized electric field in the region between themicroelectrode
and the substrate. High aspect ratio microstructures result from the displacement of the end
of the electrode along the trajectory of the desired geometry while maintaining continuity with
the deposited materials. However, nanocompositemicrostructures fabricated by this method
are usually porous and have feature sizes in the tens of micrometers due to the limitation in
fabricating and maintaining a sharp conductive probe, and in confining the electric field down
to the nanoscale dimensions [10].

Laser sintering is another technique that has been widely used for the microfabrication of
nanofibers reinforced polymers. In this method, a high intensity laser is used to ablate the
material and form nanoparticles. Chen et al, reported a new technique for conductive nano‐
fibers reinforced polymer microfabrication and they were able to lower the percolation
threshold of the nanofibers reinforced polymer [21]. This process takes place inside a liquid
polymer resin which is then polymerized using UV light to form nanofibers reinforced
polymers layers. The main advantage of this technique is that metals, non-metals, glass,
polymers can be utilized to fabricate nanofibers reinforced polymer s with various properties.
The main drawback of this technique is its limitation to planar geometries. Stacking of different
layers has been tried, but the alignment and handling of the layers contributes to the limitation
of higher aspect ratio of the micro device [13].

The nonlinear optical process of multiphoton absorption (MPA) was first predicted in 1931 by
the Nobel laureate physicist Marie Goeppert-Mayer in her doctoral dissertation [22]. The
technique was not verified experimentally until the advent of laser. An intuitive explanation
of MPA is the transition from the ground electronic state to an excited electronic state which
is usually achieved by the absorption of a high-energy photon or instead reached by simulta‐
neous absorption of multiple low energy photons. The most common implementation of this
method is degenerate two-photon absorption (TPA) where both photons have the same
energy. The spatial confinement of MPA excitation is used to induce a chemical reaction at the
laser focal point. This polymerization reaction occurs by radical reaction mechanisms that
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ceptor based on the reinforced polymer film as a charge generation layer (CGL) was designed
and fabricated [20].

EFAB is a solid free-form fabrication technology that creates complex, miniature three-
dimensional shapes based on 3-D computer aided design CAD data [8]. Inspired by rapid
prototyping methods, EFAB can fabricate complex shapes by stacking multiple patterned
layers. Unlike rapid prototyping,EFAB is a batch process that is suitable for volume production
of fully functional devices in engineering materials, not only models and prototypes [9]. EFAB
has some limitations and shortcomings. EFAB is a technique that requires the use of masks to
build two-dimensional (2D) planar structures. High aspect ratio microstructures are thus a
result of multiple steps of material deposition or removal through the use of several masks,
that requires increased fabrication time and cost.

A conducting microelectrode is untilizedin a localized electrochemical deposition (LECD)
technique to fabricate high aspect ratio structures. During fabrication, a localized deposition
is produced by placing an electrode tip that has micrometre-scale dimensions, near a substrate
in an electrolyte and applying an electric potential between them. Confined deposition is
produced due to the highly localized electric field in the region between themicroelectrode
and the substrate. High aspect ratio microstructures result from the displacement of the end
of the electrode along the trajectory of the desired geometry while maintaining continuity with
the deposited materials. However, nanocompositemicrostructures fabricated by this method
are usually porous and have feature sizes in the tens of micrometers due to the limitation in
fabricating and maintaining a sharp conductive probe, and in confining the electric field down
to the nanoscale dimensions [10].

Laser sintering is another technique that has been widely used for the microfabrication of
nanofibers reinforced polymers. In this method, a high intensity laser is used to ablate the
material and form nanoparticles. Chen et al, reported a new technique for conductive nano‐
fibers reinforced polymer microfabrication and they were able to lower the percolation
threshold of the nanofibers reinforced polymer [21]. This process takes place inside a liquid
polymer resin which is then polymerized using UV light to form nanofibers reinforced
polymers layers. The main advantage of this technique is that metals, non-metals, glass,
polymers can be utilized to fabricate nanofibers reinforced polymer s with various properties.
The main drawback of this technique is its limitation to planar geometries. Stacking of different
layers has been tried, but the alignment and handling of the layers contributes to the limitation
of higher aspect ratio of the micro device [13].

The nonlinear optical process of multiphoton absorption (MPA) was first predicted in 1931 by
the Nobel laureate physicist Marie Goeppert-Mayer in her doctoral dissertation [22]. The
technique was not verified experimentally until the advent of laser. An intuitive explanation
of MPA is the transition from the ground electronic state to an excited electronic state which
is usually achieved by the absorption of a high-energy photon or instead reached by simulta‐
neous absorption of multiple low energy photons. The most common implementation of this
method is degenerate two-photon absorption (TPA) where both photons have the same
energy. The spatial confinement of MPA excitation is used to induce a chemical reaction at the
laser focal point. This polymerization reaction occurs by radical reaction mechanisms that
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depend on the photoinitiator and monomer being used. The photoinitiators used for radical
MPA vary from small molecules to large conjugated molecules. A number of groups have
reported the successful application of radical MPA using a different kind of resins, homemade
and commercial, and different excitation sources. Custom photoinitiators have been designed
by several groups and have been shown to be effective both for low threshold powers and for
the ability to use less expensive laser systems. While the benefits of custom initiators are clear,
their availability is limited. Commercial resins or resins made of commercial components have
the advantage of accessibility but suffer from a slightly higher power threshold for fabrication.
However, for the entire laser systems used, the threshold for these resins is always well below
the available power and therefore their use is completely practical.

MPA can achieve resolution that is considerably better than that predicted by the diffraction
limit due to a combination of optical nonlinearity. The probability for MPA is proportional to
In,where I is the light intensity and n is the number of absorbed photons. This effectively
narrows the point-spread function (PSF) of the beam near the focal point so that it is smaller
than the diffraction limit at the excitation wavelength. The real benefit of the optical nonli‐
nearity of MPA lies in the negligible absorption away from the focal point. Photoinitiator

Figure 2. SEM photographs of the photolithographic patterns of (a) pure PSPI, PSPI/MMT nanofibers reinforced poly‐
mers with (b) 2 wt. % and (c) 3 wt. % MMT contents. [19].
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concentrations can be employed that are about ten times more than would be feasible for single-
photon excitation without any fear of out-of-plane polymerization.

Multi Photon Absorption (MPA) is a relatively new and evolving method for the manufac‐
turing of micro/nano structures. Unlike other methods, this technique does not involve any
secondary operations or processes for nanofibers reinforced polymer fabrication. Micro/nano
structures and devices are fabricated with higher accuracy and complexity using MPA than
other prevailing methods of fabrication for various applications. When an ultrashort laser
pulse is focused in a photo responsive polymer resin, a solid voxel (volumetric pixel) is
generated. The voxel size defines the minimum resolution of the polymer which is converted
into solid form. Complex 2D and 3D microstructures can be fabricated by scanning the laser
in the photo responsive resin [23]. Research on fabrication of micro/nano structures from
different types of polymers using MPA has been conducted in the past decades. In certain
applications there is a real need of complex nanofibers reinforced polymer structures fabrica‐
tion [24]. The prevailing methods for nanofibers reinforced polymer manufacturing are good
for planar or 2D device fabrication. For maskless manufacturing 2D and 3D nanofibers
reinforced polymer devices with accuracy and precision there is a need of identifying or
performance research towards the development of new maskless fabrication techniques using
MPP due to its advantages over other methods.

3. Nanofibers reinforced polymers enhanced properties

The samples that presented in this section are polymer microstructures fabricated with MPA
using laser ablative synthesis generated nanofibers as reinforcement [25] [26].

Figure 3. Center section of a fabricated ORO lens. Nickel matrix with 20 μm wide and 600 μm deep holes. Measured
aspect ratios (sidewall inclination) >400 [15].
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3.1. Mechanical properties

NanoIndentation Tester (Figure 4) uses an already established method where an indenter tip
with a known geometry is driven into a specific site of the material to be tested, by applying
an increasing normal load. When reaching a pre-set maximum value, the normal load is
reduced until partial or complete relaxation occurs. At each stage of the experiment, the
position of the indenter relative to the sample surface is precisely monitored with a differential
capacitive sensor. For each loading/unloading cycle, the applied load value is plotted with
respect to the corresponding position of the indenter. The resulting load/displacement curves
provide data specific to the mechanical nature of the material under examination. Established
models are used to calculatequantitative hardness and elastic modulus values for such data
[27]. Hardness and elastic modulus can be determined using the method developed by Oliver
and Pharr [28]. The hardness represents the resistance of a material to local surface deforma‐
tion. The Indentation Testing Hardness, H, is determined from the maximum load, Fmax,
divided by the projected contact area Ap at the contact depth hc [29];

Figure 4. NanoIndentationtester (CSM Instruments)

H =
Fmax

Ap (h c) 
(1)

Where Ap (hc) is the projected area of indenter contact at distance, hc from the tip and hc is the
depth of the contact of the indenter with the test piece at Fmax. Which can be expressed by
h c =h max - ε (h max - h r) , where hmax is the maximum indentation depth at Fmax, hr is the point of
intersection of the tangent to the unloading curve with the depth axis, and ε is a constant
depending on the nonlinearity of the unloading curve (Figure 5). For modified Berkovich
indenter, Ap (h c) =24. 5 h c

2 [30]. The elastic modulus represents the overall stiffness of the
reinforced polymer network and the reduced modulus of the indentation contact, Er, is given
by [29];
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Er = π. S

2 Ap (h c) 
(2)

where S is the contact stiffness or the slope of the unloading curve shown in Figure 5 at the
point of maximum load which can be found by [31];

S =
Fmax

h max - h r
(3)

The relationship between Indentation Modulus, E, and the reduced modulus, Er, of the sample
is given by [29];

1
Er

=
1 - υs

2

E +
1 - υi

2

Ei
(4)

Where νi is the Poisson’s ratio of the indenter, νs is the Poisson’s ratio of the sample and Ei is
the modulus of the indenter. The elastic stress–strain characteristics of a randomly nanofibers
dispersed polymer are expressed by three elastic constants, namely, Young’s modulus E,
Poisson’s ratio n νs, and shear modulus G. Only two of these three elastic constants are
independent since they can be related by the following equation [32];

G = E
2 (1 + νs) (5)

By substituting the values of E, and νs, the shear modulus can be calculated. A thin layer
containing randomly oriented discontinuous nanofibers exhibits planar isotropic behavior.
The properties are ideally the same in all directions in the plane of the layer. For such a layer,
the tensile modulus and shear modulus are calculated from [32];

E = 3
8 E11 + 5

8 E22 (6)

G = 1
8 E11 + 1

4 E22 (7)

where E11 and E22 are the longitudinal and transverse tensile moduli for a unidirectional
discontinuous nanofiber lamina of the same nanofiber aspect ratio, and same nanofiber volume
fraction as the randomly oriented discontinuous nanofiber composite. Rearrange Eqn 7 and

subtract Eqn 6 from Eqn 7, then using transverse modulus  E22 =
1 + 2ηt v f

1 - ηt v f
Em, ηt =

 (E f / Em) - 1
 (E f / Em) + 2 ,

Poisson’s ration νs =v f ν f + vmνm and v f + vm =1, the volume fraction ratio of the nanofibers in
the polymer matrix can be obtained by [31];
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v f =
8 (3G - E ) 

Em
- 1

(  (E f / Em) - 1

 (E f / Em) + 2 )(2 +
8 (3G - E ) 

Em
) (8)

Where vm is the volume fraction of the polymer matrix,νf and νm are Poisson’s rations of
nanofibers and polymer matrix respectively, Ef and Em are Young’s moduli for nanofibers and
polymer matrix respectively. By substituting the appropriate values in Eqn 8, the volume
fraction of the nanofibers in the polymer matrix can be calculated. An important function of
the matrix in a nanofiber-reinforced composite material is to provide lateral support and
stability for nanofibers under longitudinal compressive loading like the one applied by the
indenter head. In polymer matrix composites with which the matrix modulus is relatively low
compared to the nanofiber modulus, failure in longitudinal compression is usually initiated
by localized buckling of nanofibers. In general, the shear mode of failure is more important
than the extensional mode of failure and the shear mode is usually controlled by the matrix
shear modulus as well as nanofiber volume fraction.

A viscoelastic polymer has both elastic component and a viscous component. Applying stress
to a polymer causes molecular rearrangement due to changing positions by parts of the long
polymer chain (creep). Polymers remain solid even when these parts of their chains are
rearranging in order to accompany the stress which creates a back stress in the material. The
material no longer creeps when the back stress is of the same magnitude as the applied stress.
If the original stress is taken away, the accumulated back stresses will cause the polymer to
get back to its original form with the help of its elastic component. The polymer loses energy
when a load is applied then removed with the area between loading and unloading curves
(Figure 5) being equal to the energy lost during the loading cycle. Thus permanent plastic
deformation of the polymer occurs even when the applied load is removed.

Figure 5. Typical indentation load–displacement curves for the reinforced polymer
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The large surface area of nanofibers provides better interaction between the polymer chains
and nanofibers. The nanofibrous structures act as a preferential nucleation site for crystalline
phases which cause an increase in the modulus and hardness. Hardness, which is directly
related to the flow strength of a material, depends on the effective load transfer between the
matrix and the reinforcement phase in the nanofibers reinforced polymer. Strong interfacial
bonding between the matrix and the nanofibers is essential for efficient load transfer to obtain
high strength. Plastic deformation in polymers occurs by nucleation and propagation of shear
bands which in the unreinforced polymer matrix propagate unhindered as there are no barriers
for their movement. Thus, the presence of nanofibers in the nanofibers reinforced polymers
could offer resistance for the propagation of shear bands. A good mechanical interlocking and
the presence of obstacles to the motion of shear bands are the reasons for the enhancement of
hardness and elastic modulus in polymer dispersed nanofibers.

3.1.1. Electrical conductivity

Many techniques for the synthesis of conductive polymers have been developed. Most
conductive polymers are prepared by oxidative coupling of monocyclic precursors. One
challenge is usually the low solubility of the polymer. An important property of the electrically
conductive reinforced polymer is the positive temperature coefficient (PTC) effect. PTC reflects
the increase in electrical resistivity of the composites during the heating process, and hence
decreasing the electrical conductivity of the reinforced polymer. PTC materials have so many
potential applications, including sensors, self-regulating heaters, and switching materials. The
PTC behavioroccurs as a result of the difference in the coefficients of thermal expansion
between the fillers and the matrix.

Electrical properties of compositions made of nanofibers, dispersed in polymers, are mainly
characterized by the formation of a conduction network by contact conditions between
neighboring nanofibers in the network. Carbon nanofibers (CFN’s) dispersed in the developed
resin was used as a conductive composition materials in several applications. The conductivity
of the nanofibers reinforced polymer films can be measured using two points probe testing
device from SVSLabsInc as shown in Figure 6. Four probe systems can also be used. The voltage
passing through the nanofibers reinforced polymer film can be recorded, as well as the current
and the value of the resistance (and hence the conductivity) can be obtained using Ohm’s law.

Figure 6. Two points probe testing device (SVSLabsInc).
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compared to the nanofiber modulus, failure in longitudinal compression is usually initiated
by localized buckling of nanofibers. In general, the shear mode of failure is more important
than the extensional mode of failure and the shear mode is usually controlled by the matrix
shear modulus as well as nanofiber volume fraction.

A viscoelastic polymer has both elastic component and a viscous component. Applying stress
to a polymer causes molecular rearrangement due to changing positions by parts of the long
polymer chain (creep). Polymers remain solid even when these parts of their chains are
rearranging in order to accompany the stress which creates a back stress in the material. The
material no longer creeps when the back stress is of the same magnitude as the applied stress.
If the original stress is taken away, the accumulated back stresses will cause the polymer to
get back to its original form with the help of its elastic component. The polymer loses energy
when a load is applied then removed with the area between loading and unloading curves
(Figure 5) being equal to the energy lost during the loading cycle. Thus permanent plastic
deformation of the polymer occurs even when the applied load is removed.

Figure 5. Typical indentation load–displacement curves for the reinforced polymer
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The large surface area of nanofibers provides better interaction between the polymer chains
and nanofibers. The nanofibrous structures act as a preferential nucleation site for crystalline
phases which cause an increase in the modulus and hardness. Hardness, which is directly
related to the flow strength of a material, depends on the effective load transfer between the
matrix and the reinforcement phase in the nanofibers reinforced polymer. Strong interfacial
bonding between the matrix and the nanofibers is essential for efficient load transfer to obtain
high strength. Plastic deformation in polymers occurs by nucleation and propagation of shear
bands which in the unreinforced polymer matrix propagate unhindered as there are no barriers
for their movement. Thus, the presence of nanofibers in the nanofibers reinforced polymers
could offer resistance for the propagation of shear bands. A good mechanical interlocking and
the presence of obstacles to the motion of shear bands are the reasons for the enhancement of
hardness and elastic modulus in polymer dispersed nanofibers.

3.1.1. Electrical conductivity

Many techniques for the synthesis of conductive polymers have been developed. Most
conductive polymers are prepared by oxidative coupling of monocyclic precursors. One
challenge is usually the low solubility of the polymer. An important property of the electrically
conductive reinforced polymer is the positive temperature coefficient (PTC) effect. PTC reflects
the increase in electrical resistivity of the composites during the heating process, and hence
decreasing the electrical conductivity of the reinforced polymer. PTC materials have so many
potential applications, including sensors, self-regulating heaters, and switching materials. The
PTC behavioroccurs as a result of the difference in the coefficients of thermal expansion
between the fillers and the matrix.

Electrical properties of compositions made of nanofibers, dispersed in polymers, are mainly
characterized by the formation of a conduction network by contact conditions between
neighboring nanofibers in the network. Carbon nanofibers (CFN’s) dispersed in the developed
resin was used as a conductive composition materials in several applications. The conductivity
of the nanofibers reinforced polymer films can be measured using two points probe testing
device from SVSLabsInc as shown in Figure 6. Four probe systems can also be used. The voltage
passing through the nanofibers reinforced polymer film can be recorded, as well as the current
and the value of the resistance (and hence the conductivity) can be obtained using Ohm’s law.

Figure 6. Two points probe testing device (SVSLabsInc).
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Electrical conductivity in CNF’s reinforced polymer is generated as a result of the direct contact
between CNF’s and tunneling resistance determined by the width of the insulating resin
around the CNF’s. Thermal expansion caused by heat gradient increases gap width between
contiguous CNF’s and reduces the number of conductive pathways which results in a decrease
in electrical conductivity. The temperature dependence of the electrical conductivity can be
explained by the general theory of the thermal fluctuations. The resistivity of the junction is
given by;

ρ =ρoe
-T 1/ (T +T o) (9)

Where the constants ρ0, T1, and T0 depend essentially on the characteristics of the tunnel
junctions, which are supposed to be functions of various parameters such as filling factor, filler
size and shape, sample processing. The relative resistivity (ρr) can be used to characterize the
intensity of the PTC effect:

ρr = log ( ρ140

ρ20
) (10)

Where ρ140 and ρ20 are the resistances of the composites at two different temperatures, for
example, 140 and 20oC. Thus the relative conductivity can be expressed as;

Sr = log ( ρ20

ρ140
) (11)

This represents how sensitive and to what extent the reinforced polymer resistance responds
after being stimulated by the temperature change. The electrical sensitivity of a reinforced
polymer fabricated by femtosecond laser material processing can be expressed by;

Ks =
∆ S r

∆ω r
(12)

Where Ksis the electrical sensitivity, ΔSr is the change in relative conductivity and Δωr is the
change in relative repetition rate of the femtosecond laser that can be expressed by;

ωr = ω
ωmin

(13)

Where ωmin is the minimum repetition rate used for the generation of nanofibers. For example,
The equation of the straight line obtained from Figure 7 is Sr =0. 17 ωr - 10. 61 17 which indicate
that the electrical sensitivity Ks is about 0. 17. The higher the value of the electrical sensitivity,
the more sensitive is the reinforced polymer to change in temperature and thus less conduc‐
tivity at higher temperatures. Also, the PTC effect of nanofibers reinforced polymers fabricated
with higher laser repetition rate is weaker than that of nanofibers reinforced polymer s
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fabricated with lower repetition rate. This is a direct result of the matrix volumetric expan‐
sionwhich cause more contiguous CFN’s to get disconnected and reduce number of electrical
pathways.
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Figure 7. Pulse repetition frequency effect on the relative conductivity of the nanofibers reinforced polymer micro‐
structures.

3.1.2. Magnetic enhancement

Magnetic neodymium-iron-boron (NdFeB) nanofibers and nanoparticles, have become one of
the most important spot in the research field of magnetic nanomaterials to meet the demand
for miniaturization of electronic components recently. They have been successfully prepared
by various techniques like the sol-gel auto-combustion method [33], co-precipitation [34], hy-
drothermal method [35], reverse micelles [36], microemulsion method [37], alternate sputter‐
ing [38], pulsed laser deposition [39], and many others.

The total magnetization of a nanofiber is given by the vectorial sum of all single magnetic
moments of the atoms. As for the atomic magnetic moments in nanofibers, the average
magnetization will be zero in the absence of magnetic field since all magnetic moments are
randomly directed in space. When a magnetic field is applied by the substrate, the magnetic
moments orient in the direction of the field and give rise to a net magnetization of the
nanofibers [40].

In ferromagnetic materials (Figure 8 (a) ), the saturation magnetization MS of the magnetic
nanofibers reinforced polymer microstructures at room temperature is higher than that of the
pure polymer. The larger coercivitiesHC that we see could be as a result of the oxide Fe. Figure
8 (b) shows the room temperature M-H curves for the polymer (Ormocer). It has a weak
diamagnetic response to the applied field, but appears to have a small amount of unknown
impurity which contributes to a very weak non- linear deviation near zero fields that could be
a paramagnetic effect. Small traces of paramagnetic impurities can be found in almost all
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3.1.2. Magnetic enhancement

Magnetic neodymium-iron-boron (NdFeB) nanofibers and nanoparticles, have become one of
the most important spot in the research field of magnetic nanomaterials to meet the demand
for miniaturization of electronic components recently. They have been successfully prepared
by various techniques like the sol-gel auto-combustion method [33], co-precipitation [34], hy-
drothermal method [35], reverse micelles [36], microemulsion method [37], alternate sputter‐
ing [38], pulsed laser deposition [39], and many others.

The total magnetization of a nanofiber is given by the vectorial sum of all single magnetic
moments of the atoms. As for the atomic magnetic moments in nanofibers, the average
magnetization will be zero in the absence of magnetic field since all magnetic moments are
randomly directed in space. When a magnetic field is applied by the substrate, the magnetic
moments orient in the direction of the field and give rise to a net magnetization of the
nanofibers [40].

In ferromagnetic materials (Figure 8 (a) ), the saturation magnetization MS of the magnetic
nanofibers reinforced polymer microstructures at room temperature is higher than that of the
pure polymer. The larger coercivitiesHC that we see could be as a result of the oxide Fe. Figure
8 (b) shows the room temperature M-H curves for the polymer (Ormocer). It has a weak
diamagnetic response to the applied field, but appears to have a small amount of unknown
impurity which contributes to a very weak non- linear deviation near zero fields that could be
a paramagnetic effect. Small traces of paramagnetic impurities can be found in almost all
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materials and hence, it is not surprising in these polymers. However, these trace impurities do
not affect the quality of our ferromagnetic composites. Figure 8 (c) shows the magnetic
measurements of the nanofibers reinforced polymers which has a coercive field HC of
approximately 260 Oe at room temperature. This large coercivity suggests that oxide nano‐
fibrers are present on the microstructure.

It can be seen that the magnetization of the generated nanofibers reinforced polymer increases
compared to pure polymer. This increase in magnetization is expected below the superpara‐
magnetic- ferromagnetic transition temperature, which is above 300K for the magnetic
nanofibers of 20 nm average size due to reduced thermal activation energy. Nanoparticle
interactions, which depend on the iron concentration in the polymer matrix, strongly influence
the remnant magnetization. Since agglomeration of nanoparticles into nanofibers is observed
in all our polymer nanofibers reinforced polymer samples, interactions are expected to play a
significant role in the magnetic response. These interactions lead to a non- linear increase in
MR as the concentration of iron is increased. The magnetic interactions are generally expected
to be dipolar in nature, although in strongly coupled clusters, exchange interactions are also
possible.

Figure 8. Room temperature M-H curves (a) Magnetic nanofiberous structures, (b) Ormocer, and (c) magnetic nano‐
fibers reinforced polymer.

4. Applications

4.1. Bioapplications

There are unlimited applications of reinforced polymer microstructures. One of the most recent
application is DNA sensing based on reinforced polymer microstructuring. A conducting
polymer containing nanofibrous structure can be very sensitive even to small perturbations at
the interface, thanks to its high electrical conductivity and electron transfer capabilities when
the interface is covered by its film. Biocompatible conducting polymers can be variably
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modified for immobilization of probe DNA via covalent linking or electrostatic interactions.
The conductivity of the conducting polymer electrochemically deposited on the electrode
surface can be modulated by changing the pH of the medium, the electrochemical potential,
and/or the electrolyte. Because of these characteristics and other advantages, conducting
polymers could be utilized extensively for the construction of biosensors including DNA
sensors which, to the best of our knowledge, is reported for the first time.

Noble metals are known to create strong chemical bonds with compounds terminating with a
thiol (-SH) group. In order to achieve immobilization of nucleic acids on solid substrates,
researchers have developed techniques by which DNA molecules can be linked to a thiol
group. In this case, the thiolated terminal of molecules is chemisorbed on the substrate, while
the DNA portion of the molecules are standing parallel to each other and away from the
substrate. Since they are formed quickly, resulting in a well-defined and reproducible surface,
and are stable under normal laboratory conditions, gold electrodes are fabricated using
femtosecond laser material processing or other techniques [41].

4.2. Energy applications

Reinfoced polymer microstructuring can be utilized in neomerous application. Researchers
prepared dye-sensitized solar cells using micro/nanofibers reinforced polymer Ti02 porous
films [42]. This result in cells with enhanced light collection. They applied a technique which
opens an alternative way for manufacturing solar cells on an industrial scale. Ti02 micro/nano-
composite structured electrodes for quasi-solid-state dye-sensitized solar cells [43]. These
revolutionary nano-structured ultra thin film solar PV products will provide affordable clean
renewable energy for everyone. Another unique technology has been developed that absorbs
and converts more sunlight throughout the day by utilizing special kind of nanofibers
reinforced polymers. This result in a dramatic increase in total power output. Each nanofiber
increases the total PV surface area by an incredible 6-12 times over current other thin film
products on the market today. Figure 9 shows luminescent solar concentrators (LSCs)
comprising CdSe core/multishell quantum dots (QDs) developed by Bomm et al [44].

Figure 9. (a) Photograph of a P (LMA-co-EGDM) plate containing CdSe core/multishell QDs (illuminated by a UV-lamp)
illustrating the concentrator effect and (b) TEM image of a QD-LSC/P (LMA-co-EGDM) nanofibers reinforced polymer
showing single QDs and a few small QD aggregates [44].
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5. Summary

In conclusion, this chapter focused on nanofibers reinforced polymer microstructures,
including fundamental properties, manufacturing techniques, and applications. The chapter
also discussed the scientific principles and mechanisms in relation to the methods of process‐
ing, manufacturing and commercial applications. The mechanical, electrical, and magnetic
properties of nanofibers reinforced polymers has been discussed in details and it offers insight
studies on technology, modeling, characterization, processing, manufacturing, and applica‐
tions for nanofibers reinforced polymer nanocomposites.
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1. Introduction

1.1. Central nervous system injury

Traumatic brain injury (TBI) and spinal cord injury (SCI) are serious health problems in
society. It  is estimated that approximately 1.7 million TBI (Ghajar, 2000) and 12,000 new
cases of SCI (https://www.nscisc.uab.edu, 2011) occur each year in the U.S. TBI is the leading
cause of death and permanent severe neurological disabilities in individuals aged below 45
years in the western world. Similarly, SCI affects young adults with an average age of 40.7
years,  and  is  predominantly  caused  by  motor  vehicle  accidents.  Both  types  of  central
nervous system (CNS) injuries commonly result in significant sensorimotor deficits as well
as  psychological  and  cognitive  impairments.  The  associated  social-economic  burden  is
significant.

1.2. Peripheral nervous system injury

Peripheral  nervous  injuries  (PNI)  are  most  primarily  caused  by  traffic  accident,  bone
fractures and joint dislocations (Millesi et al., 1998). Additionally, complications of region‐
al  anesthesia  and  some  neuropathic  or  metabolic  disorders  may  also  cause  PNI.  The
incidence is around 2.8% of trauma patients per year. Injuries to the peripheral nerves may
lead to partial or complete loss of sensory, motor or autonomic functions that can serious‐
ly compromise the life quality of the patients and result in significant socioeconomic loss
(Noble et al., 1998; Taylor et al., 2008).

© 2013 Gao et al.; licensee InTech. This is a paper 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.
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1.3. current neural tissue engineering

1.3.1. Tissue engineering for the repair of central nerve injury

CNS injuries are characterized by the permanent loss of neural tissues as the result of apoptosis,
axonal damage, as well as acute and chronic neural degeneration. These primary and secon‐
dary neuropathological cascades lead to severe destruction of neuronal circuitry. Subsequent
significant astrogliosis may also constitute a microenvironment that is inhibitory to regener‐
ation. The capacity for self-repair within the adult CNS after injury is poor, and numerous
reparative strategies have been developed to enhance axonal regrowth, reactivate the plasticity
of the spared neural tissue, and replace lost tissue by means of cell transplantation (Kim et al.,
2012). Of these, neural bioengineering adopts a multifaceted approach in providing both a
permissive microenvironment and a suitable three-dimensional scaffold that integrates
transplantable cells with bioactive factors. By modifying the components, morphology, and
architecture of biodegradable and biocompatible materials, a number of scaffolds have been
developed to tailor to the desired physical and chemical properties required for neural repair.
Both natural and artificial polymers such as collagen, chitosan, PLGA (poly lactic-co-glycolic
acid ), and nanofiberous scaffold have been tested in TBI and SCI models (Peter et al.,2009;
Wang et al.,2011). When combined with engrafted stem cells and surface modification, these
bioengineered scaffolds represent some of the most promising materials in neuro-regenerative
therapy. A wide range of transplantable cells have been used in combination with these
scaffolds, including embryonic stem cells, neural stem cells, mesenchymal stem cells, Schwann
cells and a variety of adult multipotent stem cell types. The underlying principle is that these
engrafted cells may promote neural repair and regeneration by means of growth factor
production, neuronal replacement and remyelination. Similarly, enhancement with integrated
bioactive factor or oligopeptide motifs may provide a more conducive environment for the
survival of the engrafted cells and their integration with the host tissue-scaffold. More
importantly, novel controllable release techniques can potentially facilitate the delivery of
embedded tissue factors that counteract or neutralize the local inhibitory signals, and degrade
glioscar. Given the complexity in anatomical organization and functional communication
within the CNS, bioengineered scaffold-based is an reparative strategy of significant potential.

1.3.2. Tissue engineering for repair of peripheral nerve injury

When compared with the CNS, the PNS has a much greater capacity for regeneration after
traumatic injury. For lesion gaps of over 5cm in length, autologous nerve grafting is a treatment
of choice. However, the recovery of sensory and motor function is often slow and incomplete.
Nerve grafting is limited by the availability of the donor nerve, the loss of donor nerve function,
and the additional surgical trauma and complications (Gordon et al., 2003). Peripheral nerve
is mainly constituted by fascicles of myelinated and unmyelinated nerve fibers as well as
multiple layers of connective tissue and blood vessels. PNS bioengineering approaches
therefore require longitudinally orientated conduits to provide the physical support and
contact guidance for neurite regrowth, while maintaining the biological and functional
viability of the distal denervated targets during the regenerative process. The ultimate goal of
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PNS bioengineering is to develop bioengineered nerve implant that could match or exceed the
performance of autograft. Currently, various conduits made of diverse synthetic or natural
biomaterials have been exploited to bridge experimental nerve transection gaps of between
10mm and 80mm in experimental rodent and primate models. The most commonly used
biomaterials are biodegradable polymers such as PLGA, type I Collagen and chitosan. The
engrafted cells may include Schwann cells, neural stem cells and olfactory ensheathing cells
(OECs). However, the degree of axonal regeneration and functional recovery has so far been
found to be limited, and inferior to nerve grafting control. Further studies are required to
explore the applications of other novel materials. (Battiston et al., 2009).

1.4. Biomaterials developed in the field of Neural Tissue Engineering

Various promising biomaterials have been exploited to meet the diverse needs for specific
bioengineering applications. The fundamental requirements of biomaterials utilized in neural
tissue engineering include biodegradability, neural bioactivity and neural tissue-matched
mechanical module.

1.4.1. Biological biomaterials

These are mainly natural polymers such as collagen, laminin, fibronection, fibin, hyaluronic
acid. agarose, alginate, and chitosan. The majority of them are derived directly from ECM and
have been extensively studied due to their inherent merits including the presentation of
biological receptor-binding ligands, the susceptibility to proteolytic degradation and remod‐
eling in vivo (Ma et al., 2008). These natural macromolecules can be hydrated, and serve as
bioscaffolds for various cells in vivo and in vitro. For example, collagen is the most abundant
protein from natural ECM in connective tissue. In mammalian tissues, the primary structural
collagen is type I collagen. The collagen conduit made of type 1 collagen such as NeuraGen
conduit has been approved by the United States Food and Drug Administration (FDA) and is
commercially available for clinical use practice, whereas limited in field of the peripheral nerve
repair (Kehoe et al., 2012). Major concerns regarding the clinical application of biologically
derived materials, include the problems with sustainable production, immunogenicity, and
pathogen transmission as well as weak mechanical in vivo strength.

1.4.2. Artificial biomaterials

Compared to the natural polymers, artificial biomaterials or biomimetic materials, could be
designed and synthesized to mimic one or multiple desired characteristics of the natural ECM
for specific purposes. For reparative applications, artificial polymers have the advantages of
having great flexibility for design and modification so as to allow for the control of orientation
and development of new-born tissue for better functional outcomes.

1.4.2.1. Degradable materials

Biodegradability is an important property of biomaterials in tissue engineering. Due to the
well-accepted biodegradability and biocompatibility, linear aliphatic polyesters including
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bioscaffolds for various cells in vivo and in vitro. For example, collagen is the most abundant
protein from natural ECM in connective tissue. In mammalian tissues, the primary structural
collagen is type I collagen. The collagen conduit made of type 1 collagen such as NeuraGen
conduit has been approved by the United States Food and Drug Administration (FDA) and is
commercially available for clinical use practice, whereas limited in field of the peripheral nerve
repair (Kehoe et al., 2012). Major concerns regarding the clinical application of biologically
derived materials, include the problems with sustainable production, immunogenicity, and
pathogen transmission as well as weak mechanical in vivo strength.

1.4.2. Artificial biomaterials

Compared to the natural polymers, artificial biomaterials or biomimetic materials, could be
designed and synthesized to mimic one or multiple desired characteristics of the natural ECM
for specific purposes. For reparative applications, artificial polymers have the advantages of
having great flexibility for design and modification so as to allow for the control of orientation
and development of new-born tissue for better functional outcomes.

1.4.2.1. Degradable materials

Biodegradability is an important property of biomaterials in tissue engineering. Due to the
well-accepted biodegradability and biocompatibility, linear aliphatic polyesters including

Use of Self-Assembly Nanofibre Biomaterials for Neural Repair After Injury
http://dx.doi.org/10.5772/57098

187



poly(lactic acid) (PLA), poly(glycolic acid) (PGA), and their copolymers poly(lactic acid-co-
glycolic acid) (PLGA) have been widely utilized to reconstruct bioscaffold in diverse condi‐
tions of neural repair. To facilitate host-material integration, biomaterial candidates must also
possess the appropriate elastic module. For instance, hydrogel made of poly(2-hydroxyethyl
methacrylate-co-methyl methacrylate) (p(HEMA-co-MMA)) has similar mechanical proper‐
ties to the mammalian spinal cord (elastic modulus of 200 to 600 kPa), and could be customized
by altering the ratio of co-monomers (Dalton et al.,2002). The hydrophobic surface properties
in most of the synthetic biodegradable materials such as PLGA, PCL and PHB, may be modified
by coating them with ECM proteins components like laminin, fibronectin, collagen. Specific
adhesion oligopeptide such as RGD and IKVAV, YIGSR may also be added to improve their
adhesion properties for seeded cells. Several studies showed that the cellular adhesion
performance of these artificial biomaterials including methyl cellulose, alginate, poly (hy‐
droxyethyl methacrylate) (PHEMA), poly (hydroxybutyrate) (PHB) (Samadikuchaksaraei,
2007), could be significantly improved by surface modifications. Another category of synthetic
biomaterial is related to the nanofibre scaffold which will be discussed in later sections.

1.4.2.2. Nondegradable materials

The use of synthetic nondegradable materials in neural repair is limited by their nondegrada‐
blilty and unbioabsorbility. The majority of reported studies involved PNI. For example, poly
(2-hydroxyethyl methacrylate) has been demonstrated to support regeneration of injured
axons in a rat SCI model (Tsai et al. 2006). Recently, electroactive polymer like polypyrole or
hybrid conduct materials showed neuronal attachment and growth. The major concerns
regarding these materials are related to immunorejection, chronic inflammatory responses,
fibrous scarring, and the associated problems of neural compression and need for re-operation.
These render nondegradable materials unsuitable for CNS repair (Cullen et al., 2008).

2. Nanofibrous scaffolds applied in CNS regeneration

2.1. Current fabrication of nanofiber-based bioscaffolds used in CNS regeneration

The aim of biomedical engineering is the design and development of novel biomaterials that
can recapitulate the key characteristics of natural ECM with the associated topographical cues,
cellular adhesion sites, biochemical signals and physiological viscoelastic modules. In general,
extracellular proteins such as collagen, fibrin and glycosaminoglycans, possess fibrous
structures with diameters on the nanometer or sub-micrometer scales. Several bioengineering
approaches have been developed for the fabrication of artificial nanofibre constructs with
diameters that range from 10 to 100nm.

2.1.1. Self-assembling peptide nanofiber scaffolds (SAPNS)

Many biological macromolecules such as like phospholipids can readily self-assemble to form
highly ordered bio-structures through van der Waals forces, hydrogen bonds, ionic bonds, and
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hydrophobic interactions. To recapitulate the bioactive motif of laminin, Stupp and coworkers
designed a self-assembling peptide amphiphile (PA) that consisted of the laminin-derived
peptide IKVAV (Ile-Lys-Val-Ala-Val). The self-assembly of IKVAV could be initiated sponta‐
neously upon the introduction of physiological buffer which leads to the formation of
nanofibers with diameter ranging from 6 to 8 nm (Tysseling-Mattiace, 2008).

2.1.2. Eletrospun nanofiber scaffolds

Electrospinning was a traditional industrial fabrication technique used widely in 1930s. Due
to its effectiveness of producing microfibers with diameters of sub-micron or nanometer scale,
it has been utilized to process a number of natural and synthetic polymers such as collagen,
fibroin, PLLA, PLGA, and PCL. The electrospun nanofiber matrices resemble the structural
morphology of ECM with a high surface area–to-volume ratio, which has been shown to
greatly facilitate cellular attachment, proliferation and differentiation. Recent studies continue
to report the development of novel electrospun nanofibers, and the introduction of bioactive
molecules such as growth factors during the fabrication process of nanofibers for peripheral
nerve regeneration (Prabhakaran et al., 2008). The intrinsic limitations of this technique include
the degradation of bioactive factors during procedure, the inability to fabricate complex 3D
structures or specific microstructure with designed internal pore size.

2.1.3. Phase separation

Phase separation, or thermally induced liquid–liquid phase separation, was developed by Ma
and Zhang to produce a nanofibrous foam materials. Polymer scaffolds generated by phase
separation normally have a sponge-like porous morphology with spherical pores 50–500 nm
in diameter. Phase separation system consists of a polymer-rich component and a polymer-
lean/solvent-rich component, by which the polymer morphology can solidify by quenching
under low temperature. A few nanofibre scaffold from artificial biodegradable polymers have
been produced with phase separation including PLLA, which was studied as a suitable
matrices in which NSCs can grow and differentiate (Yang et al., 2004). Compared with other
techniques previously discussed phase separation has simpler and the need for specialized
equipment is minimal. However, due to the small number of candidate polymers suitable for
in vivo study, reports on nanofiber scaffold generated by phase separation in neural tissue
engineering are limited.

2.2. Current application of SAPNS for the repair of injured CNS

2.2.1. Traumatic brain injury

The applications of RADA16-I, a representative SAPNS, in 3D cell culturing, wound hemo‐
stasis and healing has been well described in a series of studies. The initial research of RADA16-
I in experimental TBI was conducted by Ellis-Behnke et al. (Ellis-Behnke et al. 2006). Using an
acute TBI model in which the midbrain of P2 hamsters was injured surgically with a knife
wound (1.5 mm deep and 2.0 mm wide), 10µl of 1% SAPNS was applied to bridge the injury
gap. The central traumatic lesion showed restoration in all SAPNS-treated animal subjects
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hydrophobic interactions. To recapitulate the bioactive motif of laminin, Stupp and coworkers
designed a self-assembling peptide amphiphile (PA) that consisted of the laminin-derived
peptide IKVAV (Ile-Lys-Val-Ala-Val). The self-assembly of IKVAV could be initiated sponta‐
neously upon the introduction of physiological buffer which leads to the formation of
nanofibers with diameter ranging from 6 to 8 nm (Tysseling-Mattiace, 2008).

2.1.2. Eletrospun nanofiber scaffolds

Electrospinning was a traditional industrial fabrication technique used widely in 1930s. Due
to its effectiveness of producing microfibers with diameters of sub-micron or nanometer scale,
it has been utilized to process a number of natural and synthetic polymers such as collagen,
fibroin, PLLA, PLGA, and PCL. The electrospun nanofiber matrices resemble the structural
morphology of ECM with a high surface area–to-volume ratio, which has been shown to
greatly facilitate cellular attachment, proliferation and differentiation. Recent studies continue
to report the development of novel electrospun nanofibers, and the introduction of bioactive
molecules such as growth factors during the fabrication process of nanofibers for peripheral
nerve regeneration (Prabhakaran et al., 2008). The intrinsic limitations of this technique include
the degradation of bioactive factors during procedure, the inability to fabricate complex 3D
structures or specific microstructure with designed internal pore size.

2.1.3. Phase separation

Phase separation, or thermally induced liquid–liquid phase separation, was developed by Ma
and Zhang to produce a nanofibrous foam materials. Polymer scaffolds generated by phase
separation normally have a sponge-like porous morphology with spherical pores 50–500 nm
in diameter. Phase separation system consists of a polymer-rich component and a polymer-
lean/solvent-rich component, by which the polymer morphology can solidify by quenching
under low temperature. A few nanofibre scaffold from artificial biodegradable polymers have
been produced with phase separation including PLLA, which was studied as a suitable
matrices in which NSCs can grow and differentiate (Yang et al., 2004). Compared with other
techniques previously discussed phase separation has simpler and the need for specialized
equipment is minimal. However, due to the small number of candidate polymers suitable for
in vivo study, reports on nanofiber scaffold generated by phase separation in neural tissue
engineering are limited.

2.2. Current application of SAPNS for the repair of injured CNS

2.2.1. Traumatic brain injury

The applications of RADA16-I, a representative SAPNS, in 3D cell culturing, wound hemo‐
stasis and healing has been well described in a series of studies. The initial research of RADA16-
I in experimental TBI was conducted by Ellis-Behnke et al. (Ellis-Behnke et al. 2006). Using an
acute TBI model in which the midbrain of P2 hamsters was injured surgically with a knife
wound (1.5 mm deep and 2.0 mm wide), 10µl of 1% SAPNS was applied to bridge the injury
gap. The central traumatic lesion showed restoration in all SAPNS-treated animal subjects
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within the first 24-hour and at all other timepoints up to 30 days post-injury. Compared with
saline-treatment, SAPNS created a seamless connection across lesion site and appropriate host-
scaffold interfaces which led to significantly improved repair. Further studies were conducted
by Guo et al. using a rodent TBI model (Guo et al., 2009). Immediately after the infliction of
severe mechanical injury to the sensory-motor cortex, 20 µL of 1% RADA16-I SAPNS was
implanted at the lesion sites to bridge the injury gap. Histological, immunohistochemical and
apoptosis studies were performed at 2 days, 2 weeks, and 6 weeks after injury. The SAPNS-
treated lesion sites had no cyst formation after injury and showed integrated host-scaffold
interfaces; saline-treatment resulted in significant cyst formation. Moreover, SAPNS signifi‐
cantly reduced apoptosis in the perilesional area and effectively mitigated reactive gliosis and
inflammation. Currently, a few integrative strategies of SAPNS incorporated with bioactive
factors have been conducted with an aim to improve functional recovery after severe TBI.

2.2.2. Spinal cord injury

A variety of biodegradable hydrogel have been extensively studied in the treatment of
experimental SCI. IKVAV peptide amphiphile, which consists of neuroactive pentapeptide
epitope from laminin, has been applied in a moderate spinal cord contusion model in which
1% aqueous solution of IKVAV-SAPNS was injected into the lesion sites 24h after injury.
IKVAV-SAPNS significantly reduced the degree of oligodendroglial apoptosis perilesion and
enhanced their survival rate with cleaved caspase-3 immunohistochemistry at 10 d after SCI.
Additionally, astrogliosis was reduced significantly and the regeneration of motor-sensory
axons were improved remarkably on BDA-labeling 11 week after treatment. Moreover, at 9wks
after treatment, the mean locomotor score of IKVAV-SAPNS group was significantly better
than that of the control group on BBB score measurement, and dorsal stepping was observed
with IKVAV-treatment, indicating functional return in hindlimb movement (Tysseling-
Mattiace, 2008).

One of the most important advantages of SAPNS is its ability to provide a 3-D matrice in which
neural cells can survive and differentiate. Guo and coworkers incorporated neural stem cells
(NSCs) and Schwann cells in SAPNS, and transplanted them into dorsal column lesion of the
cervical spinal cord. At 6 wks after implantation, there was excellent integration between the
implant and the host tissue. Moreover, extensive axonal regrowth was observed with immu‐
nohistochemistry staining with NF, 5-HT, and CGRP (Guo et al., 2007). Recent reports
highlighted the further applications of controlled release of bioactive factors incorporated into
the SAPNS in vitro and in vivo. For instance, CT04, a cell permeable RhoA inhibitor, was
incorporated into RADA16-I-SAPNS and implanted in a complete transection lesion at T9 level
of the spinal cord. This novel integrative SAPNS not only reconstructed the injured nerve gap,
but also elicited significant axonal regeneration and motor functional recovery. Additionally
it also effectively reduced the infiltration and apoptosis of activated macrophages within the
injured spinal cord. The SAPNS-based delivery of RhoA inhibitor is a potentially effective
therapeutic strategy by reknitting lesion gap, attenuating secondary injury and improving
axonal regeneration (Fig.1). Moreover, Gelain and Zhang’s group has developed functional‐
ized SAPNS that can improve the engraftment and neural differentiation of seeding neural
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progenitor cells in vitro, and enhance neural regeneration in vivo. With the aid of phage display
technology, a functionalized SAPNS was found to demonstrate high in vitro stem cell viability
and neural differentiation, as well as significantly promoted axonal regrowth and locomotor
functional recovery in acute spinal cord injury (Gelain et al., 2006; 2012).

Collectively, these in vivo studies with various SCI models evidenced the significant potential
of SAPNS in the repair of SCI from different aspects that SAPNS provide. Based on the current
advances of fabrication and biochemistry techniques, future directions would consider
introduction of updated topographical cues and more bioactive motifs or growth factors into
the scaffold design to induce more robust and organized regeneration for injured central neural
system, achieving more significant functional recovery.

3. Nanofibrous scaffolds applied in PNS repair

3.1. Development of nanofiber biomaterials used for PNS regeneration

A variety of biodegradable materials have been processed into nanofibrous scaffold using
eletrospining technique for PNI repair (Xie et al., 2010). In an early study, a bilayer chitosan
conduit with inner layer of nano/microfibrous structure modified with oligopeptide was
generated  to  repair  a  15mm  sciatic  nerve  gap  in  rats  (Wang  et  al.,  2008).  This  novel
integrative  chitosan  conduit  effectively  promoted  the  axonal  regeneration  that  was
comparable to that of  autologous nerve grafting? on histological  assessment.  Recently,  a
blend of  biodegradable  polymers  PLGA/PCL was used to  produce electrospun tubes  to
bridge a 10mm long sciatic nerve lesion gap in rat. Four months after surgery, most of the
electrospin  conduit-treated  animals  showed  neural  regeneration  and  functional  restora‐
tion on immunohistochemial  studies  and electrophysiological  assessment  (Panseri  et  al.,
2008).  More  interestingly,  a  novel  bi-layer  nanofibrous  nerve  conduit  made  of  poly  (L-
lactide-co-caprolactone) and poly(propylene glycol)  has been fabricated with electrospin‐
ning technique for PNI repair. The electrospin nerve conduit was designed as the luminal
layer composed of longitudinally aligned nanofibers to promote axon regeneration, while
the outer layer was equipped with random- organized nanofibers for mechanical support.
After being implanted to bridge a 10mm gap of sciatic nerve, the nanofibrous nerve conduit
significantly improved the regeneration of injured peripheral axons and motor functional
recovery at 2 and 12 month post-surgery (Zhu et al.,  2011).  More recently, the effects of
fibre diameter of electrospun conduits on peripheral nerve regeneration was analyzed with
a 15mm sciatic  nerve injury model.  These fibrous conduits  consisted of  aligned electro‐
spun poly (ε-caprolactone) (PCL) nanofibers (251±32 nm) and microfibers (981±83 nm). The
nanofiber-treated group showed significantly greater total number of myelinated fibers and
thicker  myelin  sheaths  when  compared  with  groups  that  received  Microfiber  and  Film
conduits  at  3  month  post-treatment.  The  number  of  regenerated  dorsal  root  ganglion
neurons  in  animals  that  received  nanofiber  conduits  was  increased  significantly  by
retrograde labeling with fluorogold. On electrophysiological testing including compound
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muscle  action  potential  and  distal  motor  latency,  the  nanofibre-group  showed  greater
improvement  than the  microfiber  group (Jiang et  al.,  2012).  These  positive  observations
provide useful insights for the applications of electrospun nanofibrous nerve conduits with
designed nanostructure in the development of peripheral nerve guide conduits.

3.2. Reconstruction of injured PNS with SAPNS

SAPNS has a well-defined sequence of L-amino acids that self-assemble under physiologi‐
cal conditions to form a fibrous scaffold within the nanoscale (∼10 nm in diameter). In the
recent decades,  SAPNS has been shown to facilitate the survival  and growth of  various
neural  cells  within  a  3D matrice,  and effectively  improved the  axonal  regeneration and
tissue repair in context of CNS injuries. It also has significant potential for PNI repair. For
example, a novel SAPNS-based nerve conduit was generated by RAD-I SAPNS ensheath‐
ed with a segment of aortic wall. With a sciatic nerve transection model of rat, the SAPNS-
nerve conduit was used to bridge a 10mm nerve gap. Neural histomorphology, retrograde-
labeling and locomotor functional assessments demonstrated significant therapeutic effects
of  SAPNS-based  nanofiber  conduit  implant  on  axonal  regeneration,  remyelination  and
target reinnervation (Fig.2,). Additionally, SAPNS acts as a designer peptide backbone and
provides the opportunity to integrate various growth factor, or functional motifs for cell
adhesion, differentiation and homing, and to define and direct biological commitment of
seeding  cells;  furthermore,  functional  SAPNS  will  provide  better  support  for  viability,
migration and differentiation of engrafted stem cells in vivo and lead to better perform‐
ance of neural repair in vivo.

4. Conclusion

The functional repair of peripheral and central nervous system injuries is a major challenge.
Based on the advances of development of novel biomaterials, biochemistry and fabrication
techniques, bioengineered scaffold enhanced with bioactive motifs and engrafted cells can
provide a regeneration-facilitating environment for injured nervous tissues, and effectively
promote the host’s capacity of neural regeneration and plasticity. Numerous in vitro models
have demonstrated that 3-D bioscaffold, in particular the nanofibre scaffold, can greatly
support the attachment, proliferation, migration and neural differentiation of various neural
cells. Moreover, significant neuroprotection and axonal regeneration have been achieved in
in vivo neural injury models after treatment with these novel scaffolds. More importantly, the
recovery of injured sensory and locomotor function has been shown to occur in a number of
peripheral and central injury models using different animal species. However, critical issues
such as functional integration of host-implant, organized regeneration pattern with updated
bioengineering scaffolds and further restoration of useful neurology function, remain to be
addressed in future researches.

Immunohistochemistry with Neurofilament(NF) staining showed a number of NF-positive
axons (Green)penetrated into the lesion sites with SAPNS+CT04 treatment(A). Counterstained
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DAPI area (blue) indicated the gross structure of the injured spinal cord. (B) is the high power
magnification corresponding to the boxed area of (A) demonstrated the NF-positive axons in
the center of lesion area. Quantification analysis of the NF-positive axons in the center of the
lesion area indicated that axonal regeneration was significantly improved by the SAPNS+CT04
implants compared to the only SAPNS group (Student t test, *p<0.05).

Figure 1. Axonal regeneration in the SAPNS-treated groups.

With NF/MBP-double immunofluoresent labeling, in sharp contrast to that of Empty Nerve
Conduit (ENC) group (A-C), significant remyelination of regenerated axons was detected
throughout the entire Nanofiber Nerve Conduit (NNC) 16 weeks after treatment (D-F).
Representative transverse sections of proximal, middle and distal parts of Nerve Conduit (NC)
were demonstrated at panel (A, D), (B, E), and (C, F) in ENC and NNC group, respectively.
(G) is the higher magnification of boxed area of (E) with arrows indicating the representative
remyelinated fibers. Furthermore, with electron microscopy, typical remyelinated fibers
(arrowheads) could be found in both NC groups, while the diameter of the fiber and the
thickness of the myelin are greater in NNC (H) compared with ENC (I). (J,K) showed the
quantification analysis of the myelinated fiber caliber and the G-ratio ( an index of myelin
thickness) separately. Both comparisons using student’s t test indicated significantly statistical
differences (*p<0.05;**p<0.01).
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designed nanostructure in the development of peripheral nerve guide conduits.

3.2. Reconstruction of injured PNS with SAPNS

SAPNS has a well-defined sequence of L-amino acids that self-assemble under physiologi‐
cal conditions to form a fibrous scaffold within the nanoscale (∼10 nm in diameter). In the
recent decades,  SAPNS has been shown to facilitate the survival  and growth of  various
neural  cells  within  a  3D matrice,  and effectively  improved the  axonal  regeneration and
tissue repair in context of CNS injuries. It also has significant potential for PNI repair. For
example, a novel SAPNS-based nerve conduit was generated by RAD-I SAPNS ensheath‐
ed with a segment of aortic wall. With a sciatic nerve transection model of rat, the SAPNS-
nerve conduit was used to bridge a 10mm nerve gap. Neural histomorphology, retrograde-
labeling and locomotor functional assessments demonstrated significant therapeutic effects
of  SAPNS-based  nanofiber  conduit  implant  on  axonal  regeneration,  remyelination  and
target reinnervation (Fig.2,). Additionally, SAPNS acts as a designer peptide backbone and
provides the opportunity to integrate various growth factor, or functional motifs for cell
adhesion, differentiation and homing, and to define and direct biological commitment of
seeding  cells;  furthermore,  functional  SAPNS  will  provide  better  support  for  viability,
migration and differentiation of engrafted stem cells in vivo and lead to better perform‐
ance of neural repair in vivo.

4. Conclusion

The functional repair of peripheral and central nervous system injuries is a major challenge.
Based on the advances of development of novel biomaterials, biochemistry and fabrication
techniques, bioengineered scaffold enhanced with bioactive motifs and engrafted cells can
provide a regeneration-facilitating environment for injured nervous tissues, and effectively
promote the host’s capacity of neural regeneration and plasticity. Numerous in vitro models
have demonstrated that 3-D bioscaffold, in particular the nanofibre scaffold, can greatly
support the attachment, proliferation, migration and neural differentiation of various neural
cells. Moreover, significant neuroprotection and axonal regeneration have been achieved in
in vivo neural injury models after treatment with these novel scaffolds. More importantly, the
recovery of injured sensory and locomotor function has been shown to occur in a number of
peripheral and central injury models using different animal species. However, critical issues
such as functional integration of host-implant, organized regeneration pattern with updated
bioengineering scaffolds and further restoration of useful neurology function, remain to be
addressed in future researches.

Immunohistochemistry with Neurofilament(NF) staining showed a number of NF-positive
axons (Green)penetrated into the lesion sites with SAPNS+CT04 treatment(A). Counterstained
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DAPI area (blue) indicated the gross structure of the injured spinal cord. (B) is the high power
magnification corresponding to the boxed area of (A) demonstrated the NF-positive axons in
the center of lesion area. Quantification analysis of the NF-positive axons in the center of the
lesion area indicated that axonal regeneration was significantly improved by the SAPNS+CT04
implants compared to the only SAPNS group (Student t test, *p<0.05).

Figure 1. Axonal regeneration in the SAPNS-treated groups.

With NF/MBP-double immunofluoresent labeling, in sharp contrast to that of Empty Nerve
Conduit (ENC) group (A-C), significant remyelination of regenerated axons was detected
throughout the entire Nanofiber Nerve Conduit (NNC) 16 weeks after treatment (D-F).
Representative transverse sections of proximal, middle and distal parts of Nerve Conduit (NC)
were demonstrated at panel (A, D), (B, E), and (C, F) in ENC and NNC group, respectively.
(G) is the higher magnification of boxed area of (E) with arrows indicating the representative
remyelinated fibers. Furthermore, with electron microscopy, typical remyelinated fibers
(arrowheads) could be found in both NC groups, while the diameter of the fiber and the
thickness of the myelin are greater in NNC (H) compared with ENC (I). (J,K) showed the
quantification analysis of the myelinated fiber caliber and the G-ratio ( an index of myelin
thickness) separately. Both comparisons using student’s t test indicated significantly statistical
differences (*p<0.05;**p<0.01).
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Figure 2. Remyelination of regenerated axons in the peripheral nerve conduits
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Figure 2. Remyelination of regenerated axons in the peripheral nerve conduits
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