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Metastable properties of biopolymer networks affect significantly the diffusion kinetics of bioactive
compounds. That was shown to be the case in high solid samples of protein and polysaccharide sup-
porting a homogeneous distribution of polyunsaturated fatty acids. Thermomechanical behaviour of
these matrices was characterised in relation to their glass transition temperature (T). A free volume
theory of diffusion was E‘lsider@d to treat transport phenomena of fatty acids within glassy polymers. It
was found that at T > T, the effective diffusion coefficient of microconstituent transport would increase in
accordance with the free volume of the polymer matrix. Fitting experimental diffusivity data in glassy
polymers to a free volume based theory generates a two-parameter equation that calculates the extent of
molecular interaction between macromolecule and microconstituent. Gradual substitution of polymer
with small-molecule co-solute, glucose syrup in this case, induces a plasticising effect that profoundly

Decoupling parameter

affects the level of interaction, hence the diffusion of fatty acids in the condensed biomaterial.

@ 2017 Published by Elsevier Ltd.

This article has been written in celebration of the scientific work
of Professor Glyn O. Phillips on the occasion of his 90th birthday in
2017. He is a Founding Father of research in structure-function re-
lationships of industrial hydrocolloids and Founder of the presti-
gious journal Food Hydrocolloids. We wish him many happy returns
in leading the field of hydrocolloid research.

In the area of high-solid systems, biopolymer mobility at the
vicinity of the glass transition temperature is related to complex
molecular phenomena. Within the glass transition region, amor-
phous viscoelastic materials see a dramatic reduction in free vol-
ume with rapid cooling, which can be monitored as a broad
variation in heat capacity or steady shear viscosity (Perez, 1990;
Roudaut & Champion, 2011). The dramatic decrease in viscosity is
accompanied by reduced thermal vibration leading to limited
translational mobility that promotes physicochemical stability (Le
Meste, Champion, Roudaut, Blond, & Simatos, 2002; Roudaut,
Maglione, van Dusschoten, & Le Meste, 1990). Devitrification can
be achieved by increasing the temperature above Ty, with the
frozen-in molecules starting to resonate leading to a structural
relaxation of the condensed matrix (Roudaut, Simatos, Champion,
Countreras-Lopez, & Le Meste, 2004).

= Corresponding author.
E-mail address: stefan kasapis@mmitedu.au (S. Kasapis).

9;::; jdx.doi.org/10.1016/j.foodhyd. 2017.04.024
68-005X/@ 2017 Published by Elsevier Ltd.

Mechanical properties of the polymeric material within the
glass transition region can be followed with the free volume theory,
as quantified by the Williams-Landel-Ferry (WLF) equation (Ferry,
1991; Kasapis, 2009, pp. 225-260). The approach is followed
presently for several matrices based on natural polymers, i.e. high
methoxy pectin/glucose syrup, k-carrageenan/polydextrose, and
whey protein/glucose syrup at various combinations: 100:0, 80:20,
70:30, 60:40, 40:60 and 0:100 (w/w).

e prepared polysaccharide matrices that were composed of 3%
M) high-methoxy pectin (HMP) with 81% (w/w) glucose syrup
and 2% (w(w) k-carrageenan with 83% (w/w) polydextrose. To each
formulation, 1% (w/w) of fatty acid, ie. oleic acid and «-linolenic
acid were added, respectively. Polysaccharide powder was dis-
solved in Milli-Q water at about 90 °C, followed by cooling to 50 °C
for the addition of co-solute. Temperature was decreased even
further to 40 °C prior to fatty acid addition. A 2 M HCl solution was
added to the HMP/glucose syrup mixture to obtain pH 3, which is
needed for gelation, and 50 mM KCl solution was utilised for
gelation of the k-carrageenan/polydextrose sample. These were
concentrated under vacuum to achieve 85% (w/w) total solids.

Whey protein/glucose syrup (wp/gs) matrices were prepared by
dissolving whey protein isolate at ambient temperature for 2 h in
Milli-Q water, diluting the glucose syrup solution in Milli-Q water
and mixing them up at appropriate levels to create a system of 30%
total solids. That was stirred for 15 min prior to addition of 1% (w/
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Fig. 3. Coupling parameters (£) of linoleic acid release from whey protein/glucose
syrup matrices as a function of co-solute concentration (%),

Calculation of £ values from Fig. 2 and equation (6) has been
implemented for the polysaccharide and whey protein networks
with glucose syrup or polydextrose, with outcomes being given in
Table 1. These range from 4.25 to 7.55 = 1073 and are in the same
ballpark with earlier estimates on vitamin diffusion from
condensed networks of natural polymers (Panyoyai & Kasapis,
2016). Moreover, these values have been plotted in Fig. 3 for the
proteinaceous materials with increasing additions of co-solute.

In essence, they constitute evidence of the extent of interaction
between the two constituents in the mixture and increase in an
exponential fashion. This is due to the reduction in the critical
molecular volume of the jumping unit of the polymer with the
introduction of the low molecular weight co-solute (glucose syrup),
with the critical molecular volume of linoleic acid remaining un-
altered. Rapid redistribution of “hole-free volume" within the sys-
tem facilitates jumping of fatty acids from one lattice point to
another thus accelerating diffusion.

References

Arvanitoyannis, 1., Psomiadou, E., & Nakayama, A. (1996). Edible films made from
sodium caseinate, starches, sugars or glycerol. Part 1. Carbohydrate Polymers,
31(4),179-192.

Barrer, R. M. (1957). Some properties of diffusion coefficients in polymers. The
Journal of Physical Chemistry, 61{2), 178—189,

Beichel, W, Yu, Y., Dlubek, G., Krause-Rehberg, K., Pionteck, |, Plefferkorn, D., et al.
(2013). Free volume inionic liguids: A connection of experimentally accessible
observables from PALS and PVT experiments with the molecular structure from
XRD data. Physical Chemistry Chemical Physics, 15(22), 8821—-8830.

Bocgue, M., Voirin apinte, V., Cailol, 5., & Robin, ].-). (2016). Petro-based and
bio-based plasticisers: Chemical structures to plasticising properties. fournal of
Polymer Science: Part A: Polymer Chemistry, 54, 11-33,

Brandelero, R. P. H., Yamashita, F., & Grossmann, M. V. E. (2010). The effect of sur-
factant Tween 80 on the hydrophilicity, water vapour permeation, and the
mechanical properties of cassava starch and poly (butylene adipate-co-
terephthalate) (PBAT) blend films. Carbohydrate Polymers, 82(4), 1102—1109.

Cohen, M. H., & Turnbull, D. {1959). Molecular transport in liquids and glasses.
Journal Chemical Physics, 31, 1164—1169.

Costa, L. L, & Storti, G. (2010). Self-diffusion of small molecules into rubbery poly-
mers: A lattice free-volume theory. Journal of Polymer Science Part B: Polymer
Physics, 48(5), 529540,

Danner, R. P. (2014). Measuring and correlating diffusivity in polymer—solvent

—

systems using free-volume theory. Fluid Phase Equilibria, 362, 1927,

Doolittle, A. K. (1951). Studies in Newtonian flow. Il. The dependence of the vis-
cosity of liquids on free-space. Joumal of Applied Physics, 22, 1471-1475,

Ehlich, D., & Silescu, H. (1990). Tracer diffusion at the glass transition. Macromole-
cules, 23, 1600-1610.

Ferry, J. D. (1980). Dependence of viscoelastic behavior on temperature and pres-
sure, In Viscoelastic properties of polymers { pp. 264—320). New York: John Wiley,

Ferry, |. D. (1991). Some reflections on the early development of polymer dynamics:
Viscoelasticity, dielectric dispersion, and self-diffusion. Macromolecules, 24,
52375245,

Fujita, H. (1991). Noteson free volume theories. Polymer Journal, 23(12), 1499-1506.

George, 5. C, & Thomas, 5. (2001). Transport phenomena through polymerc sys-
tems. Progress in Polymer Science, 26, 985—1017,

Hoare, T. R, & Kohane, D. 5. {2008). Hydrogels in drug delivery: Progress and
challenge. Polymer, 49, 1993—-2007.

Karbowiak, T., Hervet, H., Leger, L, Champion, D., Debeaufort, F, & Voiley, A. (2011)
Effect of plasticiser (water and glycerol) on the diffusion of small molecules in
iota —carrageenan biopolymer films for edible coating application. Bio-
macromolecules, 7, 2011-2019.

Kasapis, 5. (2006). Definition and applications of the network glass transition
temperature, Food Hydrocolloids, 20, 218—228,

Kasapis, 5. (2008). Recent advances and future challenges in the explanation and
exploitation of the network glass transition of high sugar/biopolymer mixtures,
Critical Reviews in Food Science and Nutrition, 48, 185-203.

Kasapis, 5. (2009). Unified application of the materials-science approach to the
structural properties of biopolymer Co-Gels throughout the industrially relevant
level of solids in modern biopolymer science. San Diego: Academic Press,

Kasapis, 5. (2012). Relation between the structure of matrices and their mechanical
relaxation mechanisms durng the glass transition of biomaterials: A review.
Food Hydrocolloids, 26[2), 464—472,

Kasapis, S, & Shrinivas, P (2010). .Combined use of thermomechanics and UV
spectroscopy  to rationalize the kinetics of bioactive compound (caffeine)
mobility in a high solids matrix. Joumal of Agricultural and Food Chemistry, 58,
3825-3832,

Le Meste, M, Champion, D, Roudaut, G., Blond, G., & Simatos, D. (2002). Glass
transition and food technology: A critical appraisal. fournal of Food Science,
6707), 24442458,

Lohfink, M., & Sillescu, H. (1993). Tracer diffusion in polymer and organic liquids
close to the glass transition studied by forced rayleigh scattering. In B. Ewen,
E. W. Fischer, & G. Fytas (Eds.), Progress in Colloid & Polymer Science: Vol. 91.
Application of Scattering Methods to the Dynamics of Polymer Systems (pp.
31-34). Darmstadt: Steinkopff Verlag.

Oroian, M., Amariei, 5., Escriche, L, & Gutt, G.{2013). Aviscoelastic model for honeys
using the time—temperature superposition principle (TTSP) Food and Bio-
process Technology, 69), 2251—-2260.

Panyoyai, N., & Kasapis, 5. A. (2016). Free volume interpretation of the decoupling
parameter in bioactive-compound diffusion for the glassy polymer. Food Hy-
drocolloids, 54, 338—341.

Peppas, N. A, & Peppas, L. B. {1994). Water diffusion and sorption in amorphous
macromolecular systems and foods. Journal of Food Engineering, 22, 189-210,

Perez, |.(1990). Quasi-Punctual defects in vitreous solids and liquid-glass transition.
Solid State lonics, 39, 6970,

Ritger, P L, & Peppas, N. A. (1987). A simple equation for description of solute
release. 1. Fickian and non-Fickian release from non-swellable devices in the
form of slabs, spheres, cylinders or discs. fournal of Controlled Release, 5(1987),
23-36.

Roudaut, G, & Champion, D. (2011). Low-moisture food: A physicochemical
approach to investigate the origin of their physical instability versus water or
sucrose. Food Biophysics, 6[2), 313—320.

Roudaut, G., Maglione, M., van Dusschoten, D., & Le Meste, M. (1990). Molecular
maobility in glassy bread: A multispectroscopy approach. Cereal Chemistry, 76[1),
7077,

Roudaut, G., Simatos, D., Champion, D., Countreras-Lopez, E., & Le Meste, M. {2004),
Molecular mobility around the glass transition temperature: A mini review.
Innovative Food Science and Emerging Technologies, 5, 127—-134,

Roussenova, M., Andreux, |.-C., Alam, M. A, & Ubbink, J. {2014). Hydrogen bonding
in maltooligomer—glycerol—water matrices: Relation to physical state and
maolecular free volume. Carbohydrate Polymers, 102, 566—575,

Vrentas, . 5., & Duda, ). L. (1979). Molecular diffusion in polymer solutions. AIChE
Joumnal, 25(1), 1-24.

Wang, J, Wu, W, & Lin, Z. {2008). Kinetic and thermodynamic of water sorption of
2-hydroxyethyl methacrylate/styrene copolymer hydrogels. fournal of Applied
Polymer Science, 109, 3018—3023,

Zhang, )., & Wang, C. H. (1987a). Application of the laser-induced holographic
relaxation technigue to the study of physical aging of an amorphous polymer.
Macromolecules, 20, 683 —685.

Zhang, )., & Wang, C. H. (1987b). Holographic grafting relaxation measurements of
dye diffusion in linear poly (methyl methacrylate) and cross-linked poly
(methyl methacrylate) hosts. Macromolecules, 20, 2296—2300.




paper 6

ORIGINALITY REPORT

10, 5 Oy, 1o

SIMILARITY INDEX INTERNET SOURCES PUBLICATIONS STUDENT PAPERS

PRIMARY SOURCES

Panyoyai, Naksit, Anna Bannikova, Darryl M. 1 o
Small, and Stefan Kasapis. "Diffusion kinetics ’
of ascorbic acid in a glassy matrix of high-
methoxy pectin with polydextrose", Food
Hydrocolloids, 2016.

Publication

Nazim Nassar, Felicity Whitehead, Taghrid 1 o
Istivan, Robert Shanks, Stefan Kasapis. ’
"Manipulation of the Glass Transition
Properties of a High-Solid System Made of
Acrylic Acid-N,N'-Methylenebisacrylamide
Copolymer Grafted on Hydroxypropyl Methyl
Cellulose", International Journal of Molecular
Sciences, 2021

Publication

Naksit Panyoyai, Anna Bannikova, Darryl M. 1 y
Small, Stefan Kasapis. "Controlled release of ’
thiamin in a glassy k-carrageenan/glucose
syrup matrix", Carbohydrate Polymers, 2015

Publication

daneshyari.com 1 o

Internet Source



Nazim Nassar, Stefan Kasapis. "Fundamental
Advances in Hydrogels for the Development
of the Next Generation of Smart Delivery
Systems as Biopharmaceuticals", International
Journal of Pharmaceutics, 2023

Publication

T

centaur.reading.ac.uk

Internet Source

T

=

Bin Jiang, Stefan Kasapis. "Kinetics of a
Bioactive Compound (Caffeine) Mobility at the
Vicinity of the Mechanical Glass Transition
Temperature Induced by Gelling
Polysaccharide", Journal of Agricultural and
Food Chemistry, 2011

Publication

T

core.ac.uk

Internet Source

T

scholarbank.nus.edu.sg

Internet Source

T

—
o

Diah lkasari, Vilia Darma Paramita, Stefan
Kasapis. "Mechanical vs calorimetric glass
transition temperature in the oxidation of
linoleic acid from condensed k-
carrageenan/glucose syrup systems", Food
Hydrocolloids, 2023

Publication

T

bg.copernicus.org



. Internet Source
11 ’]
%

Exclude quotes On Exclude matches <1%

Exclude bibliography On



