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Abstract
Despite its long history and some preliminary work in tissue engineering nearly 30 years ago, electrospinning has not gained widespread
interest as a potential polymer processing technique for applications in tissue engineering and drug delivery until the last 5e10 years. This re-
newed interest can be attributed to electrospinning’s relative ease of use, adaptability, and the ability to fabricate fibers with diameters on the
nanometer size scale. Furthermore, the electrospinning process affords the opportunity to engineer scaffolds with micro to nanoscale topography
and high porosity similar to the natural extracellular matrix (ECM). The inherently high surface to volume ratio of electrospun scaffolds can
enhance cell attachment, drug loading, and mass transfer properties. Various materials can be electrospun including: biodegradable, non-degrad-
able, and natural materials. Electrospun fibers can be oriented or arranged randomly, giving control over both the bulk mechanical properties and
the biological response to the scaffold. Drugs ranging from antibiotics and anticancer agents to proteins, DNA, and RNA can be incorporated
into electrospun scaffolds. Suspensions containing living cells have even been electrospun successfully. The applications of electrospinning in
tissue engineering and drug delivery are nearly limitless. This review summarizes the most recent and state of the art work in electrospinning and
its uses in tissue engineering and drug delivery.
� 2008 Elsevier Ltd. All rights reserved.
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1. Introduction
1.1. History of electrospinning
The process of using electrostatic forces to form synthetic
fibers has been known for over 100 years. This process, known
as electrospinning, utilizes a high voltage source to inject
charge of a certain polarity into a polymer solution or melt,
which is then accelerated toward a collector of opposite polar-
ity. As the electrostatic attraction between the oppositely
charged liquid and collector and the electrostatic repulsions
between like charges in the liquid become stronger the leading
edge of the solution changes from a rounded meniscus to
a cone (the Taylor cone). A fiber jet is eventually ejected
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from the Taylor cone as the electric field strength exceeds
the surface tension of the liquid. The fiber jet travels through
the atmosphere allowing the solvent to evaporate, thus leading
to the deposition of solid polymer fibers on the collector. Fi-
bers produced using this process typically have diameters on
the order of a few micrometers down to the tens of nanome-
ters. The capacity to easily produce materials at this biological
size scale has created a renewed interest in electrospinning for
applications in tissue engineering and drug delivery.

While electrospinning has proven to be a relatively simple
and versatile method for forming non-woven fibrous mats,
a number of processing parameters can greatly influence the
properties of the generated fibers. Early on, technical difficul-
ties relating to a number of these parameters prevented electro-
spinning from emerging as a feasible technique for spinning
small-diameter polymer fibers. It was not until 1934, when For-
mhals patented a process and an apparatus that used electric
charges to spin synthetic fibers, that electrospinning truly sur-
faced as a valid technique for spinning small-diameter fibers
[1]. The apparatus employed by Formhals utilized a movable
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thread-collecting device that collected fibers in a stretched
state, allowing for the collection of aligned fibers. Using this
apparatus, Formhals was able to successfully spin cellulose ac-
etate fibers using an acetone/alcohol solution as the solvent.

While Formhals’ invention did show significant improve-
ment over earlier electrospinning methods, there still existed
some disadvantages. Due to the close proximity of the collec-
tor to the charged polymer solution, the solvent could not
completely evaporate before the fiber jet reached the collector,
resulting in the formation of a loose web structure. Another
consequence of incomplete solvent evaporation was that the
fibers tended to stick to the collector as well as to each other,
making removal problematic. Thus, in a second patent For-
mhals detailed a new process in which a greater distance
was used between the spinning and collecting sites thus alle-
viating many of the problems seen with his earlier apparatus
[2]. In his second patent, Formhals also describes the use of
multiple nozzles for the simultaneous spinning of a number
of fibers from the same polymer solution as well as a means
to direct the fiber jets toward the collector. In 1940, Formhals
patented a new process in which a polymer solution was di-
rectly electrospun onto a moving base thread to generate com-
posite fibers [3].

Following the work of Formhals the focus turned to devel-
oping a better understanding of the electrospinning process;
however, it would be nearly 30 years before Taylor would pub-
lish work regarding the jet forming process. In 1969, Taylor
published his work examining how the polymer droplet at
the end of a capillary behaves when an electric field is applied
[4]. In his studies he found that the pendant droplet develops
into a cone (now called the Taylor cone) when the surface ten-
sion is balanced by electrostatic forces. He also found that the
fiber jet is emitted from the apex of the cone, which is one rea-
son why electrospinning can be used to generate fibers with di-
ameters significantly smaller than the diameter of the capillary
from which they are ejected. Taylor subsequently determined
that an angle of 49.3 degrees with respect to the axis of the
cone at the cone apex (or a cone angle of 98.6 degrees) is nec-
essary in order to balance the surface tension with the electro-
static forces by examining a variety of viscous fluids.

Shortly after Taylor’s work on the jet forming process was
published, interest shifted away from a fundamental under-
standing of the electrospinning process to a deeper understand-
ing of the relationships between individual processing
parameters and the structural properties of electrospun fibers.
In 1971, Baumgarten began to investigate the affect of varying
certain solution and processing parameters (solution viscosity,
flow rate, applied voltage, etc.) on the structural properties of
electrospun fibers [5]. In his studies, Baumgarten used a poly-
acrylonitrile/dimethylformamide (PAN/DMF) solution, which
was ejected from a metal capillary. Using a high-speed camera
he was able to determine that a single fiber was being drawn
from the electrically charged pendant drop. Using this system
he also discovered that fiber diameter had a direct dependence
on solution viscosity, with higher viscosities giving larger fiber
diameters. Furthermore, Baumgarten found that fiber diameter
does not monotonically decrease with increasing applied
electric field. Rather the fiber diameter decreases initially
with an increase in applied field reaching a minimum and
then diameter increases when the applied field is increased fur-
ther. By varying the solution and processing parameters he was
able to electrospin fibers with diameters ranging between 500
and 1100 nm. Approximately a decade after Baumgarten’s ini-
tial work, other work began to examine electrospinning of
polymer melts, which afforded new means of manipulating
the structural properties of the electrospun fibers. Larrondo
and Mandley were able to successfully electrospin fibers
from polyethylene and polypropylene melts [6,7]. Interest-
ingly, they found that fibers electrospun from a melt had rela-
tively larger diameters than fibers spun from a solution. They
also discovered that the fiber diameter is inversely related to
the melt temperature.

Around this same time period others were beginning to ex-
amine the potential applications of electrospun fibrous mats in
fields such as tissue engineering. In 1978, Annis and Bornat
published work examining electrospun polyurethane mats for
use as vascular prosthesis [8]. As early as 1985, Fisher and
Annis were examining the long-term in vivo performance of
an electrospun arterial prosthesis [9]. Despite these early
efforts to use electrospun fibrous mats in tissue engineering
applications, it would be nearly a decade before there would
be widespread interest in electrospinning as a polymer pro-
cessing method for applications in tissue engineering and
drug delivery.
1.2. Electrospinning process
The process of electrospinning, namely utilizing electro-
static forces to generate polymer fibers, traces its roots back
to the process of electrospraying, in which solid polymer drop-
lets are formed rather than fibers. In fact, a number of process-
ing parameters must be optimized in order to generate fibers as
opposed to droplets, and a typical electrospinning apparatus
can be used to form fibers, droplets, or a beaded structure de-
pending on the various processing parameters, such as distance
between source and collector. In recent work, a greater under-
standing of processing parameters has led to the formation of
fibers with diameters in the range of 100e500 nm, typically
referred to as nanofibers. The development of nanofibers has
led to resurgence in interest regarding the electrospinning pro-
cess due to potential applications in filtration, protective cloth-
ing, and biological applications such as tissue engineering
scaffolds, and drug delivery devices.

A typical electrospinning setup consists of a capillary
through which the liquid to be electrospun is forced; a high
voltage source with positive or negative polarity, which injects
charge into the liquid; and a grounded collector (Fig. 1). A sy-
ringe pump, gravitational forces, or pressurized gas are typi-
cally used to force the liquid through a small-diameter
capillary forming a pendant drop at the tip. An electrode
from the high voltage source is then immersed in the liquid
or can be directly attached to the capillary if a metal needle
is used. The voltage source is then turned on and charge is in-
jected into the polymer solution. Increasing the electric field
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Fig. 1. Schematic of a typical electrospinning system. A polymer solution is forced through a needle using a syringe pump. The needle is connected to a high

voltage DC supply, which injects charge of a certain polarity into the polymer solution. If the electrostatic force created by the repulsion of similar charges is

sufficient to overcome the surface tension of the polymer solution the Taylor cone is formed and a fiber jet is emitted from its apex. While the fiber jet is traveling

toward the grounded collector it undergoes a chaotic whipping instability. The fiber jet is then deposited on the collector, which can be rotating and translating as

depicted here.
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strength causes the repulsive interactions between like charges
in the liquid and the attractive forces between the oppositely
charged liquid and collector to begin to exert tensile forces
on the liquid, elongating the pendant drop at the tip of the cap-
illary. As the electric field strength is increased further a point
will be reached at which the electrostatic forces balance out
the surface tension of the liquid leading to the development
of the Taylor cone. If the applied voltage is increased beyond
this point a fiber jet will be ejected from the apex of the cone
and be accelerated toward the grounded collector.

While the fiber jet is accelerated through the atmosphere to-
ward the collector it undergoes a chaotic bending instability,
thereby increasing the transit time and the path length to the
collector and aiding in the fiber thinning and solvent evapora-
tion processes. Yarin et al. have suggested that this bending
instability is due to repulsive interactions between like charges
found in the polymer jet [10]. Doshi and Reneker had hypoth-
esized that charge density increases as the fiber jet thins, dra-
matically increasing radial charge repulsion which causes the
fiber jet to split into a number of smaller fibers when a critical
charge density is met [11]. However, in more recent studies
high-speed photography has been used to image the unstable
zone of the fiber jet, revealing that a whipping instability
causes the single fiber to bend and turn rapidly giving the im-
pression that the fiber is splitting [12,13].

The solid polymer fibers are then deposited onto a grounded
collector. Depending on the application a number of collector
configurations can be used, including a stationary plate, rotat-
ing mandrel, solvent (e.g. water), etc. Typically the use of a sta-
tionary collector will result in the formation of a randomly
oriented fiber mat. A rotating collector can be used to generate
mats with aligned fibers, with the rotation speed playing an
important role in determining the degree of anisotropy. Addi-
tionally, Liu and Hsieh found that both the conductivity and
the porosity of the collector play an important role in deter-
mining the packing density of the collected fibers [14]. Elec-
trospun cellulose acetate fibers were collected using copper
mesh, aluminum foil, water, and paper. The authors found
that non-conductive collectors yielded a more porous struc-
ture. They hypothesized that conductive collectors are able
to dissipate the residual charge of the fibers, while non-con-
ductive collectors lack this ability causing the collected fibers
to repel each other, thus decreasing the packing density. Addi-
tionally the authors found that more porous collectors resulted
in a lower fiber packing density. Furthermore, the geometry of
the collector can be selected based on the application so as to
form either a sheet or a tubular construct from the same elec-
trospinning setup merely by changing the collector. For exam-
ple, a 2-dimensional copper mesh can be used to form a sheet,
while a cylindrical, rotating mandrel can be used to form a tu-
bular scaffold. This ease of use and adaptability is one of the
main reasons for electrospinning’s renewed popularity.
1.3. Processing parameters
Despite electrospinning’s relative ease of use, there are
a number of processing parameters that can greatly affect fiber
formation and structure. Grouped in order of relative impact to
the electrospinning process, these parameters are applied volt-
age, polymer flow rate, and capillary-collector distance. Fur-
thermore, all three parameters can influence the formation of
bead defects.

1.3.1. Applied voltage
The strength of the applied electric field controls formation

of fibers from several microns in diameter to tens of nanome-
ters. Suboptimal field strength could lead to bead defects in the
spun fibers or even failure in jet formation. Deitzel et al.
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examined a polyethylene oxide (PEO)/water system and found
that increases in applied voltage altered the shape of the sur-
face at which the Taylor cone and fiber jet were formed
[15]. At lower applied voltages the Taylor cone formed at
the tip of the pendent drop; however, as the applied voltage
was increased the volume of the drop decreased until the Tay-
lor cone was formed at the tip of the capillary, which was as-
sociated with an increase in bead defects seen among the
electrospun fibers (Fig. 2).

Meechaisue et al. examined the affects of various solution
and processing parameters, including applied electric field
strength, on the morphology of electrospun poly(desaminotyro-
syl-tyrosine ethyl ester carbonate) (poly(DTE carbonate)) [16].
The authors examined the affect of varying the applied electric
field strength from 10 to 25 kV/10 cm for two poly(DTE car-
bonate) solutions with polymer concentrations of 15 and 20%
(w/v). For the 15% (w/v) poly(DTE carbonate) solution the au-
thors observed primarily beaded fibers when the applied elec-
tric field strength was below 20 kV/10 cm, while mostly
smooth fibers were obtained above this field strength. Increas-
ing the electric field strength from 10 to 15 kV/10 cm decreased
the bead density, while increasing the field strength from 20 to
25 kV/10 cm increased the average fiber diameter from 1.9 to
2.2 mm. The authors attribute the increase in fiber diameter
to the increase in the mass flow rate relative to the increase in
the electrostatic force. For the 20% (w/v) poly(DTE carbonate)
solution only smooth fibers were obtained at all electric field
strengths. Additionally, the average fiber diameter was found
to increase monotonically from about 2.5 mm at 10 kV/10 cm
to about 5.4 mm at 25 kV/10 cm, while the fiber density mono-
tonically decreased over this same range. Based on the work by
Deitzel et al., Meechaisue et al. and others it is evident that
there is an optimal range of electric field strengths for a certain
polymer/solvent system, as either too weak or too strong a field
will lead to the formation of beaded fibers.

1.3.2. Flow rate
Polymer flow rate also has an impact on fiber size, and ad-

ditionally can influence fiber porosity as well as fiber shape.
Fig. 2. Effect of varying the applied voltage on the formation of the Taylor

cone. At relatively low applied voltages a pendant drop (depicted in light

gray) is formed at the tip of the capillary. The Taylor cone (depicted in dark

gray) then forms at the tip of the pendant drop. However, as the applied volt-

age is increased (moving from left to right) the volume of the pendant drop

decreases until the Taylor cone is formed at the tip of the capillary. Increasing

the applied voltage further results in the fiber jet being ejected from within the

capillary, which is associated with an increase in bead defects.
As a result of his work, Taylor realized that the cone shape
at the tip of the capillary cannot be maintained if the flow of
solution through the capillary is insufficient to replace the so-
lution ejected as the fiber jet [4]. Megelski et al. examined the
effects of flow rate on the structure of electrospun fibers from
a polystyrene/tetrahydrofuran (THF) solution [17]. They dem-
onstrated that both fiber diameter and pore size increase with
increasing flow rate. Additionally, at high flow rates significant
amounts of bead defects were noticeable, due to the inability
of fibers to dry completely before reaching the collector. In-
complete fiber drying also leads to the formation of ribbon-
like (or flattened) fibers as compared to fibers with a circular
cross section.

1.3.3. Capillary e collector distance
While playing a much smaller role, the distance between

capillary tip and collector can also influence fiber size by
1e2 orders of magnitude. Additionally, this distance can dic-
tate whether the end result is electrospinning or electrospray-
ing. Doshi and Reneker found that the fiber diameter
decreased with increasing distances from the Taylor cone
[11]. In another study, Jaeger et al. electrospun fibers from
a PEO/water solution and examined the fiber diameter as
a function of the distance from the Taylor cone [18]. They
found that the diameter of the fiber jet decreased approxi-
mately 2-fold, from 19 to 9 mm after traveling distances of 1
and 3.5 cm, respectively. Additionally, Megelski et al. were
able to notice the formation of a beaded morphology for elec-
trospun polystyrene fibers upon shortening of the distance be-
tween the capillary tip and the collector, which can be
attributed to inadequate drying of the polymer fiber prior to
reaching the collector [17].
1.4. Solution parameters
In addition to the processing parameters a number of solu-
tion parameters play an important role in fiber formation and
structure. In relative order of their impact on the electrospin-
ning process these include polymer concentration, solvent vol-
atility and solvent conductivity.

While a number of general relationships between process-
ing parameters and fiber morphology can be drawn (Table 1),
Table 1

Effects of electrospinning parameters on fiber morphology

Parameter Effect on fiber morphology

Applied voltage [ Fiber diameter Y initially, then [ (not monotonic)

Flow rate [ Fiber diameter [ (beaded morphologies occur if

the flow rate is too high)

Distance between

capillary and

collector [

Fiber diameter Y (beaded morphologies occur if

the distance between the capillary and collector

is too short)

Polymer concentration

(viscosity) [
Fiber diameter [ (within optimal range)

Solution conductivity [ Fiber diameter Y (broad diameter distribution)

Solvent volatility [ Fibers exhibit microtexture (pores on

their surfaces, which increase surface area)
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it is important to realize that the exact relationship will differ
for each polymer/solvent system. Depending on a number of
solution parameters very different results can be obtained us-
ing the same polymer and electrospinning setup. Thus, it is
difficult to give quantitative relationships that can be applied
across a broad range of polymer/solvent systems. This being
said, there are general trends which are useful when determin-
ing the optimum conditions for a certain system.

1.4.1. Polymer concentration
The polymer concentration determines the spinnability of

a solution, namely whether a fiber forms or not. The solution
must have a high enough polymer concentration for chain
entanglements to occur; however, the solution cannot be either
too dilute or too concentrated. The polymer concentration
influences both the viscosity and the surface tension of the so-
lution, both of which are very important parameters in the
electrospinning process. If the solution is too dilute then the
polymer fiber will break up into droplets before reaching
the collector due to the effects of surface tension. However,
if the solution is too concentrated then fibers cannot be formed
due to the high viscosity, which makes it difficult to control
the solution flow rate through the capillary. Thus, an optimum
Fig. 3. Effect of polymer concentration on fiber diameter. Fibers were electrospun

cohol) in 70:30 (v:v) 2-propanol: DI water. Top left: Fibers electrospun from a 5.5%

Bottom left: Fibers electrospun from an 11.5% (g/mL) solution. The following p

(þpolarity), flow rate: 3 mL/h, capillary-collector distance: approximately 25 cm.

and the polymer concentration is given. Note that the mean fiber diameter increase

ident that ribbon-like fibers are formed at higher concentrations (11.5%), which indi
range of polymer concentrations exists in which fibers can be
electrospun when all other parameters are held constant. Doshi
and Reneker, electrospun fibers from PEO/water solutions
containing various PEO concentrations and found that solu-
tions with viscosity less than 800 centipoises broke up into
droplets upon electrospinning while solutions with viscosity
greater than 4000 centipoises were too thick to electrospin
[11]. In many experiments it has been shown that within the
optimal range of polymer concentrations fiber diameter
increases with increasing polymer concentration (Fig. 3).
Megelski et al. found that by increasing the concentration of
polystyrene in THF the fiber diameter increased and the distri-
bution of pore sizes became narrower [17]. Deitzel et al. found
that fiber diameter of fibers electrospun from PEO/water solu-
tion were related to PEO concentration by a power law rela-
tionship [15].

1.4.2. Solvent volatility
Choice of solvent is also critical as to whether fibers are

capable of forming, as well as influencing fiber porosity. In or-
der for sufficient solvent evaporation to occur between the
capillary tip and the collector a volatile solvent must be
used. As the fiber jet travels through the atmosphere toward
from solutions containing varying concentrations of poly(ethylene-co-vinyl al-

(g/mL) solution. Top right: Fibers electrospun from an 8.5% (g/mL) solution.

rocessing parameters were used for all experiments: applied voltage: 20 kV

In the bottom right panel the relationship between the average fiber diameter

s monotonically with increasing polymer concentration. Additionally, it is ev-

cates incomplete polymer drying. (Error bars represent the standard deviation.).
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the collector a phase separation occurs before the solid poly-
mer fibers are deposited, a process that is greatly influenced
by the volatility of the solvent. Megelski et al. examined the
structural properties of polystyrene fibers electrospun from
solutions containing various ratios of DMF and THF [17]. So-
lutions electrospun from 100% THF (more volatile) demon-
strated a high density of pores, which increased the surface
area of the fiber by as much as 20e40% depending on the fiber
diameter. Solutions electrospun from 100% DMF (less vola-
tile) demonstrated almost a complete loss of microtexture
with the formation of smooth fibers. Between these two ex-
tremes it was observed that pore size increased with decreased
pore depth (thus decreasing pore density) as the solvent vola-
tility decreased. As mentioned previously a phase separation
occurs as the polymer jet is traveling through the atmosphere.
This phase separation can be vapor-induced, which occurs
when non-solvent from the vapor phase penetrates the polymer
solution [17]. However, transport of the non-solvent into the
polymer solution is limited by the slow diffusion of the non-
solvent adjacent to the fiber surface. For very volatile solvents,
the region adjacent to the fiber surface can be saturated with
solvent in the vapor phase, which further limits the penetration
of non-solvent. This can hinder skin formation leading to the
development of a porous surface morphology.

1.4.3. Solution conductivity
Solution conductivity, while playing a lesser role, can influ-

ence fiber size within 1e2 orders of magnitude. Solutions with
high conductivity will have a greater charge carrying capacity
than solutions with low conductivity. Thus the fiber jet of
highly conductive solutions will be subjected to a greater ten-
sile force in the presence of an electric field than will a fiber jet
from a solution with a low conductivity. As would be ex-
pected, Baumgarten was able to show that the radius of the fi-
ber jet is inversely related to the cube root of the solution
conductivity [5]. Hayati et al. were able to show that highly
conductive solutions were extremely unstable in the presence
of strong electric fields, which led to a dramatic bending insta-
bility as well as a broad diameter distribution [19]. However,
semi-conducting and insulating liquids such as paraffinic oil
produced relatively stable fibers. Zhang et al. examined the af-
fect of adding ions to PVA/water solution on the diameters of
electrospun fibers [20]. By adding increasing concentrations of
NaCl (ranging from 0.05 to 0.2%) to the PVA/water solution,
the authors were able to decrease the mean fiber diameter from
214� 19 nm to 159� 21 nm. The authors attribute this de-
crease in the mean fiber diameter to the increased net charge
density imparted by the NaCl, which increased the electric
force exerted on the jet. The authors also determined that
the solution conductivity increased from 1.53 to 10.5 mS/cm
by increasing the NaCl concentration from 0.05 to 0.2%, fur-
ther strengthening their observations. Jiang et al. examined
whether or not bovine serum albumin (BSA) could be directly
incorporated into electrospun dextran fibers for potential drug
delivery or tissue engineering applications [21]. They ob-
served that adding 5% BSA decreased the mean fiber diameter
from approximately 2.5 mme500 nm. However, the viscosity
of the dextran solution was unchanged by the addition of up
to 10% BSA, indicating that the decrease in fiber diameter
was due to the increased net charge found in the polymer jets.
1.5. Types of electrospinning
In addition to adjusting solution or processing parameters,
the type of electrospinning process can greatly influence the
resulting product. This can include choices in nozzle configu-
ration (single, single with emulsion, side-by-side, or coaxial
nozzles), or solution vs. melt spinning.

1.5.1. Nozzle configuration
Depending on the application a number of nozzle configu-

rations have been employed. Perhaps the simplest and most
common configuration is the single nozzle technique. In this
configuration a charged polymer solution flows through a sin-
gle capillary (Fig. 1). This configuration is very versatile and
has been used to electrospin single polymer solutions [22] as
well as polymer blends out of polymers soluble in a common
solvent [23]. As an example, Qi et al. used a single nozzle con-
figuration with an emulsion to electrospin composite fibers
containing bovine serum albumin (BSA) loaded Ca-alginate
microspheres microencapsulated in poly(L-lactic acid)
(PLLA) fibers [24].

While electrospinning polymer blends is often desirable in
order to achieve the desired combination of properties, it may
not be possible using a single needle configuration if the poly-
mers of interest are not soluble in a common solvent. Thus, it
may be necessary to use a side-by-side configuration. In this
configuration two separate polymer solutions flow through
two different capillaries, which are set side-by-side (Fig. 4).
Gupta and Wilkes used a side-by-side configuration to electro-
spin bicomponent systems out of poly(vinyl chloride)/segmented
polyurethane and poly(vinyl chlorine)/poly(vinylidiene fluoride)
[25]. They observed that the solution conductivity plays a more
important role in the ability to form a single fiber jet under
a strong electric field in the side-by-side configuration. The
conductivity of the PVC solution was significantly higher
than either of the other two solutions, and thus two distinct
Taylor cones, one from each solution, were formed when sub-
jected to a strong electric field. The authors also demonstrated
that the ratio of the two components varies along the length of
the fiber, which they attributed to fluctuations of the jet on the
surface of the Taylor cone.

A relatively new nozzle configuration is the coaxial config-
uration, which allows for the simultaneous coaxial electrospin-
ning of two different polymer solutions. In this configuration
two separate polymer solutions flow through two different
capillaries, which are coaxial with a smaller capillary inside
a larger capillary (Fig. 4). This technique has received great
interest as of late due to its potential in drug delivery applica-
tions [26e33]. Using this nozzle configuration a smaller fiber
can essentially be encapsulated in a larger fiber leading to
what is known as a core-shell morphology. Using a coaxial
configuration, Townsend-Nicholson and Jayasinghe have dem-
onstrated the successful encapsulation of living cells within
RegenX Science Exhibit 1043 
Page 6



Fig. 4. (A) Schematic of side-by-side nozzle configuration. Two capillaries containing different polymer solutions are set side-by-side. As long as the two solutions

have similar conductivities a single Taylor cone will be developed and a fiber jet containing both polymers will be produced. However, the relative amounts of each

polymer can vary along the electrospun fiber. (B) Schematic of coaxial nozzle configuration. A smaller capillary is set inside a larger capillary such that the long

axes of the capillaries coincide. Different polymer solutions are passed through each capillary. At the tip of the capillaries the Taylor cone is formed and leads to the

formation of fibers in which one polymer fiber is encapsulated within another (known as a core-shell morphology).
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a poly(dimethylsiloxane) (PDMS) fiber [29]. Cell viability
throughout the process remained high, with approximately
67.6� 1.9% cells surviving the electrospinning process as
compared to 70.6� 5.0% for control cells. Additionally, elec-
trospun cells were reported to show no observable difference
in cell morphology or rate of growth between the electrospun
and control cells over the evaluated time period (6 days).
While the authors have demonstrated the feasibility of electro-
spinning living biosuspensions, more work is needed before
the true efficacy of such a technique for tissue engineering
applications can be determined, including preventing the loss
of cell encapsulation almost immediately after electrospin-
ning, maintaining long-term viability, as well as evaluating
nutrient and waste transport, and if relevant, degradation
characteristics.

In a drug delivery application, Zhang et al. demonstrated
encapsulation of a model protein, fluorescein isothiocyanate-
conjugated bovine serum albumin, along with poly(ethylene
glycol) (PEG) in poly(e-caprolactone) (PCL) fibers by using
a coaxial configuration [28]. The authors were able to demon-
strate that the resulting core-shell system greatly mitigated the
initial burst release associated with release from polymer/drug
blends, and had longer sustained release.

1.5.2. Solution vs. melt electrospinning
When electrospinning a polymer, typically one of two

methods can be used. The polymer can be dissolved in a suit-
able solvent and electrospun or the polymer can be directly
electrospun from a melt. In general, solution spinning results
in a greater range of fiber sizes, while melt spun fibers are typ-
ically limited to micron size or larger [6,7], however, there are
specific advantages and disadvantages to each method. Melt
electrospinning eliminates the need for harsh organic solvents,
which is ideal for scaled-up processes. However, melts must
be kept at elevated temperatures to be electrospun; whereas,
stable solutions can typically be electrospun at room tempera-
ture. Dalton et al. examined the melt electrospinning of block
copolymers of PEG and PCL at various molecular weights,
and determined that the optimum melt temperatures ranged
between 60 and 90 �C [34]. These higher temperatures may
preclude their use for tissue engineering or drug delivery ap-
plications. Using polymer melts also eliminates the problem
of inadequate solvent evaporation between the capillary tip
and the collector; however, the polymer must be able to cool
sufficiently over this distance in order to generate fibers with
a cylindrical morphology.
1.6. Electrospun fiber properties
The capacity to adjust fiber size is one of the strengths of
electrospinning since fibers with diameters in the nanometer
size range closely mimic the size scale of fibrous proteins
found in the natural extracellular matrix (ECM), such as colla-
gen. This ability of electrospun nanofibers to mimic the ECM
is vital as previous studies have shown that both the size scale
of the structure and the topography play important roles in cell
proliferation and adhesion, respectively [35e37]. Also, non-
woven fibrous mats comprised of nanofibers have a very
high fraction of surface available to interact with cells, which
make them ideal for cell attachment [38,39]. Additionally, the
porosity of electrospun mats aids in nutrient transport. How-
ever, many researches have encountered limitations with re-
gards to cell infiltration into nanofiber mats due to the
relatively small pores associated with such matrices. In order
to combat these limitations researchers have been examining
possible ways to engineer nanofiber mats with pores of
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a desired size, which would aid in cell infiltration and angio-
genesis allowing for incorporation of the nanofiber scaffold
into the surrounding tissue (see section 2.1.3).

While this review has primarily focused on the capacity to
change fiber size, there are a number of other physical proper-
ties which can be optimized and which play a critical role in
tissue engineering and drug delivery applications. This in-
cludes the development of beaded and core-shell structures,
which can potentially act as drug reservoirs, with ability to
mitigate the initial burst release as well as provide sustained
release. Nanofibrous mats have the potential to overcome
mass transfer limitations seen in other polymer drug delivery
systems due to their high surface to volume ratio. Additionally,
nanofiber systems can afford greater drug loading as compared
to other comparable techniques.

In addition to these physical properties, chemical proper-
ties, including degradation rate, and mechanical properties
should also be considered when optimizing electrospinning
processes.

2. Applications
2.1. Tissue engineering
Use of electrospun fibers and fiber meshes in tissue engi-
neering applications often involves several considerations, in-
cluding choice of material, fiber orientation, porosity, surface
modification and tissue application. Choices in materials in-
clude both natural and synthetic (biodegradable and non-
degradable) materials, as well as hybrid blends of the two,
which can provide an optimal combination of mechanical
and biomimetic properties. By varying the previously dis-
cussed processing and solution parameters the fiber orientation
(aligned vs. random) and porosity/pore size (cell infiltration)
of the electrospun scaffold can be controlled and optimized
for each individual application. After fabrication the surface
of the scaffold can be modified with a high density of bioactive
molecules due to the relatively high scaffold surface area. Due
to the flexibility in material selection as well as the ability to
control the scaffold properties, electrospun scaffolds have
been employed in a number of different tissue applications in-
cluding: vascular, bone, neural, and tendon/ligament.

2.1.1. Materials
When choosing a material for a tissue engineering applica-

tion it must meet a number of requirements. Most importantly
the material must be biocompatible, meaning that it induces an
appropriate response in the host organism. The requirements
of this response will vary from application to application;
however, toxicity, as well as inflammatory and possibly im-
mune responses should typically be minimized. Initial re-
search in biocompatibility relied upon the use of bioinert
materials, which attempted to reduce host specific interactions.
While processes such as protein adsorption and the inflamma-
tory response will occur to some degree with any implant, a bi-
oinert material will form no (or very little) specific interactions
with the surrounding environment, including the extracellular
fluid or surrounding tissues. Conversely, current research has
been investigating the incorporation of bioactive materials
which can intentionally interact with the biological environ-
ment and influence such things as cell function [40]. These
interactions are often accomplished through surface modifica-
tions allowing a large variety of synthetic, natural, or hybrid
materials to be used for electrospinning.

Within the subdivision of synthetic materials one can fur-
ther delineate between biodegradable and non-degradable ma-
terials. Biodegradable materials have been the more popular
choice due to the elimination of a second surgery to remove
the implanted scaffold [26,41e53]. Additionally, the rate of
degradation can be controlled to some extent to coincide
with the rate of new tissue formation, by altering parameters
such as polymer blends, and ratio of amorphous to crystalline
segments. Kim et al. demonstrated that the degradation rate
(via hydrolysis) of blends containing different ratios of PLA,
PLGA, PLA-b-PEG-b-PLA, and free lactide could be con-
trolled by varying the blend composition (thus altering the hy-
drophobicity/hydrophilicity) using an in vitro study [53].
Henry et al. developed and characterized a slowly degrading
biodegradable polyesterurethane, which they electrospun for
use as a tissue engineering scaffold [45]. The authors found
that by varying the relative amounts of the crystalline and
amorphous segments making up the polyesterurethane, as
well as the chemical composition of the amorphous segment,
they could control both the mechanical properties and the deg-
radation rate (via hydrolysis) of the scaffolds.

In addition to evaluating the degradation rate, the authors
also characterized changes in mechanical properties, molecu-
lar weight, surface morphology and cell interactions by con-
ducting an acellular, in vitro degradation study over a period
of 12 months using electrospun polyesterurethane (fiber diam-
eter: 3e10 mm, pore size: 10e100 mm). The ultimate tensile
strength decreased from an initial value of approximately
0.29 km to a value of approximately 0.03 km (an approximate
90% decrease) over the 12-month period, while over the same
period the modulus of elasticity decreased from an initial
value of approximately 19 km to a value of approximately
12 km (an approximate 41% decrease). It is important to
note that the reported values for the ultimate tensile strength
and the modulus of elasticity are given in units of kilometers.
This is in accordance with the units that are reported for tex-
tiles, and takes into account the fact that the electrospun
meshes have porous cross-sectional areas [45]. However, other
studies (utilizing different polymer systems) that have not used
this method have reported electrospun meshes with ultimate
tensile stresses and moduli of elasticity on the order of MPa
[54]. During the in vitro degradation study the elongation to
break also decreased from an initial value of approximately
470% to a value of approximately 20% (an approximate
95% decrease) over the 12-month period. The molecular
weight of the electrospun mesh decreased by 70% over the
12-month period. As the degradation period progressed micro-
pores appeared in the electrospun fibers, altering the surface
morphology. Furthermore, the diameters of the fibers de-
creased over the course of the degradation period. 3T3
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fibroblasts displayed an elongated bipolar morphology on the
electrospun mesh and were viable after 7 days of culturing in
vitro, demonstrating that the novel polyesterurethane was not
cytotoxic. While studies such as this stress the importance of
determining the degradation kinetics and mechanical proper-
ties of a scaffold electrospun out of a biodegradable material,
future work should examine these properties in greater detail.
It is imperative that the rate of degradation coincide with the
rate of new tissue formation. If the rate of degradation is too
slow then new tissue formation will be impeded; however, if
the rate of degradation is too fast then the mechanical stability
of the scaffold/developing tissue will be compromised. Addi-
tionally, degradation studies in vivo or at least in cell culture
must be conducted before any real conclusions regarding the
material’s degradation profile can be drawn. A non-cellular
degradation study examining the rate of hydrolysis of a mate-
rial is quite different from a study in which cells are attached
to the matrix and are able to secrete enzymes capable of de-
grading the scaffold.

Despite the popularity and apparent benefits of using biode-
gradable materials some research has examined the use of
non-degradable materials for applications in tissue engineering
[55,56]. Kenawy et al. successfully electrospun poly(ethylene-
co-vinyl alcohol) (EVOH) fibrous mats from 70% isopropanol/
water solution (rubbing alcohol) [56]. Furthermore, they were
able to demonstrate that these mats supported culturing of
smooth muscle cells and fibroblasts in vitro.

In order to more accurately mimic the natural ECM, re-
search has also examined the electrospinning of natural mate-
rials such as: collagen [57,58], chitosan [59], gelatin [60,61],
fibrinogen [62], chitin [63], and hyaluronic acid [64]. However,
these materials often lack the desired physical properties or are
difficult to electrospin on their own, which has led to the devel-
opment of hybrid materials, which consist of a blend of syn-
thetic and natural materials [23,65e74]. Stitzel et al.
examined the use of a hybrid blend of type I collagen (45%),
PLGA (40%), and elastin (15%) to form a vascular prosthesis
via electrospinning [23]. The addition of PLGA was shown
to improve mechanical properties such as burst strength and
compliance of the prosthesis as compared to scaffolds com-
posed solely of type I collagen and elastin (which are both
components of the natural ECM of blood vessel walls). The
burst pressure of the PLGA-containing prosthesis was deter-
mined to be approximately 1425 mmHg, or nearly 12 times
systolic pressure. Within the physiological pressure range the
diameter change was approximately 9% for native vessels
and approximately 12e14% for electrospun scaffolds, demon-
strating that the electrospun scaffolds have compliance similar
to that of native vessels. Thus, by using a hybrid blend of ma-
terials the authors were able to produce a scaffold possessing
tissue composition and mechanical properties similar to native
vessels. Park et al. examined the generation of novel biodegrad-
able scaffolds by electrospinning a hybrid blend consisting of
PGA and chitin [71]. Chitin has structural characteristics sim-
ilar to glycosaminoglycans (GAGs) found in the native ECM,
and has antithrombogenic and wound healing properties that
make its incorporation into electrospun scaffolds desirable
[75]. Additionally, chitin is more hydrophilic than PGA and
does not undergo degradation via hydrolysis as does PGA.
Park et al. observed that the degradation rate increased with in-
creasing chitin content [71]. They hypothesized that increases
in the content of hydrophilic chitin resulted in greater hydration
of the matrix leading to more rapid hydrolysis of the ester
bonds located in the PGA monomers. Thus, incorporation of
chitin in PGA matrices effectively accelerates degradation
and can effectively be used to control the degradation rate of
PGA/chitin scaffolds.

2.1.2. Fiber orientation
By using a stationary or rotating collector either randomly

oriented or aligned fibers can be formed, respectively. The de-
gree of anisotropy within an electrospun fibrous mat can
greatly affect not only the mechanical properties but also
cell adhesion, proliferation, and alignment. In many applica-
tions it is desirable to develop an aligned fibrous mat
[42,44,48,49,52,55,61,76,77]. For example, in designing scaf-
folds meant to replace highly oriented tissue such as the me-
dial layer of a native artery it is desirable to generate
aligned fibrous mats. In the medial layer both smooth muscle
cells and ECM fibrils are aligned circumferentially, which al-
lows for vasoconstriction and vasodilation in response to cor-
responding stimuli. Xu et al. developed an aligned nanofibrous
scaffold via electrospinning of a poly(L-lactate-co-e-caprolac-
tone) (P(LLA-CL)) (75:25) copolymer [52]. Using tissue cul-
ture polystyrene and solvent cast P(LLA-CL) films as controls,
the interaction of human coronary artery smooth muscle cells
with the various materials was examined in vitro. Smooth mus-
cle cells attached and migrated along the axis of the aligned
fibers (fiber diameter: 550� 120 nm). Furthermore, the pro-
teins comprising the cytoskeleton of the smooth muscle cells
were aligned parallel to the aligned fibers, demonstrating the
cells proclivity to organize along oriented fiber topography.
Additionally, smooth muscle cells were shown to have im-
proved adhesion and proliferation on the aligned nanofibrous
scaffold as compared to the plane polymer films. Schnell
et al. examined the ability of aligned nanofibrous scaffolds
to direct axonal outgrowth and glial cell migration in periph-
eral nerve regeneration [42]. In this study PCL and collagen/
PCL nanofibrous scaffolds were produced via electrospinning.
While both scaffolds were found to support oriented outgrowth
of axons and glial cell migration, the collagen/PCL blend was
found to give superior guidance of axons. These experiments
demonstrate potential applications in which it is desirable to
develop a nanofibrous scaffold containing aligned fibers
(with a high degree of anisotropy).

2.1.3. Porosity/pore size
Not only the density of pores but also fiber mat pore size

can play an important role in the ability of a cell to migrate
and infiltrate an electrospun scaffold. Depending on the poly-
mer/solvent system used and the various processing parame-
ters a number of different pore sizes can be obtained.
By using a theoretical model, Eichhorn and Sampson were
able to analyze how the mean pore radius is affected by
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such structural properties as fiber width and fiber density [78].
Utilizing a fiber density range of 0.9e1.7 g cm�3 and a poros-
ity range of 0.7e0.9 they were able to examine pore sizes for
typical nanofiber meshes prepared for tissue engineering appli-
cations. Using this model they were able to show that a mesh
comprised of fibers with diameters of approximately 100 nm
and a porosity of 80% will have pores with a mean radius
on the order of 10 nm for a given fiber and areal density. Inter-
estingly, the authors also demonstrated that for a given areal
density and porosity, the mean pore radius increases with in-
creasing fiber width. Such a finding produces an interesting
paradox. A great deal of research has focused on developing
fibers with ever smaller diameters, with the aim of increasing
surface area; however, decreasing the fiber diameter for a given
areal density and porosity will greatly limit the ability of cells
to infiltrate the scaffold material. Thus, a nanofiber mesh (with
fiber diameters less than 100 nm) will essentially behave as
a 2-dimensional sheet on which cells are able to migrate along
the surface, rather than a 3-dimensional scaffold that cells are
capable of infiltrating. Indeed, as Eichhorn and Sampson men-
tion, electrospun scaffolds are not truly 3-dimensional struc-
tures as the fiber axes may be inclined only a few degrees
with respect to the plane of the network. Rather, such scaffolds
can be thought of as layers of 2-dimensional networks stacked
upon one another, with the overall scaffold thickness depen-
dent upon the number of layers. However, it is important to
note that areal density increases with an increasing number
of layers, which will drastically reduce the mean pore radius.

Initially, small pore size was seen as a hindrance in many
situations; however, it can actually serve as an advantage in
applications where cell infiltration is unwanted. Round cells
with diameters on the order of 10 mm cannot fit in nanofiber
meshes with pores on the nanometer scale, making these
meshes particularly useful for barrier applications such as
skin and the endothelium. Due to this barrier property interest
in electrospun scaffolds for applications in tissue engineered
vascular grafts has grown significantly. An electrospun nano-
fiber scaffold can provide superior endothelial cell attachment
due to the large fraction of surface available for interacting
with cells. Additionally, due to its small pores the same scaf-
fold can prevent smooth muscle cell migration into the lumen
of the vessel, while still allowing sufficient transport for nutri-
ents and waste removal. A tissue engineered vascular graft is
one area where a 2-dimensional scaffold is ideal. While the
majority of the natural extracellular matrix is 3-dimensional,
the basal laminae that line all epithelial cell sheets and tubes
are essentially 2-dimensional mats with a thickness on the or-
der of 100 nm. As is the case with the basal lamina, the 2-di-
mensional nanofiber scaffold can act as a selective barrier to
the movement of cells, allowing for the formation of a conflu-
ent endothelium while preventing intimal hyperplasia. Pore
size can also be modified to allow for selective filtration of
macromolecules, which can be used to control transport of nu-
trients and waste products.

However, small pores are not advantageous for all applica-
tions. In more 3-dimensional scaffolds the cells must be able
to infiltrate deep into the scaffold, which requires pores of
adequate size (approximately 10 mm) to allow for cell migra-
tion. Li et al. were able to electrospin highly porous (approx-
imately 92%) nanofiber meshes composed of PLGA with
a pore diameter distribution ranging from 2 to 465 mm [54].
These meshes were composed of fibers with diameters be-
tween 500 and 800 nm. BALB/c C7 mouse fibroblasts were
shown to adhere to the nanofiber scaffold and proliferate in vi-
tro, with a 5-fold increase in cell population over a 10-day pe-
riod. Additionally, cells had begun to migrate through the
pores and grow under layers of the fiber network at day 3. It
is important to note that while fibers may arrange in a predom-
inately 2-dimensional manner, the developed pores are able to
form along any axis, which leads to the formation of a 3-di-
mensional cellular network. Other work has examined how
pore size distribution and pore density can be controlled in or-
der to facilitate cell infiltration. Nam et al. combined electro-
spinning with salt leaching to create deliberate delaminations,
which were connected by electrospun fibers [79]. Within these
delaminations cell density was as high as 70% and cells infil-
trated as far as 4 mm into the scaffold after 3 weeks of culture.
Pham et al. electrospun PCL microfibers and found that as the
fiber diameter was increased, the average pore size (with
values ranging from 20 to 45 mm) increased while porosity re-
mained constant [80]. In order to combine the nanometer size
scale of PCL nanofibers with the larger pores of the PCL mi-
crofibers they fabricated layered scaffolds by sequential elec-
trospinning. By varying the electrospinning time they could
control the thickness of the nanofiber layers. Using rat marrow
stromal cells they demonstrated that increasing the thickness
of the nanofiber layer decreased cell infiltration into the
scaffold.

As more and more research focuses on developing fibers
with smaller diameters in order to maximize surface area, it
is important to not overlook the importance of pore size.
The pore size of an electrospun scaffold will essentially dictate
whether it is viewed as a 2-dimensional mat or a 3-dimen-
sional scaffold by cells. Depending on the application either
might be desirable. Additionally, the ability to engineer scaf-
folds with a desired pore size distribution may allow for the
use of nanofibrous scaffolds without limiting cell infiltration,
combining the advantages of both micro- and nanofibrous
scaffolds.

2.1.4. Surface modification
While the size scale and orientation of nanofibers can be

used to influence cell functions such as adhesion, prolifera-
tion, and migration, even greater enhancement over the con-
trol of cellular function can be achieved by attaching
bioactive molecules to the surface of the nanofibrous scaf-
fold. Various groups have examined the effects of attaching
different bioactive molecules: the short peptide sequence
RGD [40], gelatin [81], perlecan (a natural heparan sulfate
proteoglycan) [82], and acrylic acid [43]. Kim et al. exam-
ined the effects of grafting the short peptide sequence
GRGDY to nanofibrous scaffolds produced via electrospin-
ning of various PLGA/PLGA-b-PEG-NH2 blends containing
different ratios [40]. They observed that the RGD modified
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nanofibers demonstrated enhanced attachment, spreading,
and proliferation of NIH3T3 fibroblasts as compared to un-
modified nanofibers. Thus, the NIH3T3 fibroblasts were
forming specific interactions with the RGD peptides, indi-
cating that surface modification of nanofibrous scaffolds
with the RGD peptide can be used to further enhance cell
interactions with the scaffold. In another study, Ma et al.
examined the effects of covalently grafting gelatin to ran-
dom and aligned PCL nanofibers on endothelial cell (EC)
spreading and proliferation [81]. They observed that the
presence of gelatin increased both EC spreading and prolif-
eration as compared to unmodified PCL fibers. Thus, sur-
face modification of nanofibrous scaffolds can be used to
further enhance the interactions between cells and the scaf-
fold material.

2.1.5. Tissue applications
The process of electrospinning has been found to have

great potential in the engineering of a number of tissues in-
cluding: vasculature [23,52,83e87], bone [48,65,67,88e90],
neural [42,49], and tendon/ligament [91,92]. Electrospinning
has received great interest in the area of tissue engineered vas-
cular grafts due to the ability to form aligned scaffolds for
anisotropic mechanical and biological properties, as well as
the ability to prevent smooth muscle cell migration. However,
other research has examined how additional properties of elec-
trospun scaffolds can be used to improve upon current vascu-
lar grafts. Inoguchi et al. electrospun various tubular scaffolds
using poly(L-lactide-co-e-caprolactone) for applications as
tissue engineered vascular grafts [86]. By varying the wall
thickness they were able to create a more compliant scaffold
that was responsive to pulsatile flow, thus more accurately
mimicking a native artery. In a later experiment, Inoguchi
et al. utilized their previously developed compliant poly(L-lac-
tide-co-e-caprolactone) electrospun scaffold to examine hu-
man umbilical vein endothelial cell (HUVEC) attachment
under flow [84]. They demonstrated that gradually increasing
the shear stress from 3.2 to 19.6 dyn/cm2 over a 48-h period as
opposed to starting at a high shear stress (8.7 or 19.6 dyn/cm2)
markedly decreased the number of cells detaching from the
scaffold. The graded exposure to shear also resulted in highly
elongated cells, with their long axis aligned parallel to the di-
rection of flow. Preconditioning endothelial cells prior to im-
plantation is both beneficial and necessary as a confluent
endothelium is required in order to prevent thrombosis. Elec-
trospun scaffolds may provide even more beneficial results
due to their high fraction of available surface, which aids in
cell attachment. Further enhancement of cell attachment and
interaction with the scaffold can be achieved through surface
modification and inclusion of natural materials. He et al. ex-
amined the effects of electrospinning a collagen-blended
poly(L-lactic acid)-co-poly(e-caprolactone) (P(LLA-CL),
70:30) nanofiber scaffold on human coronary artery endothe-
lial cell (HCAEC) viability and attachment [87]. In an in vitro
study they demonstrated that incorporation of collagen was
able to enhance HCAEC viability, spreading, and attachment,
while also preserving the endothelial cell phenotype.
Another tissue for which electrospun nanofiber meshes
have emerged as potential scaffolds is bone. Thomas et al. ex-
amined the mechanical properties of aligned PCL electrospun
nanofiber meshes collected at different rotation speeds (0,
3000, and 6000 RPM) [48]. They observed that the nanofibers
became more aligned as the rotation speed increased. They
also observed that increasing the rotation speed had a signifi-
cant effect on the mechanical properties of both the individual
nanofibers and the bulk scaffold. The hardness and Young’s
modulus of individual fibers were found to decrease with in-
creasing rotation speeds. The authors attribute this decrease
in mechanical properties to a decrease in fiber crystallinity
at higher rotation speeds. However, due to the increased fiber
alignment seen at higher rotations speeds, the tensile strength
and modulus of the bulk scaffold along the axis of aligned fi-
bers increased with increasing rotation speed. The ultimate
tensile strength increased from 2.21� 0.23 MPa at a rotation
speed of 0 RPM to 9.58� 0.71 MPa at a rotation speed
of 6000 RPM. Similarly, the tensile modulus increased
from 6.12� 0.80 MPa at a rotation speed of 0 RPM to
33.20� 1.98 MPa at a rotation speed of 6000 RPM. Thus,
the authors were able to demonstrate that increasing fiber
alignment through the use of high collector rotation speeds
actually decreases the mechanical properties of individual fi-
bers, while improving the mechanical properties of the bulk
material.

Nie and Wang examined the release of DNA from electro-
spun scaffolds consisting of a blend of PLGA and Hydroxyl-
apatite (HAp) with various HAp contents (0%, 5%, and
10%) for bone tissue engineering applications [66]. DNA
was incorporated into the scaffolds in three ways: (1) naked
DNA, (2) adsorption of DNA/chitosan nanoparticles onto scaf-
folds after fiber fabrication by dripping, or (3) blending DNA/
chitosan nanoparticles with the PLGA/HAp solution prior to
electrospinning. They observed that higher HAp contents led
to faster DNA release for both free and encapsulated DNA.
This may be due to the hydrophilic nature of HAp, which
caused the DNA/chitosan nanoparticles to bind to HAp parti-
cles in the presence of dichloromethane during the emulsion
procedure. Not only would this increase encapsulation effi-
ciency, as was noted by the authors, but it would also increase
the release rate. As the HAp nanoparticles diffuse out of the
PLGA fibers they leave pores through which the DNA/chito-
san particles can easily diffuse through. Due to the fact that
the DNA/chitosan nanoparticles were associated with the
HAp particles during the electrospinning process they will
be in close proximity to the pores left behind by the HAp par-
ticles. The authors noted that encapsulated DNA/chitosan
nanoparticles enhanced transfection efficiency leading to
higher cell attachment and viability in an in vitro study.
Thus, the authors demonstrated that the encapsulation of
DNA/chitosan nanoparticles in PLGA/HAp electrospun scaf-
folds has the potential to augment bone tissue regeneration.

Electrospinning has also been investigated as a polymer pro-
cessing technique for neural tissue engineering applications.
The ability to electrospin nanofiber scaffolds that contain
aligned fibers has demonstrated great potential for guiding
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neurite outgrowth. Yang et al. examined the performance of
both aligned and random PLLA electrospun scaffolds for neu-
ral tissue engineering applications [49]. By varying the poly-
mer concentration from 1 to 5% w/w they were also able to
produce both nanofibers and microfibers, allowing them to ex-
amine the effects of both fiber alignment and fiber diameter on
the morphology, differentiation, and neurite outgrowth of neu-
ral stem cells (NSCs) in vitro. The authors observed that NSCs
oriented parallel to the aligned fibers, giving directed neurite
outgrowth. However, the NSCs cultured on random PLLA scaf-
folds did not show a directed orientation. NSCs cultured on
aligned nanofibrous scaffolds demonstrated the largest neurite
outgrowth with neurites as long as 100 mm after 2 days of cul-
ture. Neurite outgrowth was similar on the other scaffolds with
average neurite length ranging between 75 and 80 mm. Addi-
tionally, the authors observed that the rate of NSC differentia-
tion was faster on nanofibers as compared to microfibers,
independent of the fiber alignment. Due to the ability of the
aligned scaffolds to orient NSC elongation and neurite out-
growth as well as the ability of nanofibers to increase the rate
of differentiation of NSCs, the authors found the aligned nano-
fibrous scaffold to be ideal for neural tissue engineering appli-
cations, demonstrating that not only fiber alignment but also
fiber diameter can play an important role in determining the
viability of an electrospun scaffold.

One other area where electrospinning has recently received
attention as a possible polymer processing technique is for the
fabrication of scaffolds to be used in tendon and ligament re-
pair. Due to the relatively high tensile strength of tendon and
ligament, the deposition of a collagenous connective tissue
matrix is crucial for successful tissue reconstruction. Ouyang
et al. examined a knitted PLGA scaffold for applications in
tendon regeneration in adult female New Zealand White rab-
bits with 10 mm gap defects of the Achilles tendon [93].
They observed that the regenerated tendons contained collagen
type I and type III fibers as early as 2 weeks postimplantation.
Additionally, at 12 weeks postimplantation both the tensile
stiffness and modulus of the regenerated tendon were more
than 50% that of normal tendon, with even better results
achieved for scaffolds seeded with bone marrow stromal cells.
Despite these promising results, knitted scaffolds often require
gel systems for successful cell seeding, which may not be suit-
able for certain situations where the gel system is more prone
to dissociate from the knit scaffold. Thus, Sahoo et al. electro-
spun PLGA nanofibers onto a knitted PLGA scaffold in order
to provide a large area for cell attachment; thereby, removing
the need for a gel system for cell seeding [91]. The authors
then examined porcine bone marrow stromal cell attachment,
proliferation, and extracellular matrix synthesis on the electro-
spun/knit composite scaffold as compared to a knit PLGA
scaffold in which cells were immobilized using a fibrin gel.
They found that cell proliferation and cellular activity were
both increased in the electrospun/knit composite scaffold,
while the cell attachment was comparable between the two
scaffolds. Additionally, Lee et al. found that human ligament
fibroblasts synthesize significantly larger amounts of collagen
when they are seeded on aligned nanofibers as compared
to randomly oriented nanofibers [92]. Thus, electrospun nano-
fibrous scaffolds can be used not only to improve cell attach-
ment but also to increase cellular activity such as extracellular
matrix generation in tissue engineering scaffolds for tendon/
ligament repair.
2.2. Drug delivery
Electrospinning affords great flexibility in selecting mate-
rials for drug delivery applications. Either biodegradable or
non-degradable materials can be used to control whether
drug release occurs via diffusion alone or diffusion and scaf-
fold degradation. Additionally, due to the flexibility in mate-
rial selection a number of drugs can be delivered including:
antibiotics, anticancer drugs, proteins, and DNA. Using the
various electrospinning techniques a number of different
drug loading methods can also be utilized: coatings, embedded
drug, and encapsulated drug (coaxial and emulsion electro-
spinning). These techniques can be used to give finer control
over drug release kinetics.

2.2.1. Materials
When selecting a material to use in a drug delivery device

a number of requirements must be met. As with materials used
in tissue engineering applications, materials that undergo bio-
degradation are generally more popular due to the fact that
they eliminate the need for explantation. However, biodegrad-
able materials add an extra level of complexity to drug deliv-
ery devices as compared to non-degradable materials, which
tend to release drug primarily by diffusion. Generally it is de-
sirable to design a drug delivery device that gives controlled
release of the desired agent; however, this may be difficult if
the material begins degrading as the drug is being released.
In a biodegradable system the drug may be released by diffu-
sion as well as degradation of the material, which in some
cases can lead to dose dumping resulting in local drug concen-
trations reaching toxic levels. Thus, special care must be taken
to tailor both the release rate and the degradation rate if a de-
gradable material is to be used.

Chew et al. examined the release of b-nerve growth factor
(NGF) stabilized in BSA from a copolymer consisting of e-
caprolactone and ethyl ethylene phosphate (PCLEEP) [50].
Due to its relatively hydrophobic backbone, PCLEEP has
a slow degradation rate demonstrating a mass loss of approx-
imately 7% over a 3-month period. Using this system, Chew
et al. observed a sustained release of NGF over a period of
3 months. Due to the relatively small amount of mass loss
over this period they inferred that NGF release was occurring
primarily via diffusion, demonstrating that a biodegradable
system can be used to obtain a desirable release profile while
still eliminating the need for a second surgery for implant re-
moval. Kenawy et al. examined the release of tetracycline hy-
drochloride from electrospun mats composed of PLA,
poly(ethylene-co-vinyl acetate) (PEVA), and a 50:50 blend
of the two [94]. The electrospun mats were prepared by dis-
solving the polymer (14% w/v) and tetracycline hydrochloride
(5 or 25 wt%) in a chloroform/methanol solution, thus
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producing polymer fibers containing embedded drug. The au-
thors found that both polymer composition and drug loading
affected the rate of drug release with PEVA demonstrating
quicker release than either the 50:50 PEVA/PLA blend or
PLA. Additionally, the authors compared the release profile
obtained from electrospun mats to those obtained from corre-
sponding cast films. Due to their larger surface areas, electro-
spun mats tended to give greater release of drug than did the
corresponding films. Additionally, the electrospun PEVA and
50:50 PEVA/PLA mats gave a relatively smooth release over
a period of 5 days, while eliminating the initial burst seen
with the films.

2.2.2. Drugs/drug loading
Recent work has examined the possibility of using electro-

spun matrices as constructs for giving controlled release of
a number of drugs including antibiotics [95e97] and antican-
cer drugs [98,99]; as well as proteins [31,33,50,66] and DNA
[66,90,100] for applications in tissue engineering (Table 2).
Following an invasive surgery in a region such as the abdom-
inal wall, it is common to deliver antibiotics either systemi-
cally or locally in order to prevent infection at the surgery
site. While infection is a potential complication with any sur-
gery, one of the main complications encountered at the abdom-
inal wall postsurgery is the formation of fibrotic bands linking
separate surfaces in the peritoneal cavity, known as abdominal
adhesion. Additionally, previous work has indicated that the
formation of abdominal adhesions can be increased by certain
bacteria [95]. Thus, while the most promising technique for
preventing abdominal adhesion postsurgery remains the use
of a physical barrier to separate the injured site from the adja-
cent tissues, incorporation of antibiotics has also shown prom-
ise. A scaffold that is capable of providing barrier function
along with controlled delivery of a substantial amount of anti-
biotic could potentially decrease the frequency and severity of
abdominal adhesion formation postsurgery.

Due to the ability to fabricate scaffolds containing pores on
the nanometer size scale, which can either limit or eliminate
cell migration; as well as scaffolds with inherently high sur-
face area, which allows for high drug loadings and the ability
to overcome mass transfer limitations associated with other
polymeric systems, electrospun matrices are able to meet
both requirements of barrier function and drug delivery neces-
sary to prevent abdominal adhesion. Bolgen et al. examined
the potential of PCL electrospun mats loaded with a commer-
cial antibiotic (Biteral�) for preventing abdominal adhesion
following surgery in a rat model [95]. PCL (13% w/v) in chlo-
roform/DMF (30:70) was initially electrospun to form a non-
woven fibrous mat, which was then covered with a solution
of Biteral�. Thus, drug loading was achieved by absorption
of the Biteral� solution into the electrospun mat and drug
was only located at the surfaces of the electrospun fibers. In
vitro release studies demonstrated that nearly 80% of the
drug was released after the first 3 h, with complete release oc-
curring after almost 18 h. The authors suggest that this rapid
burst release of drug is advantageous as most infections occur
within a few hours after surgery. Adhesion was then examined
in vivo using a rat model with defects in the abdominal wall in
the peritoneum. A control containing no scaffold was exam-
ined along with electrospun PCL mats with or without antibi-
otic. The authors found that both the extent and tenacity of
abdominal adhesions was reduced using the antibiotic contain-
ing electrospun PCL mat as compared to the control and the
unloaded PCL mat. Additionally, the antibiotic containing
electrospun PCL mat seemed to improve and accelerate the
healing process as compared to the control and the unloaded
PCL mat. However, the authors noted that the electrospun
mats degraded much slower than the rate of the healing pro-
cess, indicating that the fiber diameter must be reduced and
lower molecular weight polymer must be used in order to tai-
lor the degradation rate to the healing rate in vivo. Thus, anti-
biotic loaded electrospun scaffolds have potential applications
in reducing abdominal adhesion postsurgery.

Kim et al. examined the controlled release of a hydrophilic
antibiotic (Mefoxin�) from electrospun PLGA and PLGA/
PEG-b-PLA/PLA (80:15:5 by wt%) mats, but used a different
method of drug loading than that found in Bolgen et al. [97].
Rather than absorbing the antibiotic onto the scaffold after
electrospinning, Kim et al. dissolved both the polymer and
the antibiotic in DMF prior to electrospinning, giving antibi-
otic embedded within the electrospun fibers. The authors ob-
served that the drug loading affected the morphology of the
electrospun fibers, with solutions containing no drug giving
a bead-and-string morphology and solutions containing
5 wt% drug giving a completely fibrous structure. Additionally,
the average fiber diameter decreased from 360� 220 nm
(without drug) to 260� 90 nm (with 5 wt% of drug). The au-
thors attribute this change in morphology and fiber diameter
to the increased conductivity of the solutions containing
drug. The authors also verified that the structure of the drug
was unchanged by the electrospinning process using both
UVevis and 1H NMR analysis, demonstrating that the antibi-
otic retained its bioactivity. An in vitro drug release study was
conducted and demonstrated that the PLGA/PEG-b-PLA/PLA
blend gave a more sustained release than did the PLGA mat.
The authors suggest that due to the high ionic strength of the
drug and the minimal physical interactions between the poly-
mer and the drug in the PLGA system, the drug is primarily
located at the surface of the fibers. However, incorporating
the amphiphilic PEG-b-PLA block copolymer allows some
of the hydrophilic antibiotic to be embedded in the polymer
nanofibers. Additionally, electrospun PLGA and PLGA/PEG-
b-PLA/PLA mats containing 5 wt% antibiotic both demon-
strated greater than 90% inhibition of Staphylococcus aureus
growth. Thus, the authors demonstrated that antibiotic loaded
electrospun mats can be used to effectively reduce infection;
however, careful attention must be paid to polymer composi-
tion as it can affect drug loading and consequently the drug
release profile.

One of the largest areas of research within the drug delivery
field is the targeted and controlled delivery of anticancer
drugs. Electrospun mats have the ability to overcome drug
loading limitations seen with other drug delivery devices,
such as micelles and liposomes, currently used for targeting
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Table 2

Electrospun polymers for drug delivery and tissue engineering applications

No. Polymer Solvent Fiber diameter Nozzle

configuration

Application (cell type/drug) Ref.

General tissue engineering (T.E.)

1 Poly(e-caprolactone) (a) Chloroform and methanol 2e10 mm Single nozzle General T.E. (rat marrow stromal cells) [80]

(b) Chloroform and DMF w600 nm

2 (a) Poly(e-caprolactone) (core) (a) Chloroform and DMF 500e900 nm Coaxial General T.E. (none used) [27]

(b) Zein (shell) (b) DMF

3 (a) Poly(e-caprolactone) (core) (a) 2,2,2-trifluoroethanol w513 nm Coaxial General T.E. (human dermal fibroblasts) [32]

(b) Collagen (shell) (b) 2,2,2-trifluoroethanol

4 Poly(D,L-lactic-co-glycolic acid)

and PLGA-b-PEG-NH2

DMF and THF 449e1312 nm Single nozzle General T.E. (NIH3T3 fibroblasts) [40]

5 Poly(D,L-lactide-co-glycolide) DMF and THF 500e800 nm Single nozzle General T.E. (human mesenchymal stem

cells and BALB/c C7 mouse fibroblasts)

[78]

6 Poly(ethylene glycol-co-lactide) DMF and acetone 1.25e4.25 mm Single nozzle General T.E. (none used) [41]

7 Poly(ethylene-co-vinyl alcohol) 2-propanol and water 0.2e8.0 mm Single nozzle General T.E. (human aortic smooth muscle

cells and human dermal fibroblasts)

[55]

8 Collagen HFP 180e250 nm Single nozzle General T.E. (rabbit

conjunctiva fibroblasts)

[56]

9 Collagen HFP 100e730 nm Single nozzle General T.E. (aortic smooth muscle cells) [57]

10 (a) Collagen (a) HFP and acetic acid 3e6 mm Single nozzle General T.E. (human osteosarcoma cells) [82]

(b) Gelatin (b) HFP 2e6 mm

11 Gelatin 2,2,2-trifluoroethanol 0.29e9.10 mm Single nozzle General T.E. (none used) [60]

12 Fibrinogen HFP and 10X minimal

essential medium

0.12e0.61 mm Single nozzle General T.E. (neonatal rat

cardiac fibroblasts)

[61]

13 Poly(glycolic acid) and chitin HFP 130e380 nm Single nozzle General T.E. (normal human

epidermal fibroblasts)

[70]

14 Collagen and Poly(ethylene oxide) 10 mM HCl (pH 2.0) 100e150 nm Single nozzle General T.E. (none used) [72]

15 Poly(DTE carbonate) DCM 1.9e5.8 mm Single nozzle General T.E. (NIH3T3 (mouse embryo

fibroblasts), MCF-7 (human mammary

carcinoma), PC-12 (rat adrenal

pheochromocytoma) and KB

(KB/HeLa; human cervical carcinoma))

[16]

Vascular T.E.

1 Poly(e-caprolactone) Chloroform and DMF 0.2e1 mm Single nozzle Vascular T.E. (human coronary

artery endothelial cells)

[81]

2 Poly(D,L-lactide-co-glycolide),

collagen, and elastin

HFP 720� 350 nm Single nozzle Vascular T.E. (bovine endothelial

and smooth muscle cells)

[23]

3 Poly(L-lactide-co-e-caprolactone) Acetone 200e800 nm Single nozzle Vascular T.E. (human coronary

artery smooth muscle cells)

[52]

4 Poly(L-lactide-co-e-caprolactone) HFP 799e820 nm Single nozzle Vascular T.E. (human umbilical

vein endothelial cells (HUVECs))

[84]

5 Poly(L-lactide-co-e-caprolactone) HFP 700e800 nm Single nozzle Vascular T.E. (none used) [86]

6 Poly(L-lactide-co-e-caprolactone)

and collagen

HFP 100e300 nm Single nozzle Vascular T.E. (human coronary

artery endothelial cells (HCAECs))

[87]

7 Poly(propylene carbonate) Chloroform w5 mm Single nozzle Vascular T.E. (rat bone marrow

mesenchymal stem cells)

[85]

Neural T.E.

1 (a) Poly(e-caprolactone) (a) Chloroform and methanol 559� 300 nm Single nozzle Neural T.E. (DRG explants, dissociated

DRG, Schwann cells, olfactory

ensheathing cells, and fibroblasts)

[42]

(b) Poly(e-caprolactone)

and collagen

(b) HFP 541� 164 nm

2 Poly(L-lactic acid) DMF and DCM 300e3500 nm Single nozzle Neural T.E. (mouse neural stem cells) [49]

Bone T.E.

1 Poly(L-lactic acid) and

hydroxylapatite

DCM and 1,4-dioxane w313 nm Single nozzle Bone T.E. (MG-63 osteoblasts) [64]

Skin T.E.

1 Chitin HFP 0.163e8.77 mm Single nozzle Skin T.E. (normal human oral keratinocytes,

normal human epidermal keratinocytes, and

normal human gingival fibroblasts)

[62]

Drug delivery systems (D.D.S.)

1 (a) Poly(e-caprolactone) (shell) (a) 2,2,2-trifluoroethanol 270e380 nm Coaxial D.D.S. (fitcBSA) [28]

(b) Poly(ethylene glycol) (core) (b) Water

(continued on next page)
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Table 2 (continued )

No. Polymer Solvent Fiber diameter Nozzle

configuration

Application (cell type/drug) Ref.

2 (a) Poly(e-caprolactone) and

poly(ethylene glycol) (shell)

(a) Chloroform and DMF 1.1e5.7 mm Coaxial D.D.S. (BSA) [31]

(b) Dextran (core) (b) Water

3 (a) Poly(e-caprolactone) (shell) (a) Chloroform and DMF 545e774 nm Coaxial D.D.S. (BSA and lysozyme) [33]

(b) Poly(ethylene glycol) (core) (b) Water

4 Poly(e-caprolactone-co-ethyl

ethylene phosphate)

DCM and PBS 0.46e5.01 mm Single nozzle D.D.S. (b-nerve growth factor and BSA) [50]

5 Poly(D,L-lactic-co-glycolic acid),

PEG-b-PLA, and PLA

DMF 260e360 nm Single nozzle D.D.S. (Mefoxin�, cefoxitin sodium) [98]

6 Poly(D,L-lactic-co-glycolic acid) DCM 0.03e10 mm Single nozzle D.D.S. (Paclitaxel) [100]

7 Poly(L-lactide-co-glycolide) and

PEG-PLLA

Chloroform 690e1350 nm Single nozzle D.D.S. (BCNU) [99]

Abbreviations: T.E.: tissue engineering; D.D.S.: drug delivery systems; DMF: N,N-dimethylformamide; THF: tetrahydrofuran; DCM: dichloromethane; HFP:

1,1,1,3,3,3-hexafluoro-2-propanol; PBS: phosphate buffered saline; HCl: hydrochloric acid; BSA: bovine serum albumin; and DRG: dorsal root ganglia.
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tumors. Xu et al. examined the incorporation of the anticancer
drug BCNU into electrospun PEG-PLLA mats [98]. Both the
polymer and the BCNU were dissolved in chloroform and
electrospun, giving BCNU embedded in the PEG-PLLA fibers.
The authors used an environmental scanning electron micro-
scope with an EDS accessory to demonstrate that uniform fi-
bers with relatively smooth surfaces were obtained as well
as a uniform drug distribution. The average fiber diameters de-
pended on drug loading with values ranging from 690 to
1350 nm for drug loadings of 5 and 30 wt%, respectively.
Both the release rate and the initial burst release increased
with increasing BCNU loading. The effect of BCNU release
from electrospun PEG-PLLA mats on the growth of rat Gli-
oma C6 cells was also examined. While unloaded PEG-
PLLA fibers did not have any affect on cell growth, BCNU
loaded PEG-PLLA mats exhibited anticancer activity over
a period of 72 h, while free BCNU began to lose its anticancer
activity after 48 h. Thus, by embedding the drug in the poly-
mer fibers the authors were able to protect it from degradation
and preserve its anticancer activity. Additionally, the authors
were able to effectively control the release rate of BCNU
from the electrospun mats by altering the drug loading.

Xie and Wang also examined the treatment of C6 gliomas;
however, they used an electrospun PLGA mat to encapsulate
the anticancer drug Paclitaxel [99]. By varying the processing
parameters they were able to produce fibers with average di-
ameters ranging from the tens of nanometers to 10 mm. Fibers
with diameters around 30 nm were obtained after adding the
organic salt tetrabutylammonium tetraphenylborate (TATPB),
which increased the conductivity of the solution. SEM images
indicated that electrospun fibers had porous surfaces with pore
size depending on the solution flow rate. The authors also de-
termined that encapsulation efficiency of the Paclitaxel loaded
electrospun PLGA mats was more than 90%. An in vitro drug
release study demonstrated controlled release from both
PLGA nano- and microfibers over a period of 61 days. Nano-
fibers had a faster release rate, releasing approximately 80% of
the drug over the 61-day release period as compared to ap-
proximately 60% for the microfibers. Additionally, the release
rates for both systems (nano and micro) were nearly linear
with respect to the square root of time, indicative of first order
kinetics. An in vitro cytotoxicity study demonstrated that de-
pending on the drug loading, up to 70% of C6 Glioma cells
could be killed after 72 h.

While drug delivery is often associated with the delivery of
therapeutic agents for the treatment of some disease state such
as cancer, it can also apply to the delivery of bioactive agents
such as proteins and DNA for tissue engineering applications.
While the size scale and topography of electrospun nanofibers
can help aid in cell attachment and proliferation due to their
close approximation to the extracellular matrix, the ability to
control the spatial and temporal delivery of bioactive agents
can further augment the scaffolds ability to promote cell attach-
ment, proliferation, and differentiation. Jiang et al. used a coax-
ial electrospinning setup to fabricate biodegradable core-shell
fibers with PCL as the shell and BSA containing dextran as
the core [31]. Both BSA loading and its release rate could be
controlled by varying the feed rate of the inner solution, with
higher feed rates giving higher BSA loading and accelerated re-
lease. Addition of PEG to the shell was used to further control
the release rate, and was shown to increase release of BSA. By
varying the inner solution feed rate as well as the PEG content
of the shell the authors were able to vary the release period
from 1 week to approximately 1 month. Liang et al. examined
the incorporation of DNA into electrospun PLGA scaffolds
[100]. Plasmid DNA was condensed in a poor solvent mixture,
and was then encapsulated in micelles composed of a triblock
copolymer (PLAePEGePLA) giving encapsulated DNA
nanoparticles. The micelles were then dissolved in a solution
of DMF with PLGA and electrospun, resulting in the formation
of PLGA fibers containing encapsulated DNA nanoparticles.
The DNA was encapsulated in the PLAePEGePLA triblock
copolymer in order to protect it from degradation during elec-
trospinning with the PLGA copolymer. An in vitro release
study demonstrated that approximately 20% of the encapsu-
lated DNA was released after a period of 7 days. Additionally,
the authors also examined the encapsulation of DNA in
PLGA fibers without first forming protective micelles using
the PLAePEGePLA triblock copolymer. MC3T3 cells
demonstrated no transfection when the PLGA/DNA system
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(without the PLAePEGePLA triblock copolymer) was used.
However, the PLGA/PLAePEGePLA/DNA system did dem-
onstrate some limited transfection. The authors attribute the
lack of transfection in the system without the PLAePEGe
PLA triblock copolymer to degradation of the DNA during
the electrospinning process. This paper demonstrates the im-
portance of protecting biological agents that are incorporated
into electrospun scaffolds. Special care must be taken to ensure
that the agents will retain their bioactivity.

3. Conclusions

In recent years electrospinning has gained widespread in-
terest as a potential polymer processing technique for applica-
tions in drug delivery and tissue engineering. This renewed
interest can be attributed to electrospinning’s relative ease of
use, adaptability, and the ability to fabricate fibers with diam-
eters on the nanometer size scale. While much has been
learned about the electrospinning process over its long history,
researchers are still gaining new insights and developing new
ways of utilizing this technique for tissue engineering and
drug delivery applications. The development of new nozzle
configurations has led to the development of fibers with
a core-shell morphology, which have shown promise in pro-
viding sustained drug release as well as in mitigating the initial
burst release seen with polymer/drug blends. The development
of new collectors has demonstrated the importance in choosing
the correct collector properties in order to obtain the desired
scaffold properties (e.g. pore size and fiber density). Addition-
ally, different collectors can be used to control not only the
scaffold geometry but also the fiber alignment, which can be
used to control the mechanical properties as well as the biolog-
ical response to the scaffold. Research has shown that surface
modification of electrospun fibers can be used to further en-
hance the scaffold’s interaction with cells in tissue engineering
applications. The ability to electrospin synthetic (biodegrad-
able or non-degradable), natural, and hybrid materials allows
for precise tailoring of the scaffold properties to the desired
application, and new materials are constantly being electro-
spun. While electrospinning has emerged as a viable polymer
processing technique for applications in drug delivery and tis-
sue engineering, its true potential has yet to be realized. In the
future it is important that research focuses on gaining a better
fundamental understanding of the electrospinning process, but
even more importantly on how this technique can be used as
a tool in developing new systems for drug delivery and tissue
engineering. In this review the most recent and state of the art-
work in electrospinning for applications in tissue engineering
and drug delivery have been briefly discussed with the hope
that this information will help researchers plan and conduct fu-
ture research in the field of electrospinning.
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