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ABSTRACT
Many efforts to spin starch fibers have been reported in the patent and research
literature. All reported spinning methods are dependent upon addition of non-starch
components, e.g. other polymers, plasticizers or cross-linkers. In the present study, a
method of producing pure starch fibers by an electrospinning technique was
demonstrated. This method involves choosing an appropriate solvent for native high
amylose starch and spinning on a modified electrospinning setup. Resulting starch fibers
have diameters in the order of microns. Post-spinning treatments were employed to
increase the crystallinity and cross-link the starch fibers. Electrospinning of starch/clay
and starch/ microcrystalline cellulose composite fibers was also demonstrated.
Correlation between the rheological properties of starch dispersions and the
electrospinnability was established via the extrapolation of the critical entanglement
concentration, which is the boundary between the semidilute unentangled regime and the
semidilute entangled regime. Dispersions of high amylose starch containing nominally 80%
amylose (Gelose 80) required 1.2 to 2.7 times the entanglement concentration for
effective electrospinning. Besides starch concentration, molecular conformation and
shear viscosity were also of importance in determining the electrospinnability. The
rheological properties and electrospinnability of different starches were studied. Hylon
VII and Hylon V starches, containing nominally 70 and 50 % amylose, respectively,
required concentrations of 1.9 and 3.7 times their entanglement concentrations for
electrospinning. Only poor fibers were obtained from mung bean starch, which contains
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about 35 % amylose, while starches with even lower amylose contents could not be
electrospun.
The diameter of the starch fibers produced by electrospinning is a key parameter
for most potential applications. Hence, a quantitative relationship between fiber diameter
and certain electrospinning parameters, i.e. starch concentration, applied voltage,
spinning distance and feed rate, was established by empirical modeling using a fractional
factorial experimental design in a constrained region. Response surface methodology was
employed to analyze the interactions of the electrospinning parameters. The starch fiber
diameter was found to be more responsive to starch concentration than to voltage and
distance in the experiment range. Contour plots were used to predict the direction to
minimize and maximize the fiber diameters. The smallest fiber diameter (3.98 µm) can be
obtained within the experiment range, whereas the largest fiber diameter is outside of the
experimental design region.
The starch fibers have potential in various applications, e.g., in the food, textile,
and biomedical industries. The formation of starch-guest inclusion complexes is a
particular interest for encapsulation of certain molecules. Two methods were used to
electrospin starch fibers with starch-guest inclusion complexes: a dope mixing method,
where guest material was mixed into the starch dispersion prior to electrospinning, and a
bath mixing method, where guest material was mixed into the coagulation bath into
which starch dispersions were electrospun. Selected guest compounds, i.e. palmitic acid,
ascorbyl palmitate, and cetyl-trimethylammonium bromide, formed inclusion complexes
with starch in the electrospun starch fibers. Due to fast precipitation of starch, the
coagulation bath containing 100% ethanol was not as efficient as 75% ethanol aqueous
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solution to induce starch-guest inclusion complex formation. Starch-ascorbyl palmitate
inclusion complexes were also formed in electrosprayed powders by a dope mixing
method, but this method was less efficient than their formation in electrospun fibers.
Encapsulation of these molecules in electrospun starch fibers and electrosprayed
starch powders may increase their stability during processing, storage, and in the
gastrointestinal tract, while providing controlled release properties. However, further
research is necessary to gain a better understanding of the encapsulation and release of
the molecules that can be entrapped in starch fibers through intra-helical inclusion
complex formation, inter-helical encapsulation, and physical macroscopic entrapment.
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Chapter 1 INTRODUCTION AND OBJECTIVES
1.1. Introduction
Since the twentieth century, synthetic materials have been popularized in almost
every industrial and everyday life application, e.g. construction, engineering, medical,
textile to name but a few. The success of synthetic materials lies in their low cost, ease of
processing, physical/chemical/biological stability, and superior mechanical properties.
The world currently consumes approximately 200 Mt of plastics per annum. The
synthetics also dominate the fiber industry. Before the birth of synthetic fibers, the major
sources of fibers are cotton, wool, and silk. By the early 2000s, synthetic fibers have
accounted for 58% of the world fiber consumption, in contrast to 5% in 1960. The share
of cotton has dropped from 81% to 39% over the last century (Online Resource, 2012).
However, our excessive dependence on synthetic materials has economic and
environmental consequences. The sustainability of synthetics is limited by their source
materials, i.e. fossil fuels, and the production and disposal of plastics causes pollution;
hence the interest in using bio-based materials to substitute for their synthetic
counterparts. For instance, a recent patent review introduced efforts of developing biobased and biodegradable plastics in crop production (Riggi, Santagata, & Malinconico,
2011). Considerable work has gone into the development and utilization of fibers from
bio-based materials. A number of biopolymers are potentially able to form fibers using
artificial spinning techniques (Kong, Ziegler, & Bhosale, 2010). Among them, starch has
been identified as a promising substitute for synthetic polymers due to its cost,
biodegradability and potential for sustainable production.
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Starch is among the most abundant and inexpensive polymers found on earth. In
addition to the sustainable supply, starch has functional advantages over synthetic
polymers, e.g. hydrophilicity, biocompatibility, biodegradability, bioabsorbability, and
compostability. Starch has also been regarded as a promising material for encapsulation
purposes (Shimoni, 2008).
Given all of the benefits of starch as a fiber forming material, many attempts to
spin starch fibers have been reported in the patent and research literature. However,
existing methods of producing starch fibers require the use of non-starch components, e.g.
other polymers, plasticizers or cross-linkers, which will counteract the benefits from
starch and increase the cost. The present study will explore the possibility of fabricating
pure starch fibers, the effect of process parameters, and the functionalization of the starch
fibers.
1.2. Goals of the proposed research
The long-term goal of the research is to produce micro- and nanofibers from
selected polysaccharides as carriers of bioactive compounds. These fibers may be
appropriate for use in food and pharmaceutical applications.
The goal of the present research is to utilize an electrospinning technique to spin
starch microfibers and to understand the effect of process parameters and solution
properties on electrospinnability and fiber diameter. This work also investigates the
formation of starch inclusion complexes with selected compounds in the electrospun
starch fibers.
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1.3. Specific experimental objectives
Objective 1 (To be investigated in Chapter 3):
To develop an electrospinning process for spinning pure starch fibers and to study
the effect of post spinning treatments on fiber properties.
Objective 2 (To be investigated in Chapter 4)
To study the correlation of rheological properties and electrospinnability of the
starch-DMSO-water dispersions using starches of different amylose contents.
Objective 3 (To be investigated in Chapter 5)
To establish a quantitative relationship between process parameters and starch
fiber diameter by empirical modeling.
Objective 4 (To be investigated in Chapter 6)
To investigate the effect of two methods and different guest levels on the
formation of starch-guest inclusion complexes in the electrospun starch fibers and
electrosprayed starch powders.
1.4. References
Kong, L., Ziegler, G. R., & Bhosale, R. (2010). Fibers spun from polysaccharides. In Ito,
R. & Matsuo, Y. (Eds.), Handbook of carbohydrate polymers: development,
properties and applications (pp. 1-43). New York: Nova Science Pub Inc.
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Online Resource. (2012). United Nations Conference on Trade and Development. Market
information in the commodities area: cotton - uses Retrieved Mar 23, 2012, from
http://r0.unctad.org/infocomm/anglais/cotton/uses.htm
Riggi, E., Santagata, G., & Malinconico, M. (2011). Bio-based and biodegradable plastics
for use in crop production. Recent Patents on Food, Nutrition & Agriculture, 3(1),
49-63.
Shimoni, E. (2008). Starch as an encapsulation material to control digestion rate in the
delivery of active food components. In Garti, N. (Ed.), Delivery and controlled
release of bioactives in foods and nutraceuticals (pp. 279-293). Cambridge, UK:
Woodhead Publishing Ltd.
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Chapter 2 LITERATURE REVIEW
2.1. Fiber
Fiber is the theme of this study, but fiber may mean differently to people from
different fields. Botanists deal more with structuring filaments that support the cell wall
or the intercellular matrix, while anatomists would regard fibers as elongated cells or
higher structures, such as muscle fiber and nerve fiber. Nutritionists and dieticians will
recommend people to consume more fiber, to be exact, dietary fiber, which is the
indigestible portion of plant food with health benefits. Manufacturers in paper industry
use wood fibers to provide strength to their products, paper and cardboard. When it
comes to the textile industry, fibers will stand for both naturally occurring filaments and
artificially spun filaments that are either knitted or use as they are in various applications.
Given the divergence of understanding among people of different backgrounds, it is
necessary in the beginning to clarify the term fiber defined in this study.
2.1.1. Fiber and biofiber
Fiber is regarded both geometrically and functionally here in this study. From the
geometrical view, a single fiber has a length at least 100 times its width or diameter, by
definition (Rosato, 1998). The fiber diameter can fall in different scales (milli-, micro-,
and nano-meter scales). Microfibers and nanofibers are several orders of magnitude
thinner than those used in everyday life, but with similar length to width ratios. A fiber
can also be referred to as a filament or fibril. Functionally, fibers are used particularly
due to their elongated shape and associated properties, for instance, high surface to
volume ratio, anisotropic optical properties, and orientation induced mechanical

6

properties. The areas where fibers play a role include textile, engineering, composite,
defence, and medical applications. Fibers are not usually used individually, but may be
bundled or twisted into strands, or fabricated into nonwoven or woven fabrics.
Fiber is a ubiquitous type of material occurring naturally and produced artificially.
Plants and animals produce diverse kinds of fibers from biomolecules such as proteins,
polysaccharides and lipids. Nature created them to be both complex architecturally and
efficient functionally. For instance, spider silks are protein-based fibers with remarkable
mechanical properties, being five times stronger by weight than steel (Turner & Karaizas,
2004) and eight times more extensible than Kevlar® , a man-made fiber used in helmets
and bullet-proof vests. Silkworm silks have outstanding mechanical properties in terms of
strength and toughness, and have been used in textiles and cosmetics for thousands of
years. Plant fibers (e.g. cotton, flax, hemp, bast fiber) can be modeled as composites of
cellulose fibrils held together by a lignin and hemicelluloses, yielding unique mechanical
properties sufficient for biological functions (John & Thomas, 2008). Other examples
include feather, wool and hair, which contain keratin fibers and are constructed in highly
hierarchical ways for their functions in mammalian and avian species. Nature provides a
great variety of fibrous materials, a majority of which have not been fully exploited by
man.
With the development of the petroleum-based economy came synthetic fibers,
such as those produced from polyethylene, polyamides, and polyethylene terephthalate.
The synthetic fibers have replaced natural fibers to a large extent in textiles, construction,
and medical applications to name but a few. They are often superior to traditionally used
natural fibers in terms of cost, ease of processing, physical/chemical/biological stability,
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and mechanical properties. Meanwhile they suffer inherently from many disadvantages
compared with natural fibers. Their relatively simple chemical composition, molecular
structure and simple architecture can limit their functionality. Other major drawbacks
include their limited biocompatibility in certain medical uses and lack of biodegradability
as bulk materials.
Pervasive use of synthetic materials and our excessive dependence on them has
environmental consequences. The pressure for sustainable development is shifting the
focus from synthetic materials to utilization of bio-based materials. The same holds true
for the fiber industry. The world is still consuming a huge amount of synthetic fibers in
the form of clothing, carpets, and special wares. Yet there is also a growing need for
better utilization of natural fibers and development of synthesized bio-based fibers. A
great number of biopolymers are potentially able to form fibers using artificial spinning
techniques under favorable conditions. Biofibers may have advantages pertaining to
sustainability, biodegradability and biocompatibility. Meanwhile, spinning biofibers can
be challenging, since biopolymers, especially polysaccharides, bring much more
complexity to the process than spinning synthetic polymers, e.g. non-homogeneity in
terms of molecular weight, degree of substitution on the polymer chain, charge density
and distribution, branching and crystallinity. Many efforts have been and are being
exerted to produce diverse kinds of biofibers, with some of them already commercialized.
2.1.2. Nanofiber
With the rapid growth of nanotechnology, many new nanostructures within
nanoscale have been developed, for instance, nanoparticle, nanoflake, nanorod, nanotube
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and nanowire. Among those nanostructures, nanofiber is a one-dimensional nanostructure
with diameters generally smaller than 100 nm. Different from other one-dimensional
nanostructures, e.g. nanorod and nanotube, nanofiber is flexible and has much higher
length to diameter ratio. Nanofiber has an average diameter around 3 to 4 orders of
magnitude smaller than conventionally spun fibers; as a result, nanofiber would have
much higher surface-area-to-volume ratio, higher porosity, and smaller pore size. These
characteristics are the key properties that allow nanofiber advantageous for many
applications
Therefore it is reasonable to say that the diameter is one of the most important
properties of nanofibers in terms of their applications. Nanofibers with diameters down to
only a few nanometers have been produced. The uniformity of the nanofiber diameters
and nanofiber morphology are also important. These properties together dictate the
quality of nanofibers for various applications, and thus recent efforts have been devoted
to develop reliable ways to produce nanofibers with controllable dimensions and
properties.
2.1.3. Making fibers
Various fibers have been produced or utilized for thousands of years by the
human beings. Probably the most vastly used fiber is silk. According to China’s history
records, the discovery and weaving of silk can be dated back to more than 4500 years ago.
Silkworms were domesticated by ancient Chinese and the silk production was improved.
Silk is so important a commodity historically that it plays an important role in
importation and exportation throughout the world as a luxury good, as indicated by “The
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Silk Road” and “The Maritime Silk Road”. Silk fibers were mainly used in textiles and
decorations due to their superior properties including aesthetic appearance, thermal
insulation, and lightness. In addition to silkworm silk, other fiber materials, such as
cotton and wool, have been harvested and woven into fabrics. Even though these fibers
possess good textile properties, their availability and cost are the major limitations for
modern applications.
Later in history, people discovered that certain materials could be spun into fibers
and thus developed the fiber spinning techniques. In principle, fiber spinning techniques
rely on mechanical forces to spin fibers from viscoelastic melts or solutions. Fibers can
be spun from a large range of materials, from organic to inorganic, from natural to
synthetic. With the development of fiber spinning, fiber production has been greatly
increased and countless kinds of fibers have been produced to satisfy different
applications.
2.1.4. Making nanofibers
2.1.4.1. Drawing
Various techniques for fabricating nanofibers exist. As one example of the
methods, nanofibers can be fabricated by a process of drawing similarly to the drawing in
the dry spinning process. Nanofiber drawing from viscoelastic droplets using a
micropipette with a diameter of a few micrometers has been described (Ondarcuhu &
Joachim, 1998). Nanofibers with diameters from 2 nm to 100 nm could be produced this
method. Later, nanorobotic-assisted drawing methods were invented (Nain & Sitti, 2003).
As one way, they used proximal probes, i.e. AFM and STM tips, with precise
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nanorobotic controls to draw nanofibers from Poly(methyl methacrylate) (PMMA)
solution droplets. As another way (Nain, Amon, & Sitti, 2006), they controlled hollow
pipettes with solution feeding through to draw nanofibers, instead of drawing from
droplets on a substrate. This allows drawing longer continuous nanofibers than drawing
from droplets. These drawing processes are all able to fabricate nanofibers. However,
they have poor control on fiber dimensions and strict requirements on the properties of
drawn materials. This material has to have pronounced viscoelasticity and cohesiveness
to withstand strong deformations and stresses during drawing (Nain, et al., 2006).
2.1.4.2. Template synthesis
Template synthesis is another technique to make nanofibers. Feng et al. used
metal oxide membranes with nano-scale pores as a template and forced the polymer
through the pores into a coagulation solution (Feng et al., 2002). The fiber diameters are
thus dictated by the dimensions of the pores. This technique provides easy control over
the fiber diameter and shape by simply modifying the template, but the production rate
and materials used are restricted.
2.1.4.3. Phase separation
The phase separation mechanism can also be applied to make nanofibers. In
principle, the polymer material undergoes gelation in the solvent due to incompatibility
induced by gelation factors, such as temperature, and the solvent is extracted leaving the
fibrous network. Then the gel is freeze-dried to reduce the diameters down to nano scale.
Poly(L-lactic) acid (PLLA) nanofiber mats were fabricated by this procedure (Ma &
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Zhang, 1999). But using this method, the resulting nanofiber diameter and its distribution
are difficult to control.
2.1.4.4. Self-assembly
Some researchers reported nanofibers prepared by self-assembly techniques.
Hartgerink et al. reported to use peptide amphiphile molecules as building blocks for
nanofiber structure and the self-assembly of peptide amphiphiles were induced by pH
change (Hartgerink, Beniash, & Stupp, 2001). Other cases of fabricating nanostructures
including nanofibers through self-assembly are reviewed by several articles (Faul &
Antonietti, 2003; Whitesides & Boncheva, 2002).
2.1.4.5. Electrospinning
Electrospinning refers to a method of producing nanofibers using electrostatic
force. The electrospinning technique can be viewed as a modification of or evolution
from electrospraying, which has been widely used in painting and coating applications.
These techniques apply an external electrostatic field on a polymer melt or solution. In
the case of electrospraying, the liquid breaks up into tiny droplets and deposits smoothly
on the collecting surface. Yet in electrospinning, breakup of the liquid is avoided. Instead,
the viscoelastic liquid is stretched into fibers. Compared with nanofiber fabrication
methods aforementioned, electrospinning has been the most popular technique and has
gained the most interests in academia and industry. Its advantages over those techniques
include its cost-effectiveness, simplicity, controllability, and spun fiber qualities. Most of
the nanofibers suitable for practical uses are developed by electrospinning. Therefore,
more details on this technique will be presented in Section 2.3.
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2.2. Conventional fiber spinning
Spinning has long been the major processing method for fiber production.
Technically, all man-made fibers are generally made via three processes, i.e. meltspinning, wet-spinning or dry-spinning. While there are many variations and
modifications of these basic methods, all spinning methods include the following steps:
preparation of spinning dope, forcing the dope through a hole/spinneret, and
solidification of the continuous filaments. Optionally, the fiber may be drawn, where the
spun fiber is stretched by a set of rollers, or some other mechanism, winding the fiber at a
higher speed than the spinning speed. The design of the fiber drawing process differs
among different fiber spinning methods. The consequence of drawing is a decrease in the
average fiber diameter, which is expressed by the draw ratio, equal to the ratio of the
cross-sectional area of the undrawn fiber to that of the drawn fiber.
2.2.1. Melt spinning
In melt spinning, the fiber forming material is melted and extruded through the
spinneret (Figure 2.1(i)). The elongational melt flow causes molecular orientation which
can be enhanced by drawing. This is followed by crystallization upon cooling. Melt
spinning has been extensively studied and used for synthetic fiber production, e.g. nylon,
olefin, polyester, saran and sulfar. Generally, the melt spun material is treated as a onecomponent system and thus the mathematical analysis and modeling is relatively simple.
A fundamental analysis is available in literature (Murase & Nagai, 1994), where melt
spinning of polyethylene terephthalate (PET) was taken as an example for technical
analysis and modeling. However, melt spinning is not practical for spinning most
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polysaccharides because the melting temperatures of native polysaccharides are higher
than their degradation temperatures. The exception is highly derivatized thermoplastic
starch. Examples of melt spinning thermoplastic starch will be presented in Section 2.5.2.
However, limited detailed analysis of structure formation during spinning is available in
the literature.
2.2.3. Dry spinning
In the dry spinning process, a polymer solution is forced through the spinneret,
but unlike wet spinning, the filaments are directly solidified by evaporating the solvent in
air instead of using a chemical bath (Figure 2.1(ii)). In dry spinning, the solvent is
evaporated inside the drying chamber after the filaments exit the spinneret. Therefore, the
solvent used for dry spinning generally has a low boiling point and low latent heat. Dry
spinning has been used to spin synthetic materials, such as acrylic, polyvinyl chloride,
and synthetic bio-based polymers, such as polylactide (PLA) (Postema, Luiten, &
Pennings, 1990). Dry spinning is seldom applied to polysaccharides. The only known
examples include the dry spinning of cellulose acetate and non-thermoplastic starch.
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Figure 2.1. Schematic drawing of (i) melt spinning process and (ii) dry spinning process.
2.2.2. Wet spinning
Wet spinning is the oldest spinning process. Figure 2.2 shows a schematic
drawing of the wet spinning process. The fiber forming material is first dissolved in a
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solvent and the solution is forced through the submerged spinneret into a coagulation
bath containing a non-solvent for the polymer. The solvent in the spinning dope is
extracted into the coagulation bath and the filaments solidify. Sometimes ionic exchange
(e.g. in calcium alginate fiber production) or chemical reaction (e.g. in the viscose
process for cellulose fiber) may occur. Additional coagulation baths can be employed
depending on different process in order to enhance solvent removal or to draw the fibers.
Detailed analyses of wet spinning are available in the literature (Ziabicki, 1976). Wetspinning is a widely used spinning method for synthetic fiber production. For instance,
acrylic, rayon, aramid and spandex fibers can be produced by wet spinning. Among
biopolymers such as silk fibroin, gelatin, and chitosan, wet spinning is the most
frequently used method as reviewed in this chapter. The most important issue associated
with wet spinning of polysaccharides is finding an appropriate solvent capable of
dissolving the polymer, and which is also easy to remove and harmless to humans and the
environment.

Figure 2.2. Schematic drawing of the wet spinning process.
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2.2.4. Dry-jet-wet spinning
This technique is modified from wet spinning by including an air gap above the
coagulation bath (Figure 2.3). Differing from wet spinning, where fiber formation and
coagulation take place simultaneously, dry-jet-wet spinning separates the two processes.
The air gap prevents solution from solidifying inside the spinneret and helps achieve
molecular orientation before coagulation. Fibers produced by dry-jet-wet spinning
generally show improved mechanical properties compared with their wet-spinning
counterparts. As a special spinning process, dry-jet-wet spinning has been examined for
various materials including PLA (Gupta, Revagade, Anjum, Atthoff, & Hilborn, 2006)
and cellulose (Kim, Pak, Jo, & Lee, 2005).

Figure 2.3. Schematic drawing of the dry-jet-wet spinning process.
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2.2.5. Liquid crystalline spinning
Molecular species capable of forming liquid crystalline phases are called
mesogens. Liquid crystalline polymers comprise molecules that are rigid or semi-rigid.
Hence, the flexibility of polysaccharide chains is of decisive importance for whether the
polysaccharide is capable of forming liquid crystalline phases. Liquid crystals can be
divided into thermotropic and lyotropic liquid crystals. Thermotropic liquid crystalline
materials contain only the mesogenic molecules, while lyotropic liquid crystals contain
mesogenic molecules in non-mesogenic solvents. Liquid crystals exhibit ordered
structures, which can be roughly classified into nemetic, smectic and cholesteric phases.
Liquid crystals are unique in their properties and applications. Readers interested in
principles liquid crystalline polymers and their applications are referred to the references
(Donald, Windle, & Hanna, 2006; Wang & Zhou, 2004a).
Liquid crystalline polymers can be spun into fibers. This method is rather superior
to spinning isotropic solutions, largely because the flow behaviors of liquid crystalline
polymers are optimal for fiber spinning. Under the shear and extensional flow field
experienced in the spinneret, the rheological behavior is anisotropic in the spinning dope,
with viscosity along the fiber axis significantly lower than the other two directions. The
reduced viscosity and shear thinning at high shear rates facilitate fiber formation, and the
liquid crystals are aligned along the fiber axis, giving the fibers enhanced orientation.
Consequently, fibers from liquid crystalline polymers usually exhibit excellent
mechanical properties and thermal and thermo-oxidative stability (Cheng et al., 2001;
Wang & Zhou, 2004b).
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For lyotropic liquid crystalline polymers, either wet-spinning or dry-jet-wet
spinning is employed to produce fibers. A lyotropic state of a polymer solution is formed
at a specified concentration and temperature in a nonvolatile solvent. The anisotropic
polymer solution is extruded into a non-solvent bath, where fiber coagulation and solvent
extraction take place. For thermotropic liquid crystalline polymers, a melt spinning
method is applied.
Spiders have utilized liquid crystalline spinning for millions of years to produce a
diverse range of silks (Vollrath & Knight, 2001). Spiders store the spinning dope in a
concentrated liquid crystalline state and spin the fibers as needed. The liquid crystalline
state largely reduces the energy cost of fiber production by the spiders. The preorientation of the molecules in the spinning dope limits the reorientation of molecules in
the thread and reduces the formation of defects. Hence spider silk possesses outstanding
mechanical properties.
One of the best examples of a man-made fiber spun from a lyotropic liquid
crystalline polymer is poly (p-phenylene terephthalamide) (PPTA, Kevlar®), which was
commercialized by DuPont in 1972. The Kevlar® fibers possess impressive mechanical
properties. Some polysaccharides are able to form lyotropic liquid crystalline states. High
performance fibers from liquid crystalline spinning of cellulose mesophase solutions have
gained much interest, and a considerable amount of work has been done on spinning
cellulose, with some of the products commercialized. This will be further discussed
below.
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2.2.6. Gel spinning
Gel spinning is a special method for producing high strength and high modulus
fibers. Different from true solution spinning, the extruded filaments are cooled down and
crystallized to form crystallites connected by entanglements. Hence, the as-spun fibers
are in a gel-like state. A further high draw ratio drawing is generally involved in gel
spinning in order to achieve a high level of molecular orientation and less lateral
entanglement (Dingenen, 2001). The term “gel spinning” caught people’s interest by the
success of spinning ultra-high molecular weight polyethylene (UHMWPE) fiber. In fact,
the highest reported strength and modulus of gel-spun UHMWPE fibers approached the
theatrical maximum values (Yasuda, Ban, & Ohta, 1994). In addition to UHMWPE fiber,
gel spinning was also applied to produce polyvinyl alcohol (PVA) fiber (Cha, Hyon, &
Ikada, 1994), polyacrylonitrile (PAN) fiber (Yamane et al., 1997), and gelatin fiber
(Fukae & Midorikawa, 2008).
2.3. Electrospinning
Unlike all the aforementioned conventional spinning processes that produce fibers
by mechanical means, electrospinning uses an electrostatic driving force. Electrospinning
is a century old process, but largely neglected until the mid-1990s. The interest in
nanotechnology, where nanostructures show fascinating mechanical, electronic/electrical
and other properties, has urged researchers to find a favorable method for producing
nanofibers. As described in the previous section, among the ways to make nanofibers are
drawing, template synthesis, nanolithography, phase separation, self-assembly and
electrospinning. Electrospinning is cost-effective, applicable to a large material range,
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capable of controlling fiber morphology and diameter, and capable of being scaled up.
Hence, electrospinning has attracted growing attention throughout the world, involving
more than 200 universities and research institutes, with over 100 polymers electrospun
(Dzenis, 2004) and more than 500 publications on this subject yearly from 2007,
compared to well below 20 per year before 2000 (Greiner & Wendorff, 2008). Also as
can be seen in a survey of patents, the number of published patents relevant to
electrospinning has also greatly increased since the last 10 years (Lu & Ding, 2008).
2.3.1. Basic setup
Electrospinning is a straightforward method and the apparatus required is simple.
Figure 2.4 shows an example of typical electrospinning setup, including a solution
reservoir (a syringe) with needle/capillary acting as a die, a grounded collector and a high
voltage power supply. In brief, a polymer solution or melt is pumped through the needle
with inner diameter on the order of several hundred micrometers. A high voltage, in the
range of 100 to 500 kV/m, is applied to the solution such that at a critical voltage, the
electric force induced on the solution overcomes the surface tension and a polymer jet is
ejected from the needle. The jet is only straight and stable near the needle. Afterwards,
the jet experiences bending instability and takes a spiraling path. As the jet travels
towards the collector, solvent is evaporated and sufficient entanglement of polymer
chains prevents the jet from breaking. Finally, the dry polymer fibers are deposited on the
collector.
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Figure 2.4. Basic electrospinning setup (Image courtesy Dr. Susan E. Hill).
2.3.2. Determining factors
Although the basic electrospinning setup is extremely simple, the details of
electrospinning process are very complicated and affected by many factors. These factors
affecting the electrospinning process as well as electrospun nanofiber properties can be
roughly classified into two categories, material properties and process conditions (Figure
2.5). The material properties deal with the nature of the materials used. These properties
are of great importance for designing the electrospinning process and the final fiber
characteristics. This category generally includes chemical composition, molecular weight
of the polymer, polymer concentration, rheological properties, surface tension and
conductivity of the polymer solution. The other category, i.e. processing conditions,
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include electric field strength, needle diameter, spinning distance, feeding rate,
temperature, humidity, air flow and collector geometry. It is also worthwhile to notice
that many of these factors are interdependent. For instance, viscosity, surface tension and
conductivity are dependent upon the molecular weight of polymer and polymer
concentration. As another example, feeding rate and spinning distance are to be adjusted
together in order to get a stable jet. The optimization of electrospinning processes and
nanofiber quality is complicated by these factors and their interplay. Readers interested in
more details of electrospinning principles and process parameters are referred to several
excellent books and reviews (Frenot & Chronakis, 2003; Greiner & Wendorff, 2007;
Greiner & Wendorff, 2008; Ramakrishna, Fujihara, Teo, Lim, & Ma, 2005; Teo &
Ramakrishna, 2006).

Figure 2.5. Classification of factors affecting electrospinning process and nanofiber
properties.
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2.3.3. Nanofiber properties
Electrospinning is an efficient technique to manufacture continuous fibers of
submicron- or nano-scale (one or two orders of magnitude smaller than those from
conventional processes) from a large variety of materials. The average diameter and its
distribution are probably the most important properties of nanofibers produced by
electrospinning for most applications. The reduction of fiber diameter brings a series of
beneficial effects. For instance, the small diameter provides nanofibers with ultrahigh
surface-to-volume ratios in the range from 10 m2/g (for fiber with diameter around 500
nm) to 1000 m2/g (for fiber with diameter around 50 nm). The high surface area results in
enhanced properties, such as high surface energy, high surface reactivity, elevated
thermal and electrical conductivity, and high specific strength (Schiffman & Schauer,
2008). Except for the high specific surface area of the individual nanofiber, flow patterns
in nanofiber mats are different from that in larger fiber mats. This characteristic enhances
the filter efficiency with respect to smaller scale impurities (Greiner & Wendorff, 2008).
The most influential factor governing the nanofiber diameter is polymer
concentration, among others listed in the previous section. Variation in polymer
concentration induces changes in viscoelastic property of the polymer solution and thus
jet initiation and the elongational deformation of polymer jet. Polymer concentration also
determines the total mass of nanofibers deposited. Therefore, generally nanofiber
diameter increases with polymer concentration, as resulted from most of the studies. The
nanofiber diameter is also controlled by process conditions, i.e. applied voltage and
spinning distance. These two factors influence the jet speed and the distance the jet
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travels and thus the solvent evaporation. More evaporation of solvent will result in
nanofiber with smaller diameter.
In addition to fiber diameter, another nanofiber property of interest is nanofiber
morphology. By varying electrospinning parameters, nanofibers of different shape can be
obtained. For instance, beaded nanofibers are in most cases due to low polymer
concentration used, which hinders adequate evaporation. Porous nanofibers can be
obtained via phase separation during electrospinning. To obtain this morphology, a
bicomponent system is generally used for electrospinning and one of the components is
to be washed away afterwards.
Electrospinning also enables the functionalization of nanofibers and their mats via
blending, coating, grafting, and chemical post treatment. It is anticipated that
electrospinning will provide a great number of new materials for uses in textiles,
composites, electronics, filtration, sensor and biomedical fields.
2.3.4. Recent developments in electrospinning
The utilization of electrospinning to fabricate nanofibers mirrors the history of the
development of conventional fiber spinning: from electrospinning synthetic polymers to
biopolymers. Electrospinning has also been utilized predominantly to spin synthetic
polymers simply because of the ease of their fiber formation. Recently, electrospun
biofibers are of growing interest, where the merits of bio-based materials and fascinating
properties of nanofibers are combined. The resulting nanofibers are used or finding uses
in various applications including affinity membranes, filtration, wound dressing, drug
release, tissue scaffolds, composite reinforcement and sensors. Readers are referred to
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books and reviews on electrospinning of biopolymer nanofibers and their applications
(Agarwal, Wendorff, & Greiner, 2008; Ashammakhi, Ndreu, Nikkola, Wimpenny, &
Yang, 2008; Chronakis, 2005; Doshi & Reneker, 1993; Goldberg, Langer, & Jia, 2007;
Huang, Zhang, Kotaki, & Ramakrishna, 2003; Hunley & Long, 2008; Kriegel, Arrechi,
Kit, McClements, & Weiss, 2008; Liao et al., 2006; Murugan & Ramakrishna, 2006;
Pham, Sharma, & Mikos, 2006; Schiffman & Schauer, 2008; Sill & von Recum, 2008;
Venugopal & Ramakrishna, 2005; Zhang & Lim, 2008; Zhang, Su, Venugopal,
Ramakrishna, & Lim, 2007).
Many interesting innovations in electrospinning have been reported during the
recent years. These innovations involve the variations of electrospinning apparatus and
functionalization of electrospun nanofibers. On the one hand, the basic electrospinning
setup has an inherent limitation that the throughput of a single needle is considerably low.
Running on a typical feeding rate, the throughput of the basic electrospinning is
calculated to be a few grams per hour. Compared with thousands of tons of fibers per
hour produced by conventional spinning machines, the productivity of electrospinning is
insufficient for feasible industrial production. One of the major purposes of designing
new electrospinning apparatuses is to scale up the nanofiber production rate to industrial
level. On the other hand, the modification of electrospinning process provides nanofibers
with various functionalities. Porous surface nanofibers, core-shell bicomponent
nanofibers, and hollow nanofibers are among the examples of the innovative nanofiber
morphologies. A number of the above and other innovations in electrospinning
techniques are described below.
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2.3.4.1. Multi-needle electrospinning
The utilization of multiple needles is the simplest modification of a single needle
electrospinning setup in order to increase the nanofiber production rate. Simply put, the
enhancement of productivity depends on the number of the needles used. But in reality,
the design of the needle arrangement and needle spacing are other key factors for
nanofiber production. In the recent investigations, examples include linear (Bowman,
Taylor, Sharma, Lynch, & Chadha, 2003; Theron, Yarin, Zussman, & Kroll, 2005),
circular (Tomaszewski & Szadkowski, 2005), hexagonal (Yang et al., 2006) and matrix
(Theron, et al., 2005) needle arrangements. Because of the interactions among multiple
jets in these configurations, the needle spacing is a parameter that has to be taken care of.
Obviously, the smaller the needle spacing, the higher the productivity per spinneret area
and the more uniform of the nanofiber mats. On the contrary, when needles are too close
to one another, the charged neighboring jets will tend to reject each other and cause some
jets to bond together. This spinning instability influences the nanofiber quality, especially
the homogeneous deposition of nanofibers on mat. Therefore, optimal needle spacing has
to be determined for the multi-needle electrospinning. The optimal needle spacing also
depends on the materials used on the electrospinning setup, due to the differences in
surface tension and rheological properties. The number of needles used in invented setups
varies from a few needles (Theron, et al., 2005) to tens of thousands (Kim, 2005; Kim &
Park, 2007) depending on whether it is a lab-scale design or an industrial design.
Multichannel microfluidic devices have been utilized to replace multiple needles
in electrospinning. Advantages of using microfluidic channels over needles include the
flexibility of nozzle design, ease of fabrication and capability of modifying nanofiber
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morphology. The procedure for making microfluidic chips has been well developed and
can be realized in every laboratory. Therefore multichannel configuration, nozzle
configuration and cross section geometry can be flexibly designed according to
researchers’ will. Through modifying channel configurations, nanofibers of different
morphology, for instance layered morphology and biphasic side-by-side (“Janus”)
morphology, were produced.
2.3.4.2. Needleless electrospinning
Electrospinning devices without any kind of spinning nozzles were invented by
several investigators aiming at scaling up the nanofiber production. Most of these
innovations create a liquid surface of the polymer, where multiple jets were ejected by
applied electric field. Table 2.1 lists a number of needleless electrospinning setups
invented by far. In this table, their productivities can be roughly compared according to
the reported data and the key components. Breakthroughs and drawbacks of the design
are also pointed out.
Yarin and Zussman introduced a two-layer electrospinning system, with the
polymer to be spun on the top of a magnetic liquid (Yarin & Zussman, 2004). When a
strong magnetic field is applied, many spikes in the magnetic liquid were induced and
protruding into the upper layer to help jet initiation. While protrusions can be created by
magnetic-induced spikes, free liquid surface can also be induced by bubbles. Liu and He
(LIu & He, 2007; Liu, He, & Yu, 2008) reported a bubble-electrospinning method, where
the polymer solution was aerated to induce small bubbles. When the bubbles reach the
liquid surface, many jets will be ejected from the bubble surface due to surface charging
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and reduced surface tension. This unique technique is able to significantly increase the
production rate of nanofiber. Another idea of mass production of nanofiber is realized by
using a rotating cylinder to create liquid surface. NanospiderTM, a device invented based
on this idea, has been patented and commercialized by the Elmarco Co., Ltd. Now
available are a series of NanospiderTM production lines, from lab scale to semi-industrial
scale to industrial scale. The improvement in electrospinning productivity brings a
revolution in nanofiber technology and more and more efforts are to be made to increase
the nanofiber production rate for practical applications.
Table 2.1. Recent developed needleless electrospinning designs.
Needleless electrospinning design

Characteristics
Magnetic field assisted electrospinning
(Yarin & Zussman, 2004)
•

Jet density: c.a. 26 jets/cm2

•

Fig. (a) Magnetic liquid layer excited by
magnetic field, (b) polymer solution layer,
(c) sawlike counter-electrode to stabilize
jets, (f) strong permanent magnetic or
electromagnet.

•

Large fiber diameter variation (200 nm –
800 nm)
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Cleft electrospinning (Lukas, Sarkar, &
Pokorny, 2008)
•

Flow rate: 6 – 15 ml/h

•

Fig. (6) Saw-like cleft with a narrow
spacing (b) 0.30 ± 0.2 mm and a pitch of
(d) 1.68 ± 0.02 mm.

•

No characterization of the fiber size and
morphology.

•

The saw-like structure of the cleft is not the
main field concentrator.

NanospiderTM (Jirsak et al., 2005)
•

Production rate: 1.5 g/min (for 1 m rotating
cylinder)

•

Fig. (3) Rotating cylinder as electrode, (9)
auxiliary drying air, (40) counter electrode
and conveyer of nanofiber mat, (82) reeling
of nanofiber mat

•

Easy scalable, available for industrial
production line

•

Good control of fiber diameter

•

Wide spectrum of polymers can be spun

Porous tube electrospinning (Dosunmu,
Chase, Kataphinan, & Reneker, 2006)
•

Production rate: 4.2 g/min (for 1 m tube)

•

Fig. PE tube with pores of 10 – 100 µm in
size randomly distributed, air pressure
applied to push material through the pores

•

Small pores may cause clogging

•

Broad fiber diameter distribution
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Tube with holes electrospinning
(Varabhas, Chase, & Reneker, 2008)
•

Production rate: 0.3 – 0.5 g/h (for 13 cm
tube with 20 holes)

•

Fig. Tube with holes drilled on the bottom,
openings on top for feeding material and
applying air pressure

•

Broad fiber diameter distribution (300 –
600 nm)

•

Fiber throughput and size depend on the
number and size of the holes

Bubble electrospinning (He, Liu, Xu, Yu,
& Sun, 2008)
•

Fig. Small bubbles produced on surface for
jets initiation.

•

Unknown production rate

•

Fiber diameter down to 50 nm were
produced

•

Bubbles control is critical for fiber size and
productivity

2.3.4.3. Near-field electrospinning
In near-field electrospinning, the spinning distance (tip-to-collector distance) is
drastically decreased to in the range of some microns to a few millimeters (Sun, Chang,
Li, & Lin, 2006). In order to achieve spinning within this distance, a tiny tip with precise
control is generally utilized and the voltage is also reduced to maintain an equivalent
electric field (in the order of 106 - 107 V/m) as conventional electrospinning. This
spinning process is similar to drawing, where the tip is immersed and pulled out of
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polymer solution. The droplet remaining on the tip thus forms a Taylor cone and is spun
into a nanofiber by the applied electric field.
The near-field electrospinning can be used in controlled deposition, because
within this distance scale, the polymer jet is in the stable region. An AFM tip was used to
prepare single nanofibers with a spinning distance from 10 to 20 µm (Wu, Johannes, &
Clark, 2008). When an electric field is applied to the solution coated on the AFM tip,
nanofibers could be deposited in a controllable fashion (Figure 2.6). Zheng et al. reported
a method of direct-write of micro/nano-structures using near-field electrospinning. In this
setup, the spinning distance was reduced to 500 µm to 3000 µm and precise deposition
was achieved either by controlled tip by two stepper motors (Figure 2.7) (Zheng, Dai,
Wang, & Sun, 2007) or by controlled collector stage (Figure 2.8) (Zheng, Wang, Sun, &
Lin, 2008).

Figure 2.6. AFM tip electrospinning (Adapted from Wu, et al., 2008).
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Figure 2.7. Near-field electrospinning for controlled deposition realized by two stepper
moters (Adapted from Zheng, et al., 2007).

Figure 2.8. Near-field electrospinning for controlled deposition realized by X-Y motion
stage (Adapted from Zheng, et al., 2008).
2.4. Spinning polysaccharides
Polysaccharides are polymeric carbohydrates formed of monosaccharide units
joined by glycosidic linkages. Structurally, polysaccharides differ from each other in
terms of monosaccharide units (species, chirality, and substitution), repetition pattern of
the units, glycosidic linkages (linkage position and configuration of anomeric carbon),
and branching. Functionally, polysaccharides play diverse and crucial roles in organisms.
They are classified into structural polysaccharides (e.g. cellulose, chitin), energy storage
polysaccharides (e.g. starch, glycogen), and polysaccharides performing other biological
functions (e.g. certain bacterial polysaccharides). As a group, polysaccharides make up
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around 75% of all the organic mass on the earth; they are renewable biomass and
inherently biodegradable (Stevens, 2002). Hence, polysaccharides provide countless
choices and sustainable supply of starting materials for fiber applications. Some
polysaccharides take fibrous forms as their appearance in nature, and can either be used
in their original form with some modifications or as starting materials for artificial
spinning. Polysaccharides that are not fibrous by nature may have their particular
advantages (e.g. cost, availability and functionality). Spinning them into fibrous form is
expected to enhance their functionalities and expand their applications. However,
spinning becomes complicated for polysaccharides.
Most polysaccharides are charged polymers, e.g. chitosan is cationic in solution
while alginic acid is anionic, and the electrostatic interactions add complexity to the
system. Counter ions present in solutions of ionic polymers have profound effect on
molecular conformation and thus their capability of forming fibers. For instance, kappacarrageenan molecules are preferentially bound to potassium ions, whereas alginate
forms a strong gel by the help of calcium. Furthermore, naturally occurring polymers are
difficult to control in terms of degree of polymerization. The broad molecular weight
distribution adds uncertainty and inconsistency in the fiber spinning process and in the
resultant fiber properties. Variations in purity, crystallinity and degradation also have
profound influence on fiber spinning. Nevertheless, polysaccharides and their derivatives
have been successfully spun into fibers, especially by electrospinning. Some of the major
polysaccharides that have been successfully spun and commercialized are summarized
below.
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2.4.1. Alginate fibers
2.4.1.1. Alginate
Alginates are polysaccharides isolated from brown algae and quite abundant in
nature. Alginate is a family of unbranched copolymers of (1→4)-linked β-D-mannuronic
acid (M) and α-L-guluronic acid (G) (Figure 2.9). The M and G compositions and
sequences vary with biological source, season and growth conditions (Moe, Draget,
Skjak-brak, & Smidsrod, 1995). Alginate is regarded as a block copolymer because the
residues form MM blocks, which are based solely on D-mannuronic acid, GG blocks,
which are repeating L-guluronic acid units, and blocks of alternating MG. The MM
blocks and GG blocks possess different three dimensional shapes and thus affect mutable
physicochemical properties of alginates. The MM blocks resemble cellulose as a ribbon,
while GG blocks are buckled aiding calcium-mediated gelation.
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Figure 2.9. Chemical structure of alginates (M = D-mannuronic acid and G = L-guluronic
acid).
Alginates are non-toxic and renewable natural polymers. They have been used in
food, textile printing and medical applications largely because of their excellent gel
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forming properties. Alginate fibers can be fabricated either via conventional spinning or
electrospinning into non-woven fabrics, woven fabrics or composites.
2.4.1.2. Alginate fibers
The production of alginate fiber can be dated to 1944 using a wet-spinning
process (Speakman & Chamberlain, 1944). Fibers can be spun from different alginate
salts, e.g. calcium alginate (CA), sodium alginate (SA), calcium sodium alginate (C/SA),
zinc alginate, and alginic acid (Kim, Yoon, & Ko, 2000). Because of its high solubility,
sodium alginate solution is typically used as the spinning dope. By extruding the
filaments into a coagulation bath containing calcium, the calcium alginate fiber or
calcium sodium alginate fiber can be obtained through exchange of sodium and calcium
ions. Similar reactions produce zinc alginate fibers using a zinc chloride coagulation bath,
and alginic acid fibers by including sulfuric acid in the coagulation bath. The production
processes of various alginate fibers have been reviewed (Qin, 2008) and alginate fibers
and dressings are also covered by numerous patents (Kershaw & Mahoney, 1999;
Mahoney, 1993; Mahoney & Howells, 1997; Mahoney, Pritchard, Howells, & Griffiths,
1997; Tong, 1985).
Novel investigations include fabricating alginate blend and coated fibers to
improve their functionalities. A group of researchers prepared SA/gelatin (Fan et al.,
2005), SA/soy protein (Wang et al., 2006), SA/carboxymethyl chitosan (CM chitosan)
(Fan et al., 2006) and SA/konjac glucomannan (KGM) blend fibers (Fan, Zhu, Zheng, Xu,
& Zhang, 2007) by spinning different mixtures through a viscose type spinneret into a
coagulation bath containing 10% CaCl 2 solution and ethanol. The addition of gelatin, soy
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protein, CM chitosan and KGM were all able to increase, though to different extents, the
tensile strength, breaking elongation and water retention of blend fibers compared with
pure SA fiber. Knill et al. coated alginate fibers with chitosan in order to incorporate the
antibacterial effect of chitosan into an alginate wound dressing (Knill et al., 2004). Both
unhydrolyzed chitosan and acid hydrolyzed chitosan were coated onto wet spun SA fibers
through physical absorption in a chitosan bath. SA fibers with hydrolyzed chitosan
coating showed enhanced tensile strength, break elongation and antibacterial effect
compared with those coated with unhydrolyzed chitosan. It was hypothesized that the
reduced chain length of hydrolyzed chitosan allowed more chitosan molecules to
penetrate into CA fibers. As a result, the CA fibers were reinforced by chitosan
components and increased chitosan content enhanced the antibacterial properties.
2.4.1.3. Electrospinning of alginate fibers
Attempts to electrospin alginates have met with difficulties.

Alginates are

insoluble in organic solvents, but attempts to electrospin aqueous alginates have turned
out to be unsuccessful (Schiffman & Schauer, 2008). This challenge was attributed to the
polyelectrolyte nature of alginates; charges induce repulsive forces among polymer
chains and increase the viscosity of its aqueous solution (Schiffman & Schauer, 2008).
There are two ways to overcome this difficulty, either by blending alginates with
polyethylene oxide (PEO) (Lu, Zhu, Guo, Hu, & Yu, 2006; Moon, Ryu, Choi, Jo, &
Farris, 2009; Safi, Morshed, Hosseini, & Ghiaci, 2007) or PVA (Lee et al., 2007; Park,
Park, Kim, & Kim, 2008), or by introducing glycerol as a cosolvent. PEO and PVA are
neutral synthetic polymers that can be mixed with polyelectrolytes to reduce the repulsive
forces and thus increase the flexibility of the alginate chains. Meanwhile, the addition of
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PEO or PVA will maintain the biocompatibility of alginate fibers. Nie et al. were able to
spin pure alginate fibers in nano scale using glycerol, which has strong polarity, as a
cosolvent (Nie et al., 2008). When the volume ratio of glycerol to water was increased
from 0 to 2, surface tension and conductivity decreased, while viscosity increased. All
these changes were believed to result from the conformation of alginate chains altered by
the glycerol present in SA solution. Alginate chains in aqueous solution were reported to
be extended and rigid because of the intra and intermolecular hydrogen bonds mainly
from the GG blocks. When glycerol was added, these hydrogen bonds were interrupted
and new hydrogen bonds between glycerol and alginate formed. These new hydrogen
bonds gave the alginate chains flexibility and thus adequate chain entanglements for
spinning. Continuous and uniform SA nanofibers can be obtained using volume ratio of
glycerol to water at 2:1 and SA concentration up to 2.4% (w/v). Due to the advantages of
nanofibers, SA nanofibers are expected to extend their applications as medical materials.
2.4.1.4. Applications
Alginate is a versatile and biocompatible material which has been used in medical
applications as drug/cell delivery vehicles and support matrix for cell growth (Augst,
Kong, & Mooney, 2006). Alginate fibers have found use in wound management, and
have been widely used as wound dressings since the 1980s (Qin, 2006). The advantages
of alginate fibers as a wound dressing material include: non-toxicity, ion-exchange ability
and abundance of alginate in nature. CA or C/SA fibers are preferred as wound care
dressings because calcium ions are released to the wound to act as a hemostatic agent,
and sodium ions replace calcium ions to turn the dressing into a gel that absorbs and
retains a large amount of exudates from the wound. Some wound dressings also include
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silver in the alginate fibers to achieve a better anti-microbial effect than the alginate
fibers alone (Qin, 2005). However, silver alginate fibers are difficult to form, so CA
fibers are usually treated with silver nitrate to achieve silver attachment.
There are commercial alginate fibers based wound dressing products available in
the market, and some of the examples are list in Table 2.2 (Knill, et al., 2004; Qin, 2006).
Table 2.2. List of alginate fiber based wound dressing products commercially available.
Product name
Algosteril®
Kaltocarb®
Kaltogel®
Kaltostat®
Sorbsan®
Sorbsan Silver
Melgisorb®
Seasorb®
Sorbalgon®
Urgosorb®
Tegagel®
Curasorb®
Restore CalciCare®

Key component
CA fiber
C/SA fiber
C/SA gelling fiber
C/SA fiber
CA fiber
CA fiber with silver
C/SA gelling fiber
C/SA gelling fiber
CA fiber
CA fiber
CA fiber
CA fiber
CA fiber

Manufacturer
Brothier Laboratories
ConvaTec Ltd
ConvaTec Ltd
ConvaTec Ltd
Pharma-Plast Ltd
Unomedical
Molnlycke Health Care
Coloplast
Hartman
Urgo
3M Health Care Ltd
Kendall Healthcare
Hollister

2.4.2. Spinning cellulose and its derivatives
2.4.2.1. Cellulose
Cellulose is the most abundant natural polymer on earth, being renewable and
biodegradable. Cellulose is synthesized in vivo through polymerization of glucose units
and association of chains by the actions of synthases. Cellulose was first discovered in
1839 by Anselme Payen, who conducted extensive research on wood (Woodings, 2001a).
Determination of the chemical structure of cellulose was attributed to many scientists
(Zugenmaier, 2007b). Cellulose consists of long chains of 2,000 to more than 25,000
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(1→4) linked β-D-glucopyranose units. The repeating units of cellulose, cellobiose,
consists of two glucopyranose units (Figure 2.10). The cellulose chains form a ribbonlike structure and are relatively stiff due to the strong intra and intermolecular hydrogen
bonds. This makes cellulose highly crystalline. Cellulose exists in several crystalline
polymorphs (Zugenmaier, 2007a). Natural cellulose exhibits cellulose I crystalline
structure, while regenerated and mercerized cellulose such as viscose rayon exhibits
cellulose II structure. Cellulose III was observed in fibers spun from NH 3 /NH 4 SCN
solutions and in cellulose treated with ammonia. Polymorphism in cellulose crystalline
state results from differences in the way the hydrogen bonds are distributed and chains
packed.
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Figure 2.10. Chemical structure of cellulose.
2.4.2.2. Conventional spinning
Spinning regenerated cellulose fibers may provide innovative materials that have
the combined advantages of natural fibers (e.g. biodegradability and abundant raw
material) and synthetic fibers (e.g. controllable mechanical properties, modified surface,
and fiber geometry). Bacterial cellulose produced by genetically engineered
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microorganisms may prove a “greener” alternative to wood fiber by avoiding messy
delignification processes.
However, due to its high crystallinity, high density of hydrogen bonds, and high
molecular weight, cellulose does not melt nor easily dissolve in many solvents. As a
result, in order to take full advantage of cellulose in fiber applications, the first challenge
to overcome to accomplish dissolution. One strategy to achieve this involves
derivatization of the cellulose into readily soluble form, spinning, and regeneration of the
as-spun cellulose fibers back to native cellulose. The viscose process is a successful
realization of this idea that will be discussed below. Alternatively, various direct solvents
have been proposed, in which cellulose maintains its original chemical structure without
substitution or formation of new covalent bonds. Among these, a clean process based on
a direct solvent N-methyl-morpholine N-oxide (NMMO) led to a new class of
regenerated cellulose fiber, Lyocell. Ionic liquids have recently received attention as
“green” solvents for cellulose. The spinning of cellulose is summarized below and
readers are also referred to other detailed discussions (Cuculo, Aminuddin, & Frey, 2001;
Woodings, 2001b).
The viscose process was developed by Cross, Bevan and Beadle in 1892. By
treating cellulose with caustic soda and then carbon disulfide (CS 2 ), they were able to
dissolve the derivatized cellulose in water or dilute caustic soda to form cellulose
xanthate. The solution was then extruded through a spinneret into a coagulation bath
containing sulphate/sulphuric acid and water. The as-spun fibers were then neutralized
and regenerated to cellulose form (Wilkes, 2001). Over the past century, the viscose
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process has been refined but still suffers from concerns about polluting byproducts, high
energy consumption and high investment costs (Davé & Glasser, 1993).
Another solvent used to dissolve cellulose is a mixture of ammonia and copper, in
what is known as the Bemberg process (Cuculo, et al., 2001). The Bemberg process is
advantageous over the viscose process in that it is less stringent on cellulose degree of
polymerization and concentration, and the process itself is relatively simpler. But the
properties of the resultant fiber are inferior to the viscose rayon. Both processes suffer
due to the pollutants produced and difficulty in recovering, recycling or removal of byproducts, i.e. CS 2 and H 2 S from the viscose process, ammonia and copper in the
Bemberg process.
Investigation of nonpolluting processes to produce regenerated cellulose fibers
has led to the exploration of many new solvent systems for cellulose without
derivatization and degradation. Many solvents have been examined and evaluated for
cellulose (Chegolya, Grinshpan, & Burd, 1989), among which several have proven to be
appropriate for fiber formation. Cellulose dissolved in some solvents is observed to form
a liquid crystalline mesophase in certain ranges of concentration and temperature. Fibers
spun from lyotropic solutions generally have improved mechanical properties compared
with those from isotropic solutions (Cheng, et al., 2001). Hence, spinning cellulose from
liquid crystalline phases has gained much attention.
Chanzy et al. were the first to report formation of a lyotropic mesophase of
cellulose in a mixture of NMMO and water, and succeed in spinning fibers from the
anisotropic solution (Chanzy, Peguy, Chaunis, & Monzie, 1980). The process was termed
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Lyocell technology and the products Lyocell fibers. The Lyocell fibers have been
commercialized originally by Courtaulds in 1992 and are now marketed by Lenzing Inc
under the trade name Tencel®. The Lyocell production process is clean since the
NMMO/H 2 O solvent system is non-toxic, environmentally harmless and totally
recoverable through waste water treatment (Schuster et al., 2004). Lyocell fiber has high
crystallinity with crystalline domains continuously dispersed along the fiber. As a result,
the Lyocell fibers have outstanding mechanical strengths in both wet and dry states, and
modulus compared with other man-made fibers (Eichinger, Firgo, & Rohrer, 2002).
Lyocell fibers also inherit favorable properties from natural cellulose: good moisture
absorbency, comfort, luster and biodegradability (Hongu & Phollips, 1997).
Fibers can also be spun from isotropic solutions of cellulose in NMMO, as a
variation of the Lyocell process. Theoretically, fibers from isotropic solutions would
exhibit different structures and inferior mechanical properties vis-à-vis those spun from
mesophases. But high tensile properties, strength and modulus can be obtained by
conditioning at elevated temperatures. Chae et al. spun cellulose fibers from isotropic
cellulose spinning dope in NMMO monohydrate (Chae et al., 2002). They found little
difference in crystal structure and tensile strength between their fibers and conventional
Lyocell fibers. However, the cellulose fibers from isotropic solution had a lower tensile
modulus, which may be helpful for cellulose fibers used in textiles.
Lithium chloride (LiCl)/N,N-dimethylacetamide (DMAc) was employed as a
solvent for cellulose (McCormick, 1980). Turbak and coworkers were the first to spin
cellulose fibers from this solvent system and studied the process extensively (Turbak,
1983). Patel and Gilbert were the first to report the lyotropic mesophase of cellulose in
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mixtures of trifluoroacetic acid (TFA) and chlorinated alkanes, such as 1,2dichloroethane and methylene chloride (Patel & Gilbert, 1981). Other solvents proposed
for cellulose include ammonia (NH 3 )/ammonium thiocyanate (NH 4 SCN), calcium
thiocyanate

(Ca(SCN) 2 )/water,

zinc

chloride

(ZnCl)/water,

sodium

hydroxide

(NaOH)/urea (Cai et al., 2004), NaOH/thiourea (Ruan et al., 2006; Ruan, Zhang, Zhou,
Jin, & Chen, 2004), and phosphoric acid (Northolt et al., 2001; Turbak, 2001).
The utilization of ionic liquids provides a new opportunity for processing
cellulose minimizing the energy and environmental concerns, because ionic liquids are
chemically and thermally stable, non-flammable and low in volatility (Laus et al., 2005;
Zhu et al., 2006). Several ionic liquids that serve as non-derivatizing solvents have been
proposed such as 1-allyl-3-methylimidazolium chloride (AmimCl) (Zhang, Wu, Zhang,
& He, 2005), 1-butyl-3-methylimidazolium chloride (BmimCl) (Swatloski, Spear,
Holbrey, & Rogers, 2002), and 1,3-dialkylimidazolium formate (Fukaya, Sugimoto, &
Ohno, 2006). Manufacturing cellulose fiber using ionic liquid has attracted attention in
both academia and industry. For example, regenerated cellulose films and fibers were
made using AmimCl (Cao et al., 2009) and BmimCl (Buschle-Diller, Rogers, &
Swatloski, 2005). Kosan et al. (Kosan, Michels, & Meister, 2008) tried spinning cellulose
in ionic liquids including BmimCl, 1-Ethyl-3-methylimidazolium chloride, N-Butyl-3methylimidazolium acetate, and Ethyl-3-methylimidazolium acetate. The resultant fibers
were comparable to Lyocell fibers from NNMO monohydrate, with higher tenacity,
higher loop tenacity and lower elongation values in chloride ionic liquids than in acetate
solutions. Since ionic liquids are promising solvents for cellulose spinning, this field is
expected expand and may lead to fiber products competitive with Lyocell fibers.

44

The difficulty in dissolving cellulose hinders the full utilization of cellulose as an
alternative material for synthetic polymers. Research into dissolution and spinning of
cellulose is in progress in order to achieve a method that is not only productive but also
friendly to the environment.
2.4.2.3. Electrospinning of cellulose
With the development of electrospinning, potential submicron- and nano-scale
cellulose fiber is expected to bring valuable properties and expand the uses of cellulose
based fibers significantly. However, the electrospinning of cellulose encounters the same
difficulty as conventional spinning: the dissolution of cellulose. The same strategies (i.e.
derivatization and direct solvents) have been taken by researchers.
Among cellulose derivatives, cellulose acetate is a popular starting material since
cellulose acetate is readily dissolved in suitable electrospinning solvents and can be easily
converted back to cellulose. Electrospinning of cellulose acetate fiber was patented by
Formhals in 1934 (Formhals, 1934), also being the first electrospun fiber. The solvent
used contained acetone and alcohol along with softening agents. The mechanical and
morphological properties of the resultant fibers were not reported. There are few reports
on electrospinning cellulose fiber until the last decade, when electrospinning re-entered
the scope of both academia and industry. In 1998, Jaeger et al. (Jaeger, Bergshoef, Batlle,
Schonherr, & Vancso, 1998) reported electrospinning of cellulose acetate dissolved in
acetone, which resulted in fibers with beads. Several solvent systems have been proposed
for electrospinning of cellulose and cellulose derivatives. Electrospinning of cellulose
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and cellulose derivatives has been reviewed by Frey (Frey, 2008) and Schiffman
(Schiffman & Schauer, 2008) and summarized in Table 2.3.
Ionic liquids, such as AmimCl/dimethyl sulfoxide (DMSO) (Xu et al., 2008) and
BmimCl (Viswanathan et al., 2006), have also been evaluated as appropriate solvents for
cellulose. Because these solvents are nonvolatile, the resultant fibers have to be washed
to remove the ionic liquids. In addition, the ionic liquids have strong electrostatic charges,
which straighten the fibers during electrospinning. Therefore, instead of depositing on the
collector as a mat, the fibers will stand vertically on the collector. This difficulty was
overcome by using a rotating copper wire drum as a collector (Xu, et al., 2008). In
addition to searching for more appropriate solvent systems, recent trends in research
include manufacturing of functionalized cellulose ultrafine fibers, cellulose composite
fibers, and cellulose fiber reinforced composites.
Various kinds of drugs/nutrients (e.g. naproxen, indomethacin, ibuprofen, and
sulindac (Tungprapa, Jangchud, & Supaphol, 2007), curcumin (Suwantong, Opanasopit,
Ruktanonchai, & Supaphol, 2007), asiaticoside (Suwantong, Ruktanonchai, & Supaphol,
2008), vitamin A acid and vitamin E (Taepaiboon, Rungsardthong, & Supaphol, 2007))
have been incorporated into electrospun cellulose acetate fibers for cosmetic, wound
dressing and tissue engineering applications. For all uses, average fiber diameters in the
order of several hundred nanometers were obtained. Drug or nutrient aggregations were
absent on the fiber surface, suggesting that the drugs/nutrients were encapsulated in the
fibers. Most of the drugs/nutrients were loaded onto the cellulose acetate fiber with over
80% of the initial amounts except for vitamin A (44.5%). The release characteristics of
drugs/nutrients from cellulose acetate fibers into buffer media at physiological
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temperature (37oC) were compared with cellulose acetate cast films loading the same
drug or nutrient. After the time period of investigation, the amount of the drugs released
from the drug loaded fibers, in any case, was greater than that from the cast film
counterparts.
Oxidized cellulose is biodegradable and hemostatic, ideal for medical applications.
But due to the poor solubility of oxidized cellulose, ultrafine fibers cannot be directly
fabricated. Park and his coworkers (Son, Youk, & Park, 2004) prepared oxidized
cellulose fibers via electrospinning of cellulose acetate dissolved in acetone/water
followed by deacetylation and oxidation of the cellulose acetate fibers by a mixture of
HNO 3 /H 3 PO 4 -NaNO 2 . Factors affecting fiber yields, carboxyl contents and swelling
properties were studied for potential use in adhesion barriers. Knil et al. also electrospun
oxidized cellulose mats but by a different oxidation mixture, NO 2 and a perfluorocarbon
(Khil et al., 2005). In vitro degradation showed a loss of nanofibrous structure with
respect to reaction time.
Park et al. incorporated silver particles in their cellulose acetate nanofibers aimed
for antimicrobial uses (Son, Youk, Lee, & Park, 2004; Son, Youk, & Park, 2006). Silver
nitrate particles were first loaded on the cellulose acetate fiber surface through
electrospinning of their mixed solutions and then were photoreduced to silver
nanoparticles by UV irradiation. The antimicrobial properties of silver particles have
been demonstrated in PAN and PVA fiber matrices (Jin, Jeon, Kim, & Youk, 2007; Yang
et al., 2003). Silver loaded cellulose acetate fibers resulted in 99.9% reduction of bacteria
tested (S. aureus, E. coli, K. pneumonia, and P. aeruginosa) after 18 hours incubation at
37oC. Chen et al. (Chen, Bromberg, Hatton, & Rutledge, 2008) prepared electrospun
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cellulose/PEO composite fiber from N, N-dimethylformamide (DMF) with chlorhexidine
(CHX) as a bactericidal agent, cured by a cross-linker. The CHX-containing fiber mats
they obtained showed bactericidal capability by both gradual release of unbound CHX
from the fibers and direct contact with CHX bound on the fibers. All these studies
previewed potential of electrospun cellulose based fibers for antimicrobial applications. It
is expected that this application will be extensively studied by incorporation of a wide
range of antibacterial agents in or on the fibers.
Cellulose-based ultrafine fibers with superhydrophobicity have been prepared.
Park et al. (Yoon, Moon, Lyoo, Lee, & Park, 2009) electrospun cellulose triacetate fibers
using methylene chloride/ethanol as the solvent system and further converted the fiber
mat to be superhydrophobic by plasma treatment. Another method using sol-gel coating
to

converting

cellulose

acetate

fiber

mats

from

superhydrophilicity

to

superhydrophobicity was done by Ding et al. (Ding et al., 2006). The resultant
superhydrophobic fiber mats are useful for many potential applications such as selfcleaning materials and contamination prevention, due to their poor wettability.
Cellulose nanofiber mats were evaluated as enzyme immobilization media and
affinity membranes. Lipase was immobilized on electrospun cellulose acetate fibers by
first covalently binding either a spacer, polyethylene glycol (PEG) (Wang & Hsieh, 2004),
or a ligand, Cibacron Blue F3GA (Lu & Hsieh, 2009) to the fiber surface. The lipase
immobilized by ligand binding had a catalytic reaction rate and activity similar to that of
free lipase, whereas lipase on PEG-cellulose fiber membranes exhibited even higher
activity than the free lipase form. Ma et al. also bound Cibacron Blue F3GA to
electrospun cellulose acetate fiber mats (Ma, Kotaki, & Ramakrishna, 2005). They found

48

good capturing ability for bovine serum albumin and bilirubin as well as reusability of the
fiber mats. This group also prepared oxidized cellulose fiber mats covalently bonded with
protein A/G for use as an affinity membrane for immunoglobulin G (IgG) purification
(Ma & Ramakrishna, 2008). This oxidized cellulose fiber membrane resulted in higher
capturing capacity for IgG than that of commercially available products. In addition, in
these studies the electrospun cellulose fiber mats were observed to retain good structure
and ease of handling throughout the experiment. Thus electrospun cellulose fiber mats
could be further exploited as a candidate for enzyme immobilization and affinity
membrane for many types of proteins including enzymes and antibodies.
Electrospun cellulose-based composite fibers may provide expanded functionality
through synergistic interactions. For instance, electrospun cellulose acetate/polyethylene
glycol composite fibers may function as thermo-regulating and thermal energy storage
materials (Chen, Wang, & Huang, 2007, 2009). Zhang et al. reported electrospinning of
cellulose acetate/PEO using DMF/dioxane as the solvent (Zhang & Hsieh, 2008). In the
bicomponent fibers, phase separation between cellulose acetate and PEO was observed
with FT-IR and DSC, showing a PEO sheath and cellulose acetate core fiber structure.
Other examples include bi-component fibers from cellulose acetate/polyurethane (Tang,
Chen, & Liu, 2008), and cellulose/heparin (Viswanathan, et al., 2006).
Cellulose nanofiber reinforced polybutylene succinate (PBS) composites were
fabricated by molding pulverized PBS powder and electrospun cellulose acetate
nanofibers in the form of alternating stacked layers (Han, Son, Youk, & Park, 2008). The
fiber-reinforced composite had a higher storage modulus than PBS matrix without
reinforcement in the temperature range from -100 to 100oC. However, it was noticed that
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the crystallinity of the cellulose nanofibers was lower than that of the native cellulose.
The reinforcing effect can be further enhanced when processing conditions can be
optimized to increase the crystallinity of the electrospun cellulose fibers. PVA films
(Tang & Liu, 2008) and soybean protein isolate (SPI) films (Chen & Liu, 2008)
reinforced by cellulose nanofibers were reported. The electrospun cellulose fiber mats
were immersed in PVA or SPI solutions, which were subsequently dried to make
composite films. The mechanical strength and Young’s modulus were increased
significantly by the incorporation of cellulose fiber mats compared with PVA and SPI
films without reinforcement. The optimal cellulose nanofiber contents for getting the
highest mechanical strength and Young’s modulus were determined to be 40% and 20%
in cellulose/PVA and cellulose/SPI composite films, respectively.

50

Table 2.3. Electrospinning of cellulose and its derivatives.
Material

Solvent

Technical highlights (Reference)

LiCl/DMAc,
NMMO/water

Crystallization, oxidation to produce oxidized cellulose fiber
(Kim, Kim, Kang, Marquez, & Joo, 2006)

Cellulose

NMMO/water

Oxidation and in vitro degradation behavior (Khil, et al., 2005; Kulpinski, 2005)

Cellulose

AmimCl/DMSO

Room temperature ionic liquids as solvent (Xu, et al., 2008)

Cellulose

BmimCl

Ethanol used to remove the liquid crystal solvents (Viswanathan, et al., 2006)

Pure cellulose
Cellulose

Cellulose derivatives
Cellulose acetate
Acetone/DMAc

Incorporation of Vitamin A, E, naproxen, indomethacin, ibuprofen, sulindac,
curcumin and asiaticoside on to cellulose acetate fibers and their release
characteristics
(Suwantong, et al., 2007; Suwantong, et al., 2008; Taepaiboon, et al., 2007;
Tungprapa, Jangchud, et al., 2007)

Cellulose acetate

acetone/DMAc,
DCM/methanol,
chloroform/methanol

Effect of solvent system on electrospinning of cellulose acetate
(Tungprapa et al., 2007)

Cellulose acetate

Acetone/water

Incorporation of silver nanoparticles for antimicrobial use. photoreduction and
distribution of Ag+ (Son, Youk, Lee, et al., 2004; Son, et al., 2006)

Cellulose acetate

Deacetylation and oxidation. Protein A/G attached as affinity membrane for IgG
purification (Ma & Ramakrishna, 2008)

Cellulose acetate

Acetone/water

deacetylation and oxidation to produce oxidized cellulose fiber (Son, et al., 2006)

Cellulose acetate

Acetone/DMF/
Trifluoroethylene

Deacetylation. Potential application as affinity membrane (Ma, et al., 2005)

Cellulose acetate

Acetone/DMAc

Deacetylation and lipase immobilization (Lu & Hsieh, 2009; Wang & Hsieh, 2004)
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Cellulose acetate

Acetic acid/water

Effect of solvent composition. Deacetylation
(Han, Youk, Min, Kang, & Park, 2008)

Cellulose acetate

Acetone/DMAc

Conversion to super-hydrophobic surface (Ding, et al., 2006)

cellulose triacetate

Methylene
chloride/Ethanol

Intrafiber pore size (Han, Son, Youk, Lee, & Park, 2005)

cellulose triacetate

Methylene
chloride/Ethanol

Conversion to superhydrophobicity (Yoon, et al., 2009)

Ethyl-cyanoethylcellulose

THF

(Zhao, Wu, Wang, & Huang, 2003; Zhao, Wu, Wang, & Huang, 2004)

Ethyl celllulose

THF/DMAc

Effect of solvent on diameter and morphology (Wu, Wang, Yu, & Huang, 2005)

Hydroxypropylcellulose

Anhydrous ethanol or
2-propanol

Template for SnO 2 fiber. Proposed application in microelectromechanical systems
(Shukla, Brinley, Cho, & Seal, 2005)

Cellulose blend fibers
Cellulose/PEO
DMF

Effect of MW and concentration and addition of dioxane (Zhang & Hsieh, 2008)

Cellulose/
PEO

DMF

Incorporation of chlorhexidine as a bactericidal agent and curing by a cross-linker.
Antibacterial effect and release characteristics (Chen, L., et al., 2008)

Cellulose/
PEO

DMF

Chlorhexidine incorporated as a bactericidal agent. Antibacterial capability
(Chen, L., et al., 2008)

Cellulose acetate/
PEG

Acetone/DMAc

Crosslinked to enhance water resistant ability. Thermal property investigated.
Potential application as thermo-regulating material
(Chen, C., et al., 2007; Chen, et al., 2009)

Cellulose/
heparin

BmimCl

Ethanol used to remove the liquid crystal solvents (Viswanathan, et al., 2006)

Cellulose
acetate/polyurethane

DMAc/acetone

(Tang, et al., 2008)

52

Biocomposites
Cellulose/PBS

PBS biocomposites reinforced by the ultrafine cellulose fibers
(Han, Son, et al., 2008)

Cellulose/PVA

PVA composite film reinforced by cellulose nanofiber (Tang & Liu, 2008)

Cellulose/SPI

soybean protein isolate (SPI) composite reinforced by cellulose nanofibr mats
(Chen & Liu, 2008)

Coated CA fiber

Cellulose acetate fibers coated with chitosan/sodium alginate and
chitosan/polystyrene sulfonate (Ritcharoen, Supaphol, & Pavasant, 2008)
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2.4.3. Chitin and chitosan fibers
2.4.3.1. Chitin and chitosan
Following cellulose, chitin is the second most abundant natural polymer. Chitin is
a linear polymer of N-acetyl-2-amino-2-deoxy-D-glucopyranose linked by β-D (1→4)
bonds (Figure 2.11). Chitin can be regarded as cellulose derivatized at the C-2 position by
an acetamido group. Functionally chitin is similar to cellulose in that it is a structural
polysaccharide, abundantly found in cell walls of fungi and exoskeletons of arthropods
such as crustaceans and insects. Chitosan is the partially N-deacetylated derivative of
chitin, a copolymer of 2-amino-2-deoxy-D-glucopyranose and N-acetyl-2-amino-2deoxy-D-glucopyranose linked by β-D (1→4) bonds (Figure 2.12).
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Figure 2.11. Chemical structure of chitin.
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Figure 2.12. Chemical structure of chitosan.
Chitin and its deacetylated product, chitosan, have attracted renewed scientific
and economic interest because of their abundance, especially the availability from
seafood waste, and unique attributes, e.g. biodegradability, biocompatibility, nontoxicity,
wound-healing acceleration, antimicrobial and chelating properties. Chitin and chitosan
have been widely used in food, biomedical, cosmetic, and textile applications. By
fabricating chitin and chitosan fibers, one could make better advantage of the bioactive
properties and broad the applications of these polymers.
2.4.3.2. Chitin fibers
Chitin has been considered to be a good candidate for fiber spinning because it
forms microfibrillar arrangements in living organisms. Traditionally, chitin and chitosan
fibers were obtained by wet-spinning processes. Since chitin is highly hydrophobic,
relatively inert and has semicrystalline structure, it is relatively insoluble. Like cellulose,
the first hurdle to overcome is its dissolution.
Typical solvents include inorganic salt solutions, and dissolution is achieved with
the aid of mechanical energy (Ravi Kumar, 1999). Halogenated solvent systems,
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including solvents such as trichloroacetic acid (TCA) and dichloroacetic acid (DCA),
have been extensively studied by many researchers, but their use is problematic because
TCA, DCA and similar solvents are either corrosive, environmentally harmful or toxic
(Ravi Kumar, 1999). Other solvent systems proposed include amide-LiCl systems, such
as DMAc/LiCl, and amine oxide/water system, such as NMMO/H 2 O. A detailed
discussion of solvent systems for chitin and wet-spinning of chitin was given by Kumar
(Dutta, Ravikumar, & Dutta, 2002; Ravi Kumar, 1999).
2.4.3.3. Electrospinning of chitin
The electrospinning of chitin has also been limited because of its poor solubility.
Even though the polymer is soluble in 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP), the
solubility is as low as 0.65 wt% due to its high molecular weight. Park and coworkers
(Min et al., 2004) degraded chitin by gamma irradiation to improve its solubility in HFIP,
and thus were able to electrospin chitin nanofibers (with an average diameter 110 nm
with a range from 40 to 640 nm) from chitin-HFIP solutions with concentrations from 3%
to 6%. The chitin nanofiber mats were transformed into chitosan fibers with degree of
deacetylation (DD) around 85% without dimensional changes. These researchers (Noh et
al., 2006) then evaluated the degradation and cytocompatibility of their chitin nanofiber
mats and compared them with commercial chitin microfibers (Beschitin W®) with an
average diameter 8.77 µm. The degradation rate of chitin nanofibers was faster than the
microfibers probably due to their higher surface to volume ratio. Higher cell attachment
and spreading of normal human keratinocytes and fibroblasts were also observed on their
electrospun chitin nanofibers vis-à-vis the commercial fibers, indicating a promising
candidate for wound dressing and tissue engineering.
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The electrospinning of chitin-based composite fibers was also investigated by
Park and coworkers as scaffolds to simulate native extracellular matrix. They prepared
chitin/polyglycolic acid (PGA) (Park, Kang, Lee, Min, & Park, 2006) and chitin/silk
fibroin (Park, Jung, Lee, Min, & Park, 2006; Yoo et al., 2008) blend nanofibers. The
chitin was immiscible with either PGA or silk fibroin in their blend fibers as indicated by
DSC and viscosity measurements, respectively. Their degradation and cytocompatibility
results showed that by blending 75% of chitin and 25% PGA or silk fibroin the
nanofibers demonstrated the most cell attachment and spreading for normal human
fibroblasts. Hence, the researchers claimed that these non-woven fabrics made from
chitin-based blends would be useful for wound healing and skin regeneration purposes.
As another example of chitin composite fibers, Tura et al. reported electrospinning of
gelatin/chitin blends into nanofibers (Tura et al., 2008). In order to dissolve chitin, they
first employed microwave energy to degrade chitin in a TCA and formic acid mixture.
Hence gelatin/chitin fibers were successfully electrospun from their mixed solution
containing 1.33% chitin.
2.4.3.4. Chitosan fibers
Contrary to chitin, chitosan is a relatively soluble biopolymer. The solution
properties of a chitosan depend on its average DD and the distribution of the acetyl
groups along the main chain (Rinaudo, 2006). Various solvents and processes for
spinning chitosan fibers have been developed (Agboh & Qin, 1997; Hirano, 2001; Ravi
Kumar, 1999). In recent years, chitin/chitosan fiber spinning processes and their novel
applications have been continuously studied.
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Hirano’s group reported a number of post chemical modifications of chitosan
fibers (Hirano, 2001; Hirano et al., 1999). First they spun chitosan solution in 2% acetic
acid/methanol with coagulation bath containing NaOH/sodium acetate or NaOH/Na 2 SO 4 .
After drawing and drying, chitosan was N-modified by aldehydes. The tenacity and
elongation of resultant fibers were little affected by the modification process except those
modified by formaldehyde and glyoxal. The post-spinning chemical modification
provides more opportunities for chitosan fibers to be functionalized for numerous
applications.
Chitosan fibers have been produced using a gel-spinning process (Notin et al.,
2006), where a highly deacetylated chitosan was dissolved in aqueous acetic acid solution
as the dope, and spun into a coagulation chamber of gaseous ammonia. The mechanical
properties of fibers were studied after stretching and during ageing with the best result
being Young’s modulus of 82 g/denier and tenacity of 2 g/denier.
El-Tahlawy et al. conducted a comprehensive study to determine the spinnability
of chitosan by several parameters including rheological behavior of the chitosan solution
dope, coagulation rate and draw ratio during wet-spinning (El-Tahlawy & Hudson, 2006).
But only the optimization of spinning dope compositions in terms of spinnability was
reported. Few recent studies on wet-spinning of chitosan have been reported possibly due
to the prevalence of electrospinning as a means to produce chitosan nanofibers.
2.4.3.5. Electrospinning of chitosan
Electrospinning opens a new opportunity for combining nano-effects and
antimicrobial and wound-healing properties of chitosan, especially in medical uses. The
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development of electrospinning of chitosan has involved optimizing of process
parameters, such as the solvent system, molecular weight, degree of deacetylation, and
electrospinning conditions. Table 2.4 summarizes some of the successful electrospinning
of chitosan and chitosan blend fibers reported in the literature.
There are theoretically more solvent choices available for chitosan than for chitin.
But when dissolved in acidic solvents, chitosan becomes a cationic polyelectrolyte, and
the strong repulsive force among the polycations along the chitosan chains prevents
sufficient chain entanglement necessary for fiber formation (Li & Hsieh, 2006; Park,
Jeong, Yoo, & Hudson, 2004). Among reports of electrospinning of pure chitosan, two
solvents have been generally involved, TFA and acetic acid. They may interact with
chitosan amino groups to form salts and thus destroy the rigid interactions among
chitosan molecules. The high volatility of these solvents makes them suitable for
electrospinning.
A series of solvents, including formic acid, 0.2 M acetic acid, 0.1 M hydrochloric
acid, TFA and their mixtures with several organic solvents, were examined for
electrospinning chitosan (Ohkawa, Cha, Kim, Nishida, & Yamamoto, 2004). Beadless
and uniform chitosan fibers with diameters ranging from 210 to 650 nm were obtained
using a solution of TFA/dichloromethane (DCM) at a ratio of 70:30, while using other
solvents turned out to be unsuccessful. Later, they were also able to spin chitosan in TFA
alone and decreased the average diameter below 100 nm by adjusting chitosan source
(varying properties such as molecular weight, DD) and concentration (Ohkawa, Minato,
Kumagai, Hayashi, & Yamamoto, 2006).
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Torres-Giner et al. (Torres-Giner, Ocio, & Lagaron, 2008) also evaluated a series
of solvents among which TFA/DCM at a ratio of 70:30 was the most appropriate choice
for electrospinning chitosan. The TFA/DCM mixture was superior to TFA alone possibly
because DCM lowers the surface tension caused by strong acidic TFA, and DCM has an
even lower boiling point. By using a chitosan with molecular weight from 190 kDa to
375 kDa and concentration of 5 wt%, the viscosity was optimized for electrospinning and
beadless, smooth and uniform fibers with an average diameter below 100 nm were
obtained.
Schiffman and Schauer electrospun nanofiber mats from four different chitosan
sources (low, medium, and high molecular weights and a practical grade) dissolved in
TFA and obtained fibers around 100 nm in diameter from all grades of chitosan
(Schiffman & Schauer, 2007a). The electrospun chitosan fiber mats were soluble in water,
a drawback for use in filtration and medical care. Hence, they employed a cross-linking
method using vapor-phase glutaraldehyde (GA) to transform the as-spun soluble
nanofiber mats to water insoluble mats. Cross-linking apparently increased fiber
diameters and decreased ultimate tensile strength. However due to insufficient techniques
to follow the cross-linking process they were unable to determine the depth the crosslinking agent penetrated into the fiber mats. Schiffman and Schauer reported one-step
cross-linked chitosan fibers by electrospinning (Schiffman & Schauer, 2007b). In this
method, a 50% GA was added into the chitosan solution before electrospinning. This
process was 25 times faster than the two-step method above. More importantly, the
resultant chitosan fibers had decreased average diameter (128 ± 40 nm) and could retain
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the same structural integrity when immersed in acetic acid, ultrapure water, and NaOH
solutions.
Neutralization of chitosan fiber mats electrospun from TFA using potassium
carbonate enhanced their stability in the swollen state (Haider & Park, 2009). Because of
their high specific surface area, the chitosan fiber mats showed higher absorption
capacities for Cu(II) and Pb(II) than other reported values using chitosan microspheres
(Wan Ngah, Endud, & Mayanar, 2002) and plain chitosan (Huang, Chung, & Liou, 1996).
Concentrated acetic acid can be used as an alternative solvent to dissolve and
electrospin chitosan. Geng et al. obtained uniform chitosan fibers when the concentration
aqueous acetic acid ranged from 30% to 90% but only from chitosan with a concentration
of 7 wt%, 54% DD, and a medium molecular weight of 106,000 g/mol (Geng, Kwon, &
Jang, 2005). They found that increased acetic acid concentration decreased the surface
tension of the chitosan solution without affecting the viscosity significantly. These effects
would facilitate fiber formation from chitosan. The feasibility of utilizing concentrated
acetic acid as solvent for chitosan was further confirmed by De Vrieze et al. (De Vrieze,
Westbroek, Van Camp, & Van Langenhove, 2007).
However, conflicting reports exist in which electrospinning of chitosan in acetic
acid solution was unsuccessful. For example, Kriegel et al. (Kriegel, Kit, McClements, &
Weiss, 2009) and Desai et al. (Desai, Kit, Li, & Zivanovic, 2008), respectively, did not
succeeded in electrospinning pure chitosan from 90% acetic acid. This might be
attributable to an inappropriate chitosan molecular weight, DD, or concentration, 1.2 and
1.6 wt% of 1000 kDa chitosan with 80% DD used by Kriekel et al., and 5 wt% of 100
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kDa chitosan with 83% by Desai et al.. Especially the concentrations were far lower than
the optimum value (7 wt%) claimed by Geng et al (Geng, et al., 2005). Torres-Giner et al.
reported that electrospinning of chitosan dissolved in 90% acetic acid resulted in beads
substantially larger than the diameter of the nanofibers (Torres-Giner, et al., 2008). Other
unsuccessful attempts include results from Li and Hsieh (Li & Hsieh, 2006) and
Sangsanoh and Supaphol (Sangsanoh & Supaphol, 2006). These controversies may result
from other unoptimized parameters such as molecular weight, degree of deacetylation
and spinning conditions.
2.4.3.6. Electrospinning of chitosan composite fibers
PEO is frequently used to facilitate electrospinning of difficult to process
polymers, since it has good electro-spinnability, biocompatibility and solubility in
aqueous solutions. Duan et al. reported that ultrafine fibers could not be electrospun from
chitosan solution in aqueous acetic acid, but formed when a certain amount of PEO was
added (Duan, Dong, Yuan, & Yao, 2004). Phase separation might have occurred which
resulted in chitosan and PEO rich fibers of different diameters. Lou et al. found that the
chitosan/PEO ratio is an important factor in fiber formation, and a ratio of 60:40 resulted
in the optimum fiber mat morphology with fiber diameters below 100 nm (Lou et al.,
2008). They also confirmed the non-toxicity and the enhanced cell proliferation of the
chitosan/PEO fiber mats. By heating the polymer solution with hot air before it was
ejected, Desai et al. was able to electrospin blend solution with PEO concentration as low
as 5% without bead formation (Desai, Kit, Li, & Zivanovic, 2008).
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Vondran et al. reported electrospun chitosan/PEO nanofiber mats cross-linked
with GA and compared them with ones without cross-linking (Vondran, Sun, & Schauer,
2008). Results showed mechanical properties change with exposure time but generally
cross-linking tended to increase the stiffness and decrease the ductility of the electrospun
mats.
Kriegel et al. again found that the addition of PEO (25% of polymer content)
facilitated fiber formation from chitosan (Kriegel, Kit, McClements, & Weiss, 2009).
They included in the blend fibers different surfactants, i.e. sodium dodecyl sulfate (SDS),
dodecyltrimethylammonium bromide (DTAB) and polyoxyethylene glycol (23) lauryl
ether (Brij 35). The surfactants can be retained in the nanofibers either in the form of
micelles or monomers. Furthermore, the addition of surfactants may portend practical
uses, since surfactants may self-assemble to form micelles which can serve as carriers of
lypophilic functional ingredients such as pharmaceuticals, nutraceuticals, antimicrobials,
or flavor compounds. Another surfactant Triton X-100TM was incorporated into
chitosan/PEO nanofibers by Bhattarai et al. to study cytocompatibility for chondrocytes
and osteoblasts (Rinaudo, 2006).
Instead of using normal PEO, Zhang et al. evaluated the effect of addition of
ultrahigh-molecular weight polyethylene oxide (UHMWPEO) on electrospinning of
chitosan (Agboh & Qin, 1997). They found that a much lower amount (5%) of
UHMWPEO was required to form chitosan nanofibers than that of traditionally used PEO.
They further reported incorporation of hydroxyapatite (HAp) nanoparticles into theses
blend fibers and compared them with unloaded ones with respect to bone formation
ability (Hirano, 2001). With stimulating effect of HAp on cell proliferation and mineral
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deposition, and simulation of native bone tissue by the blend fibers, this fiber complex
may have great potential to be used in bone tissue engineering.
Given the ease of PEO to form fibers, a group of researchers utilized it as a
template for electrospinning chitosan fibers (Hirano, et al., 1999). They first modified the
syringe pump used for electrospinning to spin nanofibers with a chitosan core and a PEO
sheath. Then the PEO sheath was removed by washing the fiber mat in deionized water to
obtain chitosan nanofibers.
In addition to PEO, PVA is commonly used to facilitate electrospinning of other
polymers. Ohkawa et al. reported electrospinning of Chitosan/PVA together with pure
chitosan fibers (Ohkawa, et al., 2004). Chitosan and PVA were dissolved in neat formic
acid and distilled water, respectively, then blend solutions were electrospun, resulting in
fibers with diameters of several hundred nanometers.
Li and Hsieh electrospun chitosan/PVA fibers from aqueous acetic acid solution
and then fabricated porous fibers by removing PVA contents from the fibers (Li & Hsieh,
2006). They found that reducing molecular weight and increasing DD helped prepare the
blend solution more homogeneously and thus rendered better processability and more
uniform fiber composition.
Chitosan/PVA blend fibers were functionalized to satisfy various applications.
For instance, lipase could be immobilized on porous chitosan/PVA fiber membranes to
improve their pH and thermal stabilities while retaining half the enzyme activity
compared to free lipase (Huang, Ge, & Xu, 2007). HAp was incorporated into
chitosan/PVA blend fibers to take advantage of biological effects of HAp aforementioned.
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Mouse fibroblast cells were shown to grow on the blend fiber membrane with HAp
without affecting their morphology or viability (Yang, Jin, Ma, et al., 2008; Yang, Jin,
Zhou, et al., 2008). Antimicrobial agents AgNO 3 and TiO 2 were also incorporated in
chitosan/PVA blend fibers, where AgNO 3 functioned more evidently (Son, Yeom, Song,
Lee, & Hwang, 2009). The effectiveness was influenced by chitosan concentration and
fiber diameter: the higher the chitosan concentration and lower the fiber diameter, the
higher the antimicrobial activity.
Several other materials have been blended with chitosan for electrospinning.
Examples include chitosan/PET (Jung et al., 2007), chitosan/cellulose (Du & Hsieh,
2009), chitosan/polyacrylamide (PAM) (Desai & Kit, 2008; Penchev, Paneva, Manolova,
& Rashkov, 2008), chitosan/poly(2-acrylamido-2-methylpropanesulfonic acid) (PAMPS)
(Penchev, et al., 2008), chitosan/PLLA (Chen, Tseng, Delimartin, Lee, & Ho, 2008; Xu
et al., 2009), chitosan/collagen (Chen, Z. G., Mo, X. M., He, C. L., & Wang, H. S., 2008;
Chen, Z. G., Mo, X. M., & Qing, F. L., 2007), and chitosan/poly(L-lactic acid-co-εcaprolactone) (PLLA-CL) (Chen et al., 2008). These blends provide the opportunity to
modify properties of chitosan fibers and fabricate new materials for various applications.
2.4.3.7. Electrospinning of chitosan derivatives
Hexanoyl chitosan is an acylated derivative of chitosan. It was found to be antithrombogenic and resistant to hydrolysis by lysozyme. To take advantage of these
properties, hexanoyl chitosan was electrospun from its chloroform solution with
pyridinium formate added to improve electrospinnability (Neamnark, Rujiravanit, &
Supaphol, 2006). The porous fiber mats were proven to be non-toxic for mouse
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fibroblasts (L929) and able to support the attachment and the proliferation of human
keratinocytes and human foreskin fibroblasts (Neamnark, Sanchavanakit, Pavasant,
Rujiravanit, & Supaphol, 2008).
N-carboxyethyl chitosan (CE chitosan) is a water soluble derivative of chitosan.
Instead of using organic or acidic solvents, CE chitosan was dissolved in water with PVA
for electrospinning (Mincheva, Manolova, & Rashkov, 2007). The non-toxicity and cell
supporting properties of the CE chitosan/PVA fiber membranes provided a new family of
materials for medical applications (Zhou et al., 2008).
Carboxymethyl chitosan (CM chitosan) is another water soluble chitosan
derivative produced by the substitution of the -OH of chitosan by -CH 2 COOH. CM
chitosan shows high viscosity, large hydrodynamic volume as well as biocompatibility.
CM chitosan requires another polymer such as PVA, PEO, or PAA to form fibers by
electrospinning (Du & Hsieh, 2008). Nanofibers with an average diameter of 130 nm
were obtained from CM chitosan/PVA blends and further cross-linking makes the fiber
mats water-insoluble.
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Table 2.4. Summary of successful electrospinning of chitosan and chitosan blend fibers.
Material

Solvent

Technical highlights (Reference)

Pure Chitosan
Chitosan

90% acetic acid

>30% acetic acid was prerequisite for chitosan nanofiber formation. Concentrated acetic
acid in water progressively decreased surface tension, and increased charge density
without significant effect on solution viscosity (Geng, et al., 2005)

Chitosan

90% acetic acid

Effect of several solvents and their mixtures with only strong acetic acid (80-90%)
effective. Fiber diameter below 100nm (De Vrieze, et al., 2007)

Chitosan 10

TFA & TFA/MC

Several solvents investigated: formic acid, 0.2M acetic acid, and trifluoroacetic acid and
their mixtures with methanol, ethanol, 1,4-dioxane, dichloromethane, N,Ndimethylformamide and dimethylsulfoxide. Only TFA and TFA/MC effective
(Ohkawa, et al., 2004)

Chitosan

TFA

Cross-linking with glutaraldehyde (GA) vapor. Insoluble in basic, acidic, and aqueous
solutions (Schiffman & Schauer, 2007a)

Chitosan

TFA-DCM

Effect of various solvents with the co-system of TFA-DCM most adequate due to low
boiling point and surface tension. Antimicrobial test (Torres-Giner, et al., 2008)

Chitosan

acetic acid

Electro-wet-spinning using a coagulation bath containing ethyl alcohol in aqueous
sodium hydroxide (Lee, Kim, Kim, Yi, & Han, 2006)

Chitosan

TFA-MC

Effects of mechanical strength and permeability of fiber mats on nerve regeneration
(Wang et al., 2008)

Chitosan

TFA

High adsorption capacity for Cu(II) and Pb (II) (Haider & Park, 2009)

chloroform

Pyridinium formate added to improve electrospinnability. Non-toxicity and cell
proliferation support (Neamnark, et al., 2008)

Chitosan derivatives
Hexanoyl chitosan
Chitosan/PEO
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Chitosan/PEO/
surfactant

50%- 90% Acetic
acid

Surfactants can serve as carriers of lypophilic functional ingredients
(Kriegel, et al., 2009)

Chitosan/
PEO

2% acetic acid

Crosslinked with GA vapor to reduce dissolution. Increased stiffness and decreased
ductility of the electrospun mats (Vondran, Sun, & Schauer, 2008)

Chitosan/
PEO

2% acetic acid

Pure chitosan fiber not achieved from aqueous acetic acid. Phase separation possibly
occurring with results in chitosan and PEO rich fibers, respectively
(Duan, Dong, Yuan, & Yao, 2004)

Chitosan/
UHMWPEO

3% acetic acid

Enhanced fiber formation with lowering UHMWPEO content below 5%
(Zhang, Su, Ramakrishna, & Lim, 2008)

Chitosan/PEO/HAp

Bone forming ability by the help of incorporate HAP. Potential interest for bone tissue
engineering applications (Zhang et al., 2008)

Chitosan/
PEO

0.5 M acetic acid

Cell viability test. Potential interest for tissue engineering applications
(Bhattarai, Edmondson, Veiseh, Matsen, & Zhang, 2005)

Chitosan/
PEO

90% acetic acid

Core-sheath geometry, with the PEO sheath serving as a template for the chitosan core.
Matching rheological properties. Pure chitosan fiber obtained by removing the PEO
sheath (Ojha et al., 2008)

Chitosan/
PEO

acetic acid

Improved spinnability by hot air heating. Reduced beadlike defects and lowered PEO
content (5%) (Desai, et al., 2008)

Chitosan/
PEO

Effect of blended ratio of PEO/chitosan. No biotoxicity and cell culture study.
(Lou, Lin, Yen, Lu, & Lee, 2008)

Chitosan/PVA
Chitosan/
PVA

formic acid

Incorporated antimicrobial agents with AgNO3 more effective than TiO2. Antimicrobial
activity also affected by average diameter and chitosan concentration
(Son, et al., 2009)

Chitosan/
PVA

acetic acid

Nanoporous fibers obtained by removing the PVA. Fiber formation and uniformity
improved by alkaline hydrolysis of chitosan (Li & Hsieh, 2006)
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Carboxymethyl
chitosan

water

Water insolubility by heat-induced cross-linking (Du & Hsieh, 2008)

Chitosan 10/PVA

FA & water

(Ohkawa, et al., 2004)

Chitosan 100/PVA

FA & water

(Ohkawa, et al., 2004)

Carboxymethyl
chitosan/PVA

water

No cytotoxicity. Potential application in wound dressing (Zhou, et al., 2008)

Chitosan/
PVA/HAp

acetic acid

Cell proliferation test. Potential application in tissue regeneration
(Yang, Jin, Ma, et al., 2008)

Carboxymethyl
chitosan/
PVA/HAp

Cell culture test. Potential application in bone tissue engineering
(Yang, Jin, Zhou, et al., 2008)

Chitosan/PVA

acetic acid

Photocrosslinked by poly(ethylene glycol)-600-dimethacrylate (PEGDMA) and
photoinitiator 2-hydroxy-1-[4-(2-hydroxyethoxy)phenyl]-2-methyl-1-propanone
(HEPK); Improved water resistance; No cytotoxicity
(Jin, Yang, Zhou, Ma, & Nie, 2008)

Chitosan/PVA

90% acetic acid

Lipase immobilization with pH and thermal stabilities of lipase improved
(Huang, et al., 2007)

Chitosan/other component
Chitosan/collagen
HFIP/TFA

(Chen, Z., Mo, X., & Qing, F., 2007)

Chitosan/collagen

HFIP/TFA

Collagen and chitosan miscible at molecular level
(Chen, Z., Mo, X., He, C., & Wang, H., 2008)

Chitosan/collagen/
PEO

0.5 M acetic acid

Crosslinked with GA vapor resulting in increased Young’s modulus and reduced water
absorption. Potential application in wound dressing
(Chen, Chang, & Chen, 2008)

Chitosan/PLLA

90% acetic acid

Cell culture study. Potential interest for biomedical applications
(Chen, J. W., et al., 2008)
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Chitosan/PLLA

TFA

Cellulose/chitosan

Potential application in tissue engineering (Xu, J., et al., 2009)
Obtained by electrospinning and alkaline hydrolysis of cellulose acetate and dibutyryl
chitin (Du & Hsieh, 2009)

Chitosan/
P(LLA-CL)

HFIP/TFA

Cell viability and morphology studied. Potential application as tissue engineering
scaffolds (Chen, F., et al., 2008)

Chitosan/PAA and
chitosan/PAMPS

Formic acid

Effect of pH on integrity (Penchev, et al., 2008)

Chitosan/PLA

TFA/DCM

Crosslinked with GA vapor. Inhibition of bacteria
(Ignatova, Manolova, Markova, & Rashkov, 2009)

Chitosan/PAA

Acetic acid

Effect of electrospinning temperature and blend ratio (Desai & Kit, 2008)

Poly(chitosan-g-DLlactic acid)

Electro-wet-spinning using a coagulation bath containing ethyl alcohol in aqueous
sodium hydroxide (Wan, Cao, Zhang, Wang, & Wu, 2008)

Poly(chitosan-g-DLlactic acid)

Different side chain lengths controlled by molar ratio of substrates. Potential application
as tissue engineering scaffolds
(Skotak, Leonov, Larsen, Noriega, & Subramanian, 2008)

Poly(chitosan-g-DLlactic acid)

Improved tensile strength and modulus (Wan, Cao, Wu, Zhang, & Wang, 2008)
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2.4.4. Hyaluronic acid
Hyaluronic acid (HA) is the acid form of hyaluronan, a naturally occurring linear
polysaccharide consisting of repeating disaccharide units of D-glucuronic acid and Nacetyl-D-glucosamine (Figure 2.13). HA differs from other glycosaminoglycans in that it
does not have sulfate groups. HA was first isolated by Karl Meyer from the vitreous body
of the eye in 1934 (Zhong et al., 1994). HA can also be found in connective tissues,
umbilical cord, and joint fluid. Because of its unique rheological properties,
biocompatibility and ability of relieving inflammation, promoting cell proliferation and
reducing scar formation, HA has been used in medical applications, for example in
wound dressing, surgery, drug delivery, implants and arthritis treatment (Um, Fang,
Hsiao, Okamoto, & Chu, 2004).
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Figure 2.13. Chemical structure of hyaluronic acid.
The electrospinning of HA nanofibers is challenging. The HA chains take the
form of expanded, random coils entangling with each other at very low concentration.
The resultant high viscosity and surface tension at relatively low concentration hinder
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electrospinning. Additionally, the insufficient evaporation of water is likely to dissolve
the nanofibers on the collector (Li et al., 2006).
By modifying the electrospinning process to include an air-blowing system, Um
et al. were able to obtain hyaluronic acid nanofibers from very viscous HA solutions (Um,
et al., 2004). They termed this apparatus “electro-blowing,” a combination of
electrospinning and air blowing. The air flow provided additional pulling force to the
polymer droplet. Meanwhile, the hot air also helped reduce solution viscosity and
promoted solvent evaporation. In their studies, probably the first HA nanofibers ever
spun, they determined the optimal process parameters including HA concentration,
solution feeding rate, electric field, collector geometry and air-blowing rate to get HA
nanofibers of high quality. They aimed at fabricating water resistant HA nanofiber
membranes through either the exposure of HA membranes to hydrochloric acid (HCl)
vapor, followed by a freezing treatment at -20 °C for 20 - 40 days, or the immersion of
HA membranes in an acidic mixture of ethanol/HCl/H 2 O at 4 °C for 1-2 days. Although
both methods could produce hydrophilic, substantially water-resistant HA nanofibrous
membranes (the treated membranes could keep their shape intact in neutral water at 25 °C
for about 1 week), the immersion method was shown to be more versatile and effective.
Later on, the same group was able to use a typical electrospinning setup to fabricate pure
HA nanofiber from DMF/water solutions. DMF is a poor solvent for HA, but when
mixed with water the solution exhibited reduced surface tension and conductivity.
Some examples of electrospinning HA or HA blend fibers are summarized in
Table 2.5.
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Table 2.5. Summary of reported electrospinning of HA or HA blend fibers.
Polymer(s)

Concentration
(w/v)

Solvent

Resultant fibers

Reference

Gelatin/HA

Gelatin fixed
at 4.5 %
1.5 %
1.5 %
2.5 %

H2O

200 – 240 nm

DMF/H 2 O
DMF/H 2 O
H2O

120 – 250 nm
190 – 500 nm
74 nm

Zein/HA/PVP 15 % - 25 %

Ethanol/H 2 O

HADTPH/PEOa
HA

2.0 %

DMEM

Up to 10%

NaOH/DMF

1.8 µm – 3.7
µm
50 – 300 nm
(85 %)
198 ± 45 nm

(Li, He, Zheng, &
Han, 2006)
(Li, J., et al., 2006)
(Li, J., et al., 2006)
(Um, et al., 2004;
Wang et al., 2005)
(Yao, Li, & Song,
2007)
(Ji et al., 2006)

HA/Collagen

10 %

NaOH/DMF

200 - 400 nm

HA
HA/Gelatin
HA

(Kim, Chung, &
Park, 2008)
(Kim, et al., 2008)

2.4.5. Dextran
Dextran is a bacterial polysaccharide that consists of α-(1→6)-linked Dglucopyranose residues with some α-(1→2)-, α-(1→3)-, or α-(1→4)-linked side chains.
Due to its biodegradability and biocompatibility, dextran has found various applications
such as drug delivery (Hennink, De Jong, Bos, Veldhuis, & van Nostrum, 2004) and
scaffolds for cell proliferation (Lévesque & Shoichet, 2006).
One of the most intriguing properties of dextran for fiber spinning is its solubility;
dextran is soluble in both water and organic solvents. Jiang et al. was the first to report
the successful electrospinning of dextran using water, DMSO/water or DMSO/DMF as
solvents (Jiang, Fang, Hsiao, Chu, & Chen, 2004). Using water as a solvent, up to 10% of
bovine serum albumin or lysozyme could be incorporated into dextran fiber with an
average diameter of 2.5 µm, but decreasing BSA concentration to 5% could strikingly
decrease the diameter to 500 nm. Since electrospun dextran fibers are soluble in water, a
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further cross-linking is necessary for the dextran membranes to be useful in medical
applications. Thus methacrylated dextran was electrospun and photo-cross-linked by UV
irradiation in the presence of 1% 2,2-dimethoxy-2-phenylacetophenone (DMPA) as a
photoinitiator.
Another cross-linking method was utilized by Ritcharoen et al. on their
electrospun dextran membranes (Ritcharoen et al., 2008). GA was used as a cross-linking
agent with MgCl 2 as catalyst. Increasing curing temperature, curing time and catalyst
usage were found to decrease swelling and weight loss of the dextran membranes in
water without influencing the membrane morphology.
In order to make advantage of its affinity for water soluble agents (e.g. protein)
and compensate for the poor mechanical properties of dextran fibers, dextran was coelectrospun with poly(ε-caprolactone) (PCL) and PEG. By this technique, Jiang et al.
obtained core-shell structured fibers with PCL and PEG as shell and BSA-incorporated
dextran as core (Jiang, Hu, Zhao, Li, & Zhu, 2006). The study indicated that proteins can
be electrospun into fiber membranes while retaining their bioactivity and released in a
manner that is controllable through formulating electrospinning parameters such as
feeding rate and polymer compositions.
By electrospinning mixtures of poly(D,L-lactide-co-glycolide) (PLGA) and
dextran in DMSO/DMF new porous hydrophobic/hydrophilic composite membranes
were obtained (Jiang, et al., 2004). The highly porous PLGA/dextran membranes were
further studied for cell attachment, viability, proliferation and migration (Pan, Jiang, &
Chen, 2006). This study suggested use not only as a carrier for cells to accelerate wounds
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healing, but also as a potentially versatile scaffold for bioactive agents, for instance,
drugs, genes or proteins to be delivered and released to the target sites.
2.4.6. Pullulan
Pullulan is a linear polysaccharide produced extracellularly by a fungus
Aureobasidium pullulans. The basic repeating unit of pullulan is a maltotriose trimer α(1→4)Glup-α-(1→4)Glup-α-(1→6)Glup- (Figure 2.14), although other structures may
exist as maltotetraose, α-(1→4)Glup-α-(1→4)Glup- α-(1→4)Glup-α-(1→6)Glup-. The
regular alternation of (1→4) and (1→6) bonds are believed to be responsible for several
distinctive properties of pullulan, for instance, structural flexibility, enhanced solubility
in water, adhesiveness, oxygen impermeability and fiber/film forming capacities
(Leathers, 2003; Singh, Saini, & Kennedy, 2008). Hence pullulan has many potential
biomedical, food, paper and electronic applications.
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Figure 2.14. Chemical structure of pullulan.
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Pullulan fibers have been disclosed in patents (Domoto & Tsuji, 1978; Fujii, Mori,
& Tabuchi, 1991; Nomura, 1976; Ozaki, Nomura, & Miyake, 1996). However,
application of pullulan in fiber spinning has been limited, possibly due to its high cost.
The only case of electrospinning pullulan containing fiber appears only very recently.
Karim et al. successfully electrospun pullulan/montmorillonite (MMT) blend nanofibers
with diameters in the range of 50 to 500 nm from aqueous solutions (Karim et al.). The
introduction of MMT improved the tensile strength and thermal stability of the pullulan
matrix.
2.5. Patents on fiber spinning from starches
Among polysaccharides, starch has been identified as a promising substitute for
synthetic polymers. Starch is a polysaccharide, found in plant tissues, such as leaves,
stems, seeds, roots and tubers. It is also found in certain algae and bacteria. Starch exists
in semi-crystalline granules of different size, shape and morphology depending on its
botanical source. Nevertheless, most starches are composed of two structurally distinct
molecules: amylose, a linear or lightly branched (1→4)-linked α-glucopyranose, and
amylopectin, a highly branched molecule of (1→4)-linked α-glucopyranose with α-(1→6)
branch linkages. The ratio of amylose/amylopectin varies with the botanical origin and
genetic modification of the starch. For instance, in common maize starch the
amylose:amylopectin ratio is approximately 1:3. However, in high-amylose maize starch,
the apparent amylose content may be higher than 70%, while amylose content in waxy
maize starch is negligible (0 – 1%).
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Starch is among the most abundant and inexpensive polymers found on earth. In
addition to the sustainable supply and biodegradability, starch has functional advantages
over synthetic polymers. Starch products are more hydrophilic than synthetic polymers,
and thus can be used for improving absorbency purposes. Starch is an ideal material for
making biomedical products since starch is biocompatible and bioabsorbable. Finally,
starch products provide consumer-related benefits, e.g. easy disposability and flushability.
Given all of the benefits of starch as a fiber forming materials, attempts to spin
starch fibers have long existed in patents. Patented techniques for producing starch-based
fibers and their applications will be presented below.
2.5.1. Spinning amylose
Initial attempts to spin starch fibers employed amylose, because the amylose
component of starch is largely linear and thus was assumed to readily associate side-byside under favorable conditions. For example, Hiemstra and Muetgeert invented a process
for extrusion of purified amylose in an aqueous sodium hydroxide solution into a
concentrated aqueous ammonium sulfate/ammonium hydroxide solution at 30oC
(Hiemstra & Muetgeert, 1959). The concentration of ammonium sulfate had to be greater
than 30 wt% in the coagulation bath and the ammonium sulfate should be removed by
washing as completely as possible. Another process utilized a standard viscose spinning
machine to spin amylose fibers from a 5% NaOH aqueous starch solution into a
coagulating bath containing sulfuric acid and sodium sulfate at 50oC (Kunz, 1962). While
the claimed caustic amylose composition was appropriate for making amylose films, it
failed to be spun into fibers with sufficient strength to be collected by the machine. These
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production procedures either suffered from undesirable by-products (ammonium), or
resulted in insufficient fiber strength. The high cost of purifying amylose was a further
disadvantage, since starch is largely amylopectin by weight, which would be wasted.
2.5.2. Spinning thermoplastic starch compositions
Attempts to use native starch or modified starch for fiber spinning can be
generally divided into two categories: spinning of thermoplastic starch (TPS)
compositions and spinning of non-thermoplastic starch (NTS) compositions. A
thermoplastic material behaves like a plastic that can be melted to a liquid by heating
above a melting temperature and solidified to a glassy state by cooling.
TPS is based on starch blended with plasticizers, such as sorbitol and glycerol, so
that it can be heated to a molten state before decomposition and processed on existing
plastics processing machines. Usually TPS alone cannot deliver sufficient properties for
the fiber spinning process or fiber applications, and thus TPS/polymer composite fibers
were described in most of the patents on spinning TPS fibers. A great number of fiber
spinning methods from thermoplastically processable starch compositions have been
disclosed (Table 2.6). Figure 2.15 gives an example of TPS fibers made by the research
group from Procter & Gamble, who has made great effort in the development of starchbased fiber techniques.
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Figure 2.15. An example of fibers spun from TPS compositions (Adapted from Bailey,
Mackey, & Trokhan, 2004).
Attempts to spin TPS date back to 1951 (Horsak, 1951). In this invention, starch
fibers were obtained by adding glycerol to aqueous starch dispersions and extruding the
compositions into a methanol/glycerol coagulating bath. This technique used wetspinning method, whereas most other attempts have utilized melt spinning methods.
Some TPS compositions were produced from native starches. Tomka invented a
biodegradable polymer mixture based on a TPS composition, which was claimed to
comprise native starch, and cellulose acetate-butyrate or PCL (Tomka, 2001). The
addition of plasticizers and phase mediators were evaluated on their effect on mechanical
properties during storage. Lorcks et al. successfully spun TPS from native potato starch
with PLA, polyesteramide and a copolyester of aliphatic diols and aliphatic/aromatic
dicarboxylic acids (Lorcks, Pommeranz, & Schmidt, 2001).
Starch-containing composite fibers that have a core/sheath configuration have
been invented. Nakajima and Taniguchi used polybutylene succinate (PBS), a type of
biodegradable aliphatic polyester, as the core material and starch/polymer composite
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material as the sheath (Nakajima & Taniguchi, 2000). The polymer mixed with starch can
be selected from PCL, PLA, PBS, and ethylene vinyl acetate (EVA), which is a
copolymer of vinyl acetate and ethylene. The inventors have shown the success of
spinning these starch/polymer composites into core/sheath fibers in the examples. After
fibers were melt spun, an annealing process was conducted to bond the fibers together by
heating the fibers at a moist condition followed by drying. In the same patent, inventors
proposed the addition of a “decomposition accelerating agent”, which can be organic
peroxides, inorganic oxidants, and photosensitizers, to the TPS composition. The effort
was to produce a non-woven fabric with good biodegradability, which was studied by
immersing the fibers in sludge, soil, sea water and fresh water.
A number of recent attempts employed “destructurized starch”, an ambiguously
defined term. “Destructurized starch” may refer to a starch that has been thermally,
chemically, enzymatically, mechanically destructurized and/or any combination of them.
The starch will lose its original granular hierarchical structure and/or have its molecular
structure (chain length, branches, and substitution) impaired or changed. In fact,
destructurization of starch is a common step in preparing TPS compositions (Riggi,
Santagata, & Malinconico, 2011). The purpose is to reduce the molecular weight of
starch and transform the crystalline region to an amorphous state by the help of water and
other plasticizers.
Dextrin is an example of “destructurized starch” that has been utilized for fiber
spinning. Dextrins, including maltodexdrins, are low molecular weight starch fragments
from hydrolysis of starch by enzymes or heating in an acidic condition. The dextrin
products may vary in the quantity of glucose unit per molecule and thus average
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molecular weight. Examples of dextrin samples used in the following patents are StarDri
100 (DE=10 maltodextrin from dent corn starch), StaDex 10 (dextrin of low conversion
from starch), StaDex 65 (dextrin of medium conversion from starch), Crystal Gum
(dextrin from tapioca starch with a weight average molecular weight of 100,000), and
Instant-n Oil (maltodextrin from tapioca starch with a weight average molecular weight
of 800,000). A TPS composition including dextrin, a non-starch polymer and a plasticizer
was used for melt spinning (Bond, Autran, Mackey, Noda, & O'Donnell, 2005). The nonstarch polymer is a biodegradable thermoplastic polymer. PLA, PVA, poly (3hydroxybutyrate co-alkanote) (PHA), and polyhydroxybutyrate (PHB) were used to
compound with dextrin in the examples. The TPS composition was subject to a weight
loss study as an indication for its biodegradability. By incubating the dextrin/PLA fiber
samples in biologically active wastewater, the inventors obtained a 95% weight loss
during 28 days period. However, whether the fibers have been biodegraded into small
molecules or simply disintegrated into tiny particles were not known, since the weight
loss calculation is based on the materials recovered on 1 mm opening sieves after
screening.
Another example of “destructurized starch” is chemically modified starch with
substitution, for instance, propoxylated starch and hydroxyethyl starch. Schmid et al.
(Schmid, Buehler, & Schultze, 1996) prepared propoxylated starch and acrylate
copolymer composition for thermoplastic processing into fibers and films.
TPS composite based on “destructurized starch” were spun into fibers with
multicomponent configurations. Bond used TPS composition containing dextrin or
hydroxyethyl derivatized starch, and another polymer to produce sheath/core and islands-
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in-the-sea bicomponent fibers (Bond, 2003, 2004a). However, in these inventions, both
the core and the sheath (or the islands and the sea) were not necessarily composed of pure
component. Instead, the inventors claimed that the sheath (or the sea) could have a
polymer-rich composition that contains up to 49% of TPS and vice versa for the core
component. The inventors gave examples of using polypropylene (PP), polyethylene (PE),
PLA, polyethylene acrylic acid (PEAA), and PBS as the sheath (or the sea) material, but
did not give examples of using TPS/polymer composite as the sheath or the sea material.
Segmented pie, hollow segmented pie, side-by-side, segmented ribbon, and tipped
multilobal configurations based on the same TPS/polymer composition were claimed by
Bond et al. (Bond, Wheeler, & Arora, 2004). The inventors also claimed that the
individual components were not necessarily pure TPS or polymer, but can contain each
other up to 49%. The individual components of fibers could be further separated
mechanically. There can be even more variations from the basic multicomponent
configurations (Figure 2.16). Stearic acid was added to the multicomponent fibers as a
starch insolubilizing agent. TPS with stearic acid added had less water solubility than the
original TPS, but the spinnability was impaired. The stearic acid could also render
insolubility of starch across the interface of two components within the multicomponent
fibers. The mechanism how stearic acid interacts with starch was not described in the
patent. It is reasonable to suggest that starch and stearic acid formed inclusion complexes
that crystallized into V-type crystal arrangement, and thus limited the solubility of starch
in water.
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Figure 2.16. Examples of multicomponent configurations of starch fibers: (A) and (B)
sheath/core; (C) and (D) islands-in-the-sea; (E) segmented pie; (F) hollow segmented pie;
(G) side-by-side; and (H) segmented ribbon (Adapted from Bond, 2004b; Bond et al.,
2010).
A TPS composition based on dextrin from tapioca or corn starch and PAM was
invented by Bailey et al. (Bailey, et al., 2004). Urea, sucrose, glyoxylated urea and water
were used as plasticizers for melt spinning. The composition requires little amount of
high molecular weight PAM, which can be nonionic PAM, carboxylated PAM, and
glyoxylated PAM. The inventor claimed up to 10 wt% of PAM in the composition, but
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even less than 0.1 wt% seemed to be sufficient according to the examples. The TPS
composition can be processed into fibers, films, boards, and structural reinforcement in
cement.
Others have tried adding another polymer, such as PVA which is also used in
spinning cellulose and chitosan, to aid fiber formation (Evers Smith et al., 2006). Native
and modified starches were blended with plasticizers and a small amount of PAM to
make a melt processable composition, which then can be spun into fibers (Bailey, et al.,
2004; Mackey et al., 2006). Spinning TPS and copolyamide blends has also been
described (Buehler, Baron, Schmid, Meier, & Schultze, 1996).
Spinning TPS fibers generally requires a significant amount of plasticizer that
compromises fiber strength and raises cost of production.
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Table 2.6. Patents on fiber spinning from TPS compositions.
Patent
number

Title (reference)

US5316578

Process and apparatus for producing
starch melt and products obtainable
by this process (Buehler, Casanova,
Ernst, & Schultze, 1994)

US5346936

Starch/polymer mixture, process for
the preparation thereof, and products
obtainable therefrom (Buehler,
Schmid, & Schultze, 1994)

Composition of substituted starch, an
acrylate copolymer and an
emulsifier (metal stearates)

Mixing, extrusion and molding of the
composition

US5480923

Thermoplastically processable
composition of starch acrylate
copolymers (Schmid, et al., 1996)

Composition of substituted starch
and an acrylate copolymer

mixing and extrusion of the
composition into fibers

US5516815

Starch-Containing fibers, process for
their production and products made
therefrom (Buehler, et al., 1996)

Fibers made from substituted starch,
a polymer and a crosslinker

US6045908

Biodegradable fiber and non-woven
fabric (Nakajima & Taniguchi, 2000)

Fibers made from starch and a
biodegradable polymer (sheath) and
PBS (core)

Forming the fibers and bonding by
heating at moist condition

US6096809

Biologically degradable polymer
mixture (Lorcks, Pommeranz, &
Schmidt, 2000)

Native starch/cellulose acetatebutyrate, native
starch/polycaprolactone

Transesterification reaction of starch
and caprolactone to form block
copolymer by mixing and heating
above 190 oC

US6214907

Biologically degradable polymer
mixture (Tomka, 2001)

Starch/PLA, polyesteramide and a
copolyester of aliphatic diols and
aliphatic/aromatic dicarboxylic acids

Claimed material

Claimed process

mixing and extrusion of substituted
starch and plasticizers
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US6218321

Biodegradable fibers manufactured
from thermoplastic starch and textile
products and other articles
manufactured from such fibers
(Lorcks, et al., 2001)

Fibers made from the above
composition

US6623854

High elongation multicomponent
fibers comprising starch and polymers
(Bond, 2003)

Fibers made from dextrin or
substituted starch and a polymer
having sheath-core configuration

US6709526

Melt processable starch compositions
(Bailey, et al., 2004)

Composition, fiber and film of
dextrin and a polymer (PAM)

US6743506

High elongation splittable
multicomponent fibers comprising
starch and polymers (Bond, Wheeler,
et al., 2004)

Splittable fibers made from dextrin
or substituted starch and a polymer

US6746766

Multicomponent fibers comprising
starch and polymers (Bond et al.,
2004)

Fibers made from dextrin and a
polymer having multicomponent
configurations with diameter less
than 200 um

US6783854

Bicomponent fibers comprising a
thermoplastic polymer surrounding a
starch rich core (Bond, 2004a)

Fibers made from dextrin and a
polymer having a sheath-core or
island-in-the sea configuration and a
fibrous product

US6830810

Compositions and processes for
reducing water solubility of a starch
component in a multicomponent fiber
(Bond, 2004b)

Fibers made from dextrin, a polymer
and stearic acid

Extrusion of the composition above
into filaments, drawing, winding, and
knitting.

Mixing and extrusion of the
composition
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US6890872

Fibers comprising starch and
biodegradable polymers (Bond, et al.,
2005)

US7029620

Electro-spinning process for making
starch filaments for flexible structure
(Gordon, Cabell, Mackey, Michael, &
Trokhan, 2006)

US7041369

Melt processable starch composition
(Mackey, James, et al., 2006)

Composition and fibers of starch and
a polymer (PAM) confined by some
rheological properties

US7524379

Melt processable starch compositions
(Bailey, Mackey, & Trokhan, 2009)

Composition of dextrin and a
polymer

US7572504

Fibrous structures comprising a
polymer structure (Smith et al.,
2009a)

Fibers made from starch and a
polymer, and a fibrous sanitary tissue
product

US7615278

Fibrous structures comprising a
polymer structure (Smith et al.,
2009b)

Fibers made from starch and a
polymer, and a fibrous sanitary tissue
product

US7655175

Rotary spinning processes for forming
hydroxyl polymer-containing fibers
(Michael, Jackson, James, Aydore, &
Stewart, 2010)

US7666261

Melt processable starch compositions
(Bailey, Mackey, & Trokhan, 2010a)

Composition of dextrin and a
polymer

US7704328

Starch fiber (Bailey, Mackey, &
Trokhan, 2010b)

Fibers made from starch and PAM
with diameter less than 10 um

Nonwoven fibers made from dextrin,
a polymer, and a plasticizer
Electrospinning of a starch/polymer
(PAM) composition

Mixing and extrusion of the
composition

Rotary spinning method for
starch/PVA composition
Mixing and extrusion of the
composition
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US7851391

Multicomponent fibers comprising
starch and polymers (Bond, et al.,
2010)

Nonwoven fibers made from
destructurized starch and a polymer
with multicomponent configurations
and bonded with other synthetic or
natural fibers

US7938908

Fiber comprising unmodified and/or
modified starch and a crosslinking
agent (Bailey, Mackey, & Trokhan,
2011)

Fibers made from starch, PAM and a
crosslinking agent with diameter less
than 10 um

US7947766

Crosslinking systems for hydroxyl
polymers (Heinzman et al., 2011a)

Composition of starch, a crosslinking
agent (imidazolidinone), crosslinking
facilitator (an acid and a salt), and
pH adjusting agent

US7960453

Crosslinking systems for hydroxyl
polymers (Heinzman et al., 2011b)

Making fibers from the composition
in US7947766

US8088843

Crosslinking systems for hydroxyl
polymers (Heinzman et al., 2012)

Making fibers from the composition
in US7947766
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2.5.3. Spinning non-thermoplastic starch compositions
Non-thermoplastic starch (NTS) is generally made by blending starch with water
and possibly other plasticizers. This mixture is suitable for wet or dry spinning, but not
processable by melt spinning since it decomposes before it can be melted. Patents
disclosing fiber spinning from NTS were summarized in Table 2.7.
In cases of spinning NTS, cross-linking agents are usually incorporated to give
water stability to the starch fibers. Eden and Trksak described spinning of high amylose
starch in saturated ammonium salt solutions into a coagulation bath containing
ammonium salts (Eden & Trksak, 1989). Hernandez et al. also used ammonium salt in
the coagulation bath to cross-link the resultant starch and starch/PVA fibers (Hernandez,
Greif, Barna, & Thornton, 1979). Recent patents provide a refined process for dry
spinning of NTS (James, Mackey, Ensign, & Aydore, 2004). Cross-linking agents were
added to the extruded starch mixtures, which were then forced through a die with
multiple nozzles. Air flow was heated and used to dry and draw the starch fibers. Bastioli
et al. invented a new spinning device where starch fibers are formed and coagulated when
starch aqueous dispersions travel through the holes on a tubular wall of into a coagulating
chamber (Bastioli, Casale, & Zanardi, 1999). Ammonium sulfate was used as the
coagulation agent. The fiber diameter would be dependent on the size of the holes, which
might have a narrow outlet opening (10 to 500 microns claimed).

The inventors

suggested that the resultant starch fibers could be used compatibly with cellulose fibers in
paper making.
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A NTS composition containing PVA and starch were spun into fibers (Cabell et
al., 2005). The same inventors also claimed a NTS composition containing non-PVA
hydroxyl polymer starch, but it was not clear in the patent what other polymers were
referred to (Cabell, Trokhan, & Loebker, 2005). Cross-linkers and additives, e.g. glyoxal,
ammonium sulfate, and acrylic latex were used. Still in another patent by the same group
of researchers, NTS composition of “unsubstituted polysaccharide” and PVA were spun
into fibers with an average diameter of less than 50 µm (Mackey, Gordon, & Heinzman,
2008). The “unsubstituted” polysaccharide is another ambiguous term and may be
referred to many kinds of starches, starch derivatives, and other polysaccharides, e.g.
chitosan, gums, galactans and their mixtures. In the example, an acid-thinned corn starch
was used to blend with PVA in aqueous solutions. Substitution of the hydroxyl groups of
the “unsubstituted” starch could take place in situ to form cationic starch ethers with the
addition of a substitution agent, e.g. trimethyldodecylammonium chloride and
cetyldimethylamine oxide (Mackey, Gordon, & Heinzman, 2009).
Starch acetate, a modified starch, was a popular starting material for making films,
plastics, and fibers, due to its better water solubility and mechanical properties than
starch (Xu, Yang, & Yang, 2009). Starch acetate is produced by grafting starch with
acetic acid or acetic anhydride, in the presence of acid catalysts, such as perchloric acid
or sulfuric acid (Feuer & Bronk, 1997). The starch acetate was blended with cellulose
acetate and a metal chelate based crosslinking agent, e.g. titanium ethylacetoacetate, in
acetone/water solvent for drying spinning. Starch acetate was further modified using a
cyclic anhydride esterifying agent, e.g. maleic anhydride, phthalic anhydride, and octenyl
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succinic anhydride and spun with cellulose acetate into fibers (Wang, Stogner, & Batson,
2006).
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Table 2.7. Patents on fiber spinning from NTS compositions.
Patent
number

Title (reference)

Claimed material

Claimed process

US4139699

Water insensitive starch fibers and a
process for the production thereof
(Hernandez, et al., 1979)

Fivers made from native/modified
starch with another hydrocolloid and
additive

Wet spinning of native and modified
starch into ammonium sulfate bath

US4853168

Process for spinning starch fibers
(Eden & Trksak, 1989)

US5446140

Polymer blend composed of cellulose
acetate and starch acetate and starch
used to form fibers, films and plastic Composite fibers made from starch
materials and a process to prepare
acetate and cellulose acetate
said blend (Maheras, Hopkins, &
Tatzlaff, 1995)

US5693279

Starch acetate and blends thereof
with metal chelates (Feuer & Bronk,
1997)

US6723160

Non-thermoplastic starch fibers and
starch composition for making same
(Mackey, Gordon, Buchanan,
Heinzman, & Forshey, 2004a)

Composition and fibers of modified
starch, water and a crosslinker

US6802895

Non-thermoplastic starch fibers and
starch composition for making same
(Mackey, Gordon, Buchanan,
Heinzman, & Forshey, 2004b)

Fibrous product made from the fibers
described in US6723160

Wet spinning of native starch and
ammonium sulfate aqueous
dispersion into ammonium sulfate
bath

Method of producing starch acetate
and spinning starch acetate/cellulose
acetate composite fibers
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US6811740

Process for making nonthermoplastic starch fibers (James, et
al., 2004)

Dry spinning of starch aqueous
dispersion with high temperature
attenuating air flow

US6955850

Polymeric structures and method for
Fibers made from starch and a
making same (Cabell, Trokhan, et al.,
fibrous product
2005)

US6977116

Polymeric structures and method for
Fibers made from starch and PVOH,
making same (Cabell, Loebker, et al.,
and a fibrous product
2005)

US7025821

Non-thermoplastic starch fibers and
starch composition for making same
(Mackey, Gordon, Buchanan,
Heinzman, & Forshey, 2006)

US7276201

Process for making nonthermoplastic starch fibers (James,
Mackey, Ensign, & Aydore, 2007)

US7390565

Polysaccharide structures comprising
an unsubstituted polysaccharide and
processes for making same (Mackey,
et al., 2008)

Fibers made from unsubstituted
starch, PVA and a quaternary
ammonium compound, and a fibrous
sanitary tissue product

US7491443

Polysaccharide structures comprising
an unsubstituted polysaccharide and
processes for making same (Mackey,
et al., 2009)

Fibers made from unsubstituted
starch, PVA and an amine oxide, and
a fibrous sanitary tissue product

US7744791

Method for making polymeric
structures (Cabell, Trokhan, &
Loebker, 2010)

Fibers made from modified starch
and a crosslinker
Dry spinning of starch aqueous
dispersion with high temperature
attenuating air flow

Making fiber products from starch,
PVOH and a crosslinking agent
(imidazolidinone) and further adding
of cellulose fibers
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US7754119

Method for making polymeric
structures (Cabell et al., 2010)

Making fiber products from starch
and a crosslinking agent
(imidazolidinone) and further adding
of cellulose fibers

US7939010

Method for forming fibers (James et
al., 2011)

Mixing, extrusion and drawing of
fibers from starch/PVA composition

US2008/014
6792

Starch esters, methods of making
same, and articles made therefrom
(Wang, L., et al., 2006)

Fibers and other products made from
the modified starch ester and
cellulose acetate blend

Method of modifying starch using
two esterifying agent and producing
modified starch ester and cellulose
acetate blend fibers
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2.5.4. Recent developments of the spinning technique for starch fibers
Melt, dry and wet spinning are the traditionally used techniques for fiber spinning.
Existing techniques have been modified for starch fiber spinning. An air-drawing device
was invented by James et al. in order to attenuate the NTS extrudate and evaporate the
water solvent (James, et al., 2011) (Figure 2.17). The device might have plenty of nozzles,
each of which was surrounded by an air passage (labeled as 67 in Figure 2.17A and 250
in Figure 2.17B). A high temperature and high speed air flow was applied to attenuate the
NTS fibers coming out from the nozzles.

Figure 2.17. Example of the dry spinning spinneret with air-drawing design: [A]
perspective view (Adapted from James, et al., 2011), and [B] closer side view of the
spinnerets with attenuating air flow (Adapted from Heinzman, et al., 2012).
In addition to conventional spinning of starch fibers, an electrospinning process
for producing starch fibers was recently disclosed (Gordon, et al., 2006) (Figure 2.18).
The inventors claimed that the electrospinning technique was applicable to TPS
compositions containing plasticizers and other polymers such as PAM. The resultant
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fibers were filled in molds to make flexible articles, e.g. sanitary tissues. Electrospinning
is a unique and efficient technique capable of fabricating nano-scaled fibers (Kong,
Ziegler, & Bhosale, 2010). Only a few trials on electrospinning of starch-containing
fibers were reported in the literature. These reports either used starch acetate (Xu, W., et
al., 2009) or other polymers blended with starch (Sunthornvarabhas, Chatakanonda,
Piyachomkwan, & Sriroth, 2011) for electrospinning. Others reported failure on
electrospinning of starch in aqueous solution (Stijnman, Bodnar, & Hans Tromp, 2011).
The difficulty in electrospinning of starch lies in the incapability to dissociate starch
molecules and form sufficient molecular entanglements by the aqueous solvents used. To
overcome this obstacle, a new electrospinning process was invented for making pure
starch fibers (Kong & Ziegler, 2012a). This method employed dimethyl sulfoxide
(DMSO)/water has a solvent for starch, which has been shown to render a coil
conformation of starch molecules and sufficient molecular entanglement for
electrospinning purpose (Kong & Ziegler, 2012b). The diameter of resultant pure starch
fibers is in the range from microns to hundreds of nanometers (Figure 2.19).
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Figure 2.18. Example of an electrospinning setup for spinning starch fibers (Adapted from
Gordon, et al., 2006).

Figure 2.19. Pure starch fibers produced by electrospinning technique (Adapted from
Kong & Ziegler, 2012a).
A rotary jet spinning technique was used for producing nano-scaled fibers
(Badrossamay, McIlwee, Goss, & Parker, 2010). This method used outward radial
centrifugal force to extrude polymer melts or solutions through rotating nozzles. The
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technique was applied to spinning starch fibers by using a modified rotary spinning die
(Michael, et al., 2010) (Figure 2.20).

Figure 2.20. Examples of a rotary die configurations for spinning starch fibers (Adapted
from Michael, et al., 2010). Needle and needleless dies are labeled as 16 in [A] and [B],
respectively.
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Chapter 3 Fabrication of starch fibers by electrospinning
3.1. Introduction
Electrospinning is a technique capable of producing micro- to nano-scale fibers.
Among methods of achieving fibers of this diameter, electrospinning is a peerless
technique as it is cost-effective, applicable to a large variety of materials, capable of
controlling fiber morphology, and easily scaled. Electrospinning is a century old process
(Formhals, 1934; Morton, 1902), but largely neglected until the mid-1990s, when
Reneker and co-workers (Doshi & Reneker, 1995) rekindled interest in the technique.
Since then, hundreds of types of materials, including polymers, metal oxides, and
ceramics, have been shown to be electrospinnable (Ramakrishna, Fujihara, Teo, Lim, &
Ma, 2005).
The electrospinning process is straightforward and the apparatus required is
simple. Though there are exceptions, a typical electrospinning setup includes a solution
reservoir with spinnerets, a grounded collector and a high voltage power supply. When a
polymer solution or melt is pumped through the spinneret, a high voltage, typically in the
range of 100 to 500 kV/m, is applied between the solution and a grounded collector.
With increasing voltage the electrostatic force deforms the droplet into a pointed shape.
Further increase in voltage induces the formation of a Taylor cone and a jet from the
needle. As the jet travels towards the collector, solvent is evaporated and sufficient
entanglement of polymer chains prevents the jet from breaking into droplets
(electrospraying).
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The key advantages of fibrous material over other morphologies, e.g. films and
foams, lie in their high surface-area-to-volume ratio, high porosity, small pore size and
superior mechanical properties. Therefore, fibers have received great attention for their
potential in various applications, e.g. in filtration, electronics, textiles, cosmetics and
medical fields (Lu & Ding, 2008). However, electrospinning does not guarantee that
nanofibers (< 100nm) are approachable for every material and method. Indeed, many
electrospinning attempts obtained fibers with diameters from submicron to microns, e.g.
electrospinning of polyethylene (Givens, Gardner, Rabolt, & Chase, 2006), polyurethane
(Rockwood, Woodhouse, Fromstein, Chase, & Rabolt, 2007), and dextran (Jiang, Fang,
Hsiao, Chu, & Chen, 2004).
There is current interest in shifting from petroleum-based synthetic materials to
utilization of bio-based materials, not only due to the environmental and economic
consequences of our pervasive use and excessive dependence on petroleum-based
materials, but also from the advantages of bio-based materials pertaining to their
excellent biocompatibility and biodegradability. Thus a number of biopolymers,
including polysaccharides, proteins and DNA, have been successfully spun into fibers,
especially by electrospinning (Kong, Ziegler, & Bhosale, 2010).
Starch is among the most abundant and inexpensive biopolymers. Starch is found
in plant tissues, such as leaves, stems, seeds, roots and tubers. It is also found in certain
algae and bacteria. Starch exists in semi-crystalline granules of different size, shape and
morphology depending on its botanical source. Nevertheless, most starches are composed
of two structurally distinct molecules: amylose, a linear or lightly branched (1→4)-linked
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α-glucopyranose, and amylopectin, a highly branched molecule of (1 → 4)-linked αglucopyranose with α-(1→6) branch linkages. The amylose/amylopectin ratio in starches
varies with botanical origin.
Many attempts have been made to fabricate starch fibers as reported in the
research and patent literature. Initially some tried producing amylose fibers (Hiemstra &
Muetgeert, 1959), because the amylose component of starch is largely linear and thus was
assumed to readily associate side-by-side under favorable conditions. However, the high
cost of purifying amylose is an obstacle for scaled production, since amylose is the minor
component of most common starches. Attempts to utilize native starches or modified
starches generally required a large amount of non-starch components, including
plasticizers, cross-linker resins or other polymers (Gordon, Cabell, Mackey, Michael, &
Trokhan, 2006). In the present study, we present a method of producing pure starch fibers
by electrospinning that involves using an appropriate solvent for native high amylose
starch and spinning starch with a modified electrospinning setup. Additionally, a postspinning heat treatment and cross-linking, were employed to further improve the starch
fiber properties, including water stability.
3.2. Materials and methods
3.2.1. Materials
Starch (Gelose 80) was kindly provided by Penford Food Ingredients Company
(Centennial, CO) and used as received. Gelose 80 is a corn starch with amylose content
of about 80%. Dimethyl sulfoxide (DMSO) and ethanol (200 proof) were obtained from
VWR International (Radnor, PA). Glutaraldehyde was purchased from Sigma-Aldrich,
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Inc (St. Louis, MO). A modified layered double hydroxide (LDH) anionic clay was
obtained from Dr. Floros’ lab, Department of Food Science, Pennsylvania State
University. The LDH of the formula [Mg 4.5 Al 2 (OH) 13 ](CO 3 )∙3.5H 2 O was kindly
provided by Sechang Co. Ltd. (Jeonbuk, Korea) and modified to have benzoate anion
intercalated according to (Costantino et al., 2009). Microcrystalline cellulose (Avicel FD
100) was obtained from FMC Biopolymers (Philadelphia, PA).
3.2.2. Electrospinning
Spinning dope was prepared by dissolving starch (15% w/w) in a 95% aqueous
DMSO solution. The starch dispersion was heated in a boiling water bath with continuous
stirring for about one hour and allowed to cool to room temperature. A 10 mL syringe
(Becton, Dickinson and Company, Franklin Lakes, NJ) with a 20-gauge blunt needle was
used for electrospinning.
The electrospinning setup used in this study, referred to as “electro-wet-spinning,”
contained a high voltage power supply (ES40P, Gamma High Voltage Research, Inc.,
Ormond Beach, FL), a syringe pump (81620, Hamilton Company, Reno, NV), and a
grounded metal mesh immersed in ethanol (Figure 3.1). The fibrous mat deposited on the
surface of the coagulation bath was washed with ethanol and dried in a desiccator
containing Drierite under vacuum. Electrospinning was conducted at room temperature.
Feed rate was set at 4 ml/h, spinning distance at 7.5 cm and voltage at 7.5 kV.
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Figure 3.1. Schematic drawing of the electrospinning setup.
3.2.3. Starch/clay and starch/microcrystalline cellulose composite fibers
Starch/clay and starch/ microcrystalline cellulose (CMC) dispersions in 95%
DMSO were subject to electrospinning. Clay (1% w/w starch) or CMC (10% w/w starch)
were dispersed in 95% DMSO with ultrasonic assistance. Fifteen wt% of starch was
added and the dispersion heated in boiling water bath with continuous stirring for about
one hour. The dispersions were then allowed to cool to room temperature and electrospun
into pure ethanol as the coagulation bath.
3.2.4. Post-spinning treatments
The as-spun dried fibers were subject to a further heat treatment intended to
increase the starch crystallinity and a cross-linking treatment to render improved water
stability. For the heat treatment, a sample of starch fiber mat was placed in a 50% (v/v)
aqueous ethanol solution and heated at 65 oC for one hour, after which the sample was
washed with ethanol and dried as above. For the cross-linking treatment, a sample starch
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fiber mat on a metal mesh was place over a petri dish in a desiccator with Drierite. Ten
(10) mL of 25% (v/v) aqueous glutaraldehyde solution was dispersed evenly in the petri
dish. The desiccator was kept in an incubator at 40 oC for 24 hours for the glutaraldehyde
to vaporize and cross-link the starch fibers.
3.2.5. Morphological characterization
Fiber morphology was examined using an Olympus BX41 optical microscope
(Hitech Instruments, Edgemont, PA) equipped with cross polarizers and a SPOT Insight
QE camera (SPOT Diagnostic Instruments, Sterling Heights, MI). Image analysis was
completed using SPOT analytical and controlling software. Observation of fibers was
also performed using a FEI Quanta 200 ESEM (FEI, Hillsboro, OR) in low vacuum mode
at an accelerating voltage of 20 KeV. Fiber diameter was measured from the ESEM
images. Three images were used for each fiber sample and at least 50 different segments
were randomly measured to obtain an average diameter.
3.2.6. Thermal analysis
Approximately 2.5 to 3 mg of starch fiber sample was weighed in a 60 μL
stainless steel differential scanning calorimeter (DSC) pan (Perkin-Elmer Instruments,
Bridgeville, PA) and ethanol/water mixtures of different volume ratios were added to
obtain a 5% (w/w) dispersion. Pans were hermetically sealed and stored overnight for
moisture equilibration. Samples were equilibrated at 20 oC, and then heated to 170 oC at a
scanning rate of 2 oC/min in a Thermal Advantage Q100 DSC (TA Instruments, New
Castle, DE). The DSC was calibrated with indium and an empty sample pan was used as
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a reference. Data was analyzed using the TA Universal Analysis software (Universal
Analysis 2000 v.4.2E, TA Instruments-Waters LLC, New Castle, DE).
3.2.7. Wide angle X-ray diffraction
WAXD patterns were obtained with a Rigaku MiniFlex II desktop X-ray
diffractometer operated at 15 mA and 30 kV (Rigaku Americas Corporation, TX).
Samples were exposed to Cu K-alpha radiation (0.15405 nm) and continuously scanned
between 4 and 30 º 2θ at a scanning rate of 1º/min with a step size of 0.02º. Data were
analyzed with Jade v.8 software (Material Data Inc., Livermore, CA). To calculate the
degree of crystallinity, an amorphous halo was subtracted from the overall X-ray
diffraction pattern. The overall area was calculated as the area between the linear baseline
and data points. The amorphous halo was generated by Jade software using the cubic
spline fit option. The degree of crystallinity was calculated as the proportion of the
crystalline area of the overall area multiplied by 100.
3.3. Results and discussion
A crucial issue with fiber spinning from most biopolymers is to find an
appropriate solvent or solvent system capable of dissolving the polymer and promoting
sufficient chain entanglements. In previous attempts to electrospin starch (Stijnman,
Bodnar, & Hans Tromp, 2011), water was used as the solvent, but fiber formation was
unsuccessful. Such failure might be explained by the conformation of two components of
starch in aqueous solution. Moderate heating below 100 oC, while able to gelatinize the
starch and form a homogeneous dispersion, may not completely disrupt starch helices,
and these helices may cause rapid recrystallization upon cooling (Ziegler, Creek, & Runt,
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2005). Sufficient long-range chain entanglements, required for continuous fiber
formation, cannot be established without untwisting helices into random coils. Starch
may undergo a helix-to-coil transition upon intensive heating at or above 160 oC (Creek,
Ziegler, & Runt, 2006; Ziegler, et al., 2005). But electrospinning with traditional
equipment seems impractical at such a high temperature. Furthermore, the highlybranched structure of amylopectin gives it a globular bulky hydrodynamic shape, which
is not easily elongated and aligned in the extensional flow field of the spinneret.
Electrospinning of starch with other polymers, such as polycaprolactone (PCL)
(Jukola, Nikkola, Gomes, Reis, & Ashammakhi, 2008), poly(vinyl alcohol) (PVA)
(Sukyte, Adomaviciute, & Milasius, 2010), and polylactic acid (PLA) (Sunthornvarabhas,
Chatakanonda, Piyachomkwan, & Sriroth, 2011) has been demonstrated. However,
addition of starch was shown to be detrimental to the electrospinnability of the polymer
mixture. For instance, the maximum possible amount of potato starch tolerable when
electrospinning poly(vinyl alcohol) was 3% (w/w), less than a half of the PVA used (7%
w/w) (Sukyte, et al., 2010). It is reasonable to hypothesize that the beads formed in some
electrospun bicomponent fibers (Jukola, et al., 2008; Sukyte, et al., 2010) are actually
starch separated from the polymer phase. Therefore, in these mixtures starch may be
acting simply as a filler to replace a limited portion of the actual fiber-forming polymer.
Similar situations have also been confronted in electrospinning mixtures with other
polysaccharides e.g. electrospinning PVA with alginate, cellulose, and chitosan (Kong, et
al., 2010). In a recent study (Toskas et al., 2011), PVA was electrospun in a mixture with
the seaweed polysaccharide ulvan. Smooth fibers were not obtainable beyond an ulvanto-PVA weight percentage ratio of 1.6 to 3.6.
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Utilizing an appropriate solvent system to dissolve the starch is an alternative
approach to relying on another fiber forming polymer. Amylose helices adopt a random
coil conformation in a certain range of aqueous dimethyl sulfoxide (DMSO)
concentration (De Vasconcelos, Pereira, & Fonseca, 2001). Therefore, DMSO or a
DMSO/water mixture would be a candidate for the electrospinning process. However,
DMSO is relatively nonvolatile compared with other solvents commonly used for
electrospinning. Thus in our initial trials, even though the starch dispersion in aqueous
DMSO could form a jet at an elevated voltage, we were unable to deposit solid fibers on
a grounded metal mesh collector since the DMSO solution could not be evaporated
sufficiently under standard ambient conditions. Therefore, we turned to a modified setup
for electrospinning called “electro-wet-spinning.” Theoretically any solvent that is
miscible with DMSO but incompatible with starch can be used as a coagulation bath. As
the solution jet reaches the coagulation bath, DMSO is extracted and the starch collapses
in a fibrous form.
3.3.1. Fiber morphology
When a voltage was applied between the needle tip and the coagulation bath,
starch dispersion dopes were accelerated towards the coagulation bath, and a continuous
jet was obtained at a critical voltage. A fiber mat was deposited on the bath surface, the
size of which was dependent upon the electric field strength. After drying, the appearance
and texture of the starch fiber mat resembled a piece of bath tissue, though not as flexible.
The starch fibers within the mat were smooth and randomly oriented (Figure 3.2), with an
average diameter of 2.60 ± 0.85 µm (Figure 3.3). The fiber surface appeared smooth and
the fibers were largely continuous. Some breaks existed, possibly indicating that the
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starch fibers were relatively brittle, which was confirmed by their behavior on handling.
Extensive drying in a desiccator eliminated ethanol as well as moisture, which play a role
as plasticizer of the starch fibers. A thin section of the fiber mat was observed under
optical microscopy with normal light and between crossed polarizers, respectively
(Figure 3.4). Although the birefringence from thicker sections, e.g. the right side of the
micrograph, may result from multiple refractions by overlaying fibers, the single fibers
do show birefringence. The birefringence obtained using crossed polarizers results from
orientation of starch chains in the fiber axis direction.

Figure 3.2. Scanning electron micrograph of electrospun pure starch fibers.
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Figure 3.3. Diameter histogram of electrospun pure starch fibers.

Figure 3.4. Optical micrographs of electrospun pure starch fibers under normal light (left)
and between crossed polarizers (right). Scale bar represents 50 µm in both pictures.
3.3.2. Thermal analysis
Thermal transitions appeared when starch fibers were heated in solvents of
intermediate water:ethanol concentrations (Figure 3.5 & 3.6 and Table 1). At aqueous
ethanol concentrations between 40 and 60 % (v/v), both exothermic and endothermic
peaks were observed. It is likely that this corresponded to the crystallization of
amorphous starch followed by melting, and suggested that an annealing treatment could
be applied to increased the crystallinity of the starch fibers, perhaps altering their
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mechanical properties. Starch fibers were held at 65 oC for 30 minutes in 50 % (v/v)
aqueous ethanol. After this heat treatment, the exotherm was seen to disappear and the
endotherm increased slightly to 114.4 oC and 14.2 J/g. At higher ethanol concentrations
there appeared to be insufficient water for annealing to occur.

Figure 3.5. Thermograms of electrospun starch fibers heated in various ethanol/water
mixtures (v/v): (i) 0/100, (ii) 20/80, (iii) 40/60, (iv) 50/50, (v) 60/40, (vi) 80/20, and (vii)
100/0.
Table 3.1. Thermal analyses of starch fibers in various ethanol/water mixtures.
Ethanol/water
(v/v)
0/100

a

Exothermic
Rangeb
a o
Tp ( C)
ΔH (J/g)
(oC)
-

Endothermic
Tp (oC)

Range (oC)

ΔH (J/g)

-

100.7 –
130.9
61.8 – 77.5
101.2 –
120.3
113.7 –
136.1
150.6 –
164.3
-

-

20/80

-

-

-

108.6

40/60

40.9

36.0 – 47.5

3.5

71.2

50/50

54.5

48.5 – 62.1

1.1

111.2

60/40

61.4

56.1 – 67.0

0.9

125.1

80/20

-

-

-

158.6

100/0

-

-

-

-

Tp represents peak temperature.
b
The onset and end temperatures were reported.

4.2
5.2
7.7
11.8
2.9
-
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Figure 3.6. Thermograms of electrospun starch fibers (i) heated in 50% (v/v) ethanol and
(ii) scanned in 50% (v/v) ethanol after being held at 65 oC for 30 minutes.
3.3.3. Post-spinning heat treatment
Since the fibers were deposited in a random manner, wide-angle X-ray diffraction
patterns were obtained from the fiber mat with an X-ray powder diffractometer. As spun,
the dried starch fibers were largely amorphous (Figure 3.7). This agrees with DSC
thermograms. After annealing, peaks at 8o, 13.8o, 15.9o, 17.7o, 19.4o and 21o,
characteristic of a V-type diffraction pattern, were observed. Based on a hexagonal
crystal structure proposed for V-type starch, the unit cell dimensions were calculated to
be a=b=25.9 Å and c=5.6 Å. The parameters are close to reported values but smaller
(Takeo, Tokumura, & Kuge, 1973), indicating that the helices are closely packed in a
hexagonal arrangement after extensive drying. The degree of crystallinity of the heattreated starch fibers was estimated to be 43 %. It is thus reasonable to suggest that
amylose helices rearrange and crystallize during the moderate annealing of the fibers in
the ethanol/water mixture. This observed % crystallinity was higher than most values
previously reported for V-type starch (Lay Ma, Floros, & Ziegler, 2011).
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Figure 3.7. X-ray diffraction patterns of (i) as-spun electrospun starch fibers and (ii)
electrospun starch fibers after post-spinning heat treatment.
3.3.4. Cross-linking treatment
Current technologies in spinning starch fibers may include the addition of crosslinking agents in order to improve the wet stability of the starch fibers (Bailey, Mackey,
& Trokhan, 2011). Cross-linkers used in previous reports include polyamideepichlorohydrin resin, glyoxylated polyacrylamide resin, urea formaldehyde, melamine
formaldehyde, polyethylenimine type resin and glyoxal. In this study, cross-linking of the
starch fibers was conducted by exposing the fibers to glutaraldehyde in the vapor phase.
This method has been applied to cross-link electrospun chitosan fibers (Schiffman &
Schauer, 2007), collagen fibers (Rho et al., 2006), and gelatin fibers (Sisson, Zhang,
Farach-Carson, Chase, & Rabolt, 2009). The appearance and size of the cross-linked
starch fibers remained unchanged when compared with the starch fibers without crosslinking.
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The wet stability of the as-spun starch fibers, heat-treated fibers and cross-linked
fibers were compared by a simple experiment. Fiber mats of the same size were dropped
into water and observed using optical microscopy. When placed in water, both the asspun and heat-treated starch fiber mats became soft, and lost integrity when picked up
with tweezers. On the contrary, the cross-linked starch fiber mat did not disintegrate
when placed into water, and can be recovered from the water without losing its fibrous
structure. Optical micrographs of these fiber mats after immersion in water for 10
minutes are shown in Figure 3.8. The as-spun and heat-treated starch fibers lost their
fibrous structure after wetting and formed a gel-like structure. Even though the heattreated starch fibers were highly crystalline, a sufficiently large amount of amorphous
structure susceptible to plasticization by water apparently remained. The cross-linked
starch fibers retained the original fibrous structure. The cross-linking mechanism of
glutaraldehyde has been described (El-Tahlawy, Venditti, & Pawlak, 2007) as the
reaction between terminal aldehydes and hydroxyl groups of starch to the formation of
acetals. In this way, glutaraldehyde bridges the starch helices into a network, which is not
disintegrated by water.

Figure 3.8. Optical micrographs of electrospun starch fiber mats immersed in water after
10 minutes: (i) as-spun starch fibers, (ii) heat-treated highly crystalline starch fibers, and
(iii) starch fibers cross-linked by vapor phase glutaraldehyde. Scale bar is 50 um that is
applied to all figures.
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3.3.5. Starch composite fibers
Electrospinning of starch/clay and starch/microcrystalline cellulose (CMC)
composite fibers was also investigated. Clay (Lee et al., 2009) has been added to
electrospun fibers as a reinforcing nanosized structure. Electrospun nanocomposite fibers
have demonstrated improved mechanical strength and thermal stability (Lee, et al., 2009;
Rojas, Montero, & Habibi, 2009). Scanning electron microscopy and wide-angle X-ray
diffraction were used to characterize electrospun starch/clay and starch/CMC composite
fibers. The fiber surface was smooth (Figure 3.9). XRD indicated the presence of CMC in
the starch/CMC fiber and the presence of clay in the starch/clay fiber, but without
significant exfoliation as evidenced by the peak at ~11.8o (Figure 3.10).

Figure 3.9. Scanning electron micrographs of (i) electrospun starch/clay composite fibers
and (ii) starch/CMC composite fibers.
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Figure 3.10. X-ray diffraction patterns of A: (i) CMC powder, (ii) as-spun electrospun
starch/CMC composite fibers and (iii) electrospun starch/CMC composite fibers after
post-spinning heat treatment, and B: (i) modified clay, (ii) as-spun electrospun starch/clay
fibers and (iii) electrospun starch/clay fibers after post-spinning heat treatment.
3.4. Conclusions
In conclusion, pure starch fibers were, for the first time, fabricated by the
modified electrospinning technique i.e. “electro-wet-spinning”. Continuous jets from
high amylose corn starch in DMSO/water solution could be observed when a high
voltage was applied. Smooth and uniform starch fibers were fabricated. The diameter of
starch fibers was in the order of microns under the described experimental parameters.
Further studies are required to systematically examine the effect of numerous
experimental variables on fiber diameter. Thermal analysis of the starch fibers in 40%
and 50% (v/v) ethanol solutions showed the presence of an exotherm at about 40 and 55
o

C, respectively, which is attributed to crystallization of starch molecules. Hence, a post-

spinning heat annealing treatment at 65 oC was employed. The heat treatment was able to
significantly increase the crystallinity of the starch fibers, which may contribute to an
improvement in mechanical strength of the starch fiber mat. Cross-linking of starch fibers
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was successfully conducted using vapor-phase glutaraldehyde. Cross-linked starch fibers
show improved wet stability. Starch fibers reinforced with nano-structured clay and
microcrystalline cellulose were also prepared. This method opens up new fields of
applications for starch fibers.
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Chapter 4 ROLE OF MOLECULAR ENTANGLEMENTS IN STARCH FIBER
FORMATION BY ELECTROSPINNING
4.1. Introduction
Electrospinning is a technology of growing interest for producing sub-micron or
nano-scale fibers (Ramakrishna, Fujihara, Teo, Lim, & Ma, 2005). Among methods of
achieving fibers of this diameter, electrospinning is a peerless technique in terms of its
cost-effectiveness, simplicity, general applicability and controllability of fiber properties.
Similar to the development of conventional fiber spinning technology, most efforts have
been directed toward electrospinning of synthetic polymer systems. Yet there is a
growing need for better utilization of biopolymers and development of synthetic biofibers.
In addition to a sustainable and renewable supply of their constituent biopolymers,
biofibers

have

advantages

pertaining

to

their

inherent

biodegradability

and

biocompatibility. Therefore, a variety of biopolymers, including polysaccharides, proteins,
and DNA, has been successfully spun into fibers, especially by electrospinning (Kong,
Ziegler, & Bhosale, 2010).
Starch is among the most abundant and inexpensive biopolymers. Starch is found
in plant tissues, such as leaves, stems, seeds, roots and tubers. It is also found in certain
algae and bacteria. Starch exists in semi-crystalline granules of different size, shape and
morphology depending on its botanical source. Nevertheless, most starches are composed
of two structurally distinct molecules: amylose, a linear or lightly branched (1→4)-linked
α-glucopyranose, and amylopectin, a highly branched molecule of (1 → 4)-linked α-
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glucopyranose with α-(1→6) branch linkages. The amylose/amylopectin ratio in starches
also varies with botanical origin.
Many attempts to spin starch fibers have been reported in both the academic and
patent literature. The fabrication of starch-containing fibers has been dependent upon the
addition of non-starch components, e.g. other polymers, plasticizers or cross-linkers.
Electrospinning has been utilized to spin other polymers, for instance, polycaprolactone
(Jukola, Nikkola, Gomes, Reis, & Ashammakhi, 2008), poly(vinyl alcohol) (Sukyte,
Adomaviciute, & Milasius, 2010), polylactic acid (Sunthornvarabhas, Chatakanonda,
Piyachomkwan, & Sriroth, 2011), and poly(lactide-co-glycolide) with added starch
(Zhang & Xu, 2010). However, the addition of starch was detrimental to the
electrospinnability of the polymer mixture in most cases, so it is reasonable to suggest
that starch behaved more as a filler to replace a limited portion of the polymer in the fiber,
rather than serving as the principal fiber-forming material.
We have recently demonstrated that pure starch fibers can be produced by
electrospinning (Kong & Ziegler, 2012). The method is based on the selection of an
appropriate solvent, which is able to dissolve starch to establish sufficient chain
entanglements for fiber spinning. Amylose helices have been shown to adopt a random
coil conformation in a certain range of dimethyl sulfoxide (DMSO) concentration (De
Vasconcelos, Pereira, & Fonseca, 2001). DMSO or DMSO/water mixtures would thus be
a good candidate solvent; starch molecules are fully extended in certain DMSO solvent
systems and entanglement could easily be established. Therefore, we hypothesized that
the if entanglement of starch molecules is a determinant factor for the starch to be
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electrospun, then starch concentrations exceeding the entanglement concentration would
be required for effective spinning.
A number of researchers have tried to establish the correlation between polymer
chain entanglements and the ability to electrospin. McKee et al. suggested that the
polymer concentration must be at least 2 to 2.5 times the entanglement concentration in
order to electrospin fibers (McKee, Wilkes, Colby, & Long, 2004). The entanglement
concentration, c e , is defined as the boundary between the semidilute unentangled regime
and the semidilute entangled regime of a polymer solution. In the semidilute unentangled
regime, polymer chains overlap one another but do not entangle, whereas in the
semidilute entangled regime, polymer chains significantly overlap one another such that
individual chain motion is constrained.
Among biopolymers, the rheological properties of chitosan in 80% aqueous acetic
acid solution has been studied (Klossner, Queen, Coughlin, & Krause, 2008), and the
critical entanglement concentration was found to be 2.9 % (w/w).

However, the

researchers were unable to fabricate chitosan fibers at any concentration. The authors
hypothesized that even though the chitosan molecules might well entangle at
concentrations above 2.9 %, the high viscosity of these highly-deacetylated chitosan
solutions constrained electrospinning. This suggests that entanglement alone is perhaps
necessary but insufficient for electrospinning.
Rheological properties of the spinning dope play a crucial role in determining the
fiber forming ability of the polymer dispersion. In the current study, we attempted to
investigate the how solution viscosities of starch in DMSO/water mixtures impacted their
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electrospinnability. We hypothesized that the starch concentration must exceed the
entanglement concentration for fiber formation. Starches of different amylose content
were studied to gain understanding of the generalizability of the correlation between
rheological properties and electrospinnability.
4.2. Materials and methods
4.2.1. Materials
Gelose 80 starch was kindly provided by Penford Food Ingredients Company
(Centennial, CO) and used as received. Gelose 80 is a corn starch with amylose content
of about 80%. Hylon VII, Hylon V, Melojel, and Amioca starches were supplied by
National Starch and Chemical Company (now Corn Products International, Bridgewater,
NJ). They are all corn starches with amylose content according to the manufacturer of
approximately 70%, 55%, 25% and 0-1%, respectively. Mung bean starch was purified
from a mung bean starch powder product from a local Asian market. The mung bean
starch powder was dispersed in deionized water and allowed to precipitate. The
precipitate was washed with 50% (v/v) ethanol in water for 3 times and finally with pure
ethanol and dried. Mung bean starch has an amylose content of about 35%, according to
the literature (Hoover, Li, Hynes, & Senanayake, 1997). Ethanol (200 proof) and
dimethyl sulfoxide (DMSO) was obtained from VWR International (Radnor, PA).
4.2.2. Electrospinning
The preparation of spinning dope involved dissolving the appropriate amount of
starch in an aqueous DMSO solution. The starch dispersion was heated in a boiling water
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bath with continuous stirring on a magnetic stirrer hotplate for about one hour. The starch
dispersion was then allowed to cool to room temperature and deaerated. A 10 mL syringe
(Becton, Dickinson and Company, Franklin Lakes, NJ) with a 20 gauge blunt needle was
used as the spinneret.
The electrospinning setup comprised a higher voltage generator (ES40P, Gamma
High Voltage Research, Inc., Ormond Beach, FL), a syringe pump (81620, Hamilton
Company, Reno, NV), and a grounded metal mesh immersed in pure ethanol (Figure 3.1).
This electrospinning configuration can also be referred to as “electro-wet-spinning”. The
fibrous mat deposited in the ethanol coagulation bath was then washed using pure ethanol
and dried in a desiccator containing Drierite under vacuum. Electrospinning was
conducted at room temperature (≈20 ºC) in this study.

The electrospinnability was not evaluated under constant process parameters.
Instead, the electrospinnability of each starch dispersion was evaluated while varying
three spinning parameters (feed rate, voltage, and spinning distance) within
predetermined ranges: feed rates of 0.1, 0.25 and 0.4 mL/h, and spinning distances of 5,
7.5, and 10 cm. At each feed rate and spinning distance combination, the voltage was
gradually increased from 0 to 15 kV. The onset and ending voltages of continuous jet
formation were recorded. The electrospinnability for starch dispersions was determined
by visual and microscopic observation of the fibers formed.
4.2.3. Rheology
Starch dispersions in aqueous DMSO solutions were prepared for rheological
characterization. DMSO concentration ranged from 70 to 100 % (v/v). For each DMSO
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concentration, starch concentrations of 0.1 to 30% (w/v) were prepared. Flow curves, i.e.
shear viscosity versus shear rate, were generated using cone and plate geometry on a
strain-controlled rheometer (ARES, TA Instrument, New Castle, DE). The cone and plate
diameters were 50 mm and the gap was set at 0.043 mm. The cone angle was 0.04 radians.
Viscosity data were collect in the shear rate range from 0.1 s-1 to 100 s-1 at 20 ºC.
4.2.4. Characterization
Fiber morphology was examined using an Olympus BX41 optical microscope
(Hitech Instruments, Edgemont, PA) equipped with cross polarizers and a SPOT Insight
QE camera (SPOT Diagnostic Instruments, Sterling Heights, MI). Image analysis was
completed using SPOT analytical and controlling software. Observation of fibers was
also performed using a FEI Quanta 200 ESEM (FEI, Hillsboro, OR) in low vacuum mode
at an accelerating voltage of 20 keV.
4.3. Results and discussion
4.3.1. Rheological properties
Flow curves of Gelose 80 starch in pure DMSO with varying starch
concentrations are given in Figure 4.1. Unreliable data, i.e. out of the detection limit of
the rheometer, were not plotted. Pure DMSO and dispersions of low starch concentrations
approached Newtonian behavior, i.e. shear viscosity was independent of shear rate; up to
10% (w/v) of starch, the dispersions did not show significant shear thinning. As starch
concentration was increased beyond 10 % (w/v) shear thinning became apparent. By
fitting the power law model, 𝜂 = 𝐾𝛾̇ 𝑛−1 , to the data for 30 % (w/v) Gelose 80 starch
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dispersions, the power law index, n, was calculated to be 0.82, indicating the presence of
a weak shear thinning effect; the viscosity decreased less than 1 order of magnitude over
three decades of shear rate.

Figure 4.1. Flow curves of Gelose 80 starch in 100% DMSO as a function of starch
concentration (% w/v) at 20 ºC.
Zero shear viscosities, 𝜂0 , were approximated from the flow curves by using the

actual or extrapolated values for apparent viscosity at 0.1 s-1, and used to calculate
specific viscosity, 𝜂𝑠𝑝 = (𝜂0 − 𝜂𝑠 )/𝜂𝑠 . In order to determine the entanglement

concentration, c e , specific viscosity data were plotted against starch concentration. The c e

was thus determined to be 6.88 wt% from the intercept of the fitted slopes in the
semidulte unentangled and the semidilute entangled regimes (Figure 4.2). In the
semidilute unentangled regime, the specific viscosity, η sp , was proportional to c1.40. This
concentration dependence is close to reported values for chitosan in 80% aqueous acetic
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acid solution (η sp ~ c1.3) (Klossner, et al., 2008), and for linear and branched
poly(ethylene terephthalate-co-ethylene isophthalate) (PET-co-PEI) in mixture solvent
chloroform/dimethylformamide (η sp ~ c1.41) and (η sp ~ c1.39), respectively (McKee, et al.,
2004). This scaling dependence is also close to the theoretically predicted value (η sp ~
c1.25) for neutral, linear polymers in semidilute unentangled regime in a good solvent (de
Gennes, 1979).
In the semidilute entangled regime, we observed that η sp ~ c3.28, lower than
reported values (η sp ~ c6.0) for linear PET-co-PEI and chitosan (Klossner, et al., 2008;
McKee, et al., 2004), and theoretical prediction (η sp ~ c.4.8) (de Gennes, 1979). However,
this concentration dependence is very close to that of the other random coil
polysaccharides, i.e. 3.3 (Morris, Cutler, Ross-Murphy, Rees, & Price, 1981). The small
exponent suggests that the starch molecules were entangled but did not interact strongly.
The presence of branched amylopectin (about 20%) could also contribute to the weak
dependence of specific viscosity on concentration. McKee et al. (McKee, et al., 2004)
reported a scaling dependence (η sp ~ c2.73) for branched PET-co-PEI in the semidilute
entangled regime, lower than that for linear PET-co-PEI, (η sp ~ c6.0).
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Figure 4.2. Plot of specific viscosity versus Gelose 80 starch concentration in 100%
DMSO. The entanglement concentration and slopes of fitted lines in two regimes are
illustrated.
The flow curves of Gelose 80 in a series of DMSO solutions from 100% to 70%
were also obtained and can be found in the supporting information. The general trend
from low to high starch concentration is similar to starch in pure DMSO. However, the
starch dispersions of intermediate concentrations (3 to 10 % w/w) developed complicated
flow behavior in DMSO lower than 90%. The shear viscosity increased with shear rate
and decreased after a peak viscosity. DMSO aqueous solutions lower than 90% might be
insufficient to completely dissociate starch molecules.
Entanglement concentration values for starch in different DMSO solutions were
obtained by plotting specific viscosity versus starch concentration (Figure 4.3).
Exponents of the concentration dependence in the unentangled regime ranged from 1.20
to 1.80, indicating weak interaction of individual molecules and absence of significant
entanglements. Exponents of the concentration dependence in the entangled regime
ranged from 2.66 to 3.03 for DMSO concentration greater than 85%. The dependence
becomes stronger for starch in 75% and 70% aqueous DMSO solutions. These DMSO
solutions were not able to totally dissolve the starch, which significantly increased the
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starch dispersion viscosity. This was evidenced from visual observation of the dispersion;
starch in 75% and 70% DMSO solutions appeared as an opaque white suspension, in
contrast to the transparent or translucent yellowish dispersion of starch in more
concentrated DMSO solutions. This transition occurred at about 85% DMSO making
measurement of the viscosities at this concentration highly unstable and preventing an
accurate determination of c e .
The entanglement concentration c e is plotted with respect to DMSO concentration
in Figure 4.4. In the range of 100% to 90% DMSO where starch can be effectively
dissolved, the entanglement concentration c e reaches a minimum at 2.14% (w/v) in 92.5%
DMSO, suggesting that solvation is highest at 92.5% aqueous DMSO. With better
solvation extended coils occupy a larger hydrodynamic volume so that the overlap
concentration is lower.
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Figure 4.3. Plots of specific viscosity versus Gelose 80 starch concentration in (a) 97.5%,
(b) 95%, (c) 92.5%, (d) 90%, (e) 85%, (f) 80%, (g) 75%, and (h) 70% (v/v) DMSO
aqueous solutions. The entanglement concentrations and slopes of fitted lines in two
regimes are illustrated.
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Figure 4.4. The entanglement concentrations of Gelose 80 starch as a function of DMSO
concentration.
4.3.2. Correlation with electrospinnability
A series of starch dispersions in each DMSO concentration was subject to
electrospinning on the apparatus shown in Figure 1. The fiber forming ability
(electrospinnability) was examined in the predetermined process parameter ranges. A
spinnability map illustrating regions of spinnability at varying concentrations of DMSO
and starch was constructed (Figure 4.5). Starch dispersions with good fiber forming
ability are marked in the shaded area. During the spinning of these dispersions, a
continuous and stable jet could be induced and fibers were deposited on the surface of the
ethanol bath without accompanying sprayed particles. Optical microscopy and scanning
electron microscopy were also employed to evaluate the fiber morphology. Good fibers
are continuous, uniform, smooth, and defect-free (Figure 4.6b-j). At lower concentrations,
electrospinning was constantly interrupted by electrospraying outside of the shaded area
producing mixtures of poor and short fibers and particles. Poor fibers are too fragile to be
collected from the coagulation bath. Microscopic observation of the poor fibers shows
lack of uniformity, defects and presence of debris (Figure 4.6a). Electrospraying also
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occurred at high concentrations outside the shaded area at low feed rates. In addition, at
high feed rates the jet did not develop whipping instability and the process appeared like
simple wet-spinning.

Figure 4.5. Evaluation of fiber formation abilities from starch dispersions of different
starch and DMSO concentration: good fiber formed (circles), poor fiber formed
(triangles), and no fiber formed (Xs). Shaded area represents the electrospinnable region.
Entanglement concentrations are also approximately labeled.

168

Figure 4.6. Scanning electron micrographs of electrospun pure Gelose 80 starch fibers
from (a) 8% and (b) 12% (w/v) starch in 100% DMSO, (c) 8% and (d) 10% (w/v) starch
in 95% DMSO, (e) 8% and (f) 10% (w/v) starch in 90% DMSO, (g) 8% and (h) 10%
(w/v) starch in 85% DMSO, and (i) 8% and (j) 10% (w/v) starch in 80% DMSO. Scale
bar represents 200 µm in all figures.
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If we consider the concentration at which good fibers start to form as the critical
concentration for electrospinnability c*, c*/c e values can be obtained for Gelose 80 starch
in different DMSO concentrations. These values are 1.7, 2.7, 1.2, and 2.3 for Gelose 80
starch in 100%, 95%, 90% and 80% DMSO aqueous solutions, respectively. Our findings
agree well with previous reported c*/c e values for electrospinning defect-free fibers
(Chen & Elabd, 2009; McKee, et al., 2004). Other factors may also influence the
electrospinnability of a starch-DMSO-water dispersion, e.g. Klossner et al. were
unsuccessful electrospinning chitosan in 80% acetic acid at concentrations 2 to 2.5 times
c e , which they attributed to the high viscosity (4 to 16 Pa•s) (Klossner, et al., 2008).
Therefore, the shear viscosities at 100 s-1 were plotted against starch concentrations and
the region of spinnability denoted (Figure 4.7). From this graph, one can observe that all
the electrospinnable dispersions have a shear viscosity clustered in the shade area, i.e.
from 0.2 to 2.2 Pa•s. At higher concentrations, where sufficient molecular entanglement
has been well established, the high viscosity of the Gelose 80 starch dispersion could be
the factor that limits electrospinnability. At lower concentrations in the range from c e to
c*, where molecular entanglement was also fulfilled, the low viscosity and absence of
shear thinning suggested that the entanglement of the starch molecules was insufficient.
While the shear viscosity at 100 s-1 has some implication on electrospinnability, it should
be noted that the actual shear rate involved in electrospinning must be much higher than
100 s-1 (Greiner & Wendorff, 2008). It is so far concluded that starch conformation,
presence of entanglement and shear viscosity together influence the electrospinnablity of
a starch-DMSO-water dispersion.
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Figure 4.7. Shear viscosities (at 100 s-1) of the Gelose 80 starch dispersions as a function
of starch concentration in different DMSO concentrations. All electrospinnable
dispersions fall into the shade area.
The electrospinnability was not evaluated under constant process parameters. If
the parameters had been set constant, the electrospinnable window would have been
smaller than the current shaded area. In the experiment, starch dispersions from the left
edge of the shaded area were found to be inappropriate for electrospinning at a low
feeding rate, large spinning distance and low voltage. The situation was reversed for
concentrated starch dispersions. For example, 8% (w/v) starch dispersion in 80% DMSO
was only spinnable at the highest feeding rate and the shortest spinning distance in this
study. A continuous jet and fibers began to form when the voltage was increased to 10
kV, but the jet became unstable when the voltage reached 12 kV. In another example,
good fibers from 20% (w/v) starch in 100% DMSO were only obtainable at the largest
spinning distance and lowest feeding rate. At a spinning distance of 10 cm and voltage of
10 kV, increasing the feed rate from 1 to 2 mL/h resulted in good fibers becoming poor
fibers.
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These phenomena are related to the rheological properties of the starch
dispersions. From the flow curves, highly concentrated starch dispersions (e.g. 20% (w/v))
develop shear thinning at lower shear rates than moderately concentrated starch
dispersions (e.g. 8 – 10%, w/v). Hence, higher feeding rate and higher voltage/spinning
distance (i.e. higher shear rate) are required to develop sufficient molecular alignment
and shear thinning for moderately concentrated starch dispersions. On the contrary,
highly concentrated starch dispersions do not require such high shear rate for orienting
the starch molecules in the flow. The spinning parameters, including starch concentration,
thus interact. The parameter combinations appropriate for electrospinning are roughly
illustrated in Figure 4.8. Further research is required to study the interaction of
electrospinning parameters through sound design of experiment.

Figure 4.8. 3-dimensional coordinates of spinning parameters. Shaded circles estimate the
appropriate parameter combinations for electrospinning starch dispersion from highly
concentrated (horizontal lines) and moderately concentrated (vertical lines) dispersions.
4.3.3. Effect of amylose/amylopectin ratios
Starches of different amylose/amylopectin ratios in 95% aqueous DMSO were
characterized by rheological measurements. Flow curves can be found in the supporting
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material. By plotting specific viscosities versus starch concentrations, the entanglement
concentration c e values were obtained (Figure 4.9a-e). The exponents of the
concentration dependence in the semidilute unentangled and entangled regimes are all in
good agreement with that of Gelose 80 starch. Weak entanglements were formed in the
semidilute entangled regime, which became weaker as amylopectin content increases.
This is expected since amylose is the major contributor to extended coils and their
entanglements, though larger, amylopectin behaves as a hard ellipsoid. The entanglement
concentration c e is the highest in Hylon VII starch (4.15%, w/v) and decreases to 0.29%
(w/v) for Melojel starch, probably due to the high molecular weight of amylopectin. A c e
value was not obtainable within the concentration range of this experiment for waxy
maize starch that has 0 - 1% amylose content. The exponents of concentration
dependence in the entangled regime were found to be consecutively decreasing as
amylose content decreased. In high amylose starches, where amylose entanglements
dominate, the molecules interpenetrate into one another and can be well entangled. As the
amylose content decreases, the amylose molecules contribute less and the amylopectin
components dominate. These bulky objectives cannot entangle very much due to steric
hindrance.
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Figure 4.9. Plots of specific viscosity versus starch concentration for (a) Hylon VII
(HVII), (b) Hylon V (HV), (c) Mung bean starch (MB), (d) Melojel starch (MJ), and (e)
Amioca waxy maize starch (AM) in 95% (v/v) DMSO aqueous solution, and plot of
entanglement concentration as a function of amylose content in the starches.
The electrospinnability of starches of different amylose content were evaluated
(Figure 4.10). Electrospinning of Hylon VII starch in 95% DMSO was successful in the
concentration range of 8 to 20% (w/v). This range becomes smaller and smaller as
amylose content in the starch decreases. The electrospinnable range for Hylon V shrinks
to between 10 and 15% (w/v). Poor mung bean starch fibers were only obtainable from a
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concentration around 7% (w/v). Melojel and Amioca starches were not electrospinnable
at any concentration in 95% DMSO. Electron micrograph figures of electrospun fibers
show this trend (Figure 4.11).
The c*/c e values were determined to be 3.8, 3.7, and 1.9 for mung bean starch,
Hylon V and Hylon VII, respectively. The c*/c e value of Hylon VII is the only one falls
into the previous reported range. The Hylon V and mung bean starch need a higher
concentration to be electrospun, probably due to their low content of amylose, though
molecular weight and other characteristics may also be of importance in the
establishment of chain entanglement.

Figure 4.10. Evaluation of electrospinnability from starch dispersions of different
starches in 95% DMSO: good fiber formed (circles), poor fiber formed (triangles), and no
fiber formed (Xs). The starches have varying amylose content: Amioca (0-1%), Melojel
(25%), mung bean starch (30%), Hylon V(55%), and Hylon VII(70%). Shaded area
represents the electrospinnable region. Entanglement concentrations are also
approximately labeled.
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Figure 4.11. Scanning electron micrographs of electrospun pure starch fibers from (a) 18%
(w/v) Hylon V, (b) 8% (w/v) Hylon VII, (c) 8% (w/v) Hylon V, and (d) 7% (w/v) Mung
bean starch in 95% (v/v) DMSO aqueous solutions. Scale bar represents 200 µm in all
figures.
4.4. Conclusions
In conclusion, rheological properties and the correlation with electrospinnability
of Gelose 80 starch in different DMSO solutions were studied. In order to obtain wellformed fibers, the concentration of starch had to be 1.2 to 2.7 times the entanglement
concentration c e depending on the DMSO concentration. In addition to the establishment
of molecular entanglements, molecular conformation and shear viscosity are also of
importance in determining the electrospinnability.
4.5. Supplemental data
Supplemental data in Appendix A. Flow curves of Gelose 80 starch in 97.5%,
95%, 92.5%, 90%, 85, 80%, 75%, and 70% (v/v) DMSO as a function of starch
concentration at 20 oC. Flow curves of Hylon VII starch, Hylon V starch, Mung bean
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starch, Melojel starch, and Amioca starch in 95% (v/v) DMSO as a function of starch
concentration at 20 oC.
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Chapter 5 QUANTITATIVE RELATIONSHIP BETWEEN ELECTROSPINNING
PARAMETERS AND STARCH FIBER DIAMETER
5.1. Introduction
Polysaccharide based biopolymers are of great interest to researchers in academia
and industry as a potential substitute for synthetic polymers because of their sustainable
supply, biodegradability and biocompatibility. Fibers spun from polysaccharides are
promising materials for a wide variety of applications, e.g. filtration, biomedical, and
textiles to name but a few. A number of polysaccharides have been artificially spun into
fibers, including cellulose, chitosan, alginate, hyaluronic acid, pullulan, and dextran
(Kong, Ziegler, & Bhosale, 2010). Among polysaccharides, probably the most abundant
and inexpensive is starch. Therefore, starch spinning has attracted much interest (Kong &
Ziegler, 2012b). We have recently demonstrated a method to produce pure starch fibers
by an electrospinning technique (Kong & Ziegler, 2012a).
The diameter is a key parameter for fibers envisioned for specific applications.
Electrospinning is a simple and efficient technique capable of producing micro- or nanoscale fibers. Compared with normal textile fibers, which are in the order of hundreds of
microns, nano-scale fibers have much higher surface-area-to-volume ratio, higher
porosity, and smaller pore sizes. The diameter of the starch fibers obtained in our original
work was in the order of microns. It’s important to systematically investigate the effect of
the electrospinning parameters on starch fiber diameter, and the smallest fiber diameter
obtainable without sacrificing fiber qualities, e.g. continuous morphology and
reproducibility.
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Empirical modeling by response surface methodology has been used successfully
for fiber spinning processes in a number of studies including dry-jet-wet spinning of
polyurethane elastomer fibers (Reddy, Deopura, & Joshi, 2010), and electrospinning of
silk fibers (Sukigara, Gandhi, Ayutsede, Micklus, & Ko, 2004), polylactide fibers (Gu &
Ren, 2005), and polyacrylonitrile fibers (Gu, Ren, & Vancso, 2005; Yördem, Papila, &
Menceloglu, 2008). In our previous report, we have observed the interaction of some
electrospinning parameters (Kong & Ziegler, 2012c). For instance, dispersions with low
starch concentration required a high feed rate, high voltage and short spinning distance to
be spun; the requirement was reversed for high starch concentrations. Spinning was
unsuccessful at certain combinations of spinning parameters. Therefore, it was not
possible to employ a full-factorial design to investigate the effects of spinning parameters
on fiber diameter. Instead a fractional factorial design in a constrained region (Wheeler,
Betsch, & Donnelly, 1993) was used to generate the response surface contours for the
influence of starch concentration, voltage, distance and feed rate on fiber diameter
without drawing.

5.2. Materials and methods
5.2.1. Materials
Hylon VII starch was supplied by National Starch and Chemical Company (now
Corn Products International, Bridgewater, NJ) and used as received. Hylon VII is a corn
starch with amylose content of about 70%. Dimethyl sulfoxide (DMSO) was obtained
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from VWR International (Radnor, PA). Ethanol (200 proof) was obtained from the Penn
State Chemistry Stockroom.
5.2.2. Electrospinning
The preparation of spinning dope involved dissolving the appropriate amount of
starch in 95% (v/v) aqueous DMSO solution. The starch dispersion was heated in a
boiling water bath with continuous stirring on a magnetic stirrer hotplate for about one
hour. The starch dispersion was then allowed to cool to room temperature and deaerated.
A 10 mL syringe (Becton, Dickinson and Company, Franklin Lakes, NJ) with a 20 gauge
blunt needle was used as the spinneret.
The electrospinning setup comprised a higher voltage generator (ES40P, Gamma
High Voltage Research, Inc., Ormond Beach, FL), a syringe pump (81620, Hamilton
Company, Reno, NV), and a grounded metal mesh immersed in pure ethanol (Figure 3.1).
This electrospinning configuration can also be referred to as “electro-wet-spinning”. The
fibrous mat deposited in the ethanol coagulation bath was then washed using pure ethanol
and dried in a desiccator containing Drierite under vacuum.
5.2.3. Design of experiments
In order to establish a quantitative relationship between fiber diameter and
spinning parameters, a fractional experimental design for a constrained region using a
quadratic model was created by ECHIP (ECHIP, Inc., Hockessin, DE) (Wheeler, et al.,
1993). Four variables were included in the model: starch concentration (10 to 15 %, w/v),
voltage (6 to 10 kV), spinning distance (5 to 8 cm), and feed rate (2 to 4 ml/h). The
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constraints were specified by a “point-percentage” method provided by ECHIP. Within
the experiment range, two extreme combinations were identified as non-operational
conditions according to previous experiments, i.e. starch concentration at 10% (w/v),
voltage at 6 kV, spinning distance at 8 cm and feed rate at 2 ml/h; and starch
concentration at 15, voltage at 10, spinning distance at 5 and feed rate at 4. Two pieces of
experimental region were cut off by two imaginary planes perpendicular to the vector
from the center of the experimental region to the non-operational points and located at 10%
of the distance from the center. The design contained 28 experiments, 25 unique
combinations, and 3 replications (Table 1). Five unique checkpoints were then used to
validate the initial model and added to create a new model.
5.2.4. Fiber morphology
Observation of fibers was performed using a FEI Quanta 200 environmental
scanning electron microscope (ESEM, FEI, Hillsboro, OR) in low vacuum mode at an
accelerating voltage of 20 KeV. Fiber diameter was measured from the ESEM images.
Five images were used for each fiber sample and at least 100 different segments were
randomly measured to obtain an average diameter.
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Table 5.1. Design of experiments and response results.
a

Run

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23

Trial

b

12
20
4
19
7
3
5
15
13
18
3
2
1
9
14
22
6
2
10
23
25
8
21

Feed rate
(ml/h)
3.2
2
4
3
3.6
4
4
2
2
4
4
4
2
2.8
4
4
2
4
3
2
3.2
3.8
4

Spinning
distance
(cm)
5
6.5
7.4
8
8
7.4
8
5
5
8
7.4
5
5
5
5.6
8
8
5
6.5
7.4
8
8
5

Voltage
(kV)
8.4
10
10
8
10
6
7.6
10
6.8
8.4
6
6
6
6
6
10
10
6
8
10
10
6
6

Starch
concentration
(%, w/v)
10
12.5
10
15
10
15
12
11
15
13
15
10
15
12
10
10
14
10
12.5
15
13
14.5
11

Diameter
(µm)

c

SD

Fiber
evaluationd

10.38
9.56
4.74
16.34
3.64
12.09
8.33
12.84
21.18
8.84
12.16
7.81
21.79
9.15
11.18
4.12
11.11
8.06
4.70
13.24
8.99
4.43
10.93

2.21
3.57
2.54
5.30
1.69
3.96
3.33
3.02
4.97
2.40
3.56
3.86
7.92
3.03
4.11
2.72
2.42
3.52
2.00
5.68
2.01
1.41
3.11

++
++
+
+
++
+
+
++
++
++
++
+
++
++
++
++
++
++
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a

24
25
26
27
28

24
17
16
11
1

2.8
2
2.8
2
2

6.8
6.8
6.8
5
5

6
7.6
10
9.2
6

15
15
10
10
15

12.14
22.35
3.35
10.39
20.56

29
30
31
32
33

26
27
28
29
30

3
4
3
3.5
2.8

6
5.5
6.5
6
7.5

7
8
7
10
7.5

10
10.5
13.5
11.5
14.5

7.40
5.66
9.26
10.95
9.64

Run signifies the order in which the experiments were conducted.
Each trial with a different number indicates a unique set of experimental conditions.
c
Standard deviation of the fiber diameters.
d
Fibers were evaluated and classified into good fibers (++), fair fibers (+), and poor fibers (-).
e
Runs of unique experimental conditions chosen for initial model validation.
b

++
4.06
6.37
++
1.43
++
1.96
8.41
Validation runse
++
2.13
++
1.67
++
2.16
++
1.75
++
2.00
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5.3. Results and discussion
5.3.1. Fiber morphology
Fiber samples from each experimental run were observed using electron
microscopy (Figure 5.1), and evaluated according to their spinning behavior and fiber
morphology (Table 5.1). 16 out of 28 runs produced good fibers, i.e. those that are
continuous and have few droplets. Of 28 fiber samples 5 were evaluated as fair. These
fibers are largely continuous but may have some droplets or thick fibers. The final 7 runs
produced poor fibers. Some of these runs, e.g. 1, 13, 17, and 23, resulted in thick fibers.
These runs resulting in poor fibers used the highest starch concentrations and relatively
high voltage/distance ratios. At these electrospinning conditions, the jet did not develop
whipping instability and the process appeared like simple wet-spinning. The other two
runs, i.e. 7 and 22, produced too many droplets by electrospraying, instead of
electrospinning. These two runs used the lowest starch concentration and the greatest
spinning distance. A similar material concentration effect was reported in other studies
(Gu, et al., 2005). The fiber morphology can probably be influenced by both surface
tension and viscosity. The surface tension tends to reduce surface area per unit mass and
thus favors the formation of droplets or particles, while viscoelastic forces promote the
formation of fibers. At low material concentrations, surface tension may have a
dominating impact over viscoelastic force. However, at high concentrations, high
viscosity brings difficulty in the extension of the jet and thus results in thick fibers. With
only two constraints for a 4-dimensional experimental design, these combinations were
included in the constrained region, because a balance between well-defined operational
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range and enough space to have distant points has to be considered for the prediction
power of the model.
When all of the experimental runs were used to construct a model for the effect of
spinning parameters on fiber diameter, starch concentration was the only significant
parameter (r2=0.88, p-value = 0.0007). However, when all of the poor fiber data were
eliminated, a model with 12 significant terms (r2 = 0.94, p-value = 0.0143) was obtained.
The poor fibers were obtained by mechanisms other than true electrospinning and, thus,
should not be included in the model construction and refinement for electrospinning.
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Figure 5.1. Electron micrographs of fiber samples from experimental runs from 1 to 30.
Scale bar represents 500 µm in all figures.

187

5.3.2. Model construction
Fiber diameter data of the good and fair fibers were used for regression analysis.
Five additional unique runs were used as checkpoints for model validation. The root
mean square of the residuals between checkpoints and predictions was calculated to be
2.08, smaller than the residual standard deviation for non-checkpoints, i.e. 2.09.
Therefore, the model can be considered a good one and the predictions reliable (Wheeler,
et al., 1993). Insignificant terms were then removed to refine the model. Table 5.2
provides the coefficients of the final statistical model and the significance of each term.
All the terms involving feed rate were insignificant in determining the fiber diameter and
thus not included in the final model.
Table 5.2. Coefficients determined for response model.
Parameter
Constant (β 0 )
FeedRate (β 1 )
Distance (β 2 )
Voltage (β 3 )
StarchConc (β 4 )
FeedRate × Distance (β 5 )
FeedRate × Voltage (β 6 )
FeedRate × StarchConc (β 7 )
Distance × Voltage (β 8 )
Distance × StarchConc (β 9 )
Voltage × StarchConc (β 10 )
FeedRate2 (β 11 )
Distance2 (β 12 )
Voltage2 (β 13 )
StarchConc2 (β 14 )
r2c
Pd

Coefficient for diametera
7.09
NIb
-3.76
1.43
3.31
NI
NI
NI
-1.13
-2.25
1.22
NI
2.38
NI
1.32
0.683
0.0041

P

0.0009
0.0023
0.0002

0.0294
0.0246
0.0057
0.0125
0.0041

𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟 = 𝛽0 + 𝛽1 (𝐹𝑒𝑒𝑑𝑅𝑎𝑡𝑒 − 3) + 𝛽2 (𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 − 6.5) + 𝛽3 (𝑉𝑜𝑙𝑡𝑎𝑔𝑒 − 8) + 𝛽4 (𝑆𝑡𝑎𝑟𝑐ℎ𝐶𝑜𝑛𝑐 −
12.5) + 𝛽5 (𝐹𝑒𝑒𝑑𝑅𝑎𝑡𝑒 − 3) × (𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 − 6.5) + 𝛽6 (𝐹𝑒𝑒𝑑𝑅𝑎𝑡𝑒 − 3) × (𝑉𝑜𝑙𝑡𝑎𝑔𝑒 − 8) +
𝛽7 (𝐹𝑒𝑒𝑑𝑅𝑎𝑡𝑒 − 3) × (𝑆𝑡𝑎𝑟𝑐ℎ𝐶𝑜𝑛𝑐 − 12.5) + 𝛽8 (𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 − 6.5) × (𝑉𝑜𝑙𝑡𝑎𝑔𝑒 − 8) + 𝛽9 (𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 −
6.5) × (𝑆𝑡𝑎𝑟𝑐ℎ𝐶𝑜𝑛𝑐 − 12.5) + 𝛽10 (𝑉𝑜𝑙𝑡𝑎𝑔𝑒 − 8) × (𝑆𝑡𝑎𝑟𝑐ℎ𝐶𝑜𝑛𝑐 − 12.5) + 𝛽11 (𝐹𝑒𝑒𝑑𝑅𝑎𝑡𝑒 − 3)2 +
𝛽12 (𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 − 6.5)2 + 𝛽13 (𝑉𝑜𝑙𝑡𝑎𝑔𝑒 − 8)2 + 𝛽14 (𝑆𝑡𝑎𝑟𝑐ℎ𝐶𝑜𝑛𝑐 − 12.5)2 .

a
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b

NI, not included. Inclusion of this coefficient in the model did not improve the fit.
Regression coefficient of the model to predict the response variable.
d
P value for the model to predict the response variable.
c

As shown in the footnote, the model used centering values by subtracting the
average of the high and low limits of the variables. With centering removed, the fitted
second-order equation for average fiber diameter is given by:
𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟 = 165.924 − 2.465 × 𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 − 6.475 × 𝑉𝑜𝑙𝑡𝑎𝑔𝑒 − 24.825

× 𝑆𝑡𝑎𝑟𝑐ℎ𝐶𝑜𝑛𝑐 − 1.13 × 𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 × 𝑉𝑜𝑙𝑡𝑎𝑔𝑒 − 2.25 × 𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒

× 𝑆𝑡𝑎𝑟𝑐ℎ𝐶𝑜𝑛𝑐 + 1.22 × 𝑉𝑜𝑙𝑡𝑎𝑔𝑒 × 𝑆𝑡𝑎𝑟𝑐ℎ𝐶𝑜𝑛𝑐 + 2.38 × 𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 2

+ 1.32 × 𝑆𝑡𝑎𝑟𝑐ℎ𝐶𝑜𝑛𝑐 2

According to the model, the smallest mean fiber diameter obtainable, without an
added process like mechanical drawing, is 3.98 µm at a starch concentration of 10%
(w/v), feed rate of 2.8 ml/h, voltage of 10 kV, and distance of 6.8 cm, which is identical
the conditions of run 16. The largest mean fiber diameter is outside the experimental
design region.
5.3.3. Electrospinning parameters and their interactions
For starch concentration from 10 to 15 % (w/v), contour plots of the predicted
mean fiber diameter were illustrated in Figure 5.2. Each contour visualizes the effects of
voltage and spinning distance at the corresponding starch concentration. The effect of
starch concentration can also be seen by comparing the six contour plots. Increasing
starch concentration increases the lower limit of the fiber diameter.
For all starch concentrations, the fiber diameter seems more responsive to
spinning distance than to voltage. The interaction of voltage and spinning distance can
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also be observed according to the nonlinear contour lines. The interaction effect follows a
similar trend regardless of starch concentration. The condition for smallest fiber diameter
shifted from the high voltage, intermediate distance region to the low voltage, long
distance region as starch concentration increased. It is expected from previous rheological
studies that low starch concentration requires higher shear rate brought about by higher
voltage to distance ratio for aligning the starch molecules in the jet, whereas highly
concentrated starch dispersion does not need such high shear rate (Kong & Ziegler,
2012c). Both increasing and decreasing the ratio of voltage to distance from this
condition tended to increase the fiber diameter. The ratio of voltage to distance can also
be defined as electric field strength (Sukigara, et al., 2004). Lowering the electric field
strength will decrease the electric stress on the starch dispersion and the efficiency in
drawing the fiber. However, increasing the electric field strength from the center region
accelerates the jet so quickly that whipping instability cannot be well developed. This
will shorten the spiral loop path of the jet, where the jet is extensively elongated. Further
increase of the electric field strength will result in a process like simple wet-spinning, as
described for runs 1, 13, 17, and 23.
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Figure 5.2. Contour plots of fiber diameter as a function of voltage and spinning distance
at a constant feed rate of 3 ml/h and different starch concentrations: A, 10%; B, 11%; C,
12%; D, 13%; E, 14%; and F, 15% (w/v). Contour lines with numbers are significantly
different (P < 0.05). The red lines denote the design boundary; i.e. experimental
conditions outside or below the red lines were not included in the design.
The contour plots in Figure 5.3 and 5.4 indicate that the fiber diameter is very
responsive to starch concentration. The strong dependence of fiber diameter on material
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concentration has been reported by a number of studies for other materials (Kattamuri &
Sung, 2004; Ryu, Kim, Lee, Park, & Lee, 2003; Sukigara, et al., 2004; Yördem, et al.,
2008). At short spinning distances (5 and 6.5 cm), the effect of voltage is largely
negligible, as can be seen from the slope of the curves. At long spinning distance, the
effect of voltage is also not apparent for intermediate starch concentrations. But voltage
has more effect on fiber diameter at low and high starch concentrations.
The contour plots at constant voltages show that at higher starch concentrations
greater spinning distances were needed in order to produce fibers with equivalent
diameters. The predicted condition for the smallest fiber diameter is located near spinning
distance of about 6.5 to 7 cm.

Figure 5.3. Contour plots of fiber diameter as a function of starch concentration and
voltage at a constant feed rate of 3 ml/h and different spinning distance: A, 5; B, 6.5; and
C, 8 cm. Contour lines with numbers are significantly different (P < 0.05). The red lines
denote the design boundary; i.e. experimental conditions outside of the red lines were not
included in the design.
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Figure 5.4. Contour plots of fiber diameter as a function of starch concentration and
spinning distance at a constant feed rate of 3 ml/h and different voltage: A, 6; B, 8; and C,
10 kV. Contour lines with numbers are significantly different (P < 0.05). The red lines
denote the design boundary; i.e. experimental conditions outside of the red lines were not
included in the design.
5.4. Conclusions
Fractional factorial design for a constrained region and quadratic empirical
modeling were applied to establish a quantitative relationship between several
electrospinning parameters and fiber diameter. Checkpoints were used to validate the
model and added for regression analysis. A quadratic empirical model was finalized
involving three electrospinning parameters, i.e. starch concentration, voltage, and
distance. According to the model, the smallest fiber diameter (3.98 µm) can be obtained
within the experiment range. Response surface analysis was employed to create contour
plots where the main effects and interactions of individual parameters can be visualized.
Fiber diameter was found to be more responsive to starch concentration than to voltage
and distance in the experiment range. The ratio of voltage to distance and the ratio of
starch concentration to distance were found to be important in predicting the trend of
fiber diameter.
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Chapter 6 FORMATION OF STARCH-GUEST INCLUSION COMPLEXES IN
ELECTROSPUN STARCH FIBERS AND ELECTROSPRAYED POWDERS
6.1. Introduction
Starch, especially its amylose component, is well known to form inclusion
complexes with a number of molecules, e.g. iodine (Bluhm & Zugenmaier, 1981),
alcohols (Whittam et al., 1989), fatty acids (Lay Ma, Floros, & Ziegler, 2011), aromas
(Rondeau-Mouro, Bail, & Buléon, 2004), salicylic acid (Oguchi, Yamasato,
Limmatvapirat, Yonemochi, & Yamamoto, 1998) and its analogues (Uchino, Tozuka,
Oguchi, & Yamamoto, 2002), ibuprofen, and warfarin (Hong, Soini, Baker, & Novotny,
1998). In the presence of included molecules, amylose forms a left-handed single helix
stabilized by hydrogen bonds (Conde-Petit, Escher, & Nuessli, 2006). The amylose helix
has a hydrophilic outside surface and a hydrophobic helical channel that accommodates
the guest molecules (intrahelical association). The amylose helices pack together and
form a crystalline structure known as V-type. The guest molecules could also be
entrapped between amylose helices (interhelical association). Another type of guest
entrapment is microencapsulation, where large entities, e.g. cells and bacteria, can be
fixed into the starch material (Shimoni, 2008).
The amylose/starch-guest inclusion complexes are ideal for use as a delivery
system for guest molecules. For instance, amylose complexed with conjugated linoleic
acid (Lalush, Bar, Zakaria, Eichler, & Shimoni, 2004), genistein (Cohen, Orlova,
Kovalev, Ungar, & Shimoni, 2008), and fatty acid esters (Lay Ma, et al., 2011), and long
chain unsaturated fatty acids (Lesmes, Barchechath, & Shimoni, 2008; Lesmes, Cohen,
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Shener, & Shimoni, 2009) have been produced for controlled release purposes. By
forming an inclusion complex with amylose or starch, it is expected that the active
ingredients, such as essential fatty acids, lipophilic, vitamins, and soy isoflavones, can be
protected against the acidic environment in the stomach and their bioavailability may be
increased. The bioactive guest compounds can be released in the small intestine by the
action of enzymes on amylose complexes (Yang, Gu, & Zhang, 2009).
There are primarily two methods to prepare amylose/starch guest inclusion
complexes: dimethyl sulfoxide (DMSO) method and alkali method (Putseys, Lamberts, &
Delcour, 2010). Starch or amylose is dissolved in DMSO (e.g. 95% (v/v) DMSO) or
alkali (e.g. 0.01 M potassium hydroxide) solutions and mixed with the desired guest. In
the DMSO method, the solution is diluted with water at an elevated temperature and
allowed to cool slowly. The inclusion complexes formed will then precipitate. In the
alkali method, the solution is neutralized and slowly cooled.
Previously, we have fabricated starch fibers by an electrospinning method and
studied the effect of solution rheological properties and spinning parameters on fiber
formation (Kong & Ziegler, 2012a, 2012b, 2012c). The nonwoven starch fiber mat is
advantageous over existing techniques for use in biomedical applications, especially
wound dressings and drug delivery. First, fibers have a tremendously increased surface
area compared with current wound dressings and delivery matrices based on foam, film
and hydrogels. The high effective surface area has been evidenced to promote hemostasis,
extrudate absorption, and cell proliferation (Zahedi, Rezaeian, Ranaei-Siadat, Jafari, &
Supaphol, 2010). Secondly, the porous 3-dimensional structure and small pore size
enable the respiration of cells as well as protect the wound from bacterial infection.
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Thirdly, compared with traditionally used petroleum based synthetic dressing materials,
such as nylon and polystyrene, starch is advantageous pertaining to its low cost,
sustainable supply and biodegradability. Furthermore, the starch fibers can be absorbed
by human body without any allergic or toxic side effects. Finally, there is a great
opportunity to develop active wound dressings and drug delivery systems if drugs,
nutrients, and bioactive compounds can be encapsulated inter-helically or intra-helically
within the starch fibers. In addition to biomedical applications, the starch guest inclusion
complexes formed within electrospun fibers and electrosprayed powders can be used in
the food industry to provide health benefits.
The objectives of the present study were to investigate the formation of inclusion
complexes of high amylose starch with palmitic acid (PA), ascorbyl palmitate (AP), and
cetyl-trimethylammonium bromide (CTAB) in electrospun starch fibers. PA is a common
fatty acid that forms inclusion complex with starch. AP is an ester form of ascorbic acid
(vitamin C) with palmitic acid and has been used as a source of vitamin C and an
antioxidant food additive. CTAB can be used as a cationic surfactant and an effective
antiseptic agent against bacteria and fungi. In addition, starch powders containing starchAP inclusion complexes were prepared by electrospraying.
6.2. Materials and methods
6.2.1. Materials
High amylose maize starch (Hylon VII) was kindly provided by National Starch
and Chemical Company (Bridgewater, NJ) and used as received. Dimethyl sulfoxide
(DMSO) was obtained from VWR International (Radnor, PA). Ethanol (200 proof) was
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obtained

from

the Penn

State Chemistry Stockroom.

Guest

material

cetyl

trimethylammonium bromide (CTAB) was obtained from J. T. Baker (Philipsburg, NJ),
palmitic acid (PA) from Eastman Kodak Company (Rochester, NY), and ascorbyl
palmitate (AP) from Sigma–Aldrich, Inc (St. Louis, MO).
6.2.2. Electrospinning
The electrospinning setup used in this study contained a high voltage generator
(ES40P, Gamma High Voltage Research, Inc., Ormond Beach, FL), a syringe pump
(81620, Hamilton Company, Reno, NV), and a grounded metal mesh immersed in
ethanol/water mixture. A 10 ml syringe (Becton, Dickinson and Company, Franklin
Lakes, NJ) with a 20 gauge blunt needle was used to extrude the starch dispersion for
electrospinning. This electrospinning configuration can also be referred to as “electrowet-spinning”. Electrospinning was conducted at room temperature in this study. Feed
rate was set at 4 ml/h, spinning distance at 7.5 cm and voltage at 7.5 kV. The fibrous mat
deposited in the coagulation bath was then washed using ethanol and dried in a desiccator
containing Drierite under vacuum. Some starch fibers were subject to a post-spinning
heat treatment. A sample of starch fiber mat was placed in a 50% (v/v) aqueous ethanol
solution and heated at 65 oC for one hour, after which the sample was washed with
ethanol and dried as above.
6.2.3. Starch-guest inclusion complex formation in starch fibers
Two different steps where guest material can be added were evaluated in this
study. Dope mixing method: in this method, the guest material was mixed with the
starch dispersion prior to electrospinning. In detail, 15% (w/v) of starch was dissolved in
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a 95% (v/v) DMSO aqueous solution. The starch dispersion was heated in a boiling water
bath with continuous stirring on a magnetic stirrer hotplate for about one hour. Heatstable guests could be mixed during heating, while heat-labile guests need to be mixed
after the homogenous dispersion was cooled to room temperature. Bath mixing method:
the guest compounds were mixed into the coagulation bath. 15% (w/v) starch dispersion
was then electrospun into the coagulation bath.
6.2.4. Starch-guest inclusion complex formation in electrosprayed starch powders
AP was mixed into 10% (w/v) starch in 95% DMSO dispersions, and heated as
aforementioned. It has been determined in previous studies that a lower voltage outside
the feasibility range for electrospinning can be used for electrospraying. In this study,
starch dispersion was subjected to a voltage at 8 kV at a spinning distance of 6 cm. The
electrosprayed powders in the coagulation bath were recovered by centrifugation. The
precipitate was further washed with pure ethanol and dried under ambient condition.
6.2.5. Wide angle X-ray diffraction
Wide angle X-ray diffraction patterns were obtained with a Rigaku MiniFlex II
desktop X-ray diffractometer (Rigaku Americas Corporation, TX). Samples were
exposed to a Cu Ka radiation and continuously scanned between 2θ = 4 and 30 º at a
scanning rate of 1º/min with a step size of 0.02 º (= 0.15 nm). A current of 15 mA and
voltage of 30 kV were used. Data were analyzed with Jade v.8 software (Material Data
Inc., Livermore, CA). To calculate the degree of crystallinity, an amorphous halo was
subtracted from the overall X-ray diffraction pattern. The overall area was calculated as
the area between the linear baseline and data points. The amorphous halo was generated
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by Jade software using the cubic spline fit option. The degree of crystallinity was
calculated as the proportion of the crystalline area of the overall area multiplied by 100.
6.2.7. Thermal analysis
Approximately 5mg of sample was weighed in a 60 µL stainless steel differential
scanning calorimeter (DSC) pan (Perkin-Elmer Instruments, Norwalk, CT) and water was
added to obtain a 10% (w/v) dispersion. Pans were hermetically sealed. Samples were
equilibrated to 20 ºC, and then heated to 170 ºC at 2 ºC /min in a Thermal Advantage
Q100 DSC (TA Instruments, New Castle, DE). The DSC was calibrated with indium,
with an empty sample pan was used as the reference. Data was analyzed using the TA
Universal Analysis software (Universal Analysis 2000 v.4.2E, TA Instruments-Waters
LLC, New Castle, DE).
6.2.8. Fourier transformed infrared (FTIR) spectroscopy
For fiber samples, Fourier transform infrared spectroscopy (FTIR) was performed
on a Bruker IFS 66/S FT-IR Spectrometer (Bruker optics Ltd., Billerica, MA) equipped
with a Hyperion 3000 FT-IR Microscope. Spectra of thin sections of fiber mat were
obtained by an accumulation of 400 scans in transmission mode from 500 cm-1 to 4000
cm-1 with a resolution of 6 cm-1. For powder samples, FTIR was performed on a Bruker
v70 Spectrometer (Bruker Optics Inc., Billerica, MA) equipped with an MVP-Pro™ Star
Diamond attenuated total reflectance (ATR) accessory (Harrick Scientific Products, Inc.,
Pleasantville, NY). The spectra were scanned at room temperature over the wave number
range of 4000 to 400 cm−1, with an accumulation of 100 scans and a resolution of 6 cm-1.
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6.3. Results and discussion
6.3.1. Effect of coagulation bath composition
The starch fibers without guests were spun into a series of coagulation baths with
varying ethanol concentrations (Figure 6.1A). The starch fibers recovered from pure
ethanol were largely amorphous with a very weak V-pattern. Decreasing ethanol content
in the coagulation bath induced V-type X-ray diffraction patterns. In the as-spun starch
fibers, amylose might have formed inclusion complex with some native lipids and
ethanol. After drying, the ethanol was extracted and evaporated, leaving empty helices
(Le Bail, Bizot, Pontoire, & Buléon, 1995). The crystallinity of the V-type starch fibers
increases from 25% to 33% as ethanol content decreased from 90% to 60% (v/v). The
starch fibers deposited into pure ethanol collapsed so rapidly that the starch polymers had
insufficient time to transform into helical structures and arrange in a crystalline pattern.
Adding water to the coagulation bath slowed down the precipitation of starch fibers and
thus allowed the starch molecules to pack into V-type arrangement. After heat treatment
of the starch fibers at 70 ºC in 50% (v/v) ethanol, peaks at 8, 13.8, 15.9, 17.7, 19.4 and 21
º 2θ, characteristic of a V-type diffraction pattern, were observed (Figure 6.1B). Starch
fibers from different coagulation ethanol contents resulted in similar V-type patterns with
crystallinity, from 40% to 43%.
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Figure 6.1. X-ray diffraction patterns of as-spun starch fibers (A) and heat-treated starch
fibers (B) from coagulation baths with different ethanol concentrations: (i) 100%, (ii)
90%, (iii) 80%, (iv) 70%, and (v) 60% (v/v).
6.3.2. Inclusion complex formation in electrospun fibers: dope mixing method
Three different guest compounds were mixed into the starch dispersion before
electrospinning. The addition of guest compounds could affect the electrospinnability of
the starch dispersions. The 15% (w/v) starch dispersion with more than 5% PA was not
electrospinnable because of increase in viscosity, while the addition of CTAB made the
jet unstable probably due to change in conductivity and surface tension of the dispersion.
Hence, PA and AP were added up to 5% of starch weight for electrospinning. Two
coagulation bath compositions, i.e. 100% and 75% ethanol were evaluated in terms of
inclusion complex formation.
The X-ray diffraction patterns of starch-PA and starch-AP fibers deposited into
both 100% and 75% ethanol remained similar to those without guest compounds added
(Figure 6.2). The fibers from 75% ethanol coagulation bath all showed V-type X-ray
diffraction patterns. The V-type patterns suggested that guest compounds, if included,
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were entrapped intra-helically instead of inter-helically, since the unavailability of interhelical space for the molecules (Rondeau-Mouro, et al., 2004). The crystallinity was
estimated to be 30% and 26% for starch-PA and starch-AP fibers, respectively. Without
the steric effect brought about by the ascorbyl group, PA formed better inclusion
complexes than AP as expected. The fibers from 100% ethanol coagulation bath showed
a very weak V-pattern, indicating less extent of inclusion complex formation. The reason
might either be that guest compounds were not included into the helices, or be that starchguest inclusion complexes were loosely assembled and arranged in an irregular manner
due to fast starch precipitation. Additional characterization techniques are thus needed to
evaluate which one or both contributed to the inefficiency in inclusion complex formation.
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Figure 6.2. X-ray diffraction patterns of (A) starch-PA and (B) starch-AP fibers from
coagulation baths containing (i) 100% and (ii) 75% (v/v) ethanol, respectively.
FTIR has been employed to quantify the amount of included guest compounds in
starch (Biais, Le Bail, Robert, Pontoire, & Buléon, 2006; Uchino, et al., 2002). Here,
FTIR was used to determine the presence of guest compounds in the starch fibers (Figure
6.3 & 6.4). Starch-PA and starch-AP fibers from 100% ethanol did not show any
characteristic peaks for PA and AP, respectively. Above 2.5% of PA, starch-PA fibers
from 75% ethanol started to show a peak at around 1722 cm-1, which is attributed to the
carbonyl group in PA. The carbonyl bands in raw PA and AP powders were positioned at
about 1696 and 1730 cm-1, respectively (data not shown). This characteristic peak for the
carbonyl group was found in starch-AP fibers with 1% of AP mixed into the spinning
dope. However, the peaks shifted slightly to a higher wave number at 1735 cm-1 in 5%
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AP added starch fibers. A shift of the carbonyl peak in FTIR spectra has been reported
for amylose-AP inclusion complex (Lay Ma, et al., 2011) and amylose complexes with
salicylic acid analogues (Uchino, et al., 2002), and p-aminobenzoic acid (Tozuka et al.,
2006). The shift of carbonyl peak could be attributed to the breakage of hydrogen bonds
between PA/AP molecules in the crystalline state and the formation of new hydrogen
bonds between the carbonyl group of PA/AP and the hydroxyl group of amylose.(Lay Ma,
et al., 2011) The FTIR results suggested that by using 100% ethanol as the coagulation
bath, few compounds were included into the starch helices and those uncomplexed
helices were loosely and irregularly packed. 75% ethanol facilitated the inclusion
complex formation and improved the regularity of helical arrangement.
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Figure 6.3. FTIR spectra of starch-PA fibers from coagulation baths containing (A) 100%
(v/v) and (B) 75% (v/v) ethanol, with different PA levels in spinning dope: (i) 1%, (ii)
2.5%, and (iii) 5% (w/v) of starch. Arrows indicate the band for PA.
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Figure 6.4. FTIR spectra of starch-AP fibers from coagulation baths containing (A) 100%
(v/v) and (B) 75% (v/v) ethanol, with different AP levels in spinning dope: (i) 1%, and (ii)
5% (w/v) of starch. Arrows indicate the band for AP.
Thermograms of starch-PA and starch-AP fibers from 100% ethanol showed a
broad and flat endotherm between 60 to 100 ºC (Figure 6.5 & 6.6), indicating limited
complexation took place. This agrees with the weak V-pattern for the fibers from 100%
ethanol; a very small amount of PA, AP and native lipids in starch could have been
included in starch molecules in the fibers. Approximately 1% (w/w) monoacyl lipids, e.g.
palmitic, stearic, and linoleic acid, exist in native high amylose maize starch (Morrison,
1988). These lipids are potentially able to form inclusion complexes with starch. The
presence of various lipids resulted in different structures of inclusion complexes, e.g.
length of helices, and thus different thermal stabilities of the inclusion complexes. The
thermograms also show an endotherm with a peak temperature about 140 ºC, which can
be attributed to the dissociation of retrograded amylose (Raphaelides & Karkalas, 1988).
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A broad and flat endotherm from 50 to 90 ºC was observed during heating of
starch-PA fibers from 75% ethanol at a PA level of 1%. The endotherm shifted to higher
temperatures (65 to 100 ºC), as PA level increased to 2.5%. The broad and flat endotherm
was again caused by different inclusion complex structures with native lipids and PA that
was added at low levels. When 5% PA was added, a single narrow endotherm at around
94.5 ºC was observed, which can be attributed to the dissociation of inclusion complexes
mainly between starch and PA. This higher level of PA was included either by cocomplexation with native lipids or by replacing some of them. In starch-AP fibers from
75% ethanol, a single narrow endotherm at around 91 ºC was obtained at both AP levels.
Higher AP level resulted in a higher dissociation enthalpy, 3.3 J/g at 5% AP versus 2.0
J/g at 1% AP. The lower enthalpy indicates a larger portion of uncomplexed starch,
which otherwise retrograded as can be evidenced by an endotherm from 130 to 145 ºC.
Similar to previous reports for amylose inclusion complexes (Lay Ma, et al., 2011),
starch-AP inclusion complex formed in the fibers had a lower thermal stability compared
with that of starch-PA. This was caused by the structural difference between the two
molecules. The ascorbyl group on AP had steric effect on inclusion complex formation
because the bulky ascorbyl group could not enter the internal helix. Hence, AP formed
shorter helices with starch than PA and lowered the dissociation temperature.
Compared with the inclusion complexes formed by the traditional DMSO method,
the peak temperature was the same, but the enthalpy of dissociation was much lower in
the fiber samples. The Hylon VII starch-PA inclusion complex had a peak temperature at
94.5 ºC and enthalpy of 14.3 J/g (data not shown). It suggested that while same length of

209

helices was formed in both cases, inclusion complex formation during electrospinning of
fibers was less efficient since much less amount of guest was complexed.

Figure 6.5. DSC curves of starch-PA fibers from coagulation baths containing (A) 100%
(v/v) and (B) 75% (v/v) ethanol, with different PA levels in spinning dope: (i) 1%, (ii)
2.5%, and (iii) 5% (w/v) of starch.
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Figure 6.6. DSC curves of starch-AP fibers from coagulation baths containing (A) 100%
(v/v) and (B) 75% (v/v) ethanol, with different AP levels in spinning dope: (i) 1%, and (ii)
5% (w/v) of starch.
6.3.3. Inclusion complex formation in electrospun fibers: bath mixing method
AP and CTAB were mixed into the coagulation baths prior to electrospinning of
starch dispersions. It is hypothesized that as starch precipitates due to change of solvent
environment, guest compounds can be picked up and inserted into the starch helices. The
X-ray patterns of the starch fibers were identical to those from coagulation baths without
addition of guest compounds (Figure 6.7). The V-type X-ray diffraction patterns
suggested the formation of inclusion complexes in the starch fibers, though whether AP
and CTAB were included could not be ascertained without further investigation.
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Figure 6.7. X-ray diffraction patterns of starch fibers from coagulation baths containing
(A) 0.5% (w/v) AP and (B) 2% (w/v) CTAB in (i) 100% and (ii) 75% (v/v) ethanol,
respectively.
AP was found to be present in the starch fibers from 75% ethanol according to the
FTIR spectra (Figure 6.8). A characteristic carbonyl band was positioned at about 1733 to
1740 cm-1 for starch-AP fibers from both 100% and 75% ethanol with 0.1% AP,
indicating a small amount of fatty acids or their esters, e.g. AP, were included into starch
helices. The heterogeneity of the inclusion complex structure could also be evidenced
from the broad and flat endotherm between 50 to 100 ºC for these fibers samples (Figure
6.9). When 0.5% AP was mixed into 75% ethanol, the carbonyl band of the starch-AP
fiber shifted further to an even higher wave number (1764 cm-1) than that by dope mixing
method. This shift could be induced by more starch-AP inclusion complex formation,
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which is also evidenced by a higher dissociation enthalpy about 5.8 J/g from the
thermogram (Figure 6.9). The peak endotherm temperature was the same (91 ºC) as that
of starch-AP dissociation by the dope mixing method. The difference in guest addition
methods did not affect the helical length of inclusion complexes.
It was unexpected that the presence of CTAB in the starch fibers could not be
detected in FTIR spectra, even in the starch fibers from 75% ethanol with 2% CTAB
(Figure 6.10). It was possible that the amount of included CTAB was still relatively low.
Some of the characteristic bands for CTAB could be masked by those of starch. However,
a single narrow endotherm with a peak temperature at 92 ºC was obtained in the
thermogram of starch fiber recovered from 2% CTAB in 75% ethanol (Figure 6.11). The
starch-CTAB inclusion complexes if formed demonstrated the same thermal stability as
the starch-AP inclusion complexes. It was expected that the two types of inclusion
complex have the same length, because both CTAB and AP have C16 hydrocarbon chain.
By the bath mixing method, inclusion complex formation in fibers requires a
higher amount of CTAB, i.e. 2%, than the amount of AP, i.e. 0.5%, in the 75% ethanol
coagulation bath. The efficiency of CTAB to be included might be impaired by the
unavailability of CTAB alkyl chains because of possible micelle formation. Even when
CTAB was included, the helices with charge outside could repel each other from packing
together regularly.
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Figure 6.8. FTIR spectra of starch fibers from coagulation baths containing (A) 100%
(v/v) and (B) 75% (v/v) ethanol and different AP concentrations: (i) 0.1%, and (ii) 0.5%
(v/v) of the coagulation bath.
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Figure 6.9. DSC curves of starch fibers from coagulation baths containing (A) 100% (v/v)
and (B) 75% (v/v) ethanol and different AP concentrations: (i) 0.1%, and (ii) 0.5% (w/v)
of the coagulation bath.

Figure 6.10. FTIR spectra of (i) CTAB powder sample and starch fibers from coagulation
baths containing 2% (w/v) CTAB in (ii) 100% (v/v) and (iii) 75% (v/v) ethanol.

215

Figure 6.11. DSC curves of starch fibers from coagulation baths containing (A) 100%
(v/v) and (B) 75% (v/v) ethanol and different CTAB concentrations: (i) 0.1%, (ii) 1%,
and (iii) 2% (w/v) of the coagulation bath.
6.3.4. Inclusion complex formation in electrosprayed powders
Starch dispersions containing AP were subject to electrospraying at a process
condition not appropriate for electrospinning. Small droplets were accelerated towards
the coagulation bath and powders were deposited. The electrosprayed powders showed
V-type X-ray patterns, indicating the formation of inclusion complexes (Figure 6.12).
The crystallinity was estimated to be 25% and 38% for the powders from 100% and 75%
ethanol, respectively. The powders formed better inclusion complexes than the fibers,
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probably because the electrical stress was lower and thus it was easier for the starch
molecules to retract from their extended state in the flow.
Thermograms of the electrosprayed powders from 100% ethanol showed a broad
and flat endotherm between 50 and 100 ºC (Figure 6.13), which had the same origin as
the endotherm in the fibers. A narrower endotherm between 70 and 100 ºC was obtained
for electrosprayed powders from 75% ethanol with AP levels equal to or less than 5%.
Different guest compounds including AP might have been included into the starch helices.
The broad endotherm might be resulted from different lengths of helices or less
efficiency in including AP molecules. When AP was loaded as high as 10%, the
dissociation endotherm was mainly contributed by starch-AP inclusion complexes. The
peak temperature was 91 ºC, same as that for fibers containing starch-AP inclusion
complexes. The enthalpy of starch-AP dissociation was estimated to be 3.0 J/g, indicating
less efficiency in formation of inclusion complexes, even at such high guest
concentration. Although it was easier for the starch molecules to retract and form helices,
it might be difficult for the AP molecules to enter the less extended starch molecules. It is
unexpected that the presence of AP in the electrosprayed starch powders could not be
detected in FTIR spectra (Figure 6.14).
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Figure 6.12. X-ray diffraction patterns of electrosprayed powders from coagulation baths
containing (i) 100% and (ii) 75% (v/v) ethanol, respectively. AP loaded level in starch
dispersion was 5% (w/v) of starch weight.

Figure 6.13. DSC curves of electrosprayed powders from coagulation baths containing (A)
100% and (B) 75% (v/v) ethanol, respectively. AP levels in starch dispersions were (i)
1%, (ii) 5%, and (iii) 10% (w/w) of starch weight.
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Figure 6.14. FTIR spectra of electrosprayed powders from coagulation bath containing 75%
ethanol. AP levels in starch dispersions were (i) 5%, and (ii) 10% (w/w) of starch weight.
6.4. Conclusions
Selected guest compounds, i.e. palmitic acid, ascorbyl palmitate, and cetyltrimethylammonium bromide, formed inclusion complexes with starch in electrospun
starch fibers. Two different methods were employed: dope mixing method and bath
mixing method. Ascorbyl palmitate also formed inclusion complexes with starch in
electrosprayed powders. Using 100% ethanol as the coagulation bath was not as helpful
as 75% ethanol in inducing inclusion complex formation, probably due to the fast
collapse of starch. The 75% ethanol may not be the optimal coagulation bath composition
in promoting inclusion complex formation, so further research is necessary to study other
compositions. Formation of inclusion complexes in fibers was less efficient than the
previously used DMSO method, because time was limited for the guest compounds to
enter the helices and the helices to arrange themselves in a regular order. A minimum
amount of guest was needed and determined in both methods, and the requirements
differed according to the chemical nature of the guest molecule. The inclusion of guest
molecules was even less efficient in electrosprayed powders, although helical formation
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and crystallization seemed easier. This was affected by the less extended conformation of
starch molecules under low electrical stress in flow.
Hence, the electrospun starch fibers and electrosprayed starch powders are
potentially useful for delivery of bioactive compounds. It is worthwhile to try to
encapsulate more types of nutrients, drugs, and bioactive molecules, intended for
biomedical applications, for instance, wound dressings based on starch fibers, and drug
delivery systems based on starch powders.
6.5. Supplemental data
Supplemental data in Appendix B. Starch/β-cyclodextrin composite fibers
characterized by X-ray diffraction.
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Appendix A Chapter 4 – Supplemental data

Figure A.1. Flow curves of Gelose 80 starch in 97.5% DMSO as a function of starch
concentration (% w/v) at 20 ºC.
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Figure A.2. Flow curves of Gelose 80 starch in 95% DMSO as a function of starch
concentration (% w/v) at 20 ºC.

Figure A.3. Flow curves of Gelose 80 starch in 92.5% DMSO as a function of starch
concentration (% w/v) at 20 ºC.
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Figure A.4. Flow curves of Gelose 80 starch in 90% DMSO as a function of starch
concentration (% w/v) at 20 ºC.

Figure A.5. Flow curves of Gelose 80 starch in 85% DMSO as a function of starch
concentration (% w/v) at 20 ºC.
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Figure A.6. Flow curves of Gelose 80 starch in 80% DMSO as a function of starch
concentration (% w/v) at 20 ºC.

Figure A.7. Flow curves of Gelose 80 starch in 75% DMSO as a function of starch
concentration (% w/v) at 20 ºC.
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Figure A.8. Flow curves of Gelose 80 starch in 70% DMSO as a function of starch
concentration (% w/v) at 20 ºC.

Figure A.9. Flow curves of Hylon VII starch in 95% DMSO as a function of starch
concentration (% w/v) at 20 ºC.
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Figure A.10. Flow curves of Hylon V starch in 95% DMSO as a function of starch
concentration (% w/v) at 20 ºC.

Figure A.11. Flow curves of mung bean starch in 95% DMSO as a function of starch
concentration (% w/v) at 20 ºC.
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Figure A.12. Flow curves of Melojel corn starch in 95% DMSO as a function of starch
concentration (% w/v) at 20 ºC.

Figure A.13. Flow curves of Amioca waxy corn starch in 95% DMSO as a function of
starch concentration (% w/v) at 20 ºC.
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Appendix B Chapter 6 – Supplemental data
Cyclodextrins has been important material for encapsulation purposes.
Cyclodextrin can be added to starch fibers and may increase the efficiency of inclusion
complex formation. The peaks at 6, 11, and 20 o for β-cyclodextrin dehydrated (Figure
B.1) indicate an internal channel formation by layers of β-cyclodextrin. This is similar to
the configuration of V-type amylose. Starch/β-cyclodextrin composite fibers were
successfully electrospun into fibers and characterized by X-ray diffraction. Two peaks at
11 and 20 o indicate the formation of a channel by β-cyclodextrin in addition to the
channel formed by V-type starch.

Figure B.1. X-ray diffraction patterns of (i) raw β-cyclodextrin, (ii) β-cyclodextrin
regenerated by DMSO method, (iii) starch/β-cyclodextrin (2/1, w/w, total solid 15%, w/v,
in dispersion) composite fibers, and (iv) starch/β-cyclodextrin (1/1, w/w, total solid 20%,
w/v, in dispersion) composite fibers.
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Appendix C FABRICATION OF Κ-CARRAGEENAN FIBERS BY WET
SPINNING: SPINNING PARAMETERS
C.1. Introduction
The use of petroleum-based synthetic polymers has permeated everyday life.
However, pervasive use of synthetic materials and our excessive dependence on them has
environmental consequences. The pressure for sustainable development is shifting the
focus from synthetic materials to the utilization of bio-based materials. The same is true
for the fiber industry. Carbohydrate polymers, also known as polysaccharides, are the
most abundant bio-based, renewable and inherently biodegradable polymeric materials,
making up around 75% of all the organic mass on the earth. Hence, polysaccharides
provide countless choices and a sustainable supply of starting materials for fiber
production. Much effort has been and is being exerted to produce fibers from diverse
kinds of polysaccharides. The authors have provided a comprehensive review of
polysaccharide fibers that have been fabricated along with a discussion of spinning
techniques and fiber applications associated with polysaccharide fibers (Kong, Ziegler, &
Bhosale, 2010). In this review we pointed out that, due to the diversity and complexity of
polysaccharides, more work on fiber fabrication is required for a thorough understanding
of the mechanism and process of fiber formation from polysaccharides.
The carrageenans are linear, sulfated polysaccharides extracted from various
species of red seaweed. The “ideal” carrageenan backbone is based on a repeating
disaccharide unit of β-D-galactopyranose (A residue) linked through positions 1 and 3,
and α-D-galactopyranose (B residue) linked through positions 1 and 4. κ-Carrageenan is
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one of the three dominant carrageenan species, i.e. κ, ι, and λ-carrageenan, which differ
in the number and position of sulfate substitutions and presence or absence of a 3,6anhydride bridge on the B residue. κ-Carrageenan has a sulfate group on the C4 of the A
residue and has the B residue converted to 3,6-anhydro form. The presence of this 3,6anhydride bridge makes κ-Carrageenan helix-compatible and able to gel (van de Velde et
al., 2002).
κ-Carrageenan is mainly used in food applications as a texturizing agent, but other
applications including cosmetics, pharmaceuticals, and paints are also of importance. The
primary utility of κ-carrageenan derives largely from its ability to form cold-setting
reversible gels. The gelation process of κ-carrageenan has been extensively studied with
respect to the conformational transition of κ-carrageenan molecules (Piculell, 1995).
Although the conformational nature, i.e. single or double helices, and their further
association during gelation are still under debate, most evidence tends to support the
“two-step model” (Figure C.1) of coil-helix-gel mechanism proposed by Morris et al.
(Morris, Rees, & Robinson, 1980) as modified by Rochas and Rinaudo (Rochas &
Rinaudo, 1984). κ-Carrageenan molecules in the sol state adopt a random coil
conformation. Upon cooling and in the presence of certain cations, gel network forma
tion from carrageenans proceeds on either a helical or superhelical level. In the first step,
each chain joins in double helices with more than one other chain, whereas in the second
step, multiple double helices aggregate to form one junction zone of the network.
In addition, the gelling effeiciency of κ-carrageenan is cation-dependent.
According to Rochas & Rinaudo (Rochas & Rinaudo, 1980), the helix-stabilizing
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efficiency of cations was found to follow the sequence Rb+ > Cs+ > K+ > NH 4 + >
(CH 3 ) 4 N+ > Na+ > Li+ for monovalent cations and Ba2+ > Ca2+ > Sr2+ > Mg2+ > Zn2+ >
Co2+ for divalent cations. Picullel (Piculell, 1995) thus suggested that cations may be
divided into three categories with respect to their helix-promoting efficiency; i.e. the
“nonspecific” monovalent cations (Li+, Na+, (CH 3 ) 4 N+), the divalent cations (Mg2+, Ca2+,
Ba2+, Co2+, and Zn2+) and the “specific” monovalent cations (NH 4 +, K+, Cs+, Rb+) . The
specific cations are also more effective in promoting helix aggregation than the
nonspecific cations. Many properties of the κ-carrageenan gel system, for instance,
melting point, elasticity, and yield stress, are tunable due to their sensitivity to the solvent
environment. This unique behavior makes the κ-carrageenan gel system versatile and
promising for many applications.

Figure C.1. The “two-step” for gelation of κ-carrageenan (Adapted from Rochas &
Rinaudo, 1984).
The gelation process can be used to advantage for wet spinning of κ-carrageenan
fibers. Wet-spinning is a widely utilized fiber spinning technique, where dissolved
material is forced through a submerged spinneret into a coagulation bath containing a
non-solvent for the polymer (Ziabicki, 1976). Generally, the coagulation bath is able to
extract solvent from the as-spun fiber and solidify the fiber. Sometimes ionic exchange
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(e.g. in calcium alginate fiber production) or chemical reaction (e.g. in the viscose
process for cellulose fiber) may occur. Drawing is an optional post-spinning treatment in
fiber production and generally beneficial. The consequences of drawing include a
decrease in the average fiber diameter, strain induced crystallization and enhanced
molecular orientation.
According to our knowledge, this is the first report on fabricating pure κcarrageenan fibers by a wet-spinning technique. It provides a novel material for many
applications, yet will require more research to tailor the fiber properties for specific
utilization. Here we present the effects of several spinning parameters, i.e. coagulation
bath composition, spinning rate and post-spinning mechanical drawing on the
morphological and tensile properties of the resultant fibers.
C.2. Materials and methods
C.2.1. Materials
κ-Carrageenan (Gelcarin® GP911 NF) was kindly provided by FMC
Biopolymers (Philadelphia, PA). Ethanol (200 proof) was obtained from Penn State
Chemistry Stockroom. All other reagents were purchased from VWR International
(Radnor, PA) and used as received.
C.2.2. κ-Carrageenan purification
The κ-carrageenan sample was purified from excess salts and low molecular
weight carbohydrates by a method modified from Rochas and Rinaudo (Rochas &
Rinaudo, 1980). In detail, 1.0 wt% of κ-carrageenan was completely dissolved in
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deionized water heated to 80 oC with stirring. The carrageenan was precipitated with
absolute ethanol (4 times the volume of the dispersion). The precipitate was collected
using vacuum filtration (Whatman #4, Whatman, Piscataway, NJ). The precipitate was
washed in ethanol/water mixture (80/20, v/v) and again filtered. This re-suspension and
filtration was repeated 4 times. Finally the precipitate was dried in a forced air oven at
40 oC overnight.
C.2.3. κ-Carrageenan characterization
The commercial and purified κ-carrageenan was characterized for its cation
composition by a Perkin-Elmer Optima 5300 inductively-coupled plasma atomic
emission spectroscopy (ICP-AES, Perkin-Elmer Instruments, Bridgeville, PA). Before
measurement, samples were dissolved in hot distilled water and acidified. Synthetic
standards from High Purity Standards were used to calibrate the results.Fourier transform
infrared spectroscopy (FTIR) spectrum of the purified κ-carrageenan samples was
recorded using the Bruker IFS 66/S FT-IR Spectrometer (Bruker Optics Inc., Billerica,
MA) equipped with attenuated total reﬂectance (ATR) accessary containing diamond
crystal. The spectra were scanned at room temperature over the wave number range of
4000 to 400 cm-1, with an accumulation of 400 scans and a resolution of 8 cm-1.
C.2.4. Wet-spinning
Spinning dope was prepared by dissolving purified κ-carrageenan in deionized
water at 80 oC for at least 1 hour. The dispersion was homogeneous by visual observation
before spinning. A dope concentration of 6 wt% was used throughout the study. Wetspinning was carried out using a bench-top device. A jacket-type circulating device (Penn
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State Glass Shop) was used to maintain the spinning dope temperature in a 3 ml syringe
(Becton, Dickinson and Company, Franklin Lakes, NJ). The dope was extruded by a
syringe pump (Cole-Parmer 74900, Vernon Hills, IL) through a blunt stainless steel
needle (20 G, 0.51 mm) into a coagulation bath. The as-spun fiber was kept in the bath
for at least 2 hours to ensure complete ion diffusion into the fiber.
C.2.5. Morphological characterization
Observation of fibers was performed using an Olympus BX41 optical microscope
(Hitech Instruments, Edgemont, PA) equipped with cross polarizers and a SPOT Insight
QE camera (SPOT Diagnostic Instruments, Sterling Heights, MI). Analysis was
completed using SPOT analytical and controlling software.
C.2.6. Thermal characterization
Thermograms were recorded using a using a differential scanning calorimeter
(DSC Q100, TA Instrument, New Castle, DE), and 60 µl hermetic stainless steel pans
(Perkin-Elmer Instruments, Bridgeville, PA). For scanning of gels, at least 50 mg of the
spinning dope was filled into the pan. For scanning of fibers, at least 30 mg of as-spun
wet fibers were loaded into the pan without additional solvent. Samples were equilibrated
at 10 oC, then heated to 170 oC at a scanning rate of 2 oC/min. The DSC was calibrated
with indium, and an empty sample pan was used as a reference.
C.2.7. Rheology
Flow curves were generated using parallel plate geometry on a strain-controlled
rheometer (ARES, TA Instrument, New Castle, DE). The parallel plate diameter was 50
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mm and the gap was set at 0.5 mm. Sample was loaded between the plates when hot and
sealed by mineral oil on the periphery to avoid solvent evaporation.
C.2.8. Tensile test and drawing
Fiber tensile tests and drawing were performed on a Texture Analyzer (TAXT2i,
Stable Microsystems, Godalming, UK) with film/fiber clamps. The clamp sawteeth were
covered with a piece of foam and a piece of paper to avoid slip and fracture of fibers at
the clamp sawteeth. Initial fiber length was 20 mm. Crosshead speed was set at 0.2 mm/s
for tensile test and 0.1 mm/s for drawing. The ultimate tensile stress (g) is the maximum
stress applied to break a single fiber. The break at elongation (%) is defined as the ratio of
the elongated length at break to the initial fiber length (20 mm).
C.2.9. Statistical evaluation
For the measurements of fiber diameters, at least 10 spots on the fibers were
measured and averaged. For tensile tests, 3 fiber samples were examined. Quantitative
data were presented as mean ± standard deviation (SD). Student’s t-test and one-way
ANOVA were conducted. p < 0.05 indicated significant difference.
C.3. Results and discussion
C.3.1. κ-Carrageenan characterization
After purification, the κ-carrageenan sample was shown to be much lower in the
specific cation (K+) as compared with the commercial sample (Table C.1). The Ca2+
content remained about the same, whereas the Na+ concentration increased.
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Table C.1. Cation content of the commercial and purified κ-carrageenan samples,
expressed in wt%.
κ-Carrageenan (Gelcarin® GP911 NF)

Material
Method
K
Ca
Na

DataSheet*
6.45
1.55
0.86

Purified κ-carrageenan

ICP-AES
4.8
2.4
0.72

ICP-AES
0.68
2.14
3.08

“*” denotes the compositions according to datasheets from commercial providers.

The FTIR-ATR spectra of purified κ- and ι-carrageenan samples are shown in
Figure 2. The spectra show two bands at around 840 – 845 cm-1 and 930 cm-1, which
were assigned to C-O-SO 4 on the C 4 of the β-D-galactopyranose unit and C-O of the
anhydride group on the α-D-galactopyranose unit, respectively (Gómez-Ordóñez &
Rupérez, 2011). The spectrum of ι-carrageenan also shows a characteristic band at 805
cm-1, which is assigned to C-O-SO4 on the C2 of α-D-galactopyranose residue. This
sulfate group is absent in κ-carrageenan backbone. The absence of this band at 805 cm-1
suggested that the ι-carrageenan content in the κ-carrageenan sample was negligible.

Absorbance

840

Purified κ-carrageenan
Purified ι-carrageenan

930

805

600

700

800

900

1000

1100

1200

1300

-1

Wavenumber, cm

Figure C.2. FTIR-ATR spectra of purified κ- and ι-carrageenan samples.
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C.3.2. Effect of coagulation bath composition
The development of a coagulation bath is critical for wet-spinning processes. The
coagulation solution may solidify the fiber exiting from the spinneret in different ways. It
can provide a cross-linking agent to fix the macromolecules by entanglements. For
instance, alginate binds specifically to some divalent cations, e.g. Ca2+, in an “egg-box”
style gel network, while sodium alginate is generally soluble (Moe, Draget, Skjak-brak,
& Smidsrod, 1995). As a result, in alginate fiber production, sodium alginate solution is
typically used as the spinning dope. This dope is extruded into a coagulation bath
containing calcium, where exchange of sodium and calcium ions takes place (Qin, 2008).
Alternatively, the coagulation bath is a non-solvent for the polymer, which can extract
solvents from the fiber. This is a widely used tactic in both synthetic fiber production
(Tsurumi, 1994) and biopolymer fiber production, e.g. cellulose (Cuculo, Aminuddin, &
Frey, 2001) and silk fibroin (Ha, Tonelli, & Hudson, 2005). To design an appropriate
coagulation bath composition for κ-carrageenan fiber, we considered both mechanisms.
κ-Carrageenan selectively binds some specific monovalent cations, e.g. K+ and Cs+, to
form a gel network. Meanwhile, alcohols, e.g. ethanol, are non-solvents for
polysaccharides. The combination of these two coagulation mechanisms was thus
investigated.
Figure 3 illustrates the effect of coagulation bath composition on as-spun fiber
diameter. Different KCl concentrations in aqueous solution and in ethanol/water (50/50,
v/v) mixture solution were used as coagulation baths. Given the needle inner diameter
0.51 mm (510 µm), evidence of die swell was prevalent for all coagulation baths without
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ethanol. The average diameter decreased with increasing KCl concentration. The die
swell is the consequence of polymer relaxation to its low entropy conformation after
flowing through the needle, where polymer molecules are oriented by the flow. Physical
entanglement brought about by K+ binding is thus able to retard the relaxation of κcarrageenan and retain the oriented conformation of κ-carrageenan in the fiber axis
direction. The molecular orientation of κ-carrageenan in the fiber axis direction can be
detected by optical microscope with cross polarizers and a quarter wave plate. Higher
KCl concentration allows for greater diffusion of K+ into the fiber. The addition of 50%
ethanol by volume makes the bath a non-solvent for κ-carrageenan and causes the spun κcarrageenan fiber to collapse. The combined effects from K+ and ethanol in the
coagulation bath resulted in as-spun fiber diameter of less than 450 µm. The diameter did
not decrease further with KCl concentration more than 0.5 M in 50% aqueous ethanol.

Figure C.3. Effect of KCl concentration on as-spun fiber diameters, in either aqueous
solution or in ethanol/water (50/50, v/v) mixture (a>b>c>d>e, p<0.05).
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As-spun wet fibers were subject to tensile tests. Figure 4a and 4b illustrate the
effects of coagulation bath composition on the ultimate stress and elongation at break,
respectively. Without addition of ethanol, the ultimate stress and break elongation of the
as-spun fiber reached a plateau when KCl concentration reached 0.5 M. The addition of
ethanol in the coagulation bath increased both properties. The ultimate stress reached
about twice the value without ethanol addition (p < 0.05), and the as-spun fibers could be
stretched over two times the length of those without ethanol in the coagulation bath (p <
0.05). The elongation at break also reached a plateau at 0.5 M KCl in the presence of 50%
ethanol. It is worth noting that the ultimate stress is expressed as grams in this study,
because the as-spun fiber diameter experienced drastic reduction while being stretched.
The difference of ultimate stresses with ethanol present or not should be greater if the
value is expressed as MPa, taking fiber diameter into account.

Figure C.4. Effect of coagulation bath composition on as-spun fiber tensile properties,
ultimate tensile stress (a) and elongation at break (b).
The thermal behavior of as-spun fibers from 0.5 M KCl coagulation bath with and
without 50% ethanol was analyzed by differential scanning calorimetry. The results were
compared with 6 wt % κ-carrageenan gel (Figure 5). The helix-coil transformation, which
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is generally assumed to occur coincidentally with the gel-sol transition, of 6 wt % κcarrageenan gel was broad, with a peak at 51 oC. A fiber with the same polymer
concentration showed a similar broad endotherm with a peak at 100 oC. This is likely due
to the presence of K+ in the fiber which alters the solvent quality and hence the solubility
of the κ-carrageenan. The endotherm peak temperature increased to 132.5 oC for the asspun fiber from 0.5 M KCl in 50% ethanol, since the solvent quality became even poorer.

6 wt% purified k-carrageenan (from spinning dope)
As-spun fiber from 0.5 M KCl aqueous solution
As-spun fiber from 0.5 M KCl ethanol/water (50/50, v/v) mixture

50.8 oC

100.3 oC

132.5 oC

40

60

80

100

120

140

o

Temperature, C
Figure C.5. Thermal scans of 6 wt% κ-carrageenan gel and as-spun fibers by DSC.
C.3.3. Effect of spinning rate
Fiber spinning rate is another important spinning parameter. Spinning was
conducted at 70 oC with spinning rate varying from 0.17 mL/min to 1.33 mL/min. The
effect of spinning rate on the diameter and morphology of the dried fibers are shown in
Figure C.6 and Figure C.7, respectively. At the lowest spinning rate (0.17 mL/min), the
dried fibers were rough in surface morphology and irregular in cross-sectional shape. The
average diameter was 256 µm with a large deviation. It was observed in the experiment
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that at such low spinning rate, the extruding flow was not smooth but “shish kebob”shaped. Due to the temperature drop in the flow, the carrageenan dispersion had begun to
gel within the spinneret before it reached the coagulation bath. Increasing spinning rate to
between 0.25 mL/min and 0.33 mL/min resulted in a smoother fiber surface and smaller
average fiber diameters. This suggested that a critical spinning rate is required for the
spinning of neat fibers. Further increase in spinning rate gradually increased the
roughness of the fiber surface and the dried fiber diameter. The average fiber diameter
reached 220 μm at a spinning rate of 1.33 mL/min.
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Figure C.6. Average fiber diameter as a function of spinning speed (a > b > c > d > e > f,
p < 0.05).

245

Figure C.7. Light micrographs of dried fibers spun at different spinning rates: (a) 0.17
mL/min; (b) 0.25 mL/min; (c) 0.33 mL/min; (d) 0.5 mL/min; (e) 0.67 mL/min; (f) 1
mL/min; and (g) 1.33 mL/min.
The apparent wall shear rates were calculated to be from 217 s−1 to 1702 s−1 over
the spinning rate range. From the flow curve for the spinning dope (Figure C.8), the
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reader can see that the lowest spinning rate corresponds to a shear rate at the lower edge
of the shear thinning region. Hence, this shear rate may be insufficient to fully align the
molecules in the flow. At higher spinning speed, shear thinning may have been well
developed, where molecules tend to orient in the flow direction and are fixed in the gel
network as cation diffuses in. For a given die geometry, the die swell increases with shear
rate, which may explain the fiber diameter increase with further increases in spinning rate.
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Figure 8. Flow curves of the 6% κ-carrageenan dispersion at different temperatures.
C.3.4. Effect of post-spinning drawing
We investigated the effect of post-spinning mechanical drawing ratio on the
morphology of the κ-carrageenan fibers. Figure C.9 shows micrographs of dried fibers
produced using different drawing ratios with and without crossed polarizers and a quarter
wave plate. Since the drawing speed (0.1 mm/s) was slower than tensile test crosshead
speed (0.2 mm/s), drawing ratios as high as 200% could be obtained. The fiber diameter
gradually decreased with increasing drawing ratio, reaching about 100 µm at 200% of its
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original length. The birefringence obtained using crossed polarizers results from
orientation of polymer chains in the fiber axis direction. The blue color brought about by
the quarter wave plate shows the same molecular orientation. However, the optical
micrographs are not quantitative in determining the extent of molecular orientation in the
fiber.

Figure C.9. Micrographs of dried κ-carrageenan fibers with and without different ratios of
drawing.
C.4. Conclusions
In the present study, we investigated the effect of coagulation bath composition,
spinning rate and post-spinning mechanical drawing on the morphology and in some
cases tensile properties of κ-carrageenan fibers produced by a wet-spinning technique.
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The as-spun fiber diameter decreased with KCl and ethanol concentration in the
coagulation bath. In general, the ultimate tensile stress and elongation at break both
increased for KCl concentrations from 0.1 M to 0.5 M with and without ethanol, and
enter a plateau region thereafter. We suggest that the improvement in tensile properties
resulted from more K+ diffusion into the fiber and fiber collapse brought about by ethanol
addition. Spinning rate affected the dope flow and thus the polymer orientation (apparent
viscosity) and fiber morphology. At spinning rates of between 0.25 ml/min and 0.33
ml/min, the fiber diameter reached a minimum and the fiber surface was smooth. Both an
increase and a decrease in this spinning rate range increased the fiber diameter and
roughness of the fiber surface. Post-spinning drawing of the fiber resulted in even smaller
fiber diameter. This is the first time that wet-spinning of pure κ-carrageenan fibers have
been discussed. The success of spinning κ-carrageenan fibers provides new materials for
food, textile, filtration and biomedical applications.
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Appendix D FABRICATION OF Κ-CARRAGEENAN FIBERS BY WET
SPINNING: ADDITION OF Ι-CARRAGEENAN
D.1. Introduction
Better utilization of natural fibers and synthetic bio-based fibers has attracted
much attention from academia and industry (Kong, Ziegler, & Bhosale, 2010).
Carbohydrate polymers, also known as polysaccharides, are the most abundant bio-based,
renewable and inherently biodegradable polymeric materials, making up around 75% of
all the organic mass on the earth. Hence, carbohydrate polymers have the potential to
replace their synthetic counterparts in various applications. Because of their diversity and
availability, polysaccharides provide countless choices and sustainable supply of starting
materials for fiber production. Some polysaccharides, e.g. cellulose and chitosan, exist in
fibrous form in nature. They can be either used in their original form with some
modifications or as starting materials for artificial spinning. Other polysaccharides do not
take fibrous form in nature and thus artificial spinning will be necessary for their use. To
date a number of polysaccharides have been successfully spun into fibers, including
cellulose, chitosan, hyaluronic acid, dextran, pullulan, and starch (Kong & Ziegler, 2012;
Kong, et al., 2010).
The carrageenans are linear, sulfated polysaccharides extracted from various
species of red seaweed. The “ideal” carrageenan backbone is based on a repeating
disaccharide unit of β-D-galactopyranose (A residue) linked through positions 1 and 3,
and α-D-galactopyranose (B residue) linked through positions 1 and 4. κ-Carrageenan is
one of the three dominant carrageenan species, i.e. κ, ι, and λ-carrageenan, which differ
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in their disaccharide structures. κ-Carrageenan is mainly used in food applications as a
texturizing agent, but other applications including cosmetics, pharmaceuticals, and paints
are also of importance. Recent interest in fabricating κ-carrageenan-based hydrogels and
films is motivated by their potential for new applications mainly in the biomedical field,
e.g. drug delivery, wound dressing, cell encapsulation, and enzyme immobilization
(Lindblad Margaretha, Sjöberg, Albertsson, & Hartman, 2007).
Fibers are promising delivery matrices given their high surface area, porous
structure, and orientation-induced mechanical strength. We have shown that κcarrageenan can be spun into fibers by a wet-spinning method (Kong & Ziegler, 2011).
We previously investigated the impact of a few spinning parameters, i.e. spinning rate,
coagulation bath composition, and post-spinning drawing, on fiber formation. In the
current study, we consider the impact of a molecular parameter, i.e. charge density
(sulfate) on carrageenan chain, on the bicomponent spinning dope and resultant fiber
properties.
Optimally, the sulfate content and placement could be altered on the carrageenan
chain to modify spinnability and fiber properties. However, this may not be practical,
since for example desulfation reactions will also depolymerize the carrageenan
significantly (Kolender & Matulewicz, 2004; Navarro, Flores, & Stortz, 2007). Another
approach would be to use κ-/ι- hybrid carrageenan, which is also referred to as kappa-2
carrageenan (van de Velde, 2008), but these carrageenan samples are not commercially
available. The κ-/ι- ratio and their sequence distribution on the chain cannot easily be
artificially controlled. Therefore, the approach we have taken here is to add ι-carrageenan
to κ-carrageenan to vary the average charge density.
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The wet-spinning method was based on the ability of κ-carrageenan to form coldand salt-setting reversible gels. The gelation process of carrageenans has been extensively
studied with respect to the conformational transition of carrageenan molecules (Piculell,
1995). Although the conformational nature, i.e., single or double helices, and their further
association during gelation are still under debate, most evidence tends to support a “twostep model” (Kong & Ziegler, 2011) of coil-helix-gel mechanism proposed by Morris et
al. (Morris, Rees, & Robinson, 1980) as modified by Rochas and Rinaudo (Rochas &
Rinaudo, 1984). Gel network formation from helical polymers proceeds on either a
helical or superhelical level. In the first mechanism, each chain joins in double helices
with more than one other chain, whereas in the second phenomenon, multiple helices
aggregate to form one junction zone of the network. ι-Carrageenan is believed to adopt
the first mechanism, while κ-carrageenan proceeds to form aggregated “domains”.
In this communication, we report our study on the rheological and thermal
properties of κ- and ι-carrageenan bicomponent gels. Fibers were spun from these
bicomponent gels by a wet-spinning method and their diameters and tensile properties
were evaluated.
D.2. Materials and methods
D.2.1. Materials
κ-Carrageenan (Gelcarin® GP911 NF) and ι-carrageenan (Gelcarin® GP379)
were kindly provided by FMC Biopolymers (Philadelphia, PA). Ethanol (200 proof) was
obtained from the Penn State Chemistry Stockroom. All other reagents were purchased
from VWR International (Radnor, PA) and used as received.
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D.2.2. Carrageenan purification
The carrageenan samples were purified from excess salts and low molecular
weight carbohydrates by a method modified from Rochas and Rinaudo (Rochas &
Rinaudo, 1980). In detail, 1.0% (w/v) of carrageenan sample was completely dissolved in
deionized water heated to 80 °C with stirring. The carrageenan was precipitated with
absolute ethanol (4 times the volume of the dispersion). The precipitate was collected
using vacuum filtration (Whatman #4, Whatman, Piscataway, NJ). The precipitate was
washed in ethanol/water mixture (80/20, v/v) and again filtered. This re-suspension and
filtration was repeated 4 times. Finally the precipitate was dried in a forced air oven at
40 °C overnight.
D.2.3. Carrageenan characterization
The purified carrageenans were characterized for cation composition by
inductively-coupled plasma atomic emission spectroscopy (ICP-AES, Optima 5300,
Perkin-Elmer, Waltham, MA). Fourier transform infrared spectroscopy (FTIR) spectra of
the purified carrageenan samples were recorded using a Bruker IFS 66/S FT-IR
Spectrometer (Bruker Optics Inc., Billerica, MA) equipped with an attenuated total
reflectance (ATR) accessory containing a diamond crystal. The spectra were scanned at
room temperature over the wave number range of 4000 to 400 cm−1, with an
accumulation of 400 scans and a resolution of 6 cm-1.
D.2.4. Wet-spinning
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Spinning dope was prepared by dissolving purified carrageenan samples of
different κ-/ι- ratios in deionized water at 80 °C for at least 1 hour. The dispersion was
homogeneous by visual observation before spinning. A total solid concentration of 6%
(w/v) was used throughout the study. Wet-spinning was carried out using a bench-top
device. A jacket-type circulating device (Penn State Glass Shop) was used to maintain the
spinning dope temperature in a 3 ml syringe (Becton, Dickinson and Company, Franklin
Lakes, NJ). The dope was extruded by a syringe pump (Cole-Parmer 74900, Vernon Hills,
IL) through a blunt stainless steel needle (20 G, 0.51 mm) into a coagulation bath
containing 0.5 M KCl and 0.5 M CaCl 2 in 50% (v/v) ethanol. The as-spun fiber was kept
in the bath for at least 2 hours to ensure complete ion diffusion into the fiber.
D.2.5. Small deformation rheology
The carrageenan dispersions were subject to small deformation oscillatory
measurements using a cone and plate geometry on a strain-controlled rheometer (ARES,
TA Instrument, New Castle, DE). The probe diameter was 25 mm and the cone angle was
5.73o. Sample was loaded between the plates when hot and sealed by mineral oil on the
periphery to avoid solvent evaporation. Spectra were recorded on cooling of the κ-/ιcarrageenan spinning dope from 90 °C to 10 °C at a frequency of 1 Hz and strain of 1%.
D.2.6. Morphological characterization
Observation of fibers was performed using an Olympus BX41 optical microscope
(Hitech Instruments, Edgemont, PA) equipped with cross polarizers and a SPOT Insight
QE camera (SPOT Diagnostic Instruments, Sterling Heights, MI). Analysis was
completed using SPOT analytical and controlling software.
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D.2.7. Thermal characterization
Thermograms were recorded using a differential scanning calorimeter (DSC Q100,
TA Instrument, New Castle, DE) and 60 μL hermetic stainless steel pans (Perkin-Elmer
Instruments, Bridgeville, PA). At least 50 mg of the κ-/ι-carrageenan spinning dope was
filled into the pan. Samples were equilibrated at 10 °C, and then heated to 170 °C at a
scanning rate of 2 °C/min. The DSC was calibrated with indium, and an empty sample
pan was used as a reference.
D.2.8. Tensile test
Fiber tensile tests were performed on a texture analyzer (TAXT2i, Stable
Microsystems, Godalming, UK) with film/fiber clamps. The clamp sawteeth were
covered with a piece of foam and a piece of paper to avoid slip and fracture of fibers at
the clamp sawteeth. Initial fiber length was 20 mm. Crosshead speed was set at 0.2 mm/s.
The ultimate tensile stress (g) is the maximum stress applied to break a single fiber. The
break elongation (%) is defined as the ratio of the elongated length at break to the initial
fiber length (20 mm).
D.2.9. Statistical evaluation
For the measurements of fiber diameters, at least 30 spots on the fiber were
randomly measured and averaged. For tensile tests, 3 fiber samples were examined.
Quantitative data were presented as mean ± standard deviation (SD). One-way ANOVA
was conducted. p < 0.05 indicated significant difference.
D.3. Results and discussion
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Potassium ion (K+) concentration was reduced as a result of the purification
treatment as compared with the commercial sample (Table D.1). The Ca2+ content
remained about the same, whereas the Na+ concentration increased. The FTIR-ATR
spectra of purified κ- and ι-carrageenan samples are shown in Figure D.1. The spectra
show two bands at around 840 – 845 cm−1 and 930 cm−1, which were assigned to C-OSO 4 on the C 4 of the β-D-galactopyranose unit and C-O of the anhydride group on the αD-galactopyranose unit, respectively [8]. The spectrum of ι-carrageenan also shows a
characteristic band at 805 cm−1, which is assigned to C-O-SO 4 on the C 2 of α-Dgalactopyranose residue. This sulfate group is absent in κ-carrageenan backbone. The
absence of this band at 805 cm−1 suggested that the ι-carrageenan content in the κcarrageenan sample was negligible.

Figure D.1. FTIR spectra of (i) κ-carrageenan and (ii) ι-carrageenan samples.
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Table D.1. Cation contents of the commercial and purified κ- and ι-carrageenan samples,
expressed in g/100g.
Cation
K+
Ca2+
Na+

κ-carrageenan
Raw*
Purified**
6.45
1.23
1.55
1.07
0.86
2.30

ι-carrageenan
Raw
Purified
3.67
0.68
3.75
2.14
1.23
3.18

“*”: Compositions according to datasheets from commercial providers
“**”: Compositions according to ICP-AES results

The gel-sol transition of pure κ-carrageenan appears at about 55 °C (Figure D.2).
When ι-carrageenan was added, a new endotherm at around 70 to 75 °C became apparent,
which was attributed to the ι-carrageenan dissociation. At a fixed ionic strength (by
adding NaCl and KCl as supporting electrolyte) and potassium level, the thermal
transition temperature of κ-carrageenan gels should be independent of the polymer
concentration (Amici, Clark, Normand, & Johnson, 2002). The presence of two thermal
transitions indicated distinct melting events of two phases. However, the phase separation
was unable to be visually observed, because the carrageenan dispersions in this study
were highly concentrated (6%, w/v).

Figure D.2. Thermograms of heating blend gels with different κ-/ι- ratios (i) 50/50, (ii)
60/40, (iii) 70/30, (iv) 80/20, (v) 90/10, and (vi) 100/0.
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Thermograms of pure components and their simple addition were compared with
that of the κ-/ι-carrageenan blend gel (κ-/ι- ratio of 70/30) in Figure D.3. The thermogram
of the blend cannot be reproduced by simple summation of those from pure components.
While the endotherm of the κ-carrageenan appears at roughly the same temperature in the
blend, that of the ι-carrageenan gel-sol transition shifts to a higher temperature by about
10 °C. This is indicative of phase separation in the blend resulting in an increase in the
effective concentration of ι-carrageenan relative to the initial blend (Cairns, Miles,
Morris, & Brownsey, 1987). If Ca2+ ions were to also preferentially concentrate into the ιcarrageenan phase, this could explain the increase in their thermal transition temperature.
The possibility of forming an interpenetrating network cannot be ruled out.

Figure D.3. Thermograms of heating (i) 1.8% (w/v) ι-carrageenan, (ii) 4.2% (w/v) κcarrageenan, (iii) simple addition of (i) and (ii), and (iv) real blend gels of 1.8% (w/v) ιcarrageenan and 4.2% (w/v) κ-carrageenan.
Small deformation rheological measurements during the cooling of blend
carrageenan dispersions agreed well with thermal analysis with respect to the possibility
of phase separation in the blend gel. When more ι-carrageenan was mixed, the
temperature range responsible for κ-carrageenan gelation broadened and shifted to
slightly lower values (Figure D.4), which could be due to the dilution of the K+
concentration. The gelling/melting behavior of κ-carrageenan demonstrated hysteresis;
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the gelling temperature of κ-carrageenan was lower than its dissolution temperature. ιCarrageenan gels experienced no such hysteresis. Flory-Stockmayer theory (Tari, Kara,
& Pekcan, 2009) was used to model the coil to helix transition of κ-carrageenan with the
assumption that near the transition point, |p − p t | is linearly proportional to |T − T t |, where
p is the conversion factor, p t is the conversion factor at transition, and T t is the coil to
helix transition temperature (Figure D.5). This can be written as a power law near the
coil-helix transition:
|𝐺 − 𝐺𝑡 | = 𝐴|𝑇 − 𝑇𝑡 |𝛽 , 𝑇 → 𝑇𝑡

(1)

where G t is the storage modulus at T t . The critical exponent, β, was determined to
be 0.951, in good agreement with the value of 1 predicted by the classical FloryStockmayer model, suggesting that the κ-carrageenan helices are connected in the Cayley
tree form as illustrated by Tari, et al. (2009).

Figure D.4. Small deformation rheological response (storage modulus) during cooling of
blend dispersions with different κ-/ι- ratios.
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Figure D.5. Double logarithmic plots of the storage modulus data near the coil-helix
transition for 6% κ-carrageenan dispersion sample. The solid line is double logarithmic
fit of Eq. (1).
The rheological response of the blend (κ-/ι- ratio of 80/20) could not be
reproduced by simple summation of individual curves (Figure D.6). Similar to thermal
responses, the gelling temperature of ι-carrageenan shifted from around 60 °C to a higher
temperature around 75 °C in the blend. This phenomenon was also observed by using
optical rotation experiments (Rochas, Rinaudo, & Landry, 1989), and these authors
suggested the cause was molecular interactions between κ- and ι-carrageenans. However,
we consider this as a confirmation of phase separation that took place in the blend system.
The storage modulus responsible for κ-carrageenan gelation shifted very little but
broadened. This broadening may result from the overlap of the gelling event of both κand ι-carrageenan, which suggested that interpenetrating network might also partially
exist, at least at the interface.
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Figure D.6. Small deformation rheological response (storage modulus) of 1.2% (w/v) ιcarrageenan, 4.8% (w/v) κ-carrageenan, simple addition of pure components, and real
blend dispersion of 1.2% (w/v) ι-carrageenan and 4.8% (w/v) κ-carrageenan.
The thermal and rheological properties of the spinning dope are important in the
fiber spinning process. Bicomponent fibers were obtained from the κ-/ι-carrageenan
blend dispersions by a wet-spinning method. The spinning temperature must be slightly
higher than the sol-gel transition temperature determined through thermal and rheological
studies to avoid gelation in the spinneret. Both as-spun and dried fiber diameter increased
with addition of ι-carrageenan (Figure D.7). The increase may be attributed to the
relaxation of ι-carrageenan and insufficient κ-carrageenan gel network formation
interrupted by ι-carrageenan. Ultimate tensile stress of the bicomponent fibers decreased
upon of ι-carrageenan addition, whereas the break elongation increases (Figure D.8).
These trends in mechanical properties of bicomponent fibers were quite similar to those
of blend gels (Villanueva, Mendoza, Rodrigueza, Romero, & Montaño, 2004). The gel
strength was gradually weakened with addition of ι-carrageenan, while the deformation
showed a slight increase followed by a reduction for high potassium content.
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Figure D.7. As-spun (filled column) and dried (patterned column) fiber diameter and
optical micrographs as a function of κ-/ι- ratios (a > b > c > d > e, p < 0.05).

Figure D.8. Ultimate tensile stress (filled square) and break elongation (filled circle) of
the dry fibers as a function of κ-/ι- ratios.
D.4. Conclusions
In conclusion, κ- and ι-carrageenan interaction in blend gels may involve
incomplete phase separation and partial interpenetrating network. Addition of ιcarrageenan gradually increased the as-spun and dried fiber diameter. Addition of ι-
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carrageenan increased compliance but overall the blend fibers are still hard and brittle.
The structural variance of carrageenans provides a good opportunity to adjust the fiber
properties. The success of spinning carrageenan fibers provides new materials for food,
textile, filtration and biomedical applications.
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