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1. Introduction

Electrospinning is currently the only technique that allows
the fabrication of continuous fibers with diameters down to a
few nanometers. The method can be applied to synthetic and
natural polymers, polymer alloys, and polymers loaded with
chromophores, nanoparticles, or active agents, as well as to
metals and ceramics. Fibers with complex architectures, such
as core–shell fibers or hollow fibers, can be produced by
special electrospinning methods. It is also possible to produce
structures ranging from single fibers to ordered arrangements
of fibers. Electrospinning is not only employed in university
laboratories, but is also increasingly being applied in industry.
The scope of applications, in fields as diverse as optoelec-
tronics, sensor technology, catalysis, filtration, and medicine,
is very broad.

1.1. Nanofibers: A Whiff of Nothing

Tissues made of fibers that are too thin to be observed
under the best optical microscope, polymer webs on plants
that surpass spiderwebs in fineness, filters covered by a “whiff
of nothing” (as once said by J. C. Binzer) that increases their
effectiveness immensely, or wound dressings made of gossa-
mer fibers carrying a medical agent, which enable faster
healing: these are not fairy tales like “The Emperor*s New
Clothes” (by H. C. Anderson), but are examples from the
rapidly growing domain of electrospinning. Electrospun
fibers are considerably thinner than a human hair
(Figure 1). To help the imagination, we carry out some
example calculations for fibers with diameters on the order of
micrometers or nanometers. If the fiber diameter is 10 mm,
fibers with a total length of 13 km can be produced from 1 g of
polyethylene. In contrast, a diameter of 100 nm leads to fibers
with a total length of 130000 km. In the first case, the specific
surface area of the fibers is 0.4 m2g�1, while in the second case,

it is 40 m2g�1. In fiber technology, the unit denier, which
specifies the mass of a fiber with a length of 9000 m, is often
used as a measure of fiber fineness. For a fiber of 10 mm in
diameter, the fineness is 1 denier, and for a fiber of 100 nm in
diameter, it is 10�4 denier.

Today, nanofibers from synthetic or natural polymers can
be fabricated in a controlled manner with dimensions down to
a few nanometers, and functionalized by the addition of drugs,
or of semiconductor or catalyst nanoparticles. They can be
employed in numerous applications with great benefit.

Electrospinning is a highly versatile method to process solutions or
melts, mainly of polymers, into continuous fibers with diameters
ranging from a few micrometers to a few nanometers. This technique is
applicable to virtually every soluble or fusible polymer. The polymers
can be chemically modified and can also be tailored with additives
ranging from simple carbon-black particles to complex species such as
enzymes, viruses, and bacteria. Electrospinning appears to be
straightforward, but is a rather intricate process that depends on a
multitude of molecular, process, and technical parameters. The method
provides access to entirely new materials, which may have complex
chemical structures. Electrospinning is not only a focus of intense
academic investigation; the technique is already being applied in many
technological areas.
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Figure 1. Scanning electron microscope (SEM) image of a human hair
surrounded by electrospun fibers of poly(vinyl alcohol) (PVA).
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Hybrid fibers composed of metals and ceramics are attain-
able, as are nanofibers with a solid or liquid core and a solid
shell.

Electrospinning, also known as electrostatic spinning, has
its basis in early studies. In 1745, Bose described aerosols
generated by the application of high electric potentials to
drops of fluids.[1] In 1882, Lord Rayleigh investigated the
question of how many charges are needed to overcome the
surface tension of a drop.[2] Later, the first devices to spray
liquids through the application of an electrical charge were
patented by Cooley andMorton, in 1902 and 1903.[3–5] In 1929,
Hagiwaba et al. described the fabrication of artificial silk
through the use of electrical charge.[6] The crucial patent, in
which the electrospinning of plastics was described for the
first time, appeared in 1934 with Anton Formhals fromMainz
as the author (and can be traced back to a German patent
filing in 1929).[7] Despite these early discoveries, the proce-
dure was not utilized commercially. In the 1970s, Simm et al.
patented the production of fibers with diameters of less than
1 mm.[8] However, this work, which was followed by other
patents, also remained unnoticed. Electrospun fibers were
first commercialized for filter applications, as part of the
nonwovens industry.[9]

Electrospinning gained substantial academic attention in
the 1990s, which was partially initiated by the activities of the
Reneker group.[10] One reason for the fascination with the
subject is the combination of both fundamental and applica-
tion-oriented research from different science and engineering
disciplines. These research efforts usually target complex and
highly functional systems, which could certainly be applied on
a commercial level. Fiber systems in which the macroscopic
properties (that is, specific chemical, physical or biological
combinations of properties) can be targeted through modifi-
cations on the molecular level are of particular interest.

The scope of possibilities presented by electrospinning
encompasses a multitude of new and interesting concepts,
which are developing at breakneck speed. This rapid devel-
opment is reflected by the skyrocketing numbers of scientific
publications and patents (Figure 2).

Several expressions are used to describe the electrospin-
ning technique. Among them, the terms “electrostatic spin-
ning” and “electrospinning” are both frequently used. For

consistency, we use “electrospinning” as the noun and
“electrospin” as the verb.

Other techniques for the production of ultrathin polymer
fibers include, most notably, melt-blown and multicomponent
processes.[11] Both methods make use of thermoplastic
polymers and lead to fibers with diameters of less than
500 nm. In the melt-blown technique, polymer melts are
pushed, under relatively high pressure, through an array of
nozzles. Fibers are formed from the melt under rapid cooling
in the countercurrent. Multicomponent fibers, which consist
of segments of different polymers, are fabricated by extrusion
techniques, for example, by handling with water jets. Though
both methods have significantly higher productivity than
electrospinning and yield finer fibers from melt, electrospin-
ning is much more flexible in terms of achieving controlled
fiber diameters and of processing polymers and additives of
all kinds. Therefore, electrospinning provides manifold pos-
sibilities for the nanostructuring of materials.

The aim of this Review is not an exhaustive account of the
literature, but rather a concise illustration of the various
activities and research directions within the subject. It will
emphasize trends, but will also highlight gaps requiring
further research. We mainly limit our overview to journals
articles, and consider patents and conference proceedings
only in exceptional cases. Upon reviewing the literature, it is
particularly apparent that many sound new studies on
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Figure 2. Number (n) of scientific publications and patents per year
(1994–2006) with the keyword “electrospinning” (source: SciFinder
Scholar).
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electrospinning have only been published in conference
proceedings. The reviews that have been published to date
are cited in references [12–23].

1.2. Nanostructuring: New Properties and Applications

The increased interest in electrospinning was initiated in
the 1990s by the possibility of producing polymeric nanofibers
under laboratory conditions. One principle of nanotechnol-
ogy is that the reduction of the dimensions of a material leads
to new properties. For example, in semiconductor particles or
films, new optoelectronic functions (quantum effects) appear,
and in magnetic materials, superparamagnetism is
observed.[24] In catalytic metal particles, a decrease in the
diameter down to a few nanometers is often linked to changes
in the crystal structure and the surface topology, as well as the
electronic properties: the Fermi level and the reduction
potential are shifted.[25] These changes have immediate
consequences on the adsorption behavior, the catalytic
activity, and the selectivity, for example.

The nanostructuring of surfaces can lead to exceptional
effects, for example, the lotus effect (self-cleaning effect).[26]

The nanoscale is also particularly relevant for biological
systems, because the dimensions of proteins, viruses, and
bacteria fall in this size range. Comparison with the diameters
of these objects shows that the diameters of electrospun fibers
can span a relatively wide range (Figure 3).

Nanostructured systems are promising for diverse appli-
cations, such as the transport and targeted release of drugs
and active agents in organisms, tissue engineering, the surface
modification of implants, and wound healing.[27–29] In almost
all these applications, as well as in applications in micro-
electronics (such as energy storage), nanoparticles and carbon
nanotubes are currently in the spotlight. Nanorods of metals,
metal oxides, or semiconductors,[30,31] and nanofibers of
polymers have only recently gained importance.

2. Electrospinning Processes

2.1. Basic Principles

At first glance, electrospinning gives the impression of
being a very simple and, therefore, easily controlled technique
for the production of fibers with dimensions down to the
nanometer range. First, polymers will be surveyed as fiber-
forming materials. Later, materials such as metals, ceramics,
and glasses will be considered as fiber precursors. In a typical
electrospinning experiment in a laboratory, a polymer solu-
tion or melt is pumped through a thin nozzle with an inner
diameter on the order of 100 mm (Figure 4). The nozzle

simultaneously serves as an electrode, to which a high electric
field of 100–500 kVm�1 is applied, and the distance to the
counter electrode is 10–25 cm in laboratory systems. The
currents that flow during electrospinning range from a few
hundred nanoamperes to microamperes. The substrate on
which the electrospun fibers are collected is typically brought
into contact with the counter electrode. The vertical align-
ment of the electrodes “from top to bottom” is not insignif-
icant with respect to the process, but in principal, electro-
spinning can also be carried out “from bottom to top” or
horizontally.

The applied voltage causes a cone-shaped deformation of
the drop of polymer solution, in the direction of the counter
electrode (Figure 5).[32,33] In electrospinning, the cone angle is
about 308. If higher voltages are applied, a jet is formed from
the deformed drop, which moves towards the counter
electrode and becomes narrower in the process.[34,35] On the
way to the counter electrode, the solvent evaporates (or the
melt solidifies), and solid fibers with diameters ranging from
micrometers to nanometers are precipitated with high

Figure 3. Comparison of the diameters of electrospun fibers to those
of biological and technological objects.

Figure 4. A laboratory setup for an electrospinning experiment with a
perpendicular arrangement of the electrodes.
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velocities (of 40 ms�1 or more) on the counter electrode
(Figure 6).

Upon closer inspection, it becomes clear that the electro-
spinning process is very complex. The jet, for instance, only

follows a direct path towards the counter electrode for a
certain distance, but then changes its appearance significantly.
The jet is moved laterally and forms a series of coils, the
envelope of which has the form of a cone opening towards the
counter electrode (Figure 7).[36, 37]

On occasion, beads, rather than fibers, are formed during
electrospinning; fibers with beads arranged like pearls on a

string can also be formed. In some cases, the fibers are not
round, but are flat ribbons, and in other cases, the distribution
of fiber diameters is broad (Figure 8). The shapes and

dimensions of the fibers formed depend on a large set of
parameters, for example, the properties of the polymer itself
(such as molecular weight, molecular-weight distribution,
glass-transition temperature, and solubility), as well the
properties of the polymer solution (such as viscosity, visco-
elasticity, concentration, surface tension, and electrical con-
ductivity). The vapor pressure of the solvent and the relative
humidity of the surroundings can also have a significant
impact. Furthermore, the properties of the substrate, the feed
rate of the solution, and the field strength and geometry of the
electrodes (and therefore, the form of the electric field) play a
major role in fiber formation.

2.2. Theoretical Background

As mentioned above, the electrospinning process is very
intricate: it can be described as the interaction of several
physical instability processes.[36–39] This intricacy is not
astounding, considering that a liquid strand (solution or
melt) undergoes complex structure-forming processes even in
absence of an electric field; the strand is subjected to the so-
called Rayleigh instability.[40–43] The final state is a periodic
pearl-necklace arrangement of drops of a given radius
(Figure 9).

During electrospinning, other instabilities are induced by
the coupling of the liquid strand with the electric field
(through the field-induced transport of charges into the liquid
strand), in particular, the so-called axisymmetrical instability
and the bending (or whipping) instability.[36–39]

In the case of the charge-driven axisymmetrical instability,
a statistical variance of the jet*s radius causes a modulation of
the surface charge density. This modulation, in turn, generates
tangential forces, which couple to the radius modulation and
amplify it. The end result of such a coupling loop is the
formation of beads, which are aligned along the fiber like

Figure 5. A droplet of a 5% solution of poly(ethylene oxide) (PEO) in
water, dyed with fluorescein: A) in the absence of an applied voltage;
B) at an applied voltage of 20 kV, with a jet perpendicular to the
counter electrode; C) at an applied voltage of 20 kV, with a jet diagonal
to the counter electrode.

Figure 6. Left: SEM image of fibers of polyamide (PA) produced by
melt electrospinning. Right: Transmission electron microscope (TEM)
image of fibers of polylactide (PLA) produced by solution electro-
spinning.

Figure 7. Left: Photograph of a jet of PEO solution during electro-
spinning. Right: High-speed photograph of jet instabilities.[37]

Figure 8. SEM image of the irregularly shaped fibers of polystyrene
(PS) produced by electrospinning from THF solution.
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pearls on a string. By varying the spinning parameters, bead
formation can be prevented.

In the actual fiber formation, bending instabilities come
into play, the occurrence of which is easily understood. Even a
simple linear arrangement of three equal charges elastically
fixed along a chain becomes unstable towards lateral deflec-
tion.[36] Viscosity and elastic forces counteract these deflec-
tions. Bending instabilities occur at high charge densities and
fields, and they can typically be enhanced by increasing the
electrical conductivity of the polymer solution, for example,
by the addition of additives.[43] A straight section of the jet
turns sideways and forms loops in the horizontal plane. The
loop diameters increase with time during the motion towards
the counter electrode (with velocities on the order of meters
per second; Figure 10). During this process, the jet is highly

stretched and reduced. Along these reduced fibers, bending
occurs again and is followed by the formation of a new set of
coils. This procedure is repeated until the fibers solidify or
become resistant towards these instabilities, owing to their
extreme thinness.

Thanks to these instabilities, nanofibers with diameters
down to a few nanometers can be generated stably and
without decomposition of the jet into droplets. Some numbers
are given to illustrate the characteristics of fiber-forming

processes during electrospinning: typical stretching ratios are
in the range of 105, and stretching rates are up to 105 s�1. Such
values are not accessible with other methods, such as fiber
extrusion followed by mechanical stretching.[45] The high
stretching rates are reflected in the morphologies of the
evolving fibers (for example, with a high degree of chain and
crystallite orientation), as discussed in Section 4.1. Two other
phenomena that are often observed during electrospinning
are branching (Figure 11) and the occurrence of undulated
fibers.

2.3. Core–Shell Nanofibers by Coaxial Electrospinning

In many cases, the functionalization of nanofibers through
the integration of functional molecules or objects (in fields
such as biosensor technology, tissue engineering, drug deliv-
ery, and nanoelectronics) leads to obstacles in conventional
electrospinning. An important problem is often the need to
keep the functionalizing agents (for example, biomolecules
such as enzymes, proteins, drugs, viruses, and bacteria) in a
fluid environment to maintain their functionality. Another
problemmay be that themolecular weight of thematerial that
is to be included in the core fiber is too low for the material to
be spun into fibers. In this case, a modified electrospinning
process can be applied: coaxial electrospinning.[46–56]

In coaxial electrospinning, two concentrically aligned
nozzles are used for spinning (Figure 12). The same voltage
is applied to both nozzles, and it deforms the compound
droplet. A jet is generated on the tip of the deformed droplet,
and in an ideal case, a core–shell nanofiber is created. Upon
closer inspection, it becomes clear that coaxial electrospin-
ning involves a set of intricate physical processes, which have
only been elucidated experimentally to a certain extent and
require mathematical modeling.[53] One common problem
during fiber formation is that the outer droplet can be
transformed into a jet, while the inner droplet cannot

Figure 9. Optical image of the droplets formed from the disintegration
of a melt-electrospun fiber.

Figure 10. High-speed optical images of the formation of instability
loops during electrospinning. The arrows indicate a double loop. Inset
in frame 4: enlargement.[44]

Figure 11. SEM image of a branched fiber formed by the ejection of a
secondary jet from the primary jet during electrospinning.
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(Figure 13, left). A major reason for this behavior is that on
the inner droplet, contrary to the outer droplet, no surface
charges can occur, because of electrostatic forces. The

deformation of the inner droplet into the core fiber is left to
viscous forces alone. In principal, these viscous forces can be
deduced from mathematical modeling, so that general con-
ditions for the experiment are available.

If the appropriate technical parameters are chosen, core–
shell fibers can be fabricated with high precision from a huge
variety of materials by coaxial electrospinning (Figure 13,
right). For example, core–shell fibers can be formed with
polystyrene (PS) and poly(ethylene oxide) (PEO), and
“nanocables” can be formed with electrically conductive
polyhexylthiophene as the core and PEO as the insulating
shell.[46]

Coaxial electrospinning is not limited to the production of
core–shell fibers with a continuous core. Systems with
discontinuous drop-shaped inclusions inside a continuous
shell can also be generated. This type of morphology is of
interest for the inclusion of biological objects, for example,
the green fluorescent protein (GFP), in an aqueous environ-
ment, or for the storage and controlled release of drugs. The
advantages of coaxial electrospinning in such cases are that

the inner droplet is not electrically charged and that the
mechanical forces affecting fiber formation are small and
theoretically assessable.[53]

With the choice of appropriate solvent combinations, it is
possible to produce hollow core–shell fibers. Upon evapo-
ration of the solvent, the core polymer precipitates on the
walls of the previously formed shell. Coaxial electrospinning
was also used to produce ceramic hollow fibers, for example,
by cospinning mineral oil as the core material with poly-
vinylpyrrolidone and Ti(OiPr)4 (in ethanol) as the shell
material. After removal of the oil and calcination, hollow
titanium fibers were obtained.[48,49] Non-fiber-forming mate-
rials such as oligomers, metal salts, enzymes, and solvents can
also be immobilized using this method. Finally, it should be
mentioned that studies on electrospraying have played a
major role in the development of coaxial spinning.[57]

In an approach similar to coaxial electrospinning, envel-
oping gas currents were used to stabilize polymer jets during
electrospinning.[58] The use of two-phase electrospinning to
encapsulate materials that cannot be electrospun (such as
water) into fibers is also noteworthy.[59,60]

The use of several syringes in parallel alignment as
electrodes in multijet electrospinning allows the fabrication of
electrospun tissues consisting of different fiber materials
(Figure 14).[61–65] Multijet electrospinning is even more intri-

cate than the single-jet process, because of the repulsion
between similarly charged jets, for example. A detailed
examination of this matter is particularly important for high
efficiencies and complex tissue architectures.

3. Choice of System and Parameters

In principal, nearly all soluble or fusible polymers can be
processed into fibers by electrospinning, provided that the
molecular parameters (such as solubility, glass-transition
temperature, melting point, crystallization velocity, molecular
weight, molecular-weight distribution, entanglement density,
solvent vapor pressure, and pH value) and the process
parameters (such as concentration, electrical conductivity,
surface tension, feed rate, electrode separation and geometry,

Figure 12. Left: A setup for coaxial electrospinning. Right: The exper-
imental setup for coaxial electrospinning used in our laboratory.

Figure 13. Left: Optical image of core–shell droplets on the nozzles of
an apparatus for coaxial electrospinning. Right: SEM image of core–
shell fibers of poly(vinylidene fluoride) (PVDF; core) and polycarbonate
(PC; shell) produced by coaxial electrospinning.[53]

Figure 14. An experimental setup for multijet electrospinning.[65]

HVDC=high-voltage direct-current power supply.
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temperature, and relative humidity) are correctly adjusted. In
this respect, empirical knowledge is crucial, but as mentioned
above, theoretical models can increasingly be applied to
predict the dimensions and structures of the fibers produced.
In the choice of system, the polymer material is generally the
first consideration, and it is chosen on the basis of the
required properties of the fibers and the necessary spinning
parameters. The fibers should be insoluble, electrically
conductive, mechanically resilient, adhesive, and should
have chemoselective reactivity, for example. With respect to
the spinning parameters, the processability in water is often
an important criterion. Apart from these purely technical
requirements, fundamental aspects can also play a role in the
choice of system. For example, the influence of confinement
effects (caused by the small dimensions of the nanofibers) on
intricate polymer systems with particular conformations,
morphologies, and functions are still widely unknown.

For our overview, we have chosen an arbitrary approach
that is guided by the discussion of frequently asked questions.
In addition to biopolymers and their derivatives, water-
soluble polymers, solvent-based polymer systems, and multi-
phase polymer systems (for example, blends, block, and graft
copolymers) will be considered below. However, to gain a first
overview of the influence of different parameters on fiber
diameter and morphology (for example, cylindrical, ribbon-
like, or beaded), in particular, we refer to the work of Fong
et al.,[66] Koombhongse et al.,[67] Deitzel et al. ,[68] and Shin
et al.[69] In these articles, a number of process parameters and
their effects on fiber architecture and dimensions are
discussed by means of examples such as PEO, PS, and
poly(ether imide) (PEI). Further investigations on process
parameters were reported for PEO,[70,71] poly(vinyl alcohol)
(PVA),[70,72–77] PS,[78–80] polyacrylonitrile (PAN),[78,81–84] poly-
lactide (PLA),[85–87] poly(e-caprolactone) (PCL),[70, 88] polyur-
ethane (PU),[70, 89] polyamide (PA),[90–93] cellulose acetate
(CA),[94] and poly(vinyl acetate) (PVAc).[95] In general, it is
observed that fibers become more uniform and assume a
cylindrical shape with increasing polymer concentration in
solution; fiber diameters also increase significantly with
increasing polymer concentration. At lower concentrations,
increasingly thinner fibers are formed, with additional beads
along the fiber axis (see Section 2.2); at very high dilution,
fiber formation no longer takes place. The formation of beads
can be prevented by increasing the electrical conductivity of
the solution, so that fibers with diameters down to a few
nanometers can be produced. Appropriate solvent viscosities
typically range from tens to hundreds of millipascals per
second, and electrical conductivities in organic solvents
typically range from nano- to microsiemens per centimeter.
The surface tension of (organic) solutions is usually about
30 mNm�1, and it can be significantly influenced by the
addition of surfactants.[96,97] The fiber morphology can also
very often be directed to cylindrical by the appropriate choice
of solvent mixture (high-boiling/low-boiling solvents).

It is not possible to make a general recommendation for
particular concentrations and the resulting viscosities, elec-
trical conductivities, and surface tensions, because the ideal
values of these parameters vary considerably with the
polymer–solvent system. The polarity of the electrodes and

the use of alternating or direct current often do not seem to
have much influence, but Kessick et al. observed a signifi-
cantly higher degree of orientation of PEO fibers and a higher
fiber density of carboxymethylcellulose when alternating
current was used.[98] Different polarities were reported to
result in different morphologies of PA fibers by Supaphol
et al.[92] Electrostatic charging of the fibers plays a major role
in tissue formation during the deposition on the substrate, but
this issue has only been discussed in a few papers.[99]

Though the electrospinning of polymer solutions enables
the fabrication of fibers with relatively low diameters, its
productivity, in terms of 1–20 wt% solutions, is moderate.
Moreover, evaporation of the solvent can substantially
impede the electrospinning process and can destroy the
evolving fibers by causing filming. An alternative might be
electrospinning from the melt, but for all but a few exceptions
(low-melting polymers), this method leads to average fiber
diameters that are considerably greater than 1 mm and to a
broad distribution of diameters, as a result of the high melt
viscosities of the polymers.[100]

Levit and Tepper showed that the electrospinning of
polymers is also possible using supercritical CO2 as the
solvent.[101] Dalton et al. demonstrated that solvent-free melt
electrospinning could be used to electrospin PEO-b-PCL
block copolymers directly onto living cells, without causing
cell death.[102] Because of their high viscosities, the electro-
spinning of polymer melts requires large electrode separa-
tions, which in turn require higher electric fields. Under
normal atmosphere, such large electric fields lead to the
danger of electric shock. Variation of the atmospheric
composition and even variation of the humidity can have a
significant impact on the electrospinning process. High-
vacuum conditions should allow electrospinning at higher
voltages. Kim et al. reported that PCL fibers have signifi-
cantly better properties when they are electrospun (from
solution) under vacuum.[103] Rangkupan and Reneker
obtained distinctly thinner fibers from polypropylene (PP)
melts when these were electrospun under vacuum rather than
under normal pressure.[104] Becker obtained fibers of 900 nm
in diameter by melt electrospinning PA mixtures with differ-
ent molecular weights under an SF6 atmosphere.[105] This
diameter is relatively good for melt-electrospun PA fibers;
however, modern melt-blown processes can produce consid-
erably thinner fibers at a higher productivity.

The variety of possible spinning parameters and of
resulting new fiber architectures will become even greater
with new spinning techniques. Yarin and Zussman developed
a two-phase system consisting of a ferroelectric suspension
and a polymer solution, which could be multijet electrospun
onto the counter electrode through the simultaneous appli-
cation of magnetic and electric fields.[106] At small electrode
separations, the electrospun fibers could be deposited very
precisely.[107–109] Either a very fine tip (25 mm in diameter) onto
which droplets of the spinning solution were deposited
(discontinuous fabrication of fibers) or fine tips that were
continuously fed with spinning solution by a microfluidic
system were employed. The electrode separations ranged
from 500 mm to 2 cm. The counter electrode, onto which the
fibers were deposited, was moved with a velocity of up to
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150 cms�1. Thus, nanofibers could be deposited at a given
position with a given orientation, as well as according to a
predetermined electrode alignment, for example. Similar
processes can also be carried out with conventional single-jet
electrospinning systems, if the distance between electrodes is
reduced to the centimeter range. Further possibilities for the
variation of materials are provided by a process reported by
Gupta et al. and Kim et al. for the chemical, photoinduced
cross-linking of polymethacrylates.[110,111]

As shown by the examples presented above, the variation
of process parameters in electrospinning provides diverse
possibilities for the targeted adjustment of the chemical and
physical properties of the electrospun materials. Further
possibilities are provided by the choice of material system, as
we discuss below.

3.1. Biopolymers and Modified Biopolymers

Many biopolymers, modified biopolymers, and blends of
biopolymers with synthetic polymers have been processed
into nanofibers by electrospinning. Very specific conditions
are often necessary, such as the use of special solvents or the
processing of the materials as blends (for example, with PEO
or PVA). Some examples are summarized in Table 1. The
electrospinning of collagen for applications in tissue engineer-
ing was possible from hexafluoroisopropyl alcohol,[112–114] or
as a blend with PEO,[115,116] PCL,[117] or PLA-co-PCL.[118]

Optimization of the spinning parameters led to collagen
fibers with diameters of 200–500 nm. Denatured collagen
(gelatin) was electrospun from aqueous solution and 2,2,2-
trifluoroethanol, either in pure form or as a blend.[114, 116,119]

Other proteins and enzymes, such as casein, lipase,[120]

cellulase,[121] bovine serum albumin (BSA),[122,123] and lucifer-
ase,[122] could only be processed by electrospinning as blends
with synthetic polymers.

Fibers containing enzymes are often called bioactive,
although this term is actually redundant, because all nano-
fibers should be bioactive in some way. Surprisingly, an
increased enzymatic activity was often reported when
enzymes were immobilized in electrospun fibers. The release
of enzymes from electrospun fibers of polymer blends is
generally very fast (burst release), but can be slowed down
considerably by coating the fibers.[122] Enzymes were also
immobilized by coupling to electrospun fibers.[124–127]

Fibrinogen, a natural wound-healing material, was proc-
essed into fibers with diameters of 0.08–1.2 mm by electro-
spinning.[128] Several papers describe the electrospinning of
silk and silk-like polymers, mainly for biomedical applica-
tions.[129–143] Electrospun fibers of artificial spider silk were
obtained from hexafluoroisopropyl alcohol.[144] Chitin and
chitosan could be electrospun as pure materials and as
blends.[145–154] These fibers are of particular interest for wound
dressings. Especially noteworthy is the antibacterial activity
of fibers produced from quaternized chitosan/PVA blends.[153]

Cellulose, a classical fiber material, was electrospun from N-
methylmorpholine N-oxide (NMO)/water systems and N,N-
dimethylacetamide/LiCl systems into fibers with diameters in
the submicrometer range.[155,156] CA, a cellulose derivative

that is soluble in organic solvents and a well-established filter
material, was electrospun without any problem.[94]

3.2. Electrospinning and Cross-Linking of Water-Soluble Polymers

Water-soluble polymers like PEO, PVA, poly(acrylic acid)
(PAA), polyacrylamide, polyelectrolytes, polyvinylpyrroli-
done (PVP), and hydroxypropylcellulose (HPC) offer a
variety of advantages for electrospinning. The solubility
properties of water can be adjusted by the pH value, the
temperature, or the addition of surfactants or other solvents
(for example, alcohols). Electrospun fibers of water-soluble
polymers decompose rapidly on contact with water. While
this property may be of interest for biomedical applications,
additional stabilization of these fibers by cross-linking is
necessary for other technical applications (for example, filters
and textiles).

Table 1: Electrospun biopolymers.

Polymer system Solvent Ref.

collagen hexafluoroisopropyl alcohol [112–114]
collagen/PEO aq. HCl [115]

water/NaCl [116]
collagen/PCL methanol–CHCl3/hexafluoro-

isopropyl alcohol
[117]

collagen/PLA-co-PCL hexafluoroisopropyl alcohol [118]
gelatin hexafluoroisopropyl alcohol [114]

2,2,2-trifluoroethanol [119]
gelatin/PCL 2,2,2-trifluoroethanol [119]
gelatin/PEO water/NaCl [116]
casein/PVA (PEO) triethanolamine/water [120]
lipase bis-tris-propane buffer[a] [120]
cellulase/PVA acetic acid [121]
BSA/PVA water [122,123]
luciferase/PVA water [122]
a-chymotrypsin toluene [124]
fibrinogen hexafluoroisopropyl alcohol [128]
regenerated silk
(Bombyx mori)

hexafluoroacetone [129,130–
132]

Bombyx mori silk/
PEO

water [133,134]

silk fibroin formic acid [135–140]
silk fibroin/chitosan formic acid [141]
silk fibroin/chitin hexafluoroisopropyl alcohol [142]
silk/PEO (coaxial) water [143]
artificial spider silk hexafluoroisopropyl alcohol [144]
chitin hexafluoroisopropyl alcohol [145,146]
chitosan formic acid [147]

trifluoroacetic acid [147]
acetic acid [147]

chitosan/PEO acetic acid [148,149]
chitosan/PVA acetic acid [150–152]
quaternized chito-
san/PVA

water [153]

hexanoylchitosan/
PLA

THF, CHCl3, CH2Cl2 [154]

cellulose NMO/water [155]
N,N-dimethylacetamide/LiCl [156]

CA acetone, N,N-dimethyl-
acetamide, acetic acid

[94]

[a] 1,3-Bis[tris(hydroxymethyl)methylamino]propane.
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Despite the variety of synthesis possibilities, only a rather
small number of water-soluble polymers have been electro-
spun from water or solvent mixtures containing water. Some
examples are summarized in Table 2. The most extensive
investigations have been carried out on PEO and PVA,
because both these polymers are readily available in different
molecular weights. PEO is especially versatile for electro-
spinning, because it is soluble in many solvents (besides
water).[10, 36,66,68–71,98,99,157–167] PEO fibers are particularly inter-
esting for biomedical applications, because of their good
biocompatibility.[168] However, with increasing degree of
polymerization the possibility of the metabolism being
influenced must be taken into consideration. The hydrolytic
decomposition of physiologically degradable polymer fibers
can be affected by the addition of hydrophilic PEO, as shown
for the case of PLA.[169] The hydrophilicity and decomposition
rate of fiber-forming polymers can also have an impact on
their biological activity towards cells.

Compared to PEO, PVA offers an even larger scope of
variations,[70,72–77,96,97,122,123,170–173] because its degree of hydrol-
ysis and, hence, its water solubility can be adjusted.[170] The
hydroxy groups in PVA can be used for chemical reactions
either before or after electrospinning. The crystallinity and,
hence, the water resistance of electrospun fibers of PVA can
be distinctly increased by treatment with solvents.[96,173] PAA
can be electrospun from aqueous solution nearly as well as
PVA. Further modifications are possible through the varia-
tion of the pH value and the addition of salts.[70,174–176]

The physical stability of PVA/PAA blends towards water
can be significantly improved by chemical cross-linking
reactions.[177] Correspondingly, the water resistance of electro-
spun fibers of PVA/PAA blends was increased by esterifica-
tion reactions[178–183] and by aldol reactions with polyalde-
hydes.[75] This result is important for a variety of technical

applications. However, it must be
taken into account that unreacted
cross-linking agents can lead to
significant changes in the proper-
ties of the polymer (for example,
toxicity). For instance, the hydro-
philicity and, with it, the swelling of
PVA fibers in water can be
increased through cross-linking
with PAA, because of the presence
of unreacted carboxy groups.[178]

Further disadvantages are the lim-
ited hydrolytic stability of the
cross-links and, from a technical
point of view, the rather poor
energy balance of the thermally
induced reactions, because the sub-
strate and the electrospun PVA
tissue also have to be cross-linked
during the cross-linking reactions.

An interesting variation on the
cross-linking of PVA with PAA or
polyaldehydes was achieved with
electrospun PVA/cyclodextrin
fibers, which show a largely pH-

dependent swelling behavior in water after thermal cross-
linking.[174] The functionalization of PVA with photo-cross-
linkable substituents leads to electrospun PVA derivatives
that can be cross-linked through exposure to light.[184] This
procedure results in a better energy balance and also allows
site-directed cross-linking. Recently, electrospun polybuta-
diene fibers were stabilized against cold flow through photo-
cross-linking.[185] One noteworthy variation on the cross-
linking of electrospun fibers is reactive electrospinning; in a
concrete example, 2-hydroxymethyl methacrylate, metha-
crylic acid, ethylene glycol dimethacrylate, 2,2’-azobis(isobu-
tyronitrile), and a photo-cross-linking agent were first pre-
polymerized and subsequently photochemically cross-linked
during the electrospinning process.[180] Following a similar
approach, poly(dicyclopentadiene) fibers could be
obtained.[111] The concept of reactive electrospinning offers
various possibilities for the dynamic variation of viscosities.
However, the electrospinning process becomes technically
more complex, and the pot life, in particular, has to be
accurately controlled.[186]

PVP can also be electrospun from aqueous solution.[187]

The electrospinning of PVP blends and subsequent selective
extraction can be used to produce structured electrospun
fibers.[188] A large number of papers have reported the
fabrication of electrospun fibers of composites of PVP and
metal compounds, viruses, or enzymes.[189–213] Metal com-
pounds are generally used in the form of sol–gel precursors,
and the PVP fibers are used as templates. In this way, ceramic
fibers with diameters in the submicrometer range can be
produced, for example. More complex structures can be
prepared through the coaxial electrospinning of PVP.[49, 214,215]

Surprisingly, the electrospinning of HPC has only been
reported once,[216] although HPC is commercially available, is
highly water-soluble, and should, furthermore, be of special

Table 2: Electrospun water-soluble polymers.

Polymer system Chemical formula Ref.

PEO [10,36,66,68–71,98,99,157–167]

PVA [70,72–77,96,97,122,123,170–173]

PAA [70,174–176]

PVA/PAA [178–183]

PVP [187,188]
PVP composites [189–213]
PVP, coaxial [49,214,215]

HPC [216]

Electrospinning Techniques
Angewandte

Chemie

5679Angew. Chem. Int. Ed. 2007, 46, 5670 – 5703 � 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://www.angewandte.org


interest because of its lyotropic properties in aqueous
solution.[217]

3.3. Electrospinning of Bioerodible Polymers

Polymers that are biodegradable or hydrolyzable under
physiological conditions (bioerodible polymers), such as
aliphatic polyesters, polyanhydrides, and polyphosphazenes,
are important for a large variety of applications (Table 3).[218]

Electrospun fibers of bioerodible polymers are the focus of
intense study for pharmaceutical applications and for appli-
cations in tissue engineering.

PLA, an aliphatic polyester, is one of the classical
bioerodible polymers and has been successfully electro-
spun.[85, 219–221] One reason for the ease with which the different
isomers of PLA can be electrospun is their high solubility in
halogenated aliphatic solvents. Poly(glycolic acid) (PGA) has
only been employed to a limited
degree,[222] whereas PCL, which is
highly soluble in many solvents,
and copolymers of PCL have been
used extensively for the fabrication
of electrospun tis-
sues.[44,52,56,86,88,103,117,223–228] Polyhy-
droxybutyrate (PHB) and its ver-
satile derivatives have only been
examined in a few studies.[229–231]

Poly(ester urethane)s (PEU) have
also been infrequently used, which
is surprising because these poly-
mers represent a large variety of
materials with tailored solution
properties; the electrospinning of
PEU has been reported in only two
papers.[232, 233] A large number of
papers have been published on
blends, composites, copolymers,
and block copolymers of various

bioerodible polymers.[56,221,227,228,231,234–244] Such systems have
also been used for the immobilization and release of func-
tional materials, such as BSA[56] and silver nanoparticles.[244]

3.4. Electrospinning of Organosoluble Polymers and of Polymers
Based on Organosoluble Precursors

We already mentioned some bioerodible polymers that
can be electrospun from organic solvents in Section 3.3;

however, there are, of course, many
other organosoluble polymers
(Table 4), including PS, PAN, poly-
carbonate (PC), aliphatic and aro-
matic PA, polyimides (PI), polybenz-
imidazole (PBI), poly(ethylene ter-
ephthalate) (PET), PU, poly[ethy-
lene-co-(vinyl acetate)] (PEV),
poly(vinyl chloride) (PVC), poly-
(methyl methacrylate) (PMMA),
poly(vinyl butyral) (PVB), CA,
and poly(vinylidene fluoride)
(PVDF). Apart from of the large
number of appropriate polymer sys-
tems, the main advantage of electro-
spinning from organic solvents is the
availability of a broad range of
solvent properties (for example,
polarity and vapor pressure). How-
ever, the properties of the organic

solvents (such as flammability, toxicity, and corrosiveness) can
often be disadvantageous. These disadvantages are not an
issue in laboratory systems, but may play a major role in
industrial production facilities, as the solutions used for
electrospinning generally contain 85–95% solvent. For this
reason, melt electrospinning, which requires no solvent and
gives quantitative yields, is of great importance, as discussed
in Section 3.5.

Table 3: Electrospun bioerodible polymers.

Polymer system Chemical formula Ref.

PLA [85–87,219–221]

PGA [222]

PCL [44,52,56,88,103,117,223–228]

PHB [229–231]

PEU [232,233]

blends, composites, copolymers, and block copolymers of PLA, PGA,
and PCL

[56,221,227,228,231,234–244]

Table 4: Electrospun organosoluble polymers and polymers based on organosoluble precursors.

Polymer system Chemical formula Ref.

PS [67,80,125,162,245–250]

PAN [81–84,251–262]

PC [163,264]

aliphatic PA [44,91–93,265–274]

aromatic PA [275]
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The electrospinning of PS has been extensively stud-
ied.[67, 80,125,162,245–250] The formation of beads along the fibers
typically occurs during the electrospinning of PS, but can be
avoided by the appropriate choice of parameters. For
example, Supaphol et al. found that bead formation can be
prevented by the addition of surfactants.[80] As with most
other polymer systems, bead formation can also be prevented
by increasing the polymer concentration (which results in
larger fiber diameters) or by increasing the electrical con-
ductivity of the spinning solution.

PAN can be electrospun from
dimethylformamide (DMF) solu-
tion into very thin and uniform
fibers.[81–84,251–262] PAN fibers,
including electrospun fibers, can
be converted into carbon fibers by
pyrolysis.[263] Another possibility is
the conversion of electrospun PAN
fibers by hydrolysis. For example,
Liu and Hsieh obtained hydro-
philic fibers by the basic hydrolysis
of PAN fibers.[261] Vancso et al.
studied the mechanical properties
of single PAN fibers and found
high modulus values, which they
attributed to the high degree of
molecular orientation of the PAN
chains.[256]

The electrospinning of PC usu-
ally results in flat ribbonlike
fibers,[163,264] or in cylindrical fibers
if the electrical conductivity is
increased. Because PC fibers can
be electrostatically charged, they
are suitable as filter materials.[163]

Aliphatic PA (nylon) can be
electrospun from organic solutions
into very fine and uniform
fibers.[44,91–93,265–274] A disadvantage
is that some of the solvents
required are very corrosive (for
example, formic acid). Contrary to
the procedure for many other
polymers (such as PLA), the elec-
trospinning of PA must often car-
ried out with solutions having high
polymer concentrations (10–15%)
to obtain continuous fibers. The
influence of electrospinning on
molecular orientation during fiber
formation is of particular interest
with respect to the use of PA as a
semicrystalline fiber material (see
Section 4.1).[268, 272] Owing to their
relatively high solvent and thermal
stability, electrospun PA fibers are
of considerable interest for appli-
cations in filter media. Suthar and
Chase examined the application of

electrospun PA fibers in coalescing filters.[267] Electrospun PA
fibers were used for the preparation of transparent epoxy
composites with improved mechanical properties by Vancso
et al.[265] This method has not yet been technologically
optimized, possibly because of the relatively low availability
of electrospun fibers. Electrospun PA fibers with the smallest
diameters to date (1 nm) were obtained by Hou et al.[93] Such
fine fibers are currently, for the most part, technologically
irrelevant, yet highly interesting from a fundamental point of
view because of the possibility of confinement effects result-

Table 4: (Continued)

Polymer system Chemical formula Ref.

PI [67,277–279]

PBI [280,281]

PET [12,273,282,283]

PTT [284]

PHT-co-PHN [285]

PU [89,163,232,233,281,286–293]

PEV [59,221]

PVC [294,295]

PMMA [162,296,297]

PVB [298]

ZA [157]

PVDF [67]

PFDS [299]
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ing from the molecular-level dimensions. Further study of
confinement effects in electrospun fibers could yield impor-
tant results.

Poly(p-phenylene terephthalate) (PPTA) is an aromatic
PA that melts with decomposition. At sufficient concentra-
tions of PPTA in appropriate solvents, lyotropic solutions are
formed, from which fibers with extremely high tensile
strength can be produced by solution spinning.[276] Electro-
spun fibers of PPTAwere obtained from sulfuric acid.[275] Two
other polymers that have high thermal stability and that melt
with decomposition are PI and PBI. The soluble precursors of
these polymers can be electrospun from solution and
subsequently converted into the target polymers through
polymer-analogous reactions (generally thermal).[67,277–281]

Note that during the polymer-analogous reaction of the
precursors the fiber diameter can shrink considerably, which
can cause disintegration of the fiber (however, this problem
was not explicitly mentioned in the examples given).

Aliphatic polyesters such as PET are typical construction
materials, which are distinguished by their excellent thermal
and mechanical properties. However, most are only moder-
ately soluble in rather exotic solvents. This problem could be
the reason for the scarcity of studies on the electrospinning of
PET.[12,273,282,283] The electrospun PET fibers described in
these reports have rather large diameters. Interestingly,
derivatives of PETwith higher solubilities, poly(trimethylene
terephthalate) (PTT) and poly[(hexamethylene terephtha-
late)-co-(hexamethylene 2,6-naphthalate)] (PHT-co-PHN)),
were employed for electrospinning.[284, 285]

The electrospinning of PU, which offers a wide range of
possibilities because of its chemical structure, has been
considered in several studies.[89,163,232,233,281,286–293] Extensive
investigations on the relevant electrospinning parameters of
PU systems were carried out by Kidoaki et al.[89] and by
Demir et al.,[286] among others. With the appropriate choice of
monomers, the resulting electrospun PU tissues are distin-
guished by very high flexibility[288] or by a strong shape-
memory effect.[289] Applications of electrospun PU tissues as
wound dressings, for example, have been reported.[287]

PEV is a highly variable polymer system that is commer-
cially available, but it has only attracted moderate interest in
the field of electrospinning.[59, 221] The situation is similar for
PVC.[294] Electrospun fibers with improved hydrolytic resist-
ance towards organophosphates, which are prototypical
substances for chemical weapons, were fabricated from
mixtures of PVC and modified b-cyclodextrins by Ramak-
rishna et al.[295]

PMMA is another readily soluble and commercially
available polymer that is suitable for electrospinning.[162]

PMMA typically forms electrospun fibers with spindlelike
beads, but the formation of the beads can be prevented by
varying the spinning parameters. The copolymerization of
MMA and tetrahydroperfluorooctyl acrylate affords copoly-
mers, which can be electrospun into fibers with a high fluorine
content and, hence, a large contact angle with water.[296] In a
fundamental study, Zussman et al. obtained coaxially
arranged fibers of PAN and PMMA by coaxial electrospin-
ning.[297]

PVB is a readily soluble polymer that has seldom been
used for electrospinning, although it forms very uniform
fibers with relatively small diameters. The polymer is
especially interesting because it is soluble in mixtures of
water and ethanol and has a relatively low decomposition
temperature. Therefore, PVB is well-suited as a precursor for
metal oxide fibers (see Section 3.6).[298]

There have been surprisingly few reports on the electro-
spinning of CA, although it is readily soluble, can be readily
electrospun, and can be chemically modified in diverse
ways.[94] The organometallic polymer polyferrocenyldimethyl-
silane (PFDS) could be electrospun into very fine and highly
crystalline fibers.[299]

3.5.Melt-Electrospun Polymers

The electrospinning of polymers from the melt avoids the
use of solvents and is, therefore, attractive from the perspec-
tive of productivity and environmental considerations. How-
ever, the method is limited by the fact that nanofibers with
diameters of less than 400 nm and with a narrow diameter
distribution cannot yet be fabricated. To date, polyethylene
(PE), polypropylene (PP), polyamide 12 (PA12), PET, PCL,
and PU have been processed by melt electrospinning
(Table 5).[100,102,104,292,300–305] Fiber diameters of less than

300 nm could only be obtained from the low-melting
PCL.[102] In this case, PCL was electrospun directly onto the
tissue of living cells, without any visible harm to the cells.
However, PCL is virtually unfeasible for technical applica-
tions, because of its low melting range. As mentioned in
Section 3, the electrospinning of PA12 under an SF6 atmos-
phere afforded rather thin fibers (average diameters of
900 nm).[105] Coaxially aligned fibers of poly(phenylene sul-
fide) (PPS) and PET with relatively small diameters were
produced by coaxial melt electrospinning (Figure 15).[305]

Table 5: Melt-electrospun polymers.

Polymer system Chemical formula Ref.

PE [300,301]

PP [100,104,304]

PA12 [105,302]

PET [105,303]

PCL [102]

PU [292]

PA12/PPS, coaxial [305]
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3.6. Complex Polymer Systems and Inorganic Materials

Complex polymer systems are systems that can form
supramolecular structures, for example, polymer blends,
block and graft copolymers, and polymer composites (mix-
tures with nonpolymeric compounds). Electrospun fibers of
inorganic systems are often obtained through the use of
polymer composites with inorganic components or of sol–gel
systems. Another broad field of research is the electrospin-
ning of polymer composites with carbon nanotubes, which will
also be introduced herein.

Both miscible and immiscible polymer blends can be
electrospun. To be able to interpret the properties of the
fibers produced by melt electrospinning, it is necessary to
determine whether the blend components have undergone a
chemical reaction, either during blending or during the
electrospinning process. Copolymerization reactions were
noted during the melt electrospinning of PET/poly(ethylene
naphthalate) blends, for instance.[303] Blend fibers are gen-
erally fabricated by electrospinning ternary solutions of two
polymers and a solvent. For example, electrospinning PVP
and PLA afforded blend fibers with phase-separated domains.
Structured PLA fibers were obtained by the selective
extraction of PVP.[189] Further examples of blend systems
that were electrospun from ternary solutions are polyaniline/
PS (or PEO),[253] PVC/PU,[306] poly[(m-phenylene vinylene)-
co-(2,5-dioctyloxy-p-phenylene vinylene)]/PEO,[307] poly[2-
methoxy-5-(2’-ethylhexyloxy)-1,4-phenylene vinylene]
(MEH-PPV)/PS,[308] polyaniline/PS (or PC),[309] PET/PET-
co-poly(ethylene isophthalate),[282] polysulfone/PU,[310] chito-
san/PLA,[154] PGA/chitin,[242] and PLA/poly(lactide-co-glyco-
lide).[236] If appropriate dimensions and systems are chosen,
the morphologies of the electrospun fibers formed by phase
segregation can lead to new property profiles. For instance,
Wei et al. observed the formation of core–shell structures in
electrospun blends of polyaniline (a conductive polymer
when doped) with PS or PC.[309] Kameoka et al. obtained
semiconducting wires by the scanning electrospinning of
poly[(m-phenylene vinylene)-co-(2,5-dioctyloxy-p-phenylene
vinylene)]/PEO blends.[307] The combinational variability of
heterogeneous blend systems is virtually inexhaustible.

Blends of one and the same polymer may also be of interest.
For instance, the electrospinning of blends consisting of PVA
with different molecular weights significantly reduced the
tendency towards bead formation.[72]

Contrary to blends, block copolymers with physically
immiscible segments undergo limited phase separation:
typically, microphase separation into domains with sizes of
less than 100 nm occurs. The investigation of this type of
phase separation in electrospun nanofibers, especially with
respect to the dynamics of fiber formation, is of fundamental
physical interest. However, it is very difficult to characterize
the nanofiber morphologies precisely. Electrospun fibers of
block copolymers are of considerable interest for the
modification of functional fiber materials. The integration of
segments of a hydrophilic block copolymer into bioerodible-
polymer fibers can modify the decomposition rate and
biocompatibility of the fibers; in water, the hydrophilic
segments are not extracted, and the properties of the fibers
remain unchanged. Examples of this type of electrospun
system are PLA-b-PEO block copolymers[311] and poly(lac-
tide-co-glycolide)-b-PEO block copolymers.[228] Jia et al.
observed higher degrees of crystallinity in electrospun fibers
of poly[(trimethylene carbonate)-b-(e-caprolactone)] than in
films of the same block copolymers.[312] Electrospun fibers
with controlled hydrophobicity were fabricated using PS-b-
polydimethylsiloxane[313] and PS-b-PP[314] block copolymers.
Phase-separated block copolymer systems were also spun
from PS-b-polybutadiene-b-PS[315] and PS-b-polyisoprene.[316]

For the PS-b-polyisoprene system, phase separation along and
perpendicular to the fiber axis of the electrospun fibers was
investigated in detail (Figure 16).

For reasons similar to those for block copolymers, graft
copolymers are interesting materials for electrospun fibers.
The only study on such systems to date concerns the comblike
assembly of block-copolymer fibers through amphiphilic
interactions.[317] These fibers exhibit microphase separation
similar to that detected in classical block copolymers.

A large number of reports describe the electrospinning of
polymer composites. Inorganic salts, inorganic and organic

Figure 15. SEM image of core–shell fibers of poly(phenylene sulfide)
(PPS; core) and poly(ethylene terephthalate) (PET; shell) produced by
coaxial melt electrospinning.[305]

Figure 16. Left: TEM image of an electrospun fiber of a block
copolymer of PS and polyisoprene viewed along the fiber axis. Right:
TEM image of such a fiber viewed perpendicular to the fiber axis.[316]
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particles of different forms and dimensions, carbon nano-
tubes, and similar materials can be immobilized in high
concentrations in polymer fibers by electrospinning from
ternary solutions (Figure 17).[318] Such composite fibers allow
the fabrication of polymer fibers with special functionalities
or of precursor fibers. Precursor fibers are usually converted
into inorganic fibers by pyrolysis. Electrospun composite
fibers containing montmorillonite with polyamide 6
(PA6),[266] polyamide 6,6 (PA66) and PVA,[319] PMMA,[320] or
PU[321] as the carrier material have been described. Examples
of electrospun polymer-composite fibers containing noble-
metal nanoparticles include PAN-co-PAA/Pd (by reduction
with hydrazine after electrospinning),[322] PEO/Au,[323] PVP/
Ag,[203] and PAN/Ag (by UV irradiation of AgNO3).

[324] Yu
et al. obtained nanofibers of LiMn2O4 from composite fibers
of PVA/LiCl/Mn(OAc)2.

[325] Electrospun polymer-composite
fibers containing magnetic nanoparticles have also been
described, for example, PEO (or PVA)/Fe3O4,

[326] PCL/FePt
(by coaxial electrospinning),[327] PU/MnZnNi,[328] and
PMMA/Co.[329]

Carbon nanotubes (CNTs), which were first reported by
Oberlin and Endo,[330] and later by Ijima,[331] can be immobi-
lized in electrospun polymer fibers. The goal of most such
studies is the functionalization of polymer nanofibers (elec-
trical conductivity or mechanical strengthening) or the
orientation of the CNTs along the fiber axis. Examples of
polymers that were spun with CNTs into the corresponding
composite fibers include PAN,[332–339] PEO,[340–343] PVA,[342]

PLA,[332] PC,[344] PS,[345] PU,[345] and PMMA.[336] Very excep-
tional composite fibers with CNTs arranged in a brushlike
manner on carbon fibers were obtained from PAN/ferrocene
composite fibers through the synthesis of CNTs and the
simultaneous pyrolysis of PAN to carbon fibers
(Figure 18).[346]

A large number of polymer/metal oxide (or metal sulfide)
composite fibers have been produced by electrospinning in
combination with sol–gel processes. In many cases, the
composite fibers could be converted into metal oxide (or
metal sulfide) fibers by subsequent pyrolysis. Polymer/TiO2

composite fibers were fabricated with PVP,[190,195,197,208,210]

PVAc,[347] and PAN.[348] Polymer/ZrO2 composite fibers were
produced from PVP,[190,194,199,200] PVAc,[349] and PVA.[350]

Further examples of metal oxides and sulfides that have
been incorporated into polymer-composite fibers are
ZnO,[351–354] CuO,[298,355] NiO,[356,357] CeO2,

[358] Mn3O4,
[359]

Mn2O3/Mn3O4,
[360] MoO3,

[361, 362] BaTiO3,
[175,198,207] Y2O3,

[199]

Gd2O3,
[199] Ta2O5,

[363] Co3O4,
[364] Ba0.6Sr0.4TiO3,

[204] SiO2,
[365,366]

CdS,[196] PbS,[201] and Ag2S.
[202]

The combination of electrospinning and sol–gel processes
has also been used for the direct production of fibers of
inorganic compounds, for example, SiO2,

[367] TiO2,
[49,368] SiO2/

ZrO2,
[369] TiO2/SiO2, and Al2O3.

[47] Pure continuous copper
nanofibers were obtained from PVB/CuNO3 composite fibers
via the reduction of CuO fibers (Figure 19).[298] The copper

nanofibers are macroscopically characterized by the typical
red color of copper (Figure 19, left). The transmission
electron microscope (TEM) image confirms the presence of
continuous copper fibers, which do not consist of an align-
ment of single copper nanoparticles (Figure 19, right).

Electrospun polymer-composite fibers can also be pre-
pared using biological objects, such as active viruses[192] or
living bacteria.[370] These types of polymer-hybrid fibers are
highly functional fiber tissues with a large scope of variability
and are of interest from fundamental and application-
oriented points of view.

The abundance of materials that are accessible by the
electrospinning process can be increased significantly through
self-organization or active structuring during electrospinning,
as discussed in Section 4.

Figure 17. SEM image of electrospun fibers of PS with immobilized PS
particles.[318]

Figure 18. TEM image of carbon fibers with grafted carbon nanotubes
(CNTs). The fibers were obtained from electrospun polyacrylonitrile
(PAN)/ferrocene composite fibers after pyrolysis of the PAN and
catalytic growth. Inset: enlargement.[346]

Figure 19. Left: Photograph of copper nanofibers obtained from elec-
trospun poly(vinyl butyral) (PVB)/CuNO3 composite fibers. Right: TEM
image of one such fiber.[298]
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4. Structure Formation in Fibers and Nonwovens

4.1. Nanofiber Morphologies

During electrospinning from solution, structure formation
within the nanofibers is controlled by the simultaneous
processes of the evaporation of the solvent and the extreme
elongation of the solidifying fibers.[36] A volume element of
the jet travels from the electrospinning nozzle to the counter
electrode, where the solid fiber is deposited, in a time frame of
0.1 s. After this time period, both of the processes mentioned
above are completed, and the fiber is solid. Therefore, the
time limit for structure formation is typically less than 0.01 s.
In this respect, electrospinning resembles spincoating, a
process in which nanofilms are cast by depositing droplets
of a solution onto a rapidly rotating substrate. Below, we
distinguish between amorphous glass-forming fibers (of PS,
for example) and partially crystallizing fibers (of PA6 or PLA,
for example).

For glass-forming systems, states frozen-in by very rapid
glass formation differ more significantly from the equilibrium
state of the supercooled melt than states frozen-in by slower
glass formation.[371] One consequence is the occurrence of a
more distinct aging process: in the frozen state, the density
and the enthalpy of the fibers change slowly but steadily. This
process has immediate consequences for the dynamic and
static mechanical properties of the fibers. The verification of
such an aging process is usually carried out by calorimetry
experiments: upon heating, the step associated with the glass
transition is superimposed with maxima and minima in the
heat flow.[371] This phenomenon also occurs in semicrystalline
polymers, but is concentrated in the amorphous regions. Little
has been published on the occurrence of this phenomenon in
electrospun fibers. In Figure 20, a differential scanning

calorimetry (DSC) curve for nanofibers of semicrystalline
PLA is compared to that for a slowly cooled bulk sample of
PLA.[372] The curve for the nanofibers shows distinct devia-
tions from the usual steplike changes in heat flow.

Of considerably greater significance for the properties of
the nanofibers is the frozen-in chain orientation of the fibers,
which reveals itself in birefringence. Experimental analysis of
the electrospinning process showed that the magnitude of the
elongation of the fibers is very high (up to a factor of 105),

while the rate of elongation is up to 105 s�1.[36] According to
one estimate, a high degree of chain orientation is probable if
the product of the elongation rate and the chain relaxation
time exceeds a value of 0.5.[373] For polymer solutions that are
suitable for electrospinning (with respect to molecular weight
and concentration), relaxation times of 0.1–0.01 s were
reported.[36,70] Therefore, chain orientation should always
occur during electrospinning. The question of whether the
deposited fibers still contain traces of solvent, which would
promote chain relaxation, remains open. The answer may
depend on the vapor pressure of the solvent.

Actually, the experimental findings on the occurrence of
birefringence are rather inconsistent. In some cases, a slight
birefringence was reported, for example, for nanofibers of
PBI with diameters of about 300 nm and for nanofibers of PS-
b-polybutadiene-b-PS triblock copolymers with diameters of
about 100 nm.[374, 315] In other cases, nanofibers were obtained
that did not show birefringence and, hence, featured no chain
orientation.[300] In view of the deformation rates typical of
electrospinning and the relaxation times characteristic of the
solutions used, it is difficult to understand why amorphous
nanofibers do not generally show a high degree of chain
orientation. There is clearly a need for systematic investiga-
tions. In any case, it must be anticipated that nanofibers will
shrink upon heating or upon contact with solvents that cause
swelling.

For polymers that can be crystallized, solidification is
connected with the formation of crystals. The short crystal-
lization times typical of electrospinning lead to the assump-
tion that the crystallites have a tendency to be small and to
contain defects; furthermore, the degree of crystallization
may be reduced.[375] Consequences would be low melting
points and heats of fusion, but there are no explicit indications
in the literature that these effects are significant. For instance,
in the cases of nanofibers of PET, poly(ethylene naphthalate),
andmixtures of the two, the melting points are not changed by
the processing into nanofibers.[303] In contrast, it was reported
that the degree of crystallinity, the glass-transition temper-
ature, and the crystallization temperature of these polymers
increase. However, the authors did indicate that transesteri-
fication processes and, hence, a decrease in chain length must
be anticipated during the electrospinning of the mixtures.[303]

In the case of PLA, it was observed that the degree of
crystallinity and the melting point of the electrospun fibers
were very similar to those of macroscopic samples.[268]

There have been several studies on structure formation
during the electrospinning of PA.[268,272] It was demonstrated,
on the basis of X-ray diffraction and Raman spectroscopy,
that nanofibers of PA6 form the less-ordered gmodification.
Crystallization from solution, however, affords the ordered
a form. It is interesting that crystal formation during the
fabrication of conventional fibers by melt extrusion proceeds
very similarly to crystal formation during electrospinning
(especially when the elongation after extrusion exceeds a
certain limit), despite the differences in the fabrication
processes.[376,377] The less-ordered g phase is likewise formed
in this case. Therefore, the occurrence of the g form in the
nanofibers is a distinct indication of the mechanical deforma-
tions occurring during electrospinning. This phase can be

Figure 20. Differential scanning calorimetry (DSC) heating curves for:
A) bulk PLA powder; B) electrospun PLA nanofibers.[372]
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converted into the more ordered a phase by annealing the
nanofibers at higher temperatures.[268]

Of greater significance, especially with respect to mechan-
ical properties, are the chain orientation and the orientation
of the crystallites in the electrospun fibers. These features can
be investigated using Raman spectroscopy, and X-ray or
electron diffraction. In this manner, very high degrees of
crystallite orientation were confirmed in nanofibers of PFDS
by Chen et al.[299] The degree of orientation could be
substantially increased by annealing the fibers. Diffraction

experiments carried out on single fibers
are particularly unambiguous: using
selected-area electron diffraction
(SAED), the degree of orientation of
crystals in a nanofiber of PA6 with a
thickness of 50 nm was found to be very
high.[268] This high degree of crystallite
orientation reveals itself in the inhomo-
geneous azimuthal distribution of the
diffraction intensity (Figure 21).

In macroscopic fibers produced by
melt extrusion, comparable degrees of
orientation are only achieved if the
extrusion is followed by an extreme
elongation.[376, 377] In nanofibers of a
liquid-crystalline polymer, poly(hexyl
isocyanate), it was observed that the

degree of orientation can depend significantly on the fiber
thickness.[378] Jaeger et al. reported that in PEO fibers, surface
layers, in particular, may be highly oriented.[379]

4.2. Surface Structures of Nanofibers

Electrospinning generally affords smooth fibers with a
circular cross section; only in exceptional cases does the cross
section differ from this form. For a variety of applications, for
example, tissue engineering, filtration, catalysis, drug delivery,
and nanofiber reinforcement, it could be advantageous if the
fiber surfaces were not smooth or were porous. For example,
pores function as anchoring points for cells in tissue engineer-
ing, increase the surface area in filtration or catalysis, modify
the wetting properties and, hence, the matrix–fiber coupling
in fiber strengthening, and alter the kinetics of drug release.
Pores can also influence the kinetics of biodegradation of
bioerodible nanofibers.

In fact, it is now possible to generate different fiber
topologies during the electrospinning process by choosing
particular solvents or solvent mixtures, by varying the
humidity, or by using polymer mixtures. If, for instance,
phase separation into polymer-rich and polymer-poor regions
occurs upon evaporation of the solvent (this can generally be
estimated from phase diagrams), there is a high probability
that pores will form in the solid in the polymer-poor region.
Thereby, the extent of pore formation is determined by the
relative proportions of both phases. The use of solvent
mixtures allows the selective adjustment of porosity.[219]

Figure 22 shows an example of porous PLA fibers that were
fabricated by this method.

Another route to porous fibers is through condensation
processes during electrospinning in a very humid environ-
ment.[78,162] It is imagined that the spinning jet cools because of
solvent evaporation, such that tiny droplets of water precip-
itate onto the jet. These droplets then form the pores in the
solidified fiber. The extent of pore formation and the pore
size can be tuned by varying the humidity.

Entirely different fiber topologies are obtained if nano-
fibers of a mixture of immiscible polymers are electrospun
from the same solvent.[189] Upon evaporation of the solvent,
phase separation occurs, which leads to binodal or spinodal
structures in the nanofibers, depending on the system. In the
case of binodal structures, one phase is dispersed in a matrix,
while in the case of spinodal (cocontinuous) structures, two
phases interpenetrate. To generate porous fibers of high
overall porosity, two strategies are possible. In the first, the
use of a solvent causing a high degree of swelling leads to a
significant increase in the fiber diameter. After removal of the
swelling agent, a highly porous structure with porosities of
75% and more remains (Figure 23). In the second method,
the removal of one of the two phases from the binodal or
spinodal mixtures mentioned above by using a specific solvent

Figure 21. Electron
diffraction pattern
of an electrospun
nanofiber of poly-
amide 6 (PA6) with
a diameter of
50 nm.[268]

Figure 22. SEM image of electrospun porous PLA fibers.

Figure 23. SEM image of electrospun fibers of a PLA/PEO blend after
removal of the swelling agent, water.
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leads, respectively, to porous fibers or to nanofibers with
periodic thickness fluctuations and fractal surfaces
(Figure 24). Furthermore, porous fibers can be obtained if
the fibers are electrospun in a bath of liquid nitrogen. The
consequence is a phase separation of the polymer and the
solvent; after the removal of the solvent under vacuum, highly
porous fibers remain. This process was demonstrated for PS,
PAN, PCL, and PVDF, for example.[260]

Porous fibers allow the enlargement of the inner surface
without any change in the flow rate of gases and liquids, which
is determined by the mutual alignment of the fibers. This
feature could be important for the application of electrospun
fibers in filtration or catalysis.

4.3. Fiber Arrangements and Pore Structures in Electrospun
Nonwovens

For nonwovens produced by electrospinning, the fiber
arrangement (1D, 2D, or 3D) and pore structure are of great
importance. Using a standard laboratory apparatus for
electrospinning (consisting of circular spin nozzles and a flat
counter electrode), the fibers are deposited onto the plane
defined by the counter electrode in a statistical orientation. A
very open mesh is generated, and the nonwoven is fabricated
by the layer-by-layer deposition of such planar arrangements.
The developing nonwoven can serve as a surface coating (of
porous filtering papers, for example), it can modify the
surface of a solid substrate (to alter the wetting properties, for
example), or it can also be used as a self-supporting nonwoven
(as a template for tissue engineering, for example).

Electrospinning is not limited to the production of
nonwovens with a random planar fiber orientation. The
orientation of nanofibers along a preferred direction
(Figure 25) is of interest for structural reinforcement with
nanofibers (see Section 6.4) or for tissue engineering to give
the cells a preferred growth direction (see Section 6.5.1).

Parallel fibers can, for example, be obtained by the use of
rapidly rotating cylindrical collectors, which either serve as
counter electrode or are combined with an elec-
trode.[112, 161,380,381] The collectors usually have the shape of a
cylinder, but can also be narrow or wheel-shaped.[116,381]

Parallel fibers can also be produced with special electrode
arrangements consisting of two parallel flat plates or with
frame-shaped electrodes.[13, 14,268,191] A very high degree of
orientation can be achieved with this method. Another
possibility is the use of a quadratic arrangement of four
electrodes, which leads to a cross-shaped deposition of
nanofibers.[191,382] High degrees of orientation can also be
achieved if the distance between the electrodes is reduced to
the centimeter or millimeter range and if either the spinning
electrode or the counter electrode has the shape of a fine
tip.[383,107–109] To obtain fiber arrangements oriented in 3D in
nonwovens, the techniques used for the production of
conventional nonwovens composed of macroscopic fibers
may be applied (needling, water-jet treatment).[384,385] This
topic has not yet been discussed with respect to nonwovens
made of nanofibers.

Efforts are generally made to assemble nonwovens from
fibers of the same material having a uniform thickness.
However, it can also be of interest for a variety of applications
to construct nonwovens from fibers of non-uniform thickness,
for example, to control the pore-size gradients or to modify
the transport properties. Experimental[91, 386,387] and theoret-
ical[388] studies showed that the fiber diameter of a material
can be varied by a factor greater than 10 through the choice of
solvent and of concentration of the spinning solution. The use
of several nozzles allows the fabrication of heterogeneously
structured nonwovens (of PA6, for example) composed of
fibers with significantly different diameters (Figure 26).

In a similar manner, chemically inhomogeneous non-
wovens (composed of both PA6 and PLA, for example) can
be produced with multijet arrangements (Figure 27). For
applications in tissue engineering, heterogeneous carrier
matrices (with layered or nonlayered structures) composed
of micro- and nanofibers (of PEO, collagen, and segmented
PU, for example) were fabricated by either sequential or

Figure 24. SEM image of electrospun fibers of a PLA/polyvinylpyrroli-
done (PVP) blend after the selective extraction of PVP.

Figure 25. SEM image of a planar nonwoven composed of parallel PLA
nanofibers.

Electrospinning Techniques
Angewandte

Chemie

5687Angew. Chem. Int. Ed. 2007, 46, 5670 – 5703 � 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://www.angewandte.org


simultaneous electrospinning.[389] A cylindrically structured
tissue constructed from thin collagen nanofibers as the inner
layer and thick PU fibers as the outer layer serves as a good
carrier matrix for artificial blood vessels.

The pore structure of these nonwovens determines the
diffusion of gas though the fibers, the resistance to airflow, the
filter effectiveness, as well as the suitability of the nonwoven
as a scaffold for tissue engineering (for example, via stem
cells). Experimental results on pore dimensions were
obtained using various porosimeter techniques (for example,
mercury porosimetry). A broad distribution of pore diameters
over the range of 102–104 nm is typical.[270] However, the pore
diameter can be significantly modified by controlling the
overall porosity.[281, 390] For planar orientations, the porosity is
typically around 90%. However, there are methods that allow
a significant compaction of the nonwovens to a porosity of
less than 60%, namely the use of nanofibers with high
flexibilities (for example, elastomers).[281, 390]

Many simulations have investigated pore shape and pore
density in nonwovens as a function of the number of fibers per
layer.[391–393] The average pore diameter (d̄) in nonwovens
depends on the average fiber radius (r), as well as the overall

porosity, that is, the volume fraction of the pores with respect
to the overall volume of the nonwoven (Figure 28). For fibers
of equal radius, the higher the porosity, the bigger the average
pore size. The average pore size typically varies between d̄= r
at a porosity of 20% and d̄= 10 r at a porosity of 80%. At
even lower porosities, d̄ becomes smaller than r. The specific
surface areas of nanofibers typically range from 500–10 m2g�1

for fiber diameters of 10–500 nm.[281,390–393] Furthermore,
Monte Carlo simulations show that the porosity of nonwovens
decreases significantly with increasing flexibility of the
fibers[394] and that chemical vapor deposition (CVD), which
leads to the construction of a shell around the fibers, can also
decrease the porosity significantly.[395]

5.Mechanical Properties of Fibers and Nonwovens

5.1. Properties of Nonwovens

Themechanical properties of a nonwoven are important if
the nonwoven is used, for example, as a scaffold for stem cells
in tissue engineering (see Section 6.5.1). The mechanical
properties of the nonwoven should generally be similar those
of the tissue that it is supposed to replace. Tissues such as
cartilage or skin tissue are typically characterized by a
Young*s modulus (stiffness) of tens to hundreds of milli-
pascals, by a maximum deformation stress (strength) of tens
of millipascals, and by a maximum deformation of about 10–
200%.[396] To determine the corresponding values for non-
wovens composed of nanofibers, the nonwovens can be
mounted in a stress–strain tester that measures the depend-
ence of the deformation stress on the magnitude of the
deformation.[112, 115,234,268,281,291,294,310,396,397] Figure 29 shows typ-
ical results for nonwovens based on copolyamide 6/6T (PA6/
6T) nanofibers. For nonwovens composed of electrospun
nanofibers of soft elastomers that do not show a preferred
orientation in the spinning plane, a Young*s modulus of about
3 MPa, a maximum deformation stress of about 9.6 MPa, and
a maximum deformation of about 360% were reported.[112]

For nonwovens composed of significantly stiffer PA fibers, a
Young*s modulus of about 100 MPa, a maximum deformation

Figure 26. SEM image of a heterogeneously structured nonwoven of
PA6.[387]

Figure 27. SEM image of a chemically heterogeneous nonwoven of
PA6 (thick fibers) and PLA (thin, porous fibers).[387]

Figure 28. Correlation of the average pore diameter (d̄), the average
fiber radius (r), and the porosity of nonwovens, as determined by
Monte Carlo simulations.[392]
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stress of 20 MPa, and a maximum deformation of 53% were
determined.

It is conceivable that a high degree of fiber orientation
along a preferred direction increases the stiffness and strength
of the nonwoven. According to Figure 29, the Young*s
modulus (slope of the stress–strain curve) increases from
100 MPa for nonwovens with no preferred fiber orientation to
900 MPa for nonwovens with fibers oriented along the
elongation direction. Similarly, the maximum deformation
stress increases from 20 to 70 MPa and the maximum
deformation decreases from 53 to 18%. For tissues of
electrospun collagen fibers with diameters of about 100 nm,
Young*s moduli of 52 and 26 MPa were measured for
elongation along and perpendicular to the direction of
preferred orientation, respectively. The corresponding max-
imum deformation stresses were 1.5 and 0.7 MPa.

5.2. Properties of Nanofibers

For materials reinforcement, the strength and stiffness of
single nanofibers is particularly important. However, few
experimental investigations on the stress–strain behavior of
single electrospun nanofibers have been reported. Atomic
force microscopy (AFM) was used in most of these
cases.[167, 256,398] These studies have shown that electrospun
nanofibers feature very good mechanical properties. For
example, Young*s moduli of up to 50 GPa were reported for
PAN nanofibers with a high degree of orientation (as
determined by X-ray diffraction).[256] For comparison, bulk
samples of PAN with no preferred orientation showed moduli
of only 1.2 GPa. The Young*s moduli measured for PEO
nanofibers were distinctly higher than those measured for
bulk samples. The orientation induced by electrospinning is
again the proposed reason for the increased stiffness.[167] In
contrast, Young*s moduli of only 0.9 GPa were measured for
nanofibers composed of PVP and TiO2 nanoparticles; how-
ever, no information was given regarding the orientation of

the fibers.[398] Nevertheless, it is clear that nanofibers feature
very high Young*s moduli if they have a high degree of
crystallite and chain orientation. Such fibers are suitable for
application in nanofiber reinforcement (see Section 6.4).

6. Applications of Electrospun Nanofibers

6.1. Templates

Electrospun polymer fibers can be used as templates for
the preparation of hollow fibers (tubes by fiber templates
(TUFT) process).[90,399–403] In the TUFT process, electrospun
fibers of bioerodible or soluble polymers are coated with
polymers, metals, or other materials. After selective extrac-
tion or degradation of the template fibers, hollow fibers
corresponding to negative replicas of the templates are
obtained. For example, hollow fibers of poly(p-xylylene)s
(PPX) were fabricated by CVD of PPX onto electrospun
PLA fibers and subsequent pyrolysis of the PLA fibers.[90,399]

In an analogous way, hollow fibers of PPA/Al were produced
by the sequential coating of PLA fibers with PPX and Al.[400]

The fabrication of hollow fibers of PPX with inner diameters
of less than 10 nm and outer diameters of about 50 nm
(Figure 30, right) was accomplished using extremely thin
electrospun fibers of PLA (Figure 30, left).[90]

Coating electrospun fibers of PLA/Pd(OAc)2 with PPX
and subsequent pyrolysis of the PLA afforded hollow fibers of
PPX with incorporated nanoparticles of Pd (Figure 31).[90,401]

Figure 29. Stress–strain curves for nonwovens composed of copoly-
amide 6/6T (PA6/6T) nanofibers: black: with a preferred fiber orienta-
tion along the elongation direction; gray: with no preferred fiber
orientation. The effective polymer cross-section in the nonwoven was
considered in the calculation of the stress values.

Figure 30. Left: TEM image of electrospun PLA nanofibers. Right: TEM
image of hollow fibers of poly(p-xylylene) (PPX) prepared from the PLA
nanofibers.[90]

Figure 31. Left: Lower-magnification TEM image of a hollow fiber of
PPX with incorporated nanoparticles of Pd. Right: Higher-magnifica-
tion TEM image of the fiber.[401]
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Similarly, hollow fibers of PPX/Cu and PPX/Ag were
obtained from functionalized template fibers by the TUFT
process.[401] Hollow fibers of TiO2 were obtained from
electrospun PA fibers coated with Ti(OiPr)4 after pyrolysis
of the PA and calcination.[400] Hollow fibers of Al were also
obtained by CVD of Al onto PLA fibers and subsequent
pyrolysis of the PLA.[399] Hollow fibers of Au, Cu, and Ni were
fabricated in an analogous way.[402] In a further development
of the TUFT process, hollow fibers with intricate architec-
tures were prepared using a layer-by-layer technique.[403]

Hollow fibers could also be produced directly by coaxial
electrospinning. Li and Xia[49] and Loscertales et al.[404]

employed oils as template liquids for hollow fibers of
ceramics.

6.2. Filter and Textile Applications

Both filter and textile applications of nonwovens have the
common feature that the pore structure of the material
controls its properties and functions. The three most impor-
tant parameters of nonwovens are the overall porosity (e ;
defined as the ratio of the pore volume (Vp) to the overall
volume (V)), the average pore size (d̄ ; if necessary, also the
pore size distribution), and the inner specific surface area (S ;
defined as the surface area (O) divided by either the overall
volume (V) or the overall mass (M)). These parameters
determine the diffusion of gas through the fibers, the
resistance to airflow, the filter effectiveness, as well as the
suitability of the nonwoven as a carrier for tissue engineering
(for example, via stem cells). As discussed in Section 4.3, both
theoretical and experimental investigations of these param-
eters have been carried out.[281, 390,392,393]

6.2.1. Textiles

Nonwovens composed of nanofibers can be used in
combination with conventional textiles (for example, as
interlinings) to modify the properties of the textiles. The
objective can be to increase the wind resistance, to regulate
the water-vapor permeability, to optimize the thermal insu-
lation behavior, or to give the textile a specific functionality
(such as the lotus effect, aerosol filtering, or protection
against chemical or biological hazards).

The transition from microfiber to nanofiber nonwovens
leads to significant changes in the transport processes of the
material as a result of the dramatic reduction in the pore
dimensions and the large increase in the inner surface area.
For example, in the case of gas diffusion, which is important
with respect to thermal insulation, there is a transition from
the normal diffusion regime (in which the diffusion path is
determined by impacts between the gas particles) to the
Knudsen regime (in which the diffusion path is mainly
determined by impacts between the gas particles and the
fibers). This topic has been extensively studied using Monte
Carlo simulations.[392, 393] The situation is similar for the
viscous permeation of liquids through nonwovens: the
permeation coefficient is directly correlated to the average
fiber radius.

Gas-transport properties are of great importance to textile
applications.[163, 281,390] Experimental findings have shown that
the airflow (wind) resistance of nanofiber nonwovens is
increased by up to three orders of magnitude in comparison to
conventional textiles, which leads to a significant thermal
effect. The wind resistance improves immensely with decreas-
ing pore dimensions (Figure 32) and, given identical pore

sizes and fiber dimensions, can be varied over a large range by
adjusting the coverage (1m; the mass of deposited nanofibers
per unit area). The wind resistance typically increases by a
factor 1000 if the coverage is increased from 0.1 to 10 gm�2.
The coverage of 10 gm�2 corresponds to a nonwoven thick-
ness of up to 20 mm (for a porosity of 60%). At the same time,
the permeability of the nonwovens to water vapor is very high
(comparable to that of PTFE membranes) and can be
influenced by the chemical nature of the fiber material (for
example, hydrophilic or hydrophobic).

The thermal insulation of nonwovens is mainly a result of
the limited diffusion of air molecules in the materials. The
thermal insulation increases significantly with decreasing
pore size if the pore diameter of the nonwoven is 10–100 times
smaller than the mean free path of the gas molecules (about
70 nm for air at normal pressure).

The aerosol-filtering properties of nanofiber nonwovens
have also been investigated. The filter efficiency of a textile
increases significantly with increasing coverage by a nano-
fiber nonwoven. An efficiency of 100% can be achieved at a
coverage of only 1 gm�2.[281,390] The use of nanofiber non-
wovens for protection against chemical and biological hazards
has been discussed as well. This application is based on the
functionalization of the nonwoven with a catalyst (for
example, an enzyme) that can decompose harmful substan-
ces.[281,295,390] The large inner surface area that is available for
these catalytic processes is a great advantage of nanofiber
nonwovens.

6.2.2. Filters

To reach high filter efficiencies, it is generally necessary
that the sizes of the channels and pores in the filter material

Figure 32. Dependence of the airflow (wind) resistance of different
nonwovens on the average pore size.[281]
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be adjusted to the fineness of the particles to be filtered. To
filter increasingly finer particles, a transition from fibers with
diameters in the micrometer range to fibers with diameters in
the nanometer range is required.[9, 163,269,405] Coalescing and
aerosol filters are characteristic applications for nanofiber
nonwovens. Coalescing filters are used to filter tiny water
droplets (with dimensions in the nanometer range) from
aviation fuel to prevent the formation of ice crystals at high
altitudes.[391] Fine aerosol particles can also be very effectively
filtered using nanofiber nonwovens of thicknesses that do not
cause an unacceptably high flow resistance:[269,281,390] filters
with thicknesses in the range of 10 mm and fiber coverages of
about 1 gm�2 are suitable.

Nanofibers are already used extensively in air filters.
Conventional air filters consist of paper mats composed of
fibers with diameters in the micrometer range. They function
by trapping particles floating in the air deep inside the filter,
which means that the whole filter material is involved in the
retention of the particle. As the number of particles trapped
in the filter material increases, the pressure drop across the
filter also increases, and above a certain limit, the filter can no
longer be used. The filter is usually partially cleaned with a
pressure blast, whereby the particles are pushed out of the
filter and collected. With each cleaning process, a higher
pressure drop remains, and eventually the filter must be
replaced.

One concept for the improvement of filter properties is to
coat the crude filter material with a gossamer fleece
composed of nanofibers. The particles are, thus, captured at
the surface. The pressure drop remaining after each cleaning
process is significantly reduced, and the filter lifetime can be
prolonged by a factor of about 10. This type of surface filter
has achieved great market success.

Further improvement is possible by electrostatically
charging the nanofibers.[163, 390] The fibers are often already
charged during electrospinning, but this charge generally
dissipates through contact of the fibers with an electrical
ground. A permanent charge can be generated by corona
polarization or by triboelectric polarization (for example, by
using polymers with different triboelectric properties for the
fabrication of the fibers). The filter efficiency could be
increased significantly through the use of chemically selective
materials, such as the “Smart Dust” reported by Schmedake
et al.[406]

6.3. Catalysis

A crucial step in catalysis is the removal and recycling of
the catalyst after the reaction. The immobilization of homo-
geneous or heterogeneous catalysts in nanofibers presents an
interesting solution to this problem. In principle, the reaction
can be carried out in two ways. The reaction mixture can
circulate around the catalyst fibers (as is the case in a
continuously operating microreactor),[407] or the fibers can be
fixed on a carrier and then immersed repeatedly in the
reaction vessel.

The use of polymer nanofibers loaded with monometallic
or bimetallic nanoparticles (such as Rh, Pt, Pd, Rh/Pd, and

Pd/Pt) has been described.[322,408] These catalyst systems can
be applied in hydrogenation reactions, for example. To
fabricate such fibrous catalyst systems, polymer nanofibers
are typically electrospun from solutions containing metal salts
(such as Pd(OAc)2) as precursors. In the next step, the salts
incorporated in the fibers are reduced, either thermally at
temperatures around 250 8C or in the presence of a reducing
agent (such as H2 at about 130 8C or hydrazine). The
nanoparticles formed have diameters in the range of 5–
15 nm, depending on the fabrication method (Figure 33). The
catalytic properties of these mono- or bimetallic nanofiber
catalysts were investigated in several model hydrogenations,
which demonstrated that the catalyst systems are highly
effective.

For homogeneous catalysis, systems consisting of core–
shell nanofibers combined with proline and Sc(OTf)3 (TfO=

CF3SO3) catalysts were fabricated by the TUFT
method.[409,410] In contrast to conventional catalysis in homo-
geneous solution or in microemulsions, for which the con-
version is 80%,[411] the fiber systems achieve complete
conversion in the same or shorter reaction times. The fibers
can be used several times without loss of activity.[409]

Furthermore, nanofibers were used as carriers for enzymes,
whereby the enzymes either were chemically attached to the
electrospun fibers or were directly dispersed in the nanofibers
during the electrospinning process.[120,125] High catalyst activ-
ities were reported in this case as well.

6.4. Nanofiber Reinforcement

Glass fibers, carbon fibers, and poly(p-phenylene tereph-
thalamide) fibers are used for the reinforcement of synthetic
materials in many technical products.[412,413] The parameters
that dominate the reinforcing effect are the tensile modulus of
the fibers, the coupling between the matrix polymer and the
fibers, and the axial ratio of the fibers.[414, 415] Despite the
success, several problems remain in fiber reinforcement: the

Figure 33. SEM image of nanofibers loaded with bimetallic nano-
particle catalysts. Inset: TEM image of the catalyst nanoparticles.
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reinforcement usually leads to an increased brittleness; the
macroscopic fibers can cause rough surfaces; and longer
fibers are shortened during the processing, such that the
reinforced materials can fail under compression. To counter-
act these problems, the concept of molecular reinforcement,
in which the macroscopic fibers are replaced by single stiff-
chain molecules, was introduced over 20 years ago.[416, 417] In
fact, it was shown that molecular reinforcement is possible in
special cases.[418] However, the nearly complete immiscibility
of the stiff-chain molecules and the flexible-chain molecules
of the matrix presented a serious problem. Therefore, the
stiff-chain molecules are not dispersed in isolation, but are
phase-separated in larger domains and, thus, do not provide
any reinforcement. Because of this disadvantage, molecular
reinforcement did not gain wide acceptance. Nanofibers offer
a new and promising approach.

The rules established for reinforcement by macroscopic
fibers should also apply to reinforcement by nanofibers.[419]

However, nanofibers have several advantages over macro-
scopic fibers. Because the reinforcement effect is determined
by the axial ratio of the fibers, nanofibers with diameters of
10–100 nm can be 100–1000 times shorter than fibers with
diameters of 10–100 mm. Because of their small diameters,
nanofibers cause little refraction of light; therefore, trans-
parent matrices reinforced by nanofibers stay transparent,
even if the refraction indices of the matrix and the fibers do
not match.[265] Furthermore, smaller loadings of nanofibers in
the matrix are required to achieve the same reinforcement
effect as macroscopic fibers. Thus, material can be saved and
the brittleness of the matrix reduced. Finally, the large specific
surface area between the nanofibers and the matrix promotes
relaxation processes, which improves the impact strength of
the reinforcedmatrix. As discussed in Section 5.2, electrospun
nanofibers can have very high Young*s moduli.

Given the advantages of nanofibers for reinforcement, the
number of investigations on this topic is rather small. The
main problems, to which there are no convincing solutions
yet, are the dispersion of the electrospun nanofiber webs and
the control of the nanofiber orientation in the polymer
matrix. The felt-mat structure of the nonwoven is for the most
part maintained upon the incorporation of the nanofibers into
the matrix. Attempts to disperse single nanofibers from the
nonwoven mats using ultrasound, kneaders, or high-speed
stirrers have only been marginally successful. Very similar
problems occurred in matrix reinforcement with carbon
nanotubes and nanofilaments.[420]

The pulverization of nanofibers into shorter fragments is
also very difficult, because they are surprisingly resistant to
fragmentation. Kim and Reneker were able to incorporate
nanofibers into a rubber matrix and to disperse the fibers by
repeated grindings, but the resulting homogeneity of the
distribution was significantly worse than that of the macro-
scopic glass fibers or particles that are conventionally used for
reinforcement.[280] Furthermore, the application of this
method is limited to few materials. The optical or mechanical
cutting of nanofibers at low temperatures typically affords
fiber fragments of about 100 nm in length, which should
facilitate dispersion. However, the amounts of fibers with
finite lengths yielded by this method are currently limited.

Because of all these problems, current research on nanofiber
reinforcement deals with the application of very specific
methods to very specific systems.

Epoxide matrices were reinforced with polyamide 4,6
(PA46) nanofibers of about 30 nm in diameter by Bergshoef
and Vancso.[265] Fiber mats were dipped into a solution of a
two-component epoxide resin, and subsequently dried and
cured for 60 h under standard conditions. An increase of the
Young*s modulus by a factor of 35 and of the breaking load by
a factor of 4 was reported for the composites. The loading of
the matrix was later determined to be 4–4.5% by elemental
analysis. Kim and Reneker carried out similar experiments
with nanofibers of PBI,[280] whereby 8–32 layers of fiber mats
were pressed together and immersed in an epoxide resin,
which was subsequently thermally cured in several steps. A
25–35% increase in the Young*s modulus was observed for a
3–15% mass percentage of nanofibers. Similar experiments
on the reinforcement of a styrene–butadiene rubber with PBI
nanofibers resulted in an increase in the Young*s modulus by
a factor of 10 and in an increase in the tensile strength by a
factor of 2. Another aspect of nanofiber reinforcement is
noted in a patent of Dzenis and Reneker: the use of
nanofibers to increase the interlamellar toughness of com-
pounds composed of fiber-reinforced lamellar layers.[421]

It is clear that nanofiber reinforcement offers great
opportunities for thin films and bulk samples, and for
elastomers, thermoplastics, duromers, as well as ceramics,
which are accessible by sol–gel processes. However, it is
equally clear that research on nanofiber reinforcement is still
at its beginnings.

6.5.Medical Applications

Nanostructured polymer systems of natural or synthetic
origin—in the form of nanofibers, hollow nanofibers, core–
shell nanofibers, nanotubes, or nanorods—have a multitude
of possible applications in medicine and pharmacy. A main
reason for this wide applicability is that the nanoscale is
particularly relevant for biological systems, because proteins,
viruses, and bacteria have dimensions on this order. Many
viruses, for example, the tobacco mosaic virus or the Marburg
virus, have the shape of a nanotube. In the following, we
present some current activities in the use of nanosystems in
tissue engineering, wound healing, and drug delivery.

6.5.1. Tissue Engineering

One rapidly developing field of application for electro-
spun polymer nanofibers is regenerative medicine. The tissues
that are targets for regeneration include cartilage, bone, skin
tissue, blood vessels, lymphatic vessels, lung tissue, and heart
tissue.[422, 423] One approach in tissue engineering is the use of
scaffolds or carrier matrices onto which stem cells or human
body cells can be seeded. The job of the matrix is to facilitate
the anchorage, migration, and proliferation of the cells, to
reproduce the three-dimensional structure of the tissue to be
replaced, and to support a differentiation along different cell
lines, if stem cells are seeded first.
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This type of carrier matrix has to fulfill a diverse range of
requirements with respect to biocompatibility, biodegrada-
bility, morphology, sterilizability, porosity, ability to incorpo-
rate and release drugs, and mechanical suitability. The
morphologies of the matrices and materials used are diverse.
For instance, powders, foams, membranes, and gels consisting
of a variety of natural and synthetic polymers, as well as
porous ceramics have been applied.[424–427] The efficiency of
these scaffolds is often limited. Biological matrices are usually
not available in sufficient amounts, and they can be afflicted
with biological-infection problems. Also, powders, foams, and
membranes are commonly not open-pored enough to allow
cell growth in the depth of the scaffold; consequently, the
formation of a three-dimensional tissue structure is frequently
impossible. Even loose gel structures (for example, of
polypeptides) may fail. Furthermore, smooth walls and
interfaces, which occur naturally in membranes and foams,
are unfavorable for the adsorption of many cell types.

It is clear that scaffolds mimicking the architecture of the
extracellular matrix should offer great advantages for tissue
engineering. The extracellular matrix surrounds the cells in
tissues and mechanically supports them.[428,429] This matrix has
a structure consisting of a three-dimensional fiber network,
which is formed hierarchically by nanoscale multifilaments.
An ideal scaffold should replicate the structure and function
of the natural extracellular matrix as closely as possible, until
the seeded cells have formed a new matrix.

The use of synthetic or natural nanofibers to build
scaffolds, therefore, seems to be especially promising, and
numerous reports on this topic have
appeared.[112,115,119,136,137,224,229,234,296,380,389,396,430–444] Electrospin-
ning prevails as the fabrication method for these scaffolds.
Biocompatible and biodegradable natural and synthetic
polymers (such as polyglycolides, PLA, PCL, various copoly-
mers, segmented PU, polyphosphazenes, collagens, gelatin,
chitosans, silks, and alginates) are used as the carrier materials
(Figure 34). Mixtures of gelatin and chitosans or synthetic
polymers like PCL and PEO are also employed, as are PCL or
poly[lactide-co-(e-caprolactone)] modified by grafting, and
copolymers coated or grafted with gelatin.[119,442] The aim of
such modifications is to provide surfaces suitable for the
adsorption and proliferation of cells.

A variety of cells (for example, mesenchymal stem cells,
endothelial cells, neural stem cells, keratinocytes, muscle cells,
fibroblasts, and osteoblasts) have been seeded onto carrier

matrices (Figure 35) for the generation of target tissues (such
as skin tissue, bone, cartilage, arteries, and nerve tissue). The
diameters of the fibers used generally conform to the
structural properties of the extracellular matrix and are on

the order of 100 nm; however, in some cases, fibers with
diameters of less than 100 nm or on the order of 1 mm were
used.[229] In several studies, the proliferation behavior of cells
in such fiber structures was compared with that on films cast
from the same polymer material.[137, 229,436] The results showed
that the fiber architecture generally affects cell growth
positively. For endothelial cells, however, it was reported
that a smoother surface can be beneficial for cell adhesion and
proliferation.[436] Another conclusion made was that the
biocompatibility of a material improves with decreasing
fiber diameter.[439] Porosity also seems to have a favorable
influence on cell growth. For instance, it was observed that
mesenchymal stem cells form branches to the pores on
nanoporous nanofibers.[431]

Another important requirement is that the scaffolds are
porous enough to allow cells to grow in their depths while
being provided with the necessary nutrients and growth
factors. The degree of porosity and the average pore
dimensions are significant factors for cell proliferation and
the formation of three-dimensional tissues.[443–445] Depending
on the cell type, the optimal pore diameters are 20–100 mm;
pore diameters larger than 100 mm are not required for
optimal cell growth.[430] For carrier matrices composed of
electrospun fibers of 100 nm in diameter, pore diameters of 1–
100 mm were reported.[438, 439] It was also found that cells can
easily migrate to a depth of about 100 mm, but encounter
problems at greater depths.[119]

A further prerequisite for a scaffold is a sufficient
mechanical compatibility. Cartilage, for example, is charac-
terized by a Young*s modulus of about 130 MPa, a maximum
deformation stress of about 20 MPa, and a maximum
deformation of 20–120%; the corresponding values for skin
tissue are 15–150 MPa, 5–30 MPa, and 35–115%.[234] These
ranges of values can be achieved with electrospun nanofibers.
For instance, for tissues of electrospun collagen fibers with
diameters of about 100 nm, a Young*s modulus of 170 MPa
and maximum deformation stress of 3.3 MPa were mea-
sured.[396] However, the maximum elongation is usually less
than 10%.

Figure 34. Left: SEM image of electrospun fibers of collagen. Right:
Optical image of electrospun fibers of chitosan. Such fibers can be
used as scaffolds for tissue engineering.

Figure 35. Left: SEM image of stem cells seeded onto a PLA scaffold.
Right: SEM image of oriented cell growth on a scaffold of oriented
PLA fibers.
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The role of fiber texture has also been investigated.
Arrangements of statistically oriented fibers and of parallel
fibers were analyzed. It was observed that growing cells tend
to follow the orientation of the fibers (Figure 35,
right)[431–433,440] and that certain cells (for example, fibroblasts)
can assume spindlelike shapes. Another important finding is
that the fibers can impart mechanical stress to the collective
of growing cells. It was reported that the production of
extracellular tissue is greater if oriented rather than non-
oriented matrix fibers are employed. This production can be
significantly increased by the application of a periodical
mechanical deformation (typically 6%).[440]

Heterogeneously structured carrier matrices composed of
micro- and nanofibers (of PEO, collagen, and segmented PU,
for example) were fabricated by sequential and simultaneous
electrospinning, which yield layered or nonlayered structures,
respectively.[440] A cylindrically structured tissue constructed
from thin collagen nanofibers as the inner layer and thick PU
fibers as the outer layer serves as good carrier matrix for
artificial blood vessels.

Early investigations on the cogrowth of different types of
cells on scaffolds are very promising. For instance, the
cogrowth of fibroblasts, keratinocytes, and endothelial
cells[441] was reported; the astonishing result is that cogrowth
enhances cell growth.

Scaffolds fabricated from electrospun nanofibers have
several clear advantages. However, considerable room for
optimization remains with respect to architecture, surface
properties, biodegradability, porosity, and mechanical proper-
ties, and also with respect to the seeding of cells in the three-
dimensional space and the supply of nutrients to the cells. It is
often observed that the cells preferentially grow on the
surfaces or that they initially adhere to the carrier fibers, but
then detach after differentiation.

6.5.2.Wound Healing

An interesting application of electrospun nanofibers is the
treatment of large wounds such as burns and abra-
sions.[380, 434,435,446] It is found that these types of wounds heal
particularly rapidly and without complications if they are
covered by a thin web of nanofibers, in particular, of
biodegradable polymers. Such nanowebs have enough pores
to assure the exchange of liquids and gases with the environ-
ment, but have dimensions that prevent bacteria from enter-
ing. Mats of electrospun nanofibers generally show very good
adhesion to moist wounds.[447] Furthermore, the large specific
surface area of up to 100 m2g�1 is very favorable for the
adsorption of liquids and the local release of drugs on the
skin, making these materials suitable for application in
hemostatic wound closure.[14,448] Compared to conventional
wound treatment, the advantage is that scarring is prevented
by the use of nanofibers.[220,448,449]

The nanofibrillar structure of the nanoweb promotes skin
growth, and if a suitable drug is integrated into the fibers, it
can be released into the healing wound in a homogeneous and
controlled manner. The charging of biodegradable nanofibers
with antibiotics was realized with the drugs cefazolin and
mefoxin.[28,448] Generally, different drugs with antiseptic and

antibiotic effects, as well as growth and clotting factors, are
available for wound healing.

PU is widely used as the nanoweb material because of its
excellent barrier properties and oxygen permeability. Khil
et al. implemented electrospun mats of PU nanofibers as
wound dressings, which were successfully tested on pigs.[287]

Histological investigations showed that the rate of epitheli-
alization during the healing of wounds treated with nanofiber
mats is higher than that of the control group. Another
promising and, in contrast to PU, biodegradable material is
collagen. Rho et al. investigated the wound-healing proper-
ties of mats of electrospun fibers of type I collagen on wounds
in mice.[113] It was shown that, especially in the early stages of
the healing process, better healing of the wounds was
achieved with the nanofiber mats than with conventional
wound care. Blends of collagen or silk and PEO were also
electrospun into fibers and used in wound dressings.[133]

Numerous other biodegradable polymers that can be electro-
spun can be applied in wound healing, for example, PLA and
block-copolymer derivatives, PCL, chitin, and chitosan.[145]

Using tetracycline hydrochloride as a model drug, is was
shown that the release kinetics can be adjusted by varying the
polymer used for the fabrication of the nanofibers. Poly[eth-
ylene-co-(vinyl acetate)] (PEVA), PLA, and a 50:50 mixture
of the two polymers were investigated.[221, 450] With PEVA,
faster drug release was observed than with PLA or the blend.
With PLA, burst release occurred, and the release properties
of the blend are intermediate to those of the pure polymers.
The morphology of the fibers and their interaction with the
drug are critical factors.[451] The concentration of the drug in
the fibers also affects the release kinetics.[451] The higher the
concentration, the more pronounced the burst, evidently
because of an enrichment of the drug on the surface.

Smith and Reneker describe a process in which a fiber mat
is directly electrospun onto the affected skin areas.[452]

Handheld electrospinning devices have been developed for
the direct application of nanofibers onto wounds (Figure 36).
In such a device, a high voltage is generated with the voltage
supplied by standard batteries. The device has a modular
construction, so that different polymer carriers and drugs can
be applied, depending on the type of wound, by exchanging

Figure 36. Handheld device for the electrospinning of wound dress-
ings. Inset: PEO fibers electrospun from aqueous solution onto a
hand.
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the vials of spinning solution. From a technical point of view,
the device has proven itself in continuous use over several
months.

6.5.3. Transport and Release of Drugs

Nanofiber systems for the release of drugs (or functional
compounds in general) are of great interest for tumor therapy,
as well as for inhalation and pain therapy. The nanostructured
carriers must fulfill diverse functions. For example, they
should protect the drugs from decomposition in the blood-
stream, and they should allow the controlled release of the
drug over a chosen time period at a release rate that is as
constant as possible. They should also be able to permeate
certain membranes (for example, the blood–brain barrier),
and they should ensure that the drug is only released in the
targeted tissue. It may also be necessary for the drug release
to be triggered by a stimulus (either external or internal) and
to continue only as long as necessary for the treatment. For
some time, nanoparticles (of lipids or biodegradable poly-
mers, for example) have been extensively investigated with
respect to the transport and release of drugs.[453, 454] A variety
of methods have been used for the fabrication of such
nanoparticles, including spraying and sonification, as well as
self-organization and phase-separation processes. Such nano-
particles are primarily used for systemic treatment. However,
experiments are currently being carried on the targeting and
enrichment of particular tissues (vector targeting) by giving
the nanoparticles specific surface structures (for example,
sugar molecules on the surface).

A very recent approach is based on the use of anisometric
nanostructures (that is, nanorods, nanotubes, and nanofibers)
for the transport and release of drugs. With this development,
the main area of application for nanofibers charged with
drugs will shift from systemic to locoregional therapy. In
locoregional therapy, the fibers are localized at the spot where
the drug should be applied. The applications of nanofibers in
wound healing (localization on wounds) and in tissue
engineering (localization in cell-proliferation areas) discussed
above are typical examples.

Anisometric carriers can be fabricated by electrospinning
with simultaneous incorporation of the drugs (or other
functional elements).[29,122,221,455,456] Nanofibers with incorpo-
rated superparamagnetic Fe3O4 nanoparticles serve as an
example of a multifunctional carrier. An enrichment of the
targeted tissue with the carrier should be possible with the
application of an external magnetic field. An interesting
property of superparamagnetic systems is that they can be
heated by periodically modulated magnetic fields. This
feature allows drug release to be induced by an external
stimulus.

In in vitro experiments on the release kinetics of func-
tional molecules, it was possible to follow their release from
fibers into the environment (by fluorescence microscopy).
However, the experiments demonstrated that the release
often occurs as a burst, in a process that is definitely nonlinear
with respect to time. The release kinetics, including the
linearity of the release over time and the release time period,
can be influenced by the use of core–shell fibers, in which the

core immobilizes the drugs and the shell controls their
diffusion out of the fibers.[456] In addition to low-molecular-
weight drugs, macromolecules such as proteins, enzymes,
growth factors (see Section 6.5.1), and DNA are also of
interest for incorporation in transport and release systems.
Several experimental studies on this topic have been carried
out.[59,77,122,311,457–459] The incorporation of plasmidic DNA into
PLA-b-PEG-b-PLA block copolymers and its subsequent
release was investigated, and it was shown that the released
DNA was still fully functional.[311] BSA and lysozyme were
also electrospun into polymer nanofibers, and their activities
after release were analyzed, again yielding positive
results.[122, 457] In the case of BSA, is was shown that the use
of core–shell fibers fabricated by the CVD of PPX onto
electrospun nanofibers affords almost linear release over
time.[122] Further investigations deal with the incorporation
and release of growth factors for applications in tissue
engineering.[77,458,459] In the following, some specific applica-
tions of nanofibers in drug release are described.

6.5.3.1. Tumor Therapy

Nanofibers of biodegradable polymers were investigated
with respect to their use in local chemotherapy.[60,460,461] The
water-insoluble antitumor drug paclitaxel (as well as the
antituberculosis drug rifampin) was electrospun into PLA
nanofibers.[461] In some cases, a cationic, anionic, or neutral
surfactant was added, which influenced the degree of charging
of the nanofibers. Analysis of the release kinetics in the
presence of proteinase K revealed that the drug release is
nearly ideally linear over time. The release is clearly a
consequence of the degradation of the polymer by proteinase.
Analogous release kinetics were found when the degree of
charging was increased to 50%. Similar investigations were
also carried out with the hydrophilic drug doxorubicin.[460]

The hydrophilic nature of the drug apparently causes its
accumulation on the surface of the nanofibers, which results
in burst release.

To obtain nanofibers with linear release kinetics for water-
soluble drugs like doxorubicin, water–oil emulsions were
electrospun, in which the drug was contained in the aqueous
phase and a PLA-co-PGA copolymer in chloroform was
contained in the oil phase.[60] These electrospun fibers showed
bimodal release behavior consisting of burst kinetics for drug
release through diffusion from the fibers, followed by linear
kinetics for drug release through enzymatic degradation of
the fibers by proteinase K. In many cases, this type of bimodal
behavior may be desired. Furthermore, it was shown that the
antitumor drug retained its activity after electrospinning and
subsequent release. The drug taxol was also studied with
respect to its release from nanofibers.[461]

6.5.3.2. Inhalation Therapy

A promising application for anisometric drug carriers is
inhalation therapy. For this type of therapy, the aerodynamic
radius of the anisometric particles is adjusted through their
shape, such that the drug carriers are deposited at specific
positions in the lung. From extensive experimental and
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theoretical studies relating to the inhalation of asbestos, the
way in which fibers are deposited in the lung as a function of
their axial ratio, length, radius, density, and surface structure
is well-known.[462,463] This knowledge can be used for the
development of strategies to place fiber drug carriers at
specific positions in the lung for locoregional release. An
apparent advantage of anisometric over spherical particles is
that a significantly larger percentage of anisometric particles
remains in the lung after exhalation. Indications for treatment
with nanofiber systems are tumors, metastases, pulmonary
hypertension, and asthma. But these systems are also under
consideration for the administration of insulin and other
drugs through the lung. To control their aerodynamic radius,
the electrospun fibers must be shortened to certain axis ratios
(for example, by laser or mechanical cutting). The aerody-
namic radius can also be controlled through density; highly
porous fibers can be used for this purpose. Progress in
inhalation therapy mainly depends on finding polymer
systems that do not irritate the lung tissue. The polymer
systems should be biocompatible and water-soluble (for
example, PEO or biodegradable PLA).

Anisometric carrier systems offer manifold possibilities
for the transition from systemic to locoregional treatment (for
example, the implantation of nanofibers under the skin).
Fibers with antimicrobial[464] or antifungal[465] properties are
examples of such systems.

7. Outlook

The results described herein demonstrate the great
potential of electrospinning in fundamental and application-
oriented research. In addition to general investigations on the
theory and optimization of the electrospinning process itself,
current research has also focused on many specific aspects of
electrospinning, for instance, the structure formation of
crystallizable polymers, the aging phenomena of amorphous
polymers, and the structure formation (for example, crystal-
lization, phase separation, and orientation) and dynamics of
multiphase polymer systems (for example, blends and block
copolymers), polymer composites, and supramolecular poly-
mer systems (for example, dendrimers, liquid-crystalline
polymers, and graft copolymers). Although most of these
topics are of fundamental interest, they have, for the most
part, been studied only rudimentarily to date. In particular,
nanofiber systems with supramolecular structures on scales
larger than 10 nm should provide exciting prospects and could
afford entirely new structures with new properties. In the area
of composite formation, important questions remain with
respect to the incorporation of carbon nanotubes (does
orientation occur?) and nanoparticles (do gradient structures
form?). Mainly technical polymers have used been for
electrospinning to date; in only a few cases have polymers
synthesized for specific morphologies or properties been
employed. Considerable room for experimentation remains.

Many investigations have dealt with the functionalization
and application of electrospun polymer fibers, especially in
the areas of medicine and pharmacology. Electrospun fibers
have been applied very successfully in the improvement of

filters for air filtration. Subsequent modification of electro-
spun fibers (for example, by coating) has led to a significant
expansion of the already broad scope of their applications.
The electrospinning of materials other than polymers has not
yet received much attention, although there have been some
promising approaches to this topic.

The sparsity of investigations on the efficiency of the
electrospinning process is surprising, because the technolog-
ical application of electrospun fibers is only possible if they
can be produced in sufficient amounts. Although the effi-
ciency of melt electrospinning should generally be much
higher than that of solution electrospinning, the melt electro-
spinning of technologically relevant polymers leads to fiber
diameters that are not competitive with those obtained by
other established methods (for example, melt blowing).
Recently developed methods for the oriented deposition of
electrospun fibers, for the fabrication and oriented deposition
of single polymer fibers, and for the production of electrospun
fibers with defined lengths will offer entirely new opportu-
nities for the realization of new properties and applications.
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