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Abstract

In this study, electrospinning has been employed to produce micro to nano scale fibres of
whey protein in order to investigate their potential for use in the food industry. Initially,
spinning of pure whey protein proved challenging; so in order to facilitate the spinning of
freshly prepared aqueous solutions, small amounts of polyethylene oxide (as low as 1% w/w
in solution) were incorporated in the spinning solutions. The electrospun composite
polyethylene-oxide/whey fibres exhibited diameters in the region of 100 to 400 nm, showing
the potential to build fibre bundles from this size up. Time-dependent examinations of pure
whey protein aqueous solutions were conducted using rheometery and small angle neutron
scattering techniques, with the results showing a substantial change in the solution properties
with time and stirring; and allowing the production of fibres, albeit with large diameters,

without the need for an additive. The spinability is related to the potential of the whey protein
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composites to form aggregate structures, either through hydration and interaction with

neighbouring proteins, or through interaction with the polyethylene oxide.
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1. Introduction

Proteins found in food are an essential material required for the maintenance of human
health. There are a variety of sources for food proteins, both from animal and plants. In this
study we examine whey protein; a material comprised of a variety of globular proteins
formed of the essential amino acids. Whey is derived from milk processing, produced as a
by-product in the preparation of cheese and casein. Whey possesses both a nutritional benefit
and functional properties along with a potentially high economic value, making it of
particular use to the food industry. The functional properties of whey include features such as
its solubility, absorption, water holding capacity, viscosity, emulsifying, foaming or gelation
and these are beneficial aspects that can be utilised in food processing and consumption?.
The modification of whey protein is of considerable interest if it is intended to improve its
functional properties® and novel applications for processed whey proteins are now growing.
Amongst the more recent examples, whey has been recognized as a possible vehicle to
deliver bioactive materials and pharmaceutical compounds*>®. The overall bulk properties of
the whey protein will be dependent on the molecular interactions in the material with itself
and its surroundings, which in turn can be influenced by how the material is processed1. The
functional properties of the material will also impact on aspects relating to the sensory
attributes of consumption in terms of texture and flavour’. In this study we investigate fibre

production of globular whey protein on a micro and nano scale, which could be of potential



use in the food industry as a form of textured food product, such as a synthetic meat. Meat
from animal sources is made up cells containing proteins formed into fibrous bundles. As
opposed to the synthetic meats made from tissue engineering practices®®, the concept here
investigates the use of electrospinning to produce fibre bundles of whey protein as a potential
replacement for the fibre bundles that form the muscular tissue in meat. Thus typical
diameters of the hierarchical structures of muscle fibres range from just below 10 nm through
to 100 nm up to bundles of fibres of 100 micron or larger. °

Electrospinning is a simple method of producing continuous, long, ultra-fine fibres
with diameters from a few micrometres down to a few nanometres with the aid of an electric
field,!! thus electrospinning is ideal for forming larger bundles of fibres (up to a few 100
microns) made up from individual submicron diameters fibres, in line with the dimensions of
the hierarchical structures described above.'? The technique relies on the response of polymer
solutions to this electric field® and compared with the limitations of conventional fibre
forming technology!*1>1® the electrospinning technique produces “finer fibres” with greater
surface areas per unit mass. This allows applications in several areas such as protective
clothing, biomedical applications, pharmaceutical products and processes involving
nanocatalysis 11819, In the case of whey protein solutions electrospinning with be dependent
highly on the nature of the protein solution; for example, high concentrations of whey protein
in solution can cause aggregation, which in turn will impact on the solutions properties such
as its viscosity?®. The protein native state can also be influenced by extreme pH, cold
temperature, high temperature, shear forces and chemical agents which again will greatly
influence the solution states properties and the electrospinnability of the material?L.

There have been previous studies examining the use of proteins in the electrospinning
process; examples include collagen??, egg protein® and wheat protein®*. Unfortunately, whey
protein in aqueous solvent has not yet been found to yield nanofibres successfully?, thus in
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order to successfully spin this material an electrospinnable carrier material must be used.
Polyethylene oxide (PEO) is one kind of water-soluble polymer which had been utilized as a
carrier polymer and has been shown to have a number of advantages for electrospinning,
these include low toxicity allowing for its potential use as a food additive, and of course
inherent electrospinning ability in its own right. PEO has been used as a carrier polymer in a
biopolymer solution with silk?®, soy protein?’, eggshell protein?® and whey protein isolate®®.
The addition of PEO improves the ability of electrospinning by modifying the physical
properties of the blended solution, especially the degree of the chain
entanglements/associations®. The reduction of electrical conductivity of the biopolymer
solution with the addition of PEO has also been attributed to be the cause of the
improvement in the materials electrospinning characteristics31:3232,

The objective of this study was to find the optimal routes to forming submicron fibres
of whey protein both with and without the presence of PEO, and relating the resultant fibre
morphology to solution properties. Understanding of the morphologies formed and its
relation to the solution properties are a step forward in producing fibre bundles that have a

potential use in textured food products.

2. Experimental section

2.1.Purification and freeze drying

Whey Protein Concentrate (WPC) powder was purchased from Volactive Functional Food
Product Company (Royston, UK). The defatted WPC powder was found to contain in excess

of 80% whey protein, the remainder mainly consisting of lactose and minerals, and trace



amounts of fat (Molecular weights (Mw), 342 to 20,000 Daltons). The concentration and

molecular weights of the protein fractions that make up the WPC powder are given in Table

1:

Table 1: Concentration of Protein fractions in the WPC powder.

Protein Percentage of Protein | Molecular weight (kDa)
B-lactoglobulin 43 — 48 18.5
a — lactalbumin 14 - 18 14,178
Bovine serum albumin 1-2 66.5
Immunoglobulin G 1-3 150
Lactoferrin <1 76 — 80
Glycomacropeptide 24 — 28 8

The rehydrated WPC powder was subsequently dialyzed (cut off Mw 12,000 — 14,000
Daltons) against several changes of distilled water (over 24 hours at 18° C) to remove all of
the lower molecular weight components (Lactose, minerals, and fat). Following dialysis,
samples of the whey protein were freeze dried in order to facilitate storage for longer periods

of time.

The viscosity of the test solutions were measured using a Bohlin Rheometer (Gemini 200
Rotonetic drive 2) (Malvern Instrument Ltd, Worcestershire, UK). Scanning electron
microscope was performed using SEM 360 (Cambridge Instrument). Samples of foil coated
with fibres were mounted on small SEM brass stubs and prepared by coating with a thin layer
of gold. Image-analytical software (Scandium analytical software) was used to visualise the
fibres and determine the diameters of the various fibrous product. Statistical analysis of
solution viscosity with different amount of PEO and different amount of WPC were

performed using two way ANOVA, the changes of solution viscosity and fibre diameter with

time were carried out using one way ANOVA (p <0.05), using SPSS 17 statistical software.



2.2.Electrospinning

Electrospinning was performed using a Glassman’s high voltage power supply capable of
delivering 0 — 30 kV with respect to ground. Solutions were loaded into a 5 mL glass syringe
fitted with a 22 gauge Luer lock metal needle (0.413 mm internal diameter) of length 50 mm
to which the high voltage supply was attached. The solution flow rate was controlled by a
Razel scientific syringe pump with flow rates varying from 1 — 3 mL/hr. The distance
between the flat aluminium collection plate and needle tip was 10 cm and the applied voltage
for each polymer solution was varied between 7.5 kV — 25 kV dependant on the sample

properties observed during electrospinning.

2.3.Small angle neutron scattering experiment

Small angle neutron scattering experiment were carried out at the ISIS (STFC facility
Rutherford Appleton Laboratory, Didcot, UK) on the LOQ small angle diffractometer 34, An
incident beam diameter of 12 mm was employed. A wavelength range of 2.2A to 10A

providing a scattering vector, Q range 0.006A™ — 0.25A™ (Where | Q | = 4msin®A, where

20 is the scattering angle). Deuterated solutions were loaded into a quartz cuvette ‘tank’ cell
with 2 mm path length, which were then loaded onto the LOQ sample changer for the neutron
scattering measurements. In order to obtain a good signal-to-noise ratio on the scattering
data, each sample was run for 30 - 90 min to accumulate sufficient signal (the low
concentration polymer solutions needed a long collection time). Data was placed on an
absolute scale in accordance with standard procedure by measurement of a standard solid
hydrogenous/perdeuterated blend of polystyrene3. Scattering data was obtained on the 2-

dimensional ORDELA area detector and using instrument specific software, was radially



averaged and corrected for sample transmission and background to provide a 1-dimensional

plot of the differential scattering cross section as a function of the scattering vector.

3. Results and Discussion

Aqueous solutions of the dialysed WPC material was found to be almost impossible to
electrospin into fibres under any of the possible electrospinning conditions, with attempts
carried out under various solution concentrations, applied voltages and needle tip to collector
distances. Observations of the results using SEM and in-situ high speed camera analysis
showed that the material deposited as deformed droplets. Images obtained with a high speed
camera (See supplementary data) showed the droplet at the needle tip deforms and is pulled
towards the grounded target electrode (right hand side of images, not visible). The jet was
found to break up on transit to form droplets that were deposited onto the foil. Due to the
globular nature of the protein we attribute this behaviour to the lack of potential for chain
entanglements, which are required for the electrospinning process to successfully prepare
fibrous material. On the basis of these initial findings, a polymer (PEO) was added in order to

facilitate the spinning.

3.1. WPC-PEO

As discussed previously, PEO has been reported to interact with a number of
polymeric protein materials in order to produce electrospinnable “blends”®. It has been
included in polymer blends for its ability to “carry” small quantities of essentially insoluble

material, and incorporate it into any subsequent fibres produced®’. This made it a suitable
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“carrier” system for the WPC material in this study. Several examples of spun material are
shown below in Figure 1 and a summary of the results of electrospinning and viscosity data

for various solutions are shown in Table 2.



0% ww | 1%ww | 2%ww  3%ww | 5%ww @ 10% 15% wiw = 20% 25%
PEO PEO PEO PEO PEO wiw PEO wiw wiw
PEO PEO PEO
A | — Beads Beads Beads Beads Beads Beads Beads Fibres
0% N — 0.035 0.093 0.219 1.131 2.316 4.374 9.257 15.3
WPC I +0.02 +0.041 | +0.084 | +0.143 | +0.219 +0.304 +0.379 +0.673
Ic — 1 1 — | — | - | - [ - | -
. A Beads Beads Beads Beads Beads Beads Beads, Beads, Fibres
\%’N Fibres Fibres
0.062 — — — — — 6.194 13.810 58.498
wee B +0,039 +1438 | 1579 | #2422
|c — — — — — — 0.19+ 0.22+ 0.29+
0.071 0.165 0.220
A Beads Beads Beads Beads Beads Fibres Fibres Fibres Fibres
10% 0.184 — — — — 4582 16.667 65.022 89.732
ww P +0.092 +0.674 | +1.987 | #1525 | #2.77
WPC — — — — — 012+ 021+ 0.20+ 027+
Ic 0.060 0.134 0.208 0.164
A Beads Beads Beads Beads Fibres Fibres Fibres Fibres Fibres
15% 5 0.358 — — — 0911 | 8544 59.902 74.48 95.089
wiw | +0.095 +0.211 | +0.674 +2.553 +2.248 +3.012
WPC |C — — — — 0.13+ 0.21+ 0.29+ 0.24+ 0.22+
0.075 0.092 0.180 0.177 0.102
A Beads Beads Beads Beads, Beads, Fibres Fibres Fibres —
200 Fibres Fibres
W/v\;’ B 0.729 — — 1635 | 2.734 9.226 77.283 98.773 —
WPC | +0.114 +0.298 | +0.474 +1.17 +1.349 +1.995
|C — — — 0.12+ 0.14+ 0.31+ 0.34+ 0.2+ —
0.105 0.050 0.201 0.323 0.10
A Beads Beads Beads Beads, Fibres Fibres Fibres — —
. Fibres
25% 5 1236 — — 3.062 5015 | 23236 | 159.715 — —
‘“W”;"C | 0.21 0501 | +0.945 | %1303 | +5.839
| — — — 0.17+ 0.19+ 0.32+ 0.25+ — —
C 0044 | 0099 0.181 0.151
A Beads Beads, Beads, Fibres Fibres Fibres — — —
. Fibres Fibres
30% 5 1.876 7731 8476 | 15073 | 30.661 | 76.971 — — —
wiw | +0.332 | #0.651 | #0512 | +1.232 | +1.692 | +2.881
WpC | = 01z 014x | 028t | 029 | o027% - = -
C 0.072 0.058 0.150 0.112 0.256
A Beads Fibres Fibres Fibres Fibres — — — —
35% 2.791 14279 | 19.429 | 25.125 75.69 — — — —
wiw |B +0.351 | #1155 | #2158 | #2124 | +2.665
WeC c — 0.2+ 0.31+ 0.3+ 0.37+ — — — —
0.113 0.180 0.201 0.211

Table 2. Results of electrospinning ability and viscosity measurements of fresh prepared WPC/PEO blend
solutions. A :the state of electrospun materials; B: the dynamic viscosity (Pa.s) of WPC/PEO complex
polymer solution (n=94sd) ; C: the diameter of electrospun fibre (um; n=90xsd); the shaded area
represents the range of fibre forming solutions



It was not possible to produce electrospun material from concentrations of the blended

material over a certain concentration (Table 2) due to the resulting high solution viscosities.

\ 2pum ) , / 4
Figure 1. Typical SEM micrographs of electrospun material produced from a) 25% w/w PEO b) 35% w/w
WPC c) 30% w/w WPC + 1% w/w PEO and d) 35% w/w WPC + 1% w/w PEO

In many previous studies, (e.g. electrospinning of fibres of poly &- caprolactone), the
viscosity has been shown to play an important role in the process and the formation of
electrospun fibres %%, In view of this, control of the overall viscosity of the test solutions
was likely to be a key factor in the process. Mixtures of PEO and WP varying in ratio and
concentration in aqueous solution provided a wide range of viscosities varying between (1 —
160) Pa.s. The viscosity of the PEO/WP solution blends were significantly influenced by both
the presence of either constituent (p < 0.05). The addition of low concentrations of PEO (1%
w/w) to the WP solutions significantly increased the overall viscosity, for example, at 35%
w/w WP the solution had a viscosity of ~2.8 Pa.s which increased to ~14.3 Pa.s when 1% of
PEO was added. This implies a level of synergism as the 1% w/w PEO has a viscosity of ~

0.03 Pa.s, i.e. a considerable degree of interaction is present between the WP and the PEO
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molecules.

For cases in which there was a low polymer solution concentration and therefore a
lower viscosity, the electrospun material tended to be in the form of beaded fibres®® (Figure
1c). Such beads have generally been considered to be undesirable ‘by-products’ or “defects”
in the fibres*®. The morphology of the electrospun product changed with increasing polymer
solution concentration, from droplets, to beaded fibres, to spindle-like rod and then to
uniform fibres (Figure 1b — 1d). At the correct fraction of PEO/WP and when the total solid
mass dissolved in the polymer solution exceeds a critical value, the fibres produced by the
PEO/WP blends were essentially uniform and on a nanoscale with diameters between ~100 -
400 nm (Figure 1d, Table 2). These fibres could be produced in high yields and were
continuous, i.e. unbroken and uniform along their length with no signs of beading. The fibres
did exhibit some degree of asymmetry, often being observed to have a “flattened” or “ribbon
like” structure; this flattening process has been described by Koombhongse, Liu, and Reneker
41 who attribute the ribbon formation to the initial development of a skin which collapses
when the solvent evaporates. The formation of these ribbons (as distinct from cylindrical
fibres) allows the ready observation of a pronounced overall “twist”. Twisted fibres have
often been associated with the presence of chirality in the polymeric material, % although
chirality is not a prerequisite for twisting, and helices of opposite chirality may be produced
from the same material.** There may be other mechanism for the formation of helices such as
buckling at the collector; in the case of cellulose the behaviour has been attributed to the non-
uniform deformation of filaments in the presence of a liquid crystalline phase.

We attribute the observed behaviour to PEO carrying the whey protein by acting as a
scaffold, forming non-covalent bonds with the WPC material, binding it together. This is
partially substantiated from reports in the literature of weak hydrophobic interactions
between PEO and proteins, as well as reports of a combination of electrostatic and

11



hydrophobic interactions.*%64748 Therefore, it can be speculated that the non-covalent
interaction played a vital role on the complex polymer system and the electrospinning
process. In addition to the PEO acting as a carrier, its inclusion to the solutions resulted in an
optimal solution viscosity, a key factor for continuous fibre generation. It was observed that if
the preparation was not standardized (2 hours with gentle stirring for the “fresh” solutions),
then the resulting viscosities varied considerably. This suggested a “dynamic” process which
could be affected by time. The viscosity of whey protein solution has been previously

reported to be related to their level of hydration in the solution state*®.

100 . . . . . . 600
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Figure 2: Data on dynamic viscosity (m) and the fibre diameters (A) changes observed for a solution of 30%
w/w WPC + 5 % w/w PEO over a 10 day period.;(Sample sizes Dynamic viscosity, n=9zsd; fibre size,
n=90xsd).

Figure 2 summarizes the change of viscosity for the blended solution as a function of time
over a 10 day period. A significant change to the viscosity was observed over this time
period, increasing from 30.7 Pa.s on the initial day of the solution preparation to 88.5 Pa.s by
day 10. It was believed that the increasing viscosity could be due to the aggregation of whey
protein molecules. Viscosity measurements of PEO solutions over the same 10 day period
showed no variation, further supporting the hypothesis that the Whey protein interactions are

responsible for the impact on the observed results for the blended solutions. The changes in
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the solution viscosity over this time period promoted the formation of more uniform fibres
when electrospun as viewable in Figure 3 for a 30% WPC + 5% PEO w/w material over a 10

day period.

™~ i
a-.“

Figure 3: SEM micrographs of electrospun material's produced from 30% w/w WPC + 5% w/w PEO
blended polymer solution a) 0 days and b) 10 days after solution preparation.

The average fibre size of the WP-PEO fibres increased from a mean diameter of 290 nm at
day 0 to 360 nm by the 8" day after preparation. Along with the change in fibre dimensions it
was also observed that the electrospun fibre morphology changed from bead linked fused
fibres (Figure 3a) to bead free short fibres (Figure 3b). Bead-free fibres were observed from
Day 6 when the viscosity had reached approximately 68.7 Pas along with a narrowing of the

fibre diameter distribution (Figure 2).

3.2. WPC

Based on above findings, whey protein aggregation may vary with time, leading to
increases in viscosity. Examination of the viscosity was conducted for both stirred and non-
stirred WPC solutions at various concentrations over a period of several days (Figure 4), with

attempts to electrospin the pure material being conducted as time passed.
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Figure 4: The dynamic viscosity of both stirred and non-stirred WPC polymer solution with varying
concentration at 1 Hz over time from Day 0 to Day5. (Sample size n=9+sd)

Figure 4 shows that the dynamic viscosity increased with time and concentration, in line with
the results of Hermansson, 1975.5° At concentrations of whey protein solution lower than
40%, the dynamic viscosity of all samples was not obviously influenced by time or stirring
during the first two days. During the time period the most notable variation in viscosity is
associated with the difference in whey protein concentration amongst the samples. Between
days 2 - 5 the dynamic viscosity of the samples was observed to increase more notably from
its initial value. When the concentration of whey protein solutions was greater than or equal
to 40% wi/w, the dynamic viscosity of both the stirred and non-stirred samples was minimally
affected by time over the first two days, however it was observed to increase very rapidly
after this period, similar to the observations made with the lower concentrations. The
dynamic viscosity of the non-stirred sample was nearly twice as high as the stirred sample at
40% and 45% wi/w solution from day 2 to day 3. This may be because the non-stirred whey
solution at high concentration (> 35%) more readily formed larger aggregated structures or

gel like structures.>
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Small Angle Neutron Scattering (SANS) was used to probe the WPC solutions (in deuterium
oxide), examining the impact of concentration and time on the solution properties. SANS
offers the ability to measure the average size and shape of particles in a solution as well as the
structural development in solutions at high concentration (See supplementary). Figure 5
shows SANS data from the whey protein solutions at different concentrations varying from
dilute solutions, where the proteins are isolated from one another, to a more concentrated
regime where the proteins interact with one another. What is immediately obvious is the
development of structure at high concentration ~35% w/w where a peak at Q ~ 0.03 starts to
develop (Figure 5 - indicated by a solid arrow). We attribute this peak development to the
presence of aggregated material. Data for the peak analysis is given in Table 3, which shows
the peak value of Q increases as the concentration increases. At 50% w/w the whey protein

appeared to start to precipitate out of the solution.
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Figure 5: SANS data of whey in D,O with concentrations varying from 1% wt to 50% wt at Day 0. Inset shows
Guinier plot for sample prepared at 1% wt. Arrows indicate the peak location for the 35% wi/w (solid arrow),
40% w/w (dashed arrow) and 50% w/w (dotted arrow).
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Table 3: Size of whey protein assemblies from SANS data (Data from Figure 6).

WPC solution Peak position Q (A1) d - spacing (A)
Concentration

30% wiw N/A N/A

35% wiw 0.031 203

40% wiw 0.037 170

50% wiw 0.049 128

Using the Guinier method an Rgq value of (25 A + 9) A was calculated (Figure 5 Inset), similar
to the size observed in previous measurements for the monomeric unit of p-lactoglobulin;>2°3
the slight increase in the scattering intensity at the lowest scattering vectors maybe indicative
of an attractive potential between proteins. It is known that B-lactoglobulin forms aggregates
under certain conditions relating to the concentration, ionic strength and temperature®. The
pHs for these solutions were not controlled (as this would involve adding a buffer and
therefore increasing the ionic strength of the solution); typically a pH of 6.8 was measured for
whey in H>O under the conditions used here.

In view of the time dependence of the spinning process, SANS experiments were then
performed on whey protein solutions (45%) aged in D20 over a period of 10 days. As
inspection of the data in Figure 6 shows there were substantial changes to the curves with
time. Further analysis (Table 4) suggested that this reflected changes in the aggregation of the
protein structures. 45% w/w is close to the limit where precipitation started to occur, hence
the broad trend for Qpeak position to become larger suggests that the particulates become more
separated as the protein becomes increasingly hydrated; the peaks also tend to become
broader suggesting a less defined structure. This all supports the idea that (as expected) the
protein is becoming increasing hydrated with time. The radius of gyration for the aggregated
material increases after a day when comparing a fresh solution (0 days) to one prepared
before that (1 day - 10 days), indicating that the structure formed becomes larger with time.

16



The aggregate size is ~ 6 to 10 times larger than the measured average molecular size as was

measured in the dilute solution.
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Figure 6: a) SANS of 45% w/w WPC in D,0 prepared from 0 - 10 days before being subjected to neutron
scattering b) Values of variation in radius of gyration of measured cluster size (m) and the peak height (A) for
solutions data in a).

Table 4: SANS of 45% w/w WPC in D,O prepared 10 days before beam time to zero days before beam time
(Data obtained from analysis of Figure 6a).

Day Radius of Gyration (A) Peak Centre Peak Height
10 200 0.041 0.513
9 233 0.041 0.637
8 171 0.037 0.839
4 188 0.039 0.849
3 179 0.039 1.012
2 193 0.039 0.966
1 182 0.037 1.066
0 133 0.039 0.967

In view of the results on the impact of stirring described above, SANS data was obtained for
solutions that were stirred and not stirred, the results of which are shown in Figure 7. There
is a certain amount of apprent random variability in the data but the general trend is clear;
there is some difference in the solutions and the differences increase with time. We have

applied a simple analysis to the curves with the data displayed in Table 5.
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Figure 7: SANS of 45% w/w WPC in D,O Prepared with (e) and without stirring (m) at a) 1 day and b) 5 days
before neutron scattering was performed on the solution.

Table 5. SANS of 45% w/w WPC in D,O Prepared with and without stirring 5 days to 1 day before being
subjected to SANS.

Days before SANS Sample Peak centre Height
5 Non-stirring 0.041 0.391
Stirring 0.043 0.470

4 Non-stirring 0.041 0.366
Stirring 0.041 0.479

3 Non-stirring 0.041 0.412
Stirring 0.039 0.439

2 Non-stirring 0.039 0.397
Stirring 0.041 0.436

1 Non-stirring 0.041 0.337
Stirring 0.041 0.465

The results from Figure 7 would indicate that although the peak position or height does not
substantially change over time of the 5 day period (similar to the results displayed in Table
4). The peak heights are different between the stirred and non-stirred samples and we
attribute this to the hydration levels of the aggregated structures. With the constant agitation
of the stirring procedure, the molecules would be experiencing a higher degree of motion;
therefore the aggregated structures would not be hydrated to the same extent as a solution left

to stand.

We can develop an understanding of how this relates to the earlier observed viscosity

measurements. The aggregated structures formed, and the molecular weight of the whey
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protein in solution are the key factors that determine how the dynamic viscosity is influenced
by time and concentration®® *®. When the concentration of whey protein solution was equal to
or over 30% wi/w, aggregation of globular particles can occur between the protein molecules.
Higher concentrations lead to more interactions and larger aggregates forming, resulting in
the high dynamic viscosity. Physical interactions between molecules are easy to break at low
stress, therefore stirring could not only increase the molecular movement by accelerating the
substance dissolved and prompting the molecule aggregation in the initial stage, but also
prevent the weaker intermolecular forces increasing the dynamic viscosity by breaking some
of physical interactions between molecules. This would account for the data from the 40 and
45% wiw samples. It should be noted that these interactions may be a requirement for the

electrospinning process to occur in this case®’.

3.3. WPC Electrospun Fibres

In light of the observed structural changes in the material with time, electrospinnability of
these solutions was tested on the same basis. Figure 8 shows SEM micrographs from attempts
to spin the concentrated WPC solutions (45% w/w) subjected to stirring from day 0 to day 5.
It was found that both stirred and non-stirred whey protein polymer solutions with
concentrations lower than 40% could not produce fibres; presumably due to their low
viscosity (Figure 4). At these low concentrations, beads were produced instead of fibres
during the electrospinning process in line with reports elsewhere®°°, The concentration of a
polymer solution is strongly correlated with the viscosity of the solution®®®*, Generally, a low
concentration of polymer solution produces a low viscosity and has insufficient

entanglements for electrospinning to occur. For polymer solutions of low viscosity, surface
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tension was is also a consideration and a high value tends to favours bead generation®.
However sufficient entanglements could modify the effect of solution surface tension, and
maintain an acceptable viscosity at a low polymer solution concentration®. Therefore,
sufficient molecular entanglement is the other solution parameter that played a significant
role in fibre generation. The viscosity of polymer solution and hence the number of chain
engagements increased with either an increase in the polymer solution concentration or with
the length of the polymer chain. Consequently, a polymer solution with both optimal
concentrations, sufficient chain entanglements and hence an acceptable viscosity should be
readily spun into a polymeric fibre. It was not possible to electrospin Whey protein solutions
at 45% wt left standing. This is related to the high viscosity of the standing solutions as
previously shown above (Figure 4). However, the solutions that were subjected to stirring
began to show signs of fibre formation after several days without the requirement for the
PEO as an additive. Due to the stirring partially breaking up interactions between
neighbouring agglomerated materials, the viscosity was at an optimum level to allow for the
spinning process to occur (Figure 9). Figure 9 shows the viscosity of the WPC solutions has
obviously increased with the increase in time of stirring. Generally, a rise in the viscosity of
the polymer solution results in an increase in the fibre diameter®*, however, an increase in the
viscosity of the WPC solution was found to produce a reduction in the fibre size and a more
uniform fibre. Meanwhile, the number and size of chain entanglements could affect the size

of the fibre as well®3,
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Figure 8: SEM micrographs of electrospun material produced from 45% w/w WPC polymer solution with
stirring over time from 45% wi/w stirred WPC solution at a) Day 0 b) Day 1 c) Day 2 d) Day 3 e) Day 4
and f) Day 5
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Figure 9: Changes of dynamic viscosity (m) of 45% w/w WPC polymer solution with time and changes of the
size of electrospun fibre (A) produced from aged polymer solution from 2 days to 5 days. (Fibre size=90+sd,
dynamic viscosity of polymer solution =9+sd)

From the SANS data we have observed that the size of the aggregated material was between
6 - 10 times the size of the whey protein molecules, perhaps on a sufficient scale that their
interactions act effectively like a polymer that can entangle or at least interact to the extent
that they can hold the fibrous structure together. After several days the material has sufficient
interactions that the viscosity has increased to an optimal value for electrospinning, allowing
for the production of fibrous material. The agitation from stirring possibly aids in the initial
dissolution of the material, as well as breaking up large scale network structures that maybe
developing throughout the solution, which may explain the much higher viscosities observed
for the solutions allowed to stand. After several days there are sufficient interactions to better
hold the material together, hence the higher viscosity and more fibrous looking appearance of
the spun material observed after 5 days,

The morphology of these electrospun fibres differed considerably from these created
using PEO as an additive to the polymer mix. Their diameters were considerably increased
and they showed evidence of both surface and longitudinal fracturing. Although the material
exhibits sufficient interactions to now form fibrous structures, they are not sufficiently strong

enough to hold the material intact and hence a breakage of the material is observed. This
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morphology would suggest that the increased material load on the electrospinning process has
prevented a fully drawn out fibre from being formed, suggesting that the major role of the
PEO is to allow the WP to spin with a lower degree of interaction between the WP molecules.
The PEO could be acting by a number of mechanisms (e.g. “bridging” protein aggregates,
interfering with protein tertiary structure) but the most likely given the structure of PEO is

some sort of interaction with the hydrogen bonding present*>46 4,

4. Conclusions

This study has shown the successful production of electrospun fibres from a carrier/whey
protein system under certain conditions. The incorporation of relatively low levels of
polyethylene oxide into the system allowed the production of composite fibre materials with
diameters in the region of 100 - 400 nm. This suggests that the nature of the carrier/protein
mixture may depend on the establishment of a two phase system which may “flip” if the ratio
of protein to PEO changes significantly. The morphology of the electrospun fibre tended to
be “twisted” in this study. A time dependence of blended solution viscosity and fibre
morphology were found. A particularly interesting feature of these studies is that apparently
very low levels of PEO (1% w/w in solution leading to ~3% wt in the final fibre) are required
to produce sub-micron fibres. This suggests that the role of the PEO is to interact with the
protein structures to form spinnable chains; at these concentrations PEO on its own would not
spin. As PEO is non-toxic and already used in pharmaceuticals, it offers a route to

preparation of sub-micron fibres that have potential use in the food industry.
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Whey protein fibres could be produced from aqueous solution but only under carefully
controlled conditions. It is fair to say the fibres were much larger in diameter than those fibre
produced from WPC/PEO blended polymer solution. In addition, the morphology of thicker
fibres suggested some fracturing during the spinning process (cracks appeared approximately
0.1 mm apart). The properties of the solutions from which the whey protein were electrospun
have been studied and the evidence is clear that there are substantial changes with time.
These changes can be influenced by stirring. In particular it seems that time-dependent
protein reorganisation favours electrospinning although there is a competing effect from

aggregate formation.
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