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ABSTRACT
Electrospinning is a versatile technique to fabricate non-woven fiber mats with an
average fiber diameter ranging from nanometers to micrometers. Fibers produced by
electrospinning have potential application in numerous fields owing to their small diameter, light
weight, high surface area, and high porosity. Compared to their synthetic counterparts, fibers
electrospun from bio-based polymers have the attractive advantages of biodegradability,
biocompatibility, and competitive cost, but generally have inferior mechanical strength and are
difficult to produce. Therefore, further improvement in their mechanical properties and the
electrospinning process are required to utilize them.
Starch is one of the most abundant carbohydrate polymers on earth, and has been
processed into fibers by wet-electrospinning. Like other biopolymer fibers, starch fiber mats are
limited by their inferior mechanical properties. Here different strategies were employed to
increase the tensile strength of wet-electrospun starch fiber mats. The effect of post-drying
conditioning at controlled equilibrium relative humidity and equilibration time on the tensile
property of fiber mats was evaluated. The weight-normalized ultimate tensile strength of starch
fiber mats increased significantly with equilibration at relative humidity >0.75 after 28 days.
Morphological observation and X-ray diffraction analysis excluded significant changes in fiber
size or crystallinity, and thus I concluded that conglutination, observed microscopically, brought
about by the plasticizing effect of water was primarily responsible for this mechanical
improvement. The mechanical strength of electrospun starch-based fibers was improved by using
nanocellulose as a reinforcing filler and cationic starch as a binding agent. The potential ionic
bonding between cationic starch and anionic nanocellulose, and the hydrogen bonding as well as
macromolecular entanglement between the three components, were expected to improve the
compatibility of polymers and the mechanical strength of their composite fibers. Rheological
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properties of nanocellulose, cationic starch, and their mixtures were studied to understand their
conformation and interaction in DMSO dispersions. The rheological properties of the ternary
system were studied and correlated with their electrospinnability and tensile strength of the
composite fiber mats. The results suggested that nanocellulose-cationic starch at its percolation
concentration ( 2%, w/w, of starch) has the most profound influence on fiber strength, and
cationic starch:nanocellulose ratios of 1:2 and 1:1 created improved intermolecular ionic bonding
for reinforcing the fiber structure. The feasibility of obtaining aligned starch fiber mats in wetelectrospinning was explored and an inexpensive setup for laboratory investigation was designed.
The effects of three operational parameters, i.e., rotational speed, drum location, and coagulation
bath composition, were evaluated. The alignment of starch fibers was affected by the ethanol
concentration in the coagulation bath and drum rotational speed. The tensile strength was
correlated with fiber alignment and influenced by the interaction of location and ethanol
concentration, and that of rotational speed and ethanol concentration.
A green method to fabricate nanofibers from starch using electrospinning was developed.
High-temperature (>160 ºC) was used to destructure high-amylose starch to create an aqueous
solution. Sodium palmitate was added to enhance the stability of high amylose starch in water at
room temperature and increase the conductivity of the electrospinning dope. Pullulan was mixed
in as a minor component of the starch-palmitate complex and the mixture electrospun. Pullulan
hindered starch association and modified the dispersion properties, promoting molecular
entanglement without gelation and decreasing surface tension. Nanoscale fiber composites
containing starch:pullulan at a ca. 2:1 ratio were prepared. The presence of sodium palmitate
inclusion in the fiber was confirmed by differential scanning calorimetry and X-ray diffraction.
The fiber diameter of the nanofiber composite was found to be smaller (146 nm vis-à-vis 2
micrometers) than that of pure starch fiber mats, but the tensile strength was weaker (15 N/g vis-

v
à-vis 30 N/g). For the first time, electrospinning starch-based natural polymer blends from
aqueous solvent is reported.
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Chapter 1

Literature review
The history of electrospinning can be traced back to 1600 when William Gilbert first
recorded the electrostatic attraction of liquids (Gilbert, 1600). Further investigations of this
phenomenon were carried on in the late 19th century when researchers such as Rayleigh (1882),
Formhals (1930s), and Taylor (1960) laid the basic theoretical foundation for electrospinning
(Khan, Asmatulu, Ceylan, & Jabbarnia, 2013), but it was not until two decades ago that
electrospinning became a technique for producing nanofibers, with the rising interest in
nanomaterials. Nowadays, an extensive literature on electrospun nanofibers exists demonstrating
the promising prospect and significance of this topic (Figure 1-1). Commercially, a growing
number of startups based on electrospinning synthetic polymers have emerged. Electrospun
products in the forms of random or aligned plate/mesh (Nanofiber Solutions™ 3D Scaffolds) and
even injectable cell scaffolds (NanoWhiskers™) are available (Nanofiber Solutions, 2018).
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Figure 1-1: Published research articles on electrospun nanofibers by year (keywords: ‘‘nanofibers’’
and ‘‘electrospinning’’, from 1900 to 2018, Jan., 6th, Web of Science Database). Source: Thomson
Reuters Web of Knowledge.

1.1. Basic understanding of fiber formation in electrospinning
In general, a basic electrospinning setup consists of a spinning dope reservoir, pump,
spinneret, high voltage source, and grounded collector (Figure 1-2). The spinning dope is pumped
through a spinneret, where the surface of the extruded droplet is charged and stretched towards a
grounded collector by an electric field gradient. A polymer solution with desired properties will
form a jet beginning with a Taylor cone, followed by a straight segment, and ending with a zone
of bending instability before reaching the collector. Solidification of the fiber is achieved by
either solvent evaporation in dry-electrospinning or by precipitation/coagulation in a bath of nonsolvent in wet-electrospinning.
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Figure 1-2: Illustration of wet-electrospinning setup and jet stages (picture not drawn to scale).
A Taylor cone describes the unique shape of the droplet emerging from the tip of a
syringe (Fong & Reneker, 2001; Khan et al., 2013). The development of a Taylor cone was
demonstrated by Fong and Reneker (2001) (Figure 1-3). After a straight segment, also known as
jet length, the jet accelerates and stretches resulting in a smaller diameter. The formation of a
stable Taylor cone and a straight segment is usually used as an indicator of successful
electrospinning. An envelope cone is often formed at the bending instability stage. Based on onedimensional models (only the variation along the z-axis is considered), a number of simulation
studies have been done to understand the mechanisms of jet formation (Lauricella, Pontrelli,
Coluzza, Pisignano, & Succi, 2015b; Yarin, Koombhongse, & Reneker, 2001), whipping
instability (Reneker, Yarin, Fong, & Koombhongse, 2000; Šimko & Lukáš, 2016), effect of air
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drag (Lauricella, Pontrelli, Coluzza, Pisignano, & Succi, 2015a) and polymer properties (Gupta,
Elkins, Long, & Wilkes, 2005).

Figure 1-3: Selected images of the formation of a stable Taylor cone. The jet started at 0 ms. (Fong
& Reneker, 2001)

1.2. Major factors in electrospinning
The factors influencing an electrospinning process are categorized into solution
properties, operating parameters, and ambient parameters (Table 1-1) (Ramakrishna, Fujihara,
Teo, Lim, & Ma, 2005). During an electrospinning process, there are four major forces acting on
the electrospun jet: surface tension, Coulomb force, viscoelastic force, and electrical force (Ding,
Li, Miyauchi, Kuwaki, & Shiratori, 2006; Ghorani & Tucker, 2015; Pontrelli, Gentili, Coluzza,
Pisignano, & Succi, 2014; Reneker et al., 2000). To produce defect-free fibers (smooth fibers
without beads), forces must be well balanced, largely governed by the operational factors and
solution properties. For example, when a low viscosity solution is used, the surface tension and
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the electric force are unbalanced, reducing electric field strength may help to avoid beady fibers
(Ramakrishna et al., 2005).

Table 1-1: Factors affecting the electrospinning process.
Solution properties
Operational setup
Environmental conditions
Surface tension
Flow rate
Temperature *
Viscosity and entanglement
Orifice diameter
Humidity *
Concentration
Electric field strength (voltage)
Chain structure
Distance from needle tip to
Molecular weight and
collector
distribution
Collector type and motion
Conductivity
Vapor pressure *
* factors more important in dry electrospinning

The properties of polymer solutions are one of the most complex factors influencing
electrospinning. Solution properties are governed by polymer concentration, polymer chain
structure (e.g., linear, branched, H-shaped, and star-shaped), molecular weight, and molecular
weight distribution (Ramakrishna et al., 2005). Much effort has been put into understanding and
modeling the effect of solution properties on electrospinning (Kong & Ziegler, 2012b, 2014b;
McKee, Garth L. Wilkes, Colby, & Long, 2004; Pontrelli et al., 2014; Stepanyan et al., 2016).
Their results provide some guidelines for preparing electrospinning dopes and understanding jet
behavior during electrospinning. For example, sufficient chain entanglement is commonly
believed necessary for electrospinning polymers; therefore, rheological measurements are
generally involved in evaluating the electrospinning dope.
Assuming appropriate solution properties, the operating parameters can then be adjusted
for fiber formation. Different combinations of operational parameters could be used to spin the
same polymer solution (Ghorani, Russell, & Goswami, 2013; Tungprapa et al., 2007). Therefore,
one should be careful in presenting, comparing, and interpreting electrospinning operational
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parameters. In addition, the unit of kV/cm is often used in the literature to describe the electric
field in electrospinning. However, the electric potential is measured in volts and its reduction over
the spinning distance is not linear. Therefore, using kV/cm to represent an electric field may be
misleading, since not all equivalent ratios will produce acceptable fibers.
Environmental conditions are extremely important in dry electrospinning because
temperature and humidity directly control the speed of solvent evaporation and the subsequent
fiber solidification (Pelipenko, Kristl, Janković, Baumgartner, & Kocbek, 2013). Relative
humidity has minor effects on the jet radius and fiber diameter and its influence is coupled with
other operational parameters (Thompson, Chase, Yarin, & Reneker, 2007). Unlike dryelectrospinning, fiber formation in wet-electrospinning relies on solvent diffusion. Therefore,
wet-electrospinning shows a greater tolerance to relative humidity, but may be affected by
coagulation bath temperature.
1.3. Electrospinning of biopolymers
Numerous attempts to make electrospun fibers from biopolymers have been made, thanks
to their advantages in biodegradability, biocompatibility, and competitive cost. Nowadays,
biopolymers including carbohydrates, proteins, and DNA have all been successfully electropsun
(Bhardwaj & Kundu, 2010). Electrospinning of carbohydrates, especially the polysaccharides
alginate, chitosan, cellulose, dextran, pullulan, and starch, has been well reviewed in the literature
(Liu, Gu, Hong, Cheng, & Li, 2017; Mendes, Stephansen, & Chronakis, 2017).
Dissolution of biopolymers is challenging in most cases. Due to the complexity of the
molecular structure, polysaccharides are difficult to dissolve in water and most organic solvents.
After finding the right solvent, a synthetic polymer is often blended into the polysaccharide
solution to make it suitable for electrospinning. Though synthetic polymers help in fiber
formation, the advantages of biopolymers such as biodegradability and biocompatibility may be
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impaired. Many challenges impede the progress of producing pure polysaccharide fibers. A few
successful fibers electrospun from pure polysaccharides are listed in Table 1-2.
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Table 1-2: Electrospun fibers from pure carbohydrate polymer
Biopolymer

Solvent

Size

Reference

Aqueous (polyethylene oxide dissolved in ethanol after ionic crosslink)

100–160 nm

(Bonino et al., 2011)

Glycerol and water

120–300 nm

(Nie et al., 2008)

Acetic acid (>30%)

40–290 nm

Trifluoroacetic acid (TFA)

330–610 nm

(a) Lithium chloride (LiCl)/N, N-dimethyl acetamide (DMAc)
(b) N-methylmorpholine oxide (NMMO)/water

250–750 nm

(Kim, Kim, Kang,
Marquez, & Joo, 2006)

1-allyl-3-methylimidazolium chloride (AMIMCl) and DMSO

100–600 nm

(Kim et al., 2006)

Trifluoroacetic acid (TFA) or TFA with methylene dichloride (MC)

40–75 nm

(Ohkawa, Hayashi,
Nishida, Yamamoto, &
Ducreux, 2009)

1-butyl-3-methylinmidazolium chloride (BMIMCl)

500–800 nm

(Quan, Kang, & Chin,
2010)

1-ethyl-3- methylimidazolium acetate ([EMIM][OAc])

1000–2500 nm

(Miyauchi, Miao,
Simmons, Dordick, &
Linhardt, 2011)

Water

<100nm

(Lubambo et al., 2013)

Alginate

Chitosan

Cellulose

Guar gum

(Geng, Kwon, & Jang,
2005)
(Ohkawa, Cha, Kim,
Nishida, & Yamamoto,
2004)
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Hyaluronic acid

Pullulan

Aqueous ammonium hydroxide and dimethylformamide

39 ± 12 nm

N,N-dimethylformamide (DMF) and water

200 nm

(Brenner, Schiffman,
Thompson, Toth, &
Schauer, 2012)
(Li et al., 2006)

Water, formic acid, and N,N-dimethylformamide (DMF)

30–50nm

(Liu et al., 2011)

Water

100–700nm

Water and Water/DMSO

300nm–15µm

Water

100–500 nm

(Karim et al., 2009)

Formic acid/Water

80–300 nm

(Lancuški, Vasilyev,
Putaux, & Zussman,
2015)

DMSO/Water

3.35–22.35 µm

(Kong & Ziegler, 2013)

Formic acid/Water

128–240 nm

(Shekarforoush, Faralli,
Ndoni, Mendes, &
Chronakis, 2017)

Starch

Xanthan

(Sun, Jia, Kang, Cheng,
& Li, 2012)
(Kong & Ziegler,
2014b)
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Electrospun carbohydrate fibers still have some inherent drawbacks that impede their
utilization and commercialization. The use of toxic organic solvents increases the process cost
and potential residual hazard. Low water stability and weak mechanical properties also limited
their application. Even though crosslinking could potentially improve their water stability and
mechanical strength, typical chemical cross-linkers such as glutaraldehyde are not desirable for
biomedical applications, and natural cross-linkers such as genipin and oleuropein are too
expensive for large-scale productions (Erdogan, Demir, & Bayraktar, 2015). Currently, extensive
efforts are focusing on addressing these drawbacks.
1.4. Electrospun starch fiber
Starch is one of the most abundant carbohydrate polymers on earth. Pure starch (Kong &
Ziegler, 2014a) and modified starch (Wang et al., 2011) either with or without co-polymers have
been processed into fibers by electrospinning. A summary of electrospun starch fibers, covering
both the methods of production and characterization of fibers made from either pure starch
solutions or starch-polymer blends can be found in Liu et al., (2017), and a summary of patents
on electrospinning amylose and starches was published by Kong & Ziegler (2012). In general,
starch fibers are normally processed from amylose or high amylose starch and the fiber diameter
varies greatly depending on the method and process settings (Table 1-2). Though fiber mats spun
from blends of starch and e.g. polycaprolactone (PCL), poly(vinyl alcohol) (PVA), poly(ethylene
oxide) (PEO), poly(lactide-co-glycolide) (PLGA), and polylactic acid (PLA), are often claimed to
be starch-based, starch typically accounts for less than half of the polymer in the composite.
These blended fibers should more properly be thought of as non-starch fibers with starch filler.
Considering the complex hierarchical structure of starch, proper dissolution and control of
conformational transitions are some of the obstacles for electrospinning pure starch. The present
method for making pure starch fiber (Kong & Ziegler, 2014a) used DMSO as the solvent and

11
required a long drying step after wet electrospinning (>6 hour). Further development of the
electrospinning process through elimination of non-aqueous solvents would lower the cost of
chemical consumption and waste treatment. In addition, the mechanical properties of starch fiber
mats, especially pure starch fiber mat, were rarely reported, partially due to its inferior strength,
which also hinders its application.
Though tension, compression and shear are some of the common mechanical properties
for characterizing a material, for a fiber material that is going to be stretched or used under
tension, tensile property is the most crucial feature. Therefore, the following section focuses on
introducing tensile property and possible methods to improve tensile property of bio-based
electrospun fibers, which would be potentially applied to starch fiber mats.
1.5. Tensile property of electrospun fiber
Generally, a stress-strain curve (Figure 1-4) is used to characterize the tensile property of
a material. Tensile strength (the maximum value of tensile stress), yield point (the initial
maximum stress), Young’s modulus (the linear slope of the elastic region) can be defined from a
stress-strain curve. Though standard tensile testing is available for a myriad of materials, such as
plastics and metals (ASM International, 2004; ASTM, 2014), currently, there is no standard
method for tensile testing of polymer nanofibers, nor electrospun fiber mats. In addition to the
common factors influencing tensile property i.e., sample preparation (e.g., Dumbbell shape,
consistent length, and thickness), test setup, and procedures (ASM International, 2004), the
tensile properties of a randomly-distributed, electrospun fiber mast is also influenced by the
porosity, fiber size distribution, fiber-fiber interaction, and fiber orientation (Baji, Mai, Wong,
Abtahi, & Chen, 2010). In addition, tensile analysis of electrospun nanofibers is challenging due
to their intrinsic properties, such as small size, light weight, and low bearing load. Therefore,
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more efforts should be made to understand the mechanical behavior of electrospun fiber mats and
more suitable methods for testing should be developed.

Figure 1-4: Result of a tensile test
Currently, the measurement of nanofibers can be divided into single fiber measurement
and bundled or bulk measurement (Neugirg, Koebley, Schniepp, & Fery, 2016). To measure a
single fiber at nanoscale, a specially designed micromechanical device (Samuel, Haque, Yi,
Rajagopalan, & Foley, 2007), atomic force microscope tip (Tan, Goh, Sow, & Lim, 2005), and
nano tensile testing systems (Tan, Ng, & Lim, 2005) have been applied. In contrast, dynamic
mechanical analyzers and universal tensile testers are normally selected to measure bundled
nanofibers or fiber mats (Molnar, Vas, & Czigany, 2012). Typically, the tensile strength of a
single fiber is expected to be higher than that of fiber mat due to their anisotropy in structure and
properties (Molnar et al., 2012). For example, the single polyamide-6 nanofiber showed 48%
higher tensile strength than the fiber mat (Molnar et al., 2012). In general, electrospun nanofibers
from biopolymers are very delicate and fragile, though the diameter of biopolymer fibers
(Mendes et al., 2017) falls into the same range (nanometer to micrometer sizes) as synthetic
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counterparts. Therefore, the tensile measurement of single or bundled fibers from biopolymer
becomes more challenging.
1.5.1. Potential strategies for improving tensile strength in bio-based electrospun fibers
The tensile strength of polymer fibers is related to polymer structure and crystallinity
(Yao, Bastiaansen, & Peijs, 2014). There are two major explanations ascribed to the weak tensile
properties of biopolymer fibers. First, regardless of the nanostructure, electrospun fibers from
biopolymers with flexible chain structure generally lack chain alignment (Brennan et al., 2018;
Yao et al., 2014). Second, since electrospinning of biopolymers starts with chains in the random
coil state, and chain extension is difficult to reach during electrospinning, the resulting nanofibers
are usually low in crystallinity (Brennan et al., 2018; Yao et al., 2014). However, the actual
reason for the weak mechanical properties of electrospun fibers is still to be debated since the
adverse scenario may be true, which chain rigidity caused the brittleness of biopolymer fiber like
other carbohydrate polymer gels (Tako, 2015).
Investigations aimed at improving the mechanical strength of biopolymer-based
electrospun fibers have focused on the fiber structure-mechanics relationship. The following
review will mainly describe the strategies that have been employed to improve the tensile strength
of bio-based nanofibers by achieving fiber alignment, blending polymers, adding reinforcing
fillers, and physically or chemically cross-linking fibers.
1.5.1.1. Fiber orientation
Mats comprising aligned fibers have the advantage of anisotropic properties, i.e.,
improved uniaxial mechanical strength; meanwhile, the diameter reduction potentially caused by
mechanical drawing could increase Young’s modulus and the orientation of polymer chains (Baji
et al., 2010). In addition, the aligned 3-D network is desired in applications such as biomedical
materials and microelectronics (Choi, Lee, Christ, Atala, & Yoo, 2008; Vimal, Ahamad, & Katti,
2016). For instance, aligned scaffolds made by electrospun poly(3-caprolactone)/collagen fibers
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provided better guidance for skeletal muscle cells to grow than randomly oriented scaffolds (Choi
et al., 2008). Currently, mechanical drawing and manipulation of the electric field are the two
common ways used to achieve fiber alignment.
Mechanical drawing usually involves a rotational collector, such as a hollow drum, solid
mandrel, flat disk (rotated perpendicularly or parallelly to the spinneret), knife edge blades, cone,
or ‘funnel’ target (Afifi, Nakano, Yamane, & Kimura, 2010; Sahay, Thavasi, & Ramakrishna,
2011; Teo & Ramakrishna, 2006; Vimal et al., 2016; Zhou & Tan, 2017). Fibers collected from
the rotational collector aligned circumferentially along the surface of the rotator. Diameter
reduction has been reported with the increase of rotational speed (Afifi, Nakajima, Yamane,
Kimura, & Nakano, 2009; Lee & Deng, 2012). This phenomenon is explained by the draw ratio,
i.e., the ratio of the final fiber length to the initial length, which can be calculated as the ratio of
the final fiber velocity to the initial jet velocity (Fennessey & Farris, 2004). A higher draw ratio is
preferred to reduce fiber diameter. Meanwhile, a high rotational speed also results in better
alignment (Fee, Downs, Eberhardt, Zhou, & Berry, 2016; Fennessey & Farris, 2004)
The electric field could be altered by adding auxiliary electrodes and targeted collectors,
resulting in directed fiber deposition. The design of auxiliary electrodes also varies among
published studies (Sahay et al., 2011). Compared to the general configuration using a group of
counter electrodes placed in a certain configuration (Figure 1-5), aligned fibers collected at the
center of a simple concave collector was demonstrated (Savva et al., 2015). Though highly
aligned fibers can be collected, there are some drawbacks with alignment by manipulating the
electric field compared with rotational collectors. The thickness of fiber mats so aligned is limited
due to the excess charge accumulated as fiber is built up, reducing the effect of the manipulated
electric field (Chowdhury & Stylios, 2010). In addition, the deposition area is usually smaller
than rotational collectors.
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Figure 1-5: Configurations of counter electrodes used in manipulating the electric field (Sahay et
al., 2011).
Quantification is another major concern with fiber orientation studies. A myriad of
software and several image analysis methods are available with cost or free of charge. With the
advance of technology, quantification of fiber orientation evolved from manual calculation with
software assistance (Bashur, Dahlgren, & Goldstein, 2006) to fully automated with batch process
features (Hotaling, Bharti, Kriel, & Simon, 2015; Püspöki, Storath, Sage, & Unser, 2016). The
measurement of fiber orientation is calculated based on algorithms such as Hough transform
(Zhang & Yu, 2016), fast Fourier transform, and Sobel-Feldman edge detection algorithm (Fee et
al., 2016). Software including UTHSCSA ImageTool 3.0 (University of Texas Health Sciences
Center, San Antonio, TX, USA), Scion Image (Beta 4.0.2 release, Scion Corporation, Frederick,
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Maryland) and ImageJ (National Institutes of Health, Bethesda, MD) are available without
charge. Since the quantification of fiber orientation is based on selected images, the results are
affected by image selection, and the limited sampling is subject to human bias. Therefore, one
should be aware of the difference when comparing studies.
1.5.1.2. Polymer blends
As previously discussed, natural biopolymers generally lack the desired properties to
electrospin on their own. Therefore, other polymers have been blended into the spinning dope to
improve the processability and provide functionality in the resulting fiber, such as increasing
mechanical strength and water resistance. The blends of native or modified starch with synthetic
polymers include polycaprolactone (PCL, biodegradable), poly(vinylalcohol) (PVA, biodegrades
slowly), poly(ethyleneoxide) (PEO), poly(lactide-co-glycolide) (PLGA, biodegradable), and
polylactic acid (PLA, biodegradable) are well documented in the review article by Liu et al.
(2017). Though synthetic polymers can adjust the solution property and fiber functionality, starch
was only a minor ingredient in the composite. A unique way to use polymer blend was the
preparation of pure alginate nanofibers (Bonino et al., 2011). Polyethylene oxide (PEO) was used
as a carrier material to aid in electrospinning, then removed after crosslinking the electrospun
fibers with calcium, leaving pure alginate nanofibers.
In recent years, studies on electrospinning biopolymer-based blends have been reported
(Table 1-3). Among them, biopolymers that possess superior mechanical strength, such as
cellulose, chitosan, and silk protein, have been used as co-polymer to improve fiber strength. For
instance, when 4 %, w/w, cellulose nanowhiskers were incorporated into the Bombyx mori silk
fibroin nanofiber mats, the tensile strength of silk fiber increased from 12.5 MPa for pure silk
fibroin nanofiber to 38.5 MPa for the fiber composite. Due to the high stiffness and strength of
cellulose nanowhiskers, with the increase of cellulose nanowhiskers content, Young’s modulus of
electrospun fiber composites increased while the strain at break decreased (Huang, Liu, & Yao,
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2011). Blending chitosan into gelatin nanofibers also increased the tensile strength from 7.23
MPa to 37.91 MPa (Dhandayuthapani, Krishnan, & Sethuraman, 2010).
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Table 1-3: Electrospun fibers from biopolymer blends

Biopolymer blends

Ratio

Chitosan-Gelatin

20 w/w% silk fibroin, cellulose
nanowhiskers varied from 0 to 4
w/w%
Total concentration of 7% (w/v),
chitosan:agarose at 70:30 and
50:50
Total concentration of 8% (g/mL),
Chitosan:collagen at 0:100, 20:80,
40:60, 50:50, 60:40, 80:20
70:30, 60:40, and 50:50, no total
concentration declared

Chitosan-Gelatin

40:60, no total concentration
declared

Cellulose nanowhiskersBombyx mori Silk Fibroin
Chitosan-Agarose
Chitosan-Collagen

Solvent

Fiber diameter
mean

Reference

98 % formic acid

77–160 nm

(Huang, Liu, & Yao, 2011)

Trifluoroacetic acid
(TFA)/dichloromethane 1.76–0.14 µm
(DCM) (7/3, v/v)
Hexafluoroisopropanol
(HFP)/Trifluoroacetic
3–9 µm
acid (TFA) (v/v, 90/10)
Triﬂuoroacetic acid
(TFA)/dichloromethane 120–220 nm
(DCM) at 70:30

(Teng, Wang, & Kim, 2009)
(Chen, Mo, He, & Wang, 2008)
(Dhandayuthapani et al., 2010)

60% acetic acid

80 nm

(Teepoo, Dawan, & Barnthip,
2017)

Formic acid

450 nm (130–
780 nm)

(Park, Jeong, Yoo, & Hudson,
2004)

Water

80–110 nm

(Xiao & Lim, 2018)

Pullulan-Alginate

12 wt% of silk fibroin mixed with
3.6 wt% of chitosan at ratios of
100/0, 90/10, 80/20, 70/30, w/w)
0.8 to 1.6% alginate with 10%
Pullulan

Pullulan-Amaranth
protein

50:50, no total concentration
declared

20%wt. of Tween 80 in
formic acid

124–173 nm

(Soto et al., 2016)

Pullulan-Whey protein

Total concentration of 20% w/v,
pullulan:WPI at 50:50, 70:30 and
80:20 w/w

Water

160–270 nm

(Drosou, Krokida, & Biliaderis,
2018)

Chitosan-Silk fibroin
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1.5.1.3. Biopolymer composites incorporating nanoparticles
Nanoparticles with a high aspect ratio (ratio of largest to smallest dimension), low
density, high strength, and stiffness have a high-potential for the improvement of mechanical and
physical properties of polymer composites at low concentration. There are various nanoparticles
from organic sources, e.g., nanocellulose and nano graphene oxide, and inorganic sources, e.g.,
nanoclay, silica, and nanoceramic. The improvement of overall mechanical properties of
nanocomposites is strongly dependent on the particle size, dispersion of nanoparticles, and
particle-matrix interfacial property (Ahmed & Jones, 1990; Fu, Feng, Lauke, & Mai, 2008). High
surface area, strong interfacial bonding, and proper dispersion are necessary for good mechanical
improvement. To increase interfacial bonding, the addition of surfactant and chemical
modification of particle surface are some of the options (Chi & Catchmark, 2017a).
Despite some common features of nanoparticles, the specific effect of nanoparticles on
tensile properties of composite material varies in many ways such as interfacial structure, type of
interfacial bonding, and their effect on the electrospinning process. Nanographene oxide obtained
from hydrothermally carbonized starch was used in formic acid produced starch nanofibers (Wu,
Samanta, Srivastava, & Hakkarainen, 2017). Though the author did not measure the tensile
property of the fiber mat, the reduced fiber diameter is likely to give a higher tensile strength.
Nanocellulose has been used to enhance the mechanical properties of bio-composite materials in
many forms, including films, gels, and foams (Klemm et al., 2011). The hydrophilic nature of
nanocellulose and strong interfacial bonding with other biopolymers help it create a continuous
rigid percolating nanocrystal network within the matrix (Chi & Catchmark, 2017b, 2017a).
Nanoclay has been used to reinforce many bio-composites to improve their properties, e.g. the
strength of electrospun materials (Park et al., 2009), due to its compatibility with biopolymers
(Choy, Choi, Oh, & Park, 2007). Extensive penetration of polymer into the clay layers can lead to
intercalation and exfoliation, producing desired particle-matrix interfacial structure (Figure 1-6).
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Introducing montmorillonite clay into pullulan nanofibers resulted in increased tensile strength
(10.5 MPa for pullulan fiber and 13.1 MPa with 5% addition of clay), and thermal stability by
intercalation (Karim et al., 2009). Therefore, the potential mechanism of nanoparticle
incorporated electrospun fiber should be evaluated case by case.

Figure 1-6: Potential interaction between clay and biopolymer.
1.5.1.4. Fiber fusion/conglutination
The merging or attachment of intersected fiber segments during electrospinning or after
post-spinning treatment is referred as conglutination (Reneker & Yarin, 2008) or fiber fusion
(Wei, Xia, Wong, & Baji, 2009). Fiber fusion creates a connected 3D network. Molecular
dynamics simulation of van der Waals forces in randomly-oriented electrospun nanofiber mat
indicated that increasing the number of fusion points in the mat can increase its tensile strength
(Wei et al., 2009).
The merging of fiber sections can be induced during the electrospinning process. In dry
electrospinning, fiber fusion occurs when the solvent is not fully evaporated due to either the
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short traveling time at a low spinning distance or less electrical forces at a high spinning distance
(Ghelich, Rad, & Youzbashi, 2015). Lowering the volatility of the solvent also resulted in crosslinked morphology in fiber mats (Kim et al., 2018).
Conditioning or post-treatment of as-spun fiber mats can also induce fiber fusion and
increase their mechanical properties, such as chemical crosslinking. Some low toxicity chemical
crosslinkers used for biopolymers are citric acid for polysaccharides (Quellmalz & Mihranyan,
2015; Reddy & Yang, 2010), photo-crosslinking agent, e.g., sodium benzoate (Zain, Wahab, &
Ismail, 2018), and genipin for amino groups (Panzavolta et al., 2011). A dramatic increase in
tensile strength from 6 MPa to 21 MPa was found in genipin-crosslinked gelatin fibers
(Panzavolta et al., 2011). Collagen and gelatin dope electrospun with catecholamine cross-linker
also yielded junctions in fiber mats and subsequent oxidative polymerization of catecholamines
increased the number of junctions (Dhand et al., 2016). Except for the increase in tensile strength,
chemically crosslinked fiber mats also revealed high water resistance. A potential drawback of
fiber fusion is the reduction in pore size that may be crucial for certain applications such as cell
migration in a wound dressing.
1.6 Research objectives
The overall goal of this study is to enhance the tensile strength of pure starch fiber mats
and to improve the process of electrospinning starch fiber, specifically by eliminating the need for
organic solvents, in order to better realize its applications. Specific objectives were:
Objective 1: To assess the potential effects of plasticization and conglutination caused by
exposure to water vapor on tensile strength of electrospun starch fiber mats.
Objective 2: To enhance tensile property of electrospun starch-based fibers by adding
nanocellulose as a reinforcing filler and cationic starch as a binding agent into starch fiber mats.
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Objective 3: To develop a device for fabricating aligned fibers in wet-electrospinning and
evaluate the effect of fiber morphology on the tensile strength of starch fiber mats.
Objective 4: To develop an electrospinning process for making starch fibers from
aqueous solution.
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Electrospun starch fiber mats have many potential applications, but an improvement in
their mechanical properties is required to realize them. In the present study, wet-electrospun
starch fiber mats were subjected to post-drying conditioning at controlled equilibrium relative
humidity and equilibration time. The weight-normalized ultimate tensile strength of starch fiber
mats increased significantly with equilibration at relative humidity >0.75 after 28 days.
Morphological observation and X-ray diffraction analysis excluded significant changes in fiber
size or crystallinity, and thus we concluded that conglutination brought about by the plasticizing
effect of water and observed microscopically was primarily responsible for this mechanical
improvement.
2.1. Introduction
Starch is among the most abundant and inexpensive biopolymers, making it a promising
substitute for synthetic petroleum-based polymers. We recently developed a method to fabricate
starch fiber mats by an electro-wet-spinning technique that produces fibers with diameters
ranging from hundreds of nanometers to tens of microns (Kong & Ziegler, 2014). These starch
fiber mats combine the inherent advantages of starch as a biopolymer, including its
biodegradability, biocompatibility, and non-toxicity, and the geometrical and functional
properties of micro- and nano-fibers, i.e., high surface area, high porosity, small pore size, and
anisotropic mechanical properties. However, to practically utilize starch fiber mats, their
mechanical properties need further improvement, a challenge that has been confronted by many
researchers developing biopolymer-based products. The lack of a plasticizer is at least partially
responsible for the brittleness and inferior tensile strength of dried starch fiber mats.
The mechanical properties of starch-based materials can be altered by plasticizers such as
water. As a plasticizer, the presence of water molecules increases polymer mobility and depresses
the glass transition temperature. The influence of plasticizing water on the properties of starch has
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been studied in various starch-based materials, e.g., its effect on the mechanical properties of
starch gels and films (Mali, Grossmann, García, Martino, & Zaritzky, 2006; Saberi et al., 2015).
However, the plasticizing and conglutinating effect of water on the tensile properties of starch
fiber mats have not been reported. Conglutination is the term used to describe the attachment of
intersected fiber segments (Reneker & Yarin, 2008). The conglutinated segments potentially
contribute to the improvement in mechanical properties of electrospun fiber mats.
In this study, we hypothesized that conglutination caused by exposure to water vapor will
increase the tensile strength of electrospun starch fiber mats. To test this hypothesis, dried starch
fiber mats were equilibrated at preselected levels of relative humidity (RH) for up to 28 days, and
their morphological, microstructural, and tensile properties were analyzed.
2.2. Material and methods
2.2.1. Material
Gelose 80 high amylose maize starch (HAMS) was supplied by Ingredion (Bridgewater,
NJ). Drierite desiccant (CaSO4), dimethyl sulfide (DMSO) and 200-proof ethanol were
purchased from VWR International (Radnor, PA).
2.2.2 Sample preparation and electrospinning
HAMS (12%, w/v) dispersion in pure DMSO was prepared by heating with stirring in a
boiling water bath for 1 h. The electrospinning apparatus comprised a high voltage power supply
(ES40P, Gamma High Voltage Research, Inc., Ormond Beach, FL), a syringe pump (81620,
Hamilton Company, Reno, NV), a 3 mL plastic syringe (Becton, Dickinson and Company,
Franklin Lakes, NJ) with a 20-gauge blunt needle, and a grounded stainless-steel mesh immersed
in ethanol (Kong & Ziegler, 2014). Operational parameters used were as follows: positive voltage
at 11 kV, needle to ground wire mesh in the coagulation bath distance of 7 cm, and flow rate at
10.5 mL/h. The fibrous mats recovered from the coagulation bath were washed with pure ethanol
and dried in a desiccator containing Drierite under vacuum.
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2.2.3. Equilibration under specific RH
Dried starch fiber mats were equilibrated in desiccators containing different
supersaturated salt solutions. The desiccators were placed in a temperature-controlled incubator.
Table 2-1 lists selected supersaturated salt solutions and corresponding RH in the desiccators at
25 °C. Starch fiber mats were equilibrated for up to 28 days, and samples were removed from the
desiccators without additional drying at day 3, 7, 14, 21, and 28, respectively, for further
analyses. Dried as-spun starch fiber mats without any equilibration treatment served as the
control.
Table 2-1: Relative Humidity of supersaturated salt solutions at 25 ± 1 °C.
Saturated Salt Solution

RH

Drierite desiccant (CaSO4)

10%

CaCl2

34%

NaCl

75%

KCl

84%

2.2.4. Tensile test
Fiber mat samples (5.3 mm wide and approximately 25 mm long) were cut using a film
cutter (PN 984485.901, TA Instrument, New Castle, DE). The weight of each fiber mat was
recorded using a Mettler-Toledo XP2U ultra-microbalance (Mettler-Toledo International Inc.,
Columbus, OH). Uniaxial tension tests were carried out using a Q800 dynamic mechanical
analyzer (DMA, TA Instrument, New Castle, DE), with a film tension clamp set at room
temperature (20 °C). The control force mode was applied at a force rate of 0.05 N/min. Data were
recorded until the sample yielded. The stress at yield was normalized using the following
equation (Eq. 2.1) to account for variation in thickness and fiber density, and weight normalized
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ultimate tensile strength (WNUTS) was obtained after each measurement. At least 3 replicates of
each sample were tested.
Weight Normalized Ultimate Tensile Strength (WNUTS) =

89:;< => ?@<AB C9@D>
E<@FG>

(Eq. 2.1)

2.2.5. Scanning electron microscopy (SEM)
Microscopic observation of the fibers was performed using a Phenom G2 Pro scanning
electron microscope (SEM, Phenom-World, Eindhoven, The Netherlands) at an accelerating
voltage of 5 keV. Open software, ImageJ were used to analysis the SEM images (Hotaling,
Bharti, Kriel, & Simon, 2015).
2.2.6. Wide angle X-ray diffraction (XRD)
XRD patterns of the starch fiber mats were obtained using a Rigaku MiniFlex II desktop
X-ray diffractometer (Rigaku Americas Corporation, The Woodlands, TX). Samples were
exposed to Cu Ka radiation (0.154 nm) and continuously scanned between 2q = 4 and 35° at a
scanning rate of 2°/min with a step size of 0.02°. A current of 15 mA and voltage of 30 kV were
used.
2.2.7. Statistical analysis
A randomized 4×4 full factorial design was applied in analyzing the effect of equilibrium
condition and time on tensile strength. WNUTS was the response variable. Two-way ANOVA
was used to analyze the main effects and interactions (Minitab 18.1, Minitab, Inc., PA). The
missing data were treated as likewise deletion by software default. One-way ANOVA and
Tukey’s test were used to compare the effect of re-drying after equilibration.
2.3. Results and discussion
The weight-normalized ultimate tensile strength (WNUTS) of dried starch fiber mats
without the equilibration treatment, i.e., the control, was measured to be 30±3.4 N/g. Upon
equilibration treatments, both the equilibrium RH (P<0.0001) and the equilibration time
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(P=0.0165) exerted significant influence on the WNUTS of starch fiber mats. However, we found
that WNUTS values fluctuated without a clear trend with equilibration time within the first 14
days of treatment. It was probable that the contact and adsorption of water vapor on the fiber mats
were not uniform at this initial stage. Therefore, only the main effect of RH on the WNUTS of
starch fiber mats is displayed in Figure 2-1. Equilibration at low RH (10% and 30%) made the
fiber mats more brittle, and the tensile strength of samples stored at RH=10% after 21 days could
not be obtained due to their fragility. So, the WNUTS of the fiber sample stored at RH=10% at
day 28 was treated as missing data in further analysis. Large variations in WNUTS were observed
for samples recovered from low RH environments. Similarly, due to the lack of true equilibrium,
water absorption isotherm models failed to predict the water absorption accurately at low water
activity (Li, Tang, & Chinachoti, 1996). After conditioning at higher RH, the WNUTS of starch
fiber mats was either maintained (RH=75%) or steadily increased (RH=84%) over time.
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Figure 2-1: Main effect of RH on weight normalized ultimate tensile strength of starch fiber mats.
Figure 2-2 clearly shows the conglutination of starch fiber mats caused by the plasticizing
water at high RH. The merging of superimposed or intersected fibers resulted in a web-like 3-D
structure in starch fiber mats. Contact points among starch fibers would be an ideal spot for
condensation to take place due to the effect of capillary condensation (Fisher, Gamble, &
Middlehurst, 1981), and the locally elevated water content at fiber intersections accelerated their
conglutination. The conglutination effect at RH=84% was most noticeable. After conditioning for
about 3 days, the WNUTS was significantly higher than control. Further conditioning time at
RH=84% did not significantly contribute to conglutination of the fibers and thus no significant
changes in WNUTS were observed thereafter. By conditioning at RH=75%, the WNUTS was
comparable to that of the control. Compared with the equilibration time required for raw starch
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granules (2 to 3 weeks) to reach a constant weight under specified RH (Al-Muhtaseb, McMinn, &
Magee, 2004), the relatively faster equilibration time for these starch fiber mats was likely due to
their smaller size and higher surface area than native starch granules.
In order to confirm the contribution of both plasticization and conglutination on tensile
property improvement, WNUTS of dried starch fiber mats without conditioning (the control),
with conditioning at RH=84% for 3 days, and re-dried after conditioning at RH=84% for 3 days
(Figure 2-2) were measured. One-way ANOVA shows significant difference in WNUTS among
these samples (P=0.029). Though the WNUTS decreased on re-drying, the merged conglutination
zones were still present. The WNUTS of the re-dried sample fell between that of the control
sample and the sample prior to re-drying (Table 2-2), which suggested that both plasticization and
conglutination strengthened the starch fiber mats.
Our results are in agreement with the mechanism of water sorption observed for starchbased materials. At water activity (aw) below 0.2, starch gel is only surrounded with a monolayer
of strongly “bound” water molecules. As aw increases, multiple layers of “intermediate” water can
be adsorbed via hydrogen bonds, until the aw reaches 0.85, after which water molecules adsorbed
are considered as “free” water (Li et al., 1996). As moisture content increases, water acts as a
plasticizer in the matrix. Studies on starch granules also found that the amorphous regions of
starch started to plasticize when aw fell between 0.3 and 0.85 (Al-Muhtaseb et al., 2004; Van den
Berg, C., & Bruin, 1981). Therefore, starch fiber mats conditioned at higher RH likely attained
the mobility necessary for conglutination to occur resulting in higher WNUTS.
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Figure 2-2: Scanning electron micrographs of starch fiber mats without conditioning (A), with
conditioning at RH=84% for 3 days (B), re-dried after conditioning at RH=84% for 3 days (C), and
with conditioning at RH=84% for 28 days (D). Red arrows indicate observable conglutination
zones.
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Table 2-2: Fiber diameter distribution and analysis of weight normalized ultimate tensile strength
(WNUTS) of starch fiber mats affected by different treatments based on the Tukey’s test and 95%
confidence.
Treatment of fiber mats

Mean*

Diameter mean and SD (µm)

Conditioning at RH=84% for 3 days

62.66 A

1.83 ± 0.91

Re-drying after conditioning at RH=84% for 3 days 39.18 AB

1.26 ± 0.81

Without conditioning (the control)

1.83 ± 0.91

21.09 B

*Means that do not share the same letter are significantly different.

Unlike the starch granules in sorption isotherm studies (Buléon, Bizot, Delage, & Multno,
1982), starch fiber mats remained amorphous on equilibration at high levels of RH (XRD data not
shown). Therefore, the increase in tensile strength was not due to an increase in crystallinity. The
intra- and inter-hydrogen bonding in starch fiber mats at high RH, resulting in conglutination, is
more likely to have strengthened the starch fiber mats.
2.4. Conclusions
Dried electrospun starch fiber mats were subject to equilibration at various RH over 4
weeks. Both equilibration time and relative humidity significantly affected the WNUTS of the
starch fiber mats. Conglutination at high levels of RH was evidenced on scanning electron
micrographs and coincided with a significant increase in WNUTS of the starch fiber mats. Since
the diameter and crystallinity of starch fiber mats were not altered significantly, we concluded
that plasticization and conglutination were the likely cause for improvement in WNUTS. Our
results also suggest the potential of using other plasticizers to enhance the mechanical properties
of starch fiber mats.
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Electrospinning has become an increasingly attractive technique to produce micro- to
nano-scale fibers from bio-based polymers, including starch. Compared to their synthetic
counterparts, fibers electrospun from bio-based polymers generally have inferior mechanical
strength. In the present study, we aim to enhance the mechanical strength of electrospun starchbased fibers by using nanocellulose as a reinforcing filler and cationic starch as a binding agent.
The potential ionic bonding between cationic starch and anionic nanocellulose, and the hydrogen
bonding as well as macromolecular entanglement between the three components, are expected to
improve the compatibility of polymers and the mechanical strength of their composite fibers.
Rheological properties of nanocellulose, cationic starch, and their mixtures were studied to
understand their conformation and interaction in DMSO dispersions. The rheological properties
of the ternary systems were studied and correlated with their electrospinnability and the tensile
strength of the composite fiber mats. Our results suggested that nanocellulose-cationic starch at
its percolation concentration ( 2%, w/w, of starch) has the most profound influence on fiber
strength, and CS:NC ratios of 1:2 and 1:1 created improved intermolecular ionic bonding for
reinforcing the fiber structure.
3.1. Introduction
Electrospinning has become an increasingly attractive technique capable of producing
micro- to nano-scale fibrs from a large variety of materials, including biopolymers. Due to their
advantages in biodegradability and biocompatibility, and competitive cost, biopolymer-based
fibers have drawn growing interest for use in certain applications, e.g., filtration, medical
dressing, tissue engineering, and drug delivery (Kong, Ziegler, & Bhosale, 2010). To date, fibers
from various biopolymers, including carbohydrates (e.g., cellulose, pullulan, and chitosan),
proteins (e.g., gelatin and collagen), and DNA have been fabricated by the electrospinning
technique (Bhardwaj & Kundu, 2010). Moreover, we successfully demonstrated that
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electrospinning is able to produce starch fibers without adding a co-spinning polymer or additives
(e.g., crosslinkers and plasticizers) (Kong & Ziegler, 2012). In addition to its merits as a
biopolymer, starch is one of the most abundant and inexpensive biopolymers on earth. However,
the mechanical properties of pure starch fibers are inferior to their cellulosic and synthetic
counterparts. This same challenge has been confronted by many researchers when developing
biopolymer-based products. Hence, in order to fully realize the applications of starch fibers,
enhancing their mechanical strength is of particular importance.
Nanocellulose (NC), a rigid rod-shape particle with high strength and stiffness, has been
used to enhance the mechanical properties of bio-composite materials in many forms, including
films, gels, and foams (Klemm et al., 2011), and notably to reinforce electrospun biopolymerbased fibers. For instance, by incorporating a small amount of NC (2-4 %, w/w), the tensile
strength and Young’s modulus of electrospun Bombyx mori silk fibroin nanofiber mats was
increased by 2 to 4 fold compared with unreinforced fibers (Huang, Liu, & Yao, 2011).
Proposed theories predicting the strength and modulus of particulate-reinforced
composites suggest that size, shape, distribution, and interfacial bonding are critical factors in
transferring the stress in the composites (Ahmed & Jones, 1990). Experimentally, mechanical
strength of composite matrices depended on the particle size, particle-matrix interfacial adhesion
and particle loading (Fu, Feng, Lauke, & Mai, 2008). Among these factors, the interfacial
interaction and bonding are critical in designing a particulate-polymer matrix with improved
performance. In studies on composite films made from starch and NC, the interfacial interactions
and the hydrogen bonding between NC and starch were credited for the improved mechanical
strength of these films (Karimi, Tahir, Dufresne, Karimi, & Abdulkhani, 2014; Lu, Weng, & Cao,
2005; Moran, Vazquez, & Cyras, 2013). Methods for enhancing interfacial interactions between
NC and polymer matrices include chemical modification of particle surface and the use of
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surfactants, binding agents and compatibilizers (Cao, Chen, Chang, Muir, & Falk, 2008; Wu,
Wang, Li, Li, & Wang, 2009).
During NC processing, sulfuric acid and hydrochloric acid are used to hydrolyze the
amorphous regions of cellulose. Sulfate group esterification takes place during the reaction,
resulting in a negatively charged surface (Lee, Hamid, & Zain, 2014). Because the starch
commonly used for producing fibers, i.e., high amylose maize starch (HAMS), is an uncharged
polymer, a binding agent or compatibilizer is needed to homogeneously disperse the NC and
create sufficient interfacial interactions with the starch matrix. To this end, we propose that a
positively charged cationic starch (CS) could serve as a binding agent between starch and the
anionic NC. Cationic starches are widely used in paper making process to increase the strength of
paper by forming ionic bonds, hydrogen bonds, and van der Waals bonds with cellulose
(Hagiopol & Johnston, 2011). Typically, the degree of substitution of dent corn CS ranges from
0.03 to 0.88 (Sylvia Radosta et al., 2004; Y. Wang & Xie, 2010). The possible ionic bonding
between CS and NC, and the hydrogen bonding as well as macromolecular entanglement among
HAMS, CS and NC, are expected to improve the compatibility of polymers and the mechanical
strength of their composite fibers.
Therefore, in the current study we investigated the processing and properties of HAMSCS-NC composite fiber mats fabricated by electrospinning. The rheological properties of the
ternary system comprising HAMS (the matrix polymer), CS (the binding agent), and NC (the
reinforcing agent) were studied and correlated with their electrospinnability and the resultant fiber
mat properties. The dispersion and distribution of NC in the composite starch fiber matrix were
examined. The morphology and mechanical strength of the composite fiber mats were analyzed to
understand the reinforcement effect of NC on fiber strength and the interactions among HAMS,
CS, and NC.
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3.2. Materials and methods
3.2.1. Materials
High amylose maize starch (HAMS, Gelose 80) and cationic starch (CS, Chargemaster
R33F) were kindly supplied by Ingredion (Bridgewater, NJ) and Grain Processing Corporation
(Muscatine, IA), respectively. The derivatization level of CS is approximately 0.033 as reported
by the manufacturer. Nanocellulose (NC) was obtained from the Process Development Center at
the University of Maine (Orono, ME). Dimethyl sulfoxide (DMSO) and 200 proof ethanol were
purchased from VWR International (Radnor, PA).
3.2.2. Dope preparation
Pure DMSO was used as the solvent to disperse HAMS, CS, and NC. Based on our
previous work (Kong & Ziegler, 2013; Wang, Kong, & Ziegler, 2018), the final concentration of
HAMS was set at 12% (w/v) throughout the study. The HAMS, CS and NC dispersions were
prepared by heating in a boiling water bath with continuous stirring for about 1 h. For rheological
tests of CS-NC dispersions, the CS and NC dispersions were mixed at CS:NC ratios of 1:2, 1:1,
and 2:1, at total solid concentrations of 0.25, 0.75, 1, 2, and 4 % (w/v) in DMSO in a glass test
tube with continuous stirring for 1 h. The obtained CS-NC dispersions were used as master
dispersions and added into the HAMS dispersion to make HAMS-CS-NC dispersions. Hence, the
final HAMS-CS-NC dispersions have 12% (w/v) of HAMS and five levels of CS-NC mixtures
(0.25, 0.5, 1, 2, 4, 8%, w/w of HAMS) with three CS:NC ratios (1:2, 1:1, 2:1).
3.2.3. Rheology
Rheological properties of the polymer dispersions and their mixtures were studied using a
strain-controlled rheometer (ARES, TA Instruments, New Castle, DE), with a 50 mm cone and
plate geometry. The cone angle was 0.04 radians, and the gap was set at 0.043 mm. Flow curves,
i.e., apparent shear viscosity versus shear rate (0.1 to 100 s-1) were recorded at 20 °C. Dynamic
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frequency sweeps were carried out for CS-NC mixtures within the frequency range from 0.1 to
100 Rad/s at 1% strain at 20 °C.
3.2.4. Electrospinning
The electrospinning apparatus comprises a high voltage power supply (ES40P, Gamma
High Voltage Research, Inc., Ormond Beach, FL), a syringe pump (81620, Hamilton Company,
Reno, NV), a 3 mL plastic syringe (Becton, Dickinson and Company, Franklin Lakes, NJ) with a
20-gauge blunt needle, and a grounded stainless steel mesh immersed in ethanol (Kong & Ziegler,
2014). Electrospinning of each HAMS-CS-NC dispersion was conducted by varying three
spinning parameters (flow rate, voltage, and spinning distance) within predetermined ranges: flow
rate of 6-12 mL/h, spinning distance of 5-8 cm, and voltage of 6-10 kV. At each flow rate and
spinning distance combination, the voltage was gradually increased from 0 to 10 kV. The onset
and ending voltages of continuous jet formation were recorded. The electrospinnability and fiber
morphology were determined by visual and microscopic observation of the fiber mats formed.
Fiber mats with good morphology (smooth fibers without beads) were collected for further
analysis.
3.2.5. Morphology analysis
Microscopic observation of the fiber mats was performed using a Phenom G2 Pro
scanning electron microscope (SEM, Phenom-World, Eindhoven, The Netherlands) at an
accelerating voltage of 5 keV. The SEM images were segmented into binary images (black and
white pixels only) using the ImageJ software with DiameterJ plugins (National Institutes of
Health, Bethesda, MD) (Hotaling, Bharti, Kriel, & Simon, 2015). The best-segmented images
were selected and analyzed by batch. More than 10 images were analyzed for each sample and
over 10,000 diameter measurements were obtained in order to calculate the mean diameter and
standard deviation. The Fityk 0.9.8 software was used to fit the diameter data into a Gaussian
distribution. The center of the Gaussian peak was taken as the diameter mean, and the standard
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deviation was related to the full-width-at-half-maximum (FWHM) of the Gaussian distribution
(Eq. 3.1).
Standard deviation =

IJKL

(Eq. 3.1)

M QNMOP (M)

Energy dispersive spectroscopy (EDS) was performed on an FEI Nova NanoSEM 630
SEM (FEI Company, Hillsboro, OR, U.S.) with the beam at 5 keV to identify the distribution of
sulfur and carbon in the fiber. An Emitech K575X sputter coater (Quorum Technologies Limited,
East Grinstead, West Sussex, UK) was used to apply a layer of iridium on the samples in order to
prevent charging under high accelerating voltage. Element mapping of sulfur was obtained to
represent the relative distribution of NC in the fibers.
3.2.6. Uniaxial tensile test
Fiber mats were tested both with and without equilibration to 75% relative humidity for
23 days (H. Wang et al., 2018). The sample fiber mats were cut into 5.3 mm wide strips using a
film cutter (PN 984485.901, TA Instrument, New Castle, DE). The weight of each fiber mat was
recorded using a Mettler-Toledo XP2U ultra-microbalance (Mettler-Toledo International Inc.,
Columbus, OH). Uniaxial tensile tests were carried out using a Q800 dynamic mechanical
analyzer (DMA, TA Instrument, New Castle, DE) at room temperature (20 °C). The sample was
mounted using a film tension clamp set. The sample length was recorded by the DMA before
each run. The control force mode was applied at a force rate of 0.05 N/min. Data were recorded
until the fiber mat yielded. The stress at yield was normalized through the following equation
(Eq. 3.2). At least 3 replicates for each sample were evaluated.
Weight Normalized Ultimate Tensile Strength (WNUTS) =

89:;< => ?@<AB C9@D>
E<@FG>

(Eq. 3.2)

WNUTS accounts for variation in both the thickness and the density of fibers, i.e., the
effective cross-sectional area of the fibers making up the fiber mat, since weight is proportional to
length, effective cross-sectional area, and fiber density.
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3.2.7. Statistical analyses
A randomized 3×6 full factorial design was applied in analyzing the effects of CS:NC
ratio (1:2, 1:1, 2:1) and CS-NC mixture levels (0.25, 0.5, 1, 2, 4, 8%, w/w of HAMS) on the
Cross model parameters. In addition, the properties of the final fiber mats, i.e., the fiber diameters
and the tensile properties, were compared both before and after equilibration at 75% relative
humidity for 0 or 23 days as a 2×3×6 full factorial design. Regression analysis with concentration
as a continuous factor and ratio as a categorical variable, and a model including main effects
(linear terms) and two-way interactions, was conducted to analyze their influence on Cross model
parameters. Three-way ANOVA was used to test the main effects and interactions of ratio,
concentration and equilibration time on fiber mat properties. Tukey’s test was used for pairwise
comparison of means. The error rate, α, was 0.05.
3.3. Results and discussion
3.3.1. Rheological properties of CS, NC and their mixtures
The rheological properties of a polymer solution or dispersion depend on the interaction
between the polymer and the solvent. DMSO is a theta solvent for starch (Bader & Göritz, 1994).
As a polar aprotic solvent, DMSO has high polarity and is able to disperse cellulose nanocrystals
(van der Berg, Capadona, & Weder, 2007; Viet, Beck-Candanedo, & Gray, 2007). Therefore,
both the charged polymers, including NC and CS, and the uncharged polymer, i.e., HAMS, can
be well dispersed in DMSO.
Flow curves of CS and NC in pure DMSO at various concentrations are shown in Figure
3-1. Unreliable data, that is, out of the measurement range of the rheometer, were not plotted. CS
dispersions, similar to many other flexible polymers, showed moderate shear thinning, i.e.,
viscosity decreased with shear rate at low concentrations, and the shear thinning effect became
more obvious as CS concentration increased (Figure 3-1A). NC dispersions, on the other hand,
exhibited near Newtonian behavior, i.e., shear viscosity was independent of shear rate, over the
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concentration range in this study (Figure 3-1B), due to the low concentration of rigid crystals of
NC.

Figure 3-1: Flow curves of (A) cationic starch and (B) nanocellulose in 100% DMSO as a function
of polymer concentration (%, w/v).
The zero-shear viscosity, η0, of each dispersion was estimated by fitting the flow curve
data to the Cross model (Eq. 3.3) using Orchestrator software (version 7.2.2.1, TA instrument,
New Castle, DE). Specific viscosity, ηsp, was then calculated based on the equation below (Eq.
3.4).
RSRT
RU SRT

V

= VW(XẎ )[

(Eq. 3.3)
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where \] is the infinite shear viscosity assumed to be 0 by the software, C is known as
the Cross time constant and m is known as the rate constant (Cross, 1965).
\^C =

RU SR_
R_

………(Eq. 3.4)

where ηs is the viscosity of the solvent, i.e., DMSO.
The plot of specific viscosity against concentration (Figure 3-2) displays a critical
concentration for both CS and NC that divides the plot into two regimes. The critical
concentrations were determined to be 0.75% and 0.81% (w/v) in CS and NC dispersions,
respectively. The exponents of the concentration dependence, also known as the scaling
dependence, in CS dispersions were found to be 0.39 and 2.40 in the two regimes, respectively.
Therefore, the critical concentration (0.75%, w/w) can be referred to as the entanglement
concentration that divides the semidilute unentangled and semidilute entangled regimes
(Dobrynin, Colby, & Rubinstein, 1995). At low concentrations, dispersions of CS in DMSO
behaved similar to classic polyelectrolytes in the semidilute unentangled regime that theoretically
scale ηsp~c0.5 (Dobrynin et al., 1995). The scaling dependence in the semidilute unentangled
regime was lower than the theoretically predicted value for linear polymers (ηsp~c1.25) (Gennes,
1979) and reported values for branched polymers (ηsp~c1.39) (McKee, Wilkes, Colby, & Long,
2004), including neutral HAMS in the same solvent (ηsp~c1.40) (Kong & Ziegler, 2012).
Electrostatic repulsion between charged CS molecules results in weaker interaction than that
between branched neutral polymers. The scaling dependence of CS in the semidilute entangled
regime (ηsp~c2.40), on the other hand, is close to that of neutral branched polymers. For instance,
McKee et al. reported a scaling dependence of (ηsp~c2.73) in semidilute branched PET-co-PEI
solutions (McKee et al., 2004). We also found that starches possessing a higher amount of
amylopectin content tended to have weaker scaling dependence in the semidilute entangled
regime (Kong & Ziegler, 2012). For example, HAMS Hylon VII, HAMS Hylon V, mung bean
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starch, and normal maize starch, the amylopectin contents of which were estimated to be
approximately 30%, 50%, 70%, and 75%, demonstrated scaling dependence values of ηsp~c2.87,
ηsp~c2.53, ηsp~c2.35, and ηsp~c2.14, respectively, in the semidilute entangled regime. In this regime,
the polyelectrolyte nature of CS did not seem to significantly attenuate the entanglement
interaction of the charged polymers compared to other neutral polymers. Similarly, McKee et al.
found in their cationic polyelectrolyte systems that the scaling behavior in the semidilute
entangled regime shifted from polyelectrolyte to neutral polymer behavior (Matthew G. McKee,
Matthew T. Hunley, Layman, & Long, 2005). In contrast to CS, the rheological behavior of the
rod-like rigid NC in DMSO dispersions did not resemble those of flexible or semiflexible
macromolecules. At low concentrations, the scaling dependence (ηsp~c0.06) was significantly
lower than most dilute polymer solutions (Rubinstein, Colby, & Dobrynin, 1994). Hence, the
critical concentration at 0.81% (w/v) cannot be called the entanglement concentration but should
be regarded as the overlap concentration that divides the dilute and semidilute regimes. In the
dilute regime, NC particles are far apart from one another and flow without steric resistance. In
the semidilute regime, NC particles gain a better chance to overlap, but they are too rigid to
entangle and increase shear viscosity as much as flexible polymers.
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Figure 3-2: Plot of specific viscosity versus concentration of cationic starch and nanocellulose in
100% DMSO.
Flow curves of CS-NC dispersions at three different CS:NC ratios and at various total
solid concentrations ranging from 0.25% to 4% (w/v) are displayed in Figure 3-3. In general, the
apparent shear viscosities of the CS-NC dispersions were 10 to 100 times higher than the sum of
those of individual polymer dispersions at the same concentration. This result is expected
considering the potential intermolecular bonding (i.e., ionic bonds) formed between CS and NC
in the dispersions. When two polymers are bound to each other rather than phase separated, this
homogenous binary interactive system forms a coupled network, which can result in a synergistic
effect on the strength of the network (Morris, 1995). Therefore, the apparent shear viscosity, i.e.,
fluid’s resistance to flow, of the mixture was higher than the sum of the individuals. In Figure 33, at the same total solid concentration, the apparent viscosity of dispersions with more CS
demonstrated higher shear viscosities. This is intuitive since the hydrodynamic volume of CS is
much higher than that of NC and contributes more to the shear viscosity (Aberle, Burchard,
Vorwerg, & Radosta, 1994). It is also worthwhile to note that at each CS:NC ratio, the shear
thinning effect became more apparent as the total solid concentration increased. The shear
thinning behavior was quantified by fitting the flow curve data to the Cross model (Eq. 3.3)
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(Table 3-1). The Cross rate constant decreased from above 0.8 to below 0.3, as the total solid
concentration increased from 0.25% to 4% (w/v) in dispersions of all three CS:NC ratios. The
shear thinning effect is merely responsive to the CS-NC concentration (Table 3-2). The shear
thinning behavior may be due to the disruption of the intermolecular ionic bonding and polymer
entanglement by shear (Cross, 1965). In fact, the actual shear rate involved in electrospinning is
much higher than the highest shear rate applied in the rheological tests. Therefore, a stronger
shear thinning effect is expected to facilitate the elongation of dispersions and orientation of the
polymers during fiber spinning.
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Figure 3-3: Flow curves of cationic starch (CS) and nanocellulose (NC) mixtures at varying total
CS-NC concentrations (%, w/v) and CS:NC ratios, (A) CS:NC=1:2; (B) CS:NC=1:1; (C)
CS:NC=2:1, in 100% DMSO.
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Table 3-1: Cross model parameters of CS-NC dispersions.
ratio Concentration (w/w of starch) η0 (Pa.s)
1:2
0.25
0.0053
1:2
0.5
0.0071
1:2
1
0.2284
1:2
2
3.6410
1:2
4
23.29
1:1
0.25
0.0056
1:1
0.5
0.0204
1:1
1
0.0913
1:1
2
3.432
1:1
4
764.2
2:1
0.25
0.00939
2:1
0.5
0.1449
2:1
1
2.650
2:1
2
12.49
2:1
4
1136

C
0.0046
0.0301
46.75
30.93
13.14
0.0425
42.17
15.89
22.25
470.3
0.5650
41.87
50.65
31.80
417.3

m variance
R2
1.00
0.86
0.002
0.6527
0.53 0.0263 0.9616
0.28 0.0244
0.985
0.24 0.0037 0.9989
0.86
0
0.8700
0.81 0.0058 0.8371
0.65
0.019
0.9044
0.40 0.0063 0.9943
0.29 0.0068 0.9967
0.85
0.002
0.8208
0.57 0.0413 0.9187
0.34 0.0562 0.9570
0.30
0.024
0.9791
0.27 0.0074 0.9987

Table 3-2: Linear regression of total CS-NC concentration and CS:NC ratio on Cross rate.
Source of variance
Regression
Concentration
Ratio
Concentration*Ratio
Error
Total

DF
5
1
2
2
9
14

Sum of Squares
0.74507
0.66581
0.06670
0.02534
0.26213
1.00720

Mean Square
0.14901
0.66581
0.03335
0.01267
0.02913

F Value
5.12
22.86
1.15
0.43

P Value
0.017
0.001
0.361
0.660

The frequency sweep tests (Figure 3-4) show that the CS-NC dispersions, while forming
coupled networks, were weak gels (G¢>10 G¢¢, but G¢ <100 Pa) (Ikeda & Nishinari, 2001). At a
CS:NC ratio of 2:1, where CS dominated the dispersion, the storage modulus of the dispersion
was higher than that of other ratios at the same concentration. According to Winter and Chambon
(1986), a higher storage modulus indicates a higher degree of cross-linking (e.g., more ionic
bonds between CS and NC) and thus a stronger network. Experimentally, the general oscillatory
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response of real polymer solutions can be divided into several regions over a wide-enough
frequency range: a viscous or terminal region, a transition-to-flow region, a rubbery or plateau
region, a leathery or higher transition crossover region, and a glassy region (Barnes, 2000). From
Figure 3-4, the transition-to-flow region, where G¢ and G¢¢ crossover before G¢ dominates at
higher frequency, the plateau region, where elastic behavior (G¢ > G¢¢) dominates, and a leathery
region, where G¢¢ rises faster than G¢ due to the high-frequency relaxation and dissipation
mechanisms, were observed in CS-NC dispersions. This oscillatory response is in agreement with
other high molecular weight polymer dispersions (Barnes, 2000). The steady plateau region
observed at higher total solid concentration indicates high elasticity. This is in agreement with
other binary interactive systems. For example, increasing polymer concentration in
hydroxyethylcellulose and polycarbophil mixtures resulted in higher storage modulus, loss
modulus, dynamic viscosity, and lower loss tangent (Andrews & Jones, 2006).
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Figure 3-4: Plot of storage modulus (G¢, filled) and loss modulus (G¢¢, unfilled) versus angular
frequency (ω, rad/s) in cationic starch (CS) and nanocellulose (NC) mixtures at varying total CSNC concentrations (%, w/v) and CS:NC ratios, (A) CS:NC=1:2; (B) CS:NC=1:1; (C) CS:NC=2:1,
in 100% DMSO.
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3.3.2. Rheological properties of HAMS-CS-NC dispersions
Flow curves of HAMS-CS-NC dispersions of various mix ratios and total solid
concentrations are displayed in Figure 3-5. Shear thinning behavior was observed in all
dispersions and was generally more apparent with an increase in total polymer concentration. In
electrospinning, the shear rate at the spinneret tip is on the order of 1000 s-1 (Mitarai et al., 2013).
The observed shear thinning in CS-NC and HAMS-CS-NC samples suggests potential alignment
of NC and starch molecules along the fiber direction during spinning (Lozano, Bonilla-Rios, &
Barrera, 2001) that may enhance fiber strength (Mitarai et al., 2013).
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Figure 3-5: Flow curves of high amylose maize starch (12%, w/v), cationic starch (CS) and
nanocellulose (NC) ternary dispersions with varying total CS-NC concentrations (%, w/v) and
CS:NC ratios, (A) CS-NC=1:2; (B) CS-NC=1:1; (C) CS-NC=2:1, in 100% DMSO.
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The apparent shear viscosity of the tertiary dispersions is also affected by the CS-NC
ratio (Figure 3-5). Similar to the CS-NC dispersions, higher viscosities were observed in
dispersions with CS-NC ratio of 2:1, where more amylopectin was present, than those with ratios
of 1:1 and 1:2. Compared with amylose, amylopectin is the primary contributor to the viscosity of
starch dispersions (Juhász & Salgó, 2008). In addition, a larger proportion of CS may form
stronger CS-NC network with more ionic bridges, resulting in higher viscosities. Despite the
difference, all of the shear viscosities of the tested dispersions fall into the optimal range required
for good fiber formation from starch-based DMSO dispersions (Kong & Ziegler, 2012).
3.3.3. Electrospinning of HAMS-CS-NC composite fibers
Due to the complexity of the electrospinning process, morphological properties,
especially average fiber diameter, are influenced by many spinning dope properties (e.g., polymer
relaxation time, viscosity, and charge density) and process parameters (e.g., voltage applied,
distance from nozzle to collector, and initial orifice radius) (Gupta, Elkins, Long, & Wilkes,
2005; Kong & Ziegler, 2013; Thompson, Chase, Yarin, & Reneker, 2007). On the one hand,
using the same electrospinning process parameters, dopes with higher polymer concentration and,
therefore, viscosity are expected to yield fibers of greater diameter. On the other hand, thicker
fibers may result from lower applied voltage, shorter spinning distance and slower flow rate
(Kong & Ziegler, 2013). Fiber diameter will then have an impact on the properties of the fiber
material, including specific surface area, porosity, and mechanical strength. Therefore, to avoid
differences in tensile properties affected by fiber diameter, process parameters, including voltage,
spinning distance, and flow rate, were adjusted within a narrow range to collect fibers with close
average diameter values (Table 3-3). Good fibers are recognized as continuous, randomlyoriented fibers with defect-free surface (Kong & Ziegler, 2013). The process parameters used to
collect each sample are listed in supporting materials (Table 3-4). Although there was no
significant difference in fiber diameter (1-4 µm) (Table 3-5), some beads were unavoidable in
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fibers from HAMS-CS-NC dispersions with high CS-NC concentrations (Figure 3-6, CS-NC at 4
and 8%, w/w of starch).
Table 3-3: Fiber diameter and weight normalized ultimate tensile strength (WNUTS) of electrospun
HAMS-CS-NC composite fibers.
CS:NC
ratio

CS-NC
concentration
(w/w of starch)

Fiber
diameter
(µm)

Normalized ultimate
tensile strength before
equilibrium (N/g) *

Normalized ultimate
tensile strength after
equilibrium (N/g) *

1:2
0.25%
45.28±13.57 bcd
1.44±1.54 28.56±4.32 ab
ab
1:2
0.5%
28.77±15.44 d
3.25±1.54 28.53±17.02
1:2
1%
32.37±7.54 cd
2.17±2.15 34.67±12.42 ab
1:2
2%
100.62±38.10 a
2.17±1.39 31.65±8.32 ab
1:2
4%
48.69±14.41 bcd
1.86±1.54 31.48±4.45 ab
ab
1:2
8%
54.75±28.15 abcd
1.96±1.84 34.41±13.73
1:1
0.25%
26.81±5.53 cd
4.14±1.75 22.13±7.96 ab
1:1
0.5%
49.04±19.59 bcd
3.26±2.31 31.54±9.58 ab
ab
1:1
1%
35.71±6.59 bcd
2.30±1.52 15.2±4.64
1:1
2%
73.97±11.27 abc
3.26±1.70 32.27±8.93 ab
1:1
4%
57.33±16.96 abcd
3.67±1.54 31.81±2.49 ab
1:1
8%
49.93±5.03 bcd
3.87±2.21 40.24±9.53 a
ab
2:1
0.25%
30.17±4.94 d
3.93±2.76 19.29±6.86
2:1
0.5%
31.70±10.66 d
3.25±2.61 23.49±11.46 ab
2:1
1%
49.64±24.21 bcd
2.17±1.69 18.34±4.03 ab
ab
2:1
2%
44.96±22.81 bcd
2.37±1.69 28.28±2.35
2:1
4%
74.26±32.99 ab
2.17±0.92 37.44±3.60 ab
2:1
8%
42.54±3.69 bcd
2.17±1.23 21.93±4.76 b
Control
0%
33.69±9.41 bcd
1.38±0.95 28.52±3.06 ab
*Means followed by the same superscript, within the same column are not significantly different
(p > 0.05).
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Table 3-4: Parameter settings in electrospinning of HAMS-CS-NC composite fibers.
CS:NC ratio
1:2
1:2
1:2
1:2
1:2
1:2
1:1
1:1
1:1
1:1
1:1
1:1
2:1
2:1
2:1
2:1
2:1
2:1
Control

CS-NC concentration (w/w)
0.25%
0.5%
1%
2%
4%
8%
0.25%
0.5%
1%
2%
4%
8%
0.25%
0.5%
1%
2%
4%
8%
0%

Flow rate (ml/h)
11
11
10
11
10.5
10.5
11.5
11.5
11.5
11.5
11.5
11.5
10.5
10.5
10.5
11
11
11
10.5

Distance (cm)
5.5
5
5
5
5
5
5.5
5.5
5.5
5.5
5
5
5
5
5
5.5
5
5/5.2
6

Voltage (kV)
9
9.5
8
8
9
9
10
10
10
10
10
10
9
9
9
10
9
9
11

Table 3-5: Linear regression of total CS-NC concentration and CS:NC ratio on fiber mean diameter.
Source of variance
Regression
Concentration
Ratio
Concentration*Ratio
Error
Total

DF
5
1
2
2
12
17

Sum of Squares
6.2610
0.2496
1.6188
1.1207
5.3452
11.6062

Mean Square
1.2522
0.2496
0.8094
0.5604
0.4454

F Value
2.81
0.56
1.82
1.26

P Value
0.066
0.469
0.204
0.319
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Figure 3-6: Scanning electron micrographs of composite fibers electrospun from high amylose
maize starch (HAMS, 12%, w/v), cationic starch (CS) and nanocellulose (NC) ternary dispersions
at varying CS:NC ratios, (A) CS-NC=1:2; (B) CS-NC=1:1; (C) CS-NC=2:1, and CS-NC
concentrations, (1) 0.25%, (2) 0.5%, (3) 1%, (4) 2%, (5) 4%, and (6) 8% (w/v) of HAMS. Insets
show the fiber diameter histograms.
X-ray diffraction profile showed amorphous pattern for HAMS-CS-NC composite fibers
(data not shown). Particle size analysis of the NC dispersions by dynamic light scattering
indicated that NC particles were uniformly dispersed in DMSO (data not shown). Element
mapping using energy dispersive spectroscopy (EDS) verified that NC was uniformly distributed
in the HAMS-CS-NC composite fibers (Figure 3-7). Consequently, NC aggregation in
dispersions was not responsible for observed bead formation. The beaded morphology might be
due to the confined operational parameters in this study. Optimized electrospinning parameters
outside the tested range may exist to render fibers of better morphology. In addition, excessive
CS could increase conductivity and net charge density of the dope, influencing the whipping
instability during electrospinning, causing bead formation in fibers. A previous study has shown
that addition of cationic surfactant reduced bead formation via enhanced whipping instability in
electrospinning of polystyrene, but excessive cationic surfactant led to branched fibers (Lin,
Wang, Wang, & Wang, 2004).
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Figure 3-7: Energy dispersive spectroscopy (EDS)-generated element maps in fibers electrospun
from high amylose maize starch (HAMS, 12%, w/v) and cationic starch-nanocellulose (CS-NC,
8%, w/v, of HAMS) composite dispersions at varying CS:NC ratios, (A) CS-NC=1:2; (B) CSNC=1:1; (C) CS-NC=2:1. Blue color indicates carbon and yellow color indicates sulfur.

In addition to evidence from the rheological tests, the ionic interaction between NC and
CS was confirmed by a simple and quick water susceptibility test of HAMS-CS-NC composite
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fiber mats. The composite fiber mats swelled, but mostly retained their shape when submerged in
deionized water. However, they quickly fell apart in calcium chloride solution (0.03%, w/v). On
the contrary, as-spun fiber mats made from HAMS alone quickly disintegrated in both. This test
indicated that ionic bonding could stabilize the composite fibers in pure water and calcium ions
present in the solution could disrupt the ionic bonding between CS and NC.
3.3.4. Tensile strength of HAMS-CS-NC composite fiber mats
Tensile strength measurements are always a challenge for nanofibers. Specially designed
micromechanical device (Samuel, Haque, Yi, Rajagopalan, & Foley, 2007), atomic force
microscope tip (Tan, Goh, Sow, & Lim, 2005), and nano tensile testing systems have been used
to measure tensile strength of single nanofibers (Tan, Ng, & Lim, 2005), whereas dynamic
mechanical analyzers and universal tensile testers have been employed to measure tensile strength
of aligned and bundled nanofibers (Molnar, Vas, & Czigany, 2012). Due to the delicacy and
fragility of bio-based nanofibers, systematic errors may be introduced during separation and
mounting of single and bundled fibers. In addition, single or bundled fiber tests do not take into
account certain fiber properties, e.g., porosity, orientation, size distribution, and fiber-fiber
interaction, which have significant influence on the tensile properties of fiber mats (Jordan,
1980). Consequently, tensile tests on single/bundled fibers and fiber mats usually generate
significantly different tensile properties; the tensile strength of single fibers are expected to be
higher than that of fiber mat due to their anisotropy in structure and properties (Molnar et al.,
2012). For example, the single polyamide-6 nanofiber showed 48% higher tensile strength than
the fiber mat (Molnar et al., 2012). Since nanofibers and microfibers are to be used in various
applications in the form of fiber mats rather than single fibers, we designed and conducted tensile
tests on HAMS-CS-NC composite fiber mats in this project.
Table 3-6 shows that equilibrium relative humidity (p=0.000) and total CS-NC
concentration (p=0.000) had significant effects on the WNUTS of the HAMS-CS-NC composite
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fiber mats. Although the effect of CS:NC ratio (p= 0.077) is not significant at the 0.05
significance level, the effect of concentration on WNUTS depends on CS:NC ratio. Interactions
of total concentration, CS:NC ratio, and equilibration were also significantly influencing the
tensile strength. The best reinforced performance, i.e., the highest WNUTS, was found in fiber
mats made from 2% total CS-NC concentration with CS:NC ratio of 1:2 after 23 days of
equilibration in 75% relative humidity (Table 3-2). Further increment in filler concentration
decreased the tensile strength of the composite fiber mat (Figure 3-8). In most of the tensile tests,
although samples were prepared for tests with extreme care, there were still relatively large
variations in the WNUTS values.
Table 3-6: Three-way ANOVA of total CS-NC concentration, CS:NC ratio, and equilibration
time on WNUTS.
Source of variance

DF Sum of Squares Mean Square F Value

P Value

Concentration

5

12177.67662

2435.53532

10.86099 0.00000

Ratio

2

1167.90807

583.95403

2.60408

Equilibration

1

16866.50747

16866.50747 75.21426 0.00000

Concentration*Ratio

10 7056.7981

705.67981

3.1469

0.00114

Concentration*Equilibration

5

5545.73657

1109.14731

4.94612

0.00033

Ratio*Equilibration

2

4.74982

2.37491

0.01059

0.98947

Concentration*Ratio*Equilibration

10 5459.41222

545.94122

2.43456

0.01036

Model

35 53747.05274

1535.63008

6.84797

Error

144 32291.44572

224.24615

Corrected Total

179 86038.49846

0.07745
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Figure 3-8: Scatterplot of effects of total cationic starch-nanocellulose (CS-NC) concentration (%,
w/w, of high amylose maize starch) on weight normalized ultimate tensile strength (WNUTS, N/g)
with equilibration for 23 days.
The existence of a maximum in tensile strength at certain filler load could be explained
by the critical percolation model. As a statistical-geometry model, the critical percolation model
has been used to explain the behavior of a noncompletely connected set of objects (Azizi Samir,
Alloin, & Dufresne, 2005), for instance, in natural fiber reinforced polymer composites (Klemm
et al., 2011; Ku, Wang, Pattarachaiyakoop, & Trada, 2011). The percolation threshold, defined as
the critical volume fraction dividing a local and an infinite connected state of the fillers, is a
function of filler interaction, orientation, and aspect ratio (Azizi Samir et al., 2005). In this study,
CS-NC can be regarded as the entire filler and the percolation threshold is close to 2% (w/w) of
the HAMS. The percolation threshold for nanocellulose crystal, depending on the source, ranges
from 1.3 to 2.8 (Boufi, Kaddami, & Dufresne, 2014). Before reaching the full percolation
network, the reinforcement effect of NC primarily arose from the increasing effective interfacial
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interaction and efficient stress transfer between the nanofiller and the polymer matrix. As per the
literature (Fu et al., 2008), interfacial interaction between filler and matrix contributes to the
effective stress transfer of the composite material. Above the percolation threshold, less effective
stress transfer would result the slightly decreasing of WNUTS. Therefore, the tensile
enhancement of CS-NC to the composite fibers follows the critical percolation model with a
percolation threshold at 2% (w/w) of the HAMS matrix.
The WNUTS results also suggested that NC, the reinforcing agent, and CS, the binding
agent, have to reach a balanced volume fraction, in order to create an optimal amount of
intermolecular ionic bonding and an effective interface for reinforcing the structure. We have
found that the increase in branched amylopectin fraction was detrimental to the
electrospinnability of starch (Kong & Ziegler, 2012). Similarly, because CS is modified from
normal maize starch that is high in amylopectin content (approx. 70-75%), a CS:NC ratio of 2:1
means more amylopectin in the system. Hence, the reinforcing effect of NC may be counteracted
by excessive amylopectin content at higher CS ratios. The tensile performance of fiber mat made
from 4% (w/w) CS-NC total concentration when the CS:NC ratio was 2:1, was comparable to the
best tensile performance fiber made from 2% (w/w) CS-NC total concentration when the CS:NC
ratio was 1:2. Both of two formulations possess the same amount of NC.
A proposed model of the HAMS-CS-NC composites in fibers (Figure 3-9) was created
based on the structures of NC, amylose, and amylopectin (Putaux, 2005). The radius of gyration
of amylose (blue polymers in Figure 3-9) is in the range of 24-71 nm (Jordan, 1980; Radosta,
Haberer, & Vorwerg, 2001). According to the supplier, NC (green bars in Figure 3-9) is about
150-200 nm long with 5-10 nm in diameter. CS (gray polymers in Figure 3-9) binds with rigid
NC through ionic bonding and connects with HAMS via hydrogen bonding and intermolecular
entanglement. When the system is under high shear during electrospinning, effective interactions
among these polymers, including ionic bonding between CS and NC, intra- and intermolecular
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hydrogen bonding, and macromolecular entanglements, provide structural support and facilitate
in fiber formation.

Figure 3-9: Possible interactions among high amylose maize starch (HAMS, blue coils), cationic
starch (CS, grey coils), and nanocellulose (NC, green bars) in electrospun HAMS-CS-NC
composite fibers.

3.4. Conclusion
In summary, individual CS and NC polymer dispersions, CS-NC binary dispersions, and
the HAMS-CS-NC ternary dispersions were studied by rheological methods. HAMS-CS-NC
composite fiber mats were fabricated with varying total CS-NC concentration and CS:NC ratio,
and time of equilibration at 75% relative humidity, and average fiber diameters were controlled in
a narrow range by manipulating electrospinning parameters. The composite fiber mats were then
subjected to tensile tests and tensile strength values obtained were normalized by sample weight.
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Rheological data provided information for individual polymer behavior and intermolecular
interactions in the dispersions, and the electrospinnability of the ternary coupled dispersions.
Dispersions of NC, the rigid reinforcing filler, exhibited near Newtonian behavior, whereas
dispersions of CS, the binding agent, showed shear thinning effect as a charged branched
polymer. Strong ionic bonding between CS and NC was evident in rheological studies and further
suggested in the tensile analysis of HAMS-CS-NC composite fibers. CS-NC at its percolation
concentration (2%) had the most profound influence on fiber tensile strength. In conclusion, we
have systemically studied the ternary biopolymer system containing a matrix polymer, a
compatibilizer and a reinforcing agent and found that CS-NC could significantly increase the
tensile strength of the starch fibers, though not enough to dramatically alter their utility. The use
of reinforcing agents with compatibilizers will be a promising strategy to improve compatibility
of biopolymers, foster macromolecular interactions, and ultimately enhance the mechanical
properties of biopolymer-based materials. With further improvement in material properties such
as water resistance and scaled production, starch fiber mats could potentially be useful in high
value-added biomedical, cosmetic, and pharmaceutical applications.
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Electrospinning is a versatile technique to fabricate non-woven fiber mats with an
average fiber diameter ranging from nanometers to micrometers. Fibers produced by
electrospinning have potential application in numerous fields owing to their light weight, high
surface area, and high porosity. In certain applications, anisotropic properties are desired, which
may also improve mechanical strength. This study comprehensively documented the feasibility of
directed fiber deposition in wet-electrospinning and offers an inexpensive setup for laboratory
investigation. Aligned starch fiber mats were produced and the effects of three operational
parameters, i.e., rotational speed, drum location, and coagulation bath composition, were
evaluated. The alignment of starch fibers was affected by the ethanol concentration in the
coagulation bath and drum rotational speed. Coherent fibers could be obtained in all trials except
for the one at the lowest ethanol concentration (60% v/v) and highest rotational speed (500 rpm)
when the drum was below the liquid. The tensile strength was correlated with fiber alignment and
influenced by the interaction of location and ethanol concentration, and that of rotational speed
and ethanol concentration.
4.1. Introduction
Electrospinning is a versatile technique to fabricate non-woven fibers with an average
diameter ranging from nanometers to micrometers. A basic electrospinning setup consists of a
spinning dope reservoir, pump, spinneret, high voltage source, and grounded collector. The
spinning dope is pumped through the spinneret, where the surface of the extruded droplet
becomes charged and is stretched towards the grounded collector in the electric field gradient. In
dry-electrospinning the solvent evaporates during elongation leaving a dry fiber. In wetelectrospinning, the solvent is extracted in a coagulation bath containing a non-solvent,
precipitating the polymer, and resulting in fiber formation.
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Fibers produced by electrospinning have potential application in numerous fields owing
to their light weight, high surface area, and high porosity. In applications such as biomedical
materials and microelectronics anisotropic properties, i.e., oriented fibers, are desired. For
example, aligned fiber mats mimic natural extracellular matrices (ECM) and facilitate cell
adhesion, growth, and proliferation (Choi, Lee, Christ, Atala, & Yoo, 2008; Vimal, Ahamad, &
Katti, 2016). Aligned or oriented fibers may also possess superior uniaxial mechanical properties
compared to their randomly oriented counterparts. In addition, the diameter of aligned fibers is
usually reduced during the alignment procedure (Afifi, Nakajima, Yamane, Kimura, & Nakano,
2009; Lee & Deng, 2012). Therefore, fiber alignment is a strategy for developing electrospun
fibers with enhanced functionality.
Methods to achieve and control fiber alignment in dry-electrospinning have been
summarized in a series of review articles (Abbasipour & Khajavi, 2013; Baji, Mai, Wong, Abtahi,
& Chen, 2010; Ner, Asemota, Olson, & Sotzing, 2009; Sahay, Thavasi, & Ramakrishna, 2011).
Fiber alignment in dry-electrospinning can be achieved by modifying the collector or using
auxiliary electrodes. Various types of collector, including drum/mandrel/rotator, disk, hollow
drum, and rotating ‘funnel’ target, have been used to align electrospun fibers (Afifi, Nakano,
Yamane, & Kimura, 2010). Using a rotating drum as the grounded collector seems to be the most
practical way to align electrospun fibers due to its simplicity and versatility. Increasing the speed
of drum rotation (or surface velocity) up to a critical level often resulted in greater fiber
orientation or alignment (Fennessey & Farris, 2004; Pan, Li, Hu, & Cui, 2006). Fiber breakage
often took place above the critical speed (Pan et al., 2006).
Compared to dry-electrospinning, adapting the rotating drum method for fiber alignment
in wet-electrospinning is challenging, since there are other influential factors to be considered,
e.g., coagulation bath composition, the location of drum relative to the bath surface, and the
possibility of bath turbulence caused by high drum rotational speed. Because wet-electrospinning
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is often used to produce bio-based fibers, including starch fibers (Kong & Ziegler, 2014),
controlling the fiber deposition and alignment in wet-electrospinning is worthy of investigation.
In this project, we assembled an inexpensive, easily reconfigurable rotating drum
collector to align fibers produced by wet-electrospinning, and addressed the influence of key
parameters, including coagulation bath composition, drum position relative to the bath surface,
and drum rotational speed, on fiber alignment. We hypothesized that increasing drum rotational
speed within a certain range would increase the degree of fiber orientation. We varied the ethanol
and water composition in the coagulation bath. We hypothesized that as the water fraction
increased, a higher degree of fiber orientation and smaller fiber diameter would result due to
slower fiber coagulation and solidification. Unique to wet-electrospinning, we expected that the
location of the drum in the coagulation bath would influence the drawing effect and the
solidification of the polymer jet, and thus affect fiber diameter and alignment.
4.2. Materials and methods
4.2.1. Materials
High amylose maize starch (HAMS, Gelose 80) was kindly supplied by Ingredion
(Bridgewater, NJ). Dimethyl sulfide (DMSO) and 200 proof ethanol were purchased from VWR
International (Radnor, PA).
4.2.2. Dope preparation

The electrospinning dope, 12% (w/v) HAMS (Kong & Ziegler, 2013; Wang, Kong,
& Ziegler, 2018) dispersion in pure DMSO, was prepared by heating the dispersion in a
boiling water bath with continuous stirring for about 1 h.
4.2.3. Electrospinning
The electrospinning apparatus comprised a high voltage power supply (ES40P, Gamma High
Voltage Research, Inc., Ormond Beach, FL), a syringe pump (81620, Hamilton Company, Reno,
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NV), a 3 mL plastic syringe (Becton, Dickinson and Company, Franklin Lakes, NJ) with a 20gauge blunt needle (Kong & Ziegler, 2014), and a grounded rotating drum collector (Figure 4-1).
The rotating drum collector was assembled from Lego® parts, including the Lego® Technic
Power Functions Motor Set (The Lego Group, Billund, Denmark). The plastic nature of the
Lego® system insulated it from the electric field. A filter screen (Model FSS, Presque Isle Wine
Cellars, diameter 15.8750 mm, length 53.975 mm) was used as the drum. The speed of the
rotating drum was controlled by changing the drive gear ratio. The speeds applied were 200±10,
380±10, and 500±10 rpm (corresponding to surface velocities of 0.165, 0.298, and 0.400 m/s,
respectively), and designated as S200, S380 and S500, respectively. A hand-held digital
tachometer (DT-205B, SHIMPO America Corp., Lincolnwood, IL) was used to confirm the
angular speed of the rotating drum. The composition of the coagulation bath was either 100%,
80%, or 60% (v/v), ethanol in water, denoted E100, E80 and E60, respectively. Two drum
positions, either above (A) or below (B) the coagulation bath surface, were tested (Figure 4-2).
The drum position was determined based on a preliminary test, by maximizing the difference in
drum position while avoiding extreme bath agitation caused by the drum rotation and changed by
altering the bath depth. Wet-electrospinning was carried out at predetermined parameters:
positive voltage at 11 kV, spinning distance at 3.5 cm from the spinneret to the top of the drum,
and dope flow rate at 10.5 mL/h.

87

Figure 4-1: Rotating drum collector setup used to align starch fibers produced by wetelectrospinning.

Figure 4-2: Schematic illustration of the drum location relative to the coagulation bath surface.

4.2.4. Morphological analysis and quantification of fiber alignment
Microscopic observation of electrospun starch fibers was performed using a Phenom G2 Pro
scanning electron microscope (SEM, Phenom-World, Eindhoven, The Netherlands) at an
accelerating voltage of 5 keV. Fiber diameter distributions were evaluated based on at least 8
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SEM images using an open source software, ImageJ and Fityk 0.9.8 (Hotaling, Bharti, Kriel, &
Simon, 2015; Wang, Kong, & Ziegler, 2018).
The degree of fiber alignment or fiber orientation in starch fiber mats, i.e., fiber orientation
distribution (FOD) from -90 to 90°, of each SEM image was analyzed using Fourier transform via
the OrientationJ plugin in ImageJ. The 0° angle corresponded to the horizontal orientation
parallel to the drum axis and increased counter-clockwise. The FOD of each SEM image was
fitted to the von Mises distribution using Matlab R2017b (Mathworks, Natick, MA) according to
Fee, Downs, Eberhardt, Zhou, and Berry (2016). The parameter κ of the von Mises distribution
was used to summarize the FOD of each SEM image. The mean κ was calculated for each sample
based on at least 7 images.
4.2.5. Uniaxial tensile test
Dried fiber mats were equilibrated at 75% relative humidity and 25 °C for 1 hour, to prevent
fiber damage during peeling and flattening before tensile measurement. After flattening under the
weight of 2 microscope slides, each sample (5.3 mm wide and approximately 25 mm long,
parallel to the alignment direction) was cut out using a film cutter (PN 984485.901, TA
Instruments, New Castle, DE). The weight of each fiber mat sample was recorded using a
Mettler-Toledo XP2U ultra-microbalance (Mettler-Toledo International Inc., Columbus, OH).
Uniaxial tension tests were carried out using a Q800 dynamic mechanical analyzer (DMA, TA
Instruments, New Castle, DE), with a film tension clamp using controlled force mode at room
temperature (20 °C). The controlled force was applied parallel to the aligned direction at a rate of
0.05 N/min, with a preload force of 0.001 N. Weight-normalized ultimate tensile strength
(WNUTS) was calculated (Wang et al., 2018). At least two samples for each of two treatment
replicates were evaluated.
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4.2.6. Statistical analysis
A 2×3×3 full-factorial, completely randomized block design was applied to investigate the
effects of drum location (above or below coagulation bath), rotational speed (S200, S380 and
S500) and ethanol concentration in the coagulation bath (E100, E80 and E60) on the tensile
properties and FOD, with replication as the block. ANOVA with general linear model (a
quadratic model with 2-sided 95% confidence interval and forward stepwise selection with
α<0.25 to retain) was used to analyze the effects of factors, and Tukey’s test was used for the
mean separation (Minitab 18.1, Minitab, Inc., State College, PA). Missing data were treated as
likewise deletion by software default.
4.3. Results and discussion
4.3.1. Rotating collector design for wet-electrospinning
Like in dry-electrospinning, the drum should be conductive to serve as a target for fiber
accumulation. In addition, a rotating drum collector in wet-electrospinning requires high
corrosion resistance, good motor insulation, and minimum bath agitation. We found Lego® parts
are affordable and feasible tools to assemble the rotating drum collector for wet-electrospinning,
due to their electrical insulation and easy adjustment.
4.3.2. Electrospinnability

Drum drawing significantly affected the wet-electrospinnability of starch fibers.
Representative scanning electron micrographs of electrospun starch fiber mats as a
function of coagulation bath composition, speed of drum rotation, and drum collector
position, are shown in Figures 4-3 and 4-4. Starch fiber mats were successfully collected
on the rotating drum in all experimental conditions except for the E60-S500-B trial, i.e.,
when the drum was positioned below the surface of the coagulation bath containing 60%
(v/v) ethanol, the fibers broke at the highest rotational speed and could not be collected
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on the drum. We have previously shown that pure starch fibers could be successfully
fabricated using a coagulation bath with aqueous ethanol concentrations varying from
60% to 100% (v/v) (Kong & Ziegler, 2014). Fiber formation in wet-electrospinning
depends on the diffusion of the dope solvent to the coagulation bath (Yi et al., 2013) and
precipitation of the solid fiber. A lower ethanol content would slow the diffusion of
DMSO from the fibers and decrease the rate of precipitation, resulting in a slower
solidification of the starch fiber mats. Consequently, as the drum rotational speed
increased these not fully solidified and fragile fibers were broken and no coherent fiber
mat was collected on the rotating drum.
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Figure 4-3: Scanning electron microscopy images of high-amylose starch fiber mats spun with the
collector drum above the coagulation bath. Ethanol concentration and the rotational speed are
indicated in the legends.
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Figure 4-4: Scanning electron microscopy images of high-amylose starch fiber mats with the
collector drum below the coagulation bath. Ethanol concentration and the rotational speed are
indicated in the legends.

4.3.3. Fiber diameter and alignment

Fiber diameter, fiber alignment, and their distributions were obtained from SEM
images (similar to Figures 4-3 and 4-4). Consistent with our previous studies on starch
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fiber mats (Kong & Ziegler, 2013; Wang et al., 2018), the mean starch fiber diameters
fell into a narrow range between 2.15 µm and 4.02 µm. The experimental factors had no
significant influence on fiber diameter (Table 4-1). Several investigators reported an
influence of drum drawing on fiber diameter in dry electrospinning. For example, the
average diameter of electrospun cellulose nano-whiskers/poly(vinyl alcohol) fibers (Lee
& Deng, 2012) and poly(L-lactide) fibers (Afifi et al., 2009) decreased with increasing
drum rotational speed. However, other studies found the average fiber diameter was not
affected by drum drawing. For instance, the average diameter of poly(εcaprolactone)/collagen nanofibers was not significantly influenced by the rotational speed
of the drum (Choi et al., 2008). The diameter of electrospun fibers is governed largely by
jet elongation under the influence of electric and viscous forces (Narayanan, Tekbudak,
Caydamli, Dong, & Krause, 2017; Stepanyan et al., 2014). Mechanical drawing is only
possible while the fiber is still compliant. Whether the rotational speed has an impact on
fiber diameter depends on the electrospinning method and the fiber material. In wetelectrospinning the drum is covered by a liquid layer. Therefore, fibers may not adhere as
readily to the drum on initial contact and, hence the draw ratio, i.e., the ratio of the final
fiber length to the initial length, in wet-electrospinning might be less than that in dryelectrospinning.
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Table 4-1: Electrospinning conditions, fiber dimensions, weight normalized ultimate tensile
strength (WNUTS) and kappa value for each treatment combination.
Ethanol
Drum
Fiber
Rotation
WNUTS*
Kappa
concentration
location
diameter
v/v %
rpm
N/g
µm
c
60
200
Above
13.55±0.85
2.22±0.04
2.43±1.96
60
200
Below
18.48±10.06c
2.42±0.27
2.52±0.17
60
380
Above
32.14±13.65bc
2.42±0.43
2.69±0.32
60
380
Below
18.84±5.61bc
2.44±0.08
3.27±0.05
60
500
Above
65.75±9.63ab
2.30±0.08
3.47±1.34
60
500
Below
80
200
Above
15.24±8.09bc
3.06±1.04
1.32±0.42
80
200
Below
40.99±29.41bc
2.33±0.10
1.36±0.28
80
380
Above
27.12±2.28bc
3.15±0.90
2.09±0.30
80
380
Below
38.81±5.02bc
2.39±0.46
2.43±1.29
80
500
Above
55.24±10.99a
2.36±0.71
3.28±0.44
80
500
Below
87.74±1.70a
3.17±1.49
6.15±2.85
ab
100
200
Above
68.35±7.10
2.30±0.17
2.00±0.32
100
200
Below
40.68±6.27ab
2.33±0.10
1.82±0.24
100
380
Above
66.86±19.00ab
2.31±0.91
1.64±1.26
100
380
Below
33.54±10.34ab
4.02±2.36
1.17±0.54
100
500
Above
71.36±26.65ab
2.31±0.09
2.03±0.03
100
500
Below
26.74±0.26ab
2.15±0.14
2.81±1.02
*
Means that do not share a letter in common are significantly different using Tukey’s
method (a=0.05).

The draw ratio is proportional to the ratio of the final fiber velocity to the initial jet velocity
(Fennessey & Farris, 2004). A higher draw ratio is preferred to reduce fiber diameter. The
velocity of the electrospinning jet ranges from 2 m/s to 186 m/s (Teo & Ramakrishna, 2006). To
reduce the fiber diameter, the linear velocity of the rotating drum needs to be faster than the
velocity of the jet, which was difficult to achieve in this wet-electrospinning setup, since to avoid
liquid splashing rotational speeds were limited. The highest rotational speed attained in this study
was 0.4 m/s, which may not be sufficient to reduce the starch fiber diameter. A larger diameter
drum could be used to increase the linear velocity in future experiments.
Although the rotating drum collector was not capable of drawing the fibers to a finer size,
progressive increase in fiber alignment was observed as the rotational speed increased (Figures 43 and 4-4). When the degree of fiber alignment, quantified by the parameter κ, is close to 0, the
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distribution of fiber orientation is random in all directions; as κ becomes larger, the fibers are
oriented with a preference at a certain angle (Fee et al., 2016). The main factors of ethanol
concentration, rotational speed and replication (block factor) had significant (p<0.05) influence
on fiber alignment (Table 4-2). The factor location was nearly significant (p=0.057) as were the
interactions among factors (p=0.066 & 0.078). A lower ethanol concentration resulted in a higher
κ, indicating a better alignment. Lower ethanol concentrations reduce the fiber solidification rate,
permitting greater time for fiber alignment. The influence of high rotational speed on fiber
alignment is in agreement with the phenomenon in dry-electrospinning, where higher rotational
speed introduced better fiber alignment (Fee et al., 2016; Fennessey & Farris, 2004).

Table 4-2: Analysis of variance table for kappa*.
Analysis of Variance
Source
DF
Adj SS
Adj MS
F-Value
P-Value
Location
1
3.277
3.2772
4.07
0.057
Ethanol
2
9.738
4.8692
6.05
0.008
Rotational speed
2
19.535
9.7676
12.13
0.000
Block
1
5.098
5.0977
6.33
0.02
Location*rotational speed 2
4.662
2.3308
2.9
0.078
Ethanol*rotational speed 4
8.332
2.083
2.59
0.066
Error
21
16.905
0.805
Total
33
63.025
*
Forward stepwise selection starts with an empty model and adds the most significant term
for each step till all variables not in the model have p-values greater than α=0.25.

4.3.4. Tensile strength of fiber mat
To evaluate tensile strength of the aligned starch fiber mats, weight-normalized ultimate
tensile strength (WNUTS) was measured (Table 4-1). The WNUTS values range from 13.55 to
87.74 N/g among all treatments. The maximum WNUTS of fiber mats was observed for the E80S500-B trial. Table 3 shows the effects of ethanol on WNUTS depended on drum location and
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rotational speed. Despite the location of the drum, WNUTS increased as the rotational speed
increased for ethanol concentrations of 60% and 80%. The influence of rotational speed on
WNUTS was not significant when ethanol concentration was 100% (Table 4-1). At the same
rotational speed, fiber mats were stronger when the drum was above the liquid for ethanol
concentrations of 60% and 100%.
Table 4-3: Analysis of variance table for weight normalized tensile stress (WNUTS)*.
Analysis of variance
Source
DF Adj SS
Adj MS
F-Value
P-Value
Location
1
221.6
221.6
1.48
0.237
Ethanol
2
1262
631
4.2
0.029
Rotational speed
2
4392
2196
14.62
0.000
Location*Ethanol
2
5140.6
2570.3
17.11
0.000
Ethanol*Rotational speed
4
3426.9
856.7
5.7
0.003
Error
22 3305.3
150.2
Total
33 19270.9
*
Forward stepwise selection starts with an empty model and adds the most significant term for
each step till all variables not in the model have p-values greater than α=0.25.
An increase in tensile strength attributable to fiber alignment is consistent with previous
reports on the effect of drum drawing on tensile properties of fiber mats from dry-electrospinning
(Choi et al., 2008; Fee et al., 2016). Uniaxially aligned fiber mats were found to promote an equal
distribution of tensile force to all fibers along the fiber alignment direction.
4.4. Conclusion
In conclusion, aligned starch fiber mats were made by wet-electrospinning equipped with
an inexpensive custom-made rotating drum collector. The influence of selected parameters
(rotational speed, coagulation bath composition, and drum location) on fiber formation,
alignment, and tensile strength were examined. Smooth fibers could be obtained in all trials
except for the E60-S500-B trial. The alignment of starch fibers was affected by the ethanol
concentration in the coagulation bath and drum rotational speed. In general, higher rotational
speed and lower ethanol concentration facilitated better fiber alignment. The tensile strength was
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correlated with fiber alignment and affected by the location-ethanol concentration interaction and
rotational speed-ethanol concentration interaction. The condition to reach the best fiber alignment
and maximize WNUTS of the fiber mats was determined to be the E80-S500-B trial. Under
current conditions, fiber diameter at macro scale was not reduced by drum drawing, and the
improvement in tensile strength is mainly due to the fiber alignment. This study set a promising
example of making aligned biopolymer fiber mats and investigating fiber deposition in wetelectrospinning. Utilizing oriented starch fiber mats in applications such as tissue engineering and
wound dressing can be explored.
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A green method to fabricate nanofibers from starch using electrospinning is provided.
High-temperature (> 160 ºC) was used to destructure high-amylose starch to create an aqueous
solution. Sodium palmitate was added to enhance the stability of high amylose starch in water at
room temperature and increase the conductivity of the electrospinning dope. Flow properties and
zeta potential of starch-palmitate dispersions were characterized by rheometer and dynamic light
scattering, respectively. Pullulan was mixed in as a minor component of the starch-palmitate
complex and the mixture electrospun. Pullulan hindered starch association and modified the
dispersion properties, promoting molecular entanglement without gelation. Nanoscale fiber
composites containing starch:pullulan at a ca. 2:1 ratio were prepared. The presence of sodium
palmitate-starch inclusion complexes in the fiber was confirmed by differential scanning
calorimetry and X-ray diffraction. Tensile strength of the nanofiber composite was found to be
weaker than that of pure starch fiber mats with average fiber diameter at micrometers. For the
first time, electrospinning starch-based natural polymer blends from water is reported.
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5.1. Introduction
Driven by environmental concerns, materials made from agricultural commodities have
attracted attention as alternatives to petroleum-based materials. According to data from the biopreferred program, the “bio-based economy contributes a total $369 billion to the U.S. economy
each year” (USDA Office of Communications, 2016). Materials made of biopolymers extracted
from agricultural commodities may be competitive in certain applications due to their advantages
in biodegradability, biocompatibility and competitive cost (Kong, Ziegler, & Bhosale, 2010).
Utilization of starch-based biomaterials will promote the development of high value-added
agriculture products and the growth of agribusiness.
Starch is one of the most abundant biopolymers on earth, widely used in food,
pharmaceutical, paper, plastic, textile, and cosmetic industries (Ayoub & Rizvi, 2009; Bemiller,
2009) in liquid dispersion, granule, film, or gel forms. Recently, our lab used a wetelectrospinning process to make pure starch fibers (Kong & Ziegler, 2012a). Fibers are a form of
material with unique properties and applications. Synthetic fibers from non-renewable
petrochemicals currently account for 72% of the revenue of the fiber industry (Stivaros, 2016).
Large amounts of non-degradable waste and the volatility of crude oil prices have made synthetic
fibers less favorable and industry revenue has declined (Stivaros, 2016). On the other hand, the
natural fiber composite market is projected to reach USD 6.50 billion by 2021 with a compound
annual growth rate of 12% between 2016 and 2021 (Markets and Markets, 2016). Electrospun
starch fiber mats may complement the existing natural fiber market, with potential utility in
biomedical, cosmetic, and food products.
Fabrication of bio-based fibers by electrospinning presents some unique challenges that
need to be overcome. Proper dissolution and control of conformational transitions are some of the
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most important factors for successful electrospinning of biopolymers (Bhardwaj & Kundu, 2010).
Native starch exists in a complex hierarchical structure, i.e., the starch granule, that needs to be
broken down before starch can be electrospun. Currently, there are two well-established methods
for electrospinning starch fibers, both employing high amylose starch (Kong & Ziegler, 2012a;
Lancuški et al., 2015). The first uses dimethyl sulfoxide (DMSO) as the solvent to dissolve starch
and fibers are generated by a wet-electrospinning process (Kong & Ziegler, 2012a). In wetelectrospinning, the dope solvent (i.e., DMSO) diffuses into a coagulation bath, where polymers
precipitate out from a non-solvent (e.g., ethanol or acetone). The second method uses aqueous
formic acid to dissolve the starch polymers in a dry-electrospinning process (Lancuški et al.,
2015). In dry-electrospinning, the solvent is evaporated during fiber elongation and the polymer
solidified before reaching a collector. Both methods involve the use of organic solvents. In
addition, the drying step after wet electrospinning is relatively long (>6 hours), and the use of
formic acid in dry electrospinning causes the formylation of starch resulting in a starch-formate
fiber. Further development of the electrospinning process through elimination of non-aqueous
solvents would benefit the commercialization of electrospun starch fiber mats by reducing the
sample drying time and lowering the cost of chemical consumption and waste treatment.
Heating amylose in an excess of water to temperatures >150 °C converts high amylose
starch to random coils and so, in theory, could be employed to prepare starch for electrospinning
from water (Boltz & Thompson, 1999; Creek, Ziegler, & Runt, 2006; Doublier, Cote, Llamas, &
Charlet, 1992; Le Lay & Delmas, 1998; Sievert & Wusch, 1993b, 1993a; Ziegler, Creek, & Runt,
2005). Heating at either 162 °C with holding (Doublier et al., 1992) or 180 °C without holding
(Creek et al., 2006) resulted in clear aqueous dispersions of high amylose starch (Doublier et al.,
1992). However, electrospinning is not practical at these conditions, and aqueous dispersions of
amylose so heated are unstable upon cooling. An exothermic transition attributed to amylose
chain association occurs in the range 50−80°C during slow cooling under the precondition that

105
amylose was previously dissolved at high temperature (Boltz & Thompson, 1999; Sievert &
Wusch, 1993b, 1993a).
Electrospinning of starch dispersion in a metastable state, say between 80 and 90 °C, is
potentially feasible. A clear 1.5% w/v amylose in water dispersion was observed for about 30mins after cooling pre-heated (172 °C) dispersion to room temperature (Doublier et al., 1992).
However, a higher starch concentration (> 8% (Kong & Ziegler, 2012b)) is needed to obtain
molecular entanglement for electrospinning. As the starch content increases, the time window for
electrospinning, between the initially cooled dispersion and the onset of nucleation/gelation, is
reduced. During our preliminary study, aqueous starch dispersions above 5% w/v gelled too
rapidly to permit electrospinning. Therefore, delaying or preventing re-association of amylose is
crucial for electrospinning high amylose starch from an aqueous dispersion.
Forming starch-guest inclusions is one option to slow or prevent this re-association.
Dispersions of starch and fatty acid salts in water were reported to be relatively stable,
transparent, low-viscosity liquids (Fanta, Felker, Shogren, & Salch, 2008; Fanta, Kenar, Byars,
Felker, & Shogren, 2010; Fanta, Kenar, & Felker, 2015; Fanta, Shogren, & Saleh, 1999). Here we
used sodium palmitate, a non-toxic additive in food and cosmetics, to obtain a relatively stable
dispersion of starch in water at concentrations suitable for electrospinning.
Pullulan is a linear polysaccharide consisting of α-(1,6) linked maltotriose, and it is
Generally Regarded As Safe (GRAS) in the US (Singh, Saini, & Kennedy, 2008). It has been
used in a wide range of applications, such as replacing starch in baked products to improve shelf
life and in pharmaceutical coatings to prevent color change (Singh et al., 2008). Electrospun
pullulan fiber mats with (Islam, Yeum, & Das, 2012) and without (Kong & Ziegler, 2014b; Son,
Lee, Lee, Lee, & Lim, 2012) other polymers or additives (Karim et al., 2009) have been reported.
Here we investigate the interaction of starch-guest inclusion complex and pullulan and explore
the spinnability of starch-pullulan fiber composites.
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In this work, the spinnability of starch-sodium palmitate complex was investigated and
further improvement of the solution properties for electrospinning with pullulan is discussed. An
attempt was made to understand the complex polymer blends for electrospinning through
characterization via rheology and other physical methods. The nanofiber mat so obtained was
characterized.
5.2. Materials & methods
5.2.1. Materials
High amylose maize starch (HAMS, Gelose 80, approximately 12% moisture, 76%
amylose) and food grade pullulan (approximately 2% moisture, mean molecular weight ranging
from 100,000 to 200,000 (Agricultural Marketing Service-USDA, 2018)) were kindly supplied by
Ingredion (Bridgewater, NJ) and Hayashibara Biochemical Laboratories Inc. (Okayama, Japan),
respectively. Sodium palmitate (≥ 97.0%) and 200 proof ethanol were purchased from VWR
International and used as received (Radnor, PA).
5.2.2. Dope preparation
When describing mixtures, Gelose 80 is abbreviated G, sodium palmitate S, and pullulan
P, e.g., G8.5S6.5P4 designates a dope with 8.5 wt. % dry Gelose 80, 6.5% sodium palmitate
(wt.% of amylose), and 4 wt. % pullulan (as received) in deionized water. G8.5S6.5P4 dispersion
was prepared in the following manner. Approximately 9.6 g of HAMS was weighed and mixed
with 90 mL DI water and heated to between 156−168 ºC in a stainless-steel pressure vessel
without stirring for 10 minutes. Approximately 0.42 g sodium palmitate and 4.0 g pullulan were
added to 3 mL and 20 mL of DI water, respectively, heated to boiling for about 3 minutes and 30
minutes with stirring, respectively, then combined in a pre-heated metal beaker (80 ºC). The
prepared HAMS dispersion was then added to the beaker directly from the pressure vessel and the
dope mixed. The dope was immediately cooled to room temperature (20 ºC) in a cold-water bath
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(17 ºC, about 10 minutes) for immediate analysis or electrospinning. During flash cooling of the
HAMS dispersion, approximately 17.6% of water was lost.
The GS dispersions were prepared with HAMS in 90 mL of DI water and sodium
palmitate (6.5 wt. % of amylose) in 10 mL of DI water following the procedure above.
5.2.3. Characterization of dispersions
Rheology. A series of dilutions was made from the G8.5S6.5P4 dope, along with a series
of GS mixtures with different starch concentrations. Apparent shear viscosity of the dispersions
was measured using a stress-controlled rheometer (HR-3, TA Instruments, New Castle, DE), with
stainless-steel, double-wall bob (part number 546021.91, s/n 997259, ID 40.77 mm, OD 43.88
mm) and a concentric cylinder cup (part number 545612.901, s/n 105917, ID 44.02 mm, OD
44.82 mm, height 60.02 mm) geometry. Flow curves, i.e., apparent shear viscosity versus shear
rate increasing from 0.1 to 1000 s-1, were recorded at 25 °C.
The log-scale plot of relative viscosity, \: (Eq. 5.1), of each dispersion at 1000 s-1,
against concentration was fitted by linear equations to define dilute, semidilute and concentrated
regions of GS and GSP dispersions.
R

\: = R

_

(Eq. 5.1)

where \^ is the viscosity of the solvent, i.e., DI water, and η is the apparent viscosity at
1000 s-1, which is the approximate shear rate at the tip of spinneret (Mitarai et al., 2013).
Zeta potential. A dynamic light scattering nano-particle size analyzer (Zetasizer nano
series, Malvern Panalytical Ltd, Malvern, UK) was employed to analyze the stability of particles
in aqueous dispersion at room temperature over time. Input parameters (software version 7.11)
include water refractive index (1.33), estimated particle refractive index (1.50) (Wolf, Ruggles, &
MacMasters, 1962), and solution viscosity. Before testing, the dispersion was filtered through a
0.45 µm PTFE (hydrophilic) syringe filter to remove any large aggregates. Meanwhile,
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dispersions at different concentrations stored at room temperature (20 °C) were visually observed
over 7 days.
Surface tension, density and conductivity. Surface tension was measured using a raméhart model 260 Automated Tensiometer (Succasunna, NJ), using pendant drop mode. Density
was measured by helium pycnometry (AccuPyc™ II 1340, Gas Displacement Pycnometry
System, Micromeritics Instrument Corporation, Norcross, GA) with 1 cm3 cup and an analytical
balance. Ionic conductivity measurements were made with a calibrated Extech 100 conductivity
meter from Extech Instruments (Waltham, MA).
5.2.4. Electrospinning
The electrospinning apparatus comprised a high voltage power supply (ES40P, Gamma
High Voltage Research, Inc., Ormond Beach, FL), a syringe pump (81620, Hamilton Company,
Reno, NV), a 3 mL plastic syringe (Becton, Dickinson and Company, Franklin Lakes, NJ) with a
22-gauge blunt needle, and a grounded stainless-steel mesh immersed in ethanol. Electrospinning
of each G, GS, and GSP dope was conducted by varying three spinning parameters (flow rate,
voltage, and spinning distance). At each flow rate, the voltage was gradually increased from 0 to
15 kV until the onset of a Taylor cone was observed at the tip of the spinneret, after which the
spinning distance was reduced until fiber deposition was observed. The electrospinnability and
fiber mat morphology were determined by visual and microscopic inspection. Optimized
operational parameters were determined based on fiber morphology. Fiber mats with smooth
continuous fibers were collected for further analysis. Pure starch fiber mats prepared from DMSO
solution (Wang, Kong, & Ziegler, 2018) and pure pullulan fiber mats from aqueous solution were
used for comparison. The optimized operational parameters are listed in Table 5-1 (Wang et al.,
2018).
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Table 5-1: Operational parameters for electrospun dopes.
Flow rate
(mL/hr)

Dispersions
G8.5S6.5P4
HAMS (12%) in DMSO
Pullulan (20%) in water

3
10.5
1

Spinning distance
Voltage
(cm)
(kV)
2.5
10.5
7
11
7
10

Electrospinning
type
Wet
Wet
Dry

5.2.5. Characterization of nanofibers
Morphology analysis. A Phenom G2 Pro scanning electron microscope (SEM, PhenomWorld, Eindhoven, The Netherlands) at an accelerating voltage of 5 keV was used to observe and
collect the morphological data of the fiber mat. Open software, ImageJ was used to analyze SEM
images (Hotaling et al., 2015).
Crystallinity analysis. Crystallinity of fiber mats and dried powders was examined by Xray diffraction (Rigaku Americas Corporation, TX). The X-ray source was Cu Ka radiation
(0.154 nm), and samples were scanned between 2q = 4 and 35° at a rate of 2°/min with a step size
of 0.02°.
Thermal analysis. Samples (approximately 10 mg, db) with DI water (40 µL) were
accurately weighed using a Mettler-Toledo XP2U ultra-microbalance (Mettler-Toledo
International Inc., Columbus, OH), and hermetically sealed in large-volume stainless steel DSC
pans (Perkin Elmer Pan Kit 0319-1525/1526/1535; Perkin Elmer Co., Norwalk, CT, U.S.A.).
Sample pans were scanned against the reference (empty pan) between 10 °C and 150 °C at a
heating rate of 15 °C/min in a differential scanning calorimeter (Discovery DSC, TA Instruments,
New Castle, DE).
Uniaxial tensile test of fiber mats. Uniaxial tension tests were carried out using a Q800
dynamic mechanical analyzer (DMA, TA Instruments, New Castle, DE) in controlled-force mode
at a rate of 0.1 N/min at room temperature (20 °C, with furnace open). Fiber mat samples were
cut to 5.3 mm wide using a film cutter (PN 984485.901, TA Instruments, New Castle, DE). An
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accurate sample length (≈ 25 mm) was recorded by the machine at the start of each run. The
weight of each fiber mat sample was measured using a Mettler-Toledo XP2U ultra-microbalance
(Mettler-Toledo International Inc., Columbus, OH). Weight-normalized Ultimate Tensile
Strength (WNUTS) was used to compare biopolymer fiber mats (Eq. 5.2).
Weight Normalized Ultimate Tensile Strength (WNUTS) =

Iefgh ij klhOm nelPj
Jhlopj

(Eq. 5.2)

WNUTS accounts for variation in both the thickness and the density of fibers, i.e. the
effective cross-sectional area of the fibers making up the fiber mat, since weight is proportional to
length, effective cross-sectional area, and fiber density.
5.3. Results and discussion
5.3.1. The effect of sodium palmitate
By forming a starch-guest inclusion complex, sodium palmitate transforms the neutral
amylose into a negatively-charged polyelectrolyte, i.e., a charged polymer in aqueous solvent
with counter ions in the solution. According to the DLVO theory, the stability of colloidal
systems is increased by introducing a repulsive force between colloid particles, e.g. electrostatic
repulsion. In this way, i.e., by adding sodium palmitate into hot aqueous dispersions of highamylose starch, we obtained a relatively stable transparent starch-in-water dispersion, and
confirmed published data that at least 6.5% w/w amylose of sodium palmitate was needed to do
so (Fanta et al., 2010). HAMS dispersions with < 9 wt. % starch remained as a transparent liquid
for as long as 3 days. Over time, starch-palmitate inclusion complexes in water eventually gelled
(G8.5S6.5 on day 3) or precipitated out (G2S6.5 on Day 6) depending on concentration. At 9%,
starch-palmitate inclusion complexes gelled quickly after cooling to room temperature. The
stability of the GS dispersion was further evaluated by measuring the zeta potential (Figure 5-1);
a colloidal dispersion with a zeta potential of more than ± 30 mV is normally considered stable
with less interaction between colloidal particles (Malvern Instruments Worldwide, 2015). The
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zeta potential of a fresh G0.2S6.5 dispersion was -28 mV and decreased with time as the amylose
aggregated. Aggregation resulted in precipitation at low starch concentrations (e.g., 2%) and
gelation at high starch concentrations (e.g., 8.5%) over time.

Figure 5-1: Zeta potential of 0.2% Gelose 80, sodium palmitate (6.5% wt. of amylose) dispersion
(n) and 0.2% v/v G8.5S6.5P4 diluted from 8.5 wt. % Gelose 80, 6.5% sodium palmitate (wt.% of
amylose), and 4 wt. % pullulan (l) dispersion over time.

Compared with neutral polymers, polyelectrolytes have some unique features important
to the electrospinning process: (1) they exhibit a weaker scaling relationship; (2) polyelectrolytes
have enhanced shear thinning behavior; and (3) their polymer relaxation time is concentration
independent in the salt-free entangled solution (Dobrynin, Colby, & Rubinstein, 1995; Krause,
Tan, & Colby, 1999; Rubinstein, Colby, & Dobrynin, 1994)
Scaling theory describes the relationship between the concentration and the viscosity of a
polymer solution. Four concentration regimes, i.e., dilute, semidilute unentangled, semidilute
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entangled, and concentrated, can be observed. Scaling theory has been used to characterize
electrospinning dopes (McKee et al., 2004). Eq. 5.3 shows typical values of the exponent for the
dependence of specific viscosity on polymer concentration, also known as the scaling number, of
a polyelectrolyte polymer solution in the semidilute unentangled, semidilute entangled, and
concentrated regimes (Dobrynin et al., 1995).
ηsp ~ C 0.5 , for C* < C < Ce (Fuoss law) (Fuoss, 1948)
ηsp ~ C 1.5 , for Ce < C < Cd
ηsp ~ C 3.75 , for C > Cd

(Eq. 5.3)

Where, ηsp is the specific viscosity, C* is the overlay concentration, Ce is the semidilute
entangled concentration, and Cd is the onset of the concentrated regime.
Relative viscosity is related to specific viscosity, ηsp = ηr -1, and both reduced viscosity
and relative viscosity have been used to predict the crossover between unentangled and entangled
regimes (Dobrynin et al., 1995; Rubinstein et al., 1994). Therefore, in this study, relative
viscosity at 1000/s, close to the shear rate of the electrospinning process, was used to demonstrate
the scaling relationship between concentration and viscosity. The plot of relative viscosity of GS
dispersions against concentration is divided into three distinct regions (Figure 5-2) with scaling
numbers of 0.26 and 1.60 in the semidilute unentangled region and semidilute entangled region,
respectively (Eq. 5.4).
ηr ~ C 0.26 , for C* < C < 3.63%
ηr ~ C 1.60 , for 3.63% < C < 6.91%
ηr ~ C 9.88, for C > 6.91%

(Eq. 5.4)

These two regions are in relatively good agreement with the scaling theory for
polyelectrolytes (Dobrynin et al., 1995). Therefore, the semidilute entangled concentration is
determined to be 3.63%. The scaling number in the third region, ηr ~ C9.88, is much larger than
that expected of concentrated neutral or polyelectrolyte dispersions (Dobrynin et al., 1995).
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Typically, the charge effects of polyelectrolytes are fully screened in the concentrated region and
the slopes for non-associating polymer dispersions are around 3.7 (Rubinstein et al., 1994). The
large scaling number and the fast gel formation observed above this critical concentration
indicates polymer association in the concentrated region.

Figure 5-2: Plot of relative viscosity at 1000/s versus concentrations of Gelose 80 with 6.5% sodium
palmitate by wt. of amylose (n) in water.

Systematic studies affirmed that sufficient chain overlap is necessary for electrospinning
polymer dispersions (Gupta et al., 2005). Polymer dispersions in the semidilute unentangled
region could only form droplets, with limited fiber formation (Gupta et al., 2005). Concentrations
in excess of 1.2−2.7 times the entanglement concentration were required for electrospinning
HAMS in DMSO (Kong & Ziegler, 2012b), and 1.88−2.25 times the entanglement concentration
in order to electrospin pullulan in water (Kong & Ziegler, 2014b). The entanglement
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concentration of starch-sodium palmitate dispersion (3.63%) is comparable to that of starch in
DMSO (3.61%) (Kong & Ziegler, 2012b), and there is a narrow window above this entanglement
concentration before gel formation sets in rapidly at > 9%. Electrospinning trials carried out
above the entanglement concentration (>3.63%) but below the onset of gelation (<9%) were
unsuccessful, resulting in the formation of droplets.
In addition to entanglement, several other crucial factors also determine spinnability of
GS dispersions. From modeling the bending instability of linear homopolymers (Reneker et al.,
2000) and fiber formation in electrospinning (Stepanyan et al., 2016), forces including Coulomb
repulsion (the force trying to expand the droplet), viscoelastic stress (contract force of the charged
droplet), surface tension (contract force of the charged droplet), and electric force (force driving
the charged droplet travel from the capillary tip to the collector) are identified as the major forces
directing jet movement (Ding et al., 2006; Pontrelli et al., 2014; Reneker et al., 2000). Successful
electrospinning of polymer dispersions is based on the combined effects of these forces with
electric force being the stretching force counterbalanced by the surface tension until solidification
takes place. Due to relaxation, viscoelastic stress starts to decay after the initial jet formation
(Pontrelli et al., 2014; Reneker et al., 2000). Unlike neutral polymers, which have increased
relaxation time with increasing concentration, the relaxation time of polyelectrolytes decreases
with concentration in the semidilute region and is independent of concentration in the entangled
region (Krause et al., 1999; Rubinstein et al., 1994). Therefore, the low viscoelastic stress of GS
dispersion decreases more after initial jet formation. On the other hand, the increased
conductivity of the jet due to the addition of sodium palmitate (Table 5-2) would increase the
electric force applied to the polymer dispersion (Li & Wang, 2013). Even though increasing the
electric force has been reported to be helpful in forming smooth fibers in electrospinning (Lin,
Wang, Wang, & Wang, 2004), Taylor cone formation in polymer dispersions with high
conductivity is more difficult than dispersions of low conductivity (Gupta et al., 2005). Since a
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proper Taylor cone is the start of proper electrospinning, the combined effects of reduced
viscoelastic force and increased electric force may not be balanced for Taylor cone formation.
Therefore, though the GS polymer dispersions were above the critical entanglement
concentration, they were not suitable for electrospinning, perhaps due to the imbalance of forces.

Table 5-2: Properties of polymer dispersions and the resulting fibers at room temperature (≈ 20ºC).

*

Property

G8.5S6.5

G8.5S6.5P4

12% HAMS
in DMSO

20% Pullulan in
water

Zero shear viscosity (Pa.s) *

3.65

5.99

1.48

0.36

Shear viscosity at 1000 s-1 (Pa.s)

0.04

0.02

0.18

0.27

Density (g/cm3)

1.0486

1.0581

1.17

1.0832

Conductivity (µS/cm)

637
(613, 661)

489
(421, 557)

0

87
(67, 106)

Surface tension (mN/m)

47.24
(42−52)

50.09
(49−53)

46
(44−50)

71.99
(71−73)

WNUTS (N/g)

No fibers

14.65 ± 2.94

30 ± 3.4

195 ± 32

Zero shear viscosity was obtained by fitting shear viscosity to Cross model.

5.3.2. The effect of pullulan in the system
Polymer blending is a method to adjust the solution properties and to improve the
spinnability of a polymer dispersion. Electrospinning was successful when 4% (w/v) pullulan was
added to the G8.5S6.5 dispersions, despite the fact that it generally requires a minimum of 10% to
spin pullulan alone (Karim et al., 2009; Kong & Ziegler, 2014b). G8.5S6.5 dispersions with less
pullulan (2, 3, 3.5%) did not form fibers during electrospinning trials. The addition of pullulan
into aqueous starch-sodium palmitate solutions modified their properties (Table 5-2). Intuitively,
polyelectrolyte solutions, i.e., G8.5S6.5 and G8.5S6.5P4, have high conductivity and greater
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shear thinning (discussed in detail in the following section) vis-à-vis the solvents and neutral
polymer dispersions. Compared to G8.5S6.5, G8.5S6.5P4 has reduced conductivity which might
help the formation of the Taylor cone (Gupta et al., 2005). A reduction in conductivity was also
observed pullulan was added to pectin solutions, which enhanced their spinnability (S. Liu, Li,
Tomasula, Sousa, & Liu, 2016).
Rheological changes may further explain the interaction between inclusion-containing
starch and pullulan in water. G8.5S6.5P4 had a higher total polymer concentration but reached
the infinite shear Newtonian plateau at a lower shear rate (< 10 s-1) and had a lower apparent
viscosity at all shear rates when compared to G8.5S6.5 (Figure 5-3). Behaving as random coils in
water (Nishinari et al., 1991), pullulan (0.1−20 wt. %) itself has a low viscosity and a weak shear
thinning behavior (Kong & Ziegler, 2014b). Configurational change of the inclusion-containing
starch caused by the addition of pullulan may have had a greater effect on rheological behavior
than the total polymer concentration. The higher zeta potential (-42 mV) of diluted G8.5S6.5P4
vis-à-vis G0.2S6.5 (-28 mV) (Figure 5-1) indicated that the addition of pullulan prevented to
some extent amylose aggregation. That means the starch-starch polymer interaction is reduced in
G8.5S6.5P4 dispersion vis-à-vis G8.5S6.5 dispersion, leaving more charges exposed at the
surface. For polyelectrolytes, an increase in surface charge led to a decrease of shear viscosity at
low shear rate (Abitbol, Kam, Levi-Kalisman, Gray, & Shoseyov, 2018). The scaling property of
G8.5S6.5P4 further supported this hypothesis.
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Figure 5-3: Plot of shear viscosity of 8.5 wt. % dry Gelose 80, 6.5% sodium palmitate (wt.% of
amylose) (n) and 8.5 wt. % dry Gelose 80, 6.5% sodium palmitate (wt.% of amylose), and 4 wt.
% pullulan (l).

The scaling numbers of G8.5S6.5P4 (Figure 5-4) in the semidilute unentangled and
semidilute entangled regions are close to the theoretically predicted values (ηsp ~ C 0.5, ηsp ~ C 1.5)
for polyelectrolytes (Eq. 5.4), with no evidence of gel formation as seen in Figure 5-2. Even
though the total polymer concentration was 12.5%, the dispersion did not immediately gel. The
gelation of G8.5S6.5P4 was not observed until Day 6. This phenomenon was consistent with a
previous study reporting that pullulan suppressed the short-term retrogradation of amylose (Chen,
Ren, Zhang, Tong, & Rashed, 2015). The reduced starch polymer interaction caused by pullulan
was also reflected in an increase of critical entanglement concentration (4.49%) vis-à-vis that of
GS6.5 (3.63%).
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Figure 5-4: Plot of relative viscosity versus total concentration of diluted G8.5S6.5P4 dispersions.

The onset of successful electrospinning of GSP dispersions (12.5%) was at a
concentration 2.8 times of its entanglement concentration (4.49%) at the higher end of the range
observed for starch in water/DMSO solutions (3.61%, 1.2−2.7 times) (Kong & Ziegler, 2012b).
The entanglement concentration of pullulan in water was previously determined to be 5.33%
(Kong & Ziegler, 2014b). The concentration requirement for electrospinning pullulan alone in
aqueous solution was between 9 to 22%, 1.88 to 2.25 times the entanglement concentration.
Successful electrospinning of aqueous starch dispersions depended on the combined
effects of charged inclusion and a minimum amount of pullulan. Without sodium palmitate
aqueous dispersions of pullulan and starch heated in a similar manner formed a white paste that
could not be electrospun, and GS dispersions with an insufficient amount of pullulan could not
form fibers. The modifications in surface tension, conductivity, and viscosity made the
G8.5S6.5P4 dispersion electrospinnable. In addition, the solution properties could guide the
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modification of operational settings (Table 5-1). Since solutions with higher conductivity, e.g.,
G8.5S6.5P4, are less likely to form a Taylor cone (Gupta et al., 2005), and a proper Taylor cone
is the start of proper electrospinning, a greater electric field gradient was required, which was
fulfilled by decreasing the distance between the collector and spinneret from 10 to 2.5 cm. The
flow rate was also reduced from 10 mL/hr to 3 mL/hr.
5.3.3. Characteristics of fiber mat
Continuous smooth fibers (Figure 5-5) were obtained from G8.5S6.5P4 dope using
described electrospinning settings (Table 5-1). The fiber diameter was approximately 146 ± 50
nm. Previously reported diameters of starch fibers were around a few micrometers by wetelectrospinning from DMSO solution (Kong & Ziegler, 2013) and 80 to 300 nm by dryelectrospinning from formic acid solution (Lancuški et al., 2015). The diameters of pullulan fibers
from wet-electrospinning and dry-electrospinning were around 300 nm−15 µm (Kong & Ziegler,
2014b) and 50−700 nm (Karim et al., 2009; Sun et al., 2012), respectively. Interestingly, the wetelectrospun starch-pullulan fibers exhibited reduced diameter compared to wet-electrospun starch
fiber. The relatively smaller diameter of G8.5S6.5P4 fiber might be partially due to the increased
conductivity of polymer blends. Previous study on electrospinning of cationic polyelectrolytes
demonstrated that the fiber diameter was reduced 2−3 orders of magnitude vis-à-vis those
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electrospun from solutions of neutral polymers of equal zero shear viscosity and normalized
concentration (McKee, Hunley, Layman, & Long, 2005).

Figure 5-5: Scanning electron microscopy images of fiber mat electrospun from 8.5% Gel80 starch,
6.5% sodium palmitate (wt% of amylose in starch) and 4% pullulan from deionized water.

The presence of starch-guest inclusion complexes was confirmed by both thermal and xray analyses. A phase transition occurred at an onset temperature of 102.6 °C, peak temperature
of 113.7 °C, and with an enthalpy of 7.5 J/g for the composite fiber. A phase transition with an
onset temperature of 102.1 °C, peak temperature of 105.8 °C, and with an enthalpy of 18.8 J/g
was found for the G8.5S6.5 powder. These results were close to the DSC scan of freeze-dried
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starch-sodium palmitate complexes (Byars, Fanta, Kenar, & Felker, 2011), where two thermal
transitions were indicated with peak temperatures at 98.1°C (ΔH = 26.5 J/g), and 118.5 °C (ΔH =
0.9 J/g) (Byars et al., 2011). The reduced enthalpy and wide range of melting transition in this
study could be largely due to the difference in processing, sodium palmitate content, and type of
starch. Jet cooking is a high shear thermal process, while here we used a static heating process
with longer process time than jet cooking. The degradation of starch under either condition might
have different effects on the formation of starch-guest inclusion complexes. The amount of
sodium palmitate used here (6.5% of the weight of amylose, 76% amylose in starch) was less than
that used by Byars and coworkers (7.5%, 70% amylose in starch) (Byars et al., 2011).
Furthermore, considering the addition of pullulan, lower enthalpy is anticipated in the fiber form.
Comparing the X-ray diffraction profiles (Figure 5-6), v-type patterns (peak at 2θ of 7°,
13°, and 20°) were observed for the dried powder of G8.5S6.5 and the G8.5S6.5P4 fiber. On the
other hand, pure starch fiber spun from DMSO and pullulan fiber spun from DI water were
amorphous. Diffraction patterns of starch fiber mats (Kong & Ziegler, 2014a) and pullulan fiber
mats (Karim et al., 2009) studied previously showed amorphous pattern as well. The X-ray result
of powdered G8.5S6.5 is also in agreement with the powdered x-ray diffraction patterns of
sodium palmitate-starch inclusion prepared by jet cooking (Fanta et al., 1999).
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Figure 5-6: X-ray diffractometer scans of (a) air-dried G8.5S6.5 dispersion, (b) G8.5S6.5P4 starch
fiber mat, (c) as-spun starch fiber mat made from 12% high amylose starch in DMSO, and (d) asspun pullulan fiber made from 20% pullulan in DI water.

The effects of fiber morphology (i.e., diameter distribution and orientation alignment) on
the tensile properties of fibers have been studied in both biopolymer-based and synthetic-based
fibers (Baji et al., 2010). Theoretically, with the same cross-sectional area, fiber mats with
smaller fiber diameters should have higher tensile strength than those with larger fiber diameters.
However, the WNUTS of nano-sized G8.5S6.5P4 fiber mats were reduced vis-à-vis micro-sized
starch fiber mats from DMSO (Table 5-2). Even though WNUTS was aimed to take account the
thickness and effective cross-sectional area of fiber mat, the ultrathin and lightweight nanofiber
mat might be still too delicate. The increased crystallinity might also contribute to the brittleness
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of the G8.5S6.5P4 fiber mat. Nanoscale starch fiber mats produced from formic acid also showed
much weaker tensile strength than the starch films. In order to avoid the inherent brittleness,
plasticizing, modification, and addition of fillers are usually applied in starch-based materials
(Chivrac, Pollet, Dole, & Averous, 2010; Mose & Maranga, 2011; Suvorova, Tyukova, &
Trufanova, 2000).
5.4. Conclusion
A high temperature process was applied to destructure high amylose starch. The addition
of sodium palmitate enhanced the stability of high amylose starch in water, delaying
recrystallization. Adjusting the solution properties including surface tension, viscosity and
conductivity achieved by blending polymers facilitated electropsinning. Addition of pullulan
prevented starch association and modified the solution properties for electrospinning. For the first
time, electrospinning of starch-based natural polymer blends from aqueous solvent has been
reported. Fibers at nanoscales were observed.
Electrospinning starch fibers from aqueous dispersions provides a greener technology
than previously reported methods employing DMSO or formic acid for future industrial
production with lower cost by eliminating the use of organic chemicals. Though making
electrospun biopolymer fibers from green solvents is still early stage, their potential use in food,
pharmaceutical, cosmetic, and biomedical areas should attract the attention of both academic and
industry scientists. Further increase of the tensile strength of this ultra-lightweight material would
help to realize its potential.
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Chapter 6

Conclusions and future work
This work covered some of the major strategies for increasing tensile strength of starchbased electrospun fiber mats and a green method to fabricate nanofibers from starch using wetelectrospinning. Though the mechanical stability may still need further improvement, the results
demonstrated that the tensile strength of starch fiber mats could be enhanced by the plasticizing
effect of water during storage, incorporating nanocellulose-cationic starch, and achieving fiber
alignment.
The weight-normalized ultimate tensile strength (WNUTS) of starch fiber mats was used
to characterize the tensile property of starch fiber mats. WNUTS increased significantly when
fiber mats equilibrated at relative humidity >75% over 28 days. Morphological observation and
X-ray diffraction analysis excluded significant changes in fiber size or crystallinity, and thus
indicated that conglutination, observed microscopically, brought about by the plasticizing effect
of water was primarily responsible for this mechanical improvement. The results also suggested
the potential of using other plasticizers to enhance the tensile strength of starch fiber mats.
Starch composite fiber mats were fabricated with nanocellulose (NC, reinforcing filler)
and cationic starch (CS, binding agent) and equilibrated at 75% relative humidity. The potential
ionic bonding between cationic starch and anionic nanocellulose, and the hydrogen bonding as
well as macromolecular entanglement between the three components, were expected to improve
the compatibility of polymers and the mechanical strength of their composite fibers. The results
suggested that nanocellulose-cationic starch at its percolation concentration ( 2%, w/w, of
starch) had the most profound influence on fiber strength, and cationic starch:nanocellulose ratios
of 1:2 and 1:1 created improved intermolecular ionic bonding for reinforcing the fiber structure.
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Though the resulted WNUTS is still not enough to dramatically alter fiber utility, the use of
reinforcing agents with compatibilizers will be a promising strategy to improve compatibility of
biopolymers, foster macromolecular interactions, and ultimately enhance the mechanical
properties of biopolymer-based materials.
Aligned starch fiber mats were made by wet-electrospinning equipped with an
inexpensive custom-made rotating drum collector. The alignment of starch fibers was affected by
the ethanol concentration in the coagulation bath and drum rotational speed. In general, higher
rotational speed and lower ethanol concentration facilitated better fiber alignment. The tensile
strength was correlated with fiber alignment and influenced by the interaction of drum location
and ethanol concentration, and that of rotational speed and ethanol concentration. The condition
to reach the best fiber alignment and maximize WNUTS of the fiber mats was obtained when
drum rotated at a speed of 500 rpm below an 80% ethanol coagulation bath. Under current
conditions, fiber diameter at macro scale was not reduced by drum drawing, and the improvement
in tensile strength was mainly due to the fiber alignment. This study set a promising example of
making aligned biopolymer fiber mats and investigating fiber deposition in wet-electrospinning.
Utilizing oriented starch fiber mats in applications such as tissue engineering and wound dressing
can be explored in the future.
For the first time, starch-based nanofiber was electrospun from aqueous solvent. A high
temperature process was used to destructure high amylose starch. The addition of sodium
palmitate enhanced the stability of high amylose starch in water, delaying recrystallization. The
addition of pullulan prevented starch association and modified the solution properties, i.e., surface
tension, viscosity and conductivity, for electrospinning. This method provided a greener
technology than previously reported methods employing DMSO or formic acid for future
industrial production with lower cost by eliminating the use of organic chemicals.
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With the enhanced tensile strength and an alternative electrospinning process, such starch
fiber mats can be used in some applications and further studies will be necessary to explore and
realize its potential. Based on some preliminary studies, I would like to suggest some future
research. 1) From a cost, health and environmental lifecycle standpoint, properties of electrospun
starch fiber mat from aqueous solution would worth further improving. With some trials on
making clear starch inclusion complex solution using the other inclusion compounds, i.e., cetyl
trimethylammonium bromide (CTAB, a quaternary ammonium surfactant and antiseptic
cetrimide), positive charged starch fiber or nanoparticles can be created using electrospinning or
electrospray. Detailed formulation (i.e., starch concentration and inclusion ratio) and procedure
need to be investigated. In addition, other functional inclusion compounds, e.g., benzalkonium
chloride (a biocide and a cationic surfactant), could also be used. Furthermore, starch aqueous
dispersion has the potential to be dry-electrospun, which would further reduce the processing time
by reducing the drying step in wet-electrospinning. More investigation could be carried out. 2)
Water susceptibility is another drawback of as-spun starch fiber mats. Although a preliminary
procedure to make photo-crosslinked starch fiber mat has been developed, further evaluation and
improvement is needed to use starch fiber mat as a wound dressing material. Some optimization
points worth to explore are water:ethanol ratio of photosensitizer (i.e., sodium benzoate) in
soaking bath, concentration of photosensitizer in the soaking bath, soaking period and UV
induced amount. 3) A 3D printer has been converted into a 3D spinning device with a 3D printed
customized adapter. More precise control of electrospinning operational parameters can be
reached with further testing and modification of this device.
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Appendix A

Rheological characterization of starch-gelatin blends for electrospinning
process
1. Introduction
Electrospinning is an effective technique to manufacture nanoscale or sub-micron
nonwoven fiber from polymers. Electrospinning of biopolymers has been extensively explored in
the recent decade, owing to their competitive cost, biodegradability and biocompatibility. Among
biopolymers, starch is one of the most abundant on earth. In the past few years, starch fibers have
been collected either by co-spinning with other polymers (Sunthornvarabhas, Chatakanonda,
Piyachomkwan, & Sriroth, 2011) or without a co-spun polymer (Kong & Ziegler, 2012a;
Lancuški, Vasilyev, Putaux, & Zussman, 2015). Gelatin is a protein-based biopolymer partially
hydrolyzed from collagen. It is composed by a mixture of long chains of linked amino acids, with
molecular weights ranging from 15,000 to 400,000 (Gelatin manufacturers institute of America,
2012). Electrospun gelatin fibers have been fabricated by using organic solvents (Huang, Zhang,
Ramakrishna, & Lim, 2004), acid solvents (Li et al., 2016; Steyaert, Rahier, Van Vlierberghe,
Olijve, & De Clerck, 2016), and mixed solvent systems (Choktaweesap, Arayanarakul, Aht-ong,
Meechaisue, & Supaphol, 2007).
Both starch and gelatin fibers have their advantages and drawbacks. Beside the merits as
biopolymers, starch and gelatin fibers are also valued for their bio-affinity, light weight, high
surface-to-volume ratio, and inclusion ability, which makes them ideal candidates for biomedical
applications including drug delivery, tissue engineering and wound dressing (Agarwal, Wendorff,
& Greiner, 2008; da Silva et al., 2009; Goh, Shakir, & Hussain, 2013; Kong & Ziegler, 2014a; Li
et al., 2016; Norouzi, Boroujeni, Omidvarkordshouli, & Soleimani, 2015; Pereira, Paulino,
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Rubira, & Muniz, 2010; Zhan & Lan, 2012). These fibers could mimic the extracellular matrix of
various tissues and provide fibrous structures for cell adhesion and proliferation. However,
converting a natural biopolymer into submicron or nanometer fibers through electrospinning
usually requires the use of toxic organic or acidic solvents, especially in the case of gelatin. In
addition, gelatin fiber suffers from fast degradation and dissolution at around body temperature.
The utilization of starch fiber mat remains a challenge due to their weak mechanical properties
and water susceptibility. Property enhancement of both starch and gelatin fibers, such as
improved spinnability and stability, would help advance the utilization of biopolymer-based
fibers in many fields.
One promising way to improve the properties of polymer-based materials is by using
polymer composites. Extensive research has been done on starch composites with other
biopolymers (Jiménez, Fabra, Talens, & Chiralt, 2012; Waterschoot, Gomand, Fierens, &
Delcour, 2015), e.g., starch-gelatin biocomposites (Acosta, Jim Enez, Ch, Gonz Alez-Martínez, &
Chiralt, 2015). Yet, the properties of starch-gelatin biocomposites are usually investigated in the
form of films. For instance, in a starch-gelatin film study, a 20 µm thickness coexistence of high
amylose starch and gelatin were found in the interface area of the film (Zhang et al., 2013).
Possible compatibility of starch and gelatin exists. Improved stress resistance and flexibility were
observed in gelatin-added starch films with and without plasticizers (Acosta, Jim Enez, Ch, Gonz
Alez-Martínez, & Chiralt, 2015). To the best of our knowledge, there has not been any report on
the electrospinning of starch-gelatin biocomposite fibers that could possess properties superior to
fibers spun from each component.
In the current study, we aimed to fabricate starch-gelatin biocomposite fibers using the
electrospinning technique. The rheological properties of the polymer blends were investigated
and correlated with the electrospinnability of the polymer blends.
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2. Materials and methods
2.1. Materials
High amylose maize starch (HAMS, Gelose 80) was kindly supplied by Ingredion
(Bridgewater, NJ). Gelatin (type B, 225 Bloom, 40 mesh) was purchased from MilliporeSigma
(St. Louis, MO). Dimethyl sulfide (DMSO) and 200 proof ethanol were purchased from VWR
International (Radnor, PA).
2.2. Sample preparation and electrospinning
HAMS at different concentrations was dispersed in 100% DMSO (w/v) at 100 °C for 1
hour. After the starch DMSO solutions cooled down to room temperature, concentrated gelatin
solution was added. The mixture was stirred overnight. The final compositions were listed in
Table A1.
Table A1: Gelatin and starch concentrations in the final water/DMSO dispersions.
Gelatin
(w/v%)
0.7
1.4
2.1
2.7
3.2
3.5

Starch (w/v%)
5.1
5.1
5.2
5.2
5.2
5.2

7.1
7.0
7.0
7.1
7.1
7.1

8.8
8.9
8.9
9.0
9.0
9.0

10.5
10.6
10.7
10.7
10.8
10.8

12.3
12.4
12.4
12.5
12.6
12.6

DMSO
(v/v%)
91
92
92
93
94
94

Water (v/v
%)
9
8
8
7
6
6

According to a previous study (Kong & Ziegler, 2013), a flow rate between 6-12 mL/h, a
spinning distance between 5-8 cm, and a voltage between 6-10 kV were practiced to electrospin
starch DMSO dope with its concentration between 10-15%. Gelatin fiber has been produced with
a flow rate of 0.8 mL/h, a distance of 12 cm, and a voltage between 10-15 kV for polymer
concentration between 5-12.5 % (Huang et al., 2004). Since starch was the major compound in
the mixture, electrospinning parameters for the mixture should be closer to starch electrospinning
parameters. Preliminary tests showed that a flow rate of 7 mL/h, a distance of 7 cm, and a voltage
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of 8 kV could produce reasonable starch gelatin fibers. Therefore, each mixture was tested around
those parameters.
2.3. Rheology
The rheological properties of the polymer mixtures were exanimated by a straincontrolled rheometer (ARES, TA Instrument, New Castle, DE). A 50 mm cone and plate
geometry were used to maintain an even shear rate distribution along the radius. The cone angle
was 0.04 radians, and the gap was 0.043 mm. The apparent shear viscosity versus shear rate (0.1
to 100 s-1) was recorded at 20 °C.
2.4. Characterization
Microscopic observation of the fibers was performed using a scanning electron
microscope (SEM, Phenom G2 Pro, Phenom-World, Eindhoven, The Netherlands) at an
accelerating voltage of 5 keV.
3. Results and discussion
Electrospinnability refers to the ability of a spinning dope to form fibers and is the first
important consideration in the practice of electrospinning. Electrospinnability is governed by
numerous factors involved in the electrospinning process, including solution properties (e.g.,
rheological properties, surface tension, and dielectric properties), process parameters (e.g., flow
rate, spinning distance, and voltage), and ambient parameters (e.g., relative humidity and
temperature) (Ramakrishna, Fujihara, Teo, Lim, & Ma, 2005). Among these factors, the
rheological properties of a polymer dispersion are among the most decisive factors influencing
the fiber formation, and are highly dependent on the polymer concentration (Kong & Ziegler,
2012b, 2014b). In practice, polymer dope with improper rheological properties may not be
electrospinnable or may generate poor fiber morphology with defects. In the preliminary tests, we
attempted to electrospin the starch-gelatin blends in DMSO aqueous dispersions with relatively
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low polymer concentrations (starch < 5%, gelatin < 4%, w/v), but did not succeed. Previously, we
found that 8% starch concentration was needed for electrospinning (Kong & Ziegler, 2012b,
2014b). Therefore, the fiber formation required a starch concentration above 5% (w/v) regardless
of gelatin addition, although the addition of gelatin in the starch dope improved the
electrospinnability by forming beaded fibers when starch concentration is below 8% (Figure A1).
The concentration requirement for effective electrospinning of Gelose 80 HAMS in DMSO
aqueous dispersions was identified as 1.2−2.7 times of its entanglement concentration, which was
6.88%, w/v (Kong & Ziegler, 2012b). The HAMS concentrations used in the current study are
either below or within this range (Table A1). As the total polymer concentration increased,
relatively smooth fibers with uniform morphology were obtained. The formulations for making
smooth fiber mat were indicated as cycles in Figure A1 (corresponding to the list in Table A1).
Further increase in polymer concentrations resulted in beaded fibers again. The operational
parameters for successful electrospinning were found in the following range: flow rate from 4 to
7 mL/h, spinning distance from 5 to 7.5 cm, applied voltage from 7 to 10 kV.
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Figure A1: Evaluation of fiber formation abilities from starch/gelatin dispersions as a function of
gelatin and starch concentrations: good fiber formed (circles), beady fiber formed (diamonds). SEM
images are at 1450x magnification to show the representative morphologies.
The effect of gelatin on the rheological properties of the dope worth further discussion.
First, shear thinning behaviors were observed in all tested mixtures, and the shear viscosities of
starch gelatin dopes at 100 s-1 (Figure A2) fell to the similar range of that for starch dope (Kong
& Ziegler, 2012b). Compared with the viscosity of pure starch dope at the same concentration,
the addition of gelatin increased the shear viscosity of the dope. In addition, concentration
increase in either of the polymers increased the shear viscosity, but the augment of gelatin at
higher starch concentration seems to have a bigger influence on viscosity. Since no obvious
indication of phase separation were shown in the flow curve and gelatin is soluble in water and
DMSO solvents (Teramoto et al., 2012), possible binary interpenetrating networks may form and
worth further evaluation in the future.

139

Figure A2: The shear viscosity of starch gelatin dope at 100 s-1 at different starch and gelatin
concentration combinations.

4. Conclusion
Successful fabrication of gelatin starch fiber composite is demonstrated in this study. The
effect of the addition of gelatin on rheological properties of starch dope is discussed. Small
incremental of gelatin at higher starch concentration cause more increase on viscosity. The
starch/gelatin binary system in water-DMSO system worth further evaluation.
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Appendix B

Design of a multi-spinneret
A major drawback of the traditional electrospinning process based on a mono-jet nozzle
device is its low productivity. This multi-jet nozzle is designed to achieve the multielectrospinning of nanofibers under controlled temperature (Figure B1). The device consists of a
lid, a middle section, a base, a polymer solution inlet, a hot-water inlet and outlet, 3 rubber Orings, and multiple jets (Figure B2).

Figure B1: Illustration (a) and prototype (b) of the designed multi-spinneret.
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Figure B2: Illustration of sectional drawing and each part of the multi-spinneret.
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The lid, middle section, and base are assembled together with screws, constituting the
main body of the device. This main body assembly functions as a reservoir for running hot-water
to keep the temperature of the polymer solution at a desired level. Three O-rings are used to
prevent the hot-water from leaking. The polymer solution is injected into device through the top
inlet. The solution flows through the center pathway, and then fills the narrow space between the
middle section and the base before being electrospun through the jets.
Teflon was chosen as the material for the main body due to its superior electric
insulation, heat resistance, availability, and cost-effectiveness. Detailed measurement of each
component for making the same is marked in Figure B3.
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Figure B3: 2D drawing with measurements of the multi-spinneret.
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