ABSTRACT
SUN, XIAO‐YU. Concurrent and Sequential Surface Modification of Electrospun Polymer
Micro/Nano‐Fibers. (Under the direction of Prof. Richard J. Spontak.)
Surface modification of nano‐fibers with bioactive functional groups has become an
arresting research area in recent decades, which provides possibility for the invention of
bioactive materials for textiles and biomedical applications e.g. tissue engineering. The
major objective of this research is to develop a novel single‐step processing route for the
production of synthetic fibers possessing specific bioactive surface functionalities at
nano/submicron scale. Unlike traditional sequential surface modification of nanofibers,
sequence‐defined oligo‐peptide that carries biofunctionality was synthesized separately
before incorporated onto the electrospun fibers as surface functionalities by a single‐step
spinning process, so as to avoid the effect from chemical synthesis on fiber processing. As
one of the most widely‐used technologies for the production of polymeric nanofibers,
electrospinning was chosen to achieve the single‐step surface modification. Conventional
homopolymer in conjunction with the biofunctional oligopeptide‐incorporated block
copolymer were co‐electrospun. Nanofibers at submicron scale with surface enrichment of
block copolymer were achieved due to phase separation caused by polarizability difference
under static electric field. The surface segregation of peptide block was proved by the
nitrogen enrichment measured from X‐ray Photoelectric Spectroscopy (XPS). The proposed
mechanism is discussed based on mainly the model homopolymer system of polyethylene
oxide (PEO), and extended to the ternary polymer blends composed of thermoplastic
polymethyl methacrylate (PMMA), PEO and block copolymer. The surface modification
technique introduced deep insight into the electrospinning process with its effect to the
polymer blends microphase separation, and leads to a promising perspective for
biomaterial engineers to produce nanofibers with certain surface bio‐functional groups.
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CHAPTER I

Structure, Processing, & Properties of Polymer Nanofibers for Emerging
Technologies
1

INTRODUCTION TO NANOFIBERS
In the history of material science research, for application purposes research interests

of polymeric material physics have been focusing mainly on how to manipulate the material
properties at macro‐ or micro‐scale. Whereas in the recent decades, the “nano‐scale”
popped out, and in between of micro‐ and molecular scale of the macromolecular materials,
has become a hot spot along with the emerging needs for the design of multifunctional
environmentally‐, chemically‐ or biologically‐responsive nanocomposites for designing
microscale electronic, biological or catalytic devices. Among all the materials,
nanocomposites own the benefits of huge area‐volume ratio, nano‐scale phase separation
capability, and ideal modification of material properties due to the better mixing simply a
small enough size scale. Especially for nanofibers, due to the super high surface area and
porosity as high as 50~98%, nanofibers have become excellent candidates with the specific
nanostructure for applications in different areas including: biomaterial scaffolds as in vitro
extracellular matrix (ECM) in tissue engineering; carrier for controlled drug delivery; novel
textiles such as anti‐microbial sutures; wound healing dressing or chemical‐protective
military uniforms; ultrafiltration membranes; nanocomposites for material reinforcement;
and catalysts carrier etc. as will be elucidated in the “Application” section in detail.
The size scale of so‐called nanofibers is usually from sub‐micron down to several
nanometers. There are a lot of different types of methodology for the fabrication of
nanofibers, including molecular self‐assembly, anisotropic crystal growth, atomic deposition
and lithography, templating etc., and the most important, electrospinning. By applying the
electrostatic field to a polymer solution or melt jet, this seemingly simple process can create
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different forms of nanofiber mats with different nanostructures, e.g. non‐woven nanofiber
mats, aligned nanofiber yarns, nanofibers with core‐sheath structure, nanofibers with
biofunctionally modified surfaces, nano or submicron tubes, nanofibers with porous
surfaces, nanofibers with attached nano‐particles etc. Along with its versatility lies the best
virtue of this method: via electrospinning people can get nanofibers composed of almost all
kinds of organic and inorganic nanocomposites besides the single‐component nanofibers. A
great number of materials, including natural biopolymers such as DNA, synthesized polymer
blends, nanocomposites of ceramics, even metal‐oxides or carbon nanotubes have already
been fabricated into nanofibers from electrospinning.
By controlling the material components or processing parameters, different structures
and morphologies of the nanofibers can be achieved according to the design requirements.
Electron microscopy techniques such as scanning electron microscopy (SEM), transmission
electron microscopy (TEM), atomic force microscopy (AFM), confocal microscopy (CM) etc.
can be applied to observe the nanofiber morphology and topology or intrinsic
nanostructures e.g. core‐sheath structure, and fluorescence microscopy is widely used in
biomaterial related characterization since it can avoid damage to the living cell from strong
electron beams; Spectroscopy techniques such as X‐ray photoelectron spectroscopy (XPS),
X‐ray diffraction spectroscopy (XRD), Raman spectroscopy etc. can be applied to
characterize the chemical information of the nanofibers. Recently development of chemical
imaging by those spectroscopy methods has made the analysis of nanofibers even easier
and visualized.
In this chapter, we aim to include the information about every aspect of nanofibers,
especially polymeric nanofibers, as widely as possible. The size scale of nanofibers that we
are discussing is at the order from 10nm to 1μm, as is for most of the polymeric nanofibers.
Information about certain types of pertinent inorganic ceramic nanofibers will be partly
included as well, whereas more comprehensive knowledge about inorganic ceramic
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nanofibers especially carbon nanofibers and nanotubes can be found elsewhere in vast
amount of other publications. Introduction of the history, structure, processing or
characterization methodologies and applications of polymeric nanofibers in different
categories can be found in the following sections. Electrospinning will be emphasized as the
dominant technology among all nanofiber processing techniques due to its vast material
applicability and comparatively large fiber production scale. Other methods with
applications will as well be briefly introduced. Examples will be given along with directions
to more detailed and profound descriptions from related research groups and references.
2
2.1

PROCESSING
Overview of Nanofiber Processing
Conventionally, fibers or strands at millimeter or micron scale can be fabricated by

mechanical extrusion or spinning process. To obtain fibers at submicron down to
nanometer scale, innovative methods such as controlled one‐dimensional anisotropic
nucleation and crystallization growth (nanofibers with a diameter scale at the order of
1~100s nm), template synthesis (1~100s nm), molecular self‐assembly (1~10s nm), phase
separation (10s nm~1μm), and electrospinning (10nm~10μm) etc. have emerged in recent
decades 1‐3. Among all of these approaches, electrospinning has become the most powerful
technique that can fabricate versatile types of nanofiber or nanofiber composites in both
organic and inorganic categories at a relatively large mass production scale. Hence it will be
illustrated as the major technique for the manufacture of nanofibers in the next section.
Several other approaches and concepts are introduced here briefly at this point merely to
provide an overview of nanofiber processing.
Anisotropic crystallization growth can be applied to create one‐dimensional inorganic
nanorods or wires at the size scale of 1~100nm or higher, if needed. However only materials
possessing a natural and highly anisotropic crystal structure can be employed in this
method, such as poly(sulphur nitride) (SN)x and many inorganic minerals like chrysolite that
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exhibit a fibrous crystalline growth behavior. Chemical reactions such as sonochemical
approach are usually needed for the processing of these types of inorganic one‐dimensional
nanofiber growth. Xia and co‐workers created a series of inorganic nanowires with this
method and included their systematical research work in a vastly cited review paper 3.
When the crystallization growth is based on a template, it becomes template synthesis.
Template synthesis is another commonly‐used approach mostly to produce inorganic
nanofibers e.g. carbon nanotubes and nanofibers
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or conductive polyaniline (PANI)

5, 6

,

polypyrrole (PPy) 7 etc. Just as its name implies, a template is needed to generate the target
nanostructure in situ with its morphology complementary to the original template, and in
some cases be removed after the target nanostructure is formed. This approach is often
combined with other process such as chemical vapor deposition 8 or electrodeposition 9 in
order to grow the one‐dimensional nanostructure perpendicular to the template surface.
There are many other ways of template synthesis, most of which depend on the design of
the template. Xia and coworkers review of one‐dimensional nanostructures talked about
template synthesis extensively as well 3. Shankar and Raychaudhuri reviewd the fabrication
of multicomponent oxides 10.
Molecular self‐assembly is mostly applied in biological regime, including
intramolecular and intermolecular self‐assembly. It utilizes the non‐covalent chemical
interactions of molecules, such as hydrophobicity or hydrophilicity, hydrogen bonding,
electrostatic charge effects, van der Waals forces, and other special interactions like π‐π
interaction etc., of a certain part of the molecules, to form assembly multi‐molecular
complex structures. The intramolecular self‐assembly process is often reversible and
derived spontaneously from unorganized molecular mixture to form well‐defined secondary
or tertiary structures, most of the cases occurring in biological systems. A good example of
the intramolecular self‐assembly would be the “protein folding” behavior. The
intermolecular self‐assembly can either be spontaneously, or induced by environmental
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change such as solvent or temperature change under some circumstances, to form so‐called
“supramolecular assemblies”. The formation of micelles in solutions and quaternary
architectures formed by protein‐protein interactions can all be good examples of
intermolecular self‐assembly. The importance of supramolecular lies in creating biomimic
structures or designing coded structures for various application purposes in nanotechnology.
This method is comparatively new and becoming prosperous in recent decade. In 1987,
when Donald J. Cram, together with Jean‐Marie Lehn, Charles J. Pedersen was awarded
Nobel Prize in recognition of their contribution in the supramolecular chemistry. For the
purpose to produce biocompatible and biodegradable fibrous structures, molecular self‐
assembly has been extensively studied to produce scaffolds as extracellular environment for
tissue engineering. Amphiphilic peptide sequences
peptides

15

11‐14

and ionic self‐complementary

are often employed for creating the self‐assembling nano fibrous or tube

structures.
Phase separation is usually used to create porous foaming materials composed of
inorganic polymers. Whereas by controlling the gelation temperature, solvent, polymer
concentration etc. fibrous structure can be formed via this method as well. Smith and Ma
reported the thermally‐induced formation of poly(L‐lactic acid) (PLLA) fibrous matrix from
tetrahydrofuran (THF) solutions. They believed that the process occurred through spinodal
liquid‐liquid phase separation and consequential crystallization of the polymer‐rich phase by
taking five basic steps: “polymer dissolution, phase separation and gelation, solvent
extraction from the gel with water, freezing and freeze‐drying under vacuum” 16. The fiber
diameter is at 50~500nm scale, and the porosity of the three dimensional structure can be
as high as 98%. Yang et al. from Ramakrishna’s group as well achieved similar results of PLLA
nanofibrous structure from phase separation with the diameter of 50~350nm 17.
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2.2

Electrospinning Technology

2.2.1 History of Electrospinning
Although the research related to electrospinning technique was not blooming until
middle 1990s, the recognition of this process has been almost 100 years. The first person
who investigated the equilibrium of liquid charged with electricity, and provided the
concept of “Rayleigh instability” is Rayleigh at the end of 19th century

18

. Zeleny tried to

measure the electrical discharge from liquid points to a grounded metal plate, and
concluded that the charge on the liquid points is considerably smaller than on the metal
points 19, 20. In 1930s, a series of patents were issued to Formhals 21, 22. He tried to build up
an ideal electrospinning setup that could continuously generate electrospun yarns, and at
the same time renovated the setup to produce composite fiber webs in his later patents 23.
However, since the first electron microscope prototype was not created until 1933 by
German physicist Ernst Ruska (one of the two Nobel Prize winners in Physics because of his
contribution to EM in 1986) and Maximillion Knollin, due to the limitation of
characterization methods it was probably impossible for researchers to observe the
nanostructure image of electrospun fibers at that time.
Still, fundamental research about electrospinning was continued before practical
application demands emerged. Taylor studied the cone shape of polymer droplet with
different viscosity at the charged tip under electrostatic field, which was lately described as
a prerequisite for a stable electrospinning jet and named after him with “Taylor cone” by
following electrospinning researchers

24, 25

. At the same time, Simons applied for a patent

for his design of an apparatus to produce patterned non‐woven fabrics by “electrically‐spun
filaments” 26. With the evolution of characterization techniques of electron microscopy and
spectroscopy, from the early 1970s researchers were able to analyze the structural
morphology of electrospun fibers. Baumgarten produced acrylic microfibers by
electrospinning of acrylic resin with different concentrations in DMF solution 27. He tried to
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study the relationship between process parameters such as solution concentration, feeding
rate, and voltage with the fiber diameter, and as well took the “microflash” photographs of
the spinning jet at different conditions. Larrondo and Manley

28‐30

were the first to

electrospin polyethylene and polypropylene melts. It was as well believed that the liquid
jets were atomized under electrostatic field. Hayati and Bailey investigated the effects of
electric field on “electrohydrodynamics spraying” of liquids, and concluded that only
semiconductive liquid with a conductivity range of 10‐6~10‐8 (Ωm)‐1 can form a stable jet
with Taylor cone 31‐33.
With increased understanding of the potential applications in nanotechnology and
biotechnology, and the maturity of characterization methodology on almost every aspect of
nanostructure characterization such as morphology, chemical information and rheology
measurements, the research of electrospinning started to thrive from middle 1990s. The
first group that started comprehensive research on electrospinning was Reneker’s group
from University of Akron. They produced poly(p‐phenylene terephthlamide) (PPTA) fibers at
~500nm diameter via an electrospinning setup with a grounded water bath as the collector,
and as well characterized both of the fiber morphology and crystallinity

34

. They as well

investigated the effects of processing parameters on the electrospinning of polyethylene
oxide (PEO) with different concentrations

35

. In 1996 they published the first review on

electrospinning process based on their electrospinning work with more than 20 different
electrospun polymeric nanofibers from polymer solutions or melts

36

, and afterwards

several papers regarding the general mechanism and process parameter effects on the
electrospun fiber morphology

37, 38

. Rutledge’s group from Massachusetts Institute of

Technology published a series of paper regarding their systematic research on
electrospinning mechanism from 2001
polymer blends

43

or nanocomposites

39‐42

, and concentrated on the electrospinning of

44

subsequently. Xia’s group from University of

Washington successfully produced ceramic nanofibers

45, 46

, and obtained nanotubes and

core‐sheath structure by designing the fiber collector geometry 47, 48. Chu’s group from the
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State University of New York at Stony Brook tried to produce bioabsorbable nanofiber
membrane 49, and scaffold carrier with controlled release of incooperated target molecules
50

for biomedical engineering using electrospinning process. Ramakrishna’s group from

National University of Singapore concentrates on electrospinning of biocompatible
polymeric nanofibers suitable for biomedical and tissue engineering applications

51, 52

with

different fiber alignment technique 53.
Other than these groups, there are a lot of other researchers working hard on
improving the process and bringing the electrospinning technique into application.
Especially after 2002, electrospinning has caught the attention of the researchers in world
wide and become a real hot area. The annual publications increased 5 times from year 2002
to 2006, as shown in Figure. 1. Among the publications, many high quality reviews which
covered both theoretical mechanism and application sides of electrospinning have been
published by generations, either generally, or on specific topics 48, 53‐56.
2.2.2 Fundamentals of Electrospinning
The typical scheme of basic electrospinning setup is shown in Figure. 3. It is composed
of at least a high‐voltage power supply (typically 1~30Kv), a reservoir for polymer solution
or melts which can provide stable flow rate (typically 1~ 50 μl/min) through a conductive
spinneret, and a grounded collector for the deposit of fiber mats. Usually a syringe pump
can be used to generate a steady flow rate of the polymer solution or melts continuously. If
ignoring other environmental effects, without the electric field, the slowly flowing liquid
droplets will form and drop at the tip of the spinneret by the balance of only two forces:
surface tension and gravity. When an electrostatic potential is applied between the
spinneret and the collector, a point‐to‐plate type of electrostatic field will form, which will
charge the surface of the droplets, thereby cause electrostatic repulsion force to form
besides the surface tension and gravity. Since the effect of gravity is very small compared to
the electrostatic force in electrospinning, it will be omitted in following discussions. With
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the increase of electric field, the combined effect from electric force and surface tension
changed the shape of the droplet from a meniscus to a cone‐shaped structure known as
“Taylor cone” 25, until the gradient of electric field can finally break the droplet into a liquid
jet.
As the jet is traveling, if it’s from a solution, the solvent will keep evaporating so that
the concentration of the solution keeps changing, which in turn causes the change in the
surface tension, viscosity, viscoelasticity and conductivity properties of the jet subsequently.
At the same time due to the Coulomb’s law, the electrostatic repulsive force charged on the
jet surface would try to increase the surface area of the jet by enormously decreasing the
jet diameter along with the jet thinning caused by the actual loss of solvent, which as well
happens in the polymer melts system. On the other hand the surface tension would
decrease the surface area of the jet by separating the continuous jet flow to droplets, and
hold back the speed of the jet to reach a very high order to where the electric force is
pushing. The combination of all these effects will break the equilibrium status for the jet to
stay stable and straight. Therefore after a certain length of stable stream, the jet will enter a
bending instability regime and start to twist by loops

38

. If the solution is dilute with an

enough inter‐ or intra‐ molecular entanglement less than needed, the jet will experience an
separating process along the axis into particles of the solutes deposited on the collector,
defined as “electrospraying”; if the solution can achieve a high enough inter‐ or intra‐
molecular entanglement but not too high to stop the jet motion, the jet will experience a
high‐speed whipping process, and smooth non‐woven fibers at micro to nano scale can be
collected from the collector, defined as “electrospinning”. In order to observe the whipping
process, a high‐speed photograph must be taken instead of low‐speed one, which could be
the reason of misunderstanding the unstable region. As shown in Figure. 4, the so‐called
“splaying process” was believed actually the more apparent phenomena caused by the
whipping motion at high frequency

41

, although some bifurcation and jet splitting does

occur at certain spots 38. Recently more complicated jet structures in the instability regime
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have as well been observed, e.g. garland structure

57

and branching structure

58

forming

from the electrospinning of PCL solution, which is a similar but more complicated motion
based on the whipping process caused by the bending instability.
In general, a jet stably beginning with a Taylor cone is preferable for the
electrospinning of nanofibers with uniformly distributed geometric and mechanical
properties. To acquire a stable electrospinning process, an optimized combination of
appropriate material properties and process operational parameters needs to be taken into
account, which can be categorized into inertial, electrostatic, hydrostatic, rheological and
geometric factors.
2.2.3 Modeling of Electro‐driven Jet
The modeling of the electrospinning jet can be traced back to Rayleigh who the first
expressed the interest in the liquid jet present in an electrostatic field as mentioned in the
electrospinning history section. A more systematic and fundamental research was done by
Taylor, who showed that the prerequisite for a stable liquid jet to form under the
electrostatic field is to acquire an angle of 49.3o of the Taylor cone 24. He as well established
a relationship of the critical potential Vk with regard to the distance between the electrodes
H, length of the spinneret L, inner radius of the spinneret R, and surface tension of the fluid
γ 25:

(

)

4H 2 ⎛ 2L 3 ⎞
− ⎟ ⋅ 2 cos 49.3o πRγ ⋅ (0.09)
V = 2 ⎜ ln
L ⎝ R 2⎠
2
k

(1)

Hendricks et al. suggested the definition of the minimal spraying potential of a
conducting drop suspended in the air with regard to the jet radius r and surface tension γ 59:

Vc = 300 ⋅ (20 ⋅ π ⋅ r ⋅ λ )

1

2

(2)
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The first systematic mathematical modeling of the electrospinning jet in the bending
instability area was proposed by Reneker et al. and applied to simulate the electrospinning
jet of viscoelastic polymeric system 38. The model shows that the longitudinal stress caused
by the electric field stabilizes the straight jet for some distance, until a lateral perturbation
caused by the electrostatic repulsive force charged on the jet surface grows high enough to
drive the jet into a bending instability area. The parameters taken into account in their
model include voltage, distance between the electrodes, surface tension, and elastic
modulous etc. Three dimensional paths of continuous jets were calculated from the straight
jet region to the bending instable region, and compared to the experimental data obtained
by high speed videographic observations. In their subsequent work 60, as shown in Figure. 5,
they calculated the bending electric force to establish an analogy between the electrically
driven and the aerodynamically driven bending instability. The solvent evaporation and
polymer solidification that showed a strong effect on the modeling results were as well
taken into account by incorporating a series of dimensionless correlation numbers
representing the solution hydrodynamic and material properties. Furthermore, they set up
self‐similar hyperboidal approximation to predict the stationary critical shapes of inviscid,
Newtonian, viscoelastic and purely elastic fluid droplets

61

, and approached the shape of

Taylor cone with a half angle of 33.5o instead of 49.3o.
Hofman et al. from Rutledge’s group differentiated the instability concept into the
combination of: the classical (axisymmetric) Rayleigh instability, electric field induced
axisymmetric and whipping instabilities to investigate the stability of a charged fluid jet in a
tangential electrostatic field

39

. By employing Newton’s law, conservation law and

Coulomb’s integral equation for the electric field, they derived a set of axisymmetric
equations to model the jet electrohydrodynamics under instable perturbation. The fluid
system needs to be dilute under low shear and in the absence of high degrees of extension
in order to satisfy Newtonian fluid requirements. Conductivity, viscosity, surface tension,
dielectric constant, potential, distance between the electrodes, and surface charge density
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were taken into account in the model. As the electric field increases, electric field induced
axisymmetric and whipping instabilities are enhanced whereas Rayleigh instability is
depressed, which depends on the surface charge density and jet radius strongly. They as
well simulated the profile of a glycerol jet with good agreement to the real shape. Their
model shows how the jet is bending under the combined effects from surface charge
density perturbation and external electric field

41

. In their later work a model considering

surface tension, flow rate and electric current was developed for the prediction of the
terminal diameter of electrospun fibers

62

. The theoretical results showed the 2/3 scaling

relation between terminal fiber diameter and inverse of volume charge density, and agreed
well with experimental results for PEO and PAN fibers from various concentrations, but not
as good for PCL fibers due to the possible difference in charge carriers and solvents which
caused error in electric current measurements. They as well investigated the role of fluid
elasticity in the fiber forming in electrospinning 63. A Deborah number defined as the ratio
of fluid relaxation time to the instability growth time was used to correlate the forming of
beads‐on‐string structure, and a critical value of elastic stress was expressed as a function of
jet radius and capillary number to indicate complete suppression of the Rayleigh instability
and switch from beads‐on‐string to uniform fiber morphology.
Feng employed Hofman and Shin et al.’s instability theory by incorporating a non‐
Newtonian viscosity function to investigate the effects from shear‐thinning and thickening
rheology 64. In his later paper a slender‐body theory for the stretching of a straight charged
jet of Giesekus fluid was presented

65

, and strain‐hardening was shown to be the most

influential rheological property to the electrospinning jet, which causes the tensile force to
rise at the start to enhance the jet stretching, and suppress jet stretching at the down
stream. He et al. predicted the length of stable jet area

66

. Lu et al. simulated molecular

energy changes in electrospinning and concluded that the flexibility of molecule chains is a
crucial factor to overcome the configuration transform barrier, which is defined as
molecular relaxation time

67

. Carroll and Joo did modeling on the electrospinning of both
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Newtonian and viscoelastic Boger fluids

68

, which were described as leaky dielectric with

charges only on the surface. Viscoelasticity were coupled with the momentum equations
and Gauss’s law for the modeling of polymer solutions. The model shows that increasing the
electrical conductivity tends to delay the jet thinning, and increase the viscoelasticity would
cause a more rapid initial jet thinning. However only the initial part of the jets could be
simulated with their model.
2.2.4 Fiber morphology control
Several questions needs to be answered for fiber morphology control purposes: What
kind of materials can be electrospun? Under what kind of conditions? How to manipulate
the terminal fiber diameter distribution and surface morphology? Although theoretical
modeling of electrospinning is essential for the understanding of fiber morphology control,
due to the large amount of variable parameters in this process, major work for morphology
control of different material systems was done empirically.
The factors that can affect final fiber morphology can be classified into two categories:
a). Material properties; including molecular weight (MW) and distribution (MWD),
molecular topology (linear or branchy), concentration I, viscosity (η), elasticity, conductivity
(or net charge density), surface tension (γ), dielectric constant (ε)/polarizability (α),
temperature of the polymer and solvent or melts (T). b). Operational parameters; including
distance between the spinneret and collector (H), flow rate (Q), applied voltage (V)/electric
field (E), polarity (+ or ‐), current (I), geometry of setup design (capillary inner diameter,
collector geometry), and other environmental parameters such as humidity and air velocity
etc, wherein many of the parameters are not independent but correlated to each other, e.g.
solution viscosity is in general increasing with polymer concentration by Flory‐Huggins
equation as Equ.(3) 69 and so are surface tension and other solution properties. Conductivity
depends as well on the dielectric constant and ion content of the solution:
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η sp (c) = [η ]⋅ c + k H ([η ]⋅ c) 2 + ...

(3)

Same situation here for operational parameters: electric field equals to applied
voltage divided by distance; volumetric electric charge density is directly related to the
current, which is the result of both applied potential and material electric properties. It’s
the interdisciplinary interplay of all these physical and chemical parameters that would
manipulate the terminal fiber morphologies, including fiber diameter and distribution,
smooth fiber or “beads‐on‐string” morphological structure 37, and porous surface

70

or flat

ribbon‐shaped features 71etc. Researchers usually focus on different combination of some
of these parameters and try to find a comparatively simple and common theory for
controlling the fiber morphology of all material systems. However the complicity of this
process demands more comprehensive studies based on both theoretical and experimental
research. Some of the systematic experimental investigations on parameter control of the
electrospinning process with different homopolymer systems are summarized in Table 1 by
material properties and Table 2 by operational parameters.
2.2.4.1 Manipulation by material properties
From the theoretical research on the electro‐driven jet we know that it is the
combination of three forces that causes the jet to whip until it lands on the collector in the
form of dried nanofibers: electrostatic repulsive force that keeps increasing the surface area
and decreasing the jet diameter enormously; the interior viscoelasticity of the polymer
necessary to restrain the fiber from breaking into droplets; and the surface tension that
keeps breaking the jet into spherical droplets to decreasing the surface area. Hence in order
to eliminate beads structure and obtain smooth fiber structure, the combination of
electrostatic force and viscoelastic force must suppress or at least balance the surface
tension. A comparatively low surface tension, appropriate viscoelasticity and electric field
are thus preferred for smooth fiber formation.
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From the rheology point of view, the viscoelastic force that maintains the fiber shape
can be explained by the entanglement degree of the polymer chains. Thus simply increasing
the concentration is recognized as the most simple and effective method to eliminate the
beads formation, meanwhile as well most likely to increase the fiber diameter, as shown in
Figure. 6. McKee et al. compared the electrospun fiber morphology of linear and branchy
PET‐co‐PEI

copolymers according to viscosity change

72

. They divided the polymer

concentration into 3 different regimes with regard to different specific viscosities (ηsp):
semidilute unentangled, semidilute entangled and concentrated solutions, and related
them to the electro‐spinnability. They as well defined entanglement concentration (Ce) as
the onset of semidilute entangled regime, and setup a power law relationship between the
fiber diameter and normalized concentration as shown in Figure. 7. They found that the
entanglement concentration increases with the increase of branching degree due to the
higher density of the branched polymer segments hindering chain overlap, and is the
minimum concentration for electrospinning fibers with beads structure, while 2~2.5 times
of entanglement concentration is the minimum concentration required for electrospinning
smooth fibers without beads structure. In the later work they investigated the relationship
between the solution rheology behavior and electrospinning of cationic polyelectrolytes 73,
and found that the additive of 50 wt% NaCl helps the onset of fiber formation at 1.5 times
of Ce instead of 8 times of Ce without the salt additive. With the same method in controlling
the solution rheology, they managed to obtain phospholipid nonwoven membranes by the
electrospinning of lecithin solutions at higher concentrations, where the chain of lecithin is
relaxing enough for a similar overlapping behavior to polymers 74.
Gupta et al. as well investigated the relation between fiber formation and solution
rheology properties of linear PMMA in good solvent

75

. They found that only beads were

formed at dilute regime, beads‐on‐string structure were formed both at semidilute
unentangled and entangled area, and smooth fibers were formed at 6 times of critical
overlap concentration c* for PMMA with narrow MWD, and 10 times of c* for PMMA with
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wide MWD. Shenoy et al. predicted that the number of entanglements per chain should be
at least one entanglement per chain for the incipient fiber formation, and equal or higher to
2.5 entanglements per chain for complete fiber formation

76

. However, Yu et al. from

Rutledge’s group used PEG solution for electrospinning which is way below the
entanglement molecular weight

63

by adding small amount of PEO (less than 0.2wt%) to

increase the elasticity of the PEG solution to form fibers with or without beads, and showed
the effect from elasticity both experimentally and theoretically.
Besides the effects from concentration or viscosity on fiber diameter control based on
rheology theory, power law relationship was widely established empirically between fiber
diameters and solution parameters for many different polymer systems as shown in Table 1
77

. In order to lower the surface tension and increase solution conductivity or dielectric

constant, salts

49, 78

or surfactants can be added

79

to decrease the beads formation

80

or

fiber diameter as well shown in Figure. 6. However it has as well been reported that
additive of salts to increase conductivity as well caused the increase of mass flow rate that
resulted in thicker fibers formation

78

, since the conductivity needs to be controlled at a

proper regime of 10‐6~10‐8 (Ωm)‐1 32in order for the jet to maintain a stable stream status.
Unlike salts, surfactants can as well improve the relaxation of polymer chains, at the same
time increase the conductivity if ions can be provided. Lin et al. reported the elimination of
beads structure by adding the cationic surfactants for polystyrene electrospinning

81

. The

density and volatility of solvents were found to be an important factor for fiber diameters 82,
due to the effect on the discharge by evaporation 83. Other properties of the solvent such as
the dipole moment

84

and solubility parameter

82

can as well greatly effect the fiber

morphology.
2.2.4.2 Manipulation by operational parameters
To control the fiber diameter by operational parameters, however, is even more
paradoxical and needs to be careful with, as the parameters are more closely correlated
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with each other. For example, ideally the increase of electrostatic force by increasing the
electric field or applied potential should generate thinner fibers, however it has as well
been observed that with the increase of applied voltage the fiber diameter was increased 49,
for the deposition rate was as well increased with higher potential so that the feeding rate
had to increase automatically as well, which usually leads to thicker fibers 77. On the other
hand, generally speaking the increase of applied voltage should decrease the beads
formation since it increases the electrostatic repulsive force on the jet surface to conquer
the surface tension which definitely is causing beads structure

80

, however it was as well

reported by Deitzel et al. that keeping on increasing the voltage to a certain value would
cause the substantially increase of beads intensity 85. It was probably because exceedingly
high voltage could destroy the formation of Taylor cone which is required for the original
droplet to form a stable jet. Thus if the voltage is so high that the liquid jet begins twisting,
fluctuating, leaning onto one side, or splitting at the spinneret tip instead of being straight
and stable, it is very likely to create beads structure and definitely not an optimal condition
for the formation of uniformly distributed nanofiber, even if the present concentration is
good enough 86.
As well for polarity, conflicting results were given with different polymer systems.
Supaphol et al. observed a thicker fiber formation with negative electrode polarity than
electrospinning from the positive anode 87, however Kalayci et al. found that the negative
induced charging would result in thinner fibers for PAN system, since the much smaller
mass of an electron than a proton made the electrical dispersity in the liquid much more
rapidly and uniformly

83

, which is supported by a higher current and lower fiber diameter

observation from negative potential in the electrospinning of PEO by Yu et al. 63. Kessick et
al. reported the improvement of fiber formation with an AC instead of DC potential

88

.A

generally accepted concept for flow rate is the proportional increase of fiber diameter and
beads intensity with its increase

80

, however for the distance between spinneret and

collector, usually it is used to calculate electric field, whereas it as well define the travel
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distance of the jet, and at the same time the geometry of electric field for point to plate
designs. The former would greatly influence the deposited fiber morphology due to the
evaporation speed of solvent, which means, if the distance is too close, fibers would deposit
on the collector before they are fully dried or thinned to a certain diameter; excess distance
could as well cause a wider distribution of fiber diameters 89. The geometry of electric field
could define the alignment or size of the fiber mat. Thus more researchers focus on the
volume charge density or current to combine all three major parameters instead of
themselves 41. A power law relationship between the volume charge density or current and
the flow rate, electric field or voltage or distance was established as summarized in Table 2.
2.2.5 Electrospinning setup design
2.2.5.1 Spinneret design
The electrospinning setup in the former discussion is very basic. In order to achieve
various purposes for more industrial applications, there is still a long way to go.
For instance, the flow rate of a single electrospinning jet is usually at the order of
mg/hr, almost impossible for real manufacture. For higher product throughput, several
research groups were looking at the electrospinning setup design and mechanism with
different multiple‐jet design instead of single jet design of the spinneret as shown in Figure.
8 90‐95. Reneker’s group increased the production rate from 0.02g/h with a single jet setup to
5 g/h with their “cylindrical porous tube” setup by 250 times

90

. However due to the

interactions among the instable regime of the multiple jets 95, a much broader distribution
of the fiber sizes is usually resulted from a normal multiple jet setup 90, 92;
To achieve nanofibers with different nanocomposite structures, e.g. nanotubes with
or without inner nanofibers, bicomponent‐nanofibers etc., the spinneret can as well be
designed into other forms, wherein the most widely explored is the “coaxial capillary co‐
electrospinning”

47, 96‐98

, as shown in Figure. 9, which can create single fiber with core‐
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sheath structure made of different components, and removing the inner fiber by either
calcination or extraction can create hollow nanotubes subsequently. It can be applied
widely in electrospinning inorganic nanocomposites which can not be electrospun alone.
However the two components must be carefully chosen since the mixing would cause a less
smooth inner wall. Reznik et al. simulated the droplet behavior for this kind of setup

99

.

Gupta and Wilkes as well invented a side‐by‐side bi‐capillary setup for the electrospinning
of bi‐component fibers 100, 101. Gas jacket was as well used by some researchers to stabilize
the Taylor cone

102

or to change the hydrodynamic properties of the solution . The

advantage of gas jacket is its ability to accelerate the electrospinning jet and thin the fiber
diameter 82, control the temperature to change the viscosity and conductivity properties of
the solution so forth, and a faster evaporation speed of the solvent 103, 104. Pan et al. put two
spinneret pointing to each other with positive and negative electrode respectively, and
electrospun to a rotating drum 105. The fibers were very uniformly aligned.
2.2.5.2 Electric field manipulation and collector design
Under many circumstances, fiber alignment is required or preferred, e.g. the ability to
form yarns for textile engineering applications is usually necessary; the direction of a single
nanowire is critical for the micro‐electronic devices; and defined patterns and alignment of
fibrous scaffold were observed to effect cell proliferation and mobility

51, 106

, and the cell

elongated with neurite outgrew along with the fiber direction of the aligned scaffolds 107. To
control the nanofiber deposit pattern and alignment, either manipulating the electric field
pattern or designing different collectors can be applied separately or altogether, wherein in
most cases the change of collector automatically changed the electric field so that they are
illustrated here under one subject.
In general fibers would like to deposit preferentially to the conductive part of the
collector

53

, which the patterned design possibility comes from. It can be observed with

geometrically designed electrode collectors that the electrostatic force would force the
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fiber to be aligned perpendicular to the edge of the conductive electrode

108

. As shown in

Figure. 10, the shape and geometry change of the electrodes caused the electric field
streams to change, which further affected the mobility and whipping trace of electro‐driven
jet and formed different fiber alignment pattern. Some of the collector designs were
included graphically in Figure. 11. The multiple‐electrode system designed by Deitzel et al.
decreased the collected fiber mat size from 7 cm to 1cm with otherwise same conditions 109.
Kim et al. tried to combine the electrode design with either DC or AC potential and were
able to orient the nanofiber direction via the combination 110, 111. Other forms of collectors
include:


Rotating drum 82, 112‐114;



Rotating wire drum 115;



Rotating disk collector 51, 116‐118;



Geometrically‐positioned

electrodes

for

uniaxially

patterned

nanofibers:

perpendicular to the electric field 45, 108, 119, 120;


Parallel subelectrodes placed along electric field axis 121, 122;



Dual collection rings 123;



Liquid bath collector of electrospun fiber yarns 36, 124‐126;



Combination of both dynamical rotation and electrode control 127‐129;



Combination of spinneret and collector design for fiber alignment 105. .

Other than the alignment of the nanofiber itself, many researchers have found that
the electrospinning process can align the blended nanocomposites at molecular scale, not
only the conductive carbon nanotubes 130, or semi‐conductive nano‐crystals 131, but as well
the DNA macromolecules as shown in Figure. 11‐c). Inai et al. from Ramakrishna’s group as
well found that the take‐up velocity plays a dominant role to induce a highly ordered
molecular structure and higher tensile modulus in the electrospun PLLA fibers 117, 132.
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2.2.6 Materials systems
2.2.6.1 Electrospinning of homopolymers
Many conventional homopolymers and copolymers either synthetic or natural can be
electrospun into nanofibers, most of which are from solutions due to the diversity for
manipulation, and some can be electrospun from melts. The classic electrospinning
parameters for solution properties and process control can be found in Table 1 and Table 2.
Polyethylene oxide (PEO) is probably one of the most widely electrospun polymers in the
history

85, 133, 134

. Its simple linear molecular structure, excellent viscoelastic property,

commercial availability, wide solubility and biocompatibility are all excellent candidates for
electrospinning. PEO is as well an excellent biocompatible polymer as one of the multiple‐
components for co‐electrospinning with biological agents, facilitating the electrospinning of
other polymers with poor rheological properties, and fundamental research of process
parameter effect with many different solvent systems. Common PEO electrospun
nanofibers at good electrospinning conditions have diameters at the range from 100 to 500
nm with a smooth surface, and less crystallinity perhaps due to the alignment at molecular
level by electrospinning process.
The linear aliphatic polyesters and their random copolymer are often used as the
biomaterial for biomedical or biotechnological devices. Polylactic acid (or polylactide),
especially the poly (L‐lactic acid) (PLLA), is one biopolymers that has been widely used for
biocompatible and biodegradable polymeric scaffolds in tissue engineering as summarized
in Table 3. PLLA fibrous mat can function as extracellular matrix (ECM) by itself or provide
efficient drug delivery by controlling the biodegrading rate. It needs to be careful that
additive of drugs to coelectrospin with PLLA can as well effect the electrospinning process,
usually improve the fiber formation, since most drugs can form ions 49. The fiber diameter is
usually at sub‐micron scale with a smooth surface. However it has as well been reported
that a dual‐porous surface containing pores of both nano and mico size can be achieved by
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the combination of electrospinning and salt leaching/gas foaming process

135

. Use of

methanol surface treatment can change the crystallinity of the nanofiber by solidifying the
PLLA fiber surface 126.
Due to its excellent mechanical properties and hydrophobicity, polystyrene (PS) can be
applied for filtration or ion exchange

136

, and was widely investigated for electrospinning

fibers at micron to submicron size scale 137‐139. Commonly only micron‐scale PS fibers can be
electrospun without beads structure, whereas with the assistance from gas jacket spinneret
design

82

or additive of certain surfactants

81

, fibers at sub‐micron size scale can be

fabricated without beads formation. Other polymers widely investigated for electrospinning
include: polyacrylonitrile (PAN, precursors for carbon nanofibers)
(PU)

101, 142

79

, polyvinyl alcohol (PVA, thermo‐degradable)

polymethyl methacrylate (PMMA)
terephthalate (PET)
polycarbonates (PC)

27, 140, 141

, polyurethane

, poly (vinyl chloride) (PVC)

75

; PCL (polycaprolactone)

41,

36, 144

, polybenzimidazole (PBI)

148

; nylon 6

,

62

, polyethylene

; poly (vinyl phenol) (PVPh, reported antimicrobial)

146, 147

143

145

,

149

; poly (p‐phenylene

terephthallamide) (Kevlar 49® Dupont or PPTA) 34 etc.
2.2.6.2 Electrospinning of copolymers and polymer blends
In most cases, only single component conventional homopolymer can not satisfy the
various requirements for nanofiber applications. Thus researchers were as well looking at
the feasibility of electrospinning block, random copolymers and different collections of
polymer blends to combine and optimize different polymer properties for specific
application purposes. Some of the important work of the electrospinning of copolymers and
polymer blends can be found in Table 4 and Table 5 respectively.
Due to the rapid solidification and phase‐separation process in electrospinning,
electrospun block copolymer fibers exhibit different micro‐ or nano‐ phase separation style
with conventional microphase separation of block copolymer systems. As shown in Figure.
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12‐a, Fong and Reneker characterized electrospun nanofibers of poly (styrene‐b‐butadiene‐
b‐styrene) (SBS) triblock copolymer with TEM, and observed that the PS domains were
oriented along the direction of the fiber axis, which looked more obvious after annealing at
~70oC for a certain amount of time. It was as well found that the electrospun fibers tended
to flatten even at room temperature after some time. They assumed that the attraction of
the electrical charges carried by the fibers generated an electrical pressure of about one
atmosphere which spread and flattened the nanofibers during annealing

150

. Another

important factor which could affect the micro/nano‐ phase separation morphology of the
electrospun fibers is the quantity ratio of each block or components, e.g. Kalra et al. found
that with different PI content of PS‐b‐PI block copolymer, 29% and 53% of PI gave cylindrical
and lamellar morphology of the electrospun fiber respectively although the microphase
separation was observed more clearly after annealing of the fibers 151, as shown in Figure.
12‐b.
Similar phase‐separation conditions happened for different components in the
electrospinning of polymer blends. As shown in Figure. 12 d, researchers electrospun
polymer blends with two components, and extracted one of them afterwards to observe
the phase separation, which can as well be used to form porous structures for higher
surface area and porosities, or potential drug delivery functions. Whereas besides to create
porous structures, to add another component or block can always have other effects or
reasons, e.g., the additive of PEO can always improve the processability, or even change the
electrospinnability of a certain block copolymer. Another issue or advantage could be the
different response of polymers under the same electric field. It has been found that one of
the component has somewhat extend of aggregation or enrichment on the surface. Deitzel
et al. found that the atomic percentage of fluorine in the near surface region of the as‐spun
fibers of poly (MMA‐r‐TAN) copolymer was double the amount of the bulk sample with XPS
quantitative elemental detection 152. As shown in Figure. 12‐c, Ma et al. as well found the
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excess aggregation of PDMS block on the surface of the PS/PS‐b‐PDMS electrospun fibers
which caused superhydrophobicity 153.
We need to pay attention that the experimental results of polymer blends with
different components are affected by the combination of various factors now, including
polymer systems, solvent systems and electrospinning manipulations. Due to the diversity
of electrospinnable materials, much more systematic research needs to be finished before a
clear image of combined effect and predictions of polymer blends can be presented.
2.2.6.3 Electrospinning of inorganic ceramic nanocomposites
One of the best advantages of electrospinning is its capability of creating nanofibers
displaying internal phase morphology at nano scale due to the fast phase separation and
solidification process, which is as well the reason most of the electrospun nanofibers
present a lower glass transition temperature compared to their casting films. Hence the
idea of co‐electrospinning the otherwise non‐electrospinnable inorganic nanocomposites
with electrospinnable polymers realized the fabrication of inorganic nanofibers. If necessary,
the polymeric component of the nanofiber composites can always be selectively removed
by solvent extraction, thermo‐degradation (calcination) or biodegradation. Even organic‐
inorganic hybrid nanocomposites as well present the advantage of both sides 154.
A sol‐gel coating technique proposed by Caruso et al. can be applied to directly
electrospinning sol‐gel of inorganic composites blended with polymers to achieve metal
oxide tubes such as titanium oxide tubes at micron and submicron scale 155. Larsen et al. as
well fabricated fibers consisting TiO2/SiO2 and Al2O3 via electrospinning of conventional sol‐
gel precursor solutions

102

. Madhugiri et al. obtained submicron scale mesoporous

molecular sieve fibers via similar technique 156. The control of the hydrolysis rate of the sol‐
gel precursor by adjusting the Ph value or aging condition is the key point to achieve
successful electrospinning process similar to the electrospinning of conventional polymer
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solutions. Xia and Li demonstrated a new approach that the sol‐gel reaction took place in
the electrospinning jet instead of in the bulk solution 45. Zhan et al. recently achieved very
long hollow TiO2 tubes with uniform mesoporous structure 157. PVP, PVA, and PEO can all be
applied to host the inorganic precursors for electrospinning to create inorganic nanofibers
composed of: Al2O3

102, 158

; NiCo2O4159, 160; Co3O4

161

, CuO

162, 163

, La2Zr2O7

164

, MgTiO3

165

,

NaCo2O4 166, NiTiO3 167, NiO 168, Nb2O5 169, PdO 170 . ZnO 171, 172 etc., all of which were at the
micron scale. TiO2 nanofibers at the scale of ~100nm scale with V2O5 nanorods attached
were recently achieved by Xia’s group via carefully calcinating the coelectrospin fibers from
amorphous V2O5, TiO2 and PVP

173

. Nuansing et al. as well obtained TiO2 nanofibers at

similar size scales without the V2O5 component 174.
Metal tubes composed of amorphous or particles electrospun along with polymers can
as well be obtained. Bognitzki et al. created polymer/metal hybrid tubes at nano or meso
scales via a so‐called “TUFT” process which includes steps of: i). electrospinning of
biodegradable and thermo‐degradable PLA template fibers; ii) aluminum coating by physical
vapor deposition (PVD) on the surface of electrospun PLA fiber, and iii). Poly (p‐xylylene)
(PPX) coating on the PLA fiber surface by chemical vapor deposition. This sandwich like
composition can either create tubes with inner metal coating or inorganic metal tubes by
selective removal of inner PLA template fiber together with or without removal of exterior
PPX layer

175

. Anti‐bacterial submicron fibers were achieved via coelectrospinning AgNO3

coelectrospinning with PLLA

176

; Submicron copper fibers

177

and PAN‐AA nanofibers with

palladium nanoparticles 178 have as well been electrospun.
2.2.6.4 Carbon nanotubes/fibers with electrospinning
As one of the most fabulous discoveries in nanotechnology, carbon nanotubes (CNT)
or carbon nanofibers (CNF) are believed to have vast potential applications in
multifunctional material or device design at nanoscale due to their exceptional mechanical,
electronic, magnetic, and thermal properties 179. The size scale is usually from nanometers
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(SWCNT), to tens of nanometers (MWCNT or CNF), then to submicron (CNF). There are a lot
of various methods to produce carbon nanotubes, e.g. melt processing method
miniemulsion polymerization

180

,

181

, plasma enhanced chemical‐vapor‐deposition method

(PECVD) 182, coagulation method 183 etc. Since the alignment and dispersion of CNT or CNF
in the composite fiber or films has always been one of the biggest challenges

130

,

electrospinning technique, however, can be applied to produce the CNT/CNF and at the
same time fulfill the needs for the alignment requirement owing to the applied electric field
potential.
The production of carbon nanofibers (CNF) via electrospinning can be realized by
electrospinning the carbon precursor fibers followed by carbonization. This technique was
suggested first by Chun et al. from Reneker’s group to produce carbon fibers with high
aspect ratio 140, and the size scale can be manipulated via controlling the precursor fibers in
the electrospinning process. Kim et al. used polybenzimidazol (PBI) as the precursor and
achieved 250nm carbon nanofibers after the carbonization and activation by steam without
the time‐consuming stabilization process

184

. Polyacrylonitrile (PAN) was often used as the

precursor host for producing carbon nanofibers or nanotubes

185

, and calcination of the

ٛanotubesٛpin fibers from PAN/iron salts can even used to directly grow the carbon
nanotubes on the carbonized fiber, with the iron salts reduced to iron nanoparticles as the
catalyst, which was realized by Hou and Reneker in their later work 186 as shown in Figure.
13.
The alignment of CNT inside the electrospun fibers is critical for effective delivery and
improvement of the mechanical and electric properties from CNT to the nanocomposites
for reinforcement or conductivity property. It was found that the alignment of CNT inside
the fiber was depending on the dispersion in the polymer solution. The well‐dispersed CNT
in solutions can result in well‐aligned CNT in nanofibers, and poorly dispersed CNT in
solutions results in dense and entangled CNT aggregates. Usually the additive of surfactants
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can facilitate the CNT dispersion; however it as well depends on the polymer property. Ko et
al. found that CNTs could be well aligned by the coelectrospinning in PAN/DMF solution, but
not the PLA/DMF solution

187

. They as well studied the rupture behavior of the composite

188

nanofibers under tension

and electrospun SWCNT reinforced Bombyx mori silk

nanofibers at submicron scale 189. It was as well observed that the relaxation of the CNT in
the nanofibers during electrospinning process as well effects the CNT alignment 190. Sen et
al. successfully electrospun SWCNT reinforced PS nanocomposite fibers at the size scale of
50~100nm with the SWCNT aligned well parallel to the fiber axis. The tensile strength of
composite PU nanofibers with ester‐functinalized SWCNT was increased by 104% as
compared to pure PU membranes 191. The alignment of CNT together with the PEO crystals
was as well found in the PEO/SWCNT electrospun nanocomposite fibers 192. Matthew et al.
studied change of morphology, thermal stability, and mechanical property caused by
MWCNT additive into poly(butylene terephthalate) (PBT) electrospun fibers, and found that
most of the MWCNTs were well aligned and caused the mechanical modulus to increase 3
times of pure PBT fibers

193

. Saeed et al. found that the functionalized MWCNT can even

reduce the beads structure of PCL electrospun fibers

194

. As for the conductivity

improvement, Seoul et al. electrospun CNT/PVDF composite fibers, and found a higher
percolation threshold for the insulator‐to‐conductor transition by the fiber mat compared
to spin‐casted film

195

. Sundaray et al. found the conductivity increase by ten orders of

mangnitude of PMMA electrospun fibers with aligned MWNCT nanocomposite additive of 5
wt% 196. Kim et al. studied the mechanical deformation of porous MWCNTs 197.
2.2.6.5 Electrospinning of organic biomaterials
Due to the vast potential applications in biomedical and bioengineering field, a lot of
natural macromolecular biomaterials have as well been electrospun into nanofibers either
by themselves, or with the assistance from other components such as PEO or PLLA to form
biofunctional nanocomposites.

27

A group of biocompatible or biodegradable synthetic polymers, including PEO/PEG,
poly(L‐lactic acid) (PLLA)

117

, polyglycolide (PGA)

198, 199

, poly(caprolactone) (PCL)

200

, and

subsequent copolymers such as poly(lactic‐co‐glycolide) (PLGA) 201, PEG‐co‐PLA 50 , PLLA‐co‐
PCL

202

, PLA‐b‐PEG‐b‐PLA

203

etc. were as well widely applied in electrospinning as

supporting or auxiliary biomaterial components for the electrospinning. Natural
biopolymers, such as cellulose/cellulose acetate

21, 204

, collagen

112

, gelatin

205

, chitosan

(usually coelectrospin with other homopolymers) 206, 207, hyauronic acid 208 and DNA 132 are
the

most

popular

and

frequently

electrospun

organic

biomacromolecules

for

electrospinning due to their better biocompatibility and functional mechanical or thermal
properties. More detailed information about these organic biomaterials can be found in the
application section of biomedical and bioengineering.
2.2.6.6 Surface modification of ES polymeric nanofibers
No matter to apply in inorganic environment for dewetting, absorbing and sensor, or
to serve as ECM for biological systems for biointerations e.g. selective cell attachment or
antibacterial purposes, the interface at the nanofiber network is always the most important
area as the location where the chemical or physical interactions occur. The hydrophilicity or
hydrophobicity would strongly affect the interfacial behavior, and the types and
stereostructural of functional groups at the surface determine the locations of ligand
centers if excluding other effects such as fiber alignment and orientations. Therefore the
surface modification of ES nanofibers has become a prerequisite in most of applications.
For example, Chua et al. compared in vitro expansion of human umbilical cord blood CD 34+
cells on unmodified, hydroxylated, carboxylated and aminated electrospun nanofiber mats
respectively, and a 10‐day cultures showed the most efficient support from aminiated
nanofiber mats due to a better biointeractions between the cell and ECM network

209

.

Sanders et al. investigated the effect of surface charge on tissue response, and found the
results suggesting negatively charged surfaces for facilitating the vessel growth 210.
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Many different approaches have been developed to modify the surface of polymeric
nanofiber mats or films. In general, the easiest way to physically modify the surface would
be simply doping or physically absorption that would yield a fixed surface concentration of
targeting molecules. The most conventional way to chemically modify the surface would be
covalent coupling or linkage of the functional groups with the surface molecules, which can
be induced either by incubating the polymeric film or nanofibers in the peptide buffer
solutions, or induced surface polymerization such as plasma treatment

210

, photo‐initiated

by radiation in the proper UV range or electron beam exposure for graft polymerization.
However for biological applications these excessive conditions of covalent polymerization
could easily degrade and destroy the nanofiber networks composed of biodegradable
polymers such like PLA or PGA. Sometimes when the surface is too hydrophobic and lack of
requisite functional groups for direct covalent coupling, pre‐surface treatment would be
needed to activate surface ligand centers which in turn require a multi‐step process for the
ultimate surface modification. For example, Ma et al. from Ramakrishna’s group first
treated the electrospun PET fiber surface in formaldehyde to induce hydroxyl groups on the
hydrophobic PET surface, then chemically grafted MAA onto the PET surface, followed by
the final grafting of gelatin using water‐soluable carbodiimide as a coupling agent for the
development of ECM in blood vessel tissue engineering 211. This gelatin‐grafted PET fibrous
scaffold achieved after three steps has shown to improve the spreading and proliferation of
the endothelial cells compared to non‐grafted PET fibers, and at the same time preserve the
phenotype. They as well applied a similar procedure to polysulphone (PSU) nanofibers in
their later work to develop affinity membranes for albumin adsorption

212

. Peng et al.

applied atomic layer deposition to deposit Al2O3 onto the electrospun PVA fibers to produce
Al2O3 nanotubes with neat and smooth surfaces. The best advantage of their technique is
the ability to precisely control the wall thickness of the tube

213

. Wong et al. applied ion

implantation of N+ onto the surface of PVA electrospun nanofibers, and detected newly
formed N‐C=0 and C‐N peaks from XPS measurements

214

. Wang et al. proposed to use

electrostatic layer‐by‐layer adsorption (ELBL) for surface modification with charged and
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conjugated polyelectrolyte thin layers on the electrospun nanofiber surface for biosensor
application purpose, under comparatively moderate conditions for biological polymer
systems 215.
As a method to produce nanofibers with the application of static electric field,
electrospinning itself can always be a useful route facilitating the modification of fiber
surface. For instance, as mentioned in the spinneret design section, the “coaxial bi‐capillary
co‐electrospinning” setup can create core‐sheath or tube structure of the electrospun
nanofibers, which can be one form of surface modification of electrospun nanofibers

216

.

However in this case the two components of the core and sheath structure are almost at
the same or similar ratio, which might not be either necessary or affordable for larger scale
productions. The co‐electrospinning of polymer blends or block copolymer with different
components combining the secondary treatment of post‐spun fibers, however, can be
another option to serve the purpose of surface modification. For instance, bombyx mori silk
has been co‐electrospun with PEO, and a post‐spinning solvent treatment was applied to
induce the surface crystallization of silk

43

. A comparable process would be the co‐

electrospinning of eggshell membrane protein and PEO blends, which was treated with
post‐methanol to increase the surface hydrophobicity of the electrospun fibers

217

.

Methanol was as well applied to crystallize the surface of fully hydrolyzed PVA electrospun
nanofibers 79.
On the other hand, if we look into the electrospinning materials systems with deeper
insight, the different interfacial molecular behavior based on material properties under
electric field can as well be exploited for microphase separation or surface aggregation
purpose. It has been proved that phospholipid‐modified electrospun PAN‐co‐MPC (2‐
methacryloyloxyethyl phosphorylcholine) fibers with only 5~10% of MPC content already
greatly increased the activity retention of lipase by almost 30% than only PAN fiber mats,
although the mechanism and quantitative description of surface modification with MPC
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block was not explained extensively in this communication

218

. The same group as well

electrospun PAN‐co‐MA (maleic acid) and claimed the surface carboxylic groups caused the
lipase enzyme loading to increase from 2.36 to 21.2 mg/g

219

. As mentioned in the block

copolymer electrospinning section, Ma et al. reported the microphase separation and
surface enrichment of DMS blocks on the fiber surface of the electrospun PS‐b‐PDMS block
copolymer which resulted in a superhydrophobic surface of the fiber mat. The assumption
was that the surface energy difference between PS and PDMS block caused the surface
microphase separation

153

. Deitzel et al. as well reported double amount of atom % of

fluorine at the surface of electrospun PMMA‐r‐TAN random copolymer fibers by XPS
detection 220. However, the effect from electric field was not considered in this case. Sun et
al. observed an enrichment of anionic peptide block on the surface of their electrospun
nanofibers containing PEO‐oligopeptide block copolymer and PEO blends by XPS detection
of nitrogen content difference between the surface and bulk. They proposed the
polarizability difference of the blocks under the effect of electric field working as the key
function of the microphase separation and surface aggregation. The more polararizable
carboxylic groups of the peptide components caused the surface migration during the
electrospinning process. 221
3
3.1

PROPERTIES
Mechanical Properties
Due to the instrumental limitation, it is very difficult to study the mechanical

properties of a single nanofiber. Still, Zussman et al. managed to design a special setup for
the tensile tests of an individual electrospun nylon‐6,6 nanofiber with an AFM cantilever, as
shown in Figure. 15‐ a). They mounted one end of the fiber to the tip of the AFM cantilever
that served as a force sensing element, and the other end to the etched tip of a stainless
steel wire that served as a pulling element. It was found that the scatter of the mechanical
properties of the nanofibers was rather significant that the measured values of Young’s
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modulus and the maximal stress had quite high standard deviations. As well, the high
ductility of the nanofibers was sufficient to induce the alignment of crystallites along the
fiber axis, which results in high maximal stress values 222. Rutledge et al. as well used AFM
for the elasticity characterization of electrospun CNF 223. Some researchers have focused on
the mechanical properties of nanofiber mats. Ji et al. managed to measure the surface
nanomechanical properties of electrospun PS/clay fibers as a function of the fiber diameter
and temperature via a shear modulation force microscopy (SMFM). The existence of clay
further enhanced the shear modulus of PS fibers. Their measurements showed that the
shear modulus decreased below Tg which suggested molecular chain orientation within the
electrospun fibers. Increasing the temperature higher than Tg further relaxed the oriented
molecules to restore to the bulk mechanical properties

224

. Schreuder‐Gibson et al. found

that when compared with cast films, electrospun elastomers have shown a 40% reduction in
the peak tensile strength and 60% reduction in elongation at maximum applied stress

225

.

The decrease in the tensile strength is probably due to the much higher porosity of the
nanofiber mats than the cast film. You et al. improved both the tensile strength and
elongation at break point of PLA fiber mats by thermally welding the PLA nanofibers at
180oC without severe morphology change of the fiber mats 226.
On the other hand, owing to their super fine diameters at nanoscale with smooth or
porous surface structures, nanofibers can affect the bulk mechanical properties of the fiber‐
containing composites such as ultimate tensile strength, Young’s modulus etc. which has
been investigated more intensively than the pure nanofibers mats for more application wise.
For reinforcement purpose, in compare to unfilled or carbon/glass fiber filled composites,
nanofiber reinforced polymer composites often show enhanced mechanical properties. It
was found that the young’s modulus and tear strength of styrene‐butadiene rubber (SBR)
with chopped nanofiber‐reinforcement were higher than the pure SBR, and the fracture
toughness and the modulus of the polybenzimidazole (PBI) nanofiber (15wt%, 300nm
diameter)‐reinforced epoxy composite were both higher than for an epoxy composite made
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with PBI fibrids (17wt%) in the form of whisker‐like particles

227

. Chae et al. studied the

reinforcement efficiency of various types of carbon nanotubes in polyacrylonitrile (PAN)
nanofibers and concluded that although all nanotubes contributed to property
improvement, maximum increase in modulus was observed in the single wall ٛanotubes
(SWNT) composites

228

. Xu et al. concluded that in order to design strong and stiff

nanocomposite materials, aligned nanofibers long enough with relatively larger volume or
weight fraction should be used 229.
For the applications in biomedical engineering, the mechanical performance is likewise
one of the most important features since the ECM molecular network surrounding the
biological system is required to provide mechanical support for regulated cellular activities.
Especially for tissue engineering, it is as well appropriate to control the mechanical
properties of the ECM close to the target tissue in order to avoid the possible stress effects.
He et al. studied the mechanical properties of collagen‐coated P(LLA‐CL) nanofiber mat by
taking the tensile strength test, and claimed that it’s suitable for vascular graft 230. Bhattarai
et al. further treated the electrospun alginate‐PEO nanofibers with calcium chloride
crosslinkage, and the measured Young’s moduli were quite close to those of human
articular cartilage and the equilibrium tensile modulus of bovine articular cartilage

231

.

Huang et al. found that the highest mechanical behavior occurred from the finest fiber
structure without beads from the 7.5 wt% of the gelatin solution, instead of the solution
with the lowest or highest electrospinnable concentrations 205.
3.2

Thermal Properties
In compare to the regular fiber, cast film or resin formats, the electrospun nanofibers

usually have a lower crystallinity probably due to the better alignment at molecular scale
and rapid solidification together with rapid evaporation rate of the solvent during the
electrospinning process for many polymers such a PEO, PLLA, PAN etc. Bognitzki et al.
reported crystallinity of electrospun PLLA nanofibers at the order of 40% by DSC
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thermogram

232

. From the SAXS and WAXS analysis of the electrospun nylon‐6,6 nanofiber

bundles, Zussman et al. observed that the intrinsic structure of the nylon‐6,6 nanofibers
with the diameters down to 100nm displays an α‐crystalline phase with triclinic cell
structure, which is similar to the microfibers obtained by traditional melt extrusion. The
crystallites orientation and crystallinity level of the electrospun fibers were significantly
affected by various parameters of the electrospinning process such as the rate of structural
formation, and the high strain rate (They were using a collector disk) 222.
Lower glass transition temperature (Tg) and melting temperature I due to the high
surface/volume ratio with air as the plasticizer 49. It was as well found by Kim and Lee that
Tg and the peak crystallization temperature (Tc) of the electrospun PET and polyethylene
naphthalate (PEN) decreased significantly with the increase of crystalline melting, however
Tm remains quite consistent for PET and PEN
crystallinity

85

144

, but lower for PEO due to the lower

. The thermal property can as well be tuned via the additive of different

components. It was found that the electrospun poly(MMA‐co‐MAA) polymer exhibited an
enhanced Tg and better thermal stability through formation of anhydrides upon heating
than the electrospun PMMA 233. Kim and Lee analyzed the thermal degradation of PET and
PEN before and after electrospinning, and found the intrinsic viscosities of both reduced
significantly 144.
3.3

Other Properties
Primarily due to their huge porosity and nano to submicron size scale of the pores, the

transport properties of the electrospun nanofiber mats can be superior, such as to have
extremely efficiency at trapping airborne particles and present minimal impedance to
moisture vapor diffusion required for evaporative cooling
superparamagnetic nanofibers

44, 236

234

. Magnetic

235

and

can be produced via coelectrospinning of inorganic

magnetic nanoparticles with polymers or coaxial electrospinning

237

, and applied to

magnetic filters or sensors. Conductive nanofibers can be achieved either from CNT/CNFs or
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electrospun conductive polymeric nanofibers e.g. polypyrrole (PPy)

238

, which is important

contribution to nanoelectronics.
3.4

Characterization of Nanofibers
In general, there are two types of characterization purposes: bulk properties of the

nanofibrous structure, and single fiber properties. The different interests in the unique
properties of nanofibers request for different characterization methods. For instance, to
observe the overall surface morphology and topology, electron microscopies such as
scanning electron microscopy (SEM), transmission electron microscopy (TEM), confocal
microscopy (CM), scanning probe microscopy (SPM) including atomic force microscopy
(AFM) and scanning tunneling microscopy (STM) etc., are the most widely and frequently
used techniques since they can show the clear picture of fiber morphology at 10nm scale
(SEM, TEM, SPM), or even different components and consequent structures such as core‐
sheath structures and biological parts (TEM or fluorescence microscopy). Quantitative
chemical information can usually be characterized by spectroscopies such as X‐ray
photoelectron spectroscopy (XPS) for the surface chemical information

214

, and Raman

spectroscopy (RS), Fourier transform infrared spectroscopy (FTIR or ATR‐FTIR) 212, or nuclear
magnetic resonance spectroscopy (NMR)

218

etc. for the bulk chemical compositions.

Crystallinity features and distribution within the fibers can be detected by wide‐angle X‐ray
diffraction (WAXD)

239

or differential scanning calorimetry (DSC). The nanofiber pore size

and distribution can be measured with capillary flow porometry

240

. More up‐to‐date

instruments would include the direct chemical mapping of the component image at a high
resolution at the order of angstroms (Å) which can as well be called “spectromicroscopy” or
“microspectroscopy”.

Some

of

the

commonly

used

techniques

for

nanofiber

characterization are categorized according to different purposes which can be found in
Table 6.

35

On account of certain special characterization requirements, some researchers as well
developed more advanced and sophisticated techniques by combining the microscopy with
the spectroscopy or designing totally new schemes based on current microscopy, especially
AFM owing to its ability of measuring the atomic force with a tiny tip. For instance, as
illustrated in mechanical properties, Zussman et al. designed the tensile test measurement
of individual nylon‐6,6 nanofibers by AFM cantilevers, as shown in Figure. 15‐A 222. They as
well set up a model based on Timoshenko’s equation on fundamental eigenfrequency to
calculate the elastic constant (Ke). Tan et al. as well estimated the elastic modulus by AFM
nanoindentation of a single PLLA nanofiber with the diameter of 500nm 241. Rutledge et al.
used AFM for the elasticity characterization of electrospun CNF

223

. Ge et al. designed a

shear modulation force microscopy (SMFM) based on the AFM, with which they were able
to measure the near surface Tg

242

, and later applied it on the Tg measurement of

electrospun PS/clay nanocomposite fibers as the function of fiber diameter and
temperature 224. The exploiture of AFM for characterization at molecular level as well opens
up an innovative path for future design of elemental surface characterization or
modification on nanofibers 243, 244.
Some methods can be as well applied to measure other properties, e.g. WAXD not
only can detect the crystallinity degree of the fiber, it can as well be applied to measure the
degree of orientation of MWCNTs within the host polymer nanofibers

190

. Due to the

fragility of biological systems, most of the electron microscopy or spectroscopy can not be
applied in vitro with the nanofiber structure as the ECM. Scanning confocal microscopy
(CM), however, can be useful in this case since it would not harm the biological system, and
can as well be applied to construct 3‐dimensional stereophotographs 245. NMR spectroscopy
as well has the advantage of non‐destructive measurements on chemical analysis of
biological systems.
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4

APPLICATIONS
As mentioned in section 3, nanofibers, especially electrospun nanofibers, own a group

of unique features and mechanical, thermo or electric properties owing to their
nanocomposite structures, nano or submicron scale and controllable formations.
Nanofibers with the diameter of 100nm can have a surface area to mass ratio as high as 100
m2/g 246. With this kind of super high surface area and porosity to the extreme of as high as
90%, nanofibers can be applied to many biological or industrial engineering such as 3‐D
scaffolds for tissue engineering, protective textile, catalyst supports, nanoscale
reinforcement and ultrafiltration membranes etc, wherein more than half of the current
research interests exit in the biomedical or bioengineering related field. Several nice review
of the nanofiber application could be referred to such as the review from Zhang et al.

247

and Sawicka et al. 54. Major application area related to polymers will be introduced in the
following sections. Applications of inorganic ceramic nanofibers and carbon nanofibers can
be found enormously elsewhere.
4.1

Scaffolds in tissue engineering
One of the most promising and major application areas of polymer nanofibers would

be the construction of biomaterial polymeric scaffolds with electrospun nonwoven
nanofiber mats to serve as ECM in tissue engineering. There are several well‐written
reviews on this topic from Pham et al. 248, Ramakrishna’s group 249, 250. In tissue engineering,
a scaffold is to provide the 3D matrix for cell adhesion and growth for in vitro culturing and
subsequent tissue repair or regeneration by implantation. Usually the appropriate highly
porous nanostructure, biomimic mechanical properties, and moderate biodegradation rate
of the fibrous matrix, together with the interfacial chemical affinity between the fiber mats
and biological systems are the most important featuers for the polymeric scaffolds to serve
as the ECM as analogous as possible to the natural environment, since in tissue engineering,
the behavior and reaction of cell on the nanofibrous matrix including cell adhesion,
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proliferation, gene expression and secretion determines the cell growth in vitro, which
would greatly influenced by those properties of ECM.
The interaction between the cells and ECM differs among different cell types. In
general cells tend to attach onto the fibers with a order of magnitude less diameter than
the cell itself

251

. It was reported that the adhesion and proliferation of osteoblast cell

increased with the decrease of carbon nanofiber diameter from 200 to 60 nm 252, while not
much difference were observed on chondrocytes, fibroblasts and smooth muscle cell
adhesion behavior 253. The alignment of the fiber mats can as well improve the cell adhesion
and proliferation rate 51. For the synthetic biocompatible polymers, the biodegration rate of
the polymeric scaffolds had best be close to the new tissue formation rate

254

. Kim et al.

electrospun the polymer blends of PLA and PLGA or PLA‐b‐PEG‐b‐PLA triblock copolymers,
and found the electrospun fiber mat was experiencing a biodegradation rate of ~65% in 7
weeks. The hydrophobicity of the electrospun fiber mat was as well decreased by ~50% 203.
Yoshimoto et al. used PCL scaffolds for the culture of mesenchymal stem cells, and observed
a time period of 1 weeks for cell penetration into the fiber matrix, and 7 weeks for coverage
of cell multilayers, which proved the applicability of PCL as the scaffolds for bone cell
culture 200. The same system was tested by Li et al., and a 21‐day culture period has shown
the chondrocyte‐specific gene expression

255

. Li et al. as well proved the mechanical

properties of electrospun PLGA nanofibers effective enough to support the cell attachment
and proliferation

256

. Although synthetic polymers exhibit biodegradability, natural

biopolymers always present better functions as scaffolds than synthetic biocompatible
polymers

249

. For example, the additive of type I collagen into a PLLA electrospun fibers

prior to spin facilitated osteoblast adhesion

55

. Thus a lot of researchers are trying to

electrospin natural biomacromolecules 74 and proteins 257.
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4.2

Controlled encapsulation and delivery of biological agents
Theoretically, therapeutic drug molecules or particles can be encapsulated into

nanofibers by mixing with biocompatible polymer solution and coelectrospun into
degradable fibers, followed by further application to patients for wound healing or other
forms of drug delivery. However, multiple challenges exist in compatibility between drug
and polymer‐solvent system, e.g. hydrophilic drug vs. hydrophobic organic solvent system
for most of polymers, dissolving rate of drugs vs. degradation rate of carrier polymer
scaffolds, and surface attachment of drug particles on the electrospun fibers which could
cause an unfavorable burst‐release behavior etc. Nevertheless, due to the nanoscale
distribution, large porosity and surface area, polymer nanofibers have the advantage and
potential for controlled drug release. For example, tetracycline was used as the model drug
and relatively smooth release of the drug was observed about 5 days from coelectrospun
fibers of PEVA, PLA and PEVA/PLA blends, compared to commercially available Actisite®
drug delivery system

258

. Other than the compatibility, the molecular weight of the drug,

content in the mixture and polymer properties were all reported to influence the drug
release behavior.
There are two types of encapsulation of biological agents: i) dissolving and mixing into
polymer‐solvent system at molecular scale prior to electrospinning; ii) encapsulating as
separated phases prior to electrospinning, including drug particles mono‐dispersed in
polymer‐solvent system, or to form core‐sheath structure with the drug phase as inner core
by bi‐capillary coelectrospinning. For i) the compatibility between the biological agent and
polymer‐solvent system is a key factor since the post‐spinning phase separation could cause
the unfavorable surface attachment of drug particles. For topical wound healing purpose,
Verreck et al. investigated the electrospinning of hydrophobic drugs with both water‐
soluble and insoluble polymer systems

259, 260

. It was found that the drug release behavior

was based on the nanofiber morphology and drug content, and amorphous state of
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dispersion could be achieved in organic solvent even between hydrophobic drugs and
hydrophilic polymers. Luu et al. reported the DNA encapsulation and release from
PLGA/PLA‐b‐PEG electrospun fibers. DNA was found to be intact and bioactive after
electrospinning, and released ~80% after 20 days, however a rapid release was as well
observed at the beginning probably due to the settling location of DNA on the fiber surface
during electrospinning

50

. In their later paper, they as well reported that the usage of

amphiphilic PLA‐b‐PEG reduced the cumulative amount of the released hydrophilic
antibiotic drug at earlier time and prolonged the drug release rate at longer times up to a
one week period, indicating a better compatibility between the drug and hydrophilic block
of the copolymer would help to encapsulate the drug within the blocks to avoid burst
release 201. Zeng et al. studied the effects of solubility and compatibility between drugs and
polymer‐solvent system by using paclitaxel, doxorubicin hydrochloride and doxorubicin
base as model drugs and PLLA as the biodegradable polymer. They concluded that by
choosing compatible drug and polymer pairs, burst‐release can be avoided and the drug
release behavior follow a nearly zero‐order kinetics due to the degradation of PLLA fibers
with the proteinase K as stabilizer 261.
On the other hand, approach ii) doesn’t require compatibility between the two
components. The bi‐capillary electrospinning can even coelectrospin hydrophilic and
hydrophobic components at the same time to form core‐sheath structure 262. The benefit of
forming core‐sheath structure could be both the protection and drug‐release control of the
core structure by the degradation rate of polymer shell structure. Several researchers have
applied this approach with different systems including protein release 96, 263, 264. Even living
cells and viruses have been encapsulated in this way, and an interesting fact is that those
organisms were still bioactive and viable after experienced high voltage (~10kV) during
electrospinning, which presented a promising way for encapsulating and immobilizing living
biological material inside nanofibers for further bioactive application purposes

265, 266

.

Emulsion electrospinning can as well be applied to form encapsulated structure without the
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use of bi‐capillary setup 267. In this case beads structure is always formed which contains the
encapsulated drug phase. Immobilized enzyme catalysts have the advantage of high
selectivity and mild reaction conditions. The technique of encapsulating enzyme catalysts in
electrospun nanofibers also benefits from the high porosity of the nanofibrous structure 268.
4.3

Bioactive textiles
The electrospun porous nanofiber mats have excellent natural advantages to serve as

wound dressing: the nano‐sized pores can inhibit invasion of exogenous microorganisms
and at the same time maintain good air/oxygen; the nanofibrous mats can as well promote
fluid drainage and control the humidity around wounds without causing desiccation or
liquid blocking. It was reported that the histological examination revealed the increase of
epithelialization rate and that dermis becomes well‐organized with electrospun PU
nanofiber mats covering the wound 269. If the electrospun nanofibers are incorporated with
antimicrobial components, it would be even more suitable for wound healing. For instance,
Ag nanoparticles

270

and quanternised chitosan

206

has been incorporated into PVA

electrospun fibers and exhibited very strong antimicrobial activity.
For designing protective textile materials, melt‐electrospinning was used to produce
polypropylene (PP) fiber mats and the barrier property was examined

271

. Whereas by

controlling the electrospinning process, highly porous non‐woven fiber mats can as well
present minimal impedance to moisture vapor diffusion required for evaporative cooling
than all the conventional textiles 234. Protective textiles can as well possibility be developed
for military applications with the incorporation of reactive agents that can block the
penetration of liquid versions of chemical gas such as mustard or sarin 272.
4.4

Biosensor
A biosensor consists of at least a biofunctional interface that can recognize elemental

or molecular information of the biological system, and a transducer for delivering the
41

signals

273

. The sensitivity of the biosensor can be greatly enhanced by application of

nanofibers with nanosize scale and large surface area‐to‐volume ratio as the biofunctional
interface, which was proved by Want et al. in their first use of electrospun nanofiber
membranes as highly responsive fluorescence quenching‐based optical sensors for metal
ions and 2,4‐dinitrotoluene 274. In their later work dealing with biosensors, they applied an
electrostatic layer‐by‐layer adsorption process for the surface modification of cellulose
acetate electrospun fibers of fluorescent probe materials, which served as biosensor
membrane 215.
Virji et al. compared electrospun PANI nanofibers with conventional PANI sensors by 5
different response mechanisms, i.e. acid doping with HCl, base dedoping with NH3,
reduction with N2H4, swelling with CHCl3, and polymer chain conformational changed
induced by CH3OH, and found the PANI nanofibers perform better in all 5 mechanisms 275.
Sawicka et al. as well reported a faster response time and sensitivity to lower concentration
of urea of the electrospun PVP nanofibers as urea biosensor 276. Aussawasathien et al. used
doping to attach the biosensor membrane onto the electrospun PEO and PANI/PS
nanofibers for measuring humidity and H2O2/glucose respectively, and observed much
higher sensitivity than the corresponding cast film. The morphology of the PEO nanofibers
exhibited some extend of distortion due to the hydrophilic property of PEO

277

. The ability

to detect volatile organic compounds of electrospun polymer/carbon black nanofiber
composite was as well reported. Although the sensor elements exhibited a linear response
with regard to the vapor concentration, four organic compounds could be discriminated
based on the unique response pattern from the sensor array

278

. Specific bondings can be

utilized for biosensor design, e.g. based on the specific bindings of biotin‐streptavidin,
biotin‐incorporated PLA fibers were electrospun to prepare membrane substrates. The
immobilization of streptavidin was proved by the capture of a biotinylated DNA probe 279.
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4.5

Filtration
The nano‐sized pores formed by non‐woven electrospinning process can be applied

for ultrafiltration at molecular scale, or nano to micron scale. Compared with the
conventional microfibers, electrospun nanofiber mate exhibited higher filtration efficiency
and lower filtration resistance

280

, e.g. the electrospun poly(vinylidene fluoride) (PVDF)

nanofiber mats successfully rejected more than 90% of themicro‐particles from solution 281.
The electrospun nylon 6 nanofilters exhibited a 99.993% efficiency superior to the
commercially available HEPA filter with 300 nm testing particles at the face velocity of 5
cm/s

282

. The control of pore size and distribution can be achieved by coordinating the

drawing and collection rates during electrospinning 283.
A series of research work on the exploitation of recycled expanded PS (EPS) in
modifying the conventional micron sized fibrous filter media opens up a new route for the
water‐in‐oil emulsion separation. It was founded that the separation efficiency on the filter
media was improved from 68% to 88% with the incorporation of EPS nanofibers, however
the pressure drop was as well increased

284

. In their later work this situation was further

improved by the recognition of the 4 wt% of EPS nanofiber addition which provided both
significant increase in efficiency with minimal increase in pressure drop 285. One weak point
of nanofibers as filter is the mechanical weakness. Usually they have to be put onto a
substrate strong enough to serve as filter medium.
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NOMENCLATURE
AFM
BCP
CM
CNF
CNT
MWCNT
SWCNT
DCM
DSC
DTAB
HA
HFIP
IR
MC
Mn
Mw
MW
MWD
PA
PAA
PAN
PAN‐co‐MPC
PANI
PB
PCL
PEG
PEN
PEO
PEVA
PET‐co‐PEI
PHBV
PDLA
PGA
PLA or PDLLA
PLGA
PLLA
PMMA
PPDO‐co‐PLLA‐b‐
PEG

Atomic force microscopy
block copolymer
Confocal microscopy
carbon nanofiber
carbon nanotube
multi‐wall carbon nanotube
single‐wall carbon nanotube
Dichloromethane
Differential scanning calorimetry
dodecyltrimethylammonium bromide
hyaluronic acid
1,1,1,3,3,3‐hexafluoro‐2‐propanol
Infrared spectroscopy
methylene chloride
number‐averaged molecular weight
weight‐averazged molecular weight
molecular weight
molecular weight distribution
polyamide
polyacrylic acid
polyacrylonitrile
poly(acrylonitrile‐co‐(2‐methacryloyloxyethyl phosphorylcholine
polyaniline
polybutadiene
polycaprolactone
poly(ethylene glycol)
poly(ethylene naphthalate)
polyethylene oxide
poly(ethylene‐co‐vinyl acetate)
poly(ethylene terephthalate‐co‐ethylene isophthalate)
poly(hydroxybutyrate‐co‐valerate)
poly(D‐lactic acid)
polyglycolide
poly(D,L‐lactic acid)
poly(lactic‐co‐glycolide)
poly(L‐lactic acid)
poly(methyl methacrylate)
poly(p‐dioxanone‐co‐L‐lactide)‐b‐poly(ethylene glycol)

44

PPG
PPy
PS
PSU
PU
PVA
PVDF
PVP
PVPh
RS
SEM
FESEM
(SN)x
TAN
TBAC
TEBAC
TFE
TEM
THF
WAXD

poly(propylene glycol)
polypyrrole
polystyrene
polysulphone
polyurethane
poly(vinyl alcohol)
poly(vinylidene fluoride)
poly(vinyl pyrrolidone);
poly(vinyl phenol)
Raman spectroscopy
Scanning electron microscopy
Field‐emission scanning electron microscopy
poly(sulphur nitride)
tetrahydroperfluorooctylacrylate
tetrabutylammonium chloride
triethyl benzyl ammonium choloride
trifluoroethanol
transmission electron microscopy
tetrahydrofuran
Wide‐angle X‐ray diffraction

NOTATIONS
c
c*
Ce
d
E
Ef
H
g’
I
kH
Q
Qg
T
Tg
Tm
V
Greek
α

solution concentration
critical chain overlap concentration
entanglement concentration
fiber diameter
=V/H, electric field
the lowest electric field for pure fiber formation
applied distance between spinneret and collector
branching index value of polymer
current
Flory‐Huggins coefficient
applied flow rate in electrospinning
flow rate of gas jacket
temperature
glass transition temperature
melting temperature
applied voltage in electrospinning
polarizability
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ε
η0
[η]
ηsp
ρ
ρV
γ

dielectric constant
zero shear viscosity
intrinsic viscosity
specific viscosity
density
volume charge density
surface tension
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TABLES
Table 1.
Material
properties

Material
system

Molecular weight
(Mw) or structure

PEO
PMMA
PS

Concentration I

PEO
PET‐co‐PEI
PDLA
PMMA
PU

Viscosity (η)

PEO
PET‐co‐PEI
PMMA
PS

Surface tension (γ)

PEO

Effects of material properties on electrospun fiber morphology

Description

Comments

Mw=600,000; 3wt% in 40/60
ethanol/water
Mw ~(12,470~365,700); in good solvent of
70/30 CHCl3/DMF
Mw~(31,600~560,000); 35wt% in THF

I has a positive power law relationship with Mw. 133

Mw=400,000; 4~10wt% in HPLC water
Mw=600,000; in 40/60 ethanol/water
MW~(11,700~106,000) in various organic
solvents
Mw=109,000; 20~35wt% in DMF
Mw ~(12,470~365,700); in good solvent of
70/30 CHCl3/DMF
MW=25,000; various wt% in DMF
Mw=900,000; 1~4.5wt% with η~(13~1835)
cp in water
both branchy and linear;
MW~(11,700~106,000) in various organic
solvents
Mw ~(12,470~365,700); in good solvent of
70/30 CHCl3/DMF
Mw~(4,000~1,880,000); in various organic
solvents
Mw=900,000; 3 wt% in ethanol/water

Higher MWD causes beads structure than narrow MWD. 75
Increasing the Mw results in larger, less uniform shaped pores
on the fiber surface 70.
fiber diameter d has a positive power law relationship with c. 85
both ρV and I has a positive power law relationship with c. 133
d~(c/Ce)2.6 72; both branchy and linear;
Higher concentration results in uniform fibers without beads 49.
d~(c/c*)3.1 75
Fiber diameters increase as the 3rd power of solution
concentration 142.
Increase of viscosity decreased the formation of beads
structure. 37
d=0.05[η0]0.8 72;
d~( η0)0.71 75
d~( η0)0.41 77
Increased ethanol content decreased beads formation by
decreasing surface tension. 37
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Table 1. (continued).
PHBV
Elasticity

PEO,PEG

Solvent

PEO

Mw=460,000; 4wt% in various organic
solvents
various Mw~(672,000~1,030,000); 0.1~0.2
wt% PEO + 8~32 wt% PEG in water
Mw=900,000; 3 wt% in ethanol/water
Mv=300,000; 1~10 wt% in various solvents
10~27wt% in various organic solvents.

PS

PVP
Conductivity

PEO
PHBV
PHBV

MW=299,000;10~30wt% in 18 different
organic solvents.
Mw=1,300,000; 4 wt% in 50/50
DMF/ethanol
Mw=900,000; in water
Mw=460,000; 4wt% in various organic
solvents
Mw=680,000; 20wt% in chloroform
Mw=109,000; 30wt% in DMF

PDLA
PS

Mw~(4,000~1,880,000); in various organic
solvents

Higher surface tension results in more formation of beads
structures 80.
A high degree of elasticity is forming fiber structure by
suppressing the instability 63.
Increased ethanol content decreased beads formation. 37
Solvent with higher dielectric constant causes thinner fiber
diameter 286.
A large difference between the solubility parameters of PS and
the solvent is the reason for beads formation. DMF is the best
solvent 82.
Solvents with high dipole moment and low viscosity are great
for PS electrospinning; DMF is the best solvent 84.
Best condition for smooth nanofibers with diameter only 20nm
by optimizing the viscosity & charge density 287.
Additive of NaCl decreased beads formation by increasing net
charge density. 37
Higher conductivity results in less beads structures 80.
With small amounts of organosoluable salts thinner fiber can be
achieved 288.
Additive of salts or antibiotic drugs results in less beads and
thinner fibers structure by increasing the solution conductivity
49
.
Fiber diameter decreased by a power law relationship with
conductivity 77.
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Table 2.
Operational
parameters

Material
system

Applied voltage (V) or
electric field (E)

PAA
PCL
PEO

Effects of operational parameters on electrospun fiber morphology
Description

Comments

Mw=250,000; 6wt% in 40/60
ethanol/water
Mw=80,000; 10wt% in 40/60 MC/DMF
Mw=400,000; 4~10wt% in HPLC water
Mw=2,000,000; 2wt% in water

both ρV and I has a positive power law relationship with V. 133

Mw=600,000; 2wt% in 40/60
ethanol/water
Mw=400,000; 7wt% in water
PDLA
PHBV
PVA
PU
Flow rate (Q)

PAA
PAN
PCL

PEO

Mw=109,000; 30wt% in DMF
Mw=460,000; 4wt% in CHCl3
Mw=10,000; 6wt% in 50/50
ethanol/water
Mw=600,000; 6wt% in 50/50
THU/ethanol
Mw=250,000; 6wt% in 40/60
ethanol/water
Mw=150,000; 10wt% in DMF
Mw=80,000; 12wt% in 75/25
CHCl3/methanol by volume
Mw=80,000; 10wt% in 40/60 MC/DMF
Mw=400,000; 1wt% in 40/60
ethanol/water
Mw=600,000; 2wt% in 40/60
ethanol/water
Mw=2,000,000; 2wt% in water

both ρV and I has a positive power law relationship with V. 133
current I has a positive power law relationship with voltage V. 85
current I has a positive power law relationship with electric field
E. 41
both ρV and I has a positive power law relationship with V. 133
Use of AC potential instead of DC potential improved fiber
alignment by decreasing whipping instability 88.
Higher electric field results in thicker fibers 49.
Higher voltage results in less beads structures 80.
both ρV and I has a positive power law relationship with V. 133
both ρV and I has a positive power law relationship with V. 133
ρV has a negative power law relationship with Q. 133
fiber diameter d has a ‐2/3 power law relationship with (I/Q);
both experimentally and modeling 62
fiber diameter d has a ‐2/3 power law relationship with (I/Q);
both experimentally and modeling 62
ρV has a negative power law relationship with Q. 133
I has a negative power law relationship with Q. 133
ρV has a negative power law relationship with Q. 133
current I has a positive power law relationship with flow rate Q.

41
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Table 2. (continued)
Mw=2,000,000; 2wt% in water
PHBV
PDLA
PS
PVA
PU
Environmental
parameters

PA‐6
PS
PU

Mw=460,000; 4wt% in CHCl3
Mw=109,000; 25wt% in DMF
Mw~(4,000~1,880,000); in various
organic solvents
Mw=10,000; 6wt% in 50/50
ethanol/water
Mw=600,000; 6wt% in 50/50
THU/ethanol
MW~(17,000~32,000); in formic acid
Mw~(31,600~560,000); 35wt% in THF
MW=25,000; 21.2wt% in DMF

fiber diameter d has a ‐2/3 power law relationship with (I/Q);
both experimentally and by modeling 62
Higher flow rate results in more formation of beads structures
80
.
Higher flow rate Q results in thicker fibers 49.
Fiber diameter is increased by a power law relationship with
flow rate Q 77.
ρV has a negative power law relationship with Q. 133
ρV has a negative power law relationship with Q. 133
Raising the solution temperature results in less fiber diameter
and higher deposition rate 78.
Increasing the humidity results more evident pores on the fiber
surface 70.
Higher temperature helps more uniform fibers to form with less
beads structure 142;
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Table 3.
Homo‐
MW
polymer
PEO

Electrospinning of homopolymers

Solution Description

Process Parameters Fiber Morphology

Comments

30,000

3~7wt% in various organic
solvents and water

V=11~21Kv; H=21.5cm;
Q=0.5~5ml/h;

0.36 nm~1.96 μm; lower
with salt additive.

300,000

10wt% in HPLC water or
CHCl3 or acetone

V=7~8Kv; H=15~20cm;
Q=2.5~240μl/min

4~10wt% in HPLC water

V=5.5~15Kv; H=6.5inch.

500,000

10~70g/L in HPLC water
with or w/o hexanol

500,000

4~6 wt% in DI water with or
w/o ethanol

E=0.43~1.0Kv/cm; Ef
=0.86Kv/cm for 50g/L
solution;
V=±10~17.5Kv;
H=15~30cm;
Q=0.2ml/h
V=11.25Kv; H=15cm;

200~800 nm for water;
10μm for CHCl3; 0.8~14
μm for acetone
~250 nm for 7 wt%;
150nm and 400nm
bimodal for 10wt%
~200 nm for 50g/L
solution

Solvent with higher dielectric constant
causes thinner fiber diameter; 6wt% is the
lowest for non‐beads fiber formation 286.
A slightly rough surface from CHCl3 289.

400,000

600,000
900,000
4,000,000
PLA

3~7 wt% in various organic
solvents
1~4.5wt% with η~(13~1835)
cp in water

PDLA 109,000

η0=1.75 dPas in HPLC water
7.5~12.5 wt% in DCM with
methanol (8:2) or pyridine
(6:4)
20~35wt% in 1.5:1 MC/DMF

PLLA 153,000

3.9 wt% in 2:1
CHCl3/acetone

PLLA 100,000

PLLA 160,000

6 wt% in 65:35 MC/DMF

E=0.4~0.7Kv/cm;

~600 nm

~90 nm for fiber and ~880
nm for beads
80~350 nm with beads;

Fiber diameter increase with c and V. Beads
formation first decreases then increases
with V 85
Additive of alcohol in aqueous solution
decreased fiber diameter 134
Mean currents were found to be larger and
fiber diameter smaller for negative
potential 63.
Additive of PEG helps the formation of
smooth fibers 290.
Increase of viscosity, ethanol or salt
content and decreased the formation of
beads structure. 37

E=0.64V/cm;
V=10~15Kv; H=15cm;
Q=0.5ml/h;

~500 nm
~890 nm

134

V=20~30Kv; H=15cm;
Q=20μl/min;
V=30~45Kv; H=20cm;
Q=10μl/min;

200~1000 nm

Additive of 1 wt% NaCl decreased average
fiber diameter from 1000nm to 210 nm 49.
Addition of anionic, cationic or nonionic
surfactants can reduce the diameter size
and distribution 291.
A rough fiber surface is created by
methanol liquid bath collector 126.

V=20Kv; H=20cm;
Q=10μl/min;

300~500 nm with additive
of TEBAC etc.
0.5~1 μm

117
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Table 3. (continued)
PLLA (major)
186,000
PLLA 300,000
PLLA 100,000
PDLLA 765,000

melt spinning at 200 oC

V=11~30Kv; H=10cm;
Q=5~10μl/min;

~800 nm with precise
temperature control

1~5 wt%; in 70:30
DCM/DMF
7.5~12.5 wt% in DCM with
methanol (8:2) or pyridine
(6:4)
40 g/L; in MC

V=12Kv;
H=10cm;
Q=1.0ml/h;
V=10~15Kv; H=15cm;
Q=0.5ml/h;

~300 nm for 2wt%; ~1.5
μm for 5wt%; (aligned)
~890 nm for 63 m/min;
~610 nm for 630 m/min
take‐up speed
1~2μm for pure PLLA;
0.68~1Μm for PDLLA
20~180 nm of pore size
on the surface

35wt% in HPLC degrade THF
PS

31,600
100,000
190,000

10 wt% in DMF or THF with
DTAB or TBAC
30wt% in various organic
solvents
35wt% in HPLC degrade THF

190,000

299,000
300,000
300,000

E=1.5Kv/cm; H=15cm;
Q=3ml/h
V=10~20Kv;
H=12~35cm;
Q=70~100μl/min
V=10Kv; H=10cm;
Q=70μl/min

~500nm with surfactant
content > 5mmol/L
~10 μm without pores in
DMF
85~280 nm of pore sizes
on the surface

10~30wt% in18 various
organic solvents

V=10~25Kv; H=10cm;
Q=1.0ml/min

~10 μm

in THF/LiClO4

V=7.5Kv; H=9~21cm;
Q=0.8ml/h
V=8.0Kv; H10~16.5cm;
Q=3ml/h
V=10Kv; H=10cm;
Q=70μl/min

5.66~5.85 μm

in DMF/TEBAC
35wt% in HPLC degrade THF

560,900
melt flow rate
= 3.4
g/10min),

V=‐12 or ‐25Kv;
H=10cm; Q=0.1ml/min
V=10Kv; H=10cm;
Q=70μl/min

10 wt% in DMF

V=15Kv; H=10cm;
Qg=101ml/min of N2
gas jacket

11.69~12.34 μm
250~350 nm of pore sizes
on the surface
~700nm beadless and
well‐aligned

Average fiber diameter decreased with
increasing nozzle temperature, decreasing
nozzle size and increasing electric field E 292
Fiber diameter directly proportional to the
polymer concentration 107.
Rotating disk not only aligned fiber but as
well dramatically decreased fiber diameter
by higher take‐up velocity 117.
Fiber diameter was decreased by mixing
PLLA with PDLA 293.
Increasing the Mw or humidity results in
larger, less uniform shaped pores on the
fiber surface; 70.
Fiber diameter was dramatically decreased
with the surfactant additive 81.
Both fibers with or w/o pore structure can
be fabricated 289.
Increasing the Mw or humidity results in
larger, less uniform shaped pores on the
fiber surface; 70.
1,2‐dichloroethane, DMF, ethylacetate,
MEK, and THF can create produce PS fibers
84
..
Fiber diameter increases with viscosity;
decrease with conductivity. 77
Fiber diameter increases with viscosity;
decrease with conductivity. 77
Increasing the Mw or humidity results in
larger, less uniform shaped pores on the
fiber surface; 70.
A large difference between the solubility
parameters of PS and the solvent is the
reason for beads formation. 82.
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Table 4.

Electrospinning of copolymers

Polymer
System

Solution
Description

Fiber
Morphology

Comments

PEVA copolymer

14 w/v in CHCl3
with small
amount of
methanol

1~3μm

PLGA copolymer

15 wt% in CHCl3
or HFIP

270~760nm

Poly (MMA‐co‐
MAA)

6~8 wt% in DMF

Poly (MMA‐r‐
TAN)

10 wt% in 1:9 v/v
of DMF/Toluene
mixture

PPDO‐co‐PLLA‐b‐
PEG diblock
copolymer

20 wt% in 3:1
DCM/DMF

~430 nm from
8wt% solution;
smooth w/o
beads
Beaded structure;
2μm for beads
and 300nm for
fibers.
~380nm with
pore size~8μm,
porosity >80%

Tetracycline hydrochloride was used as a model
drug to test the drug release rate from
electrospun PEVA fiber mats. Blends of PEVA and
PLA decreased the PLA fiber iameter from 3~6 μm
to 1~3 μm 258.
The average diameter of PLGA is 760nm from
relatively non‐polar chloroform, thicker than
270nm of PLGA from polar HFIP 294, as well PLA or
PGA electrospun from polar solvent HFIP 198.
The presence of MAA increased Tg and thermal
stability of the copolymers through formation of
anhydrides upon heating 233.

PS‐b‐PB‐b‐PS
(SBS) triblock
copolymer
PS‐b‐PI

14wt% in 3:1 w/w
THF/DMF

~100nm, surface
area: 100m2/g

12~40 wt% in THF

200nm~5μm

PS‐b‐PPG

20 wt% in DMF

250nm~2.20μm

Recombinant
protein triblock
copolymer

10 wt% in TFE or
water

100~400nm

DegraPol®

30wt% in CHCl3

~10μm
microfibers

The atomic percentage of fluorine in the near
surface region of the electrospun fibers was
double the amount in the bulk sample 152.
Biodegradable electrospun fiber mat was tested
with NIH 3T3 fibroblast cells that tend to maintain
phenotypic shape and guided growth in fiber
orientation 295.
Microphase separation was observed in the as‐
spun fibers. The PS domains elongated in the
direction of the fiber axis 150.
Cylindrical and lamellar morphology can be
formed in the fibers with 29% and 53% PI
copolymers respectively 151.
The PPG block increased the hydrophilicity of the
electrospun fiber mats compared to their cast
films 296.
The electrospun fiber mats display a broad range
of mechanical responses from plastic to elastic,
and have potential application in soft prosthetic
and tissue engineering 297.
Systematic mechanical and biological studies
confirmed the suitability of this biodegradable
BCP electrospun fiber mats as scaffold for skeletal
muscle tissue engineering 298.

Note: size scales in fiber morphology denotes averaged fiber diameters, unless otherwise
specified.
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Table 5.

Electrospinning of polymer blends

Polymer
System

Solution
Description

Fiber
Morphology

Comments

HA / Gelatin

in 3:2 v/v of
DMF/water
8 wt% total in
DMF

190~500nm

PLA / PVP

2~5 wt% in DCM

1~2μm

PLGA / PLA‐b‐
PEG‐b‐PLA
blends
PPy / PEO

~35w/v PLGA with
10~12wt% BCP in
DMF
1.5~2.5 wt% of
PEO with various
PPy in water or
chloroform, DMF
21 wt% in 3:1
w/w of THF/DMF
mixture

From 250~875nm
to 2.5~5μm with
the BCP content.
70~300nm

The processability of HA had been improved
greatly by adding GE into the HA solution .
The selective removal of PEO by water extraction
created porous fiber with slightly larger diameter,
nanometer sized pores, 50% higher pore volume
and 2.5‐fold higher specific surface 299.
The fibers display an internal phase morphology
controlled by the rapid phase separation and
solidification. Porous fibers with specific surface
topologies can be accessed by selective removal
of one component 232.
The increase of block copolymer content
increased the nanofiber size as well as the rate
and efficiency of DNA release 50.
PEO, as a carrier, helped facilitating the
processability of PPy. PPy content can be
controlled to change the conductivity of
electrospun nanofibers 238.
The excess aggregation of PDMS block on the
surface of the fibers exhibits superhydrophobicity
153
.

PAN / PEO

PS / PS‐b‐PDMS

130~390 nm

150~400nm
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Table 6.

Common techniques for nanofiber characterizations

Purpose

Technique

Comments on Utility

Surface morphology

Optical
Microscopy

Conventional optical microscopy can only observe with the
typical magnification up to 1500×, which means a resolution
around 1μm.
Most commonly used electron microscopies to observe the
surface morphology at micron to 1nm scale. Field‐emission
SEM (FESEM) usually has better visualization and 3~6 times
higher resolutions than SEM.
By measuring the atomic force between the target surface and
cantilever tip, it can show the surface morphology and 3D
topology down to 1 Å scale.
Selectively showing colors with regard to specific molecules
and exciting light sources at a similar resolution of optical
microscopy. Often applied in biological systems with
fluorophores as dye molecules attached to the target parts.
It is one type of fluorescence microscopy but with clearer visual
effect by using a pinhole to help focusing. Capable of
constructing 3D sterographic images.
The most widely used technique to show the structural,
component or even crystallinity difference within the nanofiber
with different density effect on the electron transmission. The
resolution can reach as high as 1 Å.
By measuring the atomic force between the target surface and
cantilever tip, it can show the 3D surface morphology and
topology down to 1 Å scale. The resolution at z direction could
be even higher than the resolution at x‐y plane.
Detecting the infrared part of the electromagnetic spectrum of
specific compound information, i.e. the fingerprint. A good
spectroscopy for measuring the quantitative bulk composition
of nanofiber mat.
Detecting the activated resonation frequency of specific nuclei
in a magnetic field and providing quantitative chemical
information of the nanofiber bulk. Non‐destructive to samples
thus widely applied in biological related measurements.
Often similar but complementary results with IR.

SEM & FESEM

AFM

Fluorescence
Microscopy

Structural
morphology

Confocal
Microscopy
TEM

Topology

AFM

Elemental analysis

IR or FTIR
Spectroscopy

NMR
Spectroscopy

Raman
Spectroscopy
Raman
Microspectrosco
py
XPS

It can realize chemical mapping at submicron scale, thus often
applied for visualization of biological systems.
A widely‐used chemical analysis method for surface
measurements of the nanofibers within 10nm depth due to its
high resolution. The detection limit is usually 0.1~1.0 atom%. It
can as well perform depth chemical profile by sputtering the
surface layer by layer.
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Table 6. (continued)
Thermodynamic
properties

Contact Angle

DSC
XRD or WAXD
Mechanical
property

Nano
indentation

To measure the hydrophobicity and wetting properties by
measuring the angle at the interface between fiber mat and
liquid or air.
It can be used for bulk Tg measurements of the nanofibers.
It can be used for measuring the degree and pattern of
nanofiber bulk crystallinity by measuring the d‐spacing.
Innovated AFM cantilever is used as the force measurement.
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FIGURES
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Figure. 1 Increase of electrospinning research literature. Data obtained from ISI Web of Science directory
and SciFinder Scholar respectively.
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Figure. 2 Nanofibers produced by different methods. A) Schematic illustration of Self‐assembling peptide
surfactant/detergents that form well‐ordered structures including nanotubes with openings, nanovesicles
and micelles 300. B) SEM micrograph of PLLA fibrous matrix prepared from phase separation of 2.5% w/v
PLLA/THF solution 16.

58

Taylor Cone
49.3o

Spinneret
Polymer
Solution
or melt

High
Voltage
Power
Supply
Instable
Whipping

V

Collector

Deposited
Fiber Mat

SEM
Micrograph

a)

b)
Figure. 3 a) Schematic figure of basic electrospinning setup. b) Photograph of a typical plate‐to‐plate
electrospinning setup.
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Figure. 4 High‐speed and low‐speed photographs of electrospinning instability region. a. low speed
photograph with exposure time=1/250s; b. high speed photograph with exposure time=18ns c. overlapping
the high and low speed photograph of the instability region. Dark thread taken at 18ns and white splaying
background taken at 1/250s. 41
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a)

b)
Figure. 5 Simulated jet path comparison. a) Simulation accounting for solvent evaporation and polymer
solidification; b) Simulation without accounting for solvent evaporation and polymer solidification. 60
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Figure. 6 SEM micrographs showing the elimination of beads structure in the PVP electrospun fibers with
the increase of concentration in 16/3 ethanol/water (by volume) solution. A) 3wt%; B) 5wt%; C) 7wt%; and
D) 5wt% with 0.35 mg/ml of tetramethylammonium chloride 48.
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a)

b)
Figure. 7 Correlation between the rheology of linear or branched polyester solution and electrospun fiber
morphology control. a) Dependence of specific viscosity on concentration fro branched PET‐co‐PEI
(Mw=46,000 g/mol and g’=0.8), with changes in the slope marking the onset of the semidilute unentangled,
semidilute entangled and concentrated regimes of the solution. b) Dependence of fiber diameter on the
normalized concentration for the PET‐co‐PEI series that satisfies a 2.6 power law relationship 72.
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a)

b)
Figure. 8 Photos for multiple jet electrospinning. a) Photograph of a nine‐jet electrospinning matrix
showing the interaction between the electrospinning jets 92; b) Photograph of a ceramic “cylindrical porous
tube” setup 90.

64

Figure. 9 Core‐shell structured nanotubes created by coaxial electrospinning. A) Schematic illustration of
the setup; B) TEM image of two as‐spun hollow tubes made of TiO2/PVP composites, after the oily cores had
been extreacted with octane. C) TEM image of TiO2 tubes after PVP removed by calcining at 500 oC D) SEM
image of anatase tubes 47.
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a)

b)

i

ii

iii

Figure 9 continued
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c)

d)

i

ii

iii

Figure. 10 Schematic electrospinning setup (i), corresponding electric field and (ii) photographs of electrospun fibers (iii): a) Classic point‐to‐plate setup 109;
b) Multiple‐electrodes setup 109; c) Silica grid setup 45; d) Rotating disk collector setup 116;
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a)

b)

c)

d)

Figure. 11 Collector designs and corresponding micrographs of the aligned fibers. a).Wire drum collector
with copper wires collecting electrospun nylon nanofibers; SEM of axially aligned fibers showing at right 115.
b).Cross pattern of collector electrodes with SEM of uniaxially aligned and cross‐woven fibers showing at
right 119; c).Dual ring collector and formed yarns 123. d) Rotating disk collector for DNA molecules aligned and
embedded in PEO electrospun fibers with fluorescence micrographs 132.
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Figure. 12 Electrospinning of copolymer and polymer blends. A) SBS triblock copolymer displaying axis‐
oriented PS phase domains after annealing for 1hr at 70oC 150. B) TEM images of cross section of fibers spun
from 30 wt% THF solution of PS‐b‐PI with 29% PI content, showing the microphase separation 151. C)
Superhydrophobic surface created by coelectrospinning of PS/PMMA‐b‐PS polymer blends. Upper and
bottom image shows water droplet sliding on 17o‐tilted surface of PS/PMMA‐b‐PS and pure PS electrospun
fiber mat respectively at same unmarked size scales 153; D) Comparison of (a) as‐spun and (b) water‐treated
50/50 PAN/PEO bicomponent fibers from 8% DMF solution. Water‐extracted PEO left elongated pores on
the surface and inside the fiber 299.
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E

F

Figure. 13 Electrospinning of inorganic nanocomposite fibers. a) SEM image of V2O5‐TiO2‐Ta2O5
nanocomposite fibers by Xia’s group 173. b) TEM image showing Growth of CNT on CNF produced by the
electrospinning, carbonization of PAN fibers followed by catalytic growth of CNT. 186. c) TEM image showing
the aligned SWCNT in PAN nanocomposite fiber 187. d) TEM image showing the well‐alignment of 10%
MWCNT in PAN electrospun nanocomposite fibers 185. e) Macroscale photograph of electrospun copper
fibers at submicron scale 177. f) Macroscale photograph of electrospun PAN/MWCNT nanocomposite fiber
sheets containing MWCNT: 1, 0%; 2, 2%; 3, 3%; 4, 5%; 5, 10%; 6, 20% 185.
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A

B
Figure. 14 Surface modification of electrospun nanofibers. Electrospun fiber mat of Bombyx mori silk and
PEO blends before (A) and after (B) surface methanol treatment.500× magnification. 5μm scale bar 43.
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Figure. 15 Specific designs of nanofiber characterizations. a) A series of images taken for a tensile test of
an individual electrospun PA66 (nylon‐6,6) nanofiber up to the break point 222.
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(b)

(d)

Figure. 16 Application of polymer nanofibers. A) LSCM micrographs showing the alignment of
immunostained α‐actin filaments in SMCs after 1 day of culture on the aligned electrospun nanofibers 51. B)
Fluorescent micrograph showing the enraptured E. coli cells inside PVA electrospun nanofibers which
remained bioactivity after electrospinning 266. C) Morphology of HEPM cells on gelatin nanofiber matrices,
showing the cells attaching, spreading and forming oriented monolayers with typical fibroblastoid
morphology 257. D) Encapsulation of hydrophobic liquids in hydrophilic polymer nanofibers by coaxial
electrospinning 262.
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CHAPTER II

Electrospinning of Biomaterial Nanocomposite Fibers: Morphology, Structure and
Surface Modification
1

Introduction
Since the beginning of 21st century, biomaterial engineering has entered its third‐

generation, i.e. the biomaterials are required to be both biodegradable and surface
bioactive to be able to stimulate specific cellular response at the molecular level 1. No
matter to serve as implants in vivo or scaffolds for tissue regeneration in vitro, biomaterial
surfaces exhibiting specific bioactive functionalities are important for directing and
controlling a desired biological response, at the same time eliciting the least foreign‐body
reactions. Due to the large surface area, high porosity and proper size scale, biocompatible
or biodegradable composite nanofibers with specific bioactive surface functionalities have
numerous potential applications in biotechnology, especially tissue engineering and drug
delivery 2.
On the other hand, as a powerful and diversified technique, electrospinning

3

has

been applied to produce vast kinds of biopolymeric nanofibers. This advanced processing
techniques leads to the reduction of polymer fiber size from micrometers to sub‐microns or
even tens of nanometers, thus provides remarkable characteristics such as high surface‐
area‐to‐volume ratio, enhanced mechanical properties e.g. stiffness and strength, and
increased surface functionalities with the increased surface area. For instance, in tissue
engineering

4‐7

, electrospun non‐woven mat as polymeric bioactive scaffolds have been

widely applied to serve as extracellular matrices (ECM), e.g. in vitro biomimic micro‐
environment for the bone tissue regeneration starting from the attachment and
proliferation improvement of osteoblast or stem cells on biopolymeric scaffolds 8. Elastins 9
and short functional peptides such as Arg‐Gly‐Asp (RGD) were attached onto the scaffold
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surface by either grafting

10, 11

or dip coating

12

etc. In textile engineering, “smart” fabric

produced by electrospinning with specific surface biofunctionalities can be expected to be
both breathable and feasible to deactivate chemical weapons such as lethal nerve gases for
use in biomedical applications, military uniforms and civilian clothing 3.
In many cases the functional component cannot be electrospun by itself. Fibers with
multiple components were electrospun for multifunctional purposes such as to improve
processability and achieve appropriate mechanical properties, which is especially important
for synthetic biomimic materials. Other than electrospinning, there are lots of different
types of methodology for the fabrication of composite nanofibers, including molecular self‐
assembly13‐15, atomic deposition, phase separation 16, lithography, and templating 17, 18 etc.
By applying the electrostatic field to a solution or melt jet, the seemingly simple process of
electrospinning can create different forms of nanofiber mats with different interior or
exterior nanostructures, e.g. nanofibers with core‐sheath structure, nanofibers with
biofunctionally modified surfaces, nano or submicron tubes, nanofibers with porous
surfaces, nanofibers with attached nano‐particles, aligned nanofiber yarns etc. Along with
its versatility lies the best virtue of this method: via electrospinning people can achieve
nanofibers composed of almost all kinds of organic and inorganic nanocomposites besides
the single‐component nanofibers. A great number of materials, including natural
biopolymers such as DNA, synthesized polymer blends, nanocomposites of ceramics, even
metal‐oxides and carbon nanotubes have already been successfully fabricated into
nanofibers from electrospinning. There are already many high‐quality review papers
discussing about electrospinning that covered different aspects of this technique from
materials systems to potential applications

19‐21

. This review aims on describing current

research on multi‐component electrospinning, e.g. the way to control the inner structure,
microphase separation and surface‐bulk distribution during the electrospinning, followed by
the discussion of surface treatment of as‐spun nanocomposite fibers and their application in
biomedical and biotechnical engineering. The description of most other inorganic
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nanocomposite fibers by electrospinning unrelated to biomedical applications is beyond this
review and can be found elsewhere 22, 23.
2
2.1

Electrospinning fundamentals
Theory
Fabrication of one‐dimensional nanofibers has been one of the prevalent research

areas in nanotechnology of 21st century. Electrospinning presents to be a promising
technique with the ease of fabrication and versatile processability for different material
systems24‐35. The term “Electrospinning” is derived from “electrostatic spinning”, in which a
high‐voltage electrostatic power supply is used to generate an electrically‐driven jet of
either polymer solution or melt from a spinneret subsequently solidified into fibers at a size
scale from nano‐ to micro‐ meter and collected as nonwoven fiber mat on a collector placed
on the other side of the setup 25, 36‐38. Essential idea regarding the instability theory of liquid
charged with electricity was initially proposed by Rayleigh

39

, followed by the study of

Zeleny in 1914 40; Formhals was the first to realize the theory into a realistic electrospinning
setup in his series of patent published between 1934 and 1944 41‐43. Taylor studied the cone
shape of polymer droplet with different viscosity at the charged tip under electrostatic field,
which was lately described as a prerequisite for forming a stable electrospinning jet and
named after him with “Taylor cone” by following researchers

44, 45

. With the evolution of

characterization techniques of electron microscopy and spectroscopy, since the early 1970s
researchers have been able to analyze the structural and surface morphology of
electrospun fibers at nano scale46‐48. With increased understanding of the potential
applications in nanotechnology and biotechnology, and the maturity of characterization
methodology on almost every aspect of nanostructure characterization including
morphology, chemical information and rheology measurements, the comprehensive
research of electrospinning started to thrive from middle 1990s. From year 2000 to 2006,
the annual publications on electrospinning increased almost 10 times.20, 36, 49‐52.
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In the electrospinning process, when a high voltage is subjected to the end of the
spinneret that contains the polymer solution or melt, the pendant droplet at the tip of the
spinneret becomes highly charged on the surface. The droplet experiences two major
electrostatic forces: mutual charge repulsion on the surface and the Coulombian force
exerted by the electric field towards the counter electrode that causes a force directly
opposite to the surface tension 28. With the increase of electric field, the combined effect
from electric force and surface tension changed the shape of the droplet from a meniscus to
a cone‐shaped structure known as “Taylor cone” 45 until the gradient of electric field finally
break the droplet into a liquid jet. After a short period of stable jet at equilibrium status, the
discharged polymer solution jet starts to undergo a whipping and elongating process in the
axisymmetric bending instability region 53 of the electrostatic field. With the evaporation of
solvent, the jet will finally be solidified into long and thin fibers in the form of randomly
oriented non‐woven mats on the collector, as shown in Figure 1.
In order to be processable in electrospinning, the polymeric material must be able to
achieve certain extent of chain entanglements. Although some nature polymers such as
cellulose 54, collagen 55, and several types of DNA

28

were able to be electrospun, most of

the nature biomaterials including proteins and functional short peptides needs to be co‐
electrospun with biocompatible aid‐materials to improve the processability56,

57

. Thus

recently increasing efforts have been focused on electrospinning nanofibers of
biocompatible or biodegradable polymers for bioengineering applications4, 8, 58, 59. An ideal
model of synthetic polymeric scaffolds to apply in tissue engineering should consist of i) a
biocompatible and biodegradable fibrous backbone with similar material properties to the
biological system, and ii) covered with bio‐interactive surface layer for cell attachment and
proliferation. We will start from morphology and structure control of multi‐component
nanocomposite fibers by electrospinning, and then discuss the surface functionalization of
biocompatible polymer blends either during electrospinning or after electrospinning.
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2.2

General Morphological Control
Electrospinning has been applied to generate a vast range of synthetic and natural

polymeric fibers as well as making nanocomposite fibers of organic biocomposite, inorganic
metal oxide, ceramic or carbonous materials

60‐62

. These highly‐porous electrospun

nonwoven nanofiber mats have extremely high surface area/volume ratio, e.g., it has been
reported that nanofibers with average diameter of 100 nm present a specific surface area of
100 m2/g

63

. The terminal fiber morphologies could either be cylindrical fiber with

homogeneous diameter distribution, helical‐shaped
“beads‐on‐the‐string” structure

37

64

, flat ribbon‐shaped fibers

with either smooth or porous surfaces

65, 66

, or a

67

, as shown in

Figure 2. In general, for quality control purpose nanofibers with uniformly‐distributed
geometry and mechanical properties are preferred, which requires a jet stably starting at
the Taylor cone. To acquire stable electrospinning process for the control of fiber
morphology, an optimal combination of appropriate material properties and process
operational parameters needs to be established. Including: i) Material properties; i.e.
molecular weight (MW) and distribution (MWD), macromolecular chain topology (linear or
branchy), concentration/viscosity (η), elasticity, conductivity (or net charge density), surface
tension (γ), dielectric constant (ε)/polarizability (α) etc.; ii) Operational parameters; i.e.
temperature of the polymer solution or melts (T), distance between the spinneret and
collector (H), flow rate (Q), applied voltage (V)/electric field (E), polarity, current (I),
geometry of setup design (capillary inner diameter, collector geometry), and other
environmental parameters such as humidity and air velocity etc, wherein many of the
parameters are not independent but correlated to each other; For example, solution
viscosity is in general increasing with polymer concentration by Flory‐Huggins equation 68;
Conductivity depends on the dielectric constant and ion content of the solution; and so
does surface tension and other solution properties. The effect of these parameters on the
fiber morphology and size control can be found in many excellent electrospinning reviews 20,
21, 27, 29, 34‐36

and modeling papers 53, 69‐71.
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To briefly summarize the general idea of fiber morphology control, an understanding
of the process mechanism must be established. Theoretical research on the electro‐driven
jet shows that it is the combination of three forces that causes the jet to whip until it lands
on the collector in the form of dried nanofibers: electrostatic repulsive force that keeps
increasing the surface area and decreasing the jet diameter enormously; the interior
viscoelasticity of the polymer necessary to restrain the fiber from breaking into droplets;
and the surface tension that keeps breaking the jet into spherical droplets to decreasing the
surface area. Hence in order to eliminate beads and obtain smooth fiber structure, the
combination of electrostatic force and viscoelastic force that keep the jet from breaking
must suppress or at least balance the surface tension. A comparatively low surface tension,
appropriate viscoelasticity and electric field are thus preferred for smooth fiber formation.
Although some modeling work has been done, the major research of the effect of
parameters on fiber morphology focused on empirically established power law relationship
between fiber diameter and either material properties 72, 73 or process parameters 74, 75.
2.2.1 Manipulation by material properties
From the rheology point of view, the viscoelastic force that maintains the fiber
shape can be explained by the entanglement degree of the polymer chains. Thus simply
increasing the concentration is recognized as the most effective way to eliminate the beads
formation, meanwhile most likely to increase the fiber diameter. McKee et al. proposed a
correlation between polymer concentration and electrospinnability by defining 3 different
viscosity regimes: semi‐dilute unentangled, semidilute entangled and concentrated
solutions with regard to the specific viscosity

76

. An entanglement concentration was

defined as the onset of semidilute entangled regime, which is the minimum concentration
for electrospinning fibers with beads structure, while 2~2.5 times of entanglement
concentration is the minimum concentration needed for electrospinning of smooth fibers
without beads structure. Usually for polymers, the molecular weight needs to be higher
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than a certain number for the molecules to be able to entangle with each other, however by
the additive of NaCl, McKee et al. managed to decrease the entanglement concentration
and obtain phospholipid nonwoven membranes by the electrospinning of lecithin solutions
at higher concentrations, where the chain of lecithin is relaxing enough for a similar
overlapping behavior to polymers

77

. Another study on linear polymethyl methacrylate

(PMMA) in good solvent by Gupta et al. showed that at least 6 times of critical overlap
72

concentration was needed for the electrospinning of smooth fibers without beads

. The

difference between these two probably is subjected to the chain geometry difference
between the model macromolecules. Shenoy et al. predicted that the number of
entanglements per polymer chain should be at least one for the incipient fiber formation,
and 2.5 or higher for complete fiber formation 78 . In order to decrease the beads formation
or fiber diameter, salts 51, 79 or surfactants can be added 80 to lower the surface tension and
increase solution conductivity or dielectric constant 81. However it has been reported that
additive of salts to increase conductivity also caused the increase of mass flow rate that
resulted in thicker fibers formation

79

, since the conductivity needs to be controlled at a

proper regime of 10‐6~10‐8 (Ωm)‐1 82 for the jet to maintain stable. Unlike salts, surfactants
not only can increase conductivity, but also improve the relaxation of polymer chains which
is important for the viscoelastic behavior of the jet stream and so forth the elimination of
beads 83. The density and volatility of solvents were found to be another important factor
for fiber diameters

84

, due to the effect on the discharge by evaporation speed

properties of the solvent such as the dipole moment

86

and solubility parameter

85

. Other

84

can as

well greatly effect the fiber morphology.
2.2.2 Manipulation by operational parameters
To control the fiber diameter by operational parameters, however, is even more
paradoxical and needs to be careful with, as the parameters are even more closely
correlated with each other. For example, ideally the increase of electrostatic force by
increasing the electric field or applied potential should generate thinner fibers, however it

88

has as well been observed that with the increase of applied voltage the fiber diameter was
increased 51, for the deposition rate was as well increased with higher potential so that the
feeding rate had to increase automatically as well 75. On the other hand, generally speaking
the increase of applied voltage should decrease the beads formation since it increases the
electrostatic repulsive force on the jet surface to conquer the surface tension which
definitely is causing beads structure

81

, however it was reported by Deitzel et al. that

keeping on increasing the voltage to a certain value would cause the substantially increase
of beads intensity

73

. It was probably because exceedingly high voltage could destroy the

formation of Taylor cone that is required for the original droplet to form a stable jet. Thus if
the voltage is so high that the liquid jet begins twisting, fluctuating, leaning onto one side,
or splitting at the spinneret tip instead of being straight and stable, it is very likely to create
beads structure and definitely not an optimal condition for the formation of uniformly
distributed nanofiber, even if the present concentration is good enough 87.
Similarly, conflicting results were given for polarity effect with different polymer
systems. Supaphol et al. observed a thicker fiber formation with negative electrode polarity
than electrospinning from the positive anode

88

, however Kalayci et al. found that the

negative induced charging would result in thinner fibers for PAN system, since the much
smaller mass of an electron than a proton made the electrical dispersity in the liquid much
more rapidly and uniformly

85

, which is supported by a higher current and lower fiber

diameter observation from negative potential in the electrospinning of PEO by Yu et al. 70.
Kessick et al. reported the improvement of fiber formation with an AC instead of DC
potential 89. A generally accepted concept for flow rate is the proportional increase of fiber
diameter and beads intensity with its increase 81. Whereas the distance between spinneret
and collector, which usually is used to calculate electric field, also define the travel distance
of the jet, and at the same time the geometry of electric field for point to plate designs. The
former would greatly influence the deposited fiber morphology due to the evaporation
speed of solvent, which means, if the distance is too close, fibers would deposit on the

89

collector before they are fully dried or thinned to a certain diameter; excess distance could
as well cause a wider distribution of fiber diameters 90. The geometry of electric field could
define the alignment or size of the fiber mat. Thus more researchers focus on the volume
charge density or current to combine all three major parameters instead of independent
effects 91. Typically, a power law relationship between the volume charge density or current
and the flow rate, electric field or voltage or distance could be established 74, 75.
3
3.1

Multi‐Component Electrospinning
Electrospinning of Synthetic Polymers

3.1.1 Homopolymers
Researchers have been trying to conclude systematic manipulation via process
parameters regardless of material types. Common properties of as‐spun fibers include the
alignment at molecular level and lower crystallinity caused by the rapid solidification during
the electrospinning process. Meanwhile in reality, the molecular structure and material
properties do affect the fiber morphology and mechanical properties dramatically. Vast
amount of different homopolymers have been fabricated into fibers for different
application purposes. For instance, polyethylene oxide (PEO) is probably one of the most
widely electrospun polymers in the history

73, 74, 92

. Its simple linear molecular structure,

excellent viscoelastic property, commercial availability, wide solubility (especially in water)
and biocompatibility make it an excellent candidate for fundamental research of process
control, or as aid‐material to facilitate the processability by coelectrospinning with
biological agents carrying poor rheological properties. Commonly PEO electrospun
nanofibers at good electrospinning conditions have diameters at the range from 100 to 500
nm with a smooth surface.
The linear aliphatic polyesters and their random copolymer are often favored as the
biomaterial for biomedical or biotechnological devices because of their biocompatibility and
degradability. Polylactic acid (or polylactide), especially the poly (L‐lactic acid) (PLLA)

93

, is

90

one of the biopolymers that has been widely used for biocompatible and biodegradable
polymeric scaffolds in tissue engineering. PLLA fibrous mat can function as extracellular
matrix (ECM) itself or provide efficient drug delivery by controlling the biodegrading rate. It
needs to be careful that additive of drugs to co‐electrospin with PLLA can as well effect the
electrospinning process by improving the fiber formation, since most drugs form ions in the
solution

51

. The fiber diameter is often at sub‐micron scale with a smooth surface.
94, 95

Polyglycolide (PGA)

, poly(caprolactone) (PCL)

poly(lactic‐co‐glycolide) (PLGA)

96

, PEG‐co‐PLA

56

8

and subsequent copolymers such as

, PLLA‐co‐PCL

97

, PLA‐b‐PEG‐b‐PLA

98

etc.

are also favorable biodegradable polymers for electrospinning.
Due to its excellent mechanical properties and hydrophobicity, polystyrene (PS) can
be applied for filtration or ion exchange 99 and was widely investigated for electrospinning
fibers at micron to submicron size scale 100‐103. Commonly only micron‐scale PS fibers can be
electrospun without beads structure, whereas with the assistance from gas jacket spinneret
design84 or additive of certain surfactants

83

, fibers at sub‐micron size scale can be

fabricated without beads formation. Other polymers widely investigated for electrospinning
include: polyacrylonitrile (PAN, precursors for carbon nanofibers)
(PU)

106, 107

, polyvinyl alcohol (PVA, thermo‐degradable)

polymethyl methacrylate (PMMA)
terephthalate (PET)

27, 109

polycarbonates (PC)

111, 112
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46, 104, 105

, polyurethane

72

; PCL (polycaprolactone)

71,

113

; nylon 6

,

91

, polyethylene

; poly (vinyl phenol) (PVPh, reported antimicrobial)

, polybenzimidazole (PBI)

108

, poly (vinyl chloride) (PVC)

110

,

65

; poly (p‐phenylene

terephthallamide) (Kevlar 49® Dupont or PPTA) 38 etc.
3.1.2 Copolymers
Researchers are always looking at more possible functions and applicable varieties
of one novel technique. Thus, to combine and optimize different polymer properties for
specific multiple application purposes, the feasibility of electrospinning block
random

7, 94, 119‐121

57, 114‐118

or

copolymers and different collections of polymer blends has become
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important research subjects. For example, comparing to pure poly(methyl methacrylate)
(PMMA), the content of methacrylic acid (MAA) in the poly(MMA‐co‐MAA) have enhanced
the Tg and thermal stability of the electrospun fibers by forming the anhydrides upon
heating 122.
Due to the rapid solidification and phase‐separation process with the existence of
electrostatic field, electrospun copolymer fibers exhibit different crystallinity and micro‐ or
nano‐ phase separation format compared to conventional and slower microphase
separation occurring in copolymer membranes. A lower crystallinity, axial alignment of
certain block or the whole molecule, more random microphase separation and change in
microstructure after annealing at even room temperature would be expected for the
electrospun fibers. For example, in the electrospinning of biodegradable poly(L‐lactic‐co‐
epsilon‐caprolactone) (P(LLA‐CL), 75:25) copolymer to form tubular scaffold with
circumferential alignment, DSC and X‐ray diffraction results revealed that lactic sequence in
the P(LLA‐CL) copolymer could not crystallize during the short traveling time of
electrospinning at room temperature. Comparatively, a more regular arrangement of
caprolactone sequence could be formed 120.
Similar case happens with block copolymers. As shown in Figure 4‐A, when
characterizing the electrospun nanofibers of poly (styrene‐b‐butadiene‐b‐styrene) (SBS)
triblock copolymer with TEM, Fong and Reneker observed that the PS domains were
oriented along the direction of the fiber axis. More obvious microphase separation details
were not presented until being annealed at 70oC. They also found that the electrospun
fibers tended to flatten even at room temperature after some time. It was assumed that the
attraction of the electrical charges carried by the fibers generated an electrical pressure of
about one atmosphere and spread and flattened the nanofibers during annealing

118

.

Another important factor which could affect the micro/nano‐ phase separation morphology
of the electrospun fibers is the quantity ratio of each block or components, which was
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found to affect not only the fiber morphology 56, but also the micro/nano‐ phase separation
morphology within the electrospun fiber, e.g. Kalra et al. found that with different
polyisoprene (PI) content of PS‐b‐PI block copolymer, 29% and 53% of PI gave cylindrical
and lamellar morphology of the electrospun fiber respectively, although the microphase
separation was observed more clearly after annealing the fibers 123, as shown in Figure 4‐B.
However effect of the block copolymer content on material properties such as tensile
strength and modulus was found to be insignificant in a PLA‐PEG and PLA‐PEG‐PLA diblock
and triblock copolymer system 56. Ma et al. coelectrospun PS‐b‐PI‐b‐PS triblock copolymer
or PI‐b‐PS diblock copolymer within the shell of PMMA‐r‐PMAA copolymer by a co‐axial
electrospinning setup. Subsequent annealing of the fibers and removal of the shell material
at appropriate temperature could form concentric lamella or spherical micro‐phase
separation within the fiber 124, as shown in Figure 3‐C.
The surface energy determines the surface morphology and chemical composition of
a multi‐component system. In electrospinning, it turns to be the combination of interfacial
energy, electrostatic field and material electric properties that could cause an enrichment of
certain group on the fiber surface. For instance, Deitzel et al. reported double amount of
atom % of fluorine at the surface of electrospun PMMA‐r‐TAN random copolymer fibers
(polymethyl methacrylate with varying tetrahydroperfluorooctyl acrylate concentration) by
XPS detection 121. However, the effect from electric field was not considered in this case. It
has

been

proved

that

phospholipid‐modified

electrospun

PAN‐co‐MPC

(2‐

methacryloyloxyethyl phosphorylcholine) fibers with only 5~10% of MPC content already
greatly increased the activity retention of lipase by almost 30% than only PAN fiber mats,
although the mechanism and quantitative description of surface modification with MPC
block was not explained extensively in this communication 125. The same group studied the
electrospinning of poly(acrylonitrile‐co‐maleic acid) (PAN‐co‐MA) as well, and claimed that
the surface carboxylic groups caused the lipase enzyme loading increase from 2.36 to 21.2
mg/g 126. When the two blocks of the block copolymer have a more different hydrophilicity,
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i.e. the diblock copolymer is amphiphilic, the surface enrichment could be even more
obvious, e.g. electrospun amphiphilic poly(propylene glycol) (PS‐b‐PPG) was found to have a
higher surface hydrophilicity compared to its cast films. It indicated the effect of
electrostatic field on the phase separation during the block copolymer electrospinning that
induced higher PPG content on the surface, presented by a higher hydrophilic properties of
the surface 127.
3.1.3 Polymer Blends
The electrospinning of polymer blends can be applied to combine the advantage of
each component, e.g. by varying the polyaniline (PANI) amount in PANI/PEO blend, the
electrospun fiber mat with different conductivity can be achieved

128

. Compared to the

electrospinning of copolymers, similar situation of microphase‐separation and annealing‐
crystallization behavior could be observed in the electrospinning of polymer blends, while at
a reasonably larger size scale and inner‐molecular interactions compared to copolymers. By
extracting one of the components within the as‐spun fibers of polymer blends, the phase
separation could be observed with the formation of porous structures, which could be
useful for higher surface area and porosity in potential drug delivery functions. Whereas
besides creating porous structures, to add another component or block can always induce
more effects on electrospinning process, e.g., the additive of PEO can always improve the
processability, or even change the electrospinnability of a certain block copolymer. Another
issue or advantage could be the different response of polymers under the same electric
field. It could be even more complicated when dealing with polymer blend systems
containing copolymers. Several examples will be given as follows:
Instead of the axial alignment of molecules in the electrospinning of copolymers,
Bognitzki et al. observed a “co‐continuous” structure inside the fiber by selective removal of
poly(vinyl pyrrolidone) (PVP) in the electrospun fiber of PLA/PVP blends

29

, which is what

usually happens between a compatible polymer pair. However, even for the co‐continuous
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structure, elongated pores were observed left both on the surface and inside the fiber after
selective removal of PEO from as‐spun PEO/PAN fibers by water extraction, as shown in
Figure 4‐B 129. 50% higher pore volume and 2.5 fold higher specific surfaces were obtained
by this method. The increase of PEO content also decreased the average fiber diameter by
facilitating the processability of PAN 129, however it was also reported that with the increase
of PEO content, the average diameter of electrospun fibers of polypyrrole (PPy) was
increased 130. The surface enrichment of one component was as well observed and reported
in the electrospinning of polymer blends, especially the block copolymer and homopolymer
blends. For instance, Ma et al. reported the microphase separation and surface enrichment
of

DMS

blocks

on

the

fiber

surface

of

the

electrospun

PS/poly(styrene‐b‐

dimethylsiloxane)(PS/PS‐b‐PDMS) blends which resulted in a superhydrophobic surface with
a contact angle of 163o and contact angle hysteresis of 15o. The assumption was that the
surface energy difference between PS and PDMS block together with surface roughness of
the electrospun mat caused the surface microphase segregation 117.
In some cases such as when the bicomponent polymer blends containing two
polymers that are immiscible to each other, different microphase separation behavior e.g.
core‐sheath structure within the as‐spun fibers could be observed, compared to the
common co‐continuous structure formed from miscible or at least compatible polymer
blends. Wei et al. studied the co‐electrospinning of conductive polyaniline (PANI) blended
with other homopolymers including PS, PC, PEO and PMMA respectively

131

. TEM

micrographs showed that only the PANI/PS and PANI/PC pairs could form core‐sheath
structure. The possible reason could be incompatibility between PS or PC and low molecular
PANI, together with the lower surface tension of PS and PC compared to PEO and PMMA.
Figure 4‐C shows the core‐sheath structure of PANI/PS. In their later paper, polybutadiene
(PB) / PC blends were also found to establish core‐sheath structure by electrospinning, with
the PB as core and PC as sheath materials 132. More parameters were investigated and they
concluded that incompatibility, large solubility parameter difference, lower molecular
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weight (higher molecular mobility) and large viscosity difference between the polymer pair
are favorable for the formation of core‐sheath structure than co‐continuous or random
microphase separation structure by coelectrospinning of the polymer blends in a single
nozzle.
We need to pay attention that the experimental results of polymer blends with
different components are affected by the combination of many various factors, including
polymer systems, solvent systems and electrospinning manipulations, especially when
dealing with the polymer blends containing copolymers. Due to the diversity of
electrospinnable materials, much more systematic research needs to be finished before a
clear image of combined effect and predictions of ultimate morphology and microphase
separation within electrospun polymer blend fibers can be presented.
3.1.4 Polymer with Nanocomposite Fillers
Other than the polymers, nanofillers can also be added into the polymeric
nanofibers to create nanocomposite fiber mat for the combination of great features of both
nanoparticles and nanofibers. The improvement could include thermal property
mechanical property

133

,

134, 135

, conductivity136, and catalytical or bio‐agent functions for

controlled drug release etc. For instance, during an in situ tensile deformation test, the
additive of nanofillers into the electrospun nanofibers has been approved to be able to
switch the mechanical property of electrospun nanofiber mat from brittle to ductile
especially along the fiber axis

134

, which shows a great potential of better reinforcement

function of the electrospun nanocomposite better than just the particle fillers. Sometimes
the existence of polymer is not always necessary especially when the aim is to produce the
pure inorganic nanocomposite fibers, under which circumstances the polymer can always
be removed by calcination or solvent extraction afterwards.
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The production of electrospun polymer/nanocomposite fibers depends on the
material type. In many cases a precursor solution is needed to produce inorganic
nanocomposites in situ during electrospinning. For instance, with high surface/volume ratio
and photocatalytical function, TiO2/SiO2 nanocomposite fibers can be fabricated by the
electrospinning of precursor solutions with polyvinyl phenol (PVP), and further calcination
to remove the unwanted PVP from as‐spun fibers

137

. A second treatment was applied to

obtain Ag/PAN composite nanofibers by electrospinning of the AgNO3/PAN solution. Silver
nanoparticles at the size scale of ~10nm were created in and on the surface of electrospun
composite nanofibers by the reduction of silver ions in the further treatment with N2H5OH
aqueous solution 138. Cellulose acetate (CA) and silver nanoparticles with small amounts of
silver nitrate were coelectrospun followed by photo‐reduction to form antimicrobial
composite ultrafine fibers with Ag particles on the fiber surfaces 139. A robust “dual‐porous”
structured scaffold was created by co‐electrospinning PLLA with nano‐sized montmorillonite
(Mt) platelets 140. With the use a salt leaching/gas forming method, micro‐sized pores were
generated for cell attachment and migration, together with the nano‐sized pores that would
facilitate facile transport of metabolic nutrients and waste.
Another major group of nanofillers for co‐electrospinning with polymers are carbon
nanotubes (CNT) and carbon nanofibers (CNF) due to their high aspect ratio, small size, high
strength, low density, and high electrical and thermal conductivity. It can also be found in a
lot of other reviews. The mechanism of CNT/CNF additive improvement of the mechanical
property could be explained by a two‐stage rupture behavior, which was found under
tension of CNT‐PAN composites nanofibers141. It included crazing of polymer matrix and
pullout of carbon nanotubes, through which CNT reinforced the polymer fibers by hindering
crazing extension, reducing stress concentration, and dissipating energy when pullout.
Tensile strength and modulus of PAN fibers embedded with 1 wt% single wall CNT (SWCNT)
was doubled compared to that of pure PAN fibers 141.
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It is critical that the alignment of CNT or CNF nanofibrous fillers within the
electrospun fibers be achieved for effective delivery and improvement of the mechanical
and electric properties from CNT to the nanocomposites

142, 143

. As a matter of fact,

nanocomposites within the electrospun polymer/nanocomposite fibers tend to have the
similar trend of alignment compared to the molecular alignment of polymer blends at
certain point, e.g. Fong et al. achieved fibrous and ribbon‐like nanofibers from the
electrospinning of nylon 6/exfoliated montmorillonite blends. The montmorillonite layers
within the fiber were found to perfectly align along the fiber axis, with the nylon 6
crystallites layer normal parallel to the fiber axis, as shown in Figure 4‐D 65. The alignment of
silicate clay platelets along the PMMA fiber axis was also observed in electrospun
poly(MMA‐co‐MAA)/ fibers122. Nonetheless, it was also found that the orientation of single
wall CNT (SWCNT) within the nanocomposite polymer fibers also depends on the degree of
dispersion in the solution, relaxation during electrospinning144 and polymer types. Ko et al.
found that CNTs could be well aligned by the coelectrospinning in PAN/DMF solution, but
not the PLA/DMF solution 145.
3.2

Electrospinning of Natural Polymers
Natural polymers, nominally biomacromolecules, are also polymers by nature

besides that they have biofunctionalities by carrying biofunctional mechanical properties,
chemical groups and forming second or third structures. The reason to put them together as
a separate session is more of a purpose to clearly understand the state‐of‐the‐art research
on the electrospinning of natural biopolymers for biomedical or biotechnological
applications. It is no doubt that the natural biopolymers can provide a better bioactive ECM
than synthetic polymeric scaffolds due to their better biocompatibility, biodegradability and
biomimetic mechanical properties while interacting with the biological systems. For
example, collagen is a fibrous‐structured protein that composes connective tissues in
animals, and also itself a major component of ECM that exists in most tissues and supports
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cell culture in organism. The crosslinked collagen scaffolds surface‐treated with ECM
proteins has shown good tensile strength, and been proved to be very effective at early
stage of wound healing 146 as shown in Figure 5; PLGA/chitin composite matrix was proved
to be a better candidate than only the biodegradable synthetic PLGA matrix in terms of cell
adhesion and spreading for normal human keratinocytes

147

. Nevertheless, the complex

structure and fixed molecular topology of natural biopolymers to function bioactively also
contributes to the difficulty in electrospinning processing.
The effort to electrospin pure natural biopolymer nanofibers started from very early
stage in the electrospinning history 28. Whereas not until recent years, have limited types of
natural biopolymers been able to electrospin into fine fibers comparable to synthetic
polymers. Collagen 55, 146, gelatin 148, hyauronic acid 149, Bombyx mori or other types of silk
150‐152

, fibrinogen

153

have been successfully electrospun into fibers at nano‐ to submicron

size scale. Certain specific electrospinning conditions were found to be critical for the
electrospinnability of these nature polymers. For instance, although the biological
organisms always prefer aqueous environment, the aqueous solution of these natural
biopolymers was always found not suitable for electrospinning. Instead, 1,1,1,3,3,3‐
hexafluoro‐2‐propanol (HFIP) could be applied to generate proper chain entanglements for
collagen when the concentration is higher than 8 wt%
proven suitable for gelatin

146

; 2,2,2‐trifluoroethanol (TFE) was

148

; and DMF/water mixed‐solvent was applied for the

electrospinning of HA 149. One of the reasons behind was proposed to be the strong water
retention ability of these natural biopolymers that causes improper rheology behavior of
their aqueous solutions 149.
3.3

Biomaterial‐Composite Nanofibers
Since most natural biopolymers do not have pertinent molecular structures to

induce proper chain entanglements while keeping the biofunctionality, a more prevalent
way to improve the processability is to co‐electrospin with conventional synthesized
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polymers based on their mechanical properties, electrospinning facilitation and
biocompatibility, e.g. due to its excellent processability and biocompatibility, PEO is often
chosen as auxiliary component for co‐electrospinning in both aqueous and organic solutions.
More favorable polymers are the group of biodegradable polymers, including polylactic acid
(PLA) especially L‐polylactic acid (PLLA), polyglycolide (PGA), PCL and subsequent
copolymers e.g. PLGA, PEG‐co‐PLA, PLLA‐co‐PCL, PLA‐b‐PEG‐b‐PLA etc. not only for their
biodegradability, but also for the biomimetic mechanical properties. For example,
electrospinning of PLLA‐co‐CL (75:25) copolymer has been proven to form a novel
architecture with mechanical properties comparable to those of human coronary artery 7.
This nano‐fibrous scaffold is capable of supporting cell attachment and proliferation. Blends
of PLA‐co‐PGA, PLGA and PEG‐g‐chitan was also used to form composite nanofibers for ideal
matrices for atrial fibrillation

154

. Cellulose/cellulose acetate

155, 156

, silk fibroin

157

or other

proteins 158, 159, DNA 56, 160, collagen 161‐163, chitosan 164‐167 and gelatin 168 etc. have been co‐
electrospun for different purposes. As for the bioactivity, structurally intact release of
incorporated plasmid DNA (68–80% of the initially loaded DNA) was demonstrated and also
seems to be capable of cell transfection and bioactivity 56.
One thing needs to be careful when dealing with the electrospinning of blends is:
the phase separation between the components might happen before the fiber formation at
the collector, i.e. during the electrospinning of chitosan/PEO blend solution, Duan et al.
observed two types of fibers forming at the collector: the ultrafine fibers mainly containing
chitosan and the thicker fibers almost entirely composed of PEO

167

. The explanation was

that as a polyelectrolyte, chitosan may cause the phase separation of PEO solution at room
temperature. Not being able to generate fibers with uniformly distributed properties
throughout the fiber mat is usually considered non‐ideal. Therefore the compatibility
between the components needs to be taken into account before co‐electrospinning. Other
than improving the processability of natural biopolymers, currently two major purposes of
co‐electrospinning natural biopolymer blends would be to apply the fiber mat as ECM
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scaffolds for tissue regeneration and as biological agent release in both tissue engineering
and drug delivery, since various functional nanoparticles including enzymes and virus, even
cells can be encapsulated into the electrospun biomaterial fibers. This part of biomaterial
composite fibers will be introduced in the application session of controlled encapsulation of
biological agents.
4

Surface Modification of Electrospun Nanofibers
No matter to apply in inorganic environment for dewetting, absorbing and sensor, or

to serve as ECM for biological systems for biointerations e.g. selective cell attachment or
antibacterial purposes, the interface at the nanofiber network is always the most important
area as the location where the chemical or physical interactions occur. The hydrophilicity or
hydrophobicity would strongly affect the interfacial behavior, and the types and
stereostructural of functional groups at the surface determine the locations of ligand
centers if other effects such as fiber alignment and orientations are excluded. Therefore the
surface modification of ES nanofibers has become a prerequisite in most applications. For
example, Chua et al. compared in vitro expansion of human umbilical cord blood CD 34+
cells on unmodified, hydroxylated, carboxylated and aminated electrospun nanofiber mats
respectively, and a 10‐day cultures showed the most efficient support from aminated
nanofiber mats due to better biointeractions between the cell and ECM network

169

.

Sanders et al. investigated the effect of surface charge on tissue response, and found the
results suggesting negatively charged surfaces for facilitating the vessel growth 170.
4.1

Design criteria of surface modification for bio‐interfaces
In tissue engineering, the ideal surface of biomaterials promotes target cell

adhesion, spreading, growth, and differentiation

59, 171

, and at the same time presents a

non‐fouling surface to avoid other non‐specific cell attachments172. No matter serving as
biomedical implant in vivo or tissue regeneration scaffolds in vitro, only with surface‐
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modified biomolecular recognition will the biomimetic materials be able to interact with the
surrounding tissues or cells as ECM

173

. In 1980’s, proteins such as fibronectin, vitronectin,

laminin and type‐I collagen that can specifically combine with certain integrin receptors of
cells were attached to the biomaterial surfaces to promote cell adhesion and proliferation
174‐178

. The noncovalent interactions between ligand proteins and integrin receptors usually

exhibit a specific 3‐dimensional form, involving a complex mixture of hydrophobic,
electrostatic, hydrogen bondings and sometimes Van der Waals forces179. To control the cell
attachment, migration and proliferation onto the biomaterial surface, the receptor‐ligand
affinity, the density and spatial distribution of ligands180‐185 etc. need to be considered as
important factors. For example, excessive ligand density may impede cell migration and
proliferation by showing a biphasic trends of cell migration184, 186.
After the discovery of domain signaling from specific amino acids along the long
protein chains, short peptide fragments e.g. RGD, YIGSR etc. have been used for cell
171, 182, 185, 187‐198

. Among all the peptides, the most widely applicable

adhesive surfaces

ligand is Arg‐Gly‐Asp (RGD) sequence, the signaling domain derived from most ECM proteins
such as fibronectin and laminin. Being more stable with flexible stereo‐spatial structures
and exhibiting high efficiency with ease and economy of synthesis, surface modification
with effective short peptide fragments is at some point more advantageous over the long‐
chain native ECM proteins. For instance, minimum amount of 1 fmol/cm2 and 10 fmol/cm2
of synthetic Gly‐Arg‐Gly‐Asp‐Tyr (GRGDY) peptide containing effective RGD sequence was
found necessary for cell spreading and focal contacts of fibroblasts on a modified surface of
glass substrate

185

, which is considerably low compared to the minimum concentration of

100~1300 fmol/cm2 needed for similar sufficient spreading of fibroblasts on surfaces coated
with a native ECM protein of fibronectin or vitronectin

174‐176

. In order to be both flexible

and presenting minimal steric hindrance, a biocompatible ‘spacer’ arm, in many cases linear
polyethylene glycol (PEG) or non‐specific peptide sequences, can be placed between the
ligand peptide sequence and the surface upon peptide immobilization

187, 199‐202

. PEG can
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also avoid non‐specific surface attachment. Nevertheless, the ability of specific integrin
binding is limited due to the structure simplicity of the short peptide ligand. The next
generation of biomimetic adhesive supports must be the constructive of integrin‐specific
ligands with higher complexity such as specific folding patterns 203.
Besides physical absorptions

12, 204

, one of the most prevalent methods for surface

modification of biopolymers with biofunctional peptides is covalent coupling between
polymer/peptide 205‐208 or polymer/polymer 209. Usually the sequence‐defined peptide with
its copolymer conjugates can be prepared by solid‐phase synthesis and atom transfer
radical polymerization (ATRP)

210‐212

. The reactive polymer surface is typically incubated in

peptide buffer solution to induce a covalent coupling reaction 206. Graft polymerization can
also be induced by photo‐initiation in the proper UV radiation range

207

. In many cases,

hydrophobic surfaces or surfaces lack of prerequisite functional groups exhibit a greater
synthetic challenge for direct covalent coupling. In these scenarios, pre‐surface treatment is
often needed to achieve surface modification with ligands. Therefore, the spacer arm PEG
may serve as well as the linkage between the hydrophilic protein/peptide and hydrophobic
biomaterial surface by both non‐covalently or covalently tethering of the PEG‐peptide
copolymer onto the surface

12, 206, 213‐215

. The surface morphology of PEG‐based block

copolymers in brush or micelle forms was also investigated 216 as shown in Figure 6. For the
aim to control the surface peptide density while simultaneously preventing nonspecific
protein adsorption, one example would be the use of PEO/PPO/PEO triblock copolymers
modified with terminal pyridyl disulfide functionalities to tether RGD containing peptides to
polystyrene (PS) 186. In some cases when the backbone of biodegradable biopolymers lacks
functional groups, surface treatment with a third pre‐surface modifying additive is
necessary, as in the case of PGA sutures 217. There are also other newly developed methods
that are usually restricted to specific systems, e.g. gas foaming/salt leaching

218

and non‐

covalent hydrogen‐bonding interaction 5. However, the former requires multiple steps in
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terms of purification since bio‐systems do not prefer salt environment, and the latter was
restricted to specific supramolecular polymers.
4.2

Surface Modification via Electrospinning

4.2.1 Core‐sheath structures by coaxial electrospinning
As a method to produce nanofibers with the application of static electric field,
electrospinning itself can always be a useful route facilitating the modification of fiber
surface. Ideally, the surface modification should generate a thin layer of functional material
at molecular level. However the easier way may be simply to put a layer of shell‐like
structure onto the fibers, which subsequently creates the so‐called “core‐sheath” or “core‐
shell” structure. There are two major ways to produce core‐sheath structured electrospun
fibers: i). One‐step: to generate core‐sheath structured fibers directly from the spinneret, or
ii). Two‐step: to coat the template as‐spun fiber with functional materials. The 2nd
methodology will be introduced in the following sections of surface modification on as‐spun
fibers. In order to achieve the one‐step goal the electrospinning setup can be modified to
the “coaxial capillary co‐electrospinning”

219‐222

design, as shown in Figure 7, in which the

spinneret is composed of two concentric nozzles that can eject different polymer solutions
at the same time. Single fiber with core‐sheath structure can be created from a coaxial
spinneret, with the core and sheath made of different components. Removal of the core
material by calcination, extraction or enzymatic degradation can subsequently create
hollow nanotubes 221. On the other hand, by removal of the shell structure, the formation of
1D metal nanofiber via electrospinning of inorganic precursors that can not be electrospun
alone can be achieved as well.
For example, in the earliest paper about coaxial electrospinning, Sun et al.
coelectrospun the PLA with Pd(OAc)2 solution
annealing at 170oC

and created Pd nanofibers by further

219

. They also compared the characteristic time of bending instability

with the characteristic time of diffusion spreading of a sharp boundary between both
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identical and different polymer pairs. The conclusion was that the latter two both have at
least one order of magnitude higher than the one of bending instability. A boundary
between core and shell should be able to form within the short electrospinning time

219

,

whereas in many cases the compatibility of the two components could possibly determine
the phase separation behavior at the interface, e.g. a perturbed interface tends to form
when the two polymers are miscible. Reznik et al. claimed that the free charges migrated
rapidly from the liquid to the surface of the shell which brings the leaky dielectrics model
close to a perfect conductor model. It indicates that two miscible solutions may very well
cause mixing problems at the Taylor cone. They also proposed an extrusion of core nozzle
outside of the exterior nozzle by around half of its radius as a good condition for coaxial
electrospinning, concluded from the simulation by the leaky dielectrics model

223

. In order

to achieve proper form of core‐shell structure by coaxial electrospinning, material
properties of both the core and shell solutions together with the nozzle radius ratio and
extrusion need to be considered. The viscoelastic property of the shell material is especially
important for the formation of continuous shell. For the purpose of generating only tube‐
structure, some other material such as mineral oil

224

and volatile solution

225

were used

instead of two polymer solutions to form solid core‐sheath fibers.
The coaxial electrospinning is not only a method applied in producing inorganic
metal or ceramic nanofibers/tubes, e.g. to make conductive nano‐wires covered with
insulating polymer layer, but also useful for producing the core‐sheath structures for
biomaterial applications such as surface‐biofunctionalization for cell proliferation in tissue
engineering and controlled drug/bioagent delivery by encapsulation within the protection
shell. For example, Zhang et al. successfully prepared biodegradable PCL‐gelatin
bicomponent fibers with gelatin as core material and PCL as the shell material by coaxial
electrospinning

220

. The core concentration of gelatin could also control both the fiber

diameter and shell thickness, and in some cases the shell layer can be even as thin as a real
surface coating look, which could in turn enhance the efficiency for the surface modification.
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The immiscibility between gelatin and PCL contributed to the clear interface between the
core‐shell structures. In their further publication, the collagen‐coated PCL nanofiber
scaffolds via coaxial electrospinning was proved to enhance cell proliferation of human
dermal fibroblasts much greater than the roughly collagen‐coated PCL nanofiber matrix by
soaking PCL fibers in collagen solution 226. On the other hand, they blended a model protein
with PEG as the core material and PCL as the shell material for coaxial electrospinning. The
encapsulated fibers alleviated the initial burst release and gave a sustainability of
continuous protein release for up to 5 months 227. Jiang as well et al. studied the release of
bioactive agents by coaxial electrospinning with PCL as the shell and protein‐containing PEG
as core material. The released lysozyme was found to retain the bioactivity, and its release
profile was determined by the shell thickness controlled by feeding rate of inner dope

228

.

By addition of PEG into the shell together with PCL instead of the core, release of lysozyme
could also be increased since water‐soluble PEG created pores on the shell structure

229

.

Zhao et al. invented a “multi‐channel” coaxial electrospinning by putting multiple inner
nozzles (2~6) inside the outer nozzle. The generated bio‐mimetic multi‐channel fibers have
a similar feature with the natural materials such as feathers 230, as shown in Figure 8‐B.
4.2.2 “Self‐organized” surface modifications
Besides the coaxial electrospinning, is there any other way to form a core‐sheath
structure or surface modified layer in electrospinning? The answer is yes. The core‐sheath
structure can be formed either by engineering the setup i.e. coaxial electrospinning, or by
controlling the material properties of the polymer blends solution. However, the latter
requires an accurate manipulation of the polymer properties, including molecular weights,
chain geometry, hydrophobicity/hydrophilicity, dielectric property, affinity between the
polymer pairs (or even more ingredients), solvent volatility, and solution properties that
combine the polymer and solvent properties. A thorough understanding of the
electrospinning process control, molecular mobility/diffusivity and other material properties
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must be established. As mentioned in the electrospinning of copolymer session, it has been
reported that the microphase separation and surface enrichment of DMS blocks on the fiber
surface of the electrospun PS‐b‐PDMS block copolymer resulted in a superhydrophobic
surface of the fiber mat due to the surface microphase separation caused by surface energy
difference between PS and PDMS 117. Deitzel et al. as well reported double amount of atom
% of fluorine at the surface of electrospun PMMA‐r‐TAN random copolymer fibers by XPS
detection 121. Sun et al. observed an enrichment of anionic peptide block on the surface of
their electrospun nanofibers containing PEO‐oligopeptide block copolymer and PEO blends
by XPS detection of nitrogen content difference between the surface and bulk. They
proposed the polarizability difference of the blocks under the effect of electric field working
as the key function of the microphase separation and surface aggregation. The more
polararizable carboxylic groups of the peptide components caused the surface migration
during the electrospinning process

231

. Thus at least surface modification with designed

block of copolymers is accessible by the control of interfacial energy and electric properties
of the polymer. As mentioned in the electrospinning of polymer blends session, when two
polymers are dissolved in a homogeneous solution and electrospun afterwards, the
different properties within the polymer blends would cause a phase separation either
before or during the jet solidification. The former will cause phase separation of the fibers
that creates bimodal distribution of final fiber diameter, with thin and thick fibers consist of
different components respectively 167. The latter can be utilized to produce fiber structures
with microphase separation within the fibers. With appropriate control of incompatibility,
large solubility parameter difference, lower molecular weight (higher molecular mobility)
and large viscosity difference between the polymer pairs, core‐sheath structure of inner
microphase separation can be preferably formed instead of co‐continuous structures
between compatible polymer pairs 131, 132.
Besides using one solvent for two incompatible polymers to form core‐sheath
structures, some researcher also use two immiscible solvents that dissolves different
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polymers, and mix them together to form emulsion for co‐electrospinning. In this case a
more prominent phase separation occurs even before the electrospinning process while it
will form only one type of fibers instead of fibers with bimodal size distributions when
phase separation starts during the jet solidification process. Sanders and co‐workers was
the first to electrospin emulsion solution composed of biocompatible poly (ethylene‐co‐
vinyl acetate) (EVA) solution and aqueous solution of bovine serum albumin (BSA) for drug
delivery purpose

232

, and successfully encapsulated the fluorescently labeled protein

reservoirs within the electrospun EVA fibers. Xu et al. also successfully electrospun the
“water‐in‐oil” emulsions composed of PEG‐b‐PLLA in chloroform and fluorescein isocyanate
(FTIC) labeled PEO aqueous solution and observed the core‐sheath structure within the
electrospun microfiber with encapsulated PEO as the core, and copolymer as the shell 233, as
shown in Figure 8‐D. It was concluded that the quick evaporation speed of the organic
solvent induced the phase separation and left the water soluble PEO as the core. Qi et al.
obtained beads‐on‐the‐string structure with the Ca‐alginate microspheres in the beads form
encapsulated in PLLA fibers which could be applied for prolonged drug delivery of BSA 234.
On the other hand, emulsion can also be created by dissolving incompatible polymer
pairs in the same solvent. For example, Bazilevsky et al. coelectrospun PMMA/DMF (fine
droplets as dispersed phase) and PAN/DMF (as continuous phase) emulsion to form core‐
shell structured microfibers. Both the theoretical and experimental analysis indicated that
PAN phase was able to sufficiently stretch as shell phase in the jet and keep the PMMA‐
major phase within the electrospun fiber

235

. Since PAN is often used as precursor for the

formation of carbon nanofibers (CNF), further heat treatment converted the fibers into
turbostratic carbon tubes 235. Another comparable process would be the coelectrospinning
of PMMA/PAN‐co‐PMMA blends in DMF by Peng et al

236

, as shown in Figure 8‐F. Since

these two polymers were more compatible to each other, carbon nanofibers with a
“nanoporous‐structured” morphology were formed after carbonization of the electrospun
fibers of PMMA/PAN‐co‐PMMA blends in a nano‐co‐continuous way of microphase
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separation. Thus, the compatibility of the polymer pairs plays a very important role in the
ultimate fiber morphology which can be applied to control the surface modification or inner
structure of the electrospun nanofibers.
4.3

Post‐spun surface treatment
Another option also more traditional way of surface modification is the secondary

treatment of post‐spun fibers, including homopolymers, co‐electrospun polymer blends or
block copolymer with different components. The most conventional way is the post‐sun
surface treatment. Physical modification of the surface would be simply doping or physical
absorption i.e. by electrostatic force that would yield a fixed surface concentration of
targeting molecules

237

. Major methodology of chemically modifying the surface would be

covalent coupling or linkage of the functional groups with the surface molecules, which can
be induced either by incubating the polymeric film or nanofibers in the peptide buffer
solutions, or induced surface polymerization such as plasma treatment 170, chemical vapor
deposition

159, 238

, photo‐initiated by radiation in the proper UV range or electron beam

exposure for graft polymerization

239

. For example, Sanders et al. using plasma‐induced

surface polymerization of negatively or positively charged monomers introduced different
surface charges on electrospun PU fiber surfaces to enhance biocompatibility 170. Peng et al.
applied atomic layer deposition onto the electrospun PVA fibers to produce Al2O3
nanotubes with neat and smooth surfaces. The best advantage of their technique is the
ability to precisely control the wall thickness of the tube

240

. Wong et al. applied ion

implantation of N+ onto the surface of PVA electrospun nanofibers, and detected newly
formed N‐C=0 and C‐N peaks from XPS measurements

241

. Wang et al. proposed to use

electrostatic layer‐by‐layer adsorption (ELBL) for surface modification with charged and
conjugated polyelectrolyte thin layers on the electrospun nanofiber surface for biosensor
application purpose, under comparatively moderate conditions for biological polymer
systems 242.
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Not all these methods are suitable for biological applications since the excessive
conditions could easily degrade and destroy the biological agent or nanofiber networks
composed of biodegradable polymers. However, under some specific circumstances, when
the covalent coupling actually enhanced the enzyme stability, nanofibrous enzyme became
possible as powerful and recyclable biocatalyst

243

. By altering the surface properties, the

biocompatibility of PGA was improved after treatment in concentrated hydrochloric acid 244.
Sometimes when the surface is too hydrophobic and lack of requisite functional groups for
direct covalent coupling, pre-surface treatment would be needed to activate surface ligand
centers which in turn require a multi-step process for the ultimate surface modification. For
example, Ma et al. from Ramakrishna’s group first treated the electrospun PET fiber surface
in formaldehyde to induce hydroxyl groups on the hydrophobic PET surface, then chemically
grafted MAA onto the PET surface, followed by the final grafting of gelatin using watersoluble carbodiimide as a coupling agent for the development of ECM in blood vessel tissue
engineering

245

. This gelatin-grafted PET fibrous scaffold achieved after three steps has

shown to improve the spreading and proliferation of the endothelial cells compared to nongrafted PET fibers, and at the same time preserve the phenotype. They as well applied a
similar procedure to polysulphone (PSU) nanofibers in their later work to develop affinity
membranes for albumin adsorption 246. Wei et al. enhanced wettability of polyamide 6 fibers
by plasma treatment

247

. On the other hand, surface hydrophobicity is usually obtained by

increasing the surface crystallinity by solvent treatment. For instance, bombyx mori silk has
been co-electrospun with PEO, and a post-spinning solvent treatment was applied to induce
the surface crystallization of silk 157. A comparable process would be the methanol treatment
on the co-electrospun fibers of eggshell membrane protein and PEO blends to increase the
surface hydrophobicity of the electrospun fibers

158

. Methanol has also been proven to be a

powerful crystallinity adjust agent. For instance, fully hydrolyzed PVA electrospun
nanofibers was treated with methanol in order to prevent PVA fibers from dissolving in water
80

; Use of methanol surface treatment can as well change the crystallinity of the nanofiber by

solidifying the PLLA fiber surface 248.

110

FIGURES

Taylor Cone
49.3o

Spinneret
Polymer
Solution
or melt

High
Voltage
Power
Supply
Instable
Whipping

V

Collector

Deposited
Fiber Mat

SEM
Micrograph

Figure 1 Schematic graph of basic electrospinning process.
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Figure 2 Different morphologies of electrospun fibers. A) Helical structured electrospun fibers composed of
8.5 wt % PEO and 0.75 wt % poly (aniline sulfonic acid) from aqueous solution 64. B) Ribbon‐shaped
electrospun fibers from 10 wt% poly (ether imide) in hexafluoro‐2‐propanol solutions 66. C) Beads‐on‐the‐
string morphology of electrospun PEO fibers from aqueous solutions with viscosity of 74 centipoises 37. D)
Porous surface structures of PS electrospun fibers controlled by humidity during electrospinning 67.
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Figure 3 Electrospinning of copolymers. A) SBS triblock copolymer displaying axis‐oriented PS phase domains
after annealing for 1hr at 70oC 118. B) TEM images of cross section of fibers spun from 30 wt% THF solution of
PS‐b‐PI with 29% PI content, showing the microphase separation 123. C) SIS triblock copolymer showing
concentric (upper fibers) and spherical microphase separation behavior both at cross section and along axis
124
. Size of the scale bar: 100nm.
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Figure 4 Electrospinning of polymer blends and nanocomposites. A) Residual PLA fiber after selective removal
of PVP (original ratio PVP/PLA=5:1) showing co‐continuous structure within the fiber blends 29. B) Comparison
of (a) as‐spun and (b) water‐treated 50/50 PAN/PEO bicomponent fibers from 8% DMF solution. Water‐
extracted PEO left elongated pores on the surface and inside the fiber, at the same time decreased the
averaged fiber diameter from 390 nm to 130 nm 129. C) TEM image of core‐sheath structure with the OsO4‐
stained PANI appearing to be the dark core area and light PS as sheath 131. D) Bright field TEM images showing
the alignment of montmorillonite layers in the nylon 6‐montmorillonite electrospun nanocomposite fiber 65.
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Figure 5
SEM micrographs showing interactions between normal human oral keratinocytes (NHOK)
and electrospun collagen fiber mat as ECM. Upper graphs are with collagen nanofibers only; Bottom
graphs are with ECM protein‐coated (type I collagen or laminin) nanofibers, from which better cell
migration can be observed within 3 days and faster cell growth underneath the fiber mat can be
observed within 7 days 146.
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Figure 6

Schematic presenting the heterobifuntional PEG‐PLA block copolymer for constructing
functional PEG on the biomaterial surface 216.

116

Figure 7 A typical coaxial electrospinning setup 220 and compounded pendant drop at the coaxial tip 225.
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Figure 8 A) TEM micrograph of hollow anatase nanotubes after coaxial electrospinning with mineral oil as the
core material, followed by the calcination of PVP‐titania composites 224. B) Biomemetic multi‐channel fibers by
coaxial electrospinning 230. C) Superhydrophobic surface created by coelectrospinning of PS/PMMA‐b‐PS
polymer blends. Upper and bottom image shows water droplet sliding on 17o‐tilted surface of PS/PMMA‐b‐PS
and pure PS electrospun fiber mat respectively at same unmarked size scales 117. D) Confocal laser scanning
microscopy (CLSM) image showing the core‐sheath structure created by emulsion electrospinning. Core
contains FTIC labeled PEO with PEG‐b‐PLLA as the sheath 233. E) Optical microscopy graph showing PMMA/PAN
emulsion in DMF after mixing two homogeneous solutions of 6 wt% PMMA/DMF and PAN/DMF together after
one day. PAN/DMF is the continuous phase in the emulsion 235. F) TEM and SEM micrographs showing the
“nanoporous‐structured” morphology formed by electrospinning of PMMA/PAN‐co‐PMMA blends in a nano‐
co‐continuous way followed by carbonization 236.
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CHAPTER III

FieldDriven Biofunctionalization of PEO Fiber Surfaces during
Electrospinning*
Abstract
Surface‐biofunctionalized synthetic polymer fibers composed of a fiber‐forming host
polymer and an oligopeptide conjugate are prepared by electrospinning. The conjugate
consists of a polypeptide segment and a polymer block that is compatible with the host
polymer. Because the more polarizable peptide segment migrates to the surface during
electrospinning, peptide surface enrichment (see figure and inside cover) is achieved in a
single step without further treatment.

*

This chapter has been published in its entirety:

Sun, X.‐Y., Shankar, R., Börner, H. G., Ghosh, T. K. & Spontak, R. J. Field‐Driven Biofunctionalization of Polymer
Fiber Surfaces during Electrospinning. Advanced Materials 19, 87 (2007).
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Multifunctional environmentally‐, chemically‐ and biologically‐responsive textiles1
are of growing global interest. Concurrently, innovative methods are being proposed to
generate next‐generation biomaterials2 with bioactive surfaces for a variety of emergent
technologies.3‐6 Polymeric fibers commonly employed in textiles are ideally suited for
biomedical applications as well as routine consumer and specialized military use7 because of
their intrinsically large surface area, which can be increased further via the production of
sub‐micrometer or nanometer fibers by specialized processes such as electrospinning8‐10.
Surface‐treated polymer (nano)fibers have shown tremendous promise as
multifunctional textiles that could provide protection against biological and chemical
threats11 and as extracellular microenvironments for bioactive tissue scaffolds.12–14 Tailor‐
made (nano)fiber surfaces exhibiting specific bioactive functionalities can also be used to
direct or even control a desired biological response.15 Surfaces that are bioadhesives16 or
biorepulsive17 can, for example, attract or repel targeted proteins. Such functions could
lead to selective adhesion of desired cells or prevent the tagging of fiber surfaces by specific
proteins, which constitutes the initial trigger of the immune response cascade. Surface
functionalities that can interact or communicate18 with biological systems are widely
applicable in antimicrobial or antifungicidal packaging to extend the shelf‐life of food,19 and
as surgical sutures or wound dressings to prevent an inflammatory response or stimulate
wound healing.8,20
The preparation of surface‐biofunctionalized (nano)fibers prior to the processing of
fabrics, filters or bandages relies on method(s) used to impart surface functionalities. These
methods depend strongly on the nature of the fiber‐forming polymer and include, but are
not limited to, covalent polymer grafting,21 plasma treatment,22 physisorption (e.g.,
hydrogen‐bonding interactions),23 chemisorption,24 and chemical derivatization.25 Covalent
attachment of functional compounds is the preferred approach to introduce complex or
fragile functionalities permanently and at reasonably high efficiency to polymer fiber
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surfaces. This approach, however, usually requires multiple steps, since appropriate anchor
functionalities must be generated on the fiber surface prior to the attachment of linking
agents to subsequently introduce the molecules providing the desired biofunctionality.26 In
the case of multifunctional molecules such as the bioadhesive RGD domain (Arg‐Gly‐Asp
sequence), regioselective attachment could require the use of protecting group strategies.
Ill‐defined attachment of the peptide to the fiber surface reduces or even precludes
targeted biofunctionality. Another means by which to modify the surfaces of polymers is
through the use of a block copolymer containing low‐surface‐energy blocks composed of,
for example, polysiloxanes or fluorinated compounds. Since these segments preferentially
migrate to the surface, this approach has been used successfully to alter the surface
properties of electrospun (nano)fibers.27,28 Only hydrophobic fiber surfaces that tend to
exhibit nonspecific interactions with peptides can be obtained in this fashion, sometimes
leading to protein denaturation and thus rendering such surfaces useless as targeted
bioactive fibers. We demonstrate here that the electric field used in electrospinning can
likewise promote surface segregation of a polarizable bioorganic peptide segment.
A recognized advantage of electrospinning as a route to polymer (nano)fibers is its
broad and diverse application. A vast range of synthetic and natural polymers in pure or
blended solutions, as well as melts, have been electrospun to form fibers ranging from ca.
10 nm to beyond 10 µm in diameter.10,29 Poly(ethylene oxide) (PEO),30,31 as well as its blends
with other (bio)polymers32 and polyelectrolytes,33 constitutes an excellent example of an
established biocompatible and commercially available polymer that has been the subject of
numerous electrospinning studies. During electrospinning from a polymer solution, the
electric field generated by a high‐voltage power source between a spinneret and a target is
increased until the electrostatic force at the tip of the spinneret exceeds the surface tension
of the solution drop. The Taylor cone that forms at the tip of the spinneret is thereby
transformed into a continuous jet that whips about to form solid fibers as the solvent
evaporates (cf. Figure 1).34 Known factors that markedly influence the morphology of the
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resulting (nano)fibers include solution viscosity, solution conductivity, surface tension,
electric field intensity, and the shape of the electric field.35 The complex interplay of these
factors along with associated polymer dynamics account for morphological and chemical
variations typically encountered during electrospinning.36 In this study, another factor must
be considered as a conjugate containing a polarizable peptide segment is added to the
solution of the fiber‐forming polymer (PEO) prior to electrospinning.
Because previous studies have confirmed that microphase‐ordered block
copolymers in the melt37 or in solution38 can be oriented in response to an external electric
field, we use the electric field applied during electrospinning to drive the peptide segment
to the surface of the electrospun fibers. This therefore constitutes a single‐step route
toward surface‐biofunctionalization of fibers, as illustrated in Figure 1. Unlike prior electric
field‐induced orientation efforts involving block copolymers, the concentration of conjugate
within PEO in the present study is restricted to be 10 wt% or less to avoid structural
complications due to molecular self‐organization.39 Moreover, in most electrospinning
studies, the cathode(anode) is located at the spinneret, which is typically a syringe needle
or a pipette, and the anode(cathode) is a planar collection target positioned at a specific
distance from the needle to achieve a desired electric field with convergent isofield lines for
a given applied potential. The setup employed here, depicted in Figure 1, uses a different
geometry wherein a planar cathode behind the needle and the collection target generate a
field with parallel isofield lines. 40 One difference between the actual assembly and Figure 1
is that the experimental setup is oriented horizontally. Moreover, a rubber gasket is
attached around the periphery of the collector to avoid high potential density and discharge
due to air ionization.
The peptide–polymer conjugate employed in this study has been synthesized
following standard Fmoc protocols.41 It consists of a PEO block coupled to a model
oligopeptide possessing three repeat units of a triad composed of serine, glutamic acid, and
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glutamic acid ((Ser‐Glu‐Glu)3 or (SEE)3). This bioorganic conjugate is hereafter referred to as
(SEE)3‐PEO. The PEO–peptide conjugate is sufficiently short to facilitate diffusion42 through
solvated PEO during electrospinning, whereas the PEO segment of the conjugate is still long
enough to i) permit co‐crystallization with the PEO matrix to anchor the oligopeptide along
the fiber surface, and ii) possibly function as a spacer between the fiber surface and the
biofunctional peptide segment. While the anionic oligopeptide sequence in (SEE)3‐PEO may
exhibit antimicrobial activity43 (which is beyond the scope of this work), it is expected to
alter solution properties before, as well as respond to the applied electric field during,
electrospinning. Solution viscosities measured at different (SEE)3‐PEO concentrations
(relative to PEO) in aqueous PEO solutions reveal two trends: i) an increase in PEO
concentration promotes an increase in viscosity, and ii) an increase in (SEE)3‐PEO content at
fixed PEO concentration results in a slight decrease in viscosity. A reduction in solution
viscosity tends to favor thinner electrospun (nano)fibers or beads.35
Addition of (SEE)3‐PEO most profoundly influences solution conductivity
measurements at the two PEO concentrations considered here: 30 and 40 g L‐1. In the
absence of the conjugate, the specific conductivity of PEO in solution is ca. 2.28

S Lg‐1cm‐

1 due to partial dissociation of water. Higher conductivity in the 40 g L‐1 PEO series relative
to the 30 g L‐1 series reflects the increased PEO concentration and correspondingly larger
population of (SEE)3‐PEO molecules for a given conjugate concentration. At both PEO
concentrations, solution conductivity increases with increasing (SEE)3‐PEO content to a
plateau and levels off at ca. 130 and ca. 270

S cm‐1 at 30 and 40 g L‐1 PEO, respectively.

This feature indicates that the Glu moieties behave as a weak acid. The initial increase in
solution conductivity is attributed to dissociation of the carboxylic moieties comprising the
anionic oligopeptide, whereas the plateau signals dissociation saturation. Saturation occurs
at a lower (SEE)3‐PEO content in the 30 g L‐1 PEO series relative to the 40 g L‐1 series, which
may signal the hydration requirements of the PEO homopolymer (because fewer water
molecules are available for oligopeptide dissociation in the 40 g L‐1 series than in the 30 g L‐
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1 series). While these results are interesting in their own right, we only mention them here
to demonstrate that (SEE)3‐PEO influences solution properties that play a crucial role in
electrospinning.33‐35
It follows that differences in PEO/(SEE)3‐PEO fiber morphology can be anticipated on
the basis of the solution properties discussed above. Representative scanning electron
microscopy (SEM) images of fibers generated with the cathode positioned at the spinneret
side and the anode at the collection target for solutions varying in both PEO and (SEE)3‐ PEO
concentrations are provided in Figure 2. In the 30 g L–1 PEO series (top row of Figure 2), the
fibers (not beads) range from 100 to 150 nm in diameter, in which case we refer to them as
microfibers on the basis of their size. At low (SEE)3‐ PEO concentrations (Figure 2A), the
PEO/(SEE)3‐PEO microfibers are accompanied by very thin, elongated beads. As the
concentration of (SEE)3‐PEO is increased up to 5 wt% (Figure 2D), the propensity for bead
formation clearly increases, which is consistent with the slight reduction in viscosity
measured with increasing (SEE)3‐PEO content. Even as larger, better defined beads become
more prevalent, the microfibers remain relatively smooth, as ascertained by the atomic
force microscopy (AFM) image of a microfiber provided in the inset of Figure 2C. An
increase in PEO concentration to 40 gL–1 (bottom row of Figure 2) yields thicker microfibers,
measuring from 150 to 250 nm in diameter, with no discernible beads. As the (SEE)3‐PEO
concentration is increased beyond 5 wt%, the propensity for bead formation increases, but
never approaches the same level of development visible in Figure 2D.
Another manifestation of added (SEE)3‐PEO during electrospinning is in the effect of
the electric field polarity. As mentioned earlier, the microfibers pictured in Figure 2 have
been generated in a –/+ arrangement by having the spinneret side grounded and the
collection target act as the anode. Reversing the polarity to +/– results in thicker microfibers
(250–400 nm diameter) that exhibit evidence of interfiber welding. These differences are
most likely a result of the higher solution flow rate employed and residual swelling of the
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collected microfibers, which could induce fiber softening and adhesion. It is possible that
the field polarity promotes attraction between the anionic peptide and the cationic target,
resulting in rapid fiber formation. A representative image showing the welding of
microfibers produced in this fashion from the 40 gL–1 PEO solution with 3 wt% (SEE)3‐PEO is
included as an inset in Figure 2G, and demonstrates that highly connected microfibril
networks, as well as individual microfibers, can both be generated by electrospinning in the
presence of the anionic (SEE)3‐PEO conjugate. These results establish that the addition of
(SEE)3‐PEO has a pronounced effect on i) the conductivity and, to a lesser extent, on the
viscosity of aqueous PEO solutions; and ii) the electrospinning process, as evidenced by the
morphologies of the resultant PEO microfibers. While these findings are fundamentally
insightful and practically important, the objective of this study is to demonstrate that the
oligopeptide sequences could be driven to the fiber surface by the electric field applied
during electrospinning. To discern if field‐driven peptide enrichment along the surface has
indeed occurred with respect to PEO/(SEE)3‐PEO microfibers such as those portrayed in
Figure 2, we have performed X‐ray photoelectron spectroscopy (XPS) measurements to
determine the elemental composition of the fiber surface. Two important aspects of XPS
measurements that must be recognized include the detection limit (ca. 0.1 at %, according
to the manufacturer) and probe depth (ca. 1–3 nm). High‐resolution nitrogen scans acquired
from microfibers produced by electrospinning a solution of 30 gL–1 PEO and 1–3 wt% (SEE)3‐
PEO are presented in Figure 3A and reveal the existence of nitrogen (ionization energy
(397.5±0.1) eV, in agreement with results reported elsewhere44) on the surface of these
microfibers. To demonstrate that this surface enrichment is not the result of surface energy
alone, we have spin‐coated a film of a 30 g L–1 PEO solution containing 2 wt% (SEE)3‐PEO
onto a silicon wafer and analyzed the film by XPS as a control. The scan, included in Figure
3A, shows no evidence of surface nitrogen, indicating that the surface peptide
concentration is below the detection limit of the instrument. A representative XPS survey
scan of microfibers electrospun from a 30 g L–1 PEO solution containing 5 wt% (SEE)3‐PEO is
displayed in Figure 3B and confirms the existence of a small peak located at 397.3 eV. This
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feature, enlarged in the inset of Figure 3B, is the distinguishing signature of the oligopeptide
and is used for quantitative analysis.
The surface nitrogen composition of electrospun PEO/(SEE)3‐PEO microfibers
measured by XPS is provided as a function of (SEE)3‐PEO concentration for two PEO series in
Figure 3C. Three important features of these data warrant mention. Firstly, nitrogen surface
compositions measured from the 30 gL–1 PEO solution series are higher compared to those
obtained from the 40 gL–1 series. This observation may be related to the differences in
solution viscosity and microfiber morphology (e.g., bead formation and fiber diameter,
which govern the distance that diffusing conjugate molecules must traverse) as discussed
above with respect to Figure 3. Secondly, both datasets exhibit an initial increase, followed
by convergence to a plateau, which resembles the solution conductivity behavior discussed
earlier. In fact, the (SEE)3‐PEO concentrations signaling the onset of the plateaus evident in
Figure 3C closely match those from solution conductivity measurements. Finally, surface
nitrogen is not detected on microfibers at (SEE)3‐PEO concentrations below those shown.
Lack of surface nitrogen under these conditions is attributed to the detection limit of the
XPS spectrometer. Thus, the XPS results displayed in Figure 3C confirm that the oligopeptide
sequence of the conjugate is driven to the surface of the PEO/(SEE)3‐PEO microfibers by the
electric field used to promote fiber formation. Although we have elected to use i) PEO
owing to its biocompatibility and ease of spinnability from aqueous solutions, and ii) the
conjugate containing the (SEE)3 oligopeptide for its well‐defined anionic functionality as a
model compound, the strategy presented here is general and expected to be broadly
applicable to other polymer/conjugate pairs wherein the conjugate possesses a segment
that is more polarizable than the fiber‐forming polymer and anchor block. Electrospinning
therefore not only constitutes a convenient route to polymer micro/nanofibers, but also
provides a single‐step avenue by which to achieve field‐driven surface enrichment of
multi/biofunctional species on the fiber surface for advanced textile designs.
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Experimental
The peptide‐polymer conjugate was synthesized via solid‐phase‐supported peptide
synthesis (SPPS) followed by atomtransfer radical polymerization (ATRP) 41. It consisted of a
PEO block with a numberaverage molecular weight (Mn) of 3.2 kDa (1 Da= 1 × 10–27 kg) and
a polydispersity index of 1.06. The fiber‐forming PEO homopolymer (Mn ≈ 1 MDa) was
obtained from Aldrich Chemicals and used as‐received. Preselected PEO and (SEE)3‐PEO
concentrations were added to deionized water (resistivity of 5 × 105 Ω at 25 °C), and each
solution was stirred for 4 h at 80 °C and then cooled to ambient temperature. Solution
viscosities and conductivities were measured at ambient conditions with a TA Instruments
AR‐2000 stress‐controlled rheometer and a Fisher Scientific Accumet AB30 conductivity
meter, respectively. The electrospinning unit, constructed with an Al collection target, was
operated at an electric field of ca. 0.8 kV cm–1 and a solution flow rate of either 2–3 or ca.
10 μLmin–1, depending on polarity (–/+ or+/–, respectively). Electrospun microfibers were
coated with Au/Pd and imaged with a Hitachi S‐3200N electron microscope operated at 10
kV. Microfiber diameters were measured with the ImageJ software package from the
National Institutes of Health. Limited atomic force microscopy (AFM) was conducted with a
PSIA XE‐100 unit operated in tapping mode. X‐ray photoelectron spectroscopy was
performed on a Kratos Analytical AXIS ULTRA spectrometer operated at 15 kV. Spectra
repeatedly acquired from the same and different specimens to ensure reproducibility were
analyzed using the CasaXPS software suite.
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Figure 1.
Schematic illustrations of single‐step surface modification during electrospinning and the peptide‐functionalized PEO microfibers produced
therefrom. In the experimental setup, electrospinning is conducted horizontally, not vertically. Peptide segments attached to the microfiber surface are
expected to appear as short hairs, rather than the long hairs depicted here.
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Figure 2.
SEM images of electrospun PEO/(SEE)3‐PEO microfibers generated from two PEO solution concentrations (in g L‐1): 30 (top row) and 40
(bottom row). The concentrations of added (SEE)3‐PEO are (in wt% relative to the PEO): (A,E) 1, (B,F) 2, (C,G) 3 and (D,H) 5. An AFM height image obtained
from a single microfiber is included in the inset in (C). The SEM image in the inset of (G) shows the effect of reversed field polarity at the same
magnification.
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Figure 3.
In (A), high‐resolution XPS nitrogen scans acquired from electrospun PEO/(SEE)3‐PEO
microfibers produced from 30 g L‐1 PEO solutions with 1‐3 wt% (SEE)3‐PEO (each scan is labeled). The
additional XPS trace (blue) corresponds to a solution (30 g L‐1 PEO solution with 2 wt% (SEE)3‐PEO) spun‐cast
onto silicon wafer. Gaussian curve fits to the data are included (green). An XPS survey scan is displayed in (B)
for microfibers generated from a 30 g L‐1 PEO solution with 5 wt% (SEE)3‐PEO. The inset is an enlargement of
the nitrogen peak. In (C), the nitrogen surface concentration measured by XPS is presented as a function of
(SEE)3‐PEO content at two PEO solution concentrations (in g L‐1): 30 ( ) and 40 ( ). The solid lines denote
regressed fits to an exponential rise (through the origin), and the dashed line represents the nitrogen
concentration in the bulk PEO microfibers calculated from the (SEE)3‐PEO concentration. The magenta area
provides an estimate of the instrument detection limit.
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CHAPTER IV

FieldDriven Surface Segregation of Biofunctional Species on Electrospun
PMMA/PEO Nanofibers*

ABSTRACT
The need to biofunctionalize polymer surfaces for targeted bio‐related applications
continues to grow, and efforts designed to meet this need rely heavily on surface grafting or
polymerization. In this study, we provide a viable alternative by demonstrating that the
peptide segment of a polymer‐peptide conjugate can be selectively driven to the surface of
polymer nano/microfibers during electrospinning due to contrast in polarizability. Judicious
choice of the polymer sequence in the conjugate permits use of the conjugate with
compatible fiber‐forming polymers. Here, we use a water‐soluble poly(ethylene oxide)‐
containing conjugate in combination with a hydrophobic thermoplastic, poly(methyl
methacrylate). Surface enrichment is measured by x‐ray photoelectron spectroscopy, and
fiber morphology is investigated by electron microscopy. Microfibers generated from the
blends examined here are largely resistant to long‐term water immersion and are thus
suited as support scaffolds or filtration membranes.

*

This chapter has been submitted to Macromolecular Rapid Communications in its entirety:
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Biofunctional Species on Electrospun PMMA/PEO Nanofibers. Macromolecular Rapid
Communication. Submitted.
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INTRODUCTION
Accompanying the ongoing development of nanotechnology, electrospinning[1‐5] has
become a versatile fiber‐forming procedure and one of the most‐widely studied methods to
create a wide variety of nano/microfibers composed of synthetic polymers, natural
polymers and even inorganic ceramics.[6,7] For application purposes, control over fiber
morphology and surface properties has attracted considerable research interest.[8] More
specifically, in tissue engineering and responsive textile engineering, the surface of polymer
fibers must be capable of interacting with its environment; for example, polymer scaffolds
with bioactive surface moieties can provide a more biomimetic extracellular environment to
facilitate cell growth and proliferation.[9‐12] Surface modification of post‐electrospun
nano/microfibers by protocols such as physical absorption,[13] plasma treatment,[14]
chemical vapor deposition[15,16] or graft polymerization[17‐19] require reaction conditions that
can compromise the function of the bioactive species or carefully executed multiple steps
to ensure satisfactory surface treatment. On the other hand, recent efforts have suggested
that the creation of a core‐sheath electrospun fiber morphology, which requires a coaxial
electrospun setup and careful design of both the core and shell polymer solutions used in
electrospinning, could generate nanoscale tubes or surface‐modified nanofibers.[20‐24]
An alternative means by which to achieve surface modification or produce a core‐
sheath morphology relies on the surface segregation of a homopolymer or a functional
species within an electrospun polymer blend due to surface‐energy, electric‐field or phase‐
separation considerations.[23,25,26] In our previous study,[27] we have proposed a
polarizability‐contrast strategy for in situ field‐driven surface modification of electrospun
fibers during electrospinning. A peptide‐polymer conjugate, composed of three repeats of a
triad of serine, glutamic acid and glutamic acid — (Ser‐Glu‐Glu)3 or (SEE)3 — connected to a
poly(ethylene oxide) (PEO) block ( M n = 3200 g/mol, M w / M n = 1.06) has been synthesized
by inverse conjugation strategies using standard solid‐phase supported synthesis
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techniques.[28] The (SEE)3‐PEO conjugate, which contains a polarizable and negatively
charged peptide segment, is collectively referred to as C3PO. Addition of this conjugate to
high‐molecular‐weight PEO homopolymer ( M n ≈ 106 g/mol) in deionized water, followed by
electrospinning in a static electric field, results in surface segregation of the peptide within
the Taylor cone and, consequently, surface enrichment of the peptide on the resultant
fibers, as evidenced by the surface nitrogen concentration measured by X‐ray
photoelectron spectroscopy (XPS). Because the peptide‐polymer conjugate was pre‐
synthesized in a well‐defined manner, post‐processing of the fibers to introduce peptides to
the fiber surfaces could be altogether avoided, in which case the bioactivity of the peptide is
never affected. Incorporation of a Fluoroscein‐labeled conjugate (FC3PO) into PEO during
electrospinning results in fluorescent microfibers by laser‐scanning confocal microscopy (cf.
Figure 1).
Use of PEO as the fiber‐forming homopolymer is, however, problematic for many
commercial technologies due to the inherent hydrophilicity of PEO. Electrospun PEO micro‐
fibers with a diameter of several hundred nanometers disappear instantly upon contact
with water. Thus, while PEO is a valuable hydrophilic polymer, it suffers from solubility
drawbacks for biomedical or responsive textile applications. Fiber integrity can be improved
by the addition of a second fiber‐forming homopolymer that is more hydrophobic and
ideally fully miscible with the PEO block of the PEO‐peptide conjugate. An excellent
candidate in this regard is poly(methyl methacrylate) (PMMA), a glassy thermoplastic in
marked contrast to semicrystalline PEO. In this work, we report on the morphology, surface
chemistry and stability of electrospun microfibers generated from PMMA, as well as
PMMA/PEO blends with and without the FC3PO conjugate.
EXPERIMENTAL
The PEO and PMMA ( M n ≈ 103 kg/mol), as well as dimethylformamide (DMF), were
purchased from Aldrich Chemicals and used as‐received. The Ac‐(Ser‐Glu‐Glu)3Lys‐PEO
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(FC3PO) conjugate was synthesized by an inverse conjugation route, following standard
Fmoc protocols for solid‐phase supported peptide synthesis (SPPS)[29]. A PAP resin (PEO
preloaded polystyrene loaded at 0.24 mmol/g,) was used, and sequential assembly of Fmoc
amino acid derivatives was performed on a fully automated ABI433A peptide synthesizer
platform. The SPPS was performed in N‐methyl‐2‐pyrolidone (NMP), and HBTU (2‐(1H‐
benzotriazol‐1‐yL)‐1,1,3,3‐tetramethyluroniumhexafluorophosphat)

facilitates

the

formation of the amide bond. After liberation of the conjugate from the support, the fully
deprotected conjugate was isolated by precipitation in diethyl ether and freeze drying from
water. The fluorescence label was introduced to the ε‐amino functionality of Lys 1, which
could be selectively reacted with fluorescein isothiocyanate in water.[30] Purification of
FC3PO was performed by dialysis against Millipore water (MWCO 1000) to obtain the
conjugate in 72% yield.
Pure PMMA or a blend of PMMA with PEO was dissolved in DMF under continuous
agitation at 70°C for 2 hr and then cooled to ambient temperature. In the case of
PMMA/PEO blends, FC3PO was subsequently added to the solutions. The zero‐shear‐rate
viscosity and conductivity of the PMMA/PEO solutions were measured at ambient
temperature with a TA Instruments AR‐2000 rheometer and a Fisher‐Scientific Accumet
AB30 conductivity meter, respectively. Electrospinning was performed on a horizontal
point‐source setup. Microfibers were collected on Al foil placed 12~30 cm away from the
syringe pump. Electrospinning experiments were conducted under similar conditions with a
constant flow rate maintained between 10 to 15 µL/min and the electric field ranging from
0.19 to 0.33 kV/cm, depending on the optimal spinning conditions for each solution.
Electrospun fibers were coated with Au and imaged on Hitachi S‐3200N variable‐pressure
and JEOL 6400F field‐emission scanning electron microscopes operated at 5‐20 and 5 kV,
respectively. Fiber diameters were measured by the 4Pi‐Revolution software package. The
XPS tests were performed on a Kratos Analytical AXIS ULTRA spectrometer, and the
acquired spectra were analyzed using the CasaXPS software suite.
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RESULTS and DISCUSSION
Results from previous studies of PMMA electrospun from various solvents suggests
that different fiber morphologies could be produced, depending on molecular
characteristics and the electrospinning conditions employed. For instance, the use of lower
molecular weight PMMA ( M n = 95‐150 kg/mol) than that in the present study at low
concentrations in organic solvents with a high dielectric constant (

) and evaporation rate

(e.g., acrylonitrile with ε = 38.0), leads to the formation of porous cup‐shaped beads
measuring on the micrometer size scale.[31] Most of the electrospun PMMA fibers
described[32,33] elsewhere possess either the undesirable beads‐on‐a‐string morphology or
fiber diameters approaching 1

m. High‐molecular‐weight PMMA is used here with the

objective of generating electrospun microfibers of uniform diameter similar to that of
electrospun PEO microfibers previously reported[27] (ca. 200 nm). Figure 2 shows a series of
scanning electron microscopy (SEM) images resulting from electrospinning of pure PMMA
from DMF solutions at three polymer concentrations: 4, 6 and 8 wt%. Most of the
microfibers exhibit a smooth, uniform fiber morphology with only sporadic beads. The
average fiber diameters are 180 nm (4 wt% PMMA), 360 nm (6 wt% PMMA) and 970 nm (8
wt% PMMA). Following Gupta et al.,[32] the intrinsic viscosity of PMMA/DMF solutions is
calculated from the Mark‐Houwink‐Sakurada equation, [η] = KMa, where K = 0.015 cm3/g
and a = 0.667 are system‐specific constants at a designated temperature. For polymer
solutions in the semidilute regime (i.e., the polymer concentration, c, is above the critical
chain overlap concentration, c*), a single‐parameter scaling relationship of the form
[η] = [η]o (c/c*)3/(3v‐1) has been proposed by de Gennes[34] Here, [η]o denotes the solvent
viscosity, and v is the Flory exponent equal to 0.5 for

solvents or 0.6 for good solvents.

Thus, the value of c for the 4 wt% PMMA/DMF solution is calculated to be ~5.7c*,
confirming that the present solution resides in the semidilute, entangled‐chain regime.
While thick electrospun fibers are anticipated under these conditions, Figure 2A confirms
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that (i) the PMMA microfibers are relatively thin, measuring < 200 nm in diameter, and (ii)
beads attributed to instabilities in the jet are sporadic, contrary to earlier reports.[32,33]
A simple increase in solution concentration is insufficient to eliminate beads and
retain thin PMMA microfibers (~200 nm in diameter) during electrospinning. Stochastic jet
instabilities that result in bead formation are observed to occur frequently at PMMA
concentrations lower than 5 wt%, which may reflect the considerable difference between
the solution properties of PEO and PMMA in DMF. For example, at ambient temperature,
the viscosity of 4 wt% PEO in DMF is ~9 Pa‐s, in striking contrast to ~0.01 Pa‐s for 4 wt%
PMMA in DMF. This viscosity difference, nearly 3 orders of magnitude, will certainly
influence the stability of the jet and the diameter of the electrospun fibers. Thus, addition
of PEO to PMMA is expected to improve the electrospinnability of PMMA from DMF by
increasing the solution viscosity, but the degree of polymer mixing within the resultant
electrospun microfibers must be ascertained. Prior studies[35] have shown that fibers
generated by electrospinning poly(lactic acid) and poly(vinylpyrrolidone), for example,
possess co‐continuous morphologies. In the present case, PMMA and PEO exhibit[36] lower
critical solution temperature (LCST) behavior with a Flory‐Huggins parameter (χ) of about ‐
0.005 at an equimass ratio.[37] Since χ < 0, equilibrium blends of PMMA and PEO are
expected to be at least partially miscible at ambient conditions. Solutions of PMMA/PEO
blends have been prepared at several targeted compositions and subsequently co‐dissolved
in DMF to discern the effect of blend composition on fiber size, internal morphology and
electrospinnability.
Two qualitative observations are immediately evident. Addition of as little as 10 wt%
PEO vastly improves the electrospinnability of PMMA, which is most likely due to viscosity
enhancement. The same reason may likewise be responsible for jet stabilization and bead
elimination. The SEM images presented in Figure 3 reveal that as‐spun equimass
PMMA/PEO microfibers (see the inset of Figure 3A) are slightly rougher than the PMMA
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microfibers displayed in Figure 2. Electrospun from a solution with 4 wt% polymer
(PMMA+PEO), they appear uniform and also marginally larger than their PMMA analogs,
measuring ~320 nm in diameter on average. To discern their morphology and stability,
these PMMA/PEO microfibers have been immersed in water, which selectively removes
accessible PEO at ambient temperature. After 2 h, the microfibers retain their original shape
without substantial deformation, although the surface of the fibers roughens and exhibits
pores measuring 25‐70 nm across (cf. Figures 3A and 3B). Immersion for 30 days is
anticipated to remove all accessible PEO, but most of the fibers still remain largely intact
despite a noticeable increase in fiber porosity (cf. Figure 3C). Fiber breakage due to
extraction of PEO from highly PEO‐concentrated sites is occasionally observed. Such
microheterogeneity within electrospun nano/microfibers of polymer blends is not uncom‐
mon.[35] In general, the PMMA/PEO microfibers upon PEO removal exhibit a fine co‐
continuous morphology between PMMA and PEO. Small‐scale phase separation occurring
on the order of tens of nanometers could occur during fiber solidification and may, in
addition to possible thermodynamic incompatibility, reflect viscosity differences or solvent
evaporation. Nevertheless, the observation that most of the fibrils remain intact even after
extended water immersion is consistent with the thermodynamic expectation that
hydrophobic PMMA is largely continuous throughout the fibers.
Once the feasibility of producing electrospun microfibers from PMMA/PEO blends is
established, surface biofunctionalization with the peptide‐polymer conjugate can be
investigated. For this purpose, the concentration of FC3PO is held constant at 5 wt% relative
to the total polymer (PMMA+PEO) content. Figure 4 shows high‐resolution XPS nitrogen
scans and corresponding SEM images of microfibers electrospun from two solutions
differing in polymer concentration and blend composition. In Figures 4A and 4B, pure
PMMA from a 5 wt% polymer solution in DMF is co‐electrospun with 5 wt% FC3PO, whereas
a 20/80 w/w PMMA/PEO blend from a 4 wt% polymer solution in DMF is used in
combination with the conjugate at the same concentration (relative to PMMA+PEO) in
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Figures 4D and 4D. The reason for the difference in solution concentration is the viscosity
difference mentioned earlier. To achieve satisfactory surface modification, electrospinning
should be conducted at the best possible process conditions, which necessarily includes the
solution viscosity. As demonstrated previously for PMMA (cf. Figure 2), an increase in
solution concentration translates into an increase in solution viscosity and, thus, an increase
in fiber diameter. As the fiber diameter enlarges, the diffusion length required for the
conjugate to traverse to reach the fiber surface during fiber formation increases, in which
case the conjugate may have insufficient time (as the fiber solidifies due to crystallization of
PEO or vitrification of PMMA) to segregate to the fiber surface.
Recall that electrospinning from a solution of 4 wt% PMMA in DMF generates beads
due to jet instability near the spinneret. Addition of the FC3PO conjugate, however, has a
profound effect on another property that must be considered in electrospinning: solution
conductivity. Ionization of the anionic peptide sequence at 5 wt% FC3PO in polymer blends
in DMF increases the solution conductivity from 5 to 31 µS, which improves jet stability
during electrospinning. According to XPS analysis, the surface concentration of nitrogen is
0.73 atom%, which is ~2.1x that of the bulk concentration. For comparison, spun‐cast films
generated from PMMA in DMF show no evidence of surface nitrogen by XPS (which
confirms that the use of DMF does not affect the XPS analyses), whereas films prepared
from PMMA with 5 wt% FC3PO possess only 0.11 atom% nitrogen on their surface. These
results corroborate that peptide enrichment occurs along the PMMA microfiber surface due
to the applied electric field and not due to surface energy considerations. Moreover, since
the PMMA and PEO conjugate sequence are miscible, it follows that the conjugate
molecules are anchored to the glassy fiber surface. These PMMA microfibers are, however,
brittle and, although surface‐biofunctionalized and water‐insoluble, cannot be used as‐is in
commercial applications. For this reason, we now consider a ternary PMMA/PEO/FC3PO
blend. Microfibers produced from this blend are noticeably tougher than the PMMA/FC3PO
microfibers due to the presence of semicrystalline PEO and are capable of stretching
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without undergoing brittle failure. The XPS spectrum and SEM image of microfibers
consisting of 20/80 w/w PMMA/PEO and 5 wt% FC3PO relative to PMMA+PEO and
electrospun from a 4 wt% solution are included in Figures 4C and 4D. In this case, XPS
reveals the presence of nitrogen at a concentration that is 2.0x higher than that of the bulk
concentration. It is also noteworthy that these microfibers possess a larger diameter (~310
nm) compared to the PMMA/FC3PO microfibers electrospun from a 5 wt% solution.

CONCLUSIONS
Single‐step surface biofunctionalization of electrospun fibers due to polarizability
contrast appears to be a general phenomenon insofar as a peptide‐polymer conjugate
contains a polymer sequence that is compatible with the fiber‐forming polymer. In this
study, we have used XPS to demonstrate that a PEO‐containing conjugate enriches the
surface of PMMA. The toughness of microfibers electrospun from PMMA/conjugate blends
is improved by adding PEO. Microfibers generated from PMMA/PEO blends with at least 50
wt% PMMA are found to remain intact even after long‐term immersion in water, indicating
that these surface biofunctionalized fibers can be used as support scaffolds or filtration
membranes in the presence of an aqueous medium.
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List of Figure Captions

Figure 1. Fluorescent image obtained by laser‐scanning confocal microscopy (

= 494 nm)

of PEO/FC3PO microfibers electrospun from an aqueous solution, illustrating the presence
of nitrogen, and hence peptide, incorporation in the microfibers.

Figure 2. SEM images of PMMA microfibers electrospun from DMF solutions varying in
PMMA concentration (in wt%): (A) 4, (B) 6 and (C) 8. The mean fiber diameters measured
from images such as these are provided in the text.

Figure 3. SEM images of 50/50 w/w PEO/PMMA microfibers electrospun from 4 wt%
solutions in DMF after water immersion at ambient temperature. Times for water
immersion are 2 h (A,B) and 30 days (C). The inset in (A) shows the reference fiber
morphology before immersion.

Figure 4. High‐resolution XPS nitrogen spectra (A,C) and SEM images (B,D) of PMMA/
PEO/FC3PO microfibers electrospun from solutions varying in polymer concentration and
composition: (A,B) PMMA with 5 wt% FC3PO prepared from a 5 wt% solution in DMF; (C,D)
20/80 PMMA/PEO with 5 wt% FC3PO prepared from a 4 wt% solution in DMF.
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CHAPTER V
InSitu Surface Modification of Microfibers Electrospun from Ternary
Polymer Blends Containing a PeptidePolymer Conjugate*

ABSTRACT

The need to biofunctionalize polymer surfaces for targeted applications continues to
grow, and efforts designed to meet this need rely heavily on surface grafting or
polymerization. In this study, we provide a viable alternative by showing that a polymer‐
peptide conjugate can be driven to the surface of polymer fibers during electrospinning due
to polarizability contrast. Judicious choice of the polymer sequence in the conjugate permits
use of the conjugate with compatible fiber‐forming polymers. Here, we use a water‐soluble
poly(ethylene oxide)‐containing conjugate in conjunction with a hydrophobic thermoplastic,
poly(methyl methacrylate). Surface enrichment is measured by x‐ray photoelectron
spectroscopy, and fiber morphology is investigated by electron microscopy. Fibers
generated from the blends examined here are largely resistant to long‐term water
immersion and are suited as support scaffolds or filtration membranes.
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INTRODUCTION
As both nanotechnology and biotechnology continue to progress and, in many
instances, intersect, polymer nano/microfibers modified with specific surface functionalities
have become a subject of considerable and growing interest in many applications such as,
but not limited to, tissue engineering and responsive textiles.[1, 2] Three‐dimensional
polymeric scaffolds possessing bioactive surface species, for example, can provide living
cells with a biomimetic extracellular environment that improves growth and
proliferation.[3‐5] Surface‐modified textiles can be used to remove undesirable biological
entities or chemical species before they can contact and possibly contaminate the skin,[6]
and they can likewise be used to hasten wound healing and noninvasive drug delivery.[7]
Thus, precise control over nano/microfiber morphology and surface properties particularly
in the design of specialty nonwoven mats is becoming increasingly important.[8]
Electrospinning is a widely used fiber‐spinning methodology[9‐13] that has recently
attracted much attention as a viable means by which to generate nano/microfiber mats
from a wide range of synthetic and natural polymers in solution or in the melt. Post
modification of electrospun fiber surfaces can be realized through the use of strategies such
as physical absorption,[14] plasma treatment,[15] chemical vapor deposition[16, 17] and graft
polymerization.[18‐20] Although these approaches have been successfully developed for
the purpose of surface modification, they can require either (i) excessive reaction conditions
that lessen (or altogether eliminate) the bioactivity of surface species, or (ii) multiple steps
to achieve the desired surface treatment.
Recent studies[21‐23] have demonstrated that core‐sheath electrospun fiber
morphologies can yield both nanoscale tubes or surface‐modified fibers. Alternate process
methods designed to achieve surface modification or a core‐sheath fiber morphology
include surface segregation of homopolymers or specific sequences of copolymers within
electrospun polymer blends. Such surface segregation is normally induced by either surface
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energy or (micro)phase separation.[24‐26] We have previously proposed[27] a novel
methodology by which to achieve single‐step surface modification via electrospinning.
While our approach is used to biofunctionalize electrospun fibers, the principle is believed
to be sufficiently general and can be used to achieve other types of surface functionalization
for targeted technologies. In our ongoing studies, a pre‐synthesized peptide‐polymer
conjugate based on a triple repeat sequence of the triad (serine‐glutamic acid‐glutamic acid)
— (Ser‐Glu‐Glu)3 or (SEE)3 — contains a short poly(ethylene oxide) (PEO) block ( M n = 3200
g/mol, M w / M n = 1.06) and is collectively referred to as C3PO. Here, the polarizable and
negatively‐charged oligopeptide serves as a model bioactive species, although other
peptide sequences can likewise be used for the purpose of surface biofunctionalization.[28,
29] The C3PO is co‐dissolved with high‐molecular‐weight PEO, which ensures satisfactory
fiber formation,[30] in deionized water and the two species are then co‐electrospun. In the
presence of a static electric field, the difference in polarizability between the PEO and
peptide sequence of the conjugate promotes surface enrichment of the peptide along the
Taylor cone. This segregation is retained along the surface of the fibers as they
subsequently form and dry, thereby yielding surface‐functionalized fibers, as evidenced by
an elevated nitrogen concentration on the fiber surface according to X‐ray photoelectron
spectroscopy (XPS).
Since the pre‐synthesized, sequence‐defined peptide‐polymer conjugate molecules
are forced to the fiber surface during electrospinning and are not subjected to additional
reaction conditions associated with polymerization or grafting after fiber formation, it
follows that the peptide unit most likely remains bioactive. Although this advantage is highly
desirable for achieving fiber surface modification in situ, our inaugural study exclusively
employs PEO as the fiber‐forming polymer. If electrospun PEO nano/microfibers come in
contact with water or remain under high humidity for an extended period of time, however,
their integrity fails as the PEO distorts due to flow and, in the presence of liquid water,
dissolves completely. Recently, we have demonstrated[27] that our single‐step surface
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biofunctionalization strategy can likewise be extended to a PEO‐compatible, hydrophobic
thermoplastic, viz., poly(methyl methacrylate) (PMMA). Electrospun fibers prepared from
PMMA in conjunction with PEO possess two important improvements relative to those of
the pure homopolymers: (i) they retain their fiber morphology upon water immersion if the
PMMA fraction is sufficiently high, and (ii) they become resilient even at low concentrations
of PEO. In this work, we provide a more detailed report on electrospinning PMMA and
PMMA/PEO fibers in combination with a Fluoroscein‐labeled peptide‐polymer conjugate.
EXPERIMENTAL
The PEO ( M n ≈106 g/mol) and PMMA ( M n ≈106 g/mol) homopolymers, as well as
N,N‐dimethylformamide (DMF), were purchased from Aldrich® Chemicals and used as‐
received. Details regarding the synthesis of the Fluoroscein‐labeled peptide‐polymer
conjugate, hereafter referred to as FC3PO, by an inverse conjugation route according to
Fmoc protocols for solid‐phase supported peptide synthesis[31] were previously
provided[32] and are not reproduced here. The fluorescence label was selectively
introduced at the ε‐amino functionality of lysine‐1 by reacting the conjugate with
fluorescein isothiocyanate in water,[33] followed by purification via standard dialysis
procedures against Millipore water (MWCO 1000). Solutions of PMMA were prepared at 4
or 5 wt% in DMF, whereas the solution concentration of PMMA/PEO blends with targeted
compositions were held constant at 4 wt% in DMF. All solutions were continuously stirred at
200 rpm for 2 hr at 70°C (after which time the PEO and PMMA were completely dissolved)
and then slowly cooled to ambient temperature. The FC3PO was subsequently dissolved in
the solution at a fixed concentration of 5 wt% relative to the total polymer content. This
concentration was selected on the basis of the results reported elsewhere.[27] The viscosity
and conductivity of the solutions at ambient temperature were measured by a TA‐
Instruments AR‐2000 rheometer and a Fisher Scientific Accumet AB30 conductivity meter,
respectively. Thin films of the PMMA/PEO blends were spun‐cast onto 1 cm2 pieces of
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silicon wafer with a Headway PWM32 spin coater operated from 2000 to 3500 rpm,
depending on solution viscosity. The thickness of the films varied from 100 to 300 nm, and
digital images were acquired with Olympus BX‐60 optical microscope outfitted with a CCD
camera. Electrospinning was performed in the horizontal parallel‐plate and point‐source
configurations, and the electric potential ranged from 5 to 10 kV to achieve optimal jet
stability. Fibers were collected on Al foil located 12‐30 cm away from the syringe pump. The
conditions under which electrospinning was conducted included (i) a constant flow rate of
between 10 and 15 µL/min and (ii) a static electric field in the range of 0.19 to 0.33 kV/cm.
The specific set of electrospinning conditions chosen for each polymer solution, which
systematically varied in polymer concentration or composition, were selected to achieve
the optimal fiber production. The electrospun fibers and corresponding spun‐cast films
were coated with Au and imaged with a Hitachi S‐3200N variable‐pressure scanning
electron microscope operated at 5‐20 kV or a JEOL 6400F field‐emission scanning electron
microscope operated at 5 kV. Fiber diameters were determined for comparative purposes
by using the 4Pi‐Revolution software package. The XPS analyses were performed on spectra
collected on a Kratos Analytical AXIS ULTRA spectrometer and subsequently assessed by the
CasaXPS software suite. In limited cases, some of the PMMA/PEO fibers were immersed in
deionized water for 2 h to discern the phase behavior of the blends and fiber morphology
after selective extraction of PEO. One specimen with 50/50 w/w PMMA/PEO was immersed
in water for 30 days at ambient temperature to ensure complete removal of PEO on the
fiber surface.
RESULTS AND DISCUSSION
PMMA/PEO blends and solutions
In electrospinning, the polymer fraction starts to phase‐separate from the solvent
when the concentration of polymer approaches the solubility limit as the solvent
evaporates during fiber formation. Although the process is not exactly analogous to spin‐
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casting, film formation occurs due to phase separation under correspondingly similar
nonequilibrium drying conditions. Since the compatibility of PMMA and PEO is crucially
important with regard to fiber morphology and stability, we first examine the
thermodynamics of PMMA/PEO blends, which are fundamentally and technologically
interesting due to their inherent miscibility. Most polymer pairs are intrinsically immiscible
due to endothermic mixing coupled with a negligibly low entropy of mixing. While
conflicting results have been reported,[34, 35] it is generally accepted that these two
homopolymers are at least partially miscible in the melt, with the Flory‐Huggins interaction
parameter (χ12) varying with blend composition. Quantitative analysis of the melting point
depression conducted by Imken et al.[34] yields a negative value of χ12, which establishes
that PMMA and PEO are miscible. The apparent exothermic interaction between PMMA
and PEO is mostly physical, not chemical, in which case mixing of the two polymers occurs
at the supramolecular level.[36] Ito et al.[37] have also measured χ12 of PMMA/PEO blends
by small‐angle neutron‐scattering (SANS). They report that the value of χ12 varies from ‐
0.005 to ‐0.001 as the PMMA fraction increases from 30 to 70 wt%. At higher PMMA
concentrations (> 75 wt%) χ12 becomes positive, but remains small in magnitude (~0.001),
which nonetheless suggests the possibility of phase separation. Martuscelli et al.[35] have
calculated the change in free energy upon mixing using solubility parameters in the context
of regular solution theory and find that the compatibility between PMMA and PEO depends
not only on blend composition, but also on temperature and polymer molecular weight.
Their predictions indicate that PMMA/PEO blends are completely miscible, with χ12 lower
than its critical value (χc) only at temperatures above 50°C. At ambient temperature, χ12 is
positive and greater than χc.
Their accompanying measurements[35] of the glass transition temperature (Tg) of
PMMA/PEO blends by differential scanning calorimetry (DSC) reveals a single Tg in the melt,
which corroborates that these two amorphous polymers are miscible. Moreover, the
measured values of Tg for blends containing less than 50 wt% or more than 80 wt% PMMA
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are in good quantitative agreement with the Fox‐Flory equation developed[38] to calculate
the Tg of a polymer blend. At other blend compositions, the measured Tg is substantially
lower than what is theoretically predicted and close to the Tg of pure PEO. Ito et al.,[37] on
the other hand, report that two Tgs persist when the PEO concentration is lower than 50
wt% and propose that the second Tg is masked by the melting signature of PEO and
therefore difficult to identify, requiring careful analysis of the melting endotherm observed
by DSC. The presence of a second Tg confirms that two phases exist in amorphous
PMMA/PEO blends, with one being rich in PMMA and the other rich in PEO based on the
proximity of these Tgs to those of the homopolymers.[36] If these two independent results
are considered together, phase separation in the amorphous state is expected to occur at
PMMA concentrations ranging from 50 to 75 wt%. It must be recognized, however, the
conventional DSC possesses an instrumental sensitivity resolution of ~50 nm, which means
that this method of thermal analysis cannot reliably detect the existence of phase
heterogeneities at smaller size scales.[39] Blends of PMMA and PEO exhibit evidence of
crystallization when the PEO concentration exceeds ca. 30 wt%,[35, 37] which suggests the
possibility of phase separation at nanoscale dimensions. Silva et al.[40] have used
modulated DSC to investigate nanoheterogeneities in PMMA/PEO blends prepared with 10
to 80 wt% PEO. Two Tg values are observed in the fully amorphous blends (with 10 to 30
wt% PEO), as well as in semicrystalline blends with 40 wt% PEO. Further analysis of these
blends by small‐angle scattering and nuclear magnetic resonance reveals that a measurable
interphase exists between PEO‐ and PMMA‐rich phases for all blends wherein the PEO
concentration ranges from 10 to 50 wt%.
According to previous studies such as these, it can be reasonably concluded that
may be positive or negative, but nevertheless close to zero, which means that PMMA/PEO
blends are anticipated to exhibit at least partial miscibility. For electrospinning, phase
separation is therefore not expected before the onset of the Taylor cone, and PMMA/PEO
fibers possessing a uniform diameter distribution and morphology should be generated
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insofar as beads do not form. In the case of electrospinning PMMA from DMF, bead
formation due to sporadic jet instability occurs at PMMA solution concentrations less than 5
wt% and may be due to a higher surface tension of PMMA in solution and not as good
viscoelasticity compared to that of PEO.[41‐44] Prior analyses indicate that the surface
tension of PEO solutions decreases with increasing concentration[43] and molecular
weight[42] of PEO. In addition, the viscosity of PEO in DMF is also much higher than that of
PMMA. As shown in Figure 1, the solution viscosity of PEO in DMF at 4 wt% is 8.83 Pa‐s,
which is almost 3 orders of magnitude lower than the viscosity of PMMA at the same
solution concentration and comparable polymer molecular weight (9.86×10‐2 Pa‐s). Since
solution viscosity plays a key element in electrospinning and often dictates factors such as
jet stability and fiber diameter, the results presented in Figure 1 suggest that, at constant
polymer concentration, electrospun PMMA fibers will be thinner and more likely to contain
beads than those composed of PEO. Addition of PEO to PMMA may consequently eliminate
bead formation at the cost of increasing the electrospun fiber diameter. The role of blend
composition on electrospinning and resultant fiber morphology is explored in the following
sections.
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Figure 1.
Viscosity reduction of solutions of PMMA/PEO blends in DMF with increasing
PMMA concentration. In all cases, the total polymer concentration is maintained at
4 wt%.
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Electrospun PMMA homopolymer
Previous efforts designed to electrospin PMMA from different solvent systems yield
markedly

different

morphologies

depending

on

the

electrospinning

conditions.

Electrospinning PMMA with a lower molecular weight than what is used here ( M n = 95,000‐
150,000 g/mol) at low concentrations in organic solvents with high dielectric constants is
observed[41] to produce porous cup‐shaped beads measuring on the micrometer size scale.
Most of the reported attempts to electrospin PMMA of comparable molecular weights have
been plagued by the formation of beads (generating the so‐called bead‐on‐a‐string
morphology) or fibers possessing a diameter approaching 1 µm. Higher molecular weight
PMMA is used in the present study to create thinner electrospun PMMA fibers that are
comparable in diameter to PEO fibers. Electrospun from a point‐source configuration, pure
PMMA fibers prepared from solutions with polymer concentrations ranging from 4 to 8 wt%
in DMF appear to have a smooth fiber morphology with relatively few sporadic beads. As
we reported earlier,[32] the average diameters of these fibers measure 180 nm (4 wt%
PMMA), 360 nm (6 wt% PMMA) and 970 nm (8 wt% PMMA). According to the viscosity
calculations reported by Gupta et al.,[45] the 4 wt% PMMA solutions examined here are
about 5.7 times the critical chain overlap concentration, in which case the solutions reside
in the semidilute (chain‐entangled) regime. On this basis, thick fibers are anticipated, but
relatively thin fibers (< 200 nm in diameter) with sporadic beads are produced. To stabilize
the electrospinning jet and alleviate bead formation during fiber surface modification with
FC3PO, solutions with 5 wt% PMMA are only considered further.
Electrospun PMMA/PEO blends
In the case of electrospinning PMMA/PEO blends, a parallel‐plate electrospinning
configuration has been selected for consistency with our previous investigation of pure and
surface‐modified PEO. A series of PMMA/PEO blends varying from 0 to 100 wt% PEO in 10
wt% intervals was dissolved in DMF (at a constant polymer concentration of 4 wt%) to
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ascertain the effect of blend composition on fiber size, morphology and electrospinnability.
One qualitative observation that warrants mention at this junction is that the
electrospinnability of PMMA is greatly improved upon addition of just 10 wt% PEO, which is
most likely due to improvements in viscosity (which eliminates bead formation via jet
stabilization) and mechanical properties (since PEO is tougher than PMMA, a relatively
brittle thermoplastic). Figure 2 displays representative SEM images of binary PMMA/PEO
electrospun fibers and establishes that the fibers are reasonably uniform and possess a
narrowly distributed diameter. In general, the surface roughness of the fibers appears to
increase marginally with increasing PMMA concentration. The average fiber diameter and
size distribution vary with PMMA content according to Figure 3 (the error bars correspond
to one standard deviation of measured diameters at each composition). It is noteworthy
that the intermediate blend compositions yield the thickest electrospun fibers, which could
reflect a complex interplay of solution viscosity, surface tension, PEO crystallization and
PMMA/PEO miscibility. Lastly, addition of PMMA to PEO serves to improve the stability of
the electrospun fibers under detrimental environments. In this case, the detrimental
environment is liquid water at ambient temperature. After 2 h of immersion, fibers
composed of at least 40 wt% PMMA retain their fiber morphology albeit with noticeably
enhanced surface roughness. Discrete pores measuring ca. 25‐70 nm across are observed to
form along the fiber surface. The SEM images provided in Figure 4 illustrate fibers
generated from 50/50 w/w PMMA/PEO blend after 30 days of water immersion at ambient
temperature. Retention of the electrospun fiber morphology is clearly demonstrated,
although some of the fibers break apart presumably due to nanoscale regions of high PEO
concentration. The results provided by these water immersion tests reveal that the fibers
possess a co‐continuous morphology of PMMA and PEO and that fine phase separation
appears to occur on the scale of tens of nanometers, about an order of magnitude smaller
than the fiber diameter, during the fiber solidification stage of electrospinning.
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Figure 2.
SEM micrographs of binary PMMA/PEO electrospun fibers. PMMA/PEO weight ratio is: a) 100/0; b) 90/10; c) 80/20; d)
60/40; e) 50/50; f) 30/70; g) 20/80; h) 0/100.

168

Figure 3.
Average fiber diameter and standard deviation of electrospun PMMA/PEO
fibers change with PMMA content in the PMMA/PEO blends.
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a)

2 µm

b)

1 µm

Figure 4.
Field‐emission SEM micrographs of 50/50 PMMA/PEO fibers after water
immersion to remove the PEO. a) Same fibers with b) at lower magnification
showing that the fiber structure can be retained after removal of PEO.
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Spun‐Cast and Electrospun PMMA/PEO/FC3PO blends
To better understand the phase behavior of ternary PMMA/PEO/FC3PO blends and
quantitatively discern the extent of surface modification on electrospun fibers, thin films of
PMMA/PEO blends ranging in composition from 0 to 100% PEO in 10 wt% intervals have
been spun‐cast from DMF. In all cases, the concentration of the FC3PO conjugate is held
constant at 5 wt% relative to the total polymer content. Optical images obtained using
Olympus bx60 with spot image software at 50x optics of the resultant thin films are
presented in Figure 5 and show unequivocal evidence of phase separation between PMMA
and PEO. Dispersions of PEO in a continuous PMMA matrix first become apparent at 20 wt%
and measure from 5 to 10 µm across. As the concentration of PEO is increased further, the
dispersions enlarge to 10~30 µm at 50 wt% PEO. The dispersed morphology transforms into
a co‐continuous morphology at 60 and 70 wt% PEO, and PEO spherulites become evident at
80 wt% PEO and increase in size up to 100 wt% PEO. These results confirm that the PMMA
and PEO employed in this study are capable of phase‐separating in thin spun‐cast films at
ambient temperature, in which case it immediately follows that the two homopolymers
could likewise phase‐separate during electrospinning. Direct comparison is hindered by the
fact that the spin‐casting relies only on shear flow, whereas extensional flow under an
applied electric field primarily drives electrospinning. Using optical microscopy and
crystallinity measurements, Martuscelli et al.[35, 46] claim that PEO cannot effectively
crystallize in PMMA/PEO blends when the concentration of PEO is less than 40 wt%. In the
presence of both high‐molecular‐weight PMMA, which will significantly increase molecular
diffusion times, and the FC3PO conjugate, PEO appears unable to crystallize into spherulites
at concentrations less than 80 wt% PEO. We do not discount the possibility that the phase‐
separated PEO domains apparent over the range of 20 to 70 wt% PEO are not
semicrystalline. Indeed, previous studies by Register and co‐workers[47‐49] have shown
that PEO blocks within a microphase‐ordered block copolymer can crystallize within
dispersed microdomains measuring only tens of nanometers in diameter. Surface chemical
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analysis of spun‐cast PMMA/FC3PO films by XPS indicates that the surface nitrogen content
is almost the same as the bulk content calculated on the basis of composition. This result is
consistent with our previous study of PEO/C3PO, which likewise shows no evidence for
surface segregation of the peptide during spin‐casting. These observations imply that the
difference in surface energy between PMMA and FC3PO (as well as PEO and C3PO) is
insufficient to promote surface segregation and that any occurrence of surface enrichment
must be due to a driving force other than surface energy. One difference between these
two systems that merits discussion is the magnitude of the surface nitrogen content. Unlike
the present PMMA/FC3PO system, XPS analysis of the spun‐cast PEO/C3PO films (prepared
under similar solution and spin‐casting conditions) yields no discernible nitrogen signal. The
complete absence of nitrogen could be caused by crystallization of PEO, which effectively
prevented the peptide sequence of the C3PO conjugate to emerge on the surface.

172

a) 100/0
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Figure 5.
Optical microscopy images of spun‐cast films with different PMMA/PEO weight ratio at fixed FC3PO concentration of
5 wt%. in the ternary blends. DMF was used as solvent. PMMA/PEO weight ratio equal to: a) 100/0; b) 90/10; c) 80/20; d)
70/30; e) 60/40; f) 50/50; g) 40/60; h) 30/70; i) 20/80; j) 10/90; k) 0/100.
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As mentioned in Chapter VI, with the same electric potential applied at the spinneret
and distance between the spinneret and collector plate, the point‐source to plate setup has
both a higher electric field and higher electric field gradient at the vicinity region of Taylor
cone, therefore is better for stabilization of the PMMA solution jet during electrospinning as
well as the surface segregation. Series of surface modification with different PMMA/PEO
weight ratio using was done by both setups, and surface modification and jet stabilization
can be achieved at half of the electric potential with point‐source setup. For example,
instead of 15~20 kV, 8~12 kV was sufficient for the jet stabilization and same extend of
surface modification. Point‐source plate setup also gave much better surface modification
results compared to the parallel plate for all ternary blends. However it gave similar results
for the binary PMMA/FC3PO blends under same electrospinning conditions. Probably due
to the strong hydrogen bonding and higher polarizability (dielectric constant of 40 at 100 Hz)
of PEO, PMMA is a better choice for only surface segregation purpose because it has much
lower intermolecular interactions and polarizability (dielectric constant of 5 at 65 Hz) with
surrounding molecules including polar solvents compared to PEO.
The average fiber diameters of either ternary or binary fibers show a peak value at
close PMMA/PEO weight ratios, as shown in Figure 6 ‐a). This is probably due to the
competition between decrease of viscosity with increase of PMMA content, and microphase
separation happening during the electrospinning. The average fiber diameters of ternary
PMMA/PEO/FC3PO electrospun fibers varying with PMMA content are in general smaller
than that of binary PMMA/PEO electrospun fibers, which is due to the solution viscosity
decrease with the addition of FC3PO. However in the close weight ratio between PMMA
and PEO, ternary fibers exhibit an even larger fiber diameter. In this region surface
modification was not achieved either. In the optical images of spun‐cast membrane, as
shown in Figure 5, phase separation can be observed throughout the PMMA weight ratios.
At PMMA content lower than 40/60 PEO crystallization could be observed.
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Other than the addition of PMMA, FC3PO can also cause the surface morphology
change and possible beads formation as observed in PEO/C3PO electrospinning[27]. The
addition of C3PO caused beads formation in the binary PEO/C3PO electrospun fibers from 3
wt% PEO aqueous solutions. Although with total polymer concentration at 4 wt% beads
formation was depressed, in order to investigate the relationship between fiber
morphology and solution properties we still measured the conductivity and viscosity change
of the ternary systems. With 5 wt% of FC3EO added into the blends (5 wt% × 4 wt% = 0.2
w% in solution), the solution conductivity was increased from 4.0±0.5 µS to 28.0±3.0 µS and
kept invariant with PMMA content change. As shown in Figure 6 ‐b) the solution viscosity
was slightly decreased compared to binary PMMA/PEO solutions. However no viscosity
difference was observed between PMMA/FC3EO and PMMA solution in DMF, which
probably indicates that the viscosity reduction related to FC3PO was due to the interaction
between FC3PO and PEO, but not between FC3PO and PMMA. SEM micrographs of ternary
PMMA/PEO/FC3PO electrospun fibers in Figure 7 show that with the increase of PEO
content the fiber diameter also has similar trend with binary PMMA/PEO electrospun fibers
in Figure 2, except that the FC3PO has positive effect on the phase separation as presented
in the spun‐cast films. Therefore at region close to 50/50 PMMA/PEO weight ratio, the fiber
diameter has a sudden increase due to the occurring of phase separation.
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a)

b)
Figure 6.

a) Fiber diameter change with PMMA content in both binary and ternary

electrospinning due to b) solution (in DMF) viscosity decrease with the increase of
PMMA content in the blends. The binary PMMA/PEO (▲) and ternary
PMMA/PEO/FC3PO (□) solutions show similar reduction of viscosity, while the
viscosity of the ternary solutions decreased even more by the addition of FC3PO.
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Figure 7.

SEM micrographs of ternary PMMA/PEO/FC3PO electrospun fibers. PMMA/PEO weight ratio is: a) 100/0; b) 90/10; c)

80/20; d) 70/30; e) 50/50; f) 40/60; g) 20/80; h) 0/100.
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Surface composition of ternary electrospun fibers
Surface modification with FC3PO
The major purpose of the series of electrospinning of ternary PMMA/PEO/FC3PO
blends is to understand the surface modification with FC3PO along with the homopolymer
blends behavior. Although it has been proved that for binary PEO/FC3PO or PMMA/FC3PO
the surface modification was effective, the inherent phase separation behavior involving
not only the surface segregation of highly polarizable peptide conjugate, but also the
microphase separation of two homopolymer were still not clear. In order to study both
phenomena, the surface modification of FC3PO should be studied first before the
homopolymer microphase separation.
As shown in Figure 8, surface modification of FC3PO in the electrospun ternary
PMMA/PEO/FC3PO was able to achieve at PMMA/PEO weight ratio lower than 30/70, or
higher end of PMMA/PEO weight ratio. All data in region I were electrospun from standard
solutions with same total polymer concentration of 4 wt% and fixed concentration of 5 wt%
FC3EO in the ternary blends. As we can see for the large‐sized fibers the surface
modification could not be achieved. Region II is the optimized ternary electrospun fiber with
the best combination of synergistic surface modification and low fiber diameter, with 92
wt% of PMMA, 3 wt% of PEO and 5 wt% of FC3PO in the blends. Region III is the best
concentration chosen for electrospinning of binary PMMA/FC3PO solution in which the
total polymer concentration is 5 wt% instead of 4 wt% due to purpose of better stabilization
of electrospinning jet with also a lower fiber diameter of 230 nm. At higher end of
PMMA/PEO weight ratio, the glassy fiber is showing a better surface modification compared
to the fibers electrospun from binary PEO/FC3PO blends, which probably is because of both
the lower hydrogen bonding strength of PMMA and fiber size.
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Figure 8.

Surface enrichment (△) of nitrogen content compared to bulk nitrogen (○)

atom percentage in the blends, as well as diameter (◇) change of the ternary
electrospun fibers with regard to the PMMA concentration increase in the
PMMA/PEO/FC3PO blends.

Surface composition of PMMA
As part of the phase separation behavior of ternary PMMA/PEO/FC3PO electrospun
fibers, the distribution of homopolymers within the blends is also of interest because of its
influence on the surface segregation of peptide conjugate FC3PO, and vice versa. Since the
Flory‐Huggins parameter of PMMA/PEO blends is proved by both simulation and
experiments as a small positive or negative with absolute value very close to zero, a
homogeneous or at least uniform blend is expected to form during phase separation in
electrospinning. However, with the change of PMMA weight ratio against PEO phase
separation did occur that could be observed from the optical microscopy of spun‐cast films
as shown in Figure 5.
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Since quantification of surface enrichment of FC3PO could be obtained by nitrogen
atom% measurement in XPS, PMMA surface content can be quantified by XPS
measurements as well due to its different carbon and oxygen peaks compared to PEO.
There are two choices of high resolution regional scans: carbon C1s or oxygen O1s. PMMA
has C‐C (carbon), C‐O (ether) and C=O (carboxyl) groups, however PEO only has C‐C and C‐O
that can be distinguished by the XPS. The peaks may be overlapped with position changed
according to the chemical composition of the polymers that affects the peak value and
position. Fortunately the CasaXPS software suite provides a function to simulate the
quantitative separation of the peaks to their initial intensity on each binding energy level.
Although it might have been easier to use oxygen regional scans, we found that the
contamination on oxygen is higher than carbon. Thus a more complicated calculations
involving 3 types of carbon peaks: C‐C, C‐O and C=O were carried out for the PMMA surface
content analysis on the surface of ternary PMMA/PEO/FC3PO fibers at each PMMA/PEO
weight ratio.
As shown in Figure 9, The high resolution regional scan of carbon elements at high
resolution XPS shows the carbon information at different binding energy level according to
the carbon bonding that can be divided into three peaks at 282, 284 and 286 eV indicating
C‐C, C‐O and C=O respectively. The overlapping and position change of the peaks due to the
chemical environment can be neglected since the change is not large enough to exceed
recognizable resolution. There are C=O groups in PMMA and FC3PO but not PEO so that it
was used as the indication of surface PMMA/FC3PO content. FC3PO has only 5 wt% in the
bulk of the ternary blends, however the surface enrichment is very likely increasing the C=O
intensity from FC3PO. Thus it was included in the calculation. Quantity of FC3PO can be
calculated from nitrogen content on the surface. Thus PMMA content can be further
calculated from quantitative C=O information and compared to PEO content on the surface.
Later it was proved that even neglecting FC3PO in the calculation, the error is less than 10%
because of the very small amount of C=O from FC3PO.
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Figure 9. High resolution regional scan of C1s peak of carbon element on the PMMA/FC3PO electrospun fiber surface. C1s peak can be divided to three peaks
indicating C‐C, C‐O, C=O respectively. Nitrogen scan is also shown to indicate if peptide conjugate can be detected on the fiber surface. The fibers
were electrospun from solution with fixed 5 wt% of FC3PO in the polymer blends and PMMA/PEO weight ratio equal to: A. 100/0; B. 50/50; C. 30/70;
D. 92/3, the optimal composition.
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The four spectra in Figure 9 indicate the carbon C1s peak change according to the
change of bulk PMMA/PEO weight ratio. Regional scans of nitrogen were also included to
show the surface modification of FC3PO. The carboxyl group intensity intuitively shows the
surface PMMA content change. A better quantitative systematicresult was listed in Figure
10, where PMMA weight ratio in PMMA/PEO on the surface of ternary PMMA/PEO/FC3PO
fibers were analyzed by the carbon peak quantification. It seems quite interesting that the
surface content of PMMA keeps relatively constant from 10/90 to 50/50 wt% regardless of
bulk content change. Also at PMMA weight ratio lower than 50/50, the surface PMMA
content is higher than its bulk content; at PMMA weight ratio higher than 40/60, the
surface PMMA content is almost equal to its bulk content. The increase of PMMA surface
content at lower PMMA weight ratio lower than 40 wt% is very accordant to the PEO
crystallinity behavior in the PMMA/PEO blends that was reported to happen with PEO
content higher than 30 wt% in the blends[35, 37]. It can also be observed from the spun‐cast
films that a more obvious microphase separation is expected to happen in this region due to
the higher PEO crystallinity with PEO weight ratio higher than 40/60. At higher PMMA
weight ratio, comparatively more uniform glassy fibers were formed which kept the surface
content of PMMA almost the same as bulk. On the other hand, in Figure 8 surface
modification can be achieved only when PMMA content is lower than 40/60, or higher than
90 wt%. The coincident critical weight ratio of 40/60 of PMMA in PMMA/PEO is yet to
explain. One possible explanation could be the glassification process with higher content of
PMMA, which keeps the FC3PO invisible inside the smaller domains of amorphous phase
included in the glassy fibers as long as FC3PO is more affinity with PEO. Phase separation
behavior between homopolymers of ternary PMMA/PEO/FC3PO electrospun fibers is thus
quite comparable to the spun‐cast films, except that the surface composition of PMMA was
effected by the combination of PEO crystallinity change varying with the weight ratio.

182

Figure 10.
Surface PMMA weight ratio change in the electrospun ternary
PMMA/PEO/FC3PO fibers. The red dot line indicates the bulk PMMA weight ratio vs.
PEO.
2 Conclusions
A novel method of surface modification of electrospun fibers during electrospinning
was proved by utilizing the polarizability difference between different components,
especially a highly polarizable peptide conjugate copolymer and less polarizable
homopolymer. It was first proved with a PEO/C3PO polymer system in earlier publication,
and then further proved with another thermoplastic PMMA/FC3PO polymer system in this
Chapter. The electrospun composite nanofibers exhibit surface enrichment of peptide block
by the XPS measurements of nitrogen content in both systems. Due to a much lower
polarizability and weaker molecular interactions such as hydrogen bonding, PMMA has an
advantage of better surface modification. However PEO still has the advantage of better
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electrospinning processability and mechanical properties. Thus ternary electrospun fibers of
PMMA/PEO/FC3PO were also investigated and compared to the spun‐cast films at the same
composition. An optimized combination of surface modification, electrospinning
processability and mechanical properties can thus be achieved by proper choice of the
PMMA (92 wt%), PEO (2 wt%) and FC3PO (5 wt%) content in the blends respectively.
Other than the surface modification, microphase separation behavior within the
PMMA/PEO blends with and without FC3PO was also investigated in order to study the
inner structures of electrospun fiber. Spun‐cast films of ternary PMMA/PEO/FC3PO blends
were observed with optical microscopy to reveal the microphase separation enhanced by
the addition of FC3PO, which in turn explains the diameter increase at the weight ratio
region close to 50/50 of PMMA/PEO. Fiber morphologies of both binary PMMA/PEO and
ternary PMMA/PEO/FC3PO fibers were studied with SEM micrographs as well. The surface
roughness increased with the both PMMA content and addition of FC3PO. Peak analysis by
XPS on the electrospun fibers further revealed the surface PMMA composition along with
the PMMA/PEO weight ratio change in the ternary electrospun fibers as well. It turned out
to be that the phase separation between homopolymer PMMA/PEO within the electrospun
fiber and spun‐cast film is very comparable, except that the surface chemical composition of
PMMA was effected by the combination of PEO crystallinity change varying with the weight
ratio. At PMMA weight ratio lower than 40/60, surface PMMA content is higher than the
bulk content. At PMMA weight ratio higher than 40/60, the surface PMMA content is
almost the same as the bulk content.
For practical applications in biomedical engineering, thermoplastic PMMA can be
substituted with biodegradable homopolymers or copolymers for the carrier of
biofunctionalities, the latter of which usually present high polarizability. This part can be the
possible future work for cell culture and anti‐bacteria research using electrospun fiber mat
as the scaffold or special textiles.
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CHAPTER VI
A Systematic Study of Electrospinning of Polyethylene Oxide (PEO) with different
Pure and Binary Solvent Mixtures*

ABSTRACT
Nanofiber mats were produced by electrospinning. Electrospinning of high
molecular weight poly (ethylene oxide) (PEO) was done with either Hplc grade water or
50:50 wt % binary mixture of Hplc with different solvents. It was observed that dissolution
temperature of PEO during polymer solution preparation showed pronounced effect on
solution viscosities and electrospun fiber diameters. Average diameters of all the fibers
produced were in the range of 70‐274 nm. Viscosities of polymer solutions exponentially
decreased with the increase of solubility parameter of the solvent systems when the
solutions were prepared at elevated temperature (ET). Electrospinning processability
window was established that correlates different quantities such as electric field, viscosity,
and dimensional less quantity.

*

This chapter is going to be submitted in its entirety to Polymer:

Shankar R., Sun, X. Y., Ghosh T. K., Börner H. G. & Spontak, R. J. Polymer (2008).
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Introduction
Conventional process such as melt spinning, dry spinning, and wet spinning are used
for producing synthetic fibers in diameter ranges from 5‐500 μm [1]. Electrospinning is a
novel process for forming ultrafine fibers of diameter ranging from 10 nm to 10 µm in
diameter [2‐5]. The small fiber diameters and highly porous structure of electrospun fiber
"mats" yield a high specific surface area/volume ratio that is having wide variety of
applications [6‐16]. Fundamental phenomenon of electrospinning process is relatively
simple to implement. An electrode connected to a high‐voltage source is used to generate
an electrically charged jet of polymer solution or melt contained with a capillary tube. A
polymer droplet expelled from a pipette or a spinneret, and forms a hemispherical shape to
a conical shape, called Taylor cone due to electrostatic forces. When electrostatic force
exceeds the surface tension, a jet is formed. As jet approaches a grounded collector, solvent
evaporate and bending instability leads to whipping or splaying of fibers [17‐23]. This
relatively simple approach for generating nanofibers has been applied to electrospun a vast
range of synthetic and natural polymers in pure and blended melts and solutions with
research interest focusing on the structure, morphology of electrospun fibers [24‐26]; and
instability studies of the jet [27‐30].
Various parameters that control the electrospinning process are molecular weight of
the polymer and its distribution, viscosity, concentration, conductivity, dielectric constant,
surface tension of the polymer solution/melt. Apart form these parameter, process
parameter such as flow rate, distance between collector and spinneret or pipette, strength
of the applied electric field, and hydrostatic pressure influences the electrospinning process
[24, 26, 31, 32, 33]. Conventional electrospinning setup consists of a point plate geometry
[18, 34, 35] which is having a pointed electrode and a grounded collector. Over the year,
improvement in the electrospinning apparatus was attempted for various reasons [36‐38].
In this paper, we also attempted to improve the electrospinning process by modifying the
conventional electrospinning apparatus.
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Poly(ethylene oxide) (PEO), being biodegradable polymer combines thermoplastic
behavior and mechanical properties of a highly crystalline polymer, used as a favorite
candidate for great commercial interest. Recent studies have focused on PEO and its blends
electrospinning. These mats found applications as biomaterials scaffolds [39], drug delivery
[40‐42], tissue engineering, wound healing [43] and conductive fibers [12, 15, 44]. Early
efforts elucidate that a range of solvents used for PEO electrospinning either as pure such
as water [18, 36, 38, 45, 46], chloroform [47], camphorsulfonic acid [15], acetic acid [39]
and hydrochloric acid [48] or as binary solutions composed of isopropanol/water [49],
acetone/ethanol [6, 50], ethanol/water [4, 35] and camphorsulphonic acid/chloroform [44].
The purpose of this study is to generate a matrix that discerns the feasibility of
electrospinning for a high molecular weight PEO. Systematically PEO solution was prepared
with two different grades of water namely distilled water and Hplc grade water and 50:50
weight % binary mixture of acetone, ethanol, methanol, isopropanol, chloroform with Hplc
grade water at two different temperatures.
Experimental
The polymer solutions used in electrospinning experiments were prepared by using
PEO of 1000,000 molecular weight, purchased from Aldrich®, with different solvent systems.
Different solvent used for dissolving PEO are distilled water, Hplc grade water (HPLC),
isopropanol, ethanol, methanol (from Fisher Scientific), and acetone (from Sigma Aldrich).
PEO was dissolved in either pure solvents or 50:50 wt % binary mixture of Hplc with
abovementioned solvents at room temperature and at elevated temperature (850 C).
Because PEO melting point is 650 C, therefore, in order to make homogenous PEO solution,
it is necessary to make solution above the melting point of PEO. Therefore, PEO solution
was made with different binary solvent mixture at 850 C to study the effect of temperature
on polymer solution rheological properties and electrospinning process. Properties of the
pure solvents and binary solvent systems are displayed in table 1 and 2. Table 3 elucidates
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the binary solvent systems solubility parameter value both at room temperature and at
elevated temperature (850 C). PEO solution 1, 2, and 4 wt % of concentration was prepared
with different solvents at room temperature (RT) and at elevated temperature (ET).
However, all the polymer solutions were electrospun at RT.
Figure 1 shows the conventional electrospinning experimental setup. Because
conventional electrospinning setup is in point to plate geometry, it is having non‐uniform
electric field or stream lines, as shown in Figure 2 a. In order to achieve better control of the
electrospinning process, a new setup was designed so that uniform electric lines of forces
exist between needle and the collector (Figure 2b). Present setup uses the concept of
parallel plate capacitor where electric lines of forces are parallel between the two plates; a
schematic of the present setup is shown in Figure 3. Rutledge el al. also reported a similar
setup with parallel plates [38]. However, in the present setup circular plates are used,
provided with rubber insulation, to avoid the accumulation of charges at the edges. Also,
setup is designed such that distance between needle and collector can be changed time to
time based on solvent system and viscosity of the polymer solution.
Polymer solution was placed in a 10 ml syringe, mounted on a syringe pump,
dispensing solution through a needle, as depicted from Figure 3. Potential is applied to the
plate using Gamma power supply. Aluminum foil is attached to the grounded plate to
collect electrospun fibers. The electrospinning of PEO with various solvent systems is shown
pictorially in Figure 4. Data points for pictorial clarity are arranged such that concentration
1, 2, and 4 wt % denote 100, 200, 400, respectively, on Y axis for all electrospinning cases.
However, no electrospinning cases are denoted as zero on Y‐axis for all concentrations.
Rheological measurement such as viscosity of the polymer solutions were carried with a
Stresstech®HR, ATS rheosystem, rheometer at 25 0C. Terminal viscosity or zero shear rate
viscosity was measured from shear rate vs. viscosity curve for each polymer solutions.
Variable‐pressure scanning electron microscope (VPSEM) was used for morphological
characterization of the electrospun mats. Gold sputtering was done on electrospun mats
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before SEM in a controlled fashion, 75 A0 thick gold layer was deposited on mats.

Results & Discussion
Effect of solution properties
Aforementioned literature survey in introduction section manifested that polymer
concentrations have remarkable influence on viscosity and eventually on electrospinning
process. Polymer solutions with PEO concentration 1, 2, and 4 wt % were prepared with
Hplc and binary solvent systems. Effect of temperature and concentration of PEO on
polymer solution viscosity are discussed below.
Figure 5 a‐e displays that viscosity increases as the PEO concentration increases for
all the binary solvent systems and Hplc grade water which in accordance with the published
literature [51]. In addition, figs. 5 a‐c shows that viscosity increases as temperature of
polymer solution increases. However, for methanol‐Hplc binary solvent system shows RT
viscosity is greater than ET viscosity and a cross over in viscosities value occur around 3 wt
% concentration after which ET viscosity is greater than RT viscosity (Figure 5 d). HPLC grade
water case exhibits ET viscosity less than RT viscosity, as shown in Figure 5 e. Deimr et al.
reported electrospinning of polyurethane at two different temperatures but unfortunately,
they did not report any viscosities values [51].
Electrospinning literature unveil different solvents are used either pure or binary
mixture of solvents for PEO electrospinning [35, 36, 38, 44‐48] but effect of solubility
parameter on solution properties is not addressed. Figure 6 displayed the variation of
viscosity with solubility parameters at both different concentration and different
temperatures. As solubility parameter increases from acetone‐Hplc binary solvent mixture
to Hplc water case, viscosity of the elevated temperature (ET) prepared solution
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exponentially decreases at all PEO concentrations. However, RT prepared solutions
viscosities indicate less pronounced exponential effect with solubility parameter at all
concentrations. Surprisingly viscosity shows a marginal increment for the RT prepared
solutions at 1 wt % concentration as solubility parameter increases. Interesting to note that
at all concentrations RT and ET viscosities exponential fits crosses for the methanol‐Hplc
case.
Figure 6 displayed that exponential fit for viscosities, different PEO concentrations
cases, at elevated temperature are parallel to each other that implies viscosity is having an
exponential dependence on concentration as solubility parameter increases. Figure 4
indicates that electrospinning was not possible for half of the cases at 4 wt % PEO for both
RT and ET cases. Therefore, dependence of the process variables over electrospinning
experiments is presented for 1 and 2 wt % PEO concentrations cases, both RT and ET cases.
Data points for all the solvent systems are clubbed together in order to get most suitable
zone of electrospinning relative to different process variables.
Effect of electrospinning parameters
Many researchers discussed the dependence of voltage and working distance
(distance between needle and collector) on electrospinning. Some studies shows that fiber
diameter increase as applied electric potential (i.e., voltage) increase, while other showed
the reverse dependence of fiber diameter as voltage increases [52]. Because voltage shows
a poor dependence on electrospinning, electric field strength is used as parameter in the
present study. Figure 7 shows that variation of electric field with viscosity for 1 and 2 wt %
of PEO concentration both at RT and ET cases. Rectangular potion in the Figure 7 exhibits
the zone where most of the electrospinning occurred for different solvent systems. It
indicate that electrospinning zone have electric field value in between 0.43‐0.98 kV/cm and
viscosity in between 12‐8737 cP.

192

Flow rate dependency on electrospinning process is determined by calculating a
dimensional less quantity (Q). Q is calculate as
Q = (F*T) / (V*1000)
where, F indicates flow rate (μl/min); T is time of electrospinning (min); V is the total
amount of polymer solution dispensed (ml).
Figure 8 shows the zone of electrospinning for electric field and Q parameters where
most of the electrospinning occurred for different solvent systems at 1, 2, and 4 wt % of
PEO concentrations. It is evident from the Figure 8 that electrospinning zone lies for electric
field from 0.44‐0.98 kV/cm and for Q from 0.64‐1.23. Figs. 7 and 8 elucidate that zone of
electrospinning for viscosities values are common i.e., 12‐8737 cP. Figure 9 shows the zone
of electrospinning between viscosity and Q. Rectangular box is drawn based on the zone
values established for viscosities and Q from figs. 7 and 8.
Fiber morphology by the solvent systems
Tables 4 and 5 show fiber diameter and morphology of electrospun fibers for binary
solvent systems and Hplc water. Fiber diameters increase with the increase of PEO
concentration from 1 to 2 wt %, which is in accordance with the published literature [45].
Figs. 10 a‐d micrographs display the electrospun web of PEO with acetone‐Hplc binary
solvent. In addition, fiber diameter increases as temperature of polymer solution
preparation increases form 25 0C to 85 0C, as clearly evident from Figure 10 a) and c). All the
electrospun web produced shows uniform diameter fibers and smooth surface.
Fiber diameter increases in RT polymer solution case as PEO concentration increases
from 1 to 4 wt %, as shown in table 5 and in micrographs i.e., figs.11 (a‐c). However, ET case
shows beads formation for 1 wt % case and average diameter of the fibers present in
between the beads is 105 nm, as shown in Figure 11 d). Micrographs of 2 wt %
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concentration case (Figure 11 b and e) indicate that fiber diameter increase as temperature
increases. Table 4 shows that fiber diameter increases with the increases with the increases
of PEO concentration for ET case. Figure 12 (c and d) show micrographs of ET cases for PEO
2 and 4 wt % electrospun mats. Both the RT and ET case shows beads formation at 1 wt %
PEO concentration. Figure 12 shows micrograph of one such case where electrospun web
have beads. It is found that diameter of the fibers present in between beads is 70 nm for RT
case. In addition, increment in the fiber diameter is found as temperature increases for PEO
2 wt % case. However, morphology of the fiber surface is rougher for RT‐PEO 2 wt % case
compared to ET case (Figure 12 b and c).
It is apparent from tables 4 and 5 that fiber diameter increases as concentration
increases for both RT and ET cases. Effect of temperature shows a reverse trend in
methanol‐Hplc solvent system. Fiber diameters decrease with the increases of temperature
for both 1 and 2 wt % PEO concentrations electrospun web. Figure 13 (a‐d) shows the SEM
micrographs of electrospun mats for both ET and RT cases at 1 and 2 wt % PEO
concentrations. It is manifested form tables 4 and 5 that fiber diameter increase with the
increase in both concentration and temperature. Figs. 14 (a and c) exhibit that beads
formation is more at RT case compared to ET case for PEO 1 wt %. Micrographs in figs. 14 (b
and d) display the electrospun mats of RT and ET cases, respectively, at 2 wt % PEO
concentration.
Conclusions
In this work, PEO is dissolved in different solvents either pure of 50:50 binary
mixture of solvents with Hplc grade water. It is found that dissolution of polymer in solvents
systems at two different temperatures give different viscosities of the polymer solutions.
Solubility parameter increases from acetone‐Hplc binary solvent mixture to Hplc grade
water. It is observed that viscosities increases as temperature increases for acetone‐Hplc,
isopropanol‐Hplc, and ethanol‐Hplc binary solvent mixture, while a reverse trend is
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observed for Hplc grade water solvent. As solubility parameter increases, viscosities
decreases exponentially for ET prepared polymer solutions for all concentrations i.e., 1, 2,
and 4 wt % PEO concentrations. Zones of electrospinning is determined and relation
between quantities such as electric field, viscosities, and dimensional less quantity (flow
rate*time/volume) is established. Increment in fiber diameter is observed for all cases with
the increases of PEO concentrations. As the temperature of solution preparation increase,
increment in fiber diameter is noticed for acetone‐Hplc, Hplc, and ethanol‐Hplc solvent
systems, while a reverse trend is observed for methanol‐Hplc and isopropanol‐Hplc binary
solvent mixtures.
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Table 1. Pure solvent data
Solvent
system
Acetone
Chloroform
Ethanol
Methanol
Isopropanol
Hplc

CAS

Formula

67641
67663
64175
67561
67630

C3H6O
CHCl3
C2H6O
CH4O
C3H8O
H2O

M
Density
(gmol) (g/ml)

BP/C

∆ H

58.10
119.40
46.10
32.00
60.10
18.02

56.1
61.7
78.3
64.5
82.2
100

29.66
29.12
39.44
36.4
40.64
40.81

0.785
1.477
0.785
0.786
0.781
0.997

g
l

Solubility
Parameter
(MPa)1/2
19.70
18.70
26.10
29.70
23.40
48.00

Hydrogen
bonding
index
9.70
1.50
18.70
18.70
18.70
39.00

T
ºC
25
25
25
25
25
25

Table 2. Binary solvent data

Binary solvent
system
Hplc + Acetone
Hplc +Chloroform
Hplc +Ethanol
Hplc +Methanol
Hplc +Isopropanol

solubility
in ppm
at 25 oC
total
8200
total
total
total

UCST
/ oC
<‐11
none
none
none
<‐23

Solute
Density
(g/ml)
0.785
1.477
0.785
0.786
0.781

wt%

volume %

50
50
50
50
50

55.45%
39.81%
55.45%
55.42%
55.57%

single
Binary
solubility
solubility
parameter parameter
19.70
32.31
18.70
36.33
26.10
35.86
29.70
37.86
23.40
34.33

Table 3. Solubility parameters of binary solvent systems at different temperature

Binary solvent
system
Hplc
Acetone + Hplc
Chloroform + Hplc
Ethanol + Hplc
Methanol + Hplc
Isopropanol + Hplc

Binary
Binary
solubility
solubility
parameter parameter
at 25 oC
at 85 oC
48.00
45.75
32.31
31.91
36.33
36.05
35.86
35.20
37.86
37.28
34.33
33.62
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Table 4. Average diameter and morphology of electrospun fibers at ET
Solvent System
Acetone‐Hplc
Isopropanol‐Hplc
Ethanol‐Hplc
Methanol‐Hplc
Hplc

Conc. 1%
112.15
beads
beads
68.8
beads

Conc. 2%
189.14
151.6
138.4
188.2
143.5

Conc. 4%
No
No
274.5
No
172.2

Table 5. Average diameter and morphology of electrospun fibers at RT
Solvent System
Acetone‐Hplc
Isopropanol‐Hplc
Ethanol‐Hplc
Methanol‐Hplc
Hplc

Conc. 1%
85.37
164.8
beads
77.2
beads

Conc. 2%
160
199.1
131
217.9
89.2

Conc. 4%
No
233.8
No
235.1
162
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Figures

Figure 1. Illustration of conventional electrospinning setup.
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Figure 2. Conventional electrospinning setup schematic showing non‐uniform electric lines
of force b) Illustration of the parallel plate setup.

Figure 3. Illustration of the parallel plate setup.
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Conc-1%-Rt
Conc-2%-Rt
Conc-4%-RT
Conc-1%-Et
Conc-2%-Et
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400

300

Electrospinning

200

100

No Electrospinning

0

-100
Act-Hplc
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Met-Hplc

Hplc

Solvent Systems
Figure 4. Pictorial demonstration of electrospinning with different solvent systems
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Figure 5. Variation of viscosity with PEO concentration and temperature. Solid and open
symbol represent ET and RT data, respectively. Solid lines represent the exponential curve
fit. a) Acetone‐HPLC binary solvent, b) Isopropanol‐HPLC binary solvent, c) Ethanol‐HPLC
binary solvent, d) Methanol‐HPLC binary solvent, e) HPLC grade water.
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Figure 6. Viscosity variation with solubility parameters for different solvent systems. All the
filled and open symbol correspond to ET and RT polymer solution, respectively. Green and
orange line represents the exponential fits for 1, 2, and 4% concentration viscosities.
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Figure 7. Variation of viscosity with applied electric field. Filled symbols indicates ET
conditions, while open symbols shows RT.
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Figure 8. Variation of Electric field with Q. Filled symbols indicates ET cases, while open
symbols represent RT cases.
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Figure 9. Viscosity variation with respect to Q. Filled symbols indicates ET cases, while open
symbols represent RT cases.
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a

b

c

d

Figure 10. Electrospun PEO fibers with acetone‐Hplc binary solvent systems. Both top figs.
are RT cases. Both bottom figs. are ET cases. Figs. a) and c) represent 1 wt % PEO
concentration micrographs. Figs. c) and d) display 2 wt % PEO concentration micrographs.
Scale markers are a) 500 nm, b) 1 μm, c) 1 μm, and d) 500 nm.
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a

b

c

d

e

Figure 11. Electrospun mats of PEO with isopropanol‐Hplc solvent system. Figs. (a‐c) RT
cases and (d and e) ET cases. Figs. (a and d), (b and e), and c) represent 1, 2, and 4 wt % PEO
concentration cases. Scale markers are (a‐c) 1 μm, d) 5 μm, and e) 500 nm.
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a

b

c

d

Figure 12. Micrographs of the electrospun PEO mats with ethanol‐Hplc solvent system. RT
cases are presented in figs. (a and c), while ET cases in figs. (c and d). Figure a), (b and c),
and d) displays 1, 2, and 4 wt % PEO concentration electrospun web, respectively. Scale
markers are a) 5 μm, (b and d) 1 μm, and c) 500 nm.
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a

c

b

d

Figure 13. PEO Electrospun mats for methanol‐Hplc solvent system. Figs. (a and b) are RT
cases, while figs. (c and d) are ET cases. Micrographs (a and c) and (b and d) represent
electrospun mats having 1 and 2 wt % PEO, respectively. Scale markers are (a, b, and d) 1
μm and c) 500 nm.
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a

c

b

d

Figure 14. SEM micrographs of electrospinning of PEO wit Hplc grade water. Both the top
micrographs represent RT case, while both the bottom micrographs display ET case. Figs (a
and c) and (b and d) corresponds to PEO 1 and 2 wt % concentration electrospun mats.
Scale markers are (a and c) 5 μm and (b and d) 2 μm.
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CHAPTER VII

Mechanism of Surface Segregation during Electrospinning: Electrophoresis
and Dielectrophoresis of Biopolymer Molecules with Different
Polarizability

ABSTRACT
Surface modification of highly polarizable peptide conjugate has been proved by the
surface segregation of peptide conjugate onto bulk homopolymer fibers during the
concurrent electrospinning in previous publications. Electrophoresis and dielectrophoresis
were applied for being the intrinsic mechanism of the surface segregation under the high
electric field and electric field gradient within electrospinning setup. Simulation of the
electric field at the vicinity of spinneret and Taylor cone for both plate to plate and point
source to plate setups indicated that very high electric field gradient can be observed
especially at the interface of the electrospinning jet, thus the electrophoresis and
dielectrophoresis can happen in both setups. However, with the same electric potential
applied, point source to plate setup has the advantage of higher electric field and electric
field gradient close to the Taylor cone area. Electrospinning jet with different electric
properties was also investigated to show the effect from material property on the electric
field and distribution. Simulation on different geometry of the cone shapes further indicates
that a Taylor cone is very important for the surface segregation of highly polarizable
component from the bulk homopolymers.
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1. INTRODUCTIONS
1.1.

Motivation
As mentioned in Chapter IV, the idea of surface modification of electrospun fibers

via surface segregation caused by polarizability difference under static electric field among
different components was approved by XPS measurements of nitrogen enrichment on the
surface of electrospun fibers compared to bulk content. The methodology was to co‐
electrospin homopolymer PEO and diblock copolymer (SEE)3‐b‐PEO (C3PO)1 with the PEO
block as an anchor block to the bulk homopolymer PEO. However, PEO is water‐soluble
polymer and not able to support realistic applications such as cell attachment in tissue
engineering. Substitution homopolymer of PEO was thus needed for further investigation.
Chapter V described the use of thermoplastic PMMA as homopolymer to co‐electrospin
with the same type of diblock copolymer, which as well approved the surface segregation of
biofunctional peptide block C3PO, the only difference of which was the fluorescent label on
the oligopeptide block that changed the block copolymer to FC3PO. On the other hand, in
order to facilitate the electrospinning processability of PMMA as well as the mechanical
properties of electrospun fiber mat, PEO was also added to the binary polymer blends
system of PMMA/FC3PO.
Chapter V is a short communication type of paper simply and concisely talking about
the fact that the surface modification methodology can be applied to homopolymer system
other than the model homopolymer system of PEO. This chapter will focus on detail
description of the whole series of experiments, which can be divided to two major parts: i)
microphase separation behavior of electrospun PMMA/PEO fiber composites; and ii)
surface modification of electrospun fibers composed of ternary PMMA/PEO/FC3PO
composites compared to binary composites of PEO/C3PO system. Other background such as
PMMA/PEO blends and electrokinetics under static DC field will also be included.
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1.2

Electrokinetics fundamentals

1.2.1 Polarizability and dielectrics
When a particle is suspending in a fluid such as electrolyte under the static electric
field, whether or not the particle is charged, it can be polarized depending on the
polarizability. The application of a static electric field would cause an induced dipole
moment on the surface of the particle. Polarizability indicates the ability of a material to
respond to a field as well as to produce charge at interfaces2. As shown in Figure 1‐a), when
the particle has a higher permittivity than the surrounding medium, the charge density on
the inside surface of the particle is higher than the outside surface. Thus the induced dipole
moment has a same direction with the external electric field. Vice versa in Figure 1‐b) the
particle with lower permittivity than the surrounding medium would have higher charge
density on the outside surface of the particle, as well as a reverse direction of induced
dipole moment compared to the external electric field.
The vectorial dipole moment p is given by3:
p = Qd

(1)

where Q is the charge of the dipole; Vector d is the distance with the direction
pointing from negative to positive between the dipoles. The average dipole moment
induced by the vicinity electric field (E’) of the dipole is considered proportional to the
electric field:
pav = αE’

(2)

The proportional factor α is called “polarizability” indicating the polarization
capability of the material by average dipole moment increment per unit electric field
strength. The types of polarization can be categorized as electronic, atomic, orientational
and interfacial polarization, and the total polarizability of a dielectric is the sum of all the
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types. Per unit volume of dipole moment is also defined as “Polarization” (P). For ideal
dielectrics that are linear and isotropic, the polarization is proportional to the electric field:
P=εoχaeE

(3)

Figure 1.
Schematic drawing showing the induced dipole moment directions with
regard to the polarizability of the particle and dielectrophoresis2. a) Parallel direction
when particle has a higher permittivity than the medium; b) Reverse direction when
particle has a lower permittivity than the medium. c) Positive dielectrophoresis; d)
Negative dielectrophoresis.
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where χae is defined as the “electric susceptibility” of the dielectric and εo is the
permittivity of free space, a constant 8.854×10‐12 Farads/m. Electric flux density or electric
displacement field D is defined as:
D= εoE+P = εoE + εoχaeE = εo(1+χae) E = ε∙Ε

(4)

where ε = εo(1+χae) is the permittivity of the particle material.

Figure 2.
Forces on the particles suspending in charged fluid medium. The collective
forces of electrostatic, friction and Electrophoretic forces determines the movement
of the charged particle in an electric field. Figure originally quoted from
http://en.wikipedia.org/wiki/Image:Electrophoresis.gif. No copy right is required for
reuse since the author has granted it to public.
1.2.2 Forces on particles suspending in fluids
When a particle is suspending in fluid medium under a horizontal uniform
electrostatic field, it is experiencing several forces: i) the stochastic force originated from
thermal energy that would cause Brownian motion; ii) the gravity force causing the particle
sedimentation; iii) the electrical forces including iii‐a) the electrostatic Coulomb force from
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external electric field and iii‐b) electrophoretic force induced from regional surface charge
surrounding the particle within the diffuse layer that could also be caused by induced dipole
moment; and iv) the viscous forces from hydrodynamic friction that can be characterized by
Navier‐Stokes equations. As shown in Figure 2, among those forces, for particles with small
sizes >1μm, usually the Brownian motion and gravity force can be ignored. The balance of
the rest forces, especially the Coulomb force on a particle with non‐zero surface charge
could cause the “electrophoresis” movement of the particle under the electric field.
1.2.2.1 Electrophoretic force
The vectorial Coulomb force on a charged particle suspending in a liquid medium,
also called “electrophoretic (EP) force”, can be given by the product of the electric field and
charge intensity on the surface of the particle as:
FEP = QE = ∫ σ q dS ⋅ E

(5)

S

where Q is the total charge on the particle surface; σq is the surface charge density.
Electrophoretic force has been studied for more than a century. The motion of the particle
caused by FEP thus is determined by both the surface charge density on the particle and the
external electric field strength. The direction of particle motion also depends on both the
charge sign and electric field vector. If the particle is neutral with a zero charge, there will
be no movement in the electric field. For the induced dipole moment under the uniform
electric field on both sides of the particle is balanced and there will be no net force to push
the particle.
1.2.2.2 Dielectrophoretic Force
When the electric field is non‐uniform, the two sides of the particle are experiencing
different electric field density or field strength which leads to an uneven balance of
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electrostatic forces on the induced dipole. The particles would start moving even when they
are carrying no charge before the external electric field is applied. This type of motion of the
particle is called “dielectrophoresis” (DEP)4. As shown in Figure 1‐c), similarly to the uniform
electric field, under the non‐uniform electric field particles with a higher polarizability than
the fluid medium has the same dipole moment direction to the external electric field, thus
undergoes a movement toward the electric field region with strong intensity, which is called
positive DEP; As shown in Figure 1‐d), particles with a lower polarizability than the fluid
medium thus would undergo a movement toward the less intensive electric field, which is
called negative DEP. The vectorial dielectrophoretic force can be given in equation 6. It’s
clearly that the DEP force direction changes with the product of dipole moment and electric
field gradient:

FDEP = (p • ∇)E

(6)

If consider both AC and DC field, the expression of time‐average dielectrophoretic
force can be written as:

1
2
〈 FDEP 〉 = v Re[α~ ]∇ E
4

(7)

given by:

~
p = vα~Ee iωt

(8)

as the formula of effective dipole moment in complex format (~), with the effective
polarizability α~ given by:
⎛ ε~p − ε~m
~
α = 3ε m ⎜⎜ ~
~
⎝ ε p + 2ε m

⎞
⎟,
⎟
⎠

(9)
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ε~p − ε~m
~
= f CM referred to as Clausius‐Mossotti factor. t is the time; v is the
where ~
~
ε p + 2ε m
volume of the particle; Re[α~ ] means the real part of the effective polarizability in complex
format; εm and εp the permittivity of fluid medium and particle respectively (subscription m
and p means medium and particle respectively); ε~ and ε~ is the permittivity in complex
m

p

format; a uniform frequency ω in AC electric field is assumed. Equation 7 through 9 is also
applicable expressions in DC electrostatic field when ω is put to zero. From Equation 7, it is
clearly that the DEP force value is increasing with the electric field, electric field gradient as
well as the polarizability of the particle.
Realistically, the condition is much more complicated since hydrodynamic forces,
electrostatic diffuse layer surrounding the particle and double layer close to the interfacial
of electrodes as well as particle‐particle interactions etc. need to be included in the
simulation of the force on the suspending particles, and permittivity value is inaccessible for
most of the macromolecules. Especially in AC field, the frequency of the field is one of the
deterministic factors to the dielectrophoresis. In our research, since we only use DC
electrostatic field for electrospinning, we will not talk about the situation under AC field in
detail but aim to focus on the most pertinent content of the electrokinetics with our
electrospinning setup and try to simplify the setup geometry appropriately. Thus most of
the calculations would be straightforward estimation for guidance to electrospinning
experiments instead of thorough and strict simulations, except for the simulation of electric
fields itself done by simulation software.
1.2.3 Particle mobility in a DC field
1.2.3.1 Electrophoretic mobility
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The electrophoretic mobility of a charged particle is defined as the velocity divided
by the electric field, which measures the unit velocity the particle can achieve per electric
field strength:

µ EP =

v
E

(10)

The charged particle can further induce a regional field that polarizes surrounding
fluid medium molecules, thus form an ion atmosphere composed of a layer of ions from the
fluid medium. For example, in aqueous solutions, water molecules will be deionized in the
vicinity of charged particle and form a double layer5, 6. The thickness of the double layer is
characterized by the Debye length (k‐1), where the local potential falls to 1/e of the
maximum value:

k=

1σ
Dε

(11)

where D is the diffusivity; σ is conductivity and ε = εo εr is the permittivity of the
particle. At the interface between electrode and particle solution, a double layer is formed
in between the electrode surface and fluid bulk, where a higher density of counterions are
gathered by electrostatic attraction. The double layer can be divided to Stern layer7, also
known as the stationary bound part of the double layer with the length scale of Debye
length8, and diffuse layer region which is mobile along with the fluid bulk compared to the
immobile Stern layer. The potential at the interface of Stern layer and diffuse layer is thus
defined as the zeta potential ζ at the hydrodynamic slip plane. Similar double layer is also
formed at the interface of a charged particle and liquid medium bulk. In a simplified
expression, where other factors such as the effect from particle to the electric field is
omitted, if the particle has a thin double layer, where ka>>1, the electrophoretic mobility is
defined as:
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µ EP =

εζ
η

(12a)

where η is the viscosity. If the particle has a thick double layer, where ka<<1, the
electrophoretic mobility is defined as:

µ EP =

2εζ
3η

(12b)

where ζ was calculated as point charge at the radius of a: ζ = q/4πεa.
1.2.3.2 Dielectrophoretic mobility
Although assumptions could be made to exclude the effect from gravity, buoyant
force and Brownian motion, hydrodynamic drag force can not be neglected when
deterministic forces are calculated for the motion of suspending particles under DC field. In
order to determine the velocity of a particle under the DEP force from a DC field, by
Newton’s second law:

F=m

dv
= FDEP − Fη
dt

(13)

where v is the vector velocity at steady state; m is the mass of the particle and Fη
denotes drag force that can be give by:
Fη = f (u − v)

(14)

where f is the friction factor and the fluid medium is assumed to move at a constant
speed u. Thus integrate the equation 13 from 0 to t and substitute Fη with equation 14 we
can get:
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f
− ⋅t ⎞
⎛F
⎞ ⎛
v = ⎜⎜ DEP + u ⎟⎟ ⋅ ⎜⎜1 − e m ⎟⎟
⎝ f
⎠ ⎝
⎠

(15)

where a characteristic time τa=m/f can be calculated that indicates the particle
velocity development, and an ultimate velocity at steady state can be achieved as:

v DEPs =

FDEP
+u
f

(16)

Substitute FDEP from equation 7, the expression of steady state velocity of the
particle is now:

v DEPs =

2
v Re[α~ ]∇ E

f

+u

(17)

which shows that the steady state velocity from DEP is proportional to the electric
field, electric field gradient, polarizability of the particle, and inversely proportional to the
friction factor. Now to simplify the expression we ignore the fluid velocity u, and define the
dielectrophoretic mobility µ DEP as

v DEP = µ DEP ∇ E

2

(18)

e.g. for spherical particles where f=6πηa, where a is the radius of the spherical
particle9:

µ DEP

[ ]

~
a 2ε m Re f CM
=
6η

(19)

which indicates clearly that the dielectrophoretic mobility is proportional to the
permittivity of fluid medium, and inversely proportional to the viscous force.
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2 SURFACE SEGREGATION MECHANISM IN ELECTROSPINNING
2.1

Electrokinetics in electrospinning
As illustrated in Chapter I and II, there have been a lot of simulations on the

electrospinning process which included both the electrostatic field and material properties
of the polymer solutions. Yarin et al.10 calculated the bending electric force to establish an
analogy between the electrically driven and the aerodynamically driven bending instability.
The solvent evaporation and polymer solidification that showed a strong effect on the
modeling results were as well taken into account by incorporating a series of dimensionless
correlation numbers representing the solution hydrodynamic and material properties.
Furthermore, they set up self‐similar hyperboidal approximation to predict the stationary
critical shapes of inviscid, Newtonian, viscoelastic and purely elastic fluid droplets11, and
approached the shape of Taylor cone with a half angle of 33.5o instead of 49.3 for “non‐self‐
similar” solutionso12; Hofman et al. from Rutledge’s group differentiated the instability
concept into the combination of: the classical (axisymmetric) Rayleigh instability, electric
field induced axisymmetric and whipping instabilities to investigate the stability of a
charged fluid jet in a tangential electrostatic field

13

. By employing Newton’s law,

conservation law and Coulomb’s integral equation for the electric field, they derived a set of
axisymmetric equations to model the jet electrohydrodynamics under instable
perturbation. The fluid system needs to be dilute under low shear and in the absence of
high degrees of extension in order to satisfy Newtonian fluid requirements. Conductivity,
viscosity, surface tension, dielectric constant, potential, distance between the electrodes,
and surface charge density were taken into account in the model. As the electric field
increases, electric field induced axisymmetric and whipping instabilities are enhanced
whereas Rayleigh instability is depressed, which depends on the surface charge density and
jet radius strongly. They as well simulated the profile of a glycerol jet with good agreement
to the real shape. Their model shows how the jet is bending under the combined effects
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from surface charge density perturbation and external electric field 14. In their later work a
model considering surface tension, flow rate and electric current was developed for the
prediction of the terminal diameter of electrospun fibers 15.
Nevertheless, simulations for electrospinning were mostly aiming at the relationship
between jet traveling in electrospinning and final fiber morphology control with regard to
the electric field parameters. Polymer solutions, or polymer melts were treated as mean‐
field by using their collective material properties. For example, for polymer solutions, the
properties such as viscosity, elasticity and surface tension are measured from the solutions.
Although the solution property dose represent the polymer property inside the solution, it
dose not talk about the individual behavior of each component from the polymer blends.
On the other hand, when the blends contain biopolymers, a lot of them are having very high
dielectric constants as well as charge from their very much polarizable carboxylic groups16,
e.g. DNA17 was able to be trapped18, manipulated or even stretched19 by electrophoretic
and/or dielectrophoretic force in specific‐designed electrostatic fields. The mobility caused
by both electrophoretic and dielectrophoretic force can not be neglected especially with as
high electric field as what’s normally used in the electrospinning. The observation of DNA
molecules being aligned and stretched along the electrospun fiber axis could be referred to
as an explicit evidence of the electric field effect on the single macromolecule20.
Let’s examine the forces on a single macromolecule in a polymer solution for
electrospinning: i) Since most of the electrospinning experiments are done at ambient
temperature, Brownian motion can be neglected; ii) Similar as particles > 1µm, gravity of
the molecule can be neglected; iii) electrical forces including: iii‐a) the electrostatic
Coulomb force FEP from external electric field on a non‐zero‐charged molecule and iii‐b)
dielectrophoretic forces FDEP caused by the induced dipole moment at non‐uniform electric
field; iv) the viscous forces Ff from hydrodynamic friction and v) other inter‐molecular forces
in the solution caused by specific interactions e.g. hydrogen‐bonding.
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The specific dimension of the electrostatic force exerted on the macromolecules
depends on the design of the electrospinning setup and solution environment. We’ll start
from describing the mobility of polymer molecules within polymer blend system in polar
solutions and then showing the electric field simulation based on both the solution
properties and electric field setup schemes and explain how the combination of above
factors can cause the surface segregation of peptide‐PEO conjugates from bulk
homopolymers during electrospinning.
2.2

Electric properties of polymer blend solutions
In our research, the homopolymers that have been used for surface modification are

PEO and PMMA purchased from Aldrich®. They were used directly without further
purifications. The solvent for PEO and C3PO is deionized water (DI water) and the solvent
for PMMA/PEO or PMMA/PEO/FC3PO is N,N‐dimethylformamide (DMF). The dielectric
constants of the materials are listed in 1.Table 1, which shows a very particular behavior of
PEO dielectric constant increase from 5.2 to 39 along with the frequency decrease from
1MHz to below 100 Hz:
Table 1.

Material

Material properties of homopolymers and solvents

Molecular
Weight/Molar
mass (g/mol)
1,000,000

Dielectric constant ε
o

39 @ 100Hz & 19 C;
5.2 @ 1MHz & 19oC21

PEO
PMMA
DI water
DMF

996,000
18.02
73.09

3.3‐4.5 @ 60 Hz24
78.30 @ 25oC24
36.71 @ 25oC26

Dipole moment
Mean‐square
<µ >/nm2=0.608 @
o 22
25 C ; <µ2>/χd=2.59~1.28
D2 @ 25oC23.
µo =1.6~1.8D @ 25oC 23
1.85 @ 25oC25
3.82 @ 25oC26
2

The block copolymer C3PO, however, is composed of one PEO block and one
oligopeptide block of (SEE)3‐, which is (Serine‐Glu‐Glu)3‐ with the molecular structure as

226

shown in Figure 3‐a), and N1=68~114, N2=3. The molecular structure of the peptide groups
shows clearly 6 carboxylic groups in each C3PO molecule which indicates a very high
polarizability. As shown in Figure 3‐b), the “F” in the FC3PO indicates the fluorescence label
which was introduced selectively at the e‐amino functionality of C3PO by the reaction
between conjugate and fluorescine thioisocyanate in water followed by purification via
standard dialysis procedures (MWCO 1000) against millipore water. We’ll only talk about
C3PO since the addition of fluorescent label has even higher polarizability.
According to Pethig27, the polar molecules dissolved in water or similar polar
solvents can increase the dielectric constant of the overall solution. The dielectric increment
of water containing polar molecules, denoted by δ in L/mol, is given by the following
formula from empirical relationship:

ε soltn = ε soltnW + δ ⋅ c

(20)

For l‐glutamine, δ =21 mol/L 27, which is a positive increment of dielectric constant
according to aqueous solutions. On the other hand, there are overall 6 glutamine groups in
the backbone of peptide block, which has a molar mass of 1036 compared to the PEO block
with the molar mass from 3000 to 5000. Still, since all of these amino acids are carrying
carboxylic side groups, they have a very high polarizability under the electric field that could
cause both electrophoresis and dielectrophoresis.
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Exact Mass: 4780.4
Mol. Wt.: 4783.31
m/e: 4782.41 (100.0%), 4783.41 (97.3%), 4781.40 (85.1%), 4784.41 (69.2%), 4780.40 (35.6%), 4785.41 (24.8%), 4785.42 (22.2%), 4786.42 (18.2%), 4782.40 (12.3%), 4787.42 (9.2%), 4783.40 (9.0%), 4786.41 (7.1%), 4784.40 (6.0%),
4788.42 (3.4%), 4784.42 (3.2%), 4787.41 (2.4%), 4782.39 (1.6%), 4781.41 (1.5%), 4785.40 (1.2%)
C, 53.23; H, 7.84; N, 3.81; O, 34.45; S, 0.67

Figure 3.

Molecular structures of the PEO‐oligopeptide block copolymers. a) C3PO; b) FC3PO.
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2.2.1 Electrophoretic mobility of C3PO molecules
C3PO molecular mobility according to conductivity Although C3PO can not be
treated as a polyelectrolyte because of the PEO block, it dose contain an electrolyte block of
(SEE)3‐ with 6 highly polarizable carboxylic groups in each molecule. Due to the ionization of
these carboxylic groups in the polar solvent such as DI water, the pure C3PO aqueous
solution with 0.20 wt% C3PO concentration, which is equal to the 4 wt% PEO aqueous
solution containing 5 wt% of C3PO within PEO, has the pH value of 6.5 that is also the
isoelectric point of the weak acidic amphoteric peptide block. The PEO solution, however,
has a weak alkali pH value of 8.5~9.0. With the existence of C3PO in the PEO aqueous
solution, the pH value was lowered to 7, which caused negative charge on the carboxylic
groups of C3PO that would force the electrophoretic motion of C3PO molecules under the
electrostatic field as mentioned in former sessions.
According to the equation 12 that describes the particle mobility in DC field caused
by electrophoresis in 1.2.3.1, the mobility of the particle is proportional to the dielectric
constant and Zeta potential at the edge of double layer, and inversely proportional to the
solution viscosity. In an ionic solution especially with the molar concentration <10‐3 mol/L,
the conductivity σ is directly proportional to the ion concentration and can be expressed as:

σ = Λ ⋅ c = F (µ + + µ − ) ⋅ c

(21)

where Λ is the molar conductivity (S m2 mol‐1) in the solution; c is the solution
concentration (mol m‐3); F=9.6487×104 (C mol‐1) is the Faraday constant; and µ+, µ‐ the ionic
mobility of positive‐ and negative‐ charged ions respectively. Assume a symmetrical
electrolyte solution where µ+=µ‐=µEP, which is the electrophoresis mobility of the charged
C3PO ions, from equation 21 we can get:

µ EP =

σ
2 Fc

(22)
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In our experimental systems, the highest concentration of C3PO that has been used
was 0.20 wt% or 3.31×10‐4 mol/L (C55), which is lower than 10‐3 mol/L. Here we treat the
C3PO molecule as a sphere ion particle. Use C55 as the molar concentration, and measured
conductivity at same situation within 5 wt% PEO aqueous solution, the electrophoresis
mobility of C3PO can be calculated as:

⎡ m2 ⎤
µEP = 4.22 × 10−7 ⎢
⎥
⎣V ⋅ s ⎦
2.2.2 Dielectrophoresis of C3PO molecules
If a typical value of dipole moment of each amino acid is considered as 3.3~3.5
Debye2, since the short peptide dose not contain any secondary structures, as proved by
circular dichroism (CD) measurements (proved by Dr. Hans Borner by CD experiments), an
rough estimation of dipole moment of the peptide block can be at least 30.
On the other hand, from Polymer Handbook 4th Edition23, according to the definition
of mean‐square dipole moment in the condition of relatively long‐chain polymers in which
the end groups have less contribution to the total dipole moment of the polymer:
p2

χd

= gp 02

(21)

where <p2> is the mean‐square dipole moment; χd is the degree of polymerization; g
is the dipolar correlation coefficient, and µo the sum of the squares of the dipole moments
associated with the repeating unit. For PEO block with the molar mass of 5000, χd is at the
range of 4.1~153. Choose g=0.65 and <p2>/χd =1.30, µo can be calculated approximately
equal to 1.58 Debye as the dipole moment value for the PEO block in non‐polar solvent
environment. Apparently the dipole moment of peptide block is much higher than the PEO
block. Although realistically, the peptide block and PEO block within C3PO are not totally
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separate with each other. Also in polar solvent such as water, the dipole moment of both
peptide block and PEO block would definitely increase. The above calculation is just a simple
estimation that shows an order of magnitude difference between the dipole moment of
two blocks. What’s more, since the bulk homopolymer is PEO with an even higher molecular
weight of 1,000,000 and the degree of polymerization around 22728, the homopolymer
PEO exhibits a lower dipole moment compared to the PEO block within C3PO. The
difference between overall dipole moment of the block copolymer and homopolymer PEO is
thus even higher. According to Equation 6, the dielectrophoretic force FEP on the
macromolecules is directly proportional to the dipole moment. This is how the polarizability
would affect the mobility caused by dielectrophoretic force.
2.3

DC electrostatic field analysis

2.3.1 Parallel plate and point source setup
For further analysis of the motion of macromolecules under the electrostatic field,
the DC electric field geometry itself must be analyzed first. In our electrospinning
experiments, we are using both the parallel plate‐to‐plate (PTP) design and point source‐to‐
plate (PSTP) design according to different purpose. It was a process of switching from PSTP
to PTP and then back to PSTS. The original reason was to decrease the scattering of
electrospun fibers all over the place other than on the collector, however along with the
research, the benefit of using PTS, e.g. higher electric field density and dielectrophoretic
force was found later for the electrospinning of polymer solutions containing PMMA. In this
session, the electric field of both setups will be simulated, analyzed and discussed for detail
comparison, as well as the advantages and disadvantages with regard to the material
systems.
The parallel setup was designed at very beginning due to its advantage of collecting
electrospun fiber mat with less area but higher productivity. The electric field within the
parallel setup was constrained between two plates. The spinneret is composed of a syringe
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needle and middle tube connector that goes through the plate and extruded into the
electric field, both of which were made of stainless steel. A plastic syringe holding the
polymer solution is connected to the spinneret on the other side of the plate and fixed on a
syringe pump. As shown in Figure 4 a‐b), the simulation of the electric field intensity is
according to the real scale of setup and the electric field. Most of the area is showing a
uniform electric field except for the region close to the spinneret, which shows a much
higher electric field especially at the edge of the tip. The plates are 330 mm in diameter and
a sample distance was set at 300 mm. The left plate was put a positive electrostatic
potential of 10 kV, as well as the spinneret. This setup worked very well with PEO/C3PO/DI
water system both for electrospinning stability and surface modification. As shown in Figure
4 c‐d), The same potential of 10 kV was applied on the spinneret of the point source
electrospinning setup with the same geometry, except that the left plate was changed to air
instead of the conductive plate. The macroscale graph is showing a more non‐uniform type
of electric field close to the spinneret area. Due to the much less area of the left electrode
compared to the parallel plate setup, the electric field seems to be much higher than the
parallel electric field, which can be observed from the streamline intensity as well. From the
comparison between the electric field simulations of two setup designs, several facts can be
drawn as:
i)

Non‐uniform electric field was formed around the spinneret tip of both the
point source and parallel setups due to the extrusion of spinneret into the
electric field, thus are both good for electrospinning and surface modification;

ii)

Point‐source setup has a higher charge density when the same potential is
applied, therefore is better for less processable polymers such as PMMA;

iii)

Parallel plate setup is better for the fiber collection since it is constraining the
electric field that fibers will not deposit elsewhere other than the collector
plate.
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a)

b)

d)
Figure 4.
Electrospinning setup and the electric field. Parallel setup: a) Macroscale; b) Magnified region close to the spinneret
tip; Point‐source to plate setup: c) Macroscale; d) Magnified region close to the spinneret tip;
c)
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2.3.2 Simulation with the polymer solutions
Now we add the polymer solution into the simulation by putting a polymer solution
stream with a specific dielectric constant. Since the polymer content in the solution is
always lower than 5 wt%, it can be considered not much contribution to the overall
dielectric constant of the solution especially with polar solvent such as water. Also, the
simulation shows not much difference of electric field with dielectric constant values at the
same order of magnitude, we chose ε1=80, ε2=40 and ε3=5 to represent DI water solutions,
DMF solutions and polymer melts respectively. Similarly, since the addition of the polymer
stream has little effect to the whole macro‐scale electric field, only the regional electric field
simulation close to the spinneret nozzle will be presented in the figures, which is also the
most interested part for surface modification.
First let’s still compare the parallel and point source setup both with polymer
solutions of ε1=80 and 10 kV. As shown in Figure 5 a‐b), it is obvious that with the polymer
stream the edge effect of the electric field is highly decreased. Meanwhile, the average
electric field outside of the Taylor cone (with 49.3o half angle) is much higher than the
interior electric field. Figure 5‐c) shows a steep decrease of the electric field at the interface
that also means a very high electric field gradient ∇E . Recall the equation 6: the
dielectrophoretic force FDEP is proportional to both the dipole moment and electric field
gradient. From equation 18, the dielectrophoresis velocity at steady state is also
proportional to the dielectrophoretic mobility, electric field and electric field gradient. Thus
a very high ∇E can cause a positive DEP on the polarizable molecules close to the inner
interface. Another interesting thing is the electric field stream lines within the Taylor cone,
which point to the surface almost perpendicularly at the region very much close to the
interface. When comparing the point source with parallel setup, apparently with higher
charge density applied on the spinneret, point source setup presents a better and larger
electric field and electric filed gradient. Overall, the electric field gradient and positive DEP
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can move the polarizable C3PO molecules onto the inner interface of Taylor cone which
would cause the ultimate surface modification that has been proved by our experimental
results.
Now let’s compare the dielectric constants of polymer solutions and melts with an
order of magnitude difference in the point source electrospinning setup. As shown in Figure
6 a‐b), which represent DMF solution and polymer melts respectively, the edge effect at
both sharp surfaces and the interface is much higher for the fluid with lower dielectric
constant. Compare Figure 6‐a) with Figure 5 b) with ε=40 and 80 respectively, it seems that
although dielectric constant almost doubled in water compared to DMF, similar electric field
gradient can be observed with a little higher electric field intensity in DMF compared to
aqueous solutions which can also be observed clearly in the graph of Figure 6–c). The
electric field variance at cross sectional dimension of three dielectric constants indicates
that:
iv)

All the fluid media types with dielectric constants from 5 to 80 show the large
electric field gradient at the interface;

v)

The higher the dielectric constant of the fluid, the lower E, the electric field
both inside and outside of the fluid;

vi)

The higher the dielectric constant of the fluid, the higher ∇E , the electric
field gradient it can create.

In some cases, where the polymer solution flow is not at a perfect shape of Taylor
cone, e.g. 33.5o half angle instead of 49.3 for “non‐self‐similar” solutions as suggested by
Yarin et al.11 or other situations especially with higher potential, when the cone shape will
change to a sharper and longer type, Here we call it “sharp cone” and compare it with
Taylor cone as shown in Figure 7 a‐b). It can be concluded that:
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Figure 5.
Comparison between parallel plates and point source setups: simulation of
the electric field of electrospinning setups with polymer solution jet close to the
Taylor cone region. a) Parallel plates setup; b) Point source setup; c) Cross sectional
electric field change that’s showing a steep electric field change close to the
interface between the polymer solution and surrounding environment of
atmosphere (The white area on the left is having electric field lower than the lower
limit color of dark blue).
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Figure 6.
Comparison among different dielectric constants: simulation of the electric
field of point source electrospinning setups with polymer solution jet close to the
Taylor cone region. a) ε2=40; b) ε3=5; c) Comparison among different dielectric
constants representing: ε1=80, aqueous solution; ε2=40, DMF solution and ε3=5,
polymer melts (The white cavities are area with electric field intensity higher than
the higher limit).
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Figure 7.
Comparison between Taylor cone and sharper cone shapes: simulation of the
electric field of electrospinning setups with polymer solution jet close to the Taylor
cone region. a) Taylor cone with 49.3o as half tangential angle; b) Sharper cone with
33.3o as the half tangential angle; c) Cross sectional electric field change that’s
showing a steep electric field change close to the interface between the polymer
solution and surrounding environment of atmosphere (The white area on the left is
having electric field lower than the lower limit color of dark blue).
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iv)

With a rounder surface and larger half angle, the Taylor cone has a more
uniform electric field distributed on the outer interface of the stream;

v)

The electric field stream lines are distributed more intensively along the axial
direction in the sharp cone; however in Taylor cone more stream lines close
to the interior interface, thus Taylor cone is better for surface modification;

vi)

Taylor cone has a higher electric field gradient compared to sharp cone with
all other same conditions, thus is better for dielectrophoresis.

2.4

Feasibility of the surface modification strategy
As estimated in 2.2.1, the electrophoresis mobility of C3PO is:

⎡ m2 ⎤
µEP = 4.22 × 10−7 ⎢
⎥
⎣V ⋅ s ⎦
According to the definition of electrophoretic mobility of a charged particle from
equation 10, and choose the electric field value close to the inner interface of Taylor cone of
aqueous solution with C3PO and PEO which has a dielectric constant set to ε1=80, the
velocity value can be estimated by:
v = µ EP ⋅ E = (4.22 × 10 −7 ) ⋅ (2 × 10 5 ) = 8.44 × 10 −2 [m / s ] = 84.4[mm / s ]

with the vectorial direction the same with electric field that’s pointing perpendicular
to the interface. From this simple estimation we can see how fast the ionic C3PO is moving
in the stream. In our setup, the polymer solution is traveling through the spinneret tube and
tip nozzle before getting into the jet stream. Inside the nozzle the electric field is uniform
and almost zero since the whole tip is charged with positive potential. However at the
double layer very close to the inner interface of the steel nozzle, a thin layer of negative
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C3PO ions will form and keep its position at the surface of Taylor cone. Meanwhile, the
huge electric field gradient at the interface would cause positive DEP of the C3PO to
continuously gather at the inner side of stream interface, as shown in Figure 8.
On the other hand, the electric field gradient increases along the axis of the
electrospinning jet, which further push the C3PO ions to stay on the surface of the stream.
However the electric field stream line turns to parallel after the Taylor cone. Therefore
overall the Taylor cone area is the most important spot where the surface modification
actually happens. Another thing important is the material system. From Table 1, PEO has a
dielectric constant of 5.2 at 1 MHz but 40 at 100Hz, which is very high compared to most of
the other homopolymers such as PMMA. In a DC field, the higher value of PEO dielectric
constant should be considered instead of the lower value at higher frequency, since DC field
can be considered the AC field with ω=0. In this case the difference between the C3PO with
bulk homopolymer PEO was decreased compared to PMMA. Thus theoretically PMMA
should have a much better surface modification results since it has a much lower dielectric
constant of 3.3~4.5 at 60 Hz.
PEO is a very special polymer since it forms a lot of hydrogen bonds in the polar
solvent, which is also considered a negative factor for the dielectrophoresis since hydrogen
bond not only is part of a drag force, but also at the order of magnitude at least same with
the electrophoretic and dielectrophoretic forces. It also explains why there was
reproducible problem for the surface modification using the PEO/C3PO/DI water systems.
The feasibility of surface segregation has also been proved by the electrospinning of several
different polymer blends systems. The electrospun fibers were all characterized by X‐ray
Photoelectron Spectroscopy to determine the surface chemical composition and compared
to the bulk content. As shown in Figure 9, not only FC3PO was proved to be able to surface
modify PMMA or PEO or PMMA/PEO homopolymers via concurrent electrospinning,
biofunctional PEO‐(RGD)3 (RGD3PO) copolymer was also coelectrospun with PEO and
PMMA for surface modification. This time PEO is better for the surface modification with
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RGD3PO. The surface content was increased 3 times. The successful application of different
homopolymers as well as different biofunctional peptide conjugates proved the feasibility
of concurrent surface modification in a comprehensive way.

Figure 8.
Schematic of the C3PO ions in the aqueous polymer solution flow within the
nozzle before and after Taylor cone. Dielectric constant of polymer solution was set
to ε1=80.
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Figure 9.
Fibers electrospun from polymer blends solutions that have been proved to be surface enriched with one of the
component with high polarizability. A. PEO/FC3PO fibers with surface enrichment of FC3PO from 5 wt% bulk to 7.75 wt% on
the surface; B. PMMA/FC3PO fibers with surface enrichment of FC3PO from 5 wt% in bulk to 9.9% on the surface; C.
PEO/RGD3PO from 5 wt% in bulk to 15 wt% on the surface.
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3 CONCLUSIONS
This chapter has the background information and analysis of two major topics:
electrokinetics of biomaterial macromolecules and DC electrostatic field of the
electrospinning setups in real scale. The combination of these two could be used for
explanation of the one‐step surface modification mechanism which was proved by our
experimental results of both PEO/C3PO/DI water system and PMMA/FC3PO/DMF system.
In order to achieve the surface segregation during the electrospinning process,
several factors need to be considered: material‐wise, the polymer blends must have
distinctive different electronic properties such as polarizability, permittivity and ionization
ability; a system containing a normal homopolymer and extremely polarizable biopolymer is
considered a good system for the surface segregation purpose; electrospinning setup‐wise,
first of all the spinneret tip needs to have a certain length for the formation of charged
double layer by the more polarizable polymer ions; A stable Taylor cone plays an important
role for the actual surface modification before the jet enters the unstable region and forms
a solidified electrospun fiber.
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CHAPTER VIII

Conclusions and Future Work
1

Conclusions
In this dissertation, we elaborated how a new approach of surface modification on

electrospun fibers at micro/nano size was realized via concurrent electrospinning of the
bulk homopolymer and specifically chosen peptide conjugate copolymers carrying
biofunctionalities. The mechanism of surface modification is the electrophoresis and
dielectrophoresis of the peptide conjugate with high polarizability compared to other
components within the Taylor cone at the vicinity of spinneret, which causes surface
segregation under the electric field. Along with the evaporation of solvent, the electrically
charged jet would go through evaporation of solvent along with solidifying instable
whipping process, until it lands on the collector in the form of none‐woven nano/micro‐
sized fibers. The whole process is complicated and involves a lot of parameters that can be
categorized into two groups: process control parameter and material properties. However,
the factors in either group are not necessarily independent to each other since they do
affect each other. It is the careful choice of material property along with proper control of
electrospinning process that could realize the surface segregation during concurrent
electrospinning.
1.1

Feasibility of Concurrent Surface Modification during Electrospinning
The novel method of surface modification of electrospun fibers has been proved by

utilizing the polarizability difference between different components, especially a highly
polarizable peptide conjugate copolymer and less polarizable homopolymer. It was first
proved with a PEO/C3PO polymer system in Chapter III and earlier publication, and then
further proved with another thermoplastic PMMA/FC3PO polymer system in Chapter VII.
The electrospun composite nanofibers exhibit surface enrichment of peptide block by the
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XPS measurements of nitrogen content in both systems. Due to a much lower polarizability
and weaker molecular interactions such as hydrogen bonding, PMMA has an advantage of
better surface modification. However PEO still has the advantage of better electrospinning
processability and mechanical properties of electrospun fibers, although due to the
limitation of instrument and porous feature of the non‐woven electrospun fiber mat, the
tensile strength was not measured quantitatively. In order to combine the advantages of
PEO and PMMA in the concurrent electrospinning for surface modification, ternary
electrospun fibers of PMMA/PEO/FC3PO were also investigated and compared to the spun‐
cast films at the same composition. An optimized combination of surface modification,
electrospinning processability and mechanical properties can thus be achieved by proper
choice of the PMMA (92 wt%), PEO (2 wt%) and FC3PO (5 wt%) content in the blends
respectively.
Investigation of the electrostatic field within the realistic electrospinning setups was
carried out by the simulation of electrostatic field in the vicinity area of Taylor cone and
spinneret. In order to achieve the surface segregation during the electrospinning process,
several factors need to be considered: material‐wise, the polymer blends must have
distinctive different electronic properties such as polarizability/permittivity and ionization
ability; a system containing a normal homopolymer and extremely polarizable biopolymer is
considered a good system for the surface segregation; electrospinning setup‐wise, first of all
the spinneret tip needs to have a certain length for the formation of charged double layer
by the more polarizable polymer ions; A stable Taylor cone plays an important role for the
actual surface modification before the jet enters the unstable region and forms a solidified
electrospun fiber; The vicinity electric field surrounding the Taylor cone is better at least at
the order of magnitude of 106 V/m. Once all the conditions are satisfied, the concurrent
electrospinning for surface modification by homogeneous solution of polymer blends
becomes possible.
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In order to control the surface modification, more details were revealed during the
electric field simulation. The crossover effects between the material electrical property and
the vicinity electric field and electric field gradient must be considered. All the fluid media
types with dielectric constants from 5 to 80, which can represent polymer melts to aqueous
solutions, show the large electric field gradient at the interface; The higher the dielectric
constant of the fluid, the lower electric field both inside and outside of the fluid; The higher
the dielectric constant of the fluid, the higher electric field gradient can be created. The
importance of Taylor cone is due to its rounder surface and larger half angle, which forms
higher and more uniform electric field distributed on the outer interface of the stream. The
electric field stream lines are also distributed more intensively along the axial direction in
the sharp cone; however in Taylor cone more stream lines close to the interior interface,
thus Taylor cone is better for surface modification; Electrospinning setup geometry must be
chosen based on the purpose of the electrospinning under the same other parameters; e.g.
point‐source setup has a higher charge density when the same potential is applied,
therefore is better for less processable polymers such as PMMA; Parallel plate setup is
better for the fiber collection since it is constraining the electric field that fibers will not
deposit elsewhere other than the collector plate.
Other than the surface modification, the addition of peptide conjugate to the
electrospun fiber morphology of PEO was also investigated by measuring the solution
properties. The ionization of anionic peptide conjugate not only enabled electrophoresis,
but also increased conductivity and decreased solution viscosity that may caused formation
of beads structure when the peptide content reaches a certain value. Especially for 30 g/L
PEO aqueous solutions, with higher than 5 wt% of C3PO in PEO the solutions are not able to
electrospin and form uniform fibers. For 40 g/L PEO aqueous solutions, no beads were
formed since the viscosity change was not as obvious as the 30 g/L.
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Microphase structure within the PMMA/PEO blends with and without FC3PO was
also investigated in order to study the mixing behavior within the electrospun fibers. Spun‐
cast films of ternary PMMA/PEO/FC3PO blends were observed with optical microscopy to
reveal the microphase separation enhanced by the addition of FC3PO, which in turn
explains the diameter increase at the weight ratio region close to 50/50 of PMMA/PEO.
Fiber morphologies of both binary PMMA/PEO and ternary PMMA/PEO/FC3PO fibers were
studied with SEM micrographs as well. The surface roughness increased with the both
PMMA content and addition of FC3PO. Overall, the morphology of electrospun fibers of
PMMA/PEO blends were not affected as much as only PEO fibers. It was probably because
of the viscosity change due to PMMA content has a higher effect than the influence from
addition of peptide conjugate. On the other hand, addition of peptide conjugate also
increased the average fiber diameters especially at close PMMA/PEO content, which was
very likely due to the phase separation with the addition of peptide conjugate.
Overall, the success of surface modification via concurrent electrospinning revealed
the electrokinetics mechanism existing in the polymer blend solutions under electrostatic
field, as well as complicated crossover effects originated from the electrical properties of
the materials especially between ones highly polarizable and common materials onto the
electrospinning process control. Thus the strategy is both a research on the material
behavior and its application on the production of surface‐coated fiber with the surface
coating involved not only with van der Waals force. The separately synthesis of the
biofunctionalized peptide sequence also has the advantage of not combined with the
surface coating process, which in turn creates even more possibilities for the design of
functional surfaces. For practical applications in biomedical engineering, thermoplastic
PMMA can be substituted with biodegradable homopolymers or copolymers for the carrier
of biofunctionalities, the latter of which usually present high polarizability. This part can be
the possible future work for cell culture and anti‐bacteria research using electrospun fiber
mat as the scaffold or special textiles. The peptide conjugate can also be substituted with
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real biofunctional peptide sequences, one example of which can be the RGD sequence, or
even proteins with high dielectric constants.
1.2

Sequential Surface Modification
Because of its unique process characteristics and controllability, atomic layer

deposition (ALD) can be used to deposit conformal, uniformly thin films with precise
thickness and composition control over large scales and onto substrates with complex
topologies including fibers. Thus as one of the chemical surface treatment on the as‐spun
fibers, ALD was applied to matrices of electrospun PVA fibers to fabricate Al2O3 microtubes
with smooth wall surfaces and precisely controlled wall thickness. This strategy exploits a
sequential, self‐limiting deposition process that operates on the principle of alternating
saturating surface reactions. PVA was chosen because of its hydrophilic surface that
contains hydroxyl groups necessary for the ALD processing. Under appropriate
electrospinning conditions, uniform PVA fibers with the diameter of 200 nm were formed.
ALD was performed on the PVA fibers via introducing Al(CH3)3 and water vapor alternatively.
Since no gas phase reaction occurs, the target film is grown layer‐by‐layer on the substrate,
in which case the thickness of the deposited film can be accurately controlled by the
number of cycles the process is repeated.
After removing the PVA by calcination, the resultant microtubes were characterized
by FESEM and TEM, which clearly indicated the formation of microtubes with smooth inside
and outside walls. The thickness of the microtube wall was measured to be strictly
proportional to the cycle number. The average growth rate of Al2O3 on PVA fibers is ~0.08
nm/cycle and virtually identical to the deposition rate (~0.07 nm/cycle) measured on the
planar substrates under identical ALD conditions. EDS was performed with an Oxford
Instruments Inca Energy 100 system to ascertain the chemical composition of the
microtubes is pure Al2O3. The results of this study unequivocally establish that ALD is an
effective and robust strategy by which to fabricate long and uniform Al2O3 microtubes with
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precise control of wall thickness from electrospun PVA microfiber templates. In similar
fashion, the ALD process can be appropriately extended to synthesize designer microtubes
of other inorganic materials such as TiO2 and TiN. Because ALD is a self‐limiting vapor‐phase
process, it can be easily adapted to construct, via reactive layering, large numbers of tube
structures with nanoscale‐precision dimensions and controlled composition, thereby
providing an attractive complement to physical self‐assembly.
2
2.1

Recommendation for Future Work
Modeling of Phase Segregation in Electrospinning
The mechanism of surface modification of highly polarizable biofunctional peptides

or proteins by the concurrent electrospinning is based on electrokinetics of
dielectrophoresis of the biomacromolecules. First of all, it was still sort of controversial that
the macromolecules can be moved by the external electric field with all those contradictive
intermolecular forces. Although many researchers have proved that with pertinent electric
field and electric field gradient, electrophoresis and dielectrophoresis can be applied in
separation of biomolecules as mentioned in Chapter VI, this was the first time
dielectrophoresis was applied in electrospinning for the explanation of the surface
enrichment of highly polarizable biopolymers. On the other hand, the modeling of
electrospinning process was mostly concentrated on the stream and jet whipping as a
whole without considering the diffusion behavior of different components in the jet liquid
as described in Chapter I. The preliminary electric field simulations by COMSOL as
mentioned in Chapter VI revealed the possibility of dielectrophoresis due to the high
electric field and electric field gradient at the vicinity of spinneret for both point source and
plate to plate electrospinning setups. Thus it is very likely the modeling of diffusivity
behavior of components at radial and axial directions under the high electric field can be
carried out by further study and modeling. It will be quite interesting to actually be able to
show the molecular behavior within the electrospinning jet at the Taylor cone area.
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2.2

Measurement of the Dielectric Constant of Peptide Conjugate
The measurement of dielectric constant can be very tricky depending on the

property of the polymers. For instance, PEO has a variant dielectric constant with regard to
the frequency, which is only 5 at 1 MHz and 40 at 100 Hz as mentioned in Chapter VI. Thus
for DC field 40 is a better choice than 5 that is common for most of other homopolymers.
For peptide conjugate, the case becomes even more complicated that the dielectric
constant can not be measured at the solid state of the polymer, but the solution state that
requires a lot more work. Once the dielectric constant of the peptide conjugate is measured,
the polarizability can be calculated and compared to the homopolymer. Same case with
other peptides or even proteins. If a standard procedure can be developed then the control
of surface segregation via concurrent electrospinning can be much easier. However the
current available instrument for dielectric constant measurements needs to be modified for
solution measurements.
2.3

Electrospinning of Biodegradable Polymers
For practical applications in biomedical engineering, thermoplastic PMMA can be

substituted with biodegradable homopolymers or copolymers for the carrier of
biofunctionalities, the latter of which usually present high polarizability. This part can be
further applied for cell culture and anti‐bacteria research using electrospun fiber mat as the
scaffold or special textiles. The peptide conjugate can also be substituted with real
biofunctional peptide sequences, one example of which can be the RGD sequence, or even
proteins with high dielectric constants. There was one trial experiment that has been done
with PEO‐b‐(RGD)3 and already shown similar surface modification results compared to
FC3PO. As described in Chapter I, even virus and cells could be co‐electrospun with other
polymeric materials and retain vitality after being put under the high electric field during
electrospinning. The concurrent electrospinning of biodegradable homopolymer, such as
PLA, PLGA or their copolymers, combined with biofunctional peptide conjugate PLA‐b‐
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(RGD)n could be a good choice for realistic applications in tissue engineering. Even if PLA‐b‐
(RGD)n is hard to synthesize, it’s still worthwhile to co‐electrospin PLA together with PEO‐b‐
(RGD)n for cell attachment experiments.
2.4

Mechanical Properties of the Electrospun Fibers
The characterization of PMMA/PEO composite fibers focused on the surface

chemistry and morphology. Due to the high porosity of the fiber mat mechanical properties
such as tensile strength were not able to measure quantitatively. However, as a matter of
fact the change of elasticity of the fiber mat with regard to the PMMA content in the
polymer blends could even be sensed by simply stretching the fiber mat with hands. There
are two methods to solve for the mechanical property tests: i) try to use nano‐indenter to
characterize the mechanical property of a single fiber, or ii) try to relate the tensile strength
change with the porosity change. The latter is quite difficult so the first method could be a
good choice for measuring the mechanical properties.
The benefit of characterizing the mechanical property also includes the comparison
of mechanical property between the biodegradable polymeric scaffolds with the organic
tissue itself. The mechanical property is also very important for the cell growth and closer it
is to the real tissue, better for the cell proliferation. The microphase behavior of the
PMMA/PEO blends can also be presented by the mechanical property. Since 100 % PMMA is
pure glassy polymer, the electrospun fibers as well exhibited brittle characteristics. With the
addition of PEO content, the fiber tends to become more elastic instead of fragile, which
indicates the formation of amorphous phase within the electrospun fibers.
2.5

Applications of the Surface Modified Fibers

2.5.1 Special Textiles
The surface‐modified electrospun fibers can be further utilized for many different
applications. Considering the actual capability or interest of our group, antibacterial
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coatings could be a good choice. Some metal such as silver with even higher dielectric
constant has been proved to be antibacterial that can be incorporated into our system. We
can also aim at special textile development. For example, the surgery suture is mostly made
of biocompatible materials, some of which is made of biodegradable polyglycolic acid (PGA)
with certain coatings such as N‐laurin and L‐lysine. We can certainly use these two for
electrospinning and see if concurrent electrospinning can create a surface layer that’s
fulfilling the requirements of the surgery. If it is possible to add some other homopolymer
to further improve the mechanical property, it might be better to spray a thin layer of
electrospun fiber mat on top of the wounded area that’s both antibacterial and allowing
oxygen to get through and eliminate anaerobic bacteria.
2.5.2 Polymeric Scaffold for Cell Attachments
Another applicable research is to use the surface modified biodegradable
electrospun fibers as the polymeric scaffold for cell culture. Different comparison can be
made in between the fiber scaffolds with and without surface modification, or different
materials. Different peptide conjugate acting as ligand center as well as functional proteins
can be applied to testify the surface modified fiber for cell attachment and culture.
Biodegradation can also be carried out along with the cell culture.
Other than traditional cell culture on the electrospun fiber mates, a maybe more
creative idea could be the coelectrospinning of biodegradable homopolymer together with
surface charged cells. Assumed that the cells can keep vitality after electrospinning as
validated in some references mentioned in Chapter I, if they can land on the collector at an
evenly distributed format on the surface of electrospun fiber mat; the cell culture can be
much easier and transferred from a 2‐D mode to a real 3‐D mode.
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APPENDIX I

Atomic Layer Deposition on Electrospun Polymer Fibers as a Direct Route
to Al2O3 Microtubes with Precise Wall Thickness Control*

ABSTRACT
Atomic layer deposition (ALD) of Al2O3 on electrospun poly(vinyl alcohol) microfiber
templates is demonstrated as an effective and robust strategy by which to fabricate long
and uniform metal‐oxide microtubes. The wall thickness is shown to be precisely controlled
within a molecular layer or so by adjusting the number of ALD cycles utilized. By judiciously
selecting the electrospinning and ALD parameters, designer tubes of various sizes and
inorganic materials can be synthesized.

*

This chapter has been published in its entirety:

Peng, Q., Sun, X. Y., Spagnola, J. C., Hyde, G. K., Spontak, R. J. & Parsons, G. N. Atomic layer deposition on
electrospun polymer fibers as a direct route to Al2O3 microtubes with precise wall thickness control. Nano
Letters 7, 719‐722 (2007).
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Inorganic microtubes with precisely defined nanoscale walls have attracted
considerable attention due to their potential application in technologies related, but not
limited to, electronics, photonics, nanofluidics, medicine, sensing, catalysis, and controlled
release. A variety of different processes have been developed to fabricate such tubes from a
variety of materials. Among those processes, the template‐directed approach represents a
straightforward and facile route to the fabrication of nano/microscale structures with
hollow interiors. Nanorods,2 carbon nanotubes3,4 and porous media5,6 have all been
successfully used as templates in this vein. Such templates are, however, expensive and
difficult to produce in large volume. Natural materials including cotton and paper7,8 have
also been used as templates, but the resultant nano/microscale structures are not easy
controlled. In this work, we employ atomic layer deposition (ALD) on electrospun polymer
fibers as a direct means by which to construct inorganic microtubes with well‐defined
nanoscale walls composed of Al2O3 after the templating polymer is removed. The results
reported here indicate that this strategy provides an attractive, high‐fidelity and low‐cost
route to inorganic microtubes, as well as nanoscale tubes and other complex shapes.
Electrospinning has become a valuable and versatile route by which to obtain
exceptionally long polymer nano/microscale fibers possessing uniform diameter and good
composition control.9‐14 Electrospun fibers are produced from polymer solutions as the
electric field between a spinneret and a target is increased until the electrostatic force at
the tip of the spinneret exceeds the surface tension of the solution drop. The Taylor cone
that forms is transformed into a continuous jet that forms solid fibers as the solvent
evaporates. In combination with various surface modification tactics including physical
vapor deposition (PVD),15,16 chemical vapor deposition (CVD),15 sol‐gel processing,7 and
spin‐on glass (SOG) incorporation,16,17 electrospun templates have been used to fabricate
metal,15 metal oxide7,16 and polymer15,18 nanotubes. However each of these deposition
methods is hindered by significant process limitations. For example, sol‐gel chemistry has
been successfully performed on electrospun fibers to generate TiO2 nanotubes,7 but
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uniform wetting of the huge surface area of the fiber matrix presents a significant and
ongoing challenge for this method. In addition, PVD is a line‐of‐sight deposition technique
that does not permit conformal deposition on fibers throughout the matrix. In CVD
processes, depletion of precursor frequently limits uniform coating on large surface areas.
Due to the limitations of these traditional deposition techniques, it is difficult to produce
long nano/microtubes with smooth outer surfaces, uniform walls of controlled thicknesses
at nanometer length scales.
In this work, atomic layer deposition (ALD)19‐22 has been applied to matrices of
electrospun polymer fibers to fabricate Al2O3 microtubes with smooth wall surfaces and
precisely controlled wall thickness. This strategy exploits a sequential, self‐limiting
deposition process that operates on the principle of alternating saturating surface reactions.
During ALD, a specimen is exposed to a precursor vapor that forms a (sub)monolayer of the
precursor on the substrate. After excess precursor is removed from the vapor phase by a
purge gas (e.g., Ar), the reactant gas is subsequently pulsed onto the substrate, where it
reacts with the adsorbed precursor layer to form a layer of the target film‐forming material.
Since no gas phase reaction occurs, the target film is grown layer‐by‐layer on the substrate,
in which case the thickness of the deposited film can be accurately controlled by the
number of cycles the process is repeated, as illustrated in Fig. 1. Because of its unique
process characteristics and controllability, ALD can be used to deposit conformal, uniformly
thin films with precise thickness and composition control over large scales and onto
substrates with complex topologies (including for example, fibers).8,22,23 Moreover, ALD is
chemically versatile and has been used to fabricate layers of metals,24‐26 metal oxides,27
metal nitrides22,24 and other materials. An additional benefit of ALD is that the deposition of
Al2O3,21,22 TiO28 and TiN24 can be conducted at relatively low temperatures (< 150˚C),
thereby reducing, if not altogether eliminating, thermal damage to temperature‐sensitive
substrates such as organic media.
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Poly(vinyl alcohol) (PVA) with a molecular weight of 127 kDa and a degree of
hydrolysis of 88% was purchased from Aldrich and used without further purification. A 7
wt% PVA aqueous solution was prepared by dissolving PVA in deionized water (DI H2O) at
60˚C and stirring gently for 2 h. Electrospinning was performed using the parallel‐plate
setup described elsewhere.14 A stable jet was formed at a flow rate of 7 μl/min and an
electric field of 1 kV/cm. Representative electrospun PVA fibers were sputter‐coated with
Au/Pd prior to field‐emission scanning electron microscopy (FESEM) analysis performed on
a JEOL 6400F microscope operated at 5 kV. Coated fiber composites were fabricated by
depositing thin Al2O3 films on the electrospun PVA fibers by ALD at 45˚C and a pressure of
~0.5 Torr. The aluminum precursor and oxygen reactant sources were Al(CH3)3 (TMA, 95%)
and DI H2O, respectively, and were delivered to the reactor as ambient‐temperature vapors.
During cycling, the TMA and DI H2O were alternately introduced into the ALD chamber (base
pressure ~10‐6 Torr) in pulses of 5 and 0.5 s, respectively. Purge times were 20 s for TMA
and 60 s for DI H2O. In conjunction with each ALD on PVA fibers, a piece of native oxide Si
wafer (measuring ~1 cm × 1.5 cm, treated by JTB® Baker Clean, rinsed in DI water and then
N2 blown‐dry) was used as a reference substrate for growth rate measurements on a planar
surface under identical deposition conditions. To remove the organic constituent after ALD,
the Al2O3‐coated PVA fibers were heated in air at 400˚C for 24 h. After removing the PVA by
calcination, the resultant microtubes were likewise characterized by FESEM under the same
conditions listed above. Transmission electron microscopy (TEM) was conducted by
sonicating Al2O3 microtubes in ethanol for 1 min. Several drops of the suspension were
pipetted onto TEM grids, which were allowed to dry at ambient temperature and then
imaged with a Hitachi HF‐2000 microscope operated at 200 kV. Complementary energy‐
dispersive x‐ray spectroscopy (EDS) was performed with an Oxford Instruments Inca Energy
100 system to ascertain the chemical composition of the microtubes under different ALD
conditions.
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A representative FESEM image of individual as‐electrospun PVA fibers is presented
in Fig. 2a. Depending on the duration of electrospinning, these fibers typically connect to
form a self‐supporting web. The diameters of most of the PVA fibers used in this study
range from 200 to 400 nm. To reflect this size scale, we hereafter refer to the fibers as
microfibers. In comparison with poly(L‐lactide) (PLA) electrospun fibers, which have been
traditionally used as templates by which to generate tubes by PVD and CVD,15,28 PVA with
surface hydroxyl groups capable of reacting with deposited precursor species is much less
expensive and likewise amenable to electrospinning from aqueous solution. These
considerations are ultimately important in the mass production of high‐quality templated
microtubes. The resulting conformal deposition of Al2O3 on PVA fibers is shown in the
FESEM images displayed in Figs. 2b and 2c, as well as in the TEM image included in Fig. 2d.
Figure 2b indicates that the Al2O3 microtubes are connected together in a web, thereby
preserving the original arrangement of the PVA electrospun fiber templates. This figure,
which shows a large number of Al2O3 microtubes as only a very small part of the specimen
investigated, also confirms that the ALD process yields uniform coverage over a relatively
large area despite the apparent topological complexity. Most of the Al2O3 microtubes are
observed to measure tens of micrometers in length, with many observed to extend into the
millimeter range. The close‐up FESEM image provided in Fig. 2c reveals the structure of the
hollow Al2O3 microtubes formed after removal of the PVA core. It is apparent from this and
related images that the outer surface of the microtubes after 475 ALD cycles is relatively
smooth. In this case, the wall thickness of these Al2O3 nanometer tubes is estimated to be
about 38 nm on the basis of TEM images such as the one displayed in Fig. 2d. As indicated
by the arrow in this figure, the microtube replicates nanoscale features from the surface of
the electrospun fiber. Attention is drawn here to a small neck in the PVA fiber, along with
some small surface blemishes and a peripheral circular feature. A similar circular feature is
likewise evident on the interior of a microtube produced after 300 cycles of ALD (cf. Fig. 3a).
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Figure 3a is a TEM image of an Al2O3 replica of a PVA electrospun fiber template that
was first exposed to Al2O3 ALD for 300 cycles prior to thermal treatment in air at 400˚C for
24 h. Despite their diameter (in excess of 200 nm), these microtubes appear electron
transparent when observed by TEM. The high‐magnification TEM image provided in Fig. 3a
demonstrates that the wall thickness of the microtubes is ~25 nm and is remarkably
uniform along the length of a single tube. This observation extends to different tubes
throughout the entire web. For comparison, Al2O3 microtubes formed after 150 ALD cycles
are shown in the FESEM image in Fig. 3c. In this case, the wall thickness is only ~14 nm,
according to TEM (cf. Fig. 3d). An EDS analysis performed on Al2O3 microtubes after 150,
300 and 475 ALD cycles and subsequent heating in air at 400°C for 24 h shows an Al:O ratio
of 0.68:1 with 5% variation, thereby confirming that the elemental composition of the
microtube walls is consistent with Al2O3. Carbonaceous residue has not been observed
within the sensitivity of the EDS analysis (i.e., < 0.5%), as evidenced by the spectra provided
in the Supplementary Information. Corresponding analysis of the ALD wall thickness under
these conditions is displayed in Fig. 4. In this figure, the dependence of Al2O3 layer thickness
on cycle number is discerned for (i) microtube walls on PVA fibers by TEM and (ii) planar
films on Si wafers by ellipsometry. The average growth rate of Al2O3 on PVA fibers is ~0.08
nm/cycle, which is, within experimental uncertainty, virtually identical to the deposition
rate (~0.07 nm/cycle) measured on the planar substrates under identical ALD conditions. A
larger population of water molecules residing in the electrospun PVA fibers than on the Si
substrate may explain the marginally higher growth rate on PVA.21 The results shown in Fig.
4 indicate that the wall thickness of the Al2O3 microtubes generated here by ALD may be
precisely (within a molecular layer or so) controlled by simply altering the number of
deposition cycles.
For microfluidic applications, the porosity and permeability of fabricated microtubes
constitute important design concerns. Previous reports29,30 of Al2O3 ALD performed on
planar polymer substrates indicate that films measuring tens of nanometers thick (similar to
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those fabricated here) perform as high‐quality gas barriers. Although the TEM images in Figs.
2 and 3 show evidence of breakage (presumably during calcination and/or sonication), the
Al2O3 microtubes appear predominantly compact and smooth without discernible
nanometer‐size holes, suggesting that intact microtubes are most likely impermeable to
liquids (e.g., water and organic solvents), while affording low permeability to gases. Even
without process optimization, the results of this study unequivocally establish that ALD is an
effective and robust strategy by which to fabricate long and uniform Al2O3 microtubes with
precise control of wall thickness from electrospun PVA microfiber templates. By judiciously
adjusting the electrospinning parameters, the diameter, alignment and structure of the
templates can be further tuned as desired.9‐14 In similar fashion, the ALD process can be
appropriately extended to synthesize designer microtubes of other inorganic materials such
as TiO28 and TiN.24 Because ALD is a self‐limiting vapor‐phase process, it can be easily
adapted to construct, via reactive layering, large numbers of tube structures with
nanoscale‐precision dimensions and controlled composition, thereby providing an attractive
complement to physical self‐assembly.31
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Figure 1. Schematic diagram of vapor‐phase, self‐limiting atomic layer deposition (ALD)
illustrating the cyclic process by which an Al2O3 surface coating is controllably constructed
layer‐by‐layer from TMA and H2O precursors.
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Figure 2. (a) FESEM image of electrospun PVA fibers. (b, c) FESEM images of Al2O3
microtube replicas prepared by ALD wherein the Al2O3 coating was deposited at 45˚C for
475 cycles. (d) TEM image of a corresponding Al2O3 microtube. The arrow in (d) identifies a
peripheral circle formed inside the microtube near an apparent neck in the fiber template.
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Figure 3. (a) FESEM image of an Al2O3 microtube in which ALD was performed on
electrospun PVA fibers for 300 cycles at 45˚C. The arrow indicates a circle on the inside wall
of the resultant microtube. (b) TEM image of the corresponding Al2O3 microtube illustrating
the wall thickness. (c) FESEM and (d) TEM images of Al2O3 microtubes fabricated by ALD for
150 cycles at 45˚C. A wall thickness measurement is included in (d). In all cases, the
electrospun PVA fiber templates were removed by heating in air at 400˚C for 24 h.
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Figure 4. Wall thickness of Al2O3 microtubes prepared on electrospun PVA fibers ( ) and
measured by TEM as a function of ALD cycle number. Included for comparison is the Al2O3
film thickness on a planar Si substrate ( ) measured by ellipsometry. The solid lines denote
linear regressions of the data points. The corresponding average growth rates of Al2O3 are
about 0.08 nm/cycle on the electrospun fibers and 0.07 nm/cycle on the Si substrate. Error
bars (±1 standard deviation) deduced from analysis of 25 thickness measurements from
each specimen are smaller than the symbols shown.
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APPENDIX II

Preliminary Investigation on the Synthesis of Biodegradable Polylactide
peptide Block Copolymers by a Novel Method
1 Fundamentals
A novel methodology is the idea of synthesizing biodegradable polylactide‐peptide
conjugate using esters. Esters can react with primary or secondary amines to form amides if
heated at right conditions. The hypothesis is that polyesters can also react with amines to
form polyamides if heated at right conditions. And if the R” is some peptide, which usually
have amines as part of the groups, we can therefore form homopolymer(R)‐peptide(R”)
block copolymers. The plausible mechanism is shown in Fig. 1:

Polyester:

Polyamides:

Fig. 1. Plausible mechanism of PLA‐peptide synthesis by the reaction between polyester
and amino‐acids.
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After amidation reaction, ideally the relative Mw of the polymer should be changed
from the order of 105 to 103, so the average attacks for each polyester chain would be (by
molar base): Polyester: Amine=1:100
After all, we need to know the efficiency of the attacks from the amines to the
polyester for the best reaction conditions. The experiment was carried out step by step to
gradually decrease the amine/peptide usage, for the increase of efficiency, since peptide is
expensive.
2 Experiment
The chosen polyester is L/D mixed polylactic acid (PLA) with average Mw=100,000
(75,000~120,000). The trial amine is phenylethylamine (PA) with UV index easy to observe
by gas permeation cell (GPC). Its CAS number is 64‐04‐0; Mw=121.18; and density is 0.965
g/ml at 25oC. Triethylamine (denoted as TA) as a pH tuner to help the reaction running
faster, which won’t react with PLA at all. Tetrahydrofuran (THF) and N‐methylpyrrolidone
(NMP) were used as solvents. After trial experiments, (end‐capped H2N)‐DF*DG‐CH2‐CH2‐
NH2 (FA) was chosen as the final target short peptide for the synthesis. Other amino groups
of the molecule are all protected except the end –NH2 for amidation. Full molecular
structure is shown in :
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End-capped

D(Asp)
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G(Gly)
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O
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HN - CH - C

HN - CH - C

HN - CH - C

HN - CH2 - C

CH2

CH2
=

CH2
C

=

CH3 - C - CH3
CH3

Caboxylic
group
protected
with tBu

NH - CH2 - CH2 - NH2

C

CH3 - C - CH3
NO2

UV signal

CH3

Caboxylic
group
protected
with tBu

Fig. 2. Molecular structure of the target short peptide (end‐capped H2N)‐DF*DG‐CH2‐CH2‐
NH2 (FA).
PLA, TA and PA (or FA) were mixed and dissolved in THF at 75oC with THF reflux and
Argon protection. Reactions are denoted by batch number #. By calculation, for 100%
efficiency we need to use 35μl PA or 185mg FA for every 300mg PLA. The actual efficiency
so far is 70%, which means 50μl PA or 265mg FA is needed for every 300mg PLA. The pH
tuner TA is 55μl per 300mg PLA for reaction with PA (batch #9A), and 101μl per 300mg PLA
for reaction with FA (batch #11). Gel‐permeation chromatography (GPC) was used to see
the polymer DPI and relative molecular weight change after the reactions. Viscosity probe
of the GPC will be used to analyze the samples in NMP solutions. Mass spectroscopy will be
needed for further analysis of the products.
Typical operational procedure is: For reaction with PA (Batch #9A):
i)

Put 122 mg PLA into 10ml THF, heat up to 75oC with Argon protection and THF
reflux;

ii)

After the PLA is fully dissolved, input 25μl PA and 27μl TA.

iii)

Reaction will be completed after 17 hrs. Typical Mw changes are shown in the
results of batch #9A.
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For reaction with FA (Batch #11)
i)

Put 68.3 mg PLA into 4ml THF, heat up to 75oC with Argon protection and THF
reflux;

ii)

Dissolve 61.4mg FA into 1ml THF, and inject it into the PLA solution with 23μl
TA (Extra dose of TA than the batch #10A, which took 19μl TA for 106.7 mg
PLA. The ratio of FA vs. PLA didn’t change in batch #11).

iii)

Reaction should be partially completed after 66 hrs (see detailed description
of batch #11).

3 Preliminary Results
3.1

Trial experiments
Firstly simple mixing of the PLA and PA in THF were done in the first two batches

(batch #1/2). They were parallel experiments to see if the PLA would degrade even without
the addition of amines. Obviously the PLA didn’t degrade by itself in THF at 75oC, but it
didn’t react with amine either due to the much less amount we put than needed. It was
almost 300mg PLA vs. 7μl of PA, 1/5 of what’s needed for 100% efficiency. Then we
switched to 150μl of PA instead of 7μl (batch #3), which was 3 times the amount that was
needed to achieve 70% efficiency. The reaction was very fast and the polymer was
degraded to very small molecules with low molecular weight of around 10~100 order of
magnitude, within 2hrs. Repeating experiments were needed for collecting the samples
within that 2 hrs.
3.2

PLA and excessive PA in 2 hrs with THF or NMP
With much excessive PA, the reaction within 2hrs was investigated, at the same time

NMP (batch #4/5) was used as a secondary solvent. Unfortunately the NMP has an RI too
close to the polyester itself, it’s very hard to observe the polymer with the detector.
Therefore the effort of changing the solvent THF to NMP was interrupted.
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Typical result is the batch #6 as shown in Fig. 3. 150μl PA was mixed with 290mg PLA
in 25ml THF for the amidation reaction without any other components. Due to the excessive
amines, the reaction was finished after 30min, and a bi‐model of molecular weight is
formed together with a lot of unknown small molecules at very low molecular weight. Thus,
the amount of amine should be decreased to an acceptable value that would both avoid the
creation of molecules with too low Mws and achieve a higher efficiency.

Color
Blue
Pink
Black
Orange
Green

Reaction Time (hr)
0
0.5
1
1.5
2

Relative Mw
506,100
1,195
1,792
1,672
1,714

Fig. 3. GPC graph of batch #6 showing degradation of PLA from the molecular weight of 105
to 103.
3.3

Proper amount of PA and addition of TA for pH value balance
Now we started to use much less amount of PA to react with polyester, which is 50μl

of PA vs. 300mg of PLA (batch #7/8). However, the batch #7 worked, but not the batch #8.
We figured that there should be some problem with the pH value, so we decided to add TA
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as a pH tuner, which did help the reaction to run much faster. The batch #9A shows that the
reaction is finished after 10hrs, as shown in .

Color
Purple
Pink
Blue
Yellow
Green

Reaction Time (hr)
0
1
11
17
42

Relative Mw
45,880
22,090
7,014
3,786
1,615

Fig. 4. GPC graph of batch #9 showing the degradation of PLA from the molecular weight of
105 to 103 with the best efficiency.
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Kinetics of amidation reaction
(Batch #9A)
50
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y = 0.0142 x + 0.0167
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Fig. 5. Molecular weight decrease along with time of batch #9.
We can see clearly that the average Mw is decreased with time. By simulation we can
even get the relationship of Mw vs. time as follows:

Mw −1 = 0.014 ⋅ t + Mw0−1 ; (Mw: kDa; t: hr)
3.4

Trial experiments with FA
The short peptide FA was synthesized which has only one unprotected target amino

group to react with PLA. The batch #10 was using same amount by mole number with PA,
however it was much slower reaction than the one with PA. Not after 46 hrs was the
polymer degraded from 564,500 to 377,500. For batch #11 we increased the amount of TA
for even higher pH value, and the results seem to be better and faster at least than #10. The
Mw was decreased from 53,620 to 10,270 after 66 hrs. Still much improvement needs to be
done though. Due to less experiment data, kinetic analysis is also not available. Typical Mw
(#11) changes are from 53,620 to 10,270 after 66 hrs of reaction.
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4 Discussion and future work
Since it was only the work for a month, we have only been able to approve the model
decomposition and the control experiment. However, many questions remain unclear, e.g.
what’s the effect of pH value? Where’s the UV signal for the slower experiments? Although
the Mw of PLA was decreased, why not much UV signals were detected? Is it because of the
small amount? What’s the controlling mechanism of the reaction? How to make it even
faster?
Thus there are much more to do in future work. Especially larger scale reaction
including further chemical analysis and quantification of peptide end groups needs to be
done. Mostly include:
i)

A bigger batch reaction and try to analyze with mass spectroscopy such as
NMR to get the detail/statistic chemical information of the polymer we
synthesized, as the most concrete evidence of the amidation experiments.

ii)

Try to control the molecular weight of the resulting copolymer and study the
kinetics of the reaction if possible or needed.

iii)

The effect from pH value needs to be investigated.

iv)

At last, be able to synthesize PLA‐peptide copolymer by amidation with any
molecular weight required distribution.

v)

The FA end cap must be able to reopen after amidation experiments for
further electrospinning application.

vi)

Not only PLA but also other polyesters must be able to react using the same
strategy in order to prove the applicability of the methodology.
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