Sugars, the main energy source for the human metabolism and an integral
part of many biological systems, is also a core dietary element within the
modern human diet. New processing forms of these materials (e.g.
electrospun sugar nanofibers), had led to new applications beyond
nutrition, like cosmeceuticals, healthcare and others. Electrospinning is a
widely-known method for producing nanofibers from a wide range of
materials. In this work, the electrospinnability mechanisms of concentrated
saccharide solutions, cyclodextrins, modified sucrose compounds and food
grade glucose syrup is discussed. Furthermore, the relationship between
the rheological behavior of the solutions, current electrospinnability
models and the significance of intermolecular forces in the
electrospinnability of these materials is also widely discussed. New
experimental evidence on the electrospinnability of saccharides related to
their physical-chemical properties, is provided. Furthermore, the commercial
application of the research on the electrospinnability of saccharide
materials, is exemplified with the development of manuka honey- glucose
syrup nanofibre composite membranes.
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Abstract: Sugars, the main energy source for the human metabolism and
an integral part of many biological systems, is also a core dietary element
within the modern human diet. New processing forms of these materials
(e.g. electrospun sugar nanofibers), had led to new applications beyond
nutrition, like cosmeceuticals, healthcare and others. Electrospinning is a
widely-known method for producing nanofibers from a wide range of
materials. In this chapter, the electrospinnability mechanisms of
concentrated saccharide solutions, cyclodextrins, modified sucrose
compounds and food grade glucose syrup is discussed. Furthermore, the
relationship between the rheological behavior of the solutions, current
electrospinnability models and the significance of intermolecular forces in
the electrospinnability of these materials is also widely discussed. New
experimental evidence on the electrospinnability of saccharides related to
their physical-chemical properties, is provided. Furthermore, the
commercial application of the research on the electrospinnability of
saccharide materials, is exemplified with the development of manuka
honey-glucose syrup nanofibre composite membranes.

Keywords: Sugar, nanofiber, saccharide, electrospinning, hydrogen
bonding, Van der Waals forces.



1.1 INTRODUCTION

Carbohydrates having at least one glucose molecule (CsH120s) within
their structure, are commonly referred to as saccharides and usually
divided into four categories: monosaccharides, disaccharides,
oligosaccharides, and polysaccharides. Saccharide-based materials are the
energy storage medium for many living organisms and the most basic
structural component of many biomaterials [1]. Oligosaccharides are
carbohydrates that consist of monosaccharide units linked together by
short chains of varying length (di-, tri-, tetra-, pentasaccharides, etc.) [2].
Each monosaccharide unit (6 carbons) may exist in either the pyranose (6-
ring) or furanose (5-ring) form [3]. For example, raffinose (CisH3201s),
composed of glucose, fructose and galactose is the most common naturally
occurring trisaccharide.

Fructose is an isomer of glucose, both have the same molecular formula
(CeH1206) but differ structurally. Fructose has a more stable furanose
structure (five carbon ring), called ketose. Glucose has a more flexible
pyranose (six carbon ring) configuration, called aldose. Glucose (D-
glucopyranose) in aqueous solution exists mostly in its cyclic pyranose
form, as it readily undergoes isomerism [2]. In contrast, fructose (D-fructo-
furanose), being the most stable isomer, does not dissociate (donate a
proton) as easily as glucose. In other words, isomerism is caused by the
chirality (D-, L-) of the anomeric carbon (C-1) per monosaccharide
resulting in two different stereoisomers (trans a-, cis $-) which can in turn
exists in either pyranose (6-ring) or furanose (5-ring) form [4]. Both
glucose and fructose are reducing sugars because of the capacity to
convert to their open-chain form through isomerization (e.g., aldehyde
group in glucose) or tautomerization (e.g, ketone group in fructose) of its
structure their (glucose) and (fructose), as these group readily undergo
mutarotation [3]. Such physical-chemical property is particularly relevant
during thermal processing, such as sugar caramelization. Mutarotation
can momentarily produce dihexose sugars and other metastable and more
intricate carbohydrate chain structures [5]. In contrast, disaccharides like
sucrose (C12H2011), have glycosidic bonds between the glucose (C-1) and
fructose (C-4) anomeric carbons and thus cannot convert to an open-chain
form [6]. However, maltose (Ci2H2011), typically produced during
glucose caramelisation (e.g., sugar syrups) and an isomer of sucrose, is a
reducing sugar as they are linked by a (C;-Cy) glycosidic bond [2].



Candyfloss is a thermal-mechanical process of extrusion where
pressurized air and concentrated sugar solutions, are supply through
small holes within a centrifuge. Melt-spun sugar fibers are then collected
into a rod or plate, mostly containing air within their foamed matrix
structure. In general, the spinnability of a filament is controlled by the
relaxation time and tensile strength of the material, according to the theory
of cohesive fracture [7]. Instability due to cohesive fracture commonly
occurs in melt-spinning of high molecular weight materials due to their
relatively long relaxation time (1 s). Cohesive fracture is a form of
viscoelastic instability, for which the loss modulus is higher than the
storage modulus. In general, longer relaxation times, higher stretching
velocities and larger draw ratios will tend to encourage cohesive fracture
[7, 8]. However, there are many other types of flow instabilities that affect
filament formation, such as hydrodynamic instabilities [9-11]. For
example, Ziabicki showed that the capillary flow instabilities were the
determining factor in the spinnability of solutions having low viscosity
and low jet velocity. In contrast, elasticity appears to be the limiting
condition for spinnability at higher viscosities and velocities [7].

Electrospinning is a method of producing fibres in the micro and nano
dimensional scale, this is between 1 x 10* (-9)m (1 nm) and 1 x 10"(-7)m
(0. 1 pm). During the electrospinning process, a high voltage is applied to
a droplet of a polymer solution (or melt), stretching the droplet into a
conical shape (known as the Taylor cone) by means of electrostatic
repulsion. A jet of polymer solution is emitted from the tip of the Taylor
cone if the build-up of internal electrical charge overcomes the surface
tension of the droplet. Given an appropriate combination of electro-
viscoelastic properties, the polymer jet initially follows a stable, linear
trajectory that resists the Plateau-Rayleigh instability, enabling it to be
drawn into a fiber. Otherwise, the solution will break-up into small
droplets during flight, as described by the Rayleigh instability (aka
electrospraying). The whipping instability is a very rapid phenomenon,
with axial strain rates of about 105 s-1 [12]. At this strain rate, the whipping
instability leads to further reduction of the jet thickness from around 100
pm down to 100 nm, in less than a fraction of a second [13] (Figure 1).
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Figure 1. Electrospinning process diagram.

The ability of a polymer solution to resist the Plateau-Rayleigh instability
during flight is usually attributed to the entanglement of polymeric
molecules, and chain entanglement is commonly proposed to be the
leading mechanism of fiber formation during electrospinning of
polymeric systems. The formation of uniform electrospun polymeric
fibres is thought to rely on the presence of at least 2 to 2.4 entanglements
per chain, based on the critical theta concentration or pervaded volume
threshold of each polymer-solvent system. However, some polymers may
transition from electrospraying to electrospinning (as evidenced by the
formation of beads-on-a-string) at concentrations between the critical
overlap concentration (c*) (i.e. semi-dilute, un-entangled) and the
entanglement concentration (Ce) (i.e. semi-dilute, entangled), where Ce is
typically ~10 x c*. The critical overlap concentration for entanglement c*
corresponds to the maximum number of polymer chains with a radius of
gyration r that can be fitted inside the volume of a sphere (v=4/3*n*r3)
where steric exclusion due to increased excluded volume effects starts to
overlap the chains [68, 111, 155].

An alternative approach wused to describe the concept of
electrospinnability is the visco-elasto-capillary theory. According to visco-
elasto-capillary thinning theory, non-Newtonian fluids that undergo
shear thinning and where G' > G" at higher angular frequencies are able
to better resist extensional capillary thinning and filament break-up when
compared with Newtonian fluids for which G' < G" at lower angular
frequencies. According to the visco-elasto-capillary theory, when the



inverse of the fluid’s relaxation time exceeds the rate of capillary thinning
(wave propagation), Rayleigh instabilities can be suppressed; resulting in
uniform fibres [15, 16]. Moreover, elasticity for supramolecular materials
is often related to electrospinnability, through gelation or colloid
aggregation via a hydrogen bonding network and Van der Waals
mechanisms. For example, computational models for low viscosity and
dilute polymer solutions, have shown that relaxation times of polymer
chains due to an extensional change in filament radius far exceed the
estimated values using conventional Rouse-Zimm theory [14, 116].
Typically, relaxation times for polymers are in the range of 1 to 3 seconds
[15]. However, relaxation processes that occur on smaller time scales than
10-100 ms cannot be unambiguously resolved [16]. The visco-elasto-
capillary theory sets different boundaries for electrospinnability that
depend on the rheological properties of the solution (Figure 2). This can
be generally described by the intrinsic Deborah number (De)

[De] _intrinsic=A/ [[p*(L/x)]] ~(1/3) equation 1

where Deininsic equals the relaxation time A divided by the cubic root of
the density p, multiplied by the factor of the length scale L divided by the
surface tension x; and by the Ohnesorge number (Oh)

Oh=Ca/Re= (V) &)/ ((v*L*p))) equation 2

where the capillary number Ca equals the zero-shear viscosity 1
multiplied by the jet speed v and in total, divided by the surface tension x.
According to the visco-elasto-capillary theory, a solution can be
considered electrospinnable, if the rheological properties comply with the
following condition De (elasticity) = Oh (viscosity) =1 [16]. In other words,
a build-up of electrical stresses in the jet will suppress Rayleigh
instabilities if the extensional deformation rate caused by the electrical
stresses is faster than the inverse of the relaxation time of the fluid,
resulting in uniform filaments [17]. In turn, the elasto-capillary thinning
rate of the filament should scale with A-1, where A is the characteristic
material relaxation time (Figure 2). Subsequently, the growth rate of the
filament disturbances, should also scale with the inverse of the Rayleigh
time scale for inertia capillary break-up.

= 1/\/((pL/\3)/X ) equation 3



where p is the density of the fluid, L3 is the volume of the capillary and x
the surface tension between the fluid and air. Hence, A-1 requires the
intrinsic Deborah number to be greater than 1 [15,17,18]. In contrast, for
Deborah numbers below unity, elastic effects do not stabilise the jet and
Newtonian-like break-up dynamics are observed.

VISCO-ELASTO-CAPILLARY
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¥

Figure 2. Representation of the visco-elasto-capillary theory and its correlation
to jet formation, showing the transition from intermittent spraying (low # Re) to
stable spinning (high #De). Re is the Reynolds number (Re = ( pLv) /1) and De
is the intrinsic Deborah number (De = (A material)/(Rayleight time scale))
[15].

However, visco-elasto-capillary theory, similar to chain entanglement
theory, is also based on non-Gaussian conformational statistics for
relatively long macromolecules, as well as on the physical-chemical
scaling concepts of de Gennes commonly used in polymer physics [19, 20].
In other words, neither theory considers reversible bonding (sticky
reptation) by hydrogen bonding nor van der Waals forces, as a critical
parameter for the unusual relaxation times of the saccharide
electrospinning. For instance, electron-dynamic interactions such as
Lifshitz-van der Waals interactions can promote an asymmetric electronic
configuration of the molecules within the solution when aqueous
solutions of nonpolar molecules are subjected to high voltage electric



fields [10, 11]. Moreover, Lifshitz-van der Waals interactions can arise
from permanent dipole-dipole interactions (Keesom interactions), dipole-
induced dipole (dispersion) interactions (London forces), and dipole-
induced dipole (induction) interactions (Debye polarisation). In addition,
the orientation of charged water molecules is in turn associated with the
high density of opposing electron-donors, often a sizeable distance away
from the hydrophobic (electron-donating) surfaces - a mechanism
associated with hydrogen bonding [10, 11]. Furthermore, reported
evidence on the electrospinnability of nonpolymeric systems suggests that
their capacity to be electrospun is dependent on complex secondary
chemical bonding and on the electro-viscoelastic interactions between
individual =~ molecules  [21-30]. For example, polysaccharide
electrospinnability has been reported to be particularly dependent on
hydrogen bonding [27, 31, 32]. Also, the presence of hydrogen bonding
mechanisms is thought to influence the electrospinnability of food-grade
polysaccharide solutions [33, 34]. Likewise, hydrogen bonding between a-
, B- and y- cyclodextrin (CD) molecules and hydrocolloids are thought to
be responsible for the electrospinnability of highly concentrated aqueous
solutions of CDs [24-27, 31, 35-38].

The significance of intermolecular forces in the electrospinnability of
modified sucrose compounds (i.e. Octa-O-acetyl sucrose and Octa-O-
methyl sucrose) has been investigated as a function of the substitution of
sucrose, using an aqueous sucrose solution as the control. The significance
of non-covalent interactions in the electrospinnability of 2-
hydroxypropyl-p-cyclodextrin (2HP-B-CD) was further investigated, as
hydrogen bonding has been reported to play a role in promoting the
electrospinnability of cyclodextrins. The rheological behavior of 2HP-f3-
CD solutions was characterized by a frequency-independent stress
relaxation plateau such as that observed in cross-linked polymer networks
and reversible polymer gels with non-linear viscoelasticity. The results
presented throughout this chapter indicate that saccharide
electrospinnability does not depend on physical entanglements, as
described by the chain entanglement model. Instead, the
electrospinnability of concentrated saccharide solutions is in agreement
with visco-elasto-capillary theory, as described by the Deborah (De) and
Onsager (Oh) non-dimensional numbers relating elastocapillary thinning
rates to  the characteristic  material’'s  relaxation  times.



However, determining the electrospinnability of a given material is a
complex problem that involves the consideration of many different
solution and process parameters. Common theories based on polymer
physics and rheology cannot accurately describe the electrospinning
behaviour of nonpolymeric systems, such as supramolecular systems with
extensive secondary bonding (e.g., saccharide solutions).

1.2 SUGAR BASED BIOMATERIALS AND THEIR
ELECTROSPINNABILITY

Oligosaccharide and polysaccharide materials are well known for their
ability to form fibres by electrospinning [3, 33, 34, 40, 41]. The
electrospinning of biopolymers and their applications is widely reported
in the literature [22, 37, 39]. However, there is no previous report on the
electrospinnability of sugars. Honey, a highly-valued food commodity
with many prebiotic, antimicrobial and health benefits, is usually
composed of 38% fructose, 30% glucose, 1% sucrose/maltose, 9% other
sugars, and 22% water, with; containing varying amounts of several
suspended solids (oils, flavonoids, polyphenols, etc.) [42]. Honey from
native New Zealand manuka plants (Leptospermum scoparium) is a high
valued commodity in many parts of the world, especially in Asia (> $1.0
NZD/g). Antimicrobial effects against a wide range of gram-positive and
gram-negative bacteria are well-known properties of manuka honey.

The electrospinning of complex oligosaccharides and cyclic
polysaccharide materials such as cyclodextrins have also been broadly
reported [24-26, 31, 35-37]. Likewise, the electrospinnability of emulsions,
sol-gel systems and complex supramolecular materials have been also
reported in the literature [41, 43-49]. Cyclodextrins are able to host a wide
range of small hydrophobic molecules (or inclusions) within their
hydrophobic interior cavity. In contrast, the exterior of the cyclodextrin
molecule is highly hydrophilic, providing the inclusion- cyclodextrin
complexes with water solubility (Figure 3) [50].
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Figure 3. Chemical structure of tested 2-hydroxypropyl-p-cyclodextrin (2HP-f3-
CD), with a molecular substitution per anhydrous glucose unit between 0.57 and
1.29 (CsHoO5)7(C3H70)4.5

CDs are often used as carriers for solubilising hormones, vitamins, drugs,
and other compounds frequently used in tissue and cell culture and
pharmaceutical applications [25, 26, 37, 51]. For example, the
complexation of manuka honey with a-cyclodextrin has been reported to
have prebiotic effects during digestion, due to the increased antimicrobial
activity of the manuka honey CDs complexes [52].

Interestingly, amorphous structure on the cyclodextrin nanofibers was
shown across all samples as confirmed by atomic force microscopy (AFM),
X-ray powder diffraction (XRD), thermogravimetric analysis (TGA) and
differential scanning calorimetry (DSC) [27]. Also, Manasco et al.,
observed that the electrospinnability of HP-$-CD is reduced in the
presence of urea salts [53]. Urea is known to be a chaotropic agent,
disrupting hydrogen bonding between water molecules [54]. Urea can
also affect the hydrogen bonding between CD molecules and bound
water, reducing the size of the CD aggregates [55]. Similarly, Celebiouglu
et al, considered the influence of hydrogen bonding on the
electrospinnability of aqueous HP-B-CD solutions by adding urea salts to
hinder electrospinnability [38]. Nonetheless, discussions regarding the
hydrogen bonding maker or breaker capacity of urea for disrupting the
tetrahedral configuration of the water stereochemistry, are still not
resolved [54, 56]. Argumentation is centered on the capacity of urea to
slow down the rotational dynamic of water, by geometrically altering
hydrogen bonding networks and water stereochemistry [56].



Also, it has been reported that the hydrogen bonding capacity of aqueous
HP-p-CD solutions is affected (as increased CD solubility) by using heavy
water as a solvent and by the addition of sodium salts, among others
additives [55]. Likewise, ethanol-water mixtures have shown to
strengthen the hydrogen bonding between respective solvent molecules
[57]. Moreover, polar solvents, such as acetone, can also have hydrogen
bonding structuring effects on water [58]. Likewise, conductivity, surface
tension and pH of aqueous CDs solutions can affect CD-water aggregate
formation and consequent electrospinnability [54, 55-58].

Moreover, the influence of pH and noncovalent intermolecular bonding
on electrospinnability is also acknowledged in polymeric systems [28-30,
59]. For instance, pH and hydrogen bonding are known to influence the
electrospinnability of polymethyl methacrylate and polyvinyl alcohol [29,
30]. For such polymeric systems, rheological studies have shown that pH
and hydrogen bonding directly affect the viscoelastic properties of
aqueous and nonpolar solutions. For example, the viscoelasticity of
aqueous HP-B-CD solutions appears to be dependent on the strength of
the hydrogen bonding between CD molecules [53]. Therefore, aqueous
HP-p-CD solutions exhibit solid-like behaviour, as indicated by a storage
modulus (G') that exceeds the loss modulus (G") [53]. Moreover, the
formation of molecular aggregates of aqueous CDs can be attributable to
depletion flocculation by extensive hydrogen bonding networks [25-27].
However, the effect of van der Waals forces in the electrospinnability of
such materials is not acknowledged. Similarly, the potential of saccharides
to create metastable supramolecular-like architectures may underpin their
molecular aggregation [4].

The electrospinning of food related proteins such as collagen [21, 60-62],
zein [63-68, 71], bovine serum albumin [69], gelatin [72, 73] and others [70,
74] are often focused on medical and cosmeceutical applications [61, 75,
76]. The electrospinning of biopolymers such as chitosan [21, 77-82] and
cellulose-based materials [83-86] has been widely reported in literature for
various applications [77-86]. Low molecular weight saccharides have
applications in medicine, biology and microbiology [87] as well as in
electrochemistry and nanotechnology [4].

Commercial applications of biopolymer-based materials for smart

nanofibre composite membranes are rapidly growing, especially for tissue
engineering, medical wound dressings, and cosmetic patches [39, 73-76,
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88-91]. Also, polysaccharide applications have commercial significance
[33, 34], both as dynamic materials for complexation [92, 60] and as
functional carriers for bio-active compounds [88]. A particularly
significant effect of using biomaterials in aqueous systems during
electrospinning, is the possibility of reducing the environmental and
human health impact of toxic solvent systems in commercial nanofibre
manufacturing [46]. Additionally, the possibility to create nanofibre
membranes by emulsion electrospinning is particularly significant to the
growing nanofibre manufacturing industry [43, 45, 93, 94], as emulsion
systems could require less regulatory constrains during production. Also,
the relative ease for the complexation of drugs in emulsions and colloidal
systems facilitates the commercialization of new delivery technologies to
the medical and pharmaceutical markets [95-99].

Pharmaceutical, cosmeceutical and biotechnology applications for
polysaccharide materials are often successfully commercialized in the
food, pharmaceutical and cosmeceutical industries [4, 33, 34, 39, 41]. For
example, polysaccharide electrospun nanofibre (e.g., alginates, cellulose,
chitin, chitosan, hyaluronic acid, starch, dextran, heparin and levan) could
be used for enzyme immobilization for biotechnology processes or as new
drug delivery mechanisms for wound dressings [33, 34, 41]. Also, the
electrospinning of new saccharide solutions could potentially lead to the
development of new devices for bio-sensing, skin scaffolds, and personal
health products [75].

1.3 NEW EXPERIMENTAL EVIDENCE ON S ACCHARIDE
ELECTROSPINABILITY — NANOCANDYFLOSS

The electrospinnability of concentrated aqueous solutions of glucose,
fructose and sucrose was combinatorially studied by physicochemical and
rheological characterisation methods, and by subsequently examining the
fiber morphology via scanning electron microscopy. Furthermore, the
significance of intermolecular forces (van der Waals versus hydrogen
bonding) in the electrospinnability of saccharides was investigated as a
function of the substitution of sucrose (e.g., octa-O-acetyl sucrose and
octa-O-methyl sucrose), using an aqueous sucrose solution as the control.
Additionally, the electrospinnability of cyclodextrin solutions was also



studied in order to explore the effects of hydrogen bonding on
supramolecular materials with complex visco-elasticity. Therefore, the
electrospinnability of 2-hydroxypropyl-B-cyclodextrins (2HP-B-CD) was
investigated by comparing a 2HP-B-CD peroxide-aqueous/acetone-
ethanol/NaHCO3 solution and an aqueous urea solution, as a function of
2HP-B-CD concentration. Also, the electrospinnability of food-grade
glucose syrup was investigated in order to explore affordable manuka
honey nanofibre formulations for commercial applications.

1.3.1 Methodology

1.3.1.1 Materials

D-glucose (CsHi1206 > 99.5%, CAS # 50-99-7) D-sucrose (Ci2H2011> 99.5%,
CAS # 57-50-1), D-fructose (CeH1206 > 99%, CAS # 57-48-7), Raffinose
(Ci1sH32016 - 5H20 > 99%, CAS # 17629-30-0), and maltose (Ci2H2011 - H20
>99%, CAS # 6363-53-7) were used as supplied (Sigma-Aldrich, Germany)
without further purification. Urea (CHsN20 > 99.5%, CAS # 57-13-6),
sodium hydrogen carbonate (NaHCOs > 99.7%, CAS # 144-55-8) and
aqueous hydrogen peroxide (H202> 50 wt. %, CAS # 7722-84-1) were also
used as supplied (Sigma-Aldrich, Germany) without further modification
(Table 1). Seebio Biotech, Inc, Shanghai, China supplied the 2-
hydroxypropyl-p-cyclodextrin ~ (2HP-B-CD) powder ((CeHoOs)7

(CsHrO)45) with an averaged degree of substitution of 4.5 (CAS # 128446-
35-5; molar mass 1541.5 g/mol and molecular substitution per anhydrous
glucose unit between 0.57 and 1.29). Octa-O-acetyl sucrose (CasHssO19, CAS
# 116015-75-6) and Octa-O-methyl sucrose (CisH26012, CAS # 126-14-7)
were manufactured at the organic synthesis laboratory in the Chemistry
Department of the University of Canterbury, Christchurch, New Zealand.

1.3.1.2 Solution preparation

All tested materials were diluted in deionised water (10 uS/cm, pH 6.9)
prepared using the following procedure: a) Slow solvent aggregation to a
previously known amount of solute, b) Gradual heating of the aqueous
solutions on a water bath until full solvation was achieved (50°C to 75°C)
and c) Subsequent storage of the concentrated solutions into plastic tight
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sealed containers. The supersaturated solutions were prepared by
increasing the dissolution temperature to 75 + 2°C for short periods of
time, and then promptly storing the solutions at lower temperatures (50°C
* 2°C) in air-tight sealed containers to avoid precipitation. All solutions
were prepared, processed and characterised in triplicate. All sealed
solution containers were stored inside the Marford photoelastic stress
freeze cabinet at 50°C * 2°C. Subsequently, all of the physical properties
of the solutions were measured at 50°C £ 2°C to avoid further precipitation
of the saccharides. Density was measured on a Mettler-Toledo (XPE)
analytical microbalance. All solution processing was carried out at 50°C +
2°C to minimise the thermal variability of the materials physical-chemical
properties.

1.3.1.3 Electrospinning

For the laboratory scale production, a modified Electrospinz ES1™
machine was used throughout the experimentation. Instead of the gravity-
assisted flow system, a syringe pump (NE-500, New Era Pump Systems
Inc., NY, USA) was used to deliver the electrospinning solution to the
spinneret (metal hypodermic syringe needle, internal diameter of 0.3 mm)
at a flow rate of 0.3 pl/min. All solutions were supplied to the spinneret
at a temperature of 50°C + 2°C, using a custom-built heating coil jacket for
the glass syringe, since the solutions were considerably too viscous to be
delivered to the spinneret at room temperature (20°C). The modified
electrospinning apparatus ESI™ was enclosed in a grounded Faraday
cage at a temperature and relative humidity of 35°C + 1°C and 38 + 3 %,
respectively. Electrospinning of the various solutions was performed
using an applied voltage of +15 kV and a spinneret-to-collector distance
of 15 c¢m, resulting in an electric field strength (E) of 1 £ 0.02 kV/cm. A
Glassman high voltage power supply (EQ series with reversible polarity)
was used instead of the provided EMCO power supply of the ES1™
machine. The polarity of the applied voltage was not found to influence
the electrospinnability of any of the tested solutions, indicating that the
test solutions have a polarity-independent charge-carrying capability.
Electrospun specimens were collected using a grounded aluminum foil
substrate and subsequently stored in a temperature-controlled desiccator
at low ambient humidity prior to characterisation by microscopy. For the
industrial scale production of some of the materials, the Komodo™
“sonic” electrospinning system, at the Revolution Fibres production site



in Auckland, was used for prototype and product development.

1.3.2 Characterisation methods

1.3.2.1 Physical-chemical properties of the solutions

The average values of pH, electrical conductivity and surface tension of
the solutions were measured in triplicate at a temperature of 50°C * 2°C.
The pH of the solutions was measured using a pH meter (Seven Easy,
Mettler-Toledo GmbH, Greifensee, Switzerland), with a claimed precision
of + 0.02. The surface tension was measured using an optical goniometer
(KSV. CAM200, KSV Instruments Ltd., Finland). The electrical
conductivity of the solutions was measured using a conductivity meter
(EDT Instruments, RE387TX, Dover, United Kingdom), with a claimed
precision of = 0.5 %.

1.3.2.2 Process imaging

A high-speed motion camera (MotionPro® X3) with sensitivity of 1280 x
1024 pixels was used for capturing photographic images of the jet during
flight. The fibre in flight was illuminated by six 12 V/50 W halogen lamps
to provide consistent lighting conditions during video capture.

1.3.2.3 Rheometry

The rheological behaviour of tested materials was measured using an
Anton Paar MCR series rheometer (Anton Paar GmbH, Graz, Austria). All
experiments were performed at a temperature of 50°C + 1°C with a cone
and plate configuration having a 50 mm diameter and 2° angle between
the surface of the cone and plate. Unavoidable least pre-shear calibration
forces were automatically exerted by default settings on tested solutions,
immediately after the highly viscous solutions were deposited on the
rheometer plate, prior to testing. The rheological properties were
measured in rotational mode as a function of the shear rate (0.1-1000 s),
and in oscillatory mode with a strain of 0.1 % as function of the angular
frequency (0.1-1000 s1). A strain of 0.1 % was determined to be within the
linear viscoelastic range of the solutions as determined from a strain
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sweep. Zero-shear viscosities were given by fitting the complex viscosity
data from the oscillatory tests using the Cox/Merz relation at an averaged
viscosity of 0.1s1. Both storage and loss moduli were measured in angular
(oscillatory) mode. The zero-shear viscosity was determined from the
complex viscosity data obtained by oscillatory tests using the standard
Cox-Merz relation at an average shear rate of 0.1 s-1. The storage (G') and
loss (G") moduli were measured in oscillatory mode over an angular
frequency (o) range of 0.1-1000 s-1.

1.3.2.4 Scanning electron microscopy

The microstructures of the electrospun samples were examined with
scanning electron microscopy (SEM, JEOL JCM-5000 NeoScope Tokyo,
Japan). Specimens were observed by secondary electron imaging without
the use of a gold or carbon sputtered coating, at an accelerating voltage of
10 kV in high vacuum mode.

1.3.2.5 High performance liquid chromatography (HPLC)

Sample preparation was carried out by dissolving a weighed amount of
syrup in 1 mL of reverse osmosis-purified water. After centrifugation at
14000 rpm for 10 min, the supernatant was placed in a HPLC vial
Retention times and response factors generated by calibration standards
of known sugars were used to identify and calculate concentrations of the
unknown components. The concentrations were compared against three
different points of the calibration curves for each sugar, and the results
obtained had a coefficient of determination (r?) close to unity (0.999).
HPLC analysis was carried out using a Waters 2690 Pump, auto-sampler
and Econosphere 5 micron amino column at 30°C. An isocratic mobile
phase of 75.0 % acetonitrile: water was used. Eluted sugars were detected
using a Waters 2414 refractive index detector at 40°C.

1.3.2.6 Non-dimensional numbers equations

The relaxation time for each solution was approximated by the relaxation
modulus based on the tube model (1 = k(G")/k'(G")). Calculated values
for each solution are not shown. Values for the relaxation times of tested
solutions, using currently available rheological techniques, varied from
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9s for F/+SAT solution to 0.04 s for GS/+SAT solution. Graphs of the
experimental data fitting using a simplified version of the tube model, 1
=k(G")/k'(G"), are not reported.

1.3.3 Glucose, Fructose and Sucrose

The naming of the various solution compositions was abbreviated as
follows: glucose (G), fructose (F), sucrose (S), glucose-fructose-sucrose
(GFS), glucose-fructose (GF) and glucose-sucrose (GS). Additionally, the
samples were labelled according to the concentration regime:
undersaturated (-SAT), saturated (SAT) and supersaturated (+SAT). For
example, FS/+SAT indicates a supersaturated solution with equal
amounts of both fructose and sucrose. Electrospinnability for tested
materials was evaluated based on the foremost continuous and abundant
filament formation, notwithstanding droplet formation and beaded
filament structure. F/+SAT and S/+SAT and solutions and their
combinations exhibited the best electrospinnability results, in comparison
with glucose containing solutions (Figures 4-6).

However, both G/SAT and F/+SAT solutions showed filament formation
(Figure 4). Likewise, the ternary combination of glucose, sucrose and
fructose /+SAT solution also showed filament formation (Figure 6). In
contrast, both glucose and sucrose /SAT and /+SAT solutions did not
show any filament formation. Both stable jet formation and chaotic
whipping instability were observed for most sucrose-containing solutions
at supersaturated concentrations (Figure 5). In particular, F/+SAT
showed the longest straight jet for the pure saccharide solutions, as
evidenced by their continuous filament formation.
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Figure 4. Scanning electron micrographs of subrnlcron droplets nd filaments of
the pure saccharide solutions produced by electrospinning at 50°C.

GLUCOSE FRUCTOSE SUCROSE

-SAT

SAT

+SAT

Figure 5. Scanning electron micrographs of submicron droplets and filaments of
the binary saccharide solutions produced by electrospinning at 50°C.
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Figure 6. Scanning electron micrographs and high-speed photographs of
submicron droplets, filaments and jets of the ternary saccharide solutions
produced by electrospinning at 50°C.

1.3.3.1 Physical-chemical properties of solutions

The highest density (1.61 g/mL), electrical conductivity (4.39 x 104S/m),
and surface tension (12.109 N/m) was found for FS/+SAT, GFS/-SAT,
and GS/+SAT, respectively. In contrast, the lowest density (1.36 g/mL),
conductivity (0.03 x 10#S/m), and surface tension (7.687 N/m) was found
for G/-SAT, F/+SAT, and G/-SAT, respectively. Higher densities related
to greater electrospinnability (Figure 7). However, lower conductivities at
higher concentrations promoted filament formation (Figure 9). However,
no obvious relationship between surface tension and electrospinnability
was observed (Figure 8). The average standard deviations for the density,
conductivity and surface tension were 0.0617 g/mL, for 0. 228 104 S/m
and 0.4457 N/m, respectively. Circled areas on all graphs (Figures 7-10)
exhibited the highest electrospinnability, taken as the formation of the
longest continuous filaments with stable jet formation. In contrast to the
expectation that relatively higher conductivities correspond to higher
ionic mobility, hence increased electrospinnability, samples with lower
conductivities electrospun best [193].

Moreover, electrospinnable solutions corresponded to higher pH values
of tested solutions, e.g., F/+SAT (5.8) and S/+SAT (5.0), GF/+SAT (4.8)
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and FS/+SAT (4.3). Although pH for tested saccharide solutions was
rather acidic, this phenomenon is in agreement with other literature
reporting low pH values for caramelised syrups [101]. Lower conductivity
values could suggest that charge during electrospinning may not be solely
transported by ionic diffusion. Likewise, an increase in jet length was
observed to correlate with the formation of continuous filaments (Figure
11).

Surface tension, conductivity and viscoelasticity are important factors in
the electrospinnability of any given material. However, in the case of most
biopolymers and supramolecular polymers, such properties find their
origin in secondary chemical forces, rather than in covalently physical
bonding mechanisms [102-105].
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Figure 7. The density of the aqueous saccharide solutions as a function of the
saccharide concentration at 50°C. Circles indicates those solutions with
improved electrospinnability (greater filament formation).
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For example, hydrogen bonding can have a significant effect on capillary-
driven processes, such as in the cases of microfluidics and electrospinning
[106-110]. Longer relaxation times of some supramolecular polymer
solutions are also associated with higher visco-elasticities [10, 111]. Often,
such viscoelastic behaviour could be explained by the sticky reptation
model of associating networks. The sticky reptation model proposes that
reversible (short-term) bonds in supramolecular polymers, such as
hydrogen bonds, can act as “sticky points” for the so-called “associative
supramolecular networks”, and so dictate the long-term stress and strain
dynamics of the bulk solution [112]. In other words, concentrated
saccharide solutions could behave as an interconnected network or gel, for
time scales shorter than the lifetime of these reversible bonds (e.g.,
hydrogen bonding) [112].

Moreover, it is known that increased filament length or extensional
capacity may indicate a polymer solution with a higher elasticity [17, 113,
114-116]. The associated electrospinnability for viscoelastic polymer
systems is also found on nonpolymeric systems, as supported by the
relationship between higher zero-shear viscosities, longer stable jet
lengths (elasticity) and electrospinnability of tested saccharide solutions
(Figures 10 and 11).
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Furthermore, the elasticity of supramolecular polymers while in solution
may be related to electrospinnability through gelation or colloid
aggregation via hydrogen bonding networks [111, 112, 117]. Moreover,
viscoelasticity also may play an important role in the electrospinnability
of cyclodextrins [24, 27]. For example, Uyar et al. proposes that hydrogen
bonding promotes the self-assembly of CD molecules into aggregates,
resulting in solutions of higher elasticity and electrospinnability [27].
Similarly, sucrose aqueous solutions can strongly bind water molecules in
its hydration sphere, orientating water molecules even at long distances,
as in hydrocolloids clusters [3-5, 118].

1.3.3.2 Viscoelasticity of saccharide solutions

Viscosity values measured for saccharide solutions were relatively lower
when compared with typical polymeric materials usually measured at
20°C, since the associated dynamic shear viscosities for tested saccharide
solutions did not exceed 10 Pa-s at 50°C (Figure 12). Moreover, in contrast
to the expectation that diluted saccharide solutions behave as Newtonian
fluids, most of the fructose- and sucrose-containing concentrated
solutions behaved as non-Newtonian fluids. Similarly, Quintas et al.
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found that nucleation and crystal growth of metastable supersaturated
sucrose aqueous solutions during shear stress do not correlate with the
expected Newtonian behaviour predicted by the Arrhenius model [119].
However, no conclusive experimental evidence has been reported on the
correlation between the nucleation processes of concentrated sucrose
aqueous solutions during shear stresses and the viscoelasticity of the
solution. Hence, the chemical bonding dynamics (nucleation) relating to
the associated colloid aggregation (van der Waals) and self-assembly
processes (hydrogen bonding) that influence the electrospinnability of
concentrated saccharide solutions are still too complex to validate
experimentally [4, 27, 101].
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Figure 12. Shear rate (y) to dynamic viscosity (p) relationship for single, binary
and ternary combination of saccharide at 50°C.

The apparent complex viscoelastic behaviour may be associated with the
nonlinear additivity of hydrogen bonding and van der Waals forces when
subjected to external electric fields [10, 11]. Also, the orientation of the
charged solvent (ionised water) molecules may in turn be associated with
a high surface density of electron-donors (reducing sugars), often related
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to a net repulsive Lifshitz-van der Waals interactions between molecules
[10, 11]. The non-Newtonian behaviour of the nonreducing sugars is
especially noticeable for the sucrose and fructose-sucrose supersaturated
solutions, as evidenced by the shear thinning behaviour of FS/+SAT
(Figure 12). Also, all tested samples were more viscous than elastic due to
the G' values always being lower than their respective G" (not shown).
However, S/+SAT showed the highest G' at higher angular frequencies
while F/+SAT showed the lowest G' at all angular frequencies (Figure 13).
Likewise, binary mixtures of sucrose solutions showed higher G' at all
angular frequencies, while GF/+SAT showed the lowest G’ of all solutions
(Figure 13). Moreover, F/+SAT, which exhibited the longest stable jet
length (Figure 11), also showed the second lowest G' of all the solutions
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Figure 13. Angular frequency to storage modulus (G’) relationship for single,

binary and ternary combination of saccharide at 50°C.

1.3.3.3 Electrospinnability analysis

The stable formation of polymer fibres during electrospinning requires
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greater than two entanglements per chain to provide sufficient molecular
cohesion, according to the chain entanglement theory. The critical overlap
concentration (c*) may be calculated using equation 4, where M is the
molecular mass, N, is the Avogadro number, and <r?>3/2is the root-mean-
square end-to-end distance

. M
ans[(r2)/2]eNg

equation 4
Macromolecules with low molecular mass and many peripheral hydroxyl
groups (e.g., high hydrophilicity) cannot be described by an end-to-end
distance, due to fluctuations in their hydration shells [110]. Consequently,
the use of the hydrodynamic radius (Ri) offers a more accurate
representation of molecular dimensions (van der Waals radii) than the
root-mean-square end-to-end distance, as given by equation 5.

Re= 372 (1) equation 5
Using open source software Avogadro 2.0 as the computational method
to model the van der Waals molecular ratio for each saccharide molecule,
the Merck Molecular Force Field (MMFF) for sucrose, glucose, and
fructose, through a standard geometry optimisation was calculated.
Subsequently, an approximate hydrodynamic radius (Ry) of the glucose,
fructose and sucrose molecules was determined by averaging the linear
distances between each carbon and peripheral hydrogen and oxygen atom
(Figure 14) [110, 114- 116]. The critical overlap concentration (c*) was then
calculated using Equation 4, and values are shown in Table 2.
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Figure 14. Molecular models showing their van der Waals molecular ratios for
glucose (A), fructose (B) and sucrose (C).

Based on the presented evidence, critical concentration or chain
entanglement theory applied to electrospinning does not predict the
electrospinnability of tested saccharide solutions. The required critical
entangled (Ce) concentrations (Ce ~10 x c*) predicted by the model is one
order of magnitude higher than the critical overlap concentration (c*)
found for the tested saccharide solutions (Table 2). In other words, the
electrospinnability of nonpolymeric systems can be achieved with less
than 2 x ¢* (where Ce =10 x c¥), contrasting with the chain entanglement
electrospinnability condition of 2 x Ce.

Table 2. Critical overlap concentration values for all solutions based on the
hydrodynamic radius (Rj).

Variable Solution
G F S GFS GF GS FS
M 180 180 342 210 180 236 228
g/mol
Ry, 2.5 3.1 6.2 3.9 2.8 4.4 4.7
A
c* 291 151 36 90 203 72 56
wt. %
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In contrast, electrospinnability predicted by extensional rheology models
depends on the growth of a visco-elasto-capillary wave, similar to the
Rayleigh instability that scales with A1, where A is the characteristic
polymer relaxation time [17, 120]. This corresponds to the elasto-capillary
number (Ec = Wi/Ca); an increase in this number results in a strong
stabilisation of the jet. Thus, the Deborah number must be greater than 1
for stable fiber formation [120]. Therefore, the following conditions must
be true, Oh > 1 (viscosity) and De > 1 (elasticity), in order for a continuous
non-beaded filament to be formed (Figure 2).

For example, the longest Rouse relaxation time for polymers is usually in
the range of 1 to 3 s. Relaxation processes that occur on smaller time scales
than 10-100 ms cannot be unambiguously resolved [120]. However,
during electrospinning, molecular relaxation is usually increased with the
strength of the external electric field. This effect cannot be attributed to the
electro-rheological effect alone, but also to the polarisation current
induced in the solution. Moreover, relaxation times for many biopolymers
and supramolecular polymers with relatively small chains and a high
degree of OH- groups and/or permanent dipoles cannot usually be
determined by the Rouse model. Similarly, the Rouse model holds for only
up to a certain crossover time or frequency for short chain molecules in
solutions over the chain entanglement concentration (e.g., colloidal
aggregates).

Aggregates of small molecules measured over the higher frequencies
might only move within a “tube” formed by the surrounding aggregates
(hydration shells), as described by the reptation model. Hence, a
simplified version of the tube model e.g., A = k(G")/k” (G”), was used
instead of the Rouse model, for predicting the longest relaxation times of
the solutions (data not shown). However, even the simplified version of
the tube model did not accurately fit the predicted values over the whole
range of frequencies, due to the high standard deviations at lower
concentrations. Approximate values were then used to estimate the
intrinsic Deborah number, and consequently calculate the non-
dimensional numbers required by the elasto-visco-capillary theory, as
proposed by McKinley et al., (Figure 15) [15, 16].
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Figure 15. Logarithmic scale of the elasto-capillary numbers plotted against the

intrinsic Deborah numbers for all saccharide solutions, at all concentrations at

50°C.

However, visco-elasto-capillary theory does not offer an explanation as to
how bounded water and aqueous phase separation (aggregate formation)
relate to hydrogen bonding interactions and jet charge-transport
mechanisms [101]. Nonetheless, visco-elasto-capillary theory suggests
that longer relaxation times or the capacity to remain electrically stressed
for longer periods of time, correlates to higher electroviscoelasticity,

resulting in improved electrospinnability.

Modified sucrose solutions (e.g., octa-O-acetyl sucrose and octa-O-methyl
sucrose), with different hydrogen bonding capacities and molecular
polarities, were electrospun to further investigate secondary bonding and

electrospinning process relationships.
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1.3.4 Octa-Acetyl/Methyl Sucrose

The significance of intermolecular forces on the electrospinnability of
modified sucrose derivatives (e.g. octa-O-acetyl sucrose and octa-O-
methyl sucrose) using an aqueous solution of sucrose as the control, was
investigated. Octa-O-acetyl sucrose has been used as enzymatic catalysis
additive for selective hydrolysis in some lipases [126, 127]. In comparison,
octa-O-methyl sucrose is commonly used as non-crosslinking agent for
polymer synthesis [128]. In this study, octa-O-acetyl sucrose and octa-O-
methyl sucrose were used as test materials for evaluating the significance
of hydrogen bonding and van der Waals forces in the electrospinnability
of saccharide solutions. Neither compound has the capacity to donate
hydrogen with nearby solvent molecules. Whereas, sucrose has the
capacity to accept and donate hydrogen to other solvent molecules like
water.

Both, octa-O-acetyl sucrose and octa-O-methyl sucrose are only capable of
acting as H-bond acceptors (e.g. from solvent molecules such as water),
since neither compound has any hydroxyl groups (Figure 16). Therefore
neither octa-O-acetyl sucrose nor octa-O-methyl sucrose can participate in
intermolecular reciprocal hydrogen-bonding interactions with other
molecules of the solute. Moreover, octa-O-methyl sucrose (CaoHzsO1,
45451 gr/mol) has 33% more mass than sucrose (Ci2H2011, 342.11
gr/mol), while octa-O-acetyl sucrose (CasHssO19, 678.60 gr/mol) has 98%
more mass.

Likewise, the hydrogen bond acceptor sites (oxygens) for octa-O-methyl
sucrose (eleven) are equivalent to the number of oxygens in sucrose
(eleven) but 40% less than octa-O-acetyl sucrose (nineteen). However, the
rotatable bond sites of octa-O-methyl sucrose (thirteen), are less than the
rotatable bond sites octa-O-acetyl (twenty-one) both greater than the
rotatable bond sites of sucrose (five), (Figure 16). The fact that octa-O-
acetyl sucrose is more polar than octa-O-methyl sucrose yet neither has
the capacity for reciprocal intermolecular H-bonding, offers the possibility
to test the significance of van der Waals forces (dipolar moment dynamics)
in the electrospinnability of saccharide materials (Table 2).

29



AcO MeO

AcO MeO
° OA ° oM
e
AcO ¢ MeO
AcO | OAc MeO OMe
0- 0-
OAc OMe
OAc

OMe
Figure 16. Octa-O-acetyl sucrose (right) and Octa-O-methyl sucrose (left).

Concentrations of 75 wt. % sucrose, octa-O-methyl sucrose and octa-O-
acetyl sucrose in deionised water for all three solutions were used. The
aqueous solutions were prepared by using a water bath at a temperature
of 50 + 2 °C until complete solute dissolution was achieved. Subsequently,
samples were stored at 50 £ 2 °C to avoid precipitation of the concentrated
sugars. The n-octanol / water partition coefficients (cLogP) for sucrose (-
3.7), octa-acetyl sucrose (-0.9) and octa-methyl sucrose (-1.2) were
approximated (x 0.25) using Chemdraw (Table 3). The solution of octa-O-
acetyl sucrose had the highest pH value and the lowest conductivities of
all the solutions investigated (Table 2). In contrast, the solution of octa-O-
methyl sucrose had the lowest pH value and the lowest surface tension
value of all the solutions. Sucrose (the control) had the highest surface
tension and conductivity of all the samples. However, octa-O-acetyl
sucrose showed the best electrospinnability (continuous filament
formation) of all the samples tested (Figure 17).

Table 2. Physical-chemical properties of modified sucrose solutions and control.

Material pH | Conductivity | Surface | Density Partition | Hydrogen
{x10r* 5/m) | tension (kgim™) coefficient | bonding
{Id/m) capacity
Oeta-Cracetyl | 6.75 001 452 1.21 x 10° -0.9 Agceptor
LTS
Octa-O-methyl | 4.88 013 273 1.03 x 10° -1.2 Acceptor
EUCTORE
Bucrose 5 ) 821 155 x 10° ) Acceptor /
Donor
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1.3.4.1 Octa-O-acetyl/-methyl sucrose electrospinnability.

Octa-O-acetyl sucrose showed an improved electrospinnability as
compared with sucrose. In contrast, octa-O-methyl sucrose solutions did
not present any filament formation during electrospinning; rather
electrospraying of droplets was observed. Interestingly, the aqueous
sucrose solution presented both filament and droplet formation (e.g., both
electrospinning and electrospraying) simultaneously (Figure 17).

Qcts-C-acetyl sucrose |

Orta-0-methyl sucross |

Figure 17. Scanning electron micrographs of octa-O-acetyl sucrose and octa-O-
methyl sucrose in comparison to the control, sucrose; all at 75 w.t % and
produced by electrospinning at 50°C.

The fact that the per-acetylated sucrose solution did electrospin, negates
the argument that reciprocal intermolecular H-bonding between solute
molecules is absolutely required for electrospinnability. Also, there is a
correlation between high pH, low conductivity and a low cLogP (e.g., a
high molecular polarity) to the electrospinnability of the octa-O-acetyl
sucrose. Nonetheless, the fact that sucrose also presented filament
formation (to a lesser extent than octa-O-acetyl sucrose), suggests that
hydrogen bonding, like van der Waals forces, are both required for the
electrospinnability of saccharide materials.

31



1.3.5 Hydroxypropyl-B-cyclodextrin (HP-B-CD)

Aqueous electrospinning solutions were formulated with the intention of
either enhancing (Hb-E) or disrupting (Hb-D) the overall hydrogen
bonding networks between CD and solvent molecules. Hence two
different solutions were made, a saturated urea solution, aimed at
negatively disrupting the hydrogen bonding networks between CD and
water molecules (Hb-D), and a diluted sodium bicarbonate (NaHCO5)
aqueous solution on a (50:50) acetone/ethanol solvent system, aimed at
positively enhancing the overall hydrogen bonding network between CD
and water molecules, while promoting solvent evaporation during
electrospinning (Hb-E). The composition of the Hb-E solvent system was
0.5 wt. % sodium bicarbonate in 43.25 wt. % water, with 30 wt. % acetone,
20 wt. % ethanol, and 6.25 wt. % hydrogen peroxide, while Hb-D was
prepared as a saturated solution of urea in deionised water. The
electrospinning solutions were prepared by dispersing 2HP-3-CD (55-70
g/cm3) in the solvents at a temperature of 50°C + 2°C.

1.3.5.1 Physical-chemical properties of 2HP-3-CD solutions

As expected, the 2HP--CD/HDb-E solutions exhibited both higher pH
(Figure 18) and conductivity (Figure 19) compared with those of the 2HP-
p-CD/Hb-D or 2HP-p-CD/HO solutions, due to the presence of
bicarbonate salts. In contrast, the surface tension of the 2HP-f-CD/Hb-E
and 2HP-$-CD/H-0 solutions were lower than that of 2HP-$-CD/Hb-D
(Figure 20). The pH of the 2HP-B-CD/Hb-E solutions was higher than all
other samples, as expected with the addition of bicarbonate salts.
However, all pH values converged to a value of 9.5 with a CD
concentration of 70 wt. % (Figure 18). Such linear behavior could be
related to the concentration dependency of the hydronium ions” (H3O")
mobility while in aqueous solution. In contrast, surface tension for all
solutions showed the opposite behaviour, such that surface tension values
diverged with increasing concentration of cyclodextrins. For instance, all
of the 55 wt. % CD solutions exhibited surface tension values of ~6 to 6.5
N/m, while the value for 75 w.t % CD solutions was 6 to 7.5 N/m (Figure
20). Similar to the case of pH, the linear effects might be attributable to the
concentration dependency of added ionic salts and volatile solvent
systems in contact with air. Interestingly, visco-elasto-capillary effects
show that an electrospinnable system will tend to minimise its total
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surface tension to form continuous filaments [15, 16]. For example, 2HP-
p-CD/Hb-E solutions showed the lowest surface tension values of all
samples yet good electrospinnability (Figure 21). Furthermore, 2HP-f-
CD/Hb-E solutions at lower CD concentrations showed a relatively high
electrical conductivity (Figure 19) but poor electrospinnability (Figure 21).

In contrast, 2HP-B-CD/Hb-D solutions did not electrospin into fibres, in
spite of a higher conductivity compared to that of the 2HP--CD/H>O
solutions. The electrospinnability of polymeric systems is known to be
related to the increased conductivity of the solution [129-134]. In the
present work, a consistent correlation between the conductivity of the CD
solutions (Figure 19) and resulting solution electrospinnability was not
observed (Figure 21). Therefore, it appears that the conductivity of tested
solutions cannot be directly linked to the electrospinnability of 2HP-$-CD
(Figure 19 and 20).
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Figure 18. The pH of the 2HP-B-CD solutions as a function of solution type and
concentration of 2HP-B-CD (error bars showing an average standard deviation
of 0.16).
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Figure 19. Conductivity of the 2HP-B-CD solutions as a function of solution
type and concentration of 2HP-f-CD (error bars showing an average standard
deviation of 0.86).
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1.3.5.2 Electrospinnability of 2HP-B-CD solutions

Both stable and chaotic jet formation was observed for all 2HP--CD/H>O
and 2HP-B-CD/Hb-E 60 wt. % solutions. In contrast, electrospraying of
droplets occurred for all 2HP-f-CD/Hb-D solutions, with no jet formation
observed (Figure 21C, F, I and L). Consequently, all 2HP-$-CD/Hb-D
solutions did not present any fiber formation. The electrospinning of 2HP-
p-CD/H-0 solutions at concentrations of 55 wt. % and 60 wt. % resulted
in electrospraying of droplets and bead-on-string structures, respectively
(Figure 21A, and D). However, 2HP-f-CD/H>O exhibited beaded
morphology and stable fiber formation at concentrations greater than 65
wt. % 2HP-p-CD.

Interestingly, the electrospinning of 2HP-p-CD/Hb-E at concentrations of
60 wt. % and 65 wt. % resulted in fibres that fractured following deposition
onto the collector (Figure 21E, and F). The presence of fractured fibres may
indicate differential shrinkage following deposition, possibly due to a lack
of crystallinity within the CD nanofibre, as the amorphous composition of
electrospun cyclodextrin nanofibres has been already reported by
Celebioglu and Uyar [32, 122].

The experimental data presented in this chapter further supports previous
evidence reported by Uyar et al., in respect to the addition of urea salts to
aqueous 2HP-B-CD solutions to deter hydrogen bonding within the
solvent molecules and subsequent electrospinnability [53- 55].
Hydrodynamic radiuses of 2HP-f-CD molecules reported in literature,
spanned from 0.65 nm inner diameter to 1.5 nm outer diameter, per CD
molecule [135]. Critical concentration theory values using reported
molecular dimensions, do not adequately predict the electrospinnability
of tested materials, as concentration over 100 wt.% of solute would be
required in order for 2HP--CD/H>O solutions to be electrospun. Also,
visco-elasto-capillary theory could not be applied to the electrospinning
of CDs in modified solvent systems, due to the complex rheological
properties of tested solutions during electrospinning (Figures 22 and 23).
Moreover, linear viscoelasticity could not be directly related to the
hydrogen bonding within the solutions, since the condition of G' > G"
could not be consistently related to the electrospinnability of the solutions
as exemplified by 2HP-p-CD/Hb-D (Figure 23).

However, the observed viscoelastic behaviour agrees in principle with the
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visco-elasto-capillary thinning theory of complex fluids; as non-
Newtonian fluids with shear thinning viscosity and G' > G" at higher
angular frequencies are able to better resist extensional capillary thinning
and filament break-up when compared with Newtonian fluids for which
G' < G" at low angular frequencies [151, 15]. Interestingly, no
electrospinnability was observed for 65 and 70 wt. % 2HP-$-CD/Hb-D
solutions, even with G* > G”. Also, 65 and 70 wt. % 2HP-$-CD/Hb-D
corresponded to the highest surface tension values for all solutions at such
concentrations, as well as showing similar conductivity and pH values in
respect to 2HP-$-CD/H>O solutions at the same concentration range.
Therefore, the fact that 60 wt. % 2HP-p-CD/Hb-E shows
electrospinnability (G' > G"), in contrast to the 2HP-f-CD/H-O solutions
at the same concentrations with G' > G", suggests that the Hb-E solvent
system had a positive impact on intermolecular interactions and
consequent aggregate formation (electrospinnability) in comparison to
water systems.

2HP-5-COYHO 2HP-5-CDYHBb-E 2ZHP-G-COYHb-D

60wl %
2HP-5-CD &

65 wi. %
2HP-3-CD

Figure 21. Scanning electron micrographs of as-deposited electrospun 2HP-f-
CD samples as a function of CD concentration and solvent type produced by
electrospinning at 50°C.
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1.3.5.3 Viscoelasticity of 2HP--CD solutions

Rheological measurements were used to compare the viscoelastic
relationships between the electrospinnability of the 2HP-p-CD solutions
of varying solvent systems. Shear thinning behaviour was observed as a
decrease in the dynamic viscosity (1) with increasing shear rate (y). Shear
thinning was observed for all solutions during rotational testing (Figures
22A, B and C). The frequency response of the 2HP-f-CD solutions showed
that solutions exhibit predominantly elastic behaviour over the angular
frequency (w) range investigated, as indicated by a storage modulus (G')
at least an order of magnitude higher than the loss modulus (G") (Figures
23A, B and C). In general, 2HP-p-CD solutions exhibited weakly elastic
behaviour above 65 wt. % 2HP-f-CD.

The storage (G') and loss (G") modulus of 75% wt. % 2HP-B-CD (104-10¢
Pa) was in agreement with that for native f-CD at 150% (w/v) as reported
in the literature (Figure 23) [122]. In contrast, the viscosity of native $-CD,
as reported in the literature [122], ranged between two to three orders of
magnitude below that obtained for 2HP--CD/H>O and 2HP-f-CD/Hb-E
solutions. Discrepancies with the reported literature values may be
attributed to the difference in the molecular weight of the f-CD derivative
used in this work (2HP-$-CD) (1460 g/mol) [53].

The difference in the molecular weight could also correspond to the
variance in the reported viscosity (Figure 22) [53]. Also, a relatively high
molecular substitution per anhydrous glucose unit (0.57-1.29) is reported
in this work in comparison with data from available literature (0.6-0.9)
[122]. Consequently, correlations with present experimental results are
not possible due to the lack of published p-CD density and molecular
weight values elsewhere in the electrospinning literature [27, 32, 53, 122].

Furthermore, the viscosities of 2HP--CD/H>O at 65 and 70 wt. % CD
were five orders of magnitude higher than those for 55 and 60 wt. % 2HP-
p-CD. The large difference in viscosity suggests a pronounced increase in
intermolecular interactions between the CD molecules above 60 wt. %
2HP-B-CD. Similarly, 2HP-f-CD/H>O exhibited elastic behaviour where
G' is significantly higher than G" for all CD concentrations (Figure 23A).
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Figure 22. The dynamic viscosity as a function of the shear rate and 2HP-3-CD

concentration at 50°C; for (A) 2HP-B-CD/H20, (B) 2HP-3-CD/Hb-E and (C)
2HP-B-CD/Hb-D.
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In contrast, 2HP--CD/Hb-D solutions showed lower values of G' and G"
at low concentrations (55-60 wt. % CD) compared with higher CD
concentrations for 2HP-f-CD/Hb-D solutions (Figure 22). Moreover, Hb-
D based solutions with 65 or 70 wt. % 2HP-$-CD could not be electrospun
into fibres even though G' > G". In contrast, 2HP-p-CD/H>O solutions
showing G' > G" could be electrospun into fibres. The 60 wt. % 2HP-f-
CD/H:O solution exhibited poor electrospinnability compared with a 60
wt. % 2HP--CD/HDb-E solution that exhibited similar viscoelastic
behaviour (G'> G") (Figure 21D and E). However, electrospinnability was
not observed for any 2HP--CD/Hb-D solutions, regardless of G' > G" at
higher CD concentrations (Figure 23). Similarly, 2HP-f-CD/Hb-E samples
exhibited G' > G" for all 2HP-f-CD concentrations; however,
electrospinnability was not observed for 55 wt. % 2HP-p-CD/Hb-E
(Figure 23).

Additionally, the development of a plateau in G' over a wide range of
angular frequencies suggests that the presence of 2HP--CD aggregates
resulted in gel-like behaviour for all solutions. The nonlinear viscoelastic
behaviour observed in the solutions is typically associated with a high
number of associating networks, such as those described by the sticky
reptation model proposed by Rubinstein et al. [112]. Furthermore, a G'-G"
crossover point could not be observed, creating a practical limitation in
calculating the molecular relaxation time using rheometry. Thus, Rousse
relaxation times of the solutions were not detectable over the range of
frequencies investigated.

Likewise, the sticky reptation model of associating networks proposes that
rapidly reversible (short-term) bonds in supramolecular polymers, such
as hydrogen bonds, can act as sticky points to form associative
supramolecular networks that dictate the long-term stress and strain
dynamics of the bulk solution [112]. Thus, the solution is capable of
behaving as an interconnected network on time scales shorter than the
lifetime of the reversible bonds. Moreover, dielectric or light scattering
spectroscopy has shown that the oxygen atoms in a saturated aqueous CD
solution could act as “open-close” stickers [31, 35, 36], where there are
noticeable differences between a-, f- and y-cyclodextrin (CDs) [136].
Nevertheless, hydrogen bonding donor mechanisms might not
necessarily be related to electrospinnability, as shown by the
electrospinning of octa-acetyl-sucrose.
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Additionally, the gel-like behaviour of cyclodextrin-based solutions is in
agreement with the literature reports on nonlinear viscoelasticity or solid-
like behaviour for CD solutions, possibly due to complex intermolecular
hydrogen bonding [27, 32, 53, 57-59]. Evidence suggests that 2HP-f-
CD/Hb-D solutions can still form aggregates with themselves and
bounded water in the presence of urea, possibly due to steric effects, as
evidenced by their viscoelastic behaviour (G' > G") at higher 2HP-3-CD
concentrations. However, the significance of van der Waals forces versus
hydrogen bonding networks during electrospinning, is not yet fully
understood.

1.3.6 Glucose syrup

The electrospinnability of food-grade glucose syrup, as carrier bio-
material for manuka oils, was investigated in order to provide affordable
honey nanofibre formulations for both air filtration and skincare
applications. However, as food-grade glucose syrup contained added
preservatives, the composition of the syrup was investigated by Mass
spectrometry and HPLC; in order to determine the purity of the material.
In order to provide mechanical and bioactive properties to the nanofibre
membranes, a concentrated aqueous manuka-saccharide solution in
combination with proprietary polymer and non-hydrolyzed marine
collagen formulations, was used to manufacture the facemasks and
skincare patches, respectively.

1.3.6.1 Experimental procedures and results

A culinary-grade glucose syrup was used as received for the
electrospinning experiments (Queen Fine Foods Ltd., Brisbane, Australia).
The syrup is a glucose extract derived from maize that contains traces of
sulfur dioxide (preservative 220) and sodium sulphite salts (80-150
mg/kg max.). Hence, the composition of glucose syrup was studied by
HPLC and Mass spectrometry, to discard electrospinnability by the
presence of polymeric materials. Also, the glucose syrup viscosity was too
high for it to flow through the electrospinning capillary, therefore a 75%
wt. glucose syrup concentration in 15% wt. water was used (Table 3).
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Table 3. Physical properties of the glucose syrup at 25°C.

Property Value

Concentration 75% wt. % syrup/H>O
Surface tension 98.11 mN/m
Conductivity 1.5 pS/cm

pH 5.5

Density 1.5g/mL

Zero-shear viscosity 38,600 Pa s

A possible mechanism for the electrospinnability of the glucose syrup
systems could rest upon the ability of mutarotation on the anomeric
carbon within the pyranose-glucose ring, which yields the two distinct
stereoisomer configurations of glucose (a and ) [3, 137]. This
mutarotation process could often produce metastable dihexoses through
1, 6 glycosidic bonds [5, 6].

Saturated solutions of saccharide mixtures could also yield more complex
metastable molecular architectures after heat and electrical processing.
Furthermore, oligosaccharides and other more complex molecular
architectures, possibly reacting with added preservatives could have been
produced during the electrospinning of glucose syrup.

However, mass spectrometry (Figure 24) and HPLC (Figure 25) confirmed
that the tested glucose syrup was mainly composed of monosaccharide
(glucose and fructose [CsHi120¢]), disaccharide (sucrose and maltose
[C12H22011]), and trisaccharide (raffinose [CisH32016]). Evidence of
possible chemical modifications (covalent bonding) on the saccharide
solutions and saccharide electrospun material remains to be found (Figure
24 and 25).
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Figure 25. HPLC chromatogram confirming the presence of fructose, glucose,
sucrose and raffinose in the glucose syrup. The first peak is the injection peak.
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1.3.6.2 Glucose syrup electrospinnability

Typical electrospinning behaviour was observed for the glucose syrup,
consisting of stable and chaotic jet formation (Figure 26). These
photographs show the heaviest parts of the electrospun jet as dark beads,
within the spinning cone. The polarity of the applied voltage did not
influence the electrospinning behaviour of the glucose syrup, hence
positive polarity was used throughout the experimentation.

w2 o1

15 em

Figure 26. Series of high-speed photographs taken at 1000 fps during the
electrospinning of the glucose syrup.

Published results for the results shown in Figure 26 and 27, demonstrate
for the first time that food-grade glucose syrup can form continuous
filaments during electrospinning [101]. Also, the highly-beaded structures
of the filaments (Figure 6.5C and 6.5D) further support the viscoelastic
behaviour of the material.
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Figure 27. SEM images of electrospun glucose syrup at varying magnifications.

1.3.6.3 Manuka honey nanofibre media

Commercially available manuka honey did not show electrospinnability,
mostly due to the high water and suspended solids concentration (>20%).
Subsequently, a formulation based on the syrup replica containing
manuka oils, was designed to carry the antimicrobial manuka bio-actives,
as well as to improve nanofibre adhesion between substrate layers. Hence,
a manuka-syrup-collagen and a manuka-syrup-polymer nanofibre
composite, were developed for skincare patches and air filtration
facemasks respectively. Although both prototypes used manuka oils and
glucose syrup (Figure 28), the properties of the electrospun nanofibres
were completely different (hydrophilic versus hydrophobic), due to the
combination with other materials (marine collagen and polymethyl
methacrylate - PMMA).
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Figure 28. Prototypes of the honey—nanofibre composite media for cosmetic
patches (A) and antimicrobial facemasks (B).

1.3.6.4 Air filtration facemasks

Air filtration markets are becoming an increasingly competitive market,
with many new technological developments being commercialised across
different air filtration sectors (e.g., antipollution facemasks, air purifiers,
HVAC, etc.), especially in China [138-140]. There are many social and
economic circumstances contributing to human health problems, for
example low-income urbanites breathe 28% more noxious particulate
matter (PM2.5) than residents in high-income areas [141,142]. High-
efficiency microfibre respirators currently available in the market are
usually sold at prices ranging from 15 to 35 USD per item, whereas the
Chinese minimum wage per day is approximately 23 USD [143, 144].
Furthermore, high breathability (low pressure drop or AP) at high-
filtration efficiencies is the main design parameter for the development of
facemasks [138]. Microfibre media can often achieve high efficiencies only
at low breathability (high pressure drop) [145, 146, 141,142]. In contrast,
nanofiber media can achieve both: high efficiency and high breathability
[145-149]. Moreover, the ability to integrate active ingredients (e.g.,
manuka oils) into the media is a clear competitive advantage of nanofiber
technology versus standard microfibre processing methods [149-151]. The
air filtration facemasks prototype developed used several layers of the
composite nanofibre material deposited onto a nonwoven polypropylene
microfiber substrate, until a density of 1 gram per square meter (1 gsm)
was obtained (Figure 29). The composite nanofibre nonwoven medium
was then sandwiched between polypropylene substrates and cut to
specific roll dimensions. Subsequently, manufactured media was sent to
China for processing at an industrial facemask-manufacturing facility
(Figure 28B).
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Figure 29. A manuka—glucose syrup/ polymer composite, electrospun nanofibre
layer (1 gsm), sandwiched in between two polypropylene substrates.

1.3.6.5 Skincare patches

The ActiVLayr™ skin delivery platform is a patented technology
(WO/2013/0350720), based on the denatured whole chains of type 1
collagen extracted from NZ hoki fish skins [152]. The type 1 collagen used
to produce ActiVLayr™ is highly hydrophilic, because the relatively high
content of hydroxyproline in the hoki skins promotes hydrogen bonding
networks between the triple helix structure of the collagen [152, 153].
Moreover, this particular source of collagen does not need to be
hydrolysed to be processed at room temperature, like most collagens in
the market, since the internal triple helix structure is in reversible kinetic-
thermal equilibrium at standard ambient conditions [154]. ActiVLayr™
patches are usually commercialized using a wide range of plant and fruit
extracts derived from the waste stream of the New Zealand wine and food
industries. The ecologically sourced extracts contain a wide range of
polyphenols, catechins, vitamins, flavonoids, and others. However, as
increasing market demand for manuka oils, kanuka honey and bee venom
products continues to rise in Asia, new formulations based on such
materials are highly needed in order for ActiVLayr™ patches to continue
to be commercially profitable.

The skincare prototype patch co-developed as part of this thesis used a
proprietary combination of saccharides (based on the glucose syrup
replica formulation), denatured whole chains of collagen and manuka oils
(Figure 30).
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Figure 30. Scanning electron micrograph of the manuka-syrup-collagen
nanofibre composite

1.4 DISCUSSIONS AND CONCLUSIONS

Determining the electrospinnability of a given material is a complex
problem that involves the consideration of many different solution and
process parameters. The additivity of all intermolecular forces is far from
straightforward since different types of force decay with distance at
different rates, and according to different laws. For example, van der
Waals and hydrogen bonds are much weaker than covalent bonds, with
typical energies of 10-50 kJ/mol and bond lengths of 0.3-0.4 nm [110].
Also, van der Waals forces, which can be catalogued into three different
sub-classifications (Keesom, Debye and London forces), obey similar
linking rules. However, in combination, the interactions between these
forces can result in completely different behaviours from the predictions
expected from the same primary force (van der Waals equations) [110,
105].

For example, the electrospinnability of 2-hydroxypropyl-p cyclodextrins
(B-hCD), in both hydrogen bonding enhancing and hydrogen bonding
disrupting solvent systems, clearly showed that electrospinning of
supramolecular materials is heavily dependent on intermolecular
bonding mechanisms, e.g., hydrogen bonding. Also, the nonlinear
viscoelasticity (gelation) of tested CD solutions further supports the
proposition that high-density hydrogen bonding networks might be
produced when there is an increment in the degree of hydration (bound
water) per CD molecule [31, 35]. Furthermore, networks of hydrogen
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bonds can show the phenomenon of cooperativity, leading to deviations
from reciprocal (acceptor/donor) additivity of standard hydrogen bond
properties [110]. Moreover, hydrogen bonds could induce dipolar
moments through van der Waals mechanisms across the molecular
conglomerate, affecting the overall dielectric properties of the material
[105, 106, 110]. Additionally, it is well known that hydrogen bonding has
a significant effect on capillary-driven processes [162, 189, 191, 192]. Also,
hydrogen bonds are involved in proton transfer reactions and may be
considered partially activated precursors of such reactions [105, 106, 110].
Similarly, sucrose molecules in aqueous solutions can remain immobile as
protons are passing through the concentrated solutions, similarly to a
Grotthuss chain mechanism [110]. Also, extensive secondary bonding can
potentially increase the predicted molecular relaxation times for
supramolecular solutions, especially when confined under electrical
stresses [10, 11].

However, the electrospinnability of octa-O-acetyl sucrose challenges
the argument for reciprocal hydrogen bonding electrospinnability.
Moreover, such evidence suggests that electrospinnability might be
driven by van der Waals forces and to a lesser extent by hydrogen
bonding, as suggested by the properties and behaviour of octa-O-methyl
sucrose. Nevertheless, no conclusive proof of either hydrogen bonding
interactions (H-donors / H-acceptors) or permanent nor induced dipolar
moments, can be categorically correlated to the electrospinnability of octa-
O-acetyl sucrose. Nonetheless, the apparent hydrogen-accepting capacity
and molecular polarity of the tested concentrated solutions were
definitely an important requirement for the electrospinnability of tested
materials.

Remarkably, glucose syrup, concentrated saccharide solutions,
cyclodextrin mixtures and modified sucrose compounds all showed
similar trends associated with their electrospinnability; Higher density,
higher than average surface tension values at higher concentrations, lower
conductivities at higher concentrations and higher pH values; all
promoted electrospinnability of tested materials. Decisively, conductivity
alone is not a determining factor to the electrospinnability of tested
materials, since there is not a consistent linear relationship between
conductivity and other physical-chemical variables in tested saccharide
systems. Also, the overall effects of the viscoelastic properties of the
materials undergoing a capillary thinning process were of significant
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importance to the electrospinnability of tested materials. Conclusively, the
relations between hydrogen donor-acceptor interactions, van der Waals
forces, and other complex electrodynamic interactions caused by the high
voltages that drive the electrospinning process in respect to the material’s
entanglement condition and associated visco-elasto-capillary properties,
are highly complex.
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