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Abstract
This thesis reported two food hydrocolloid based-systems under two extreme stresses: (I) The
non-linear rheology of pure gelatin and gelatin-Multilwalled carbon nanotubes (MWNT)
nanocomposites, and (II) Starch dispersions under High Hydrostatic Pressure (HHP).
Various gelatin networks, namely gelatin physical gel, chemically cross-linked gelatin gel, and
a hybrid gel made of a combination of the former two, have been prepared and their nonlinear
behavior under large deformation were investigated using the pre-stress, strain ramp, and large
oscillatory shear. The Blatz, Sharda, Tschogel (BST) (Blatz, Sharda, & Tschoegl, 1974)-scaling
equation was employed to fit the stress-strain curves and fractal dimensions were extracted and
compared to those obtained from Small Angle Neutron Scattering (SANS) study. The results
demonstrate that the BST-scaling equation describes well the strain hardening of gelatin gels
and the fractal dimensions obtained using BST fitting are in very good agreement with those
obtained using SANS.
The incorporation (up to 1wt%) of MWNTs into the gelatin networks resulted in a slight
increase in the complex modulus G* of the gelatin-MWNTs nanocomposites. This could be
due to the poor dispersibilty of the MWNTs in the gelatin gels. The linear viscoelastic region
of these nanocomposites also decreased linearly with the increase in MWNTs concentration.
The pre-stress results demonstrated that the addition of MWNTs can either change the strain
hardening behavior of the gelatin chemical gel and hybrid gel or have little effect on the gelatin
physical gel.
The gelatinization of waxy corn, waxy potato, and high amylose corn starches by HHP was
investigated in situ using synchrotron Small Angle X-ray Scattering (SAXS) and X-ray powder
diffraction on samples held in a Diamond Anvil Cell (DAC). During HHP treatment, both
SAXS peak area (corresponding to the lamellae phase) of waxy corn and potato starches
decreased suggesting starch gelatinization increased with pressure. For both waxy potato and
corn starches, the long period length and the average thickness of amorphous layers decreased
when the pressure increased. While for both of waxy starches, the thickness of crystalline layers
first increased, then decreased when the pressure increased. Both waxy and high-amylose corn
starches can be fully gelatinized at 5.9 GPa and 5.1 GPa, respectively. In the case of waxy corn
starch, upon release of pressure (to atmospheric pressure) crystalline structure appeared
ii

instantaneously as a result of amylopectin aggregation.
Further the change in the supramolecular structure of corn starches suspended in water or
ethanol investigated ex situ after HHP treatment (0-600MPa), showed that all starch dispersed
in water showed a decrease in lamellae area as revealed by SAXS. The long period increased
for pressurized waxy, corn, and Gelose80 corn starch, suggesting water is forced into starch
lamellae during HHP. However, for Gelose50 starch, the long period remained constant over
the whole pressure range and light microscopy showed no granule swelling. Wide Angle X-ray
Scattering (WAXS) studies demonstrate that HHP partially converted A-type starches (waxy
and normal corn) to starches with a faint B-type pattern while starches with a B+V-type patterns
(Gelose50 and Gelose80), were not affected by HHP. All corn starches suspended in ethanol
showed no detectable changes in either granule morphology, or the fractal, the lamellae, and
the crystalline structures, under HHP conditions used in this thesis.
Finally, the retrogradation behavior of HHP (600 MPa, at 25 °C for 15min) gelatinized corn
starches with different amylose contents were investigated using rheology and Fourier
Transformed Infrared Spectroscopy (FTIR). The effect of crystallization on the mechanical
properties of starch gel network were evaluated in terms of dynamic complex modulus (G*).
The crystallization induced increase of short-range helices structures were investigated using
FTIR. It was found that the pressure release rate does not affect starch retrogradation, but the
rate and extent of retrogradation depends on the amylose content. Minimal retrogradation was
observed for HHP treated waxy corn starch. The rate of retrogradation is higher for HHP treated
high amylose corn starch than that of normal corn starch. A linear relationship between the
extent of retrogradation measured by FTIR and G* is found.
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Chapter 1
1. Introduction
1.1. Research background
The high complexity of food systems due to the presence of various biomacromolecules
(protein, polysaccharide, and lipids) and other compounds (e.g. minerals) makes them
extremely challenging to study. One strategy is to investigate the structure and physicochemical
properties of relatively pure and single food biomacromolecule models and then build the
complexity upon this simplified model. The fundamental knowledge about the structurefunction relationship of food biomacromolecules and how these properties are affected by
various external stressors, such as shear, HHP, heat, pH, etc. are extremely important for
formulating, tuning, and designing new food products. In this thesis, gelatin and starch systems
are considered in order to investigate the changes in their structures and physico-chemical
properties due to the application of large shear deformation and HHP, respectively.
Gelatin is a denatured product of collagen obtained by breaking the triple-helix of collagen into
single-strand molecules (D. Liu, Nikoo, Boran, Zhou, & Regenstein, 2015). It is widely used
as gelling agent in food, cosmetic, and pharmaceutical products to provide elasticity, viscosity,
and stability. In recent years, gelatin has been used in many emerging applications especially
in the biomedical area for example, encapsulation, tissue scaffolds, microspheres, and matrices
for implants and nanocomposites (Gómez-Guillén, Giménez, López-Caballero, & Montero,
2011). Gelatin physical gels are formed when the temperature decreases below a critical
temperature, resulting in the transformation of random coils into partially renatured ordered
triple helices. For mammalian gelatin, if the temperature is increased again, to around that of
body temperature, the triple helix conformation returns to a coil state once more, and thus the
gel reversibly melts into a solution. Gelatin gels are termed thermo-reversible due to this
temperature reversibly characteristic. Physical gelatin networks are mainly held together by
hydrogen bonded junction zones. Due to thermal reversibility, physical gelatin gels are not
stable at physiological temperature and above, which limits their applications in tissue
engineering or drug delivery where gels are required to be stable for a certain period of time
before dissolving (Zhi Yang, Hemar, et al., 2015). To improve its thermostability, various
chemical and enzymatic cross-linking agents have been used. The linear and nonlinear
1

mechanical behaviors are among the most important properties for both applications and for
the fundamental understanding of these gel networks under different deformations. A specific
nonlinear behavior of gelatin gels is their tendency to strain-harden under large deformations;
that is when gelatin gels are deformed the observed stress increases faster than the strain. While
strain-hardening starts to attract a lot of interest (Broedersz et al., 2010; Jensen et al., 2014)
(Yao et al., 2010), this phenomena remain not fully understood. One way to modify the
mechanical properties of gels and specifically gelatin gels is to use mechanical enforcers such
as carbon nanotubes due to their extreme slenderness and toughness.

Carbon nanotubes are long cylinders of covalently-bonded carbon atoms. There are two main
types of CNTs available today, single walled nanotubes (SWNT) and multi walled nanotubes
(MWNT) (Iijima, 1991). CNTs have been regarded as excellent reinforcing nanofillers for
polymer matrices due to their nanometer size, large aspect ratio (length-to-diameter ratio) and
extraordinary mechanical strength (Fukumaru, Fujigaya, & Nakashima, 2013). Although
gelatin-MWNT nanocomposites have been made before (H Li, Wang, Liu, & Gao, 2004; He
Li, Wang, Chen, Liu, & Gao, 2003), their detailed small and large rheological properties have
not been characterized. Furthermore, gelatin-MWNT nanocomposites are selected as a good
model system to investigate the effect of nanofillers incorporation on the mechanical properties
of gelatin gels. Rheology, particularly oscillatory rheology, provides a unique perspective
where the deformation is more complex and sophisticated than a simple tension or compression.
Varying the amount of MWNT to polymer as well as varying the nature of the gelatin gel
matrix is important to understand the nature of the reinforcement if any. Also understanding
the MWNT dispersion and the hierarchical structures of MWNT networks in the polymer
matrix is extremely important to elucidate the intimate interactions within the composite matrix
(Zhi Yang, Chaieb, et al., 2015). To the best of our knowledge (until our own work), there is
no available information on the effect of incorporating MWNT on the mechanical behavior,
both small and large deformation behaviors, of various cross-linked and non-crosslinked
gelatin gels and their internal structures.
Another important studied food hydrocolloids system studied in this thesis are starch
dispersions are the second food systems investigated in this thesis. Next to cellulose, starch is
the second most abundant natural biopolymer, and can be found in many different botanical
sources such as wheat, peas, and potato. Starch is mostly composed of a mixture of two glucose
biopolymers named amylose and amylopectin (Zobel, 1988a)
2

. Amylose is mostly a linear polymer with molecular weights ranging between 5×105 and 1×
106 Da; whereas amylopectin is a much branched polymer of molecular weights ranging from
107 to 109 Da.. Corn starch is widely used in food industry to adjust the viscosity and texture
properties of food products. Normal corn starch contains approximately 25% amylose and 75%
amylopectin. High-amylose corn, such as amylocorn starch, can have amylose contents up to
85% while waxy corn starch may not contain any amylose (W.-C. Liu, Halley, & Gilbert, 2010).
Such diverse starches are of great commercial value because they provide a range of properties
and functions. In addition, this diversity in the amylose content in corn starches also provides
an excellent tool to study the role of amylose/amylopectin ratio in the structure and functions
of starch. For example, high amylose corn starches are characterized by significantly higher
phase transition (from crystalline to amorphous) temperatures and lower swelling capability
than normal or corn starches (B. Zhang, Y. Zhao, et al., 2014).
High hydrostatic pressure (HHP) has been employed extensively to gelatinize or physically
modify starch-water suspensions during the last two decades (Y. Liu, Selomulyo, & Zhou, 2008;
Pei-Ling, Xiao-Song, & Qun, 2010). However, there are still some gaps in this area which
require further investigations. Firstly, most of HHP treatments on starch are performed up to
600-800 MPa, due to the limit in the maximum pressure achievable on most commercial HHP
equipment (Bauer & Knorr, 2005). Further, most studies on the effect of HHP on starch-water
suspensions are carried out post-pressure treatment, and usually undergo various sample
preparation steps (W. Błaszczak, Valverde, & Fornal, 2005). Secondly, most studies on the
starch supramolecular structures including lamellae, fractal, and crystalline structures have
focused on the effect of thermal treatment on starch systems (Vermeylen et al., 2006a). Despite
the efforts to understand the structure of starch systems, there have been relatively only few
reports on HHP effects on the starch fine structure and on the effects of HHP on starch
retrogradation. Therefore, it is worth to investigate in situ the supramolecular structures of
starches under HHP using synchrotron SAXS/WAXS coupled with a Diamond Anvil Cell
(DAC), which can achieve of pressures  1GPa, and the retrogradation behavior of starch pastes
obtained through HHP treatment.
1.2. Research objectives

3

There are two major objectives in this PhD thesis1. The first objective is to study gelatin gels
and crosslinked gelatin gels alone, and gelatin-MWNT nanocomposites using small and large
deformation rheology and relate their mechanical behavior to their microstructures.
Specifically, three gelatin gel networks-namely physical gelatin gel, chemically cross-linked
gelatin gel, and a hybrid gel made of a combination of the former two were considered for the
study. Chemical crosslinks are implemented to improve the thermal and rheological stability
of gelatin gels. It is expected that the different natures (physical, chemical, and chemicalphysical) of the gels could result in different structural characteristics of the gelatin networks,
and their strain-hardening behavior. The effects of the addition of MWNT, as nanofillers, to
these gelatin gel systems is also investigated in order to determine their influence on their
structural, morphological and rheological properties.
The second objective is to study in situ and ex situ the supramolecular (e.g. crystalline, lamellae,
fractal, and granule) structure changes of corn starch with different amylose contents as
affected by HHP. In situ studies were performed on starch water suspensions using a Diamond
Anvil Cell (DAC) and synchrotron SAXS/WAXS to monitor in real-time the changes in starch
granule structures. The ex situ studies were performed o starch dispersed either in water or
ethanol using lab scale HHP processor (up to 600 MPa) and their structural changes were
analyzed after pressure release. It is expected that different natures (e.g. amylose and lipid
content) of corn starch could result in different supramolecular structure change under HHP.
The retrogradation behavior of corn starches with different amylose content after HHP
treatment is also considered in order to understand the changes in the structure of HHP treated
starch dispersions during storage.
1.3. Thesis structure
Chapter 1 gives a brief background of gelatin, gelatin-MWNT nanocomposites, HHP induced
starch gelatinization and the objectives of the thesis.
The thesis is then divided into two parts: Part I: Gelatin gels, gelatin crosslinked gels, and
gelatin-MWNT composites.
This part contains:
1

This thesis was initially set to investigate the effects of HHP in-situ by building a high-pressure spectroscopy
cell. Unfortunately, due to lack of funding and difficulties experienced in building the cell through our mechanical
workshop, we started first working on gelatin systems, while trying to exploit other venues to carry out research
work on HHP. Thus, the two “distinct parts” presented in this thesis.
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Chapter 2 reviews the literature on the gelatin nanocomposites of their preparation, small and
large mechanical properties, and applications.
Chapter 3 investigates the nonlinear rheological behavior of various gelatin gel and their
microstructures and correlate their nonlinear rheological behavior to their structural
characteristics. The BST-scaling model was employed to fit stress-strain curves and fractal
dimensions from different gelatin gels are extracted to compare with that obtained from SANS
study.
Chapter 4 is devoted to prepare various gelatin-MWNT nanocomposites and study the effect
of MWNTs incorporation on the linear and nonlinear rheological behavior of gelatin gels. The
microstructures of gelatin-MWNT nanocomposites gels is also characterized by light
microscopy, cryo-SEM, and USANS to understand the MWNTs dispersion and composites
morphology.
Part II: Starch dispersions treated by high hydrostatic pressure (HHP)
This part is made of:
Chapter 5 reviews the literature of the effect of HHP on the physicochemical properties of
starch suspensions.
Chapter 6 and Chapter 7 reports the in situ study of corn starch gelatinization under HHP using
synchrotron SAXS (Chapter 6) and x-ray powder diffraction (Chapter 7). Various
mathematical models and correlation functions were employed to fit and analyze the SAXS
results to extract starch structures parameters including long period, thickness of amorphous
layer and crystalline layer changed as affected by HHP.
Chapter 8 deals with the investigation of the supramolecular structure of corn starches with
different amylose contents as affected by HHP. The impact of HHP treatment on the granule
morphology, lamellae structures, and crystalline characteristics were examined with a
combination of synchrotron SAXS, WAXS and optical microscopy. The effect of starch
dispersion media (water and ethanol) on starch gelatinization is also considered.
Chapter 9 focusses on the retrogradation behavior of HHP treated corn starches with different
amylose contents as affected by different depressurization rate. Crystallization kinetics of HHP
5

treated starch gels were investigated using rheology and FTIR. The effect of crystallization on
the mechanical properties of starch gel network were evaluated in terms of dynamic complex
modulus (G*). The crystallization induced increase of short-range helices structures were
investigated using FTIR. A linear relationship between the extent of retrogradation measured
by FTIR and G* is proposed.
Finally, in Chapter 10 a general conclusion on the findings of both Part I and Part II of this
these are presented and future research work directions are offered.
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Chapter 2

2. Gelatin nanocomposites: A review

7

2.1. Introduction
Gelatin is a colorless and flavorless mixture of polypeptide and protein, obtained inexpensively
from various animals (X. Li, Liu, Ye, Wang, & Wang, 2015). It can be prepared by a mild heat
treatment of collagen under acidic or alkaline conditions, where collagen is partially denatured,
but recovers part of its triple helix structure upon cooling (Santos et al., 2014). Gelatin
demonstrates a broad spectrum of functional features including excellent film-forming
properties, gelling properties, high water binding capacity, foaming and emulsifying abilities,
biocompatible and biodegradable capabilities, making it attractive for applications in food,
pharmaceutical and cosmetic industries (H. Wang et al., 2015; Y. Wang, A. Liu, R. Ye, X. Li,
et al., 2015; Yuemeng Wang, Liu, Ye, Wang, & Li, 2015). Gelatin films have excellent barrier
properties against gas, oxygen and aromas at low or intermediate relative humidity
(Limpisophon, Tanaka, Weng, Abe, & Osako, 2009). Moreover, because of gelatin unique
sequence of amino acid groups and its denatured state, its phase behavior in dilute and semi
dilute solutions can be easily controlled and tuned by pH, ionic strength, and temperature
(Qazvini, Bolisetty, Adamcik, & Mezzenga, 2012). However, gelatin has low mechanical
properties which can be improved through enzymatic (Babin & Dickinson, 2001; Bode, da
Silva, Drake, Ross-Murphy, & Dreiss, 2011; Mohtar, Perera, Quek, & Hemar, 2013; Weng &
Zheng, 2015) or chemical (A Bigi, Cojazzi, Panzavolta, Roveri, & Rubini, 2002; Aea Bigi,
Cojazzi, Panzavolta, Rubini, & Roveri, 2001) cross-linking.
The other promising ways to improve gelatin properties is by adding reinforcing nanofillers.
The nanofillers used include carbon nanotubes, hydroxyapatite (Yoon et al., 2014), graphene
oxide (Zadeh et al., 2014), clay (X. Li et al., 2015; Panzavolta, Gioffre, Bracci, Rubini, & Bigi,
2014), calcium carbonate (Y. Wang, A. Liu, R. Ye, W. Wang, et al., 2015), nanoparticles (Arfat,
Benjakul, Vongkamjan, Sumpavapol, & Yarnpakdee, 2015), and nanofibers (Y. Wan, Wang,
Yao, & Cheng, 2000) for preparing nanocomposites for different applications. These
composites exhibit value-added properties that are completely absent in neat matrices and
conventional composites. In recent years, gelatin has become one of the most popular
biopolymer candidates to prepare these nanocomposites. Gelatin can be native (X. Li et al.,
2015), chemically cross-linked (Yin, Ahmad, & Amin, 2014), enzymatically cross-linked (Y.
Wang, A. Liu, R. Ye, W. Wang, et al., 2015), microsphered (J. Lee & Yun, 2014) or electrospun
(Rajzer, Menaszek, Kwiatkowski, Planell, & Castano, 2014) which offers many possibilities
for preparing gelatin-based novel materials. This review focuses on gelatin-based
nanocomposites including their preparation, properties, structural characterization, and
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application. Firstly, we give a general introduction on gelatin and its modification followed by
a description of the types of some nanofillers used in the preparation of gelatin nanocomposites.
Secondly, we focus on the small and large rheology investigations of pure gelatin as well as
gelatin nanocomposites. Thirdly, some of the applications of gelatin nanocomposites are
summarized. Finally, future research directions are suggested.
2.1.1. Gelatin
Gelatin is a protein that is obtained by breaking the triple-helix structure of collagen into singlestrand molecules (Kuijpers et al., 1999). It is widely used as a gelling ingredient in food,
cosmetic, and pharmaceutical products to provide elasticity, viscosity, and stability during long
shelf-lives. The most abundant current source of gelatin is from mammalian source, such as
bovine and porcine skins, bones, tendons and cartilage (Gómez-Guillén et al., 2002).
Although up to 27 different types of collagen have been identified until now, type I collagen is
the most widely occurring collagen in connective tissue. Interstitial collagen molecules are
composed of three α-chains intertwined in the so-called collagen triple-helix. This particular
structure, is mainly stabilized by intra- and inter-chain hydrogen bonding (Gómez-Guillén et
al., 2011). Collagen monomer (tropocollagen) which is made from three α-chains possess a
general amino acid sequence Gly-X-Y, where X usually is proline and Y is hydroxyproline;
and the glycine accounts for around 30% of all the amino acid residues (Williams & Phillips,
2014).
In recent years, to make use of by-product of fisheries and poultry industries and prepare gelatin
for Halal and Kosher usage, fish skins and bones as well as chicken skins became popular
sources of gelatin (Almeida & Lannes, 2013; Arnesen & Gildberg, 2007; Mohtar, Perera, &
Quek, 2010; Muyonga, Cole, & Duodu, 2004; Olsen, Toppe, & Karunasagar, 2014; Rafieian
& Keramat, 2015; Sarbon, Badii, & Howell, 2013). To extract gelatin, insoluble native collagen
must be pre-treated before it can be converted into a form suitable for extraction. This is
normally done by heating collagen in water at temperatures above 45 °C (Gómez-Guillén et
al., 2011). An acid or alkali pre-treatments will break non-covalent bonds destroying the protein
structure, thereby producing adequate collagen swelling and solubilisation. Subsequent heat
treatment cleaves the hydrogen and covalent bonds which destabilize the triple-helix, resulting
in helix-to-coil transition and conversion into soluble gelatin (Madeleine Djabourov, Lechaire,
& Gaill, 1992). Depending on the preparation method, two types of gelatin are produced:
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gelatin A and gelatin B. Type A gelatin (isoelectric point at pH~8-9) is processed by an acidic
hydrolysis before thermal denaturation, whereas type B gelatin (isoelectric point at pH~4-5) is
processed by an alkaline pretreatment. The alkaline pretreatment is supposed to convert amide
residues of glutamine and asparagine into glutamic and aspartic acid, which leads to a 25%
higher carboxylic acid content for gelatin B than for gelatin A (Kuijpers et al., 1999).
2.1.2. Gelatin hydrogel formation
Hydrogels are water-swollen polymeric materials that maintain a distinct three-dimensional
structure (Kopeček, 2007; Pedley, Skelly, & Tighe, 1980). In the past years, researchers have
defined hydrogels in many different ways. The most common definition is that hydrogel is a
water-swollen, and cross-linked polymeric network produced by the simple polymerization of
one or more monomers. Another definition is that it is a polymeric material that exhibits the
ability to swell and retain a significant fraction of water within its structure, but will not
dissolve in water (E. M. Ahmed, 2013; R. King, Andrade, Ma, Gregonis, & Brostrom, 1985).
Hydrogels especially natural hydrogels have received considerable attention in the past 50
years, due to their exceptional potential in a wide range of applications including tissue
engineering (Drury & Mooney, 2003; K. Y. Lee & Mooney, 2001), controlled drug release
(Jeong, Bae, & Kim, 2000; P. I. Lee, 1985), biosensor (Mateescu, Wang, Dostalek, & Jonas,
2012), and wound healing materials (Bourke et al., 2003; Griffon, Abulencia, Ragetly,
Fredericks, & Chaieb, 2011).
Gelatin gels are typical examples of thermoreversible gels. A gelatin solution is obtained above
40 °C and gels when the temperature is lowered below the gelation temperature (~30 °C). The
solution-gel transition is thermally reversible with a hysteresis of a few degrees. Gelation is
induced by the partial recovery of the native conformation of triple helixes present in collagen
which join chains together to form three dimensional networks (W. de Carvalho & Djabourov,
1997). This gel formation is mainly due to hydrogen bonding and so is called ‘physical gel’.
2.1.3. Modification of gelatin
2.1.3.1. Chemical and enzymatic modification
To improve the thermal and mechanical properties of gelatin gels, many researchers employed
various enzymatic or chemical cross linkers to prepare chemically cross-linked gelatin gels.
Gelatin has been cross-linked with chemicals such as glyoxal (R. De Carvalho & Grosso, 2006),
epoxides (Sung, Huang, Chang, Huang, & Hsu, 1999), isocyanates (Bertoldo, Bronco,
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Gragnoli, & Ciardelli, 2007), carbodiimides (Kuijpers et al., 1999), formaldehyde (Sung, Shih,
& Hsu, 1996), and glutaraldehyde (Farris, Song, & Huang, 2010) or with natural compounds
like ferulic and tannin acids (N. Cao, Fu, & He, 2007), and genipin (A Bigi et al., 2002) or
enzymes such as transglutaminase (Babin & Dickinson, 2001; Bode et al., 2011).
Glutaraldehyde (GTA) has been widely used during the past 50 years to immobilize and
stabilize proteins through covalent intermolecular cross-links. GTA reacts primarily with the
protein’s amino groups, in lysine side-chains and at the N-terminal, although minor
involvement of other residues (arginine, histidine, tyrosine and cysteine) has been reported
(Kaieda, Plivelic, & Halle, 2014). It is generally accepted that the mechanism of gelatin crosslinking can be explained through the reaction of the aldehyde functional groups with free
nonprotonated ε-amino groups (-NH2) of lysine or hydroxyl-lysine via a nucleophilic additiontype reaction. The neutral to slightly alkaline pH values are more favorable for gelatin crosslinking. The first step of the reaction involves the nucleophilic addition of the ε- NH2 groups
to the carbonyl groups (C=O) of the aldehyde to form a tetrahedral unstable intermediate called
carbinolamine. In a second step, the protonation of the –OH group followed by a loss of a water
molecule yields the conjugated Schiff bases. The scheme of the reaction is reported in Figure
2.1. Such mechanism results in the formation of new covalent bonds between gelatin molecules
at either intra- or inter- molecular scale (Farris et al., 2010).

Figure 2.1 Reaction mechanism between amino groups of lysine and carbonyl groups of
glutaraldehyde for the formation of Schiff base. Figure reproduced from S. Farris et al (2009).
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with permission from American Chemical Society.
Transglutaminase (EC 2.3.2.13, TGase) is a naturally occurring amine-γ-glutamyl transferase
found in almost all living organisms. It has been extensively employed as a blood-clotting and
liver-detoxification agent and is commonly used in food industry (da Silva, Bode, Grillo, &
Dreiss, 2015) . Transglutaminase catalyzes acyl-transferase reactions between the side chain of
a glutamine residue and a primary amino group (e.g., lysine), resulting in an ε-(γ-glutamyl)
lysine isopeptide bond (Figure 2.2).

Figure 2.2 Enzymatic crosslinking of Glutamine and Lysine residues leading to a new peptide
bond. Figure reproduced from M. A. da Silva et al. (2015) with permission from American
Chemical Society.
In terms of enzymatic modification of gelatin, besides cross-linking, the enzymatic hydrolysis
has also spurred many studies in recent years (Djagny, Wang, & Xu, 2001; D. Liu et al., 2015).
The Enzymatic hydrolysis of gelatin and collagen could produce biologically active peptides
with promising health benefits for nutritional or pharmaceutical applications (Gómez-Guillén
et al., 2011). These applications include antioxidant activity (Yuhao Zhang, Olsen, Grossi, &
Otte, 2013), ACE (angiotensin I-converting enzyme) inhibitory activities (Lassoued et al.,
2015), human LDL cholesterol and DNA oxidation inhibitory activates (Kittiphattanabawon,
Benjakul, Visessanguan, & Shahidi, 2013),

the scavenging of free radicals and reactive

oxygen species (Ngo et al., 2011; Yufeng Zhang, Duan, & Zhuang, 2012), and the chelation of
metal ions (B Giménez, Alemán, Montero, & Gómez-Guillén, 2009).
2.2.3.2. Physical modification
Electrospinning
Electrospinning is recognized as an efficient physical modification method to manufacture
nanoscale fibrous structures using an intense electric field to a polymer liquid (i.e., solution or
melt) across a finite distance between a capillary, used as the nozzle (e.g. syringe), and a
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grounded collector (Songchotikunpan, Tattiyakul, & Supaphol, 2008). Due to the unique
characteristics of electrospun fibers, e.g., high surface area to volume or mass ratio and high
density of pores in sub-micrometer length scale of the obtained fiber mat, these electrospun
fibers can be used for a number of biochemical applications that include wound dressings
(Rujitanaroj, Pimpha, & Supaphol, 2008) as well as drug delivery platforms, and tissue
engineering scaffolds (Huang, Zhang, Ramakrishna, & Lim, 2004). Due to its high
biocompatibility and “spinnability”, gelatin has become one of the most popular biopolymers
for electrospinning in the recent years (Junxing Li, He, Zheng, & Han, 2006; Song, Kim, &
Kim, 2008; Songchotikunpan et al., 2008; S. Zhang et al., 2009; Yanzhong Zhang, Ouyang,
Lim, Ramakrishna, & Huang, 2005). This ability turned it into a versatile material for a wide
variety of applications.
Polymer blending
Blending, or physically mixing at least two polymers to create a new material with different
physical properties, is another physical modification. Blending is designed to generate
materials with optimized chemical, structural, mechanical, morphological, and biological
properties. It is not only economical but also less time-consuming technique for the
modification of polymers. The resulting polymer blend properties can be relatively easy to tune
by alternating the composition and properties of the individual polymers (Shukla, Mishra,
Arotiba, & Mamba, 2013).
Many investigations have been conducted on blending gelatin with other biomaterials
including κ-carrageenan (Y. Cao et al., 2015; Derkach, Ilyin, Maklakova, Kulichikhin, &
Malkin, 2015), alginate (Dong, Wang, & Du, 2006; L. Fan et al., 2005), chitosan (da Silva et
al., 2015; López-Caballero, Gómez-Guillén, Pérez-Mateos, & Montero, 2005; Yuan Wang, Qiu,
Cosgrove, & Denbow, 2009), soy protein isolate (Denavi et al., 2009), starch (Zhong & Xia,
2008), glucomanan (Xiao, Lu, Gao, & Zhang, 2001), mung bean protein isolate (Hoque,
Benjakul, Prodpran, & Songtipya, 2011), hydroxyethyl cellulose (Kajjari, Manjeshwar, &
Aminabhavi, 2011), casein (Chambi & Grosso, 2006), carboxymethylcellulose (Tong, Xiao, &
Lim, 2008), whey proteins (Walkenström & Hermansson, 1997), and cellulose acetate
(Kiatyongchai, Wongsasulak, & Yoovidhya, 2014). Gelatin blended with other hydrophilic
polymers such as alginate, cellulose acetate, and carrageenan have been investigated as
candidates for drug encapsulation and controlled release systems. In 2014, Kiatyongchai et al.
prepared ultrafine cellulose acetate and gelatin blend fibers via coaxial electrospinning. They
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showed that the release of amoxicillin from the aforementioned blends in gastric fluid with low
pH occurs owing to Fickian diffusion mechanism, with the release half-time being
approximately 5 h. This shows that these biopolymeric blends are suitable for sustained release
of compounds in the gastrointestinal tract. Gelatin blended with alginate have also been
reported to show good mechanical properties

and

controlled drug delivery properties

(Dong et al., 2006). The hydrogel blend microspheres of gelatin and hydroxyethyl cellulose
were prepared by a water-in-oil emulsion technique for the efficient control-release of
theophylline (THP) that was optimally encapsulated thanks to this blend (Kajjari et al., 2011).
2.2. Types of nanofillers used for nanocomposites preparation with gelatin
Polymers are known to be effectively reinforced by nanofillers. Gelatin is no different. A large
variety of nanofillers are used in gelatin nanocomposites preparation. Below are some
examples of these nanofiller materials.
2.2.1. Carbon nanotubes
Carbon nanotubes (CNT) are long cylinders of covalently-bonded carbon atoms
(Moniruzzaman & Winey, 2006). Since their discovery by Sumio Iijima in 1991 (Iijima, 1991),
carbon nanotubes have found many important applications in the physical, chemical,
biochemical, drug controlled release and engineering fields, due to their unique combination
of excellent mechanical, electrical, and thermal properties. There are two main types of CNTs
available today, namely single walled nanotubes (SWNT) and multi walled nanotubes
(MWNT). SWNT can be considered as a single sheet of graphene rolled seamlessly into a
cylinder with diameter of order of 1 nm and length of up to centimeters. MWNT consist of an
array of such cylinders formed concentrically and separated by 0.35 nm with diameter from 2
to 100 nm and lengths of tens of microns (Cirillo et al., 2013; Haider, Park, Saeed, & Farmer,
2007; Kavoosi, Dadfar, Dadfar, Ahmadi, & Niakosari, 2014; H Li et al., 2004; He Li et al.,
2003; Nardecchia, Serrano, Gutiérrez, Ferrer, & del Monte, 2013; Ortiz-Zarama, JiménezAparicio, Perea-Flores, & Solorza-Feria, 2014; Ostrovidov et al., 2014; Sifuentes-Nieves et al.,
2015; Spizzirri et al., 2015; Tungkavet, Seetapan, Pattavarakorn, & Sirivat, 2015a; H. Wang et
al., 2015; Yulin Wang, Li, Zhang, & Huang, 2014; Zheng & Zheng, 2007). For better chemical
incorporation the surface of these CNT can be functionalized such as with a carboxyl acid
group (Shin, Jung, et al., 2013; Yoon et al., 2014) (J.-J. Zhang, Gu, Zheng, & Zhu, 2009). They
can also be functionalized with an amine group (Bianco, Kostarelos, & Prato, 2005) or with a
hydroxyl group (L. Zhang et al., 2004). These functional groups at the surface of the CNT are
14

geared towards a particular application such as catalysis (Planeix et al., 1994), biological
marking (X. Yu et al., 2006) as well as in energy storage and conversion (Baughman, Zakhidov,
& de Heer, 2002). The functionalization of CNT is not sufficient to prevent them from
aggregating and forming agglomerates due to van der waals and hydrophobic forces which
hinder the good dispersion of CNT in the matrix and a gamut of methods, mostly mechanical,
have been looked at to enhance their dispersion (Ortiz-Zarama et al., 2014).
2.2.2. Graphene oxide
Graphene (GO), a single layer of aromatic carbon, which attracts increasing attention nowadays
owing to its great potential in developing the next-generation molecular devices as well as the
modification of the properties of polymers. Graphene oxide is an oxidized graphene and has
abundant oxygen-containing groups including hydroxyls, epoxides, diols, ketones and
carbonyls on its surfaces (C. Wan, Frydrych, & Chen, 2011). The size of graphene oxide varied
from less than 10nm to micron scale which depends on strongly on the preparation methods
(Makharza et al., 2015; X. Sun et al., 2008). In recent years various gelatin-graphene oxide
composites were considered. Recently, a gelatin-graphene oxide nanocomposite film was
prepared and its mechanical properties examined (W. Wang et al., 2012). The results
demonstrate that the tensile stress of wet gelatin graphene oxide film (with 0.7wt% of graphene
oxide incorporation) increased by 198% compared with pure gelatin films. The high tensile
stress is especially meaningful to the biomaterials to be used in wet biological environment.
This also means that this composite film can be used where the resistance to spreading is
considered.
2.2.3. Hydroxyapatite
Hydroxyapatite [HA, Ca10(PO4)6(OH)2], making up the main inorganic components of bone
tissues, is used extensively in bone fillers and bone replacements due to its excellent bioactivity
and osteoconductivity (H.-W. Kim, Kim, & Salih, 2005). Bone tissues are composed of
inorganic hydroxyapatite and organic collagen as well as osteocytes. The crystallographic caxis of hydroxyapatite crystals is preferentially aligned parallel to the long axis of collagen
fibrils. The main complexity in bone arises from the fact that bone is a hybrid nanocomposite,
where inorganic hydroxyapatite nanoplatelets orient and regularly disperse within the triple
helix structure of collagen fibrils (C. Li et al., 2014). But collagen is expensive and there are
only few commercial sources of this material, making it difficult to use in laboratory settings.
Because gelatin is denatured collagen and 10% of it is renatured, this makes it the ideal
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substitute for collagen (Zhengwen Yang et al., 2005). Gelatin-hydroxyapatite blends have been
extensively studied over the past years to develop materials that mimic the structure and
composition of bone tissue engineering (Azami et al., 2012; Barbani et al., 2012; M. C. Chang,
Ko, & Douglas, 2003a; Hossan, Gafur, Karim, & Rana, 2015; Kailasanathan & Selvakumar,
2012; Liao et al., 2015; Venkatesan & Kim, 2014; Zhao et al., 2002). The infrared chemical
imaging analysis pointed out the similarity between the nanocomposites scaffolds and the
natural bone, in terms of chemical composition, homogeneity, molecular interactions and
structural conformation (Barbani et al., 2012).
2.2.4. Calcium carbonate
Calcium carbonate is found mainly in the shells of marine organisms, eggshells and rocks (Kato,
Sugawara, & Hosoda, 2002). It is stable, non-toxic, eco-friendly, and biocompatible. In
addition of being a biodegradable material (filler or supporter), calcium carbonate is generally
used as a dietary supplement of calcium (Y. Wang, A. Liu, R. Ye, W. Wang, et al., 2015). In the
last decade, various gelatin calcium carbonate films have been fabricated to improve the
mechanical properties of gelatin (Armitage, Strange, & Oyen, 2012; Y. Wang, A. Liu, R. Ye, X.
Li, et al., 2015; Y. Wang, A. Liu, R. Ye, W. Wang, et al., 2015). For example, Wang et al (2015)
(Y. Wang, A. Liu, R. Ye, X. Li, et al., 2015) have prepared gelatin-calcium carbonate edible
films using transglutaminase as a cross-linker. The results demonstrate that transglutaminase
could promote the cross-linking of gelatin calcium carbonate films and enhance the mechanical
properties of the films.
2.2.5. Clay (montmorillonite, laponite)
Clay minerals of the smectite family such as montmorillonite or fibrous clay such as sepiolite,
have been extensively used to prepare gelatin-nanocomposites. Clay is inexpensive, chemically
and thermally stable, and has good mechanical, gas barrier and fire retardant properties
(Joussein et al., 2005; Velde, 2012).
Montmorillonite (MMT) is a charged layered silicate clay that has two tetrahedral sheets of
silica sandwiching a central octahedral sheet of alumina. The particles are plate-shaped with an
average diameter around 1 m and a thickness of ~10 nm. The ability of these water soluble
clays such as MMT to be blended with biopolymers enable them to improve the functional
properties of biopolymers while preserving their biocompatibility (Qazvini et al., 2012). MMT
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belongs to the family of phyllosilicate that typically form as a microscopic crystals and is
capable of forming stable suspension in water. Its main characteristic is to have a crystalline
structure on sheets of nanometer thickness, producing a large specific surface area. With the
addition of layered MMT even if at a low content, the mechanical and thermal properties of
bionanocomposites can be significantly improved. Recently, a gelatin montmorillonite
nanocomposites using genipin as a cross-linker have been prepared and characterized
(Panzavolta, Gioffre, et al., 2014). The increase of the denaturation and decomposition
temperature, the significant rise of the Young’s modulus, as well as decrease in swelling
observed as montmorillonite content increase, demonstrate a stabilizing effect of
montmorillonite on gelatin. Utilizing a low concentration of the crosslinking agent genipin
further increase the effect of montmorillonite. The synergic action of montmorillonite and
genipin prevents dissociation of the nanocomposites in aqueous solution and enhance their
mechanical properties.
Laponite (hydrous sodium lithium magnesium silicate, Na+0.7[(Si8Mg5.5Li0.3)O20(OH)4]) is a
unique synthetic layered silicate clay formulated from inorganic minerals in the form of
platelets with aspect ratio ~30 (diameter in the range of 25-30 nm and thickness of ~1 nm) and
density of ~2.53g/cm3 (Shahin & Joshi, 2012). Laponite nano-clays carry negatively charged
face and positively charged edges, and it can be readily dispersed in water in a state of diskshaped crystal colloids (Thompson & Butterworth, 1992). Above a critical concentration of
~2(w/v %), laponite disc assemble through interparticle electrostatic forces and the
homogenous solution transforms into a soft gel (Karimi, Qazvini, & Namivandi-Zangeneh,
2013). Laponite has received considerable attention due to its unique physical behavior such
its glassy behavior, biodegradability, and biocompatibility with a wide range of industrial
applications, for instance, surface coatings, personal care products, and household products
etc.(X. Li et al., 2015).
2.2.6. Nanoparticles (Nano whiskers)
Recently, a great deal of study has been performed on the incorporation of various nanoparticles
and nano whiskers into gelatin gel to develop nanocomposites with various functionalities
(anti-bacterial, active packaging, etc.,). Most nanoparticles have excellent interfacial
interactions with biopolymers due to their large specific surface area and high surface energy
thus significantly enhancing biopolymer properties such as mechanical, thermal, electrical, and
water barrier properties (Santos et al., 2014).
17

The nanoparticles employed include zinc oxide nanoparticles (Arfat et al., 2015; Shankar, Teng,
Li, & Rhim, 2015), chitosan nanoparticles (Bao, Xu, & Wang, 2009; Hosseini, Rezaei, Zandi,
& Farahmandghavi, 2015a, 2015b), gold nanoparticles (Brayner et al., 2005; Daniel-da-Silva,
Salgueiro, & Trindade, 2013), magnetic nanoparticles (Helminger et al., 2014), cellulose
nanocrystals (George & Siddaramaiah, 2012; Mondragon, Peña-Rodriguez, González, Eceiza,
& Arbelaiz, 2015; Ning, Wang, Yao, Zhang, & Tian, 2015; Yin et al., 2014), silver nanoparticles
(Kanmani & Rhim, 2014b; Zhuang, Cheng, Kang, & Xu, 2010), iron nanoparticles (Reddy et
al., 2011), (dialdehyde) cellulose whiskers (Dash, Foston, & Ragauskas, 2013; Santos et al.,
2014), wool nanoparticles (Eslahi, Dadashian, Hemmati Nejad, & Rabiee, 2014), and alumina
nanoparticles (T. Li et al., 2002).
Kanmani and Rhim, (2014b) prepared gelatin-silver nanoparticle nanocomposite films (3.3wt%
gelatin with 0.026% silver nanoparticles) and investigated its potential as anti-bacterial food
packaging material. They demonstrated that silver nanoparticles improve both the mechanical
properties and water barrier properties. The nanocomposite film demonstrated wide spectrum
of antimicrobial activity against food-borne pathogens. Gelatin can be crosslinked by priodate
oxidized cellulose nanowhisker containing different amounts of aldehyde groups as shown by
Dash, Foston et al. 2013. In the presence of periodic acid, cellulose nanowhiskers undergo
oxidative cleavage at the C2-C3 glycol bond resulting in dialdehyde groups at the respective
carbon atoms. These aldehyde groups could act as a potential cross-linker since they will react
with free amine groups of gelatin through Schiff’s base formation. They showed that chemical
cross-linking between gelatin and oxidized cellulose nanowhiskers improved the storage
modulus of gelatin by 150% (15% gelatin with 1.7% cellulose nanowhiskers). A significant
increase in thermal stability of the hydrogels after chemical-crosslinking was also observed.
2.3. Nanocomposites preparation
Gelatin nanocomposites are usually prepared using four main techniques: casting (Arfat,
Benjakul, Prodpran, Sumpavapol, & Songtipya, 2014; Azami, Moztarzadeh, & Tahriri, 2010;
Bae, Darby, Kimmel, Park, & Whiteside, 2009; Bae, Park, et al., 2009; Bao et al., 2009; Dash
et al., 2013; Eslahi et al., 2014; Fernandes, Ruiz, Darder, Aranda, & Ruiz-Hitzky, 2009;
Frydrych, Wan, Stengler, O'Kelly, & Chen, 2011; George & Siddaramaiah, 2012; Haider et al.,
2007; Jang, Lim, & Song, 2010; Ji Yin et al., 2000; Kanmani & Rhim, 2014a, 2014b; Kavoosi
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et al., 2014; Hae‐Won Kim, Knowles, & Kim, 2005b; H Li et al., 2004; He Li et al., 2003;
Junjie Li, Chen, Yin, Yao, & Yao, 2007; Ortiz-Zarama et al., 2014; Rao, 2007; Santos et al.,
2014; Sasai, Itoh, Shindachi, Shichi, & Takagi, 2001; Shankar et al., 2015; W. Wang et al.,
2012; Zhengwen Yang et al., 2005; Yoon et al., 2014; Zadeh et al., 2014), electrospinning
(Mehrasa, Asadollahi, Ghaedi, Salehi, & Arpanaei, 2015; Ostrovidov et al., 2014; Panzavolta,
Bracci, et al., 2014; Rajzer et al., 2014; H. Wang et al., 2015), sol-gel process (Smitha, Shajesh,
Mukundan, Nair, & Warrier, 2007), in situ mineralization (Helminger et al., 2014). Table 2.1
summarizes the preparation methods of various gelatin nanocomposites.
2.3.1. Solvent casting with sonication pretreatment
The solution casting method is based on a solvent system in which the polymer is soluble. The
polymer is usually dissolved in a suitable solvent while the nano-particles are dispersed in the
same or in a different solvent before the two are mixed. For some nanofillers (e.g. MWNT,
cellulose nanowhiskers), sonication pretreatment with addition of surfactant (e.g. SDS) is often
employed to assist the dispersion. The SEM images (Figure 2.3) of the gelatin film (5wt%)
added with 15wt% of cellulose nanowhiskers indicate that sonication greatly improve the
dispersion of the cellulose nanowhiskers by decreasing the width of whisker bundles (Santos
et al., 2014). Once the swelling of the polymer in the solvent is complete, the polymer solution
is then mixed with the fillers dispersion. The polymer chains intercalate, displace the solvent
within the interlayer of the clay and adsorb onto the filler’s surface. When the solvent is
evaporated, the intercalated structure remains, resulting in nanocomposites (Ojijo & Sinha Ray,
2013).

Figure 2.3 SEM images of gelatin-cellulose whisker film without sonication (A), and with
sonication (B). Figure reproduced from Santos et al. (2014) with permission from Elsevier.
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2.3.2. Electrospinning
Electrospinning has gained widespread interest as an efficient processing method to
manufacture nanoscale structures for a number of applications. In biomedical field, this
technique can be used to prepare wound dressings, drug delivery platforms, and tissue
engineering scaffolds (Huang et al., 2004; Xue et al., 2014). It is a fabrication process that uses
and electric field to control the deposition of polymer fibers onto a targeted substrate. In
electrospinning, a gelatin solution is injected with an electrical potential to create a charge
imbalance and placed close to a grounded target. At a critical voltage, the charge imbalance
overcomes the surface tension of gelatin, forming an electrically charged jet. The jet within the
electric field is directed toward the grounded target, during which time the solvent evaporates
and fibers are formed. This electrostatic strategy can be employed to fabricate fibrous polymer
mats composed of fiber diameters ranging from few microns down to 100 nm or less (Matthews,
Wnek, Simpson, & Bowlin, 2002). The inherently high surface to volume ratio of electrospun
polymer fibers can enhance the potential attachment of nanofillers. Recently, Panzavolta et al.
(2014) have employed electrospinning to prepare gelatin-graphene oxide mats. Figure 2.4
shows the morphology of electrospun gelatin-GO mats as a function of GO loading and the
attachment of GO flakes on the surface of gelatin fibers.

Figure 2.4 A: SEM of electrospun gelatin-GO mats (1) gelatin only, (2) gelatin-0.5wt% GO,
(3) gelatin-1.0wt% GO, (d) gelatin-1.5wt% GO. Scale bar:5µm; B: TEM of electronspun
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gelatin-GO (with 1wt% GO loading) mat showing GO flakes deposited (2) on the surface or (1
and 3) partially embedded into gelatin fibers. Scale bar: 200 nm (1 and 3); 500 nm (2). Figure
reproduced from Panzavolta et al. (2014) with permission from Elsevier.
2.3.3. Sol-gel process
Sol-gel process has been extensively employed for the powderless processing of glasses and
ceramics. Recently, it has been used to synthesize organic-inorganic hybrid material (Livage,
1997). The sol-gel process typically involves metal alkoxide precursors M(OR)z where R is an
alkyl group (R=Me, Et…). The hydrolysis and condensation of these precursors lead to the
formation of an oxide network as follows,
Si-OR+H2O→Si-OH+ROH (hydrolysis)
Si-OH+RO-Si→Si-O-Si+ROH (condensation)
The overall reaction can be written as:
Si(OR)4+ 2H2O→SiO2+4ROH
In this technique, the SiO2 are synthesized within the polymer matrix, using an aqueous
solution containing the polymer and the silicate building blocks. During the process, the
polymer aids the nucleation and growth of the inorganic host crystals and gets trapped within
the layers as they grow (Ojijo & Sinha Ray, 2013). Silica-gelatin hybrid has been synthesized
using colloidal silica as the precursor for silica by sol-gel process. The surface modification of
the hybrid material has been done with methyltrimethoxylsilane leading to the formation of
biocompatible hydrophobic silica-gelatin hybrid (Smitha et al., 2007).
2.3.4. In situ mineralization
Helminger et al. (2014) have developed three-steps in situ mineralization process to prepare
gelatin-magnetic iron oxide nanoparticles hybrid gel (Figure 2.5). In a first step, gelatin
hydrogels were prepared at different biopolymer concentrations to allow for different mesh
sizes. These hydrogels were then soaked in a solution of Fe2+ and Fe3+ until they reached the
swelling equilibrium. In a third step magnetite was formed inside the gelatin network after
immersing the gel into NaOH solution, without affecting the gel properties. The porous
polymer network structure of hydrogel in combination with the carbonyl, amine and anionic
groups of the gelatin molecules binds the metal cations and thereby acts as a template for the
co-precipitation of magnetic nanoparticles by alkali addition.
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Figure 2.5 Schematic representation of the ferrogel synthesis. a) Unloaded gelatin gel, b)
hydrogel loaded with ferrous and ferric ions, and c) magnetic nanoparticles distributed inside
the hydrogel after in situ co-precipitation with NaOH. Figure reproduced from M. Helminger
et al. (2014) with permission from Wiley-VCH Verlag GmbH
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Table 2.1 Summary of various methods employed to prepare gelatin nanocomposites.
Preparation method
Solvent casting

Gelatin/plasticizer/CLs
Gelatin/glycerol/TGs

Nanofillers
Calcium carbonate

Solvent casting

Gelatin/glycerol/antioxidants

Calcium carbonate

Electrospinning

Gelatin/-/glutaraldehyde

MWNT and HA

Solvent casting

Gelatin/SDS

MWNT

Solvent casting with sonication
pretreatment

Gelatin/Glycerol/SDS

MWNT

Solvent casting with sonication
pretreatment

Gelatin/-/-

Cellulose nanocrystals
Cellulose nanofibers

Electrospinning

PLGA-Gelatin

Silica nanoparticles

Structure
With increasing TGases, the
sample exhibited a more densely
packed, heterogeneous, and
flaky matrix morphology.
Antioxidants (sodium ascorbate,
tea polyphenols) caused the
formation of gelatin-calcium
carbonate
aggregates
and
clusters.
The incorporation of HA or
MWNTs/HA
nanoparticles
resulted in an increase in the
porosity of the gelatin fibers.
MWNT shows a moderately
uniform dispersion in the gelatin
gel at low MWNT concentration
(0.1 vol. %). The dispersion of
MWNT at high concentration
(1.0 vol. %) is relatively poor.
With
increase
MWNT
concentration, more aggregates
can be seen.
A
good
dispersion
of
nanocellulose
within
the
continuous matrix. The pulled
out cellulose nanocrystals can
be observed which shows a
clean surface without matrix
indicating a lack of adhesion
between the two.
Silica
nanoparticles
were
distributed uniformly on the
sheath and core fibers, and
nanoparticle aggregation were
observed only at a few locations.

Reference
(Y. Wang, A. Liu, R. Ye, W.
Wang, et al., 2015)
(Y. Wang, A. Liu, R. Ye, X. Li,
et al., 2015)

(H. Wang et al., 2015)

(Tungkavet et al., 2015a)

(Sifuentes-Nieves et al., 2015)
(Mondragon et al., 2015)

(Mehrasa et al., 2015)
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Preparation method
Solvent casting

Gelatin/plasticizer/CLs
Gelatin/glycerol

Nanofillers
laponite

Solvent casting with sonication
and homogenization

Gelatin/glycerol

Cellulose whiskers

Solvent casting with sonication

Gelatin/-/genipin

Montmorillonite

Solvent casting-film
Electrospinning-mat

Gelatin/-/-

Graphene oxide (GO)

Solvent casting with sonication

Gelatin/SDS

MWNT

Structure
The surface roughness of
gelatin-laponite films increased
with the addition of laponite. It
was appeared that laponite
platelets were electrostatically
oriented to stacks and densely
packed with gelatin, forming the
laminated structures.
The sonication improved the
dispersion of the whiskers,
although the sonicated film still
presented
some
whiskers
aggregation.
The composite film displayed a
layered organization, although
less regular than that of pure
gelatin.
Gelatin-GO film displayed a
layered morphology, with a
good dispersion of GO sheets in
the gelatin matrix.
In electrospun gelatin-GO
fibers, the presence of GO does
not seem to affect the
smoothness and uniformity of
the nanofibers. A reduction of
the gelatin fiber diameter
observed in high GO loading.
The inclusion of CNT to the
gelatin
matrix,
modified
appreciably the internal film
morph-structure, with no effect
on its surface.

Reference
(X. Li et al., 2015)

(Santos et al., 2014)

(Panzavolta, Gioffre, et al.,
2014)
(Panzavolta, Bracci, et al.,
2014)

(Ortiz-Zarama et al., 2014)

24

Preparation method
Solvent casting

Gelatin/plasticizer/CLs
Gelatin/sorbitol

Nanofillers
AgNPs

Solvent casting with sonication

Gelatin/glycerol

AgNPs and nanoclay

In situ mineralization

Gelatin/-/-

Magnetic
nanoparticles

Photo crosslinking

Gelatin/-/methacrylate
anhydride

CNT

iron

oxide

Structure
The presence of AgNPs was
observed only on the surface of
the gelatin film containing
AgNPs (20-40mg). The AgNPs
were evenly distributed on the
surface of the films.
All of the films showed
homogenous
and
smooth
surface structures with compact
structural integrity. The AgNPs
are uniformly dispersed in the
nanocomposite films, however,
some aggregation or bigger size
particles are observed.
SANS shows with respect to gel
concentration an unchanged
gelatin structure of average
mesh size larger than the
nanoparticles. The size of the
nanoparticles seems to be
limited by the gel mesh size and
independent
of
gelatin
concentration between 6 and 18
wt%.
SANS
shows
no
aggregation of magnetite in
agreement with TEM.
GelMA-coated CNT fibers were
shown to be homogeneously
dispersed in the prepolymer
solution. SEM images of gelatin
film surfaces showed that CNTGelMA had porosity and pore
size distribution similar to that
of the pristine GelMA, but with
fibrous
meshwork
interconnecting pores.

Reference
(Kanmani & Rhim, 2014b)

(Kanmani & Rhim, 2014a)

(Helminger et al., 2014)

(Shin, Jung, et al., 2013)
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2.4. Rheological properties of gelatin-nanofillers composites
In the following, we will first give the general introduction of rheology measurements
(dynamic oscillations measurement, compression and tensile test) and then describe in more
details the small and large deformations rheological properties of gelatin alone and gelatin
nanocomposites.
Both rheological measurement (involving mainly shear) and compression or tension tests can
be very useful to characterize the mechanical properties of biopolymer gels (Hyland, Taraban,
& Yu, 2013). In biological tissues, the Young’s modulus E and the shear modulus G are related
by the relation E=2(1+) G and if the poisson ratio is ½, like for rubber, the relation reduces
to E=3G. Both oscillatory rheology and compression-tensile testing have their own advantages
and disadvantages in characterizing mechanical properties of biopolymers. Oscillatory
rheology is more convenient for soft gels where the gel stiffness evolution over time is easily
monitored giving for instance information on the kinetics of gelation. However, due to
commercial rheometer maximum applied strain (stress) limitation, some stiffer materials
cannot be examined. On the other hand, compression-tensile testing is more convenient for
more rigid biopolymeric materials and could provide a wide range of mechanical
measurements (Kloxin, Kloxin, Bowman, & Anseth, 2010).
Rheological properties of any polymeric material are crucial to gain fundamental understanding
of its processability and are usually retrieved as from either dynamic oscillatory shear (e.g.
viscoelastic behavior) or steady shear measurements (e.g. viscosity). The rheological properties
of particle-filled materials are sensitive to the structure, concentration, particle size, shapes and
surface characteristics of the dispersed phase. Rheology could potentially offer means to assess
the state of dispersion in nanocomposites. Thus, rheology can be envisaged as a tool that is
complementary to traditional methods of materials characterization such as microscopy, X-ray
powder diffraction, and various scattering (light, X-ray, neutron) methods (Pavlidou &
Papaspyrides, 2008; Solomon, Almusallam, Seefeldt, Somwangthanaroj, & Varadan, 2001).
2.4.1. Dynamic oscillation measurements
Dynamic oscillatory shear measurements are performed by subjecting a material to a sinusoidal
deformation and measuring the resulting mechanical response as a function of time. Oscillatory
shear tests can be divided into two regimes. One regime deals with the

linear viscoelastic
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response (small amplitude oscillatory shear, SAOS) and the other regime is defined by
measuring the material’s nonlinear response (large amplitude oscillatory shear, LAOS) (Hyun
et al., 2011).
Small amplitude oscillatory shear rheology is a non-destructive measurement that is able to
monitor the time evolution of the elasticity of hydrogels networks during gelation. Furthermore,
by conducting frequency sweep experiments, the viscoelastic behavior of hydrogel networks
can be obtained. Dynamic viscoelasticity can be obtained by applying a sinusoidal oscillating
strain (or stress) to a sample at very small deformations using a range of frequencies (rad s-1).
The changes of the sinus waves of the stress and its corresponding strain (or inversely, applying
sinus waves of strain and measuring the resulting stresses) with time can be monitored to
discriminate among elastic, viscous, and viscoelastic responses (Tadros, 2011) .
For example, in strain-controlled oscillatory measurements, the applied strain γ(t) varies
sinusoidally with time as:
γ(t) = γ0 sin(ωt) (2.1)
For an elastic solid, there is no energy dissipation hence, no time shift between the stress 𝜎(𝑡)
and strain sin waves following:
𝜎(𝑡) = 𝐺𝛾(𝑡) = 𝐺𝛾0 sin(𝜔𝑡) (2.2)
Here G is the shear modulus, 𝛾0 is the amplitude of strain and 𝜔 is the angular frequency
For a purely viscous liquid, by contrast, the energy dissipation occurs and the strain and stress
waves are shifted by 𝜋/2:
𝑑𝛾

𝜋

𝜎(𝑡) = 𝜂 𝑑𝑡 = 𝜂𝛾̇ = 𝛾0 𝜔 cos(𝜔𝑡)=𝜂𝛾0 sin(𝜔𝑡 + 2 ) (2.3)
where 𝜂 is the viscosity of the material
For a viscoelastic material, the stress is out of phase with the strain by the phase angle shift 𝛿
(0 ≤ 𝛿 ≤

𝜋
2

):
𝜎(𝑡) = 𝜎0 sin(𝜔𝑡 + 𝛿) (2.4)

𝜎0 is amplitude of stress, and the stress and strain are related by the general expression:
𝜎(𝑡) = 𝛾0 [𝐺 ′ (𝜔) sin(𝜔𝑡) + 𝐺 ′′ (𝑤) cos(𝜔𝑡)] (2.5)
In which 𝐺 ′ (𝜔) and 𝐺 ′′ (𝜔) are defined as storage (elastic) modulus and loss (viscous)
modulus, respectively. The storage modulus measures stored energy, representing the elastic
portion, and the loss modulus measures the energy dissipation, representing the viscous portion.
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The storage and loss modulus are defined as follow,
𝐺 ′ (𝜔) = 𝐺 ∗ cos 𝛿(𝜔) (2.6)
𝐺 ′′ (𝜔) = 𝐺 ∗ sin 𝛿(𝜔) (2.7)
tan 𝛿(𝜔) =
The complex modulus

𝐺 ′′ (𝜔)
𝐺 ′ (𝜔)

(2.8)

𝐺 ∗ can be resolved into two components: (i) the storage (elastic)

modulus (𝐺 ′ ), the real component of the complex modulus; and (ii) the loss (viscous) modulus
(𝐺 ′′ ), the imaginary component of the complex modulus:
𝐺 ∗ (𝜔) = 𝐺 ′ (𝜔) + 𝑖𝐺 ′′ (𝜔)

(2.9)

2.4.2. Compression and tensile test
Tensile testing is the most used method to measure the mechanical properties of
nanocomposites. During tensile testing, a rectangular specimen is placed in the grips of
movable and stationary fixtures in a testing machine commonly called Universal Testing
Machine. The sample is pulled apart until it breaks. The applied load (force) and the resulting
elongation of the specimen are measured, the tensile modulus (TM), tensile strength (TS), and
percent elongation at break (% E) can be obtained (Kumar, Sandeep, Alavi, & Truong, 2011).
TM is the slope of the initial linear portion of stress-strain curve, also known as Young’s
modulus or the modulus of elasticity. TS is a measure of the strength of a material under tensile
loading and is calculated as:

𝑇𝑆 =

𝐹𝐵
(2.10)
𝐴

where FB is the force at break point, and A is the initial minimum cross-sectional area of the
specimen. %E at break is the extent to which a material can be stretched before it breaks and
is calculated as
%𝐸 =

𝐿𝐵
𝐿

(2.11)

Where LB is the elongation at break point, and L is the initial gauge length of specimen in
between the grips of instrument.
Another mechanical testing method is compression (Basu, Swain, & Sarkar, 2013;
Kailasanathan & Selvakumar, 2012; Lei et al., 2012). During this test, the stress versus strain
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response of the samples is recorded. The compressive modulus is determined by considering
the initial linear region of the stress-strain curves.
2.4.3. Rheological properties of pure gelatin
Small deformations rheological properties of gelatin gels
Viscoelastic measurements on gelatin gels are extensive and exemplified by those performed
by Djabourov and coworkers (Madeleine Djabourov et al., 1992; Madeline Djabourov, Maquet,
Theveneau, Leblond, & Papon, 1985; Joly-Duhamel, Hellio, Ajdari, & Djabourov, 2002). They
have employed the controlled small oscillatory strain at a fixed frequency to monitor gel
formation for gelatin solutions quenched rapidly to a fixed temperature. For systems that are
allowed to gel at a well-defined temperature, there is a characteristic curve of G’, G’’ versus
time. This has an initial lag time, and both G’, G’’ increase, but with G’ increase faster than G’’
therefore at a given time there is a ‘cross-over’. Subsequently G’ continue to increase, and, for
gelatin, there is no final plateau value of the elastic modulus since the ‘shuffling’ of triple helix
allows G’ to increase indefinitely when plotted against time (Ross-Murphy, 1992). Several
criteria to determine the gelation point are described in the literature and the cross-over point
of G’ and G’’ has been widely used. However, in practice another method to determine gelation
point (temperature or time) is also reported. Bode et al. (2011) found it a more reliable and
straightforward to define the gel point as the point where G’ reaches the arbitrarily defined
value of 1 Pa.
For gelatin physical gel, Djabourov et al. (2002) established an elasticity master curve showing
that the elastic modulus G’ is directly related to the fraction of amino acids in the triple helix
conformation in the network (detected by optical dichroism), independent of the thermal history,
source of the gelatin, concentration, or molecular weight. In terms of chemically cross-linked
gelatin gel, the elastic modulus G’ first increases with cross-linking time or cross-linker
concentration and then reaches a plateau. With the aid of small angle neutron scattering (SANS),
the aggregation size of gelatin gels that are chemically cross linked at various time and with
various cross-linker (transglutaminase) concentrations can be extracted. The result
demonstrated that there is a good relationship between the change of aggregate size and elastic
modulus G’. Thus the macroscopic properties of chemically cross-linked gelatin gel (G’) can
be understood based on their micro or nano-architecture development (Bode et al., 2013).
After a relatively long time, G’ and G’’ nearly reach a plateau. The dynamic, viscoelastic
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behavior of gelatin gel can be investigated by means of frequency sweep. In a typical gelatin
frequency sweep result (mechanical spectra), the elastic modulus G’ is greater than the viscous
modulus G’’ by a factor of approximately 100. The elastic modulus G’ is nearly independent
of the frequency in the range between 0.1 and 10 Hz (Xing et al., 2014; Zhi Yang, Hemar, et
al., 2015). These findings suggest that gelatin forms strong gel networks demonstrating solidlike behavior (Moura, Figueiredo, & Gil, 2007).
2.5.3.2. Large deformation rheological properties of pure gelatin gels
The reason why large deformations and fracture measurements for gels are used is as follows:
Firstly, these properties form important quality and processing characteristics regarding the
functional properties of gels, such as shaping, handling, and cutting, for gelatin gels, or simply
subjecting them to extreme mechanical behavior such as during chewing and masticating.
Secondly, gelatin gels used in artificial tendons and ligaments would be subjected to large
stretch during real life body motions. Thirdly, large deformations and fracture properties of gels
can be studied to obtain information on gel structure, and to validate theoretical models (Van
Vliet, 1996).
One specific nonlinear behavior of gelatin gels is their tendency to strain-harden at large
deformations, meaning that when they are deformed, the observed stress increases faster than
strain (J. Zhang, Daubert, & Allen Foegeding, 2007). Various rheological protocols including
strain sweep, strain ramp (constant shear), pre-stress can be employed to study large
deformations rheology of various gelatin gels (Zhi Yang, Hemar, et al., 2015). Strain sweep
measurements are performed at a fixed frequency (e.g. 1 Hz) for strains ranging typically from
10-1 % to 104 %. In these dynamic measurements, the elastic modulus G’ and viscous modulus
G’’ are obtained. Another protocol in the study of the nonlinear rheology of gelatin gels is to
use constant shear or strain ramp, in which strain is a variable, that is increased linearly with
time, while the stress is measured. The advantage of this method is that the nonlinearity, such
as strain hardening is observed directly, otherwise the stress-strain curve in simple shear is a
straight line for materials that do not show any strain hardening (Groot, Bot, & Agterof, 1996a).
In pre-stress protocol, a low amplitude oscillatory stress (e.g. 1Pa) is superposed to a constant
applied pre-stress, and the differential elastic modulus is determined as a function of constant
applied pre-stress at a fixed frequency (e.g. 1Hz) (Kasza et al., 2007).
Groot et al. (1996) investigated the strain hardening of gelatin gels using strain ramp protocol
30

and discussed various molecular theories to explain their mechanical behavior. Combining
experiment and theory they concluded that strain hardening in gelatin can be attributed to either
(a) finite polymer length (the chain length between connection points should be some 2.5 times
the persistence length), or (b) a fractal structure of polymer strands (the fractal dimension
should be roughly df = 1.3-1.5), or (c) the presence of both stiff rods and flexible coils (the
length of the rods should be 1.4-4.4 times the radius of gyration of the coils. Model (b) and (c)
describe the experimental data significantly better than model (a). Recently, the strain
hardening behavior of gelatin gels is further investigated using large oscillatory shear protocol
(W.-x. Sun, Huang, Yang, & Liu, 2015; Zhi Yang, Hemar, et al., 2015). The BST (Blatz, Sharda,
and Tschoegl) (Blatz et al., 1974)-scaling model described the strain hardening behavior of
gelatin physical gels quite well, whereas the Gent and worm-like chain network models
overestimated the strain-hardening at large strains. This finding is in agreement with previous
studies (Groot et al., 1996a). The Gent model is considered to be approximately equivalent to
the affine model, whereas the Worm Like Chain network model is Gaussian chain model. The
less success of these two models in predicting the strain hardening behaviour of gelatin gel
suggest that non-Gaussian and non-affine property may play some role in the strain hardening
property of gelatin gels, but further research is needed to confirm this (W.-x. Sun et al., 2015).
Besides gelatin physical gels, the large deformations rheology of chemically cross-linked
gelatin gels has been also considered. The large deformation rheology of hoki skin gelatin
chemically cross linked by various amounts of glutaraldehyde and genipin is investigated
(Mohtar, Perera, & Hemar, 2014). Qualitatively, all the cross-linked gelatin samples showed
similar behaviour of G’ and G’’ as a function of strain. Up to a critical strain, both G’ and G’’
remained constant. When the applied strain is further increased, both G’ and G’’ increased to a
maximum value. At a very high strain, both G’ and G’’ start to decrease, indicating that gelatin
sample start to break. For simplicity, the breaking strain (stress) was defined such that G’= G’’.
The result demonstrates that the addition of chemically cross linker enhances the breaking
strain and breaking stress of gelatin gels. But further analyses of strain hardening behavior of
these gelatin gels were still lacking.
Recently, the strain hardening of various gelatin networks-namely gelatin physical gels and
chemically-cross linked gelatin gels with glutaraldehyde were investigated using large shear
deformations using pre-stress, strain ramp, and large oscillatory shear protocols. Further, the
internal structures of these gelatin gels were characterized by small angle neutron scattering
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(SANS) to enable their internal structure to be correlated with their nonlinear rheology. The
Kratky plots of SANS data demonstrated the presence of small cross-linked aggregates within
the chemically cross-linked network whereas, in the physical gelatin gel, a relatively
homogeneous structure is observed. The fractal dimension obtained from the SANS data of
the physical and chemically cross-linked gels was 1.31 and 1.53, respectively. These values are
in excellent agreement with the ones obtained from a generalized nonlinear elastic theory (BST)
that has been employed to fit the stress-strain curves. The chemical cross-linking that generates
coils and aggregates hinders the free stretching of the triple helix bundles in the physical gelatin
gels (Zhi Yang, Chaieb, et al., 2015).
2.4.4. Rheology of gelatin nanocomposites
2.4.4.1. Small deformations rheology
The linear viscoelastic properties of several gelatin based nanocomposites have been examined
for a wide range of (nano) fillers including montmorillonite (Jorge et al., 2014; Qazvini et al.,
2012), cellulose nanowhiskers (Dash et al., 2013), hydroxyapatite (Neffe et al., 2011), MWNT
(Tungkavet et al., 2015a), PLGA nanoparticles (Samba, Hernandez, Rescignano, Mijangos, &
Kenny, 2015), graphene (Tungkavet, Seetapan, Pattavarakorn, & Sirivat, 2015b), clay (PourEsmaeil, Taheri Qazvini, & Mahdavi, 2014), and graphene oxide (Piao & Chen, 2015).
Recently, Piao et al. (2015) performed small oscillatory shear measurements on gelatingraphene oxide hydrogels with various gelatin and graphene oxide content. Figure 2.6 shows
that the storage modulus of the hydrogel increased with increasing gelatin or Graphene Oxide
(GO) concentration, and GO provided a higher modulus than gelatin at a comparable
concentration. The hydrogels are designated as GmGnH, where m and n define the
concentration of GO and gelatin, respectively, in the final hydrogel with the unit of mg ml−1.
For example, G10G5H is a hydrogel comprising 10 mg ml−1 GO and 5 mg ml−1 gelatin.
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Figure 2.6 Storage modulus (G’) and loss modulus (G’’) of gelatin-graphene oxide hydrogel
with various gelatin and GO concentration. Figure reproduced from Y. Piao et al. (2015) with
permission from Wiley-VCH Verlag GmbH.
The small deformations rheological properties of various gelatin-MWNT composites, namely
physical gelatin gel-MWNT composites, chemically cross linked gelatin-MWNT composites,
and chemically-physically cross linked gelatin gel-MWNT composites were recently
investigated. Further, the internal structures of these gelatin-MWNT composites were
characterized by ultra-small angle neutron scattering (USANS) and scanning electron
microscopy (cryo-SEM). For all gelatin gels, the addition of MWNT (up to 1wt%) increases
their complex modulus weakly. The dependence of the elastic modulus G’ with frequency of
gelatin-MWNT composites is similar to that of corresponding neat gelatin matrix. However,
by incorporation of MWNT, the dependence of viscous modulus G’’ is reduced. Results from
light microscopy, cryo-SEM, and USANS demonstrates the hierarchical structures of MWNT,
including that tens-of-microns scale MWNT agglomerates are present (Zhi Yang, Chaieb, et al.,
2015). The large aggregation of MWNT could decrease the interaction area between MWNT
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and gelatin matrix thus decreasing the load transfer form high modulus MWNT to gelatin.
Small oscillatory deformations rheology is also used to determine the elastic-viscous transition
temperature Tgel, defined as the cross-over point of the G’ and G’’ as a function of temperature
(temperature sweep). A temperature sweep measurement was used to study the Tgel of gelatin
functionalized with tyrosine derived moieties and their hydroxyapatite composites. The results
illustrate that the intersection of the G’ and G’’ increased significantly with incorporation of
Hap. These observations can be explained by additional physical cross-linking of the networks
and interactions between the matrix and Ca2+ ions of the filler (Neffe et al., 2011).
2.4.4.2. Large deformations mechanical properties of gelatin nanocomposites
During large deformations mechanical tests, a typical stress-strain curve of material can be
obtained. From the stress-strain curve, some valuable information like Young’s modulus, the
stress and the strain (elongations) at the breaking point can be extracted. In Table 2.2, we
summarize the large deformation rheological properties of various gelatin based
nanocomposites.
The reinforcement of nanofillers on polymers is closely related to the aspect ratio and size of
nanofillers, dispersion degree and interfacial interactions. The change of mechanical properties
of gelatin nanocomposites as function of filler content can show several trends. The first trend
is that the tensile strength and Young’s modulus increases with the increase of filler content
until they reach a maximum. The increase in the mechanical properties is probably due to the
substantial dispersion of fillers in the gelatin matrix and to the cross linking efficiency between
the matrix and filler. Incidentally if the filler content is further increased, a decrease in the
mechanical properties is observed. An excess amount of nanofillers may lead to agglomeration
which interferes with the interfacial interactions and results in micro-phase separation of the
components (Faghihi, Gheysour, Karimi, & Salarian, 2014). This behavior is observed in
gelatin-MWNT film (Kavoosi et al., 2014), gelatin-montmorillonite film (Flaker, Lourenço,
Bittante, & Sobral, 2014; Mu et al., 2013), methacrylated gelatin-MWNT composites (Shin,
Jung, et al., 2013) gelatin-cellulose nanocrystal film (George & Siddaramaiah, 2012), and
gelatin-poly (acrylic acid)-graphene oxide system (Faghihi, Karimi, Jamadi, Imani, & Salarian,
2014).
It is also noted that several authors have also reported that the addition of some types of
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nanofillers only have marginal or adverse effect on nanocomposites modulus and/or tensile
strength. Recently, Mondragon, Peña-Rodriguez et al. (2015) reported that after the addition of
nanocellulose to up to 10 wt%, the tensile strength decreased suggesting that there was small
stress transfer from the matrix to the fibers irrespective of the amount of nanocellulose. These
nanocomposites showed similar Young’s modulus as that of a pure gelatin matrix. The SEM
results showed that a lack of adhesion between nanocellulose nanofibers and gelatin matrix.
Similar behavior is also observed by Kanmani and Rhim (2014) in gelatin-silver nanoparticles
(AgNPs) film. The addition of AgNPs to the gelatin film resulted in a significant reduction in
tensile strength and in the value of the Young’s modulus. The authors attributed this behavior
to the discontinuity of the polymer networks due to the addition of AgNPs, and thus reducing
the stretching capability of the gelatin/AgNPs composite films. It is also observed that the
addition of wool nanoparticles decreases the tensile strength of gelatin-chitosan-wool
nanoparticles composites, particularly at high nanoparticle content (0.5%). It is probably due
to the irregular microstructure of the embedded composites and the aggregation of the
nanoparticles (Eslahi et al., 2014).
Compared to a simple tension or compression test, rheology measurement provides a unique
perspective where the deformation is more complex and sophisticated. Recently, we
investigated the large deformations rheological properties of various gelatin gels (namely
gelatin physical gel, chemical gel, and chemical-physical gel)-MWNT composites using strain
sweep (large oscillatory shear) and pre-stress protocol. The strain sweep results showed that
the linear viscoelastic region decreases approximately linearly with the increase of MWNT
concentration (up to 1wt%). The pre-stress result demonstrated that the addition of MWNT
does not change the strain hardening of gelatin physical gel. However, the addition of MWNT
can increase the strain hardening behavior of gelatin chemical gel and gelatin chemicalphysical gel (Zhi Yang, Chaieb, et al., 2015).
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Table 2.2 Summary of mechanical properties of various gelatin nanocomposites.
Nanocomposites
Gelatin-calcium
phosphate
whiskers

Gelatin
(wt%)
10

Gelatin/glycerinecellulose
nanocrystals

10

Gelatin-cellulose
nanofibers

10

Gelatin-cellulose
nanocrystals

10

Gelatin-laponite
film

10

Gelatin-clay
(Cloisite 20A)

25

content

Nano-filler
content (wt %)
0
16
25
50
0
1
2.5
5
0
1
3
5
10
0
1
3
5
10
0.2
0.3
0.4
0.5
0
2
6
10
14
18

Young’s modulus
(MPa)
28
31
34
38
1.4
1.6
1.9
2.1
4600
4700
4500
5200
5000
4600
4000
4400
5300
4600

25
17
20
22
28
33

Tensile
(MPa)

105
90
82
100
70
110
85
82
90
90
6.5
7
8
11.5
2.2
2.6
2.5
2.4
2.5
2.8

strength

Fail strain (%)

4.2
2.5
3
4.2
2
4.2
4.2
4.3
4.3
5
100
112
120
130
20
25
22
20
18
16

Fail stress (%)

Reference

4.3
4.6
6.2
4.8

(Nouri-Felekori,
Mesgar, &
Mohammadi,
2015)
(Ning et al., 2015)

(Mondragon et al.,
2015)

(Mondragon et al.,
2015)

(X. Li et al., 2015)

(Farahnaky,
Dadfar, &
Shahbazi, 2014)
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Nanocomposites
Gelatinpoly(acrylic acid)graphene oxide

Gelatin
(wt%)
1w/v%

Gelatin/ChitosanWool
nanoparticles

0.5

Methacrylated
gelatin-MWNT

10w/v%

Gelatinmontmorillonite

10w/v%

Gelatin-cellulose
nanocrystals

10w/v%

Fish
gelatincellulose whiskers
without sonication

9.6

content

Nano-filler
content (wt %)
0
0.1
0.3
0.5
0
0.1
0.3
0.5

Young’s modulus
(MPa)

0
1
3
5
0
0.01
0.02
0.05
0.1
0
1
2
3
4
5
0
5
10
15

10
25
30
20

2189
2225
2272
2335
2350
2321
470
550
570
600

Tensile
(MPa)
0.14
0.19
0.24
0.18
26.67
24.91
23.37
19.92

strength

Fail strain (%)

Fail stress (%)

Reference
(Faghihi, Karimi,
et al., 2014)

42.71
38.54
31.04
31.25

(Eslahi et al.,
2014)

(Shin, Jung, et al.,
2013)
2.22
3.19
3.31
3.80
3.02
83.7
88.7
95.1
103.1
108.6
89.8
16.2
17.0
16.9
16.8

49.06
46.02
43.93
42.18
34.55
33.7
33.1
29.8
27.5
23.4
20.8
14
13
14
14

(Mu et al., 2013)

(George &
Siddaramaiah,
2012)

(Santos et al.,
2014)
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Nanocomposites
GelatinMontmorillonite
(dry condition)

Gelatin
(wt%)
5 w/v%

GelatinMontmorillonite
(RH=75%)

5 w/v%

Gelatin-graphene
oxide (casting)

10 w/v%

Gelatin-graphene
oxide
(electrospinning)

10w/v%

Gelatin-MWNT
film (RH=22%)
Gelatin-MWNT
film
(RH=65%)

1
10 w/v%

content

Nano-filler
content (wt %)
0
5
15
20
0
5
15
20
0
0.5
1
1.5
2
0
0.5
1
1.5
0
0.001
0
0.5
1
1.5
2

Young’s modulus
(MPa)
2.1
1.8
3.7
4.5
1.51
2.59
3.75
4.47
2.1
2.6
3.1
2.9
2.9
90
92
148
141
900
710
45.4
71.5
86.5
110
93

Tensile
(MPa)

87.27
54.71
13.4
22.6
29.2
36.5
30.3

strength

Fail strain (%)

14
18
20
24
17
17
12
5.4
5
4.59
4.86
95
66
49
44.5
55.2

Fail stress (%)

Reference

14
18
11
8
39
42
29
36
79
86
100
107
97
2.5
2.9
3.4
4.1

(Panzavolta,
Gioffre, et al.,
2014)
(Panzavolta,
Gioffre, et al.,
2014)
(Panzavolta,
Bracci, et al.,
2014)
(Panzavolta,
Bracci, et al.,
2014)
(Ortiz-Zarama et
al., 2014)
(Kavoosi et al.,
2014)
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2.5. Applications of gelatin nanocomposites
2.5.1. Food packaging and edible film
One of the main applications of bio-nanocomposites is to use as food packaging material to
replace the traditional plastic. Therefore, beside the mechanical properties, the barrier
properties including water vapor permeability (WVP) and oxygen permeability (OP) are also
very important. WVP is an indicator of the inherent water vapor barrier properties of the
material, and is defined as the transmission rate of water molecules against the driving force of
vapor pressure, the exposed film area, and the thickness of the film (Y. Chen, Ye, Li, & Wang,
2013). Some excellent reviews on biocomposites application in food packaging can be found
elsewhere (Kumar et al., 2011; Raquez, Habibi, Murariu, & Dubois, 2013). In this review, we
focused on gelatin based nanocomposites.
Recently, many studies have been done on preparing various gelatin nanocomposite films and
demonstrate a potential of using these materials for food packaging. These include gelatin-egg
white-sepiolite film (Begoña Giménez, Gómez-Guillén, López-Caballero, Gómez-Estaca, &
Montero, 2012), gelatin-bacterial cellulose nanocrystals (George & Siddaramaiah, 2012), fish
gelatin-montmorillonite film (Bae, Park, et al., 2009), transglutaminase cross linked gelatincloisite Na+ film (Bae, Darby, et al., 2009), gelatin-clay-AgNPs (silver nanoparticles) film
(Kanmani & Rhim, 2014a), gelatin silver nanoparticle film (Kanmani & Rhim, 2014b), gelatinMWNT film (Kavoosi et al., 2014; Ortiz-Zarama et al., 2014), transglutaminase-induced
crosslinking of gelatin-calcium carbonate film, and gelatin-laponite film (X. Li et al., 2015).
Gelatin nanocomposites have demonstrated the good potential barrier properties against gases
(e.g., O2 and CO2) and water vapor. Studies have shown that such reduction in gas and water
permeability of nanocomposites strongly depends on the type of filler (i.e. compatibility
between filler and polymer matrix), dispersion state (agglomeration or not), and content of
fillers. The gelatin-cellulose whiskers film is prepared by sonication (Santos et al., 2014). The
WVP of the gelatin-cellulose whiskers film decreased with increase in cellulose whiskers
content (~30% decrease for sonicated film). The cellulose whiskers effect on reducing water
transmission can be attributed to the absence of amorphous areas through which the water
transmission preferentially occurs, as well as to the dense composite structure formed by the
hydrogen-bonded percolating network of cellulose whiskers. The similar behavior is also
reported in gelatin-clay (Cloisite 20A) film (Farahnaky et al., 2014). As seen in Figure 2.7,
when the clay content increases, the water permeability of gelatin films declines. It is suggested
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that very fine nanoclay particles with large surface to volume ratios can act as physical barriers
against the movement of water molecules, i.e. WVP reduction is caused by lengthening of the
pathway of molecules of water vapour between the nanofiller lamellae that are not permeable
to this compound water vapour.

Figure 2.7 Effect of clay content on water vapour permeability of gelatin-clay nanocomposites.
Different letters indicate the statistical difference (p<0.05). Figure reproduced from Farahnaky
et al. (2014) with permission from Elsevier.
In another study on gelatin-MWNT films (Kavoosi et al., 2014), the incorporation of 0.5% to
1% MWNT caused a significant decrease in WVP; while the incorporation of 1% to 2%
MWNT caused a significant increase in WVP, with the lowest value obtained at 1-1.5%. It is
suggested that the MWNT had bi-functional effects on the water vapour transmission across
gelatin matrix. Addition of MWNT at low concentrations could introduce a twisted path for
water molecules to pass through and resulting in an increase of WVP. At moderate
concentration, MWNT probably dispersed well in the gelatin matrix and blocked the water
vapour transmission. At higher concentrations, MWNT might agglomerate which in turn could
decrease the effective contents of the MWNT and facilitate the water vapour penetration.
However, the increase or no change of water vapour permeability (WVP) is also observed in
some gelatin nanocomposite films. The WVP of the gelatin/ZnO nanoparticles films was tested
and found it to increase significantly after the formation of nanocomposites with ZnO
nanoparticles (Shankar et al., 2015). The increased WVP of the gelatin/ZnO NPs film was
40

probably due to the discontinuous phase formed between nanoparticles and the polymer matrix,
which made the nanocomposite film more porous resulting in the increase in the WVP of the
composite films. The WVP of the gelatin/AgNPs and gelatin film control were determined by
the gravimetric method investigated by Kanmani et al (2014) . The result showed that there is
no statistical difference between the control and gelatin/AgNPs films on WVP. The
montmorillonite (MMT) up to 7g/100g gelatin have been incorporated into gelatin film and
their WVP properties are examined by Flaker et al (2014) . Until increasing montmorillonite to
5g/100g gelatin there is nearly no change of WVP. When the MMT concentration was up to
7g/100g gelatin, the WVP increased slightly. This behavior could be explained by the increased
in the surface specific area of gelatin-MMT film as revealed by AFM. (Voon, Bhat, Easa, Liong,
& Karim, 2012) reported that that the decrease of WVP of gelatin films with the addition of
halloysite or nano-SiO2 up to 5wt% was not statistically significant. This could be due to the
fact that both the nanoparticles used exhibit minimal dispersion, leading to an ineffective and
inadequate torturous path for the diffusion of water molecules through the film matrix.
2.5.2. Antimicrobial properties of gelatin-nanocomposites
Some gelatin-nanocomposite films prepared with clay, metal oxides, and AgNPs have
antimicrobial activity. Silver nanoparticles are one of the most widely used for the development
of gelatin nanocomposite films with antimicrobial properties (Kanmani & Rhim, 2014a). Noted
that the antimicrobial properties of gelatin nanocomposites are also strongly related to their
mechanical properties (Zivanovic, Li, Davidson, & Kit, 2007). The elasticity, flexibility, tensile
strength, and spread ability (coating) of gelatin nanocomposites play important roles for
determining their antibacterial functions in food and biomedical applications (J. H. Li et al.,
2009; Pelissari, Grossmann, Yamashita, & Pineda, 2009). The antimicrobial function of silver
is mainly attributed to the action of silver ions and metallic silver nanoparticles. It has been
proposed that silver ions interact with negatively charged biomacromolecular components
(disulphide or sulfhydryl groups of enzymes) and nucleic acids, causing structural changes and
deformation in bacterial cell walls and membranes that lead to disruption of metabolic
processes followed by cell death (Rhim, Park, & Ha, 2013). Knamani et al. (2014) prepared
gelatin-AgNPs film and studied its antibacterial activity against food-borne pathogens
including S. typhimurium, L.monocytogenes, E. coli, S.aureus, and B.cereus using the agar well
diffusion and colony count methods. The result showed that all bacterial pathogens were
significantly inhibited in a dose-dependent manner. Increase in the addition of AgNPs to the
gelatin film resulted in higher inhibition zones against the pathogens. The Gram-negative
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pathogens were highly suppressed by the nanocomposite films compared to the Gram-positive
bacteria pathogens, which is probably due to the membrane charge or to the thickness of the
cell wall, which depend on the bacterial strain. It is because the Gram-negative bacteria
investigated in this study (E. coli, S. typhimurium) are coated by a negatively charged outer
membrane and thin peptidoglycan layer (~7-8 nm), which facilitates an easy penetration of
AgNPs penetration into the bacteria cell.
Recently, the utilization of metal oxides such as TiO2, ZnO, CuO, and MgO, as reinforcing
filler in polymers have also been exploited for the preparation of antimicrobial packaging films
due to their strong antimicrobial activity with high stability compared with organic
antimicrobial agents (Arfat et al., 2014; L. Zhang et al., 2010). Shankar et al. (2015) prepared
gelatin-ZnO nanocomposites films with ZnO NPs and tested for the antimicrobial activity of
the films against L. monocytogenes and E.coli. The result in Figure 2.8 shows that they
exhibited stronger antimicrobial activity against L. monocytogenes than E.coli. The authors of
the study suggest that the antimicrobial activity of the ZnO NPs may be attributed mainly to
the releasing of Zn2+ ions and hydrogen peroxide. The Zn2+ ions could penetrate through the
cell wall of bacteria and react to the cytoplasmic content and kill bacteria, whereas the hydrogen
peroxide can damage the cell membrane of bacteria.

Figure 2.8 Antimicrobial activities of gelatin/ZnO NPs nanocomposite films against (a) L.
monocytogenes and (b) E.coli. Figure reproduced from S. Shankar et al. (2015) with permission
from Elsevier.
MWNT is also employed recently to form anti-bacterial nanocomposite films. Kavoosi, Dadfar
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et al. (2014) demonstrated that gelatin-MWNT films (up to 2wt% MWNT) have strong
antimicrobial activity against both Gram-positive and Gram-negative pathogenic bacteria by
using disk diffusion method. It is suggested that carbon nanotubes are relatively flexible and
interact with cell membranes and penetrate various microorganism and consequently causing
cell death.
One of the largest potential applications of gelatin-nanocomposites film is in food packaging.
Various nanofillers including MWNT (Ortiz-Zarama et al., 2014), laponite (X. Li et al., 2015),
ZnONPs (Shankar et al., 2015), AgNPs (Kanmani & Rhim, 2014b) , have been incorporated
into gelatin films and their potential for food packaging applications investigated. For example,
Li, Liu et al. (2015) have prepared gelatin-laponite composite films incorporating clove
essential oil and studied the effect of laponite content on preserving the freshness of meat. The
changes of Total Volatile Bases Nitrogen (TVB-N) of meat packaged by gelatin-laponite films
with different concentration of laponite were presented in Figure 2.9. TVB-N is the key index
of freshness of meat for the evaluation of the degree of decomposition of meat. Compared to
the control, TVB-N concentrations of the gelatin film containing laponite were significantly
lower than that of control after 6 days. After 9 days of storage, packaged samples with the
highest concentration of laponite exhibited a significant lower TVB-N concentration than those
of the low laponite concentration and the control samples, demonstrating the retardation of the
release of nitrogenous substances including protein packaged by the gelatin-laponite film. In
summary, with the anti-microbial activities as shown in last session, the gelatin based
nanocomposite film demonstrates high potential in future food packaging.
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Figure 2.9 TVB-N values of gelatin-laponite films during storage. Figure reproduced from X.
Li et al. (2015) with permission from Elsevier.
2.5.3. Tissue engineering
Biomaterials plays a very important role in tissue engineering, which is aimed to provide
replacements for tissues and organs which have been damaged or lost as a consequence of
disease, aging or accident (Steele, 1996). The first main gelatin nanocomposites application in
tissue engineering is for bone and joint replacements. The major constituents of bone and teeth
are a rigid apatite-like mineral and pliant collagen (TenHuisen & Brown, 1994). In the last 20
years, many studies dealt with the preparation of gelatin-based nanocomposites as bone
replacement material (Azami et al., 2010; Barbani et al., 2012; A Bigi, Panzavolta, & Roveri,
1998; M. C. Chang et al., 2003a; M. C. Chang, Ko, & Douglas, 2003b; Dyke et al., 2012;
Hossan et al., 2015; Ji Yin et al., 2000; H.-W. Kim et al., 2005; Hae‐Won Kim, Knowles, &
Kim, 2005a; Hae‐Won Kim et al., 2005b; H‐W Kim, Song, & Kim, 2005; Ko et al., 2006; Lei,
Shin, Jo, Koh, & Kim, 2014; D. Li et al., 2014; Junjie Li et al., 2007; W. Liu et al., 2006; NouriFelekori et al., 2015; Okutan, Terzi, & Altay, 2014; Rajzer et al., 2014; N. Sasaki, Umeda,
Okada, Kojima, & Fukuda, 1989; Sivakumar & Rao, 2002; TenHuisen & Brown, 1994; H.
Wang et al., 2015; Zhengwen Yang et al., 2005; Yoon et al., 2014). In Lzabella et al (2014)
where a 3D bi-layer scaffold was designed by collecting electrospun polycaprolactone (PCL)
and gelatin modified calcium phosphate nanoparticles to enhance mineralization, thus
improving the ability of the scaffold to bind to the bone issue.
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Other tissue engineering applications include engineering cardiac constructs and bioactuators
using CNT-incorporated photo-cross-linkable gelatin methacrylate (GelMA) (Shin, Aghaei‐
Ghareh‐Bolagh, et al., 2013; Shin, Jung, et al., 2013). They engineered functional cardiac
patches by seeding neonatal rat cardiomyocytes onto carbon nanotube (CNTs)-incorporated
photo-cross-linkable gelatin methacrylate (GelMA) hydrogels. The results indicate that the
electrically conductive and nanofibrous networks formed by CNTs within a porous gelatin
framework are the key characteristics of CNT-GelMA leading to improved cardiac cell
adhesion, organization, and cell-cell coupling. Compression modulus and electrical
conductivity of the gels, as well as key indicators to their biocompatibility showed clear
dependence on CNT concentration, with 3mg/ml of CNT led to tissues with optimum
electrophysiological functions. Recently, Mehrase et al., 2015 reported that the introduction of
mesoporous silica nanoparticles (MSNPs) into poly lactic-co-glycolic acid (PLGA) and
PLGA/gelatin electrospun matrices leads to the improved cell attachment and proliferation as
well as longer cellular processes. Embedding the scaffolds with MSNPs resulted in improved
tensile mechanical properties and hydrophobicity. Besides, cultivation of PC12 cells (precursor
of the dopaminergic neural cells) on the scaffolds showed that the introduction of MSNPs into
gelatin matrix leads to the improved cell attachment and proliferation. Their results
demonstrated the high potential of silica nanoparticles-incorporated PLGA/gelatin electrospun
nanofibrous scaffolds for stem cell culture and tissue engineering applications.
A similar study has been conducted on the biomineralization and cell attachment of chitosangelatin/nanohydroxyapatite composites (Peter et al., 2010). The biological response of MG-63
cells on nanocomposites was superior in terms of improved cell attachment, higher
proliferation, and spreading compared to chitosan-gelatin scaffold. (Xing et al., 2010))
prepared three-dimensional scaffolds of cellulose microfiber/gelatin composites. The results
showed that this composites can provide optimal porosity and tensile strength for long-term
maintenance and observation of cells.
2.5.4. Biosensor
In the last few years, research and development in the field of biosensors have gained increasing
interest for their advantageous properties as analytical tools, specially their potential for
miniaturization, portability, low cost and friendly-use compared to other well established lab
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based methods (Teles & Fonseca, 2008). A sensor is a device that receives and responds to a
signal and converts it into electrical/magnetic output, which can be further used in an electronic
device. The sensor which is used for the biological system is known as biosensor (Shukla et al.,
2013). Currently researchers are struggling to find a multipurpose long shelf-life biosensor with
good implantability and lower cost. To overcome these challenges researchers focused their
attention towards polymer-, composites, and nanocomposites-biosensor (Shukla et al., 2013).
Due to its good dispersing property, high adhesion ability, high biocompatibility, gelatin has
become one of the most popular biopolymer used for the fabrication of nanocomposites in
biosensing applications.
Gelatin based nanocomposites play an important role in the fabrication of different types of
biosensors. A biocompatible and hydrophilic gelatin-stabilized gold nanoparticle (AuNPsgelatin) nanocomposite was prepared with a simple and “green” route by reducing in situ
tetrachloroauric acid in gelatin. This composite was designed for the immobilization and
cytosensing of HL-60 cells. The immobilized cells showed sensitive voltammetric response,
good activity, and increased electron-transfer resistance. It can be used as a highly sensitive
impedance sensor for HL-60 cells ranging from 1× 104 to 1 × 107 cell mL−1 with a limit of
detection of 5 × 103 cell mL−1 (J.-J. Zhang et al., 2009). Periasamy et al. (2011) prepared a
glucose biosensor. This biosensor was obtained by modifying glassy carbon electrode with
gelatin-MWNT. Glucose oxidase was covalently immobilized into gelatin-MWNT modified
electrode through glutaraldehyde crosslinking. The developed glucose biosensor possesses
significant characteristics like good biocompatibility, excellent selectivity, reasonable stability,
rapid response, promising electrocatalytic activity towards glucose with good linear range from
1.04 to 3.76 mM of glucose.
2.5.5. Water treatment
On the basis of its large specific area and great mass transfer efficiently, gelatin based
nanocomposites have been identified as a promising adsorbent for the removal of toxic
pollutant from waste water. Recently, Wei et al. (2014), developed a novel absorbent of gelatinHA composites for nitrobenzene removal from aqueous solutions. Results showed that gelatinHA composites possessed good adsorption ability to nitrobenzene. The adsorption process was
fast, and it reached a steady state after only 1 min. Nitrobenzene removal was increased with
an increasing amount of adsorbent dosage but decreased as the temperature and pH increased.
It was readily understood that the number of available adsorption sites increases with the
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increase of absorbent dosage and it, therefore, leads to the increase in the amount of adsorbed
nitrobenzene molecules. The change of pH affects the adsorption process as well through the
dissociation of functional groups on the active sites of the adsorbent. At low pH, neutralization
of the negative charge at the surface of the adsorbents increased the protonation and resulted
in higher adsorption of nitrobenzene on HAP–GEL nanocomposite. The rise in temperature
promotes desorption. This may be explained by the fact that the solubility of nitrobenzene
increases from 1.78g/L to 2.05g/L when temperature increases from 15 to 30°C.
Another study, where a nano-hydroxyapatite (HA) incorporated gelatin biocomposites namely
n-HAGel was synthesized, demonstrated that the material is highly specific and efficient for
removing fluoride in water (Pandi & Viswanathan, 2015). HA is an efficient biomaterial for the
removal of toxic ions from the aqueous solution and it is acting as a binding material to increase
the sorption efficiency as well as enhanced the mechanical properties of biopolymer. The result
demonstrates that gelatin-HA nanocomposites possess an enhanced defluoridation capacity of
4157mg F-/kg. The feasible mechanism of fluoride removal by gelatin-HAP nanocomposites
is proposed by both adsorption and ion-exchange. The positively charged Ca2+ present in
gelatin matrix attracted negatively charged fluoride ions by means of electrostatic attraction.
2.5.6. Controlled release (Adsorption, release, and separation)
Due to porous structures of various gelatin based nanocomposites and high capability for
adsorption of many biomolecules to nanofillers (e.g. hydroxyapatite), some studies
investigated their potential for use as new materials for adsorption, release, and separation
purposes. Lee et al (2014) designed HA-containing gelatin/chitosan microspheres as an
efficient protein (lysozyme) delivery carrier which not only enables the loading of high
quantities of lysozyme but also maintains a sustained release without an initial burst release of
lysozymes. Furthermore, this material also demonstrated excellent biocompatibility with
osteoblastic cells. Basu, Swain et al. (2013) employed the freeze drying and cryogenic curing
techniques to develop gelatin-HA nanocomposites with interconnected porosity. This
composite demonstrated excellent adsorption (up to 50%) and release (up to 60% of adsorbed
protein) of bovine serum albumin (BSA), attributed to the inherent porous microstructures of
cryogenically cured hydroxyapatite–gelatin based micro/macroporous scaffolds (CHAMPS)
(Figure 2.10). Gelatin-HA nanocomposite porous scaffolds were fabricated biomimetically,
and their feasibility as a drug-delivery carrier was addressed. Compared to pure gelatin, the
gelatin-HA nanocomposites had lower drug releases, because of their lower water uptake and
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degradation. All the nanocomposite scaffolds release drugs in proportion to the initial drug
addition, suggesting their capacity to deliver drugs in a controlled manner (Hae‐Won Kim et
al., 2005b).

Figure 2.10 Representative 3D micro-CT scan image of the as-synthesized CHAMPS (a) and
BSA

loaded

CHAMPS

(b).

CHAMPS:

cryo-treated

nanohydroxyapatite-gelatin

micro/macroporous scaffold. Figure reproduced from Basu et al. (2013) with permission from
The Royal Society of Chemistry.
A novel physically cross-linked graphene oxide-gelatin nanocomposite hydrogel have been
prepared using self-assembly (Piao & Chen, 2015). Drug release experiments showed that the
drug release from the hydrogel was pH-dependent, with 96% of the model drug (fluorescein
sodium) released in a neutral environment, compared to 28% released in an acidic medium.
Reddy and Varaprasad et al. (2011) have prepared poly (acrylamide-gelatin) (PAM-GE)
hydrogels as well as PAM-GE hydrogel magnetic nanocomposites (PAM-GE-Fe3O4) by using
MBA as a cross-linker. The results indicate that the prepared hydrogels may be useful for
potential applications for magnetically controlled drug release-systems, magnetic-sensitive
sensors, and pseudomuscular actuators. Giménez et al. (2012) have incorporated sepiolite to
gelatin-egg white films containing clove essential oil. The effect of the incorporation of both
sepiolite and clove essential oil on the physical properties of the resultant films was evaluated.
The incorporation of sepiolite in these films containing clove essential oil increased the release
of both protein components and eugenol (a compound from clove essential oil) from the film
matrix, leading to a controlled release of the antioxidant activity measured by ferric reducing
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ability and radical scavenging capacity, as well as a higher antimicrobial effect.
2.6. Conclusion and future prospects
In this review, we reported recent progress on the modifications and the preparations of gelatin
hybrid gels to improve their thermal stability and mechanical properties and presented other
applications. Furthermore, various nanofillers including other (bio) polymers, nanoparticles
and (multiwalled) carbon nanotubes were employed as reinforcement candidates for
developing the various applications of gelatin-based nanocomposites via different approaches.
The investigation on small and large deformations rheology of gelatin nanocomposites is
highlighted. Based on several studies, the incorporation of various nanofillers does not always
improve the mechanical properties of gelatin nanocomposites. The wise selection of nanofiller
types and their concentration compared to that of gelatin, dispersion strategies, are extremely
important to obtain gelatin nanocomposites with satisfactory properties. Gelatin
nanocomposites is found in many applications ranging from food packaging material, antimicrobial agent, biosensors, chelating agents, anti-cancer during, to promising separation
material, etc. The type and efficiency of the applications depend strongly on the type of
nanofillers and their dispersions and interactions within gelatin matrix. Generally, the wide
panel of gelatin properties and processed gelatin nanocomposites provide vast innovative
opportunities for developing new biomaterials for many new applications. On the hand, the
dispersion strategies, preparation methods, and linear and non-linear viscoelastic properties are
quite universal and applicable to other (bio)polymer nanocomposites and not only to gelatin.
In the view of the authors, there are several lines of research arising from the current works
which could be considered in the future.
2.6.1. Understanding the large deformation rheology (strain hardening) in various gelatin
hybrid gel and gelatin based nanocomposites with in situ structural investigation.
Until now, most oscillatory rheology studies on gelatin and gelatin nanocomposites are mainly
conducted using small deformations. It has been shown that strain hardening occurs in gelatin
gel when submitted to large deformations. Although this phenomenon in gelatin gels and
gelatin nanocomposites is still not clear, it is expected to be related to the changes in structure
of gelatin nanocomposites under shear. It would be interesting to study in details the strain
hardening of gelatin gels and gelatin nanocomposites by using various scattering techniques
(Neutrons, or X-rays) in situ and on samples under shear. Furthermore, the effect of shear and
tensile stresses on the orientation of nanofillers in gelatin matrix is still unknown. Further study
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need to be done to reveal the morphology and structures of gelatin nanocomposites using in
situ scattering (SAXS, SANS) or microscopy (SEM, TEM) techniques under various
deformations.
2.6.2. Developing more efficient techniques for dispersing nanofillers in gelatin matrix.
It has been shown that the dispersion state of nanofillers is extremely important for the
structures and properties of gelatin nanocomposites. However, due to aggregation of various
nanofillers, homogenous dispersion is still a big challenge. Therefore, developing more
efficient strategies for dispersing nanofillers in gelatin matrix is required in the future for
developing and processing gelatin based nanocomposites. Firstly, covalently attached (charged)
functional group on the surface of nanofillers could increase the nanofillers self-repulsion and
interactions with matrix polymer (gelatin). Secondly, the appropriate selection of
compatibilizer, for instance surfactants and plasticizer and dispersion medium (e.g. ionic
liquids) could play an important role to assist the dispersion of nanofillers (Y. Chen, Tao, et al.,
2013).
2.6.3. Structural characterization of gelatin gels and gelatin nanocomposites.
Understanding the micro and nanostructures of gelatin gel and gelatin nanocomposites is very
important to design them with the desired properties. Besides various microscopic based
methods (e.g. TEM, SEM. etc.), some scattering methods (e.g. SANS, SAXS) have been
employed to characterize gelatin nanocomposites at different length scales. However, it should
be noted that most microscopic methods are invasive and could change the original state of the
gel and cause artefacts. Recently, Cryo-TEM tomography has emerged as one of the promising
techniques to examine hydrogel structures near its native state (Cheng, Wang, & Tung, 2015).
More work on the structural characterization of gelatin nanocomposites by Cryo-TEM
tomography, and comparison to structure information obtained from scattering techniques, for
example, are needed.
2.6.4. More mathematical modelling need to be developed to better understand
mechanical properties of gelatin nanocomposites
Although the mechanical properties of various gelatin nanocomposites are extensively studied
using either compression-tensile test or small and large deformation rheology, most of studies
are descriptive and poorly explained. Compared to polymer (gelatin) itself, the mechanical
properties of gelatin nanocomposites are definitely more complex. Recently, Panzavolta et al.,
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2014 have employed self-developed 2-D Finite-Element Model (FEM) to model the
mechanical properties of electrospunned gelatin-graphene oxide composites successfully,
showing a huge potential of using mathematical modelling to explain and predict the
mechanical properties of gelatin nanocomposites. With the information of structure
characteristics (e.g. dispersion, shape, and distribution of nanofillers within polymer matrix),
mathematical modelling could greatly help polymer scientists to better understand the
mechanical properties of nanocomposites thus designing the nanocomposites with needed
mechanical properties.
2.6.5. Rheological investigation of gelatin nanocomposites over large gelatin and
nonofillers concentration windows
From Table 2.2, most studies on the mechanical properties of gelatin nanocomposites select
only one concentration of matrix (gelatin) concentration (without experimental proof) and a
limit number of nanofillers concentrations (within one decade in the log scale). The studies on
the effect of gelatin concentrations on the mechanical properties of gelatin nanocomposites are
overlooked however. The gelatin gel mesh size decreased almost linearly as the increase of
gelatin concentration revealed by SANS (Bode et al., 2013). The mesh size of the matrix
(gelatin gel) is expected to greatly affect the dispersion state of nanofillers which in turn
controls rheological properties (Helminger et al., 2014). Furthermore, the choice of nanofillers
concentration ranges is quite limited and most of the current studies do not consider the
rheological properties of gelatin nanocomposites below or higher than the nanofillers
percolation threshold. For instance, the rheological properties of nanocomposites could be
dominated by the matrix (gelatin) itself when the nanofillers concentration is far below its
percolation threshold. In contrast, when the concentration of nanofillers is far beyond its
threshold value, the rheological properties is expected to be dominated by the nanofillers
networks. Therefore, in the future the systematic investigation of rheological properties of
gelatin nanocomposites over large range of gelatin and nanofillers concentration is needed.
2.6.6. Investigation the effect of compatibilizer on the small and large rheological
properties of gelatin nanocomposites
Some previous studies have employed various compatibilizer (e.g. SDS, glycerol, sorbitol, etc.)
to prepare gelatin nanocomposites (Nafchi, Moradpour, Saeidi, & Alias, 2014; Ortiz-Zarama
et al., 2014). However, the studies on the effect of compatibilizer on small and larger
deformations rheological properties of gelatin nanocomposites with control are scarce. Some
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reports indicate that the gelatin nanocomposites prepared with anionic surfactants (e.g. SDS)
can significantly improve the dispersion of MWNT (Ortiz-Zarama et al., 2014). The
mechanism of surfactant assisted dispersion of MWNT is still not clear. For instance, few
research questions including how a change of gelatin pH (below or high than its isoelectric
point) affect its electrostatic interaction with functionalized MWNT (-COOH, -NH2) and with
various cationic or anionic surfactants. Tuning these interactions to improve the mechanical
properties of gelatin nanocomposites should be addressed in the future.
2.6.7. Investigation of nonlinear rheological properties of gelatin nanocomposites under
constant shear deformation
Previous studies on the large deformations mechanical properties of gelatin nanocomposites
use mainly compression-tensile tests or large oscillatory shear deformations protocols. There
is no investigation on the nonlinear rheological properties of gelatin nanocomposites under
constant shear deformation by changing shear rate and/or nanofillers loading. The study of
gelatin nanocomposites under large constant shear could provide valuable information
including their viscosity, Non-Newtonian behavior, yield stress (strain), structural
rearrangement and temporal evolution, characteristic aggregations and relaxation times (T.
Chatterjee & Krishnamoorti, 2008; Whittle & Dickinson, 1997).
2.6.8. Safety consideration and toxicologically evaluation of gelatin nanocomposites
The evaluation of the safety of gelatin nanocomposites for food and medical applications and
their toxicity is urgently needed. For instance, recently, some scientists have prepared gelatinMWNT nanocomposites film for food packaging application; however, no safety or
toxicological evaluation were performed in their studies (Ortiz-Zarama et al., 2014). Until now,
the precise information about the toxicity of carbon nanotubes in vivo is still poor or
contradictory (A. Liu, Sun, Yang, & Zhao, 2008), more work in this area still need to be
conducted in the future.
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Chapter 3
3. Nonlinear Behavior of Gelatin Networks Reveals a
Hierarchical Structure

Reprinted (Adapted) from Yang, Z., Hemar, Y., Hilliou, L., Gilbert, E. P., McGillivray, D. J.,
Williams, M. A., & Chaieb, S. Non-Linear Behaviour Of Gelatin Networks Reveals A
Hierarchical Structure. Biomacromolecules. Article ASAP. Copyright (2015) American
Chemical Society.
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3.1. Introduction
Gelatin, which forms thermo-reversible gels, is a protein that is obtained by breaking the triplehelix structure of collagen into single-strand molecules (Kuijpers et al., 1999). It is widely used
as a gelling ingredient in food, cosmetic, and pharmaceutical products to provide elasticity,
viscosity, and structural stability. In recent years, gelatin has been used in many emerging
applications especially in the biomedical area for, e.g., encapsulation, tissue scaffolds,
microspheres, and matrices for implants (H. Fan & Dash, 2001; Kang, Tabata, & Ikada, 1999).
Physical gels of gelatin are formed when a temperature decrease transforms random coils into
partially-renatured ordered triple helices (L. Guo, Colby, Lusignan, & Howe, 2003; L. Guo,
Colby, Lusignan, & Whitesides, 2003). For mammalian gelatin, if the temperature is increased
again, to around that at body temperature, the triple helix conformation returns to a coil state
once more, and thus the gel reversibly melts into a solution. Physical gelatin networks are
mainly held together by hydrogen bonded junction zones (Madeleine Djabourov, 1988). Due
to the thermal reversibility, physical gelatin gels are not stable at physiological temperature
and above, which limits their applications in tissue engineering or drug delivery where gels are
required to be stable for a certain period of time before dissolving. To overcome this drawback,
and to stabilize the gelatin gels, chemical or enzymatic crosslinking is desirable. A variety of
cross-linking agents have been utilized such as transglutaminase (Babin & Dickinson, 2001;
Mohtar et al., 2013) and glutaraldehyde (Chiou et al., 2006), as well as tannic acid (X. Zhang
et al., 2010), caffeic acid (Kosaraju, Puvanenthiran, & Lillford, 2010), bisvinyl sulfonemethyl
(Hellio-Serughetti & Djabourov, 2006), genipin (A Bigi et al., 2002; Kirchmajer, Watson, &
Ranson, 2013), and carbodiimides (Liang, Chang, Liang, Lee, & Sung, 2004). Several groups
have also successfully prepared gelatin gels with a combination of physical and chemical
crosslinking agents (Bode et al., 2011; Bode et al., 2013; Hellio-Serughetti & Djabourov, 2006).
In this study, we choose to investigate glutaraldehyde as a cross linker because it is relatively
inexpensive, easily available, and is an efficient gelatin cross-linker. Glutaraldehyde has been
widely used during the past 50 years to immobilise and stabilise proteins through covalent
intermolecular cross-links. It reacts mainly with the protein’s amino groups, in lysine sidechains and at the N-terminus, although minor involvement of other residues (arginine, histidine,
tyrosine and cysteine) has been reported (Kaieda et al., 2014).
The linear and nonlinear elasticity are among the most important properties for both
applications and a fundamental understanding of these gel networks under deformation. One
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specific nonlinear behaviour of gelatin gels is their tendency to strain harden at large
deformations, meaning that when they are deformed the observed stress increases faster than
the strain (Groot et al., 1996a). Understanding the stress responses of these differently crosslinked gelatin networks under large deformations is extremely important for their food,
biomedical, and tissue engineering applications. For example, the texture and aroma release
during the chewing and masticating of gelatin-based foods are related to their mechanical
properties under large deformation. Furthermore, gelatin gels used in artificial tendons and
ligaments would be subjected to large stretch during real life body locomotion.
Unfortunately, most studies to date have focused on the linear rheology or small deformation
rheology of various cross-linked and physical gelatin gels both experimentally and
theoretically (Chiou et al., 2006; Joly-Duhamel, Hellio, Ajdari, et al., 2002). Of the few studies
undertaken of large deformation or non-linear rheology of gelatin networks, most of them have
focused only on non-cross-linked physical gelatin networks (Groot et al., 1996a; Groot, Bot, &
Agterof, 1996b).
The objective of this study is to correlate the large deformation rheological properties of
various gelatin gel networks, namely gelatin physical gel, chemical gel, and mixed-crosslink
gels to their internal network structures. The different gelatin gel networks can be achieved by
setting the temperature below or above the gelation temperature and in the presence or absence
of chemical cross-linkers.
3.2. Materials and Methods
3.2.1. Materials
Porcine gelatin powder (bloom value 300, Sigma Aldrich USA) and glutaraldehyde solution
(Sigma Aldrich USA) were used without further purification.
3.2.2. Methods
Cross-Linking of Various Gelatin Networks
The protocols used to prepare the different gelatin networks are:
Physical Gels
Gelatin powder was dissolved in Milli-Q water under mild stirring at 50°C for 1h until fully
solubilized to form a 3.0wt% homogenous solution. The sample, loaded onto the rheometer
plate preheated at 50°C, was annealed for 5 min and then the temperature decreased from 50°C
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to 20°C over 6 minutes (5°C/min) to initiate network formation. The physical gelatin network
was allowed to form at 20°C for 5h.
Chemically Cross-Linked Gels
Glutaraldehyde was added to 3.0wt% gelatin solution to achieve 0.2wt% glutaraldehyde in
gelatin solution at 35°C, vortex mixed, and loaded onto the rheometer plate that was preheated
to 35°C. This gelatin chemical gel cross-linked by glutaraldehyde was allowed to form at 35°C
for 5h.
Chemically and Physically Cross-Linked Gels
First, chemical networks were made following the above protocol. After that, the temperature
of the rheometer plate was cooled down from 35°C to 20°C (5°C/min) to allow for physical
networks (triple helix) to form at 20°C for an additional 5h.
Rheology
All rheological measurements were performed at least twice on duplicate samples.
Dynamic Rheological Measurement
Rheological measurements were carried out in an MCR 302 (Anton Paar GmbH, Graz, Austria)
stress-controlled rheometer fitted with a stainless steel plate and plate geometry (diameter: 50
mm) setting to a gap of 0.50 mm. Sunflower oil was placed around the exterior to minimize
water evaporation during measurements. During gelation, time sweep measurements were
performed at a constant frequency of 1Hz with a constant applied strain of 1% to monitor the
gelation kinetics until the storage modulus reached a plateau. At the end of the time sweep, the
frequency-sweep measurement was carried out at a constant strain of 1% for frequencies
ranging from 10-2 Hz to 10 Hz. Finally, the strain-sweep measurements were performed at a
constant frequency of 1 Hz for strains ranging from 10-1 % to 104 %. In these dynamic
measurements the elastic modulus G', and the viscous modulus G'' were obtained.
Large Deformation Rheology Measurements: Pre-stress Protocol
To better quantify the non-linear behavior of the various gelatin gels, a differential
measurement was utilized. A low amplitude oscillatory stress 𝛿𝜎 was superposed to a constant
applied pre-stress 𝜎0 , and the differential elastic modulus, 𝐾 ′ (𝜎0 ) = [𝛿𝜎/𝛿𝛾]𝜎0 was
determined as a function of 𝜎0 at 1 Hz. The first applied constant stress was 1 Pa in amplitude.
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Subsequent pre-stresses were, 2, 4, 6, 8, 10, 20, 40, 60, 80, 100, 200, 400, 600, 800, 1000, 1200,
1400, 1600, 1800, 2000, 2200, and 2400 Pa until the network broke down. At each interval of
applied constant stress, small deformation oscillations (1 Pa) were conducted at frequencies
ranging from 10-1 Hz to 100 Hz for 5 minutes. Finally, the differential elastic modulus at 1 Hz
versus the applied constant stress were obtained.
Large Deformation Rheology Measurements: Strain Ramp (Constant Shear) Protocol
Another protocol that can be used to study the nonlinear rheology of biopolymer networks is
to use constant shear or a strain ramp, in which the strain is the control variable, which is
increased linearly in time, while the stress is measured. The advantage of this method is that
the nonlinearity, such as strain-hardening is observed directly, otherwise the stress-strain curve
in simple shear is a straight line for materials that do not show any strain-hardening (Groot et
al., 1996a). This method has been used to study the nonlinear rheology of gelatin (Groot et al.,
1996a), and cross-linked actin networks (Jensen et al., 2014; Lieleg, Claessens, & Bausch,
2010).
The stress-strain curve is obtained by applying a constant shear with shear rates ranging
between 0.01 and 0.1 s-1 to various gelatin gels. Further, the pre-stress protocol above was
modified slightly to obtain the stress-strain curve in order to compare it with the one obtained
from a constant shear protocol. To achieve this, the small oscillation superposed stress
described above was removed; and constant stresses (2, 4, 6, 8, 10, 20, 40, 60, 80, 100, 200,
400, 600, 800, 1000, 1200, 1400, 1600, 1800, 2000, 2200, and 2400 Pa) were applied for 5 min
and the resulting strains were measured..
Small Angle Neutron Scattering (SANS)
SANS experiments were performed on the 40 m Quokka instrument at the OPAL reactor at
ANSTO, Sydney, Australia(Gilbert, Schulz, & Noakes, 2006). Three instrument
configurations were used to yield a q range from 0.001 to 0.35 Å-1 where q is the magnitude
of the scattering vector defined as 𝑞 =

4𝜋
𝜆

sin 𝜃 and 2θ is the scattering angle. These

configurations were: (i) source-to-sample distance (SSD) = 20.1 m, sample-to-detector
distance (SDD) = 20.2 m, using a wavelength of 8.1 Å with MgF2 focussing optics and source
aperture diameter 10 mm; and (ii) SSD = 11.9 m, SDD = 12.2 m and (iii) SSD = 7.9 m,
SDD = 1.5 m and using a wavelength of 5.0 Å with source aperture diameter of 50 mm. A 10%
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wavelength resolution was used throughout and with sample aperture diameter of 10 mm.

To form the physical gels, the pure 3% w/w gelatin solution in D2O was transferred into a
quartz rheo-SANS cell at around 50 °C and cooled below the gelation temperature to 20 °C
using a Julabo water bath to control the sample temperature. To ensure a relative steady state
condition, the samples were left to gel at 20 °C for 5h before the SANS measurements.
Chemically cross-linked gelatin gels were made by adding adequate amount of glutaraldehyde
to obtain a final concentration of 0.2wt % in 3wt% gelatin solutions in D2O. The solution was
prepared at 35°C, vortex mixed and placed into the rheometer cell preheated at 35°C. The
sample was allowed to be cross-linked for 5h to form stable networks. SANS data analysis and
model fitting was conducted using SasView software (www.sasview.org).
3.3. Results and Discussion
3.3.1. Dynamic rheological properties of various gelatin gels
Three kinds of gelatin gels were formed in the rheometer and their gelation kinetics were
monitored using time sweep measurements at a constant frequency of 1 Hz. The elastic moduli
𝐺 ′ as a function of time are reported in Figure 3.1. After 5h for both physical and chemically
cross linked gels and 10h for the chemical-physical hybrid gels, the gels have not reached
equilibrium and demonstrate a continuously increasing elastic moduli over time. It has been
suggested before that the network continues to develop following the elongation and
rearrangement of the polymer chain, without a real equilibrium for physical and hybrid gels
(Madeleine Djabourov, 1988; Joly-Duhamel, Hellio, & Djabourov, 2002). However, at longer
time, i.e. 5h, the gelation kinetic is slower. Consequently, rheology experiments were
performed after 5h for physical and chemically crosslinked gelatin gel and 10h for the hybrid
gel. The effect of the gelation time on the strain hardening of gelatin gel is out of scope of in
the current study.
For the physical gelatin gels, the gelation process occurs when the gelatin samples are cooled
below their gelation temperature (~29 °C) (Ronsin, Caroli, & Baumberger, 2009), in this study,
to 20 °C. To form purely chemically-crosslinked networks, glutaraldehyde was added to the
gelatin at 35°C. Glutaraldehyde cross-links gelatin through a nucleophilic addition-type
reaction between its aldehyde group and the ε-amino groups of lysine in the gelatin molecule
(Farris et al., 2010). Mohtar et al. studied hoki skin gelatin cross-linked by glutaraldehyde and
made similar observations on the increase of G’ values that were proposed to be due to an
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increase in gel rigidity during the gelation time. Gels containing chemical and physical
crosslinks (hybrids) were prepared in two steps. First, gelatin was cross-linked by
glutaraldehyde at 35 °C for 5h, where the formation of triple helices is prevented. G’ was
measured for gelatin physical gel at 35 °C for 5h; no change of G’ was observed suggesting
the absence of helix formation and physical gel formation.
In the second step, the temperature was decreased below the gelation temperature at 20 °C to
form triple helix physical networks. Therefore, this chemically cross-linked and physical
gelatin networks are consecutive networks, i.e. the physical network is grown on top of a
chemical one. The contribution to the linear elastic modulus of the chemical-physical gel (𝐺 ′ 𝑐𝑝 )
is both from chemical network (𝐺 ′ 𝑐 ) and physical network formation (𝐺 ′ 𝑝 ). 𝐺 ′ 𝑐 is the elastic
modulus reached after 5h of covalent cross-linking at 35 °C, and 𝐺 ′ 𝑝 is the contribution
arising entirely from triple helices formation after decreasing the temperature from 35 °C to
20 °C. The elastic contribution of these two networks is suggested to being purely additive
(Bode et al., 2011). To test this hypothesis, a simple melting experiment for the chemicalphysical gelatin gel was carried out (insert to Figure 3.1). The G’ of chemical-physical gelatin
gel after melting at 35 °C for 20 min is close to that of the pure chemical network formed in
the first 5h. Consequently 𝐺 ′ 𝑝 may be approximately obtained by subtracting the contribution
of the chemical network 𝐺 ′ 𝑐 from the total elastic modulus 𝐺 ′ 𝑐𝑝 . Specifically, the
contribution from chemical networks was 𝐺 ′ 𝑐 (110 Pa) while that from physical network was
𝐺 ′ 𝑝 (60 Pa) resulting in a total gel elasticity 𝐺 ′ 𝑐𝑝 of 170 Pa. The linear rheological properties
of these hybrid gels were dominated by chemical crosslinks.
As shown in Figure 3.1, the plateau value of G’ for the hybrid gel is lower than that of the
purely physical gelatin gel, suggesting the preformed chemically cross-linking has a
detrimental influence on the formation of the helical network in the consequent physical gel
formation. Similar observations were made previously on gelatin cross-linked by
transglutaminase (Bode et al., 2011; Bode et al., 2013). In the hybrid networks, the gelatin
chains are preconnected by covalent bonds at several points along their length; and this loss of
flexibility limits the conformational changes necessary for the formation of the triple-helix
junctions, possibly decreasing the length of the helices.
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Figure 3.1 Elastic modulus G’ as a function of gelation time. Symbols are: physical gelatin gel
(■); hybrid gelatin gel (◄); chemical gelatin gel (●). The black line, blue dashed line and
magenta line indicates the temperature profile of gelation of physical gelatin gel, chemical
gelatin gel, and chemical-physical gelatin gel. For physical gelatin gel and hybrid gelatin gel,
the measurement was conducted at 20°C. For chemical gelatin gel, the measurement was
conducted at 35°C. Inset: chemical-physical gelatin gel measured at 35 ºC after 600 minutes
measurements to demonstrate the additive effect of physical and chemical cross-linkings.
The dynamic, viscoelastic behavior of the various gelatin gel networks was investigated by
means of frequency sweeps. These measurements were obtained by applying a constant strain
of 1%, well within the linear viscoelastic region. G’ and G’’ values as a function of frequency
for different gelatin gels are shown in Figure 3.2. In all cases, the G’ values were greater than
the G’’ values by a factor of approximately 100. The elastic modulus G’ is nearly independent
of the frequency in the range between 0.01 and 10 Hz. These findings suggest that all the gelatin
samples formed strong gel networks demonstrating solid-like behavior (Moura et al., 2007).
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Figure 3.2 Elastic modulus G’ (solid symbols) and loss modulus G’’ (open symbols) as a
function of frequency. Symbols are: physical gelatin gel (■, □); hybrid gelatin gel (◄,

);

chemical gelatin gel (●, ○). For physical gelatin gel and hybrid gelatin gel, the measurement
was conducted at 20°C. For chemical gelatin gel, the measurement was conducted at 35°C.
The results of the strain sweep measurement for various gelatin gels are shown in Figure 3.3.
Qualitatively, all the gelatin gels exhibited similar trends of G’ and G’’ as a function of applied
strain. The strain sweep curve can be divided into three regions. First, up to a critical strain,
both G’ and G’’ remained independent of the applied strain. In this strain region, only reversible
deformations occur also known as the linear viscoelastic region (LVR). In the second region,
when the applied strain is further increased, both G’ and G’’ demonstrated an overshoot with
strain. It is noteworthy that the overshoots in G’ and G’’ do not occur at the same strain. Before
overshooting, G’’ goes through a minimum, which is not observed for 𝐺 ′ . This overshoot of
G’ and G’’ with strain depicts a typical strain-hardening behaviour for gelatin (Hyun et al.,
2011). In the third region, at a high applied strain, both G’ and G’’ begin to decrease, suggesting
that the gelatin gel networks are starting to break. In this region, materials show more liquid
behaviour than solid behaviour which might relate to the flow of the fractured samples. To
investigate if there is slip upon shear and break up, strain sweep measurements were performed
for gelatin physical gel using plate-plate geometry with different gaps. As shown in Figure 3.1s,
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the break-up (crossover of G’ and G’’) shows up at similar strain, therefore the slip effect can
be ruled out (Yoshimura & Prud'homme, 1988).

Figure 3.3 Elastic modulus G’ (solid symbols) and loss modulus G’’ (open symbols) as a
function of strain. Symbols are: physical gelatin gel (■, □); hybrid gelatin gel (◄,

); chemical

gelatin gel (●, ○). For physical gelatin gel and hybrid gelatin gel, the measurement was
conducted at 20°C. For chemical gelatin gel, the measurement was conducted at 35°C.
3.3.2. Large deformation rheology: Pre-stress protocol
From the strain sweep measurements, it can be seen that all the gelatin gels demonstrate strainhardening behaviour. To better characterize the nonlinear rheological properties of gelatin gels,
a pre-stress protocol was used. In this approach, a constant level of stress was imposed and
then a low-amplitude oscillatory deformation was superimposed to obtain the so-called
differential modulus as a function of stress at a fixed frequency, 𝐾 ′ (𝜎), of the material in its
stressed or strained state (Wen, Basu, Janmey, & Yodh, 2012).
The behaviour of 𝐾 ′ as a function of the applied constant stress, is shown in Figure 3.4. When
the elastic modulus is stress-independent, the differential modulus is the same as the elastic
modulus 𝐾 ′ (𝜎0 ) = 𝐺0 . However, above the critical stress, 𝐾 ′ increases until the network
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breaks. It is clearly seen that 𝐾 ′ of different gelatin networks follow different power-law
scalings
region,

with

𝜎0 . For

the

physical

gelatin

gel,

in

the

strain

hardening

𝐾 ′ (𝜎0 )~𝜎01.26±0.15 while for chemical gelatin gel , 𝐾 ′ (𝜎0 )~𝜎00.69±0.07 . For the

hybrid gelatin gel 𝐾 ′ exhibits two power-laws. In the lower stress region, the power law
exponent is similar to that of the chemical gelatin gel. In the high stress region, the power law
exponent is similar to that of the physical gelatin gel. This finding indicates that the physical
network within the hybrid gel dominates its strain hardening behaviour in the high stress region,
whereas the chemical crosslinks play a more important role in the low stress region; although
the power law fitting is merely indicative the power law dependence of 𝐾 ′ with applied stress
is higher for gelatin physical gel than chemical gel, as clearly seen in Figure 3.4.
The nonlinear response of all gelatin gels appears to deviate from an affine entropic elasticity
model, which predicts an increase of 𝐾 ′ (𝜎0 )~𝜎01.5. This entropic nonlinear elasticity model
assumes an affine deformation within the sheared samples and that the network elasticity
originates from the resistance of individual network elements to stretching described by a
worm-like chain model (Wen et al., 2012). However, in affine models, interactions between
polymers are ignored so that polymers deform independently without affecting their
neighbours. Such a deformation can only occur under ideal conditions (Wen et al., 2012). The
affine (homogenous) deformation is not a reasonable assumption for physical and chemical
cross-linked gelatin gels. First, it is suggested that structural non homogeneities can play a
major role in the degree of non-affinity in polymer gels (Wen et al., 2012). The heterogeneities
are suggested to be present in chemically cross-linked gelatin gels through our SANS studies
(see below). Heterogeneities are also reflected by the fact that the chemical cross-linked gel
showed a higher degree of deviation from the affine model compared to that of physical
gel (𝐾 ′ (𝜎0 )~𝜎01.5 ). Second, some researchers have adopted the non-affine nature of the
network to predict the strain hardening in a collagen system (Motte & Kaufman, 2013; Vader,
Kabla, Weitz, & Mahadevan, 2009). This implies that the non-affine network may also provide
a possible contribution to the strain hardening of gelatin gel (W.-x. Sun et al., 2015). Third, as
a hydrogel, the gelatin gel contains a large amount of water. Furthermore, the gelatin gel
contains a “sol fraction”, i.e., the dissolved gelatin molecules that have not participated in the
infinite gel network. These viscous factors contribute to the nonlinear viscoelastic behaviour
of gelatin gels, which cannot be described in the pure affine elastic models (Haut & Little, 1972;
Pioletti, Rakotomanana, Benvenuti, & Leyvraz, 1998; W.-x. Sun et al., 2015). In view of the
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above considerations, the worm-like chain affine model is too simplistic and ideal for
explaining the strain hardening of various gelatin gels.

Figure 3.4 The differential elastic modulus, 𝐾 ′ , as a function of applied constant shear stress,
𝜎0, for physical gelatin gel (■); hybrid gelatin gel (◄); chemical gelatin gel (●). The solid
3/2

black line at the right indicates 𝜎0 . For physical gelatin gel and hybrid gelatin gel, the
measurement was conducted at 20°C. For chemical gelatin gel, the measurement was
conducted at 35°C.
3.3.3. Large deformation rheology: Strain ramp (constant shear study)
The comparison of data obtained with strain ramp, pre-stress protocols and large amplitude
oscillation shear (LAOS) is presented in Figure 3.5. The pre-stress method measures the
nonlinear mechanical response at a specific frequency, while the strain ramp probes the system
at a specific rate, and thus probes the response over a range of frequencies (Broedersz et al.,
2010). LAOS is performed by subjecting a material to a large sinusoidal deformation and
measuring the resulting mechanical response as a function of time (Hyun et al., 2011). For the
gelatin chemically cross-linked and hybrid gels, the pre-stress and strain ramp protocols agree
well over a decade of shear rates, as shown in Figure 3.5 B,C, respectively. By contrast, for the
physical gel, the strain rates with 0.1s-1 and 0.01s-1 show a deviation from the pre-stress
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protocol. The excellent agreement between pre-stress protocol and constant shear protocol
performed on chemically cross-linked gels was also observed in F-actin cross-linked with
permanent biotin-NeutrAvidin (Broedersz et al., 2010).
To better understand the nonlinear rheology of these gelatin gels, the BST equation with the
scaling model was employed to fit stress-strain curves. In the BST equation (Blatz et al., 1974),
the nonlinear stress response 𝜎 under shear deformation with strain 𝛾 is:
2 𝐺 𝜆𝑛BST − 𝜆−𝑛BST
𝜎=
𝑛BST
𝜆 + 𝜆−1

(3.1)

1
1
𝛾 + √1 + 𝛾 2
2
4

(3.2)

Where

𝜆=

G is the linear elasticity modulus whereas 𝑛BST is the nonlinearity parameter. It is noted that
for 𝑛BST = 2, eq 1 reduces to the ideal rubber elasticity case 𝜎 = 𝐺𝛾.
To understand the nonlinearity parameter 𝑛BST through a molecular interpretation of gelatin
networks, a scaling model (based on the fractal structure of the polymers), a FENE model
(based on the finite extensibility of the polymers), and a rod and coil model (based on the
biochemical microstructure of gelatin) was developed (Groot et al., 1996a). It was found that
the scaling model, with only one adjustable parameter, the fractal dimension 𝑑𝑓 , could better
describe the stress-strain curves in a quantitative way. The BST-scaling model was therefore
employed to interpret the results. The relationship between the nonlinearity parameter 𝑛BST
and the fractal dimension 𝑑𝑓 is as follows,
𝑛BST ≈

𝑑𝑓
𝑑𝑓 − 1

(3.3)

The summary of the linear elasticity modulus G, nonlinear elasticity parameter 𝑛BST , and the
fractal dimension 𝑑𝑓 of various gelatin networks obtained using both pre-stress protocol and
strain ramp protocol are listed in Table 3.1.
It is clearly seen that the value of 𝑛BST obtained for the physical gels is higher than that of the
chemically-crosslinked gels suggesting a higher degree of strain hardening behaviour observed
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in the physical gels. This behaviour was also observed in the larger exponent of the power-law
scaling of the differential elastic modulus with applied constant stress in the physical gels than
that of the chemically cross-linked gels using the pre-stress protocol (Figure 3.4). However,
the value of 𝑛BST for the hybrid gels is similar to that of the chemically cross-linked gels. In
the pre-stress protocol, two power law scaling regions for the hybrid gels and only one powerlaw scaling for chemically cross-linked gel were observed. This may be because the single
fitting parameter, 𝑛BST , cannot fully describe the strain hardening behaviour of the hybrid gels
that contain a hierarchy of structures each with its own mechanical and structural behaviour.
The fractal dimension 𝑑𝑓 of the physical gel obtained from different large deformations
rheological approaches ranges from 1.38 to 1.40. For the chemically cross-linked and hybrid
gels, the fractal dimension 𝑑𝑓 ranges from 1.48-1.49 and 1.45-1.47, respectively. Further the
differences of onset of nonlinearity can be observed for all three gelatin gels using different
large deformation protocols.
Both the difference of 𝑛BST and the onset of nonlinearity obtained using different protocols
could be attributed to the creep effect of these gelatin gels, since different protocols probe the
strain hardening behaviour at different time scales. As discussed before, the free dangling
gelatin chains (“sol fraction”) and chains entanglement could cause creep and provide a viscous
contribution to the strain hardening behaviour.
As can be seen in Figure 3.5, all three kinds of gelatin gels exhibit different breaking strain
using different large deformation protocols (for pre-stress and LAOS protocol, the last data
point corresponding to breakup), while the strain rate effect was insignificant on the stiffness
(linear modulus) properties. These results are in agreement with other studies on the fracture
properties of gelatin gel (Forte, D'Amico, Charalambides, Dini, & Williams, 2015). In this
paper the strain hardening behaviour of various gelatin gel under large shear deformation is the
principal focus. The BST model above was used to discuss the stress-strain curves and is based
on fractal structure concepts that do not address fracture behaviour. The fracture (breaking) of
various gelatin gels are governed by different mechanisms and depend on their structures
(Groot et al., 1996b). The limits before network breaking do not lie in the same order in the
three gels; in addition, the fracture mechanism for different physical or chemical cross linked
gel are different. As can be seen in Figure 3.5, the scatter of the breaking strain using different
large deformation protocols is more obvious in physical gelatin gel than that of chemically
cross-linked gelatin gel. This could be due to the difference of fracture mechanism between
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physical and chemically cross-linked gels. For gels in which the polymer chains are crosslinked covalently (chemically cross-linked gelatin gel), fracture involves the breaking of
covalent bonds in the cross-links or in a polymer chain. The fracture parameters are (nearly)
independent of strain rate. This might be attributed to the fact that energy dissipation during
deformation is small or virtually absent, owing to the very small permeability of the gels. The
low ultimate strength of the chemical gel in Figure 3.5B is probably due to the presence of
microcracks or defects caused by the inhomogeneties that are minimal in physical gels (Vliet,
1995).
In terms of gelatin physical gel, large deformations of the gel may lead to the ‘unzipping’ of
these junctions (triple helix). It has been suggested that for gelatin physical gel, both fracture
stress and strain depend on the strain rate(Groot et al., 1996b; McEvoy, Ross-Murphy, & Clark,
1985; Ross-Murphy, Morris, & Morris, 1983). Unzipping of the bonds takes a finite time and
this may itself cause the fracture strain or stress to become deformation-rate dependent. Also,
fracture stress and strain depend on the stochastic nature of the structure and on the fracture
force of the bonds. The latter parameters will also vary in a stochastic manner, resulting in a
large scatter of the results (Vliet, 1995).
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Figure 3.5 Comparison of experimental stress-strain curves from Pre-stress protocol (black
symbols), constant shear protocol with shear rate 0.1s-1 (blue symbols), 0.01s-1 (green symbols),
and large amplitude oscillation shear (LAOS) (grey symbols) for A: gelatin physical gel, B:
gelatin chemical gel, C: gelatin chemical-physical gel. Lines are fits to the BST equation. For
physical gelatin gel and hybrid gelatin gel, the measurement was conducted at 20°C. For
chemical gelatin gel, the measurement was conducted at 35°C.
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Table 3.1 Summary of BST equation fitting parameters for gelatin physical gel, chemical gel
, and chemical-physical gel. (a): Pre-stress protocol, (b): constant shear with shear rate 0.1s-1,
(c): constant shear with shear rate 0.01s-1, (d) large amplitude oscillation shear (LAOS).
G (kPa)

n BST

df

Physical gel (a)

0.50±0.02

3.50±0.055

1.40±0.05

physical gel (b)

0.50±0.02

3.65±0.04

1.38±0.04

physical gel (c)

0.50±0.02

3.65±0.04

1.38±0.04

physical gel (d)

0.50±0.02

3.50±0.04

1.40±0.04

Chemical gel (a)

0.11±0.01

3.10±0.05

1.48±0.05

Chemical gel (b)

0.11±0.01

3.05±0.05

1.49±0.05

Chemical gel (c)

0.11±0.01

3.05±0.04

1.49±0.04

Chemical gel (d)

0.11±0.01

3.10±0.02

1.48±0.02

Chemical-physical gel (a)

0.17±0.04

3.18±0.04

1.46±0.04

Chemical-physical gel (b)

0.17±0.03

3.20±0.05

1.45±0.05

Chemical-physical gel (c)

0.17±0.05

3.15±0.04

1.47±0.04

Chemical-physical gel (d)

0.17±0.03

3.15±0.05

1.47±0.05

3.3.4. Small angle neutron scattering (SANS)
To investigate the structural differences between various gelatin gels, SANS experiments were
conducted on the physical and chemically cross-linked gelatin gels. SANS is a useful probe
covering a large size range from the nanometers to fractions of a micrometer and covering the
sizes of individual polymer chains and clusters (Hammouda, Ho, & Kline, 2004).
Firstly, a Kratky plot is employed to investigate the structure differences between physical and
chemically cross-linked gelatin gels (Figure 3.2s). The shape of the Kratky plot yields
information on the conformation of the scattering unit (Saffer et al., 2014). An onset of a peak
at low q is observed in the Kratky plots of chemically cross-linked gelatin gels and suggests
the presence of frozen heterogeneities in the gel network (Karino, Shibayama, Okumura, & Ito,
2006). The extent of heterogeneity of a polymer gel depends on the polymerization mechanism
and reaction conditions (Di Lorenzo & Seiffert, 2015). These heterogeneities in the chemically
cross-linked gelatin gel network could be due to the presence of cross-linking aggregates. It is
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suggested that in the chemically cross-linked gelatin gels, network construction proceeds in a
random and heterogeneous manner, with cross-links being formed in localized regions,
forming aggregates, which then come together (Bode et al., 2013). Such spatially
heterogeneous structures, with dense clusters linked by sparse networks, are also observed in
other glutaraldehyde cross-linked protein systems using small-angle X-ray scattering (Kaieda
et al., 2014). For the physical gelatin gels, the Kratky plot indicates the relative homogeneous
network in the studied q range. In this gel the single-strand to triple-helix transitions occurs
throughout the solution thereby preserving a homogeneous network (Bastide & Leibler, 1988;
Bode et al., 2013). However, it is worthy to note that the presence of large heterogeneities was
also observed in the physical gels network in the ultralow q regime using USANS (Helminger
et al., 2014).
Under large shear deformation, relatively large-scale structure clusters might be expected to
reorganize causing non-affine deformations. For the physical gels, both the rod-like structure
of triple helix bundles and flexible coils are believed to be present within the gel networks.
When the gels are deformed, the junction zones of the triple helix bundles may experience
deformations from compression and bending in addition to simple stretching (Onck, Koeman,
Van Dillen, & Van der Giessen, 2005; J. Zhang et al., 2007). For chemically cross-linked
gelatin gels, small cross-linked aggregates and random coils within its heterogeneous networks
are expected to experience various degrees of stretching and reorganization under large shear
deformation. The assumption of an entropic affine deformation model is therefore likely too
simplistic to describe the strain hardening of both the physical and chemically cross-linked
gelatin gels networks. It can be seen that the nonlinear response of these two gels deviates from
an affine entropic stretching elasticity model, which predicts

𝐾 ′ (𝜎0 )~𝜎01.5

(Figure 3.4)

(Gardel et al., 2004); although for the physical and hybrid gels, an asymptotic 1.5 power-law
scaling is observed at large stress prior to breaking. This may arise from the gel structural units
undergoing significant stretching in an affine way prior to breaking thus making the entropic
nonlinearity model in this regime a reasonable description of the system (Piechocka, Bacabac,
Potters, MacKintosh, & Koenderink, 2010). A similar behaviour has been found with pectin
gels; while strain-stiffening experiments reveal power law behaviour with exponents of around
unity, their behaviour can be mapped onto the generic model asymptotically (Carrillo,
MacKintosh, & Dobrynin, 2013).
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More insight into the nanoscale structure of these networks may be obtained by fitting the
SANS data with an empirical model (Saffer et al., 2014). One approach is to use the correlation
length model (Hammouda et al., 2004) to interpret the SANS spectra of gelatin gels (Bode et
al., 2013) and other hydrogel systems (Rohan A Hule et al., 2008; Rohan A. Hule, Nagarkar,
Hammouda, Schneider, & Pochan, 2009; Saffer et al., 2014) over the whole q range. Another
approach is to employ the fractal dimension (power-law) model and Guinier model to
individually fit the SANS spectra of gelatin gel over specific q ranges (Helminger et al., 2014;
Mohanty, Aswal, Kohlbrecher, & Bohidar, 2006; Pezron, Djabourov, & Leblond, 1991). In the
following, we apply both approaches and describe our results in comparison to existing
literature.
The scattering spectra for the gelatin physical and chemical gels were successfully fitted with
a correlation length model as shown in Figure 3.6. The scattering intensity I (q) is calculated
as:

𝐼 (𝑞) =

𝐴
𝐶
+
+ Bkg
𝑞 𝑛 1 + (𝑞𝜉𝐿 )𝑚

(3.4)

Where I (q) is the scattering intensity, q is the scattering vector, and Bkg is the incoherent
background scattering. The first term describes the power law scattering from large clusters
(exponent = n) in the low q regime and the second term is a Lorentzian function that describes
scattering from polymer chains (exponent = m) in the high q regime. This second term
characterizes the polymer/solvent interactions. The parameter 𝜉𝐿 is a correlation length for
the polymer chains (Hammouda et al., 2004) and, in the case of a gel network, gives an
indication of the gel’s mesh size.
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Figure 3.6 Small-angle neutron scattering patterns of gelatin physical gel (□) and chemical gel
(○) in D2O. The red solid line represents the fit of the correlation length model. The colored
square box identifies the specific region for individual model fitting. See text for more
information.

Table 3.2 Results from correlation length model fit to SANS patterns of gelatin physical and
chemical gel.
n

𝝃𝑳 (Å)

m

Physical gel

2.46±0.04

69.2±2.4

1.82±0.01

Chemical gel

2.69±0.07

83.49±0.10

2.28±0.07

Parameters obtained from fits to the SANS spectra of the physical and chemically-crosslinked
gelatin gels are summarised in Table 3.2. In the low q range, both gels may be described as
mass fractal as indicated by power law exponent, n, of 2.46±0.04, and 2.69±0.07, respectively.
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The value of n between 2.4-2.6 could reflect weakly segregated network (2.5), randomly
branched Gaussian chains (2.28) or indicate mass fractals (<3.0), amongst others (Hammouda,
2010). The differences in exponent, n, in the low q range that characterise the gel large-scale
structure suggest different morphology of the networks (Rohan A Hule et al., 2008).
In the mid-q regime, the Lorentzian exponent, m, extracted from the fitting can be employed
to track differences in the local network morphology (1-10 nm) on the length scale of the
polymer chains. The Lorentz exponent, m, may be related to the chain thermodynamics. The m
value for physical gel and chemically cross-linked gel are 1.82±0.01 and 2.28±0.07,
respectively. The better the solvent, the more expanded a polymer coil is and the lower is the
corresponding m. For linear polymer coils m=1.67 or 2 in a good solvent or a theta solvent,
respectively. Branching usually increases m with respect to that of its linear counterpart.
Randomly branched Gaussian polymer chains are characterized by m=2 in a good solvent or
m=2.28 in a theta solvent (da Silva et al., 2015; Gelade et al., 2001). For chemically crosslinked gel, m=2.28 indicating the presence of branched Gaussian chains in a theta solvent. For
gelatin physical gel, m=1.82 suggesting presence of swollen linear chain in between good
solvent and theta solvent. A fully swollen chain could suggest the presence of a “sol fraction”,
i.e., the dissolved gelatin molecules that have not participated in the infinite gel network. These
viscous factors contribute to the nonlinear viscoelastic behaviour of gelatin physical gels,
which cannot be described with the pure affine elastic models, as discussed before (Haut &
Little, 1972) (Pioletti et al., 1998) (W.-x. Sun et al., 2015). Such creep effects could partly
explain the large scatter of breaking strain (see Figure 3.5) and the different nBST values
obtained from different large deformation protocols (over different time scales). Again, the
presence of Gaussian branching chain could indicate the presence of heterogeneous structures
in the chemically cross-linked gelatin gel due to random chemical crosslinking and with strain
hardening originating from the response of different hierarchical units upon large deformations.
The Lorentzian correlation length for the physical and chemically-crosslinked gels are
69.2±2.4 and 83.49±0.10 Å, respectively. In physical gels, the correlation length can be
understood as an average mesh size of the network (Daoud et al., 1975). For chemicallycrosslinked gels however, that correlation length does not reflect a ‘mesh size’ but rather the
size of growing cross-linked aggregates (Bode et al., 2013).
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Fractal structures are objects that demonstrate a self-similar structure over a range of length
scales (Schmidt, 1991). Gels can be treated as fractal structures and it is possible to quantify
their self-similar structure through a geometrical parameter referred to as the fractal dimension
𝑑𝑓

(Chaieb, 2014; Santinath Singh, Aswal, & Bohidar, 2011). Mass fractals exhibit a

scattering intensity, I (q), that obeys a power law equation given by (Manley et al., 2004).

𝐼 (𝑞) =

𝐴
𝑞

𝑑𝑓

+𝐵

(3.7)

Here B is the background scattering. The scattering profile of SANS data in the intermediate
q-regime, q=0.01 to 0.08Å-1 exhibited a power law dependence shown in Figure 3.6. We chose
to examine the power law region exhibited in that q-regime based on a previous SANS study
of physical gels (I. Pezron, 1990). The fractal dimensions 𝑑𝑓 of physical and chemicallycrosslinked gels were around 1.31±0.02 and 1.53±0.03, respectively. Notice that the ranger
over which the power law is well presented is larger for chemical gels possibly because of the
existence of heterogeneities due to cross-linking. For polymer chains, a slope n=1.67 is typical
for fully swollen coils and a slope n=1 is for rod-like structure (Hammouda, 2010). For the
physical gel, an exponent n=1.35 indicates a semi-flexible extended structure of gelatin triple
helix bundles (Helminger et al., 2014). Furthermore, the 𝑑𝑓 =1.31±0.02 deduced from this
SANS study of physical gels is comparable with the 𝑑𝑓 values (1.38-1.40) measured from
model-fitting the stress-strain curve (Table 3.1). (The discrepancy might be due to the narrow
data-fitting range and the large error that ensues.) For chemically cross-linked gels, a power
exponent 𝑑𝑓 =1.53±0.03 suggests the existence of less rod-like, more swollen coils and small
cross-linked aggregates within its network. This swelling is probably due to the local osmotic
pressure that builds up between the heterogeneities and the rest of the gel. As expected, the
chemically-crosslinked gelatin gel is made only of random polymer coils and small aggregates
with an absence of triple helix bundles due to gel formation above the transition temperature
of the random coil to triple helix (Bode et al., 2013). There is a good agreement between the
𝑑𝑓 obtained from SANS model fitting (𝑑𝑓 =1.53) and from fitting the stress-strain curve for
chemical gel (𝑑𝑓 =1.48-1.49). The nonlinearity in rheology of the physical and chemically
cross-linked gelatin gels can be partly understood based on their fractal structures. The
transition or the crossover in the spectrum around 0.01 Å-1 occurs earlier in the q-values for
chemically crosslinked gels because of the osmotic pressure between the aggregates and the
random coils.
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The asymptotic region in the large q-domain (q>0.14 Å-1) is expected to reveal the local rigidity
whereby the chain cross-section makes a finite contribution to the measured structure factor
(Santinath Singh et al., 2011). According to the Kratky-Porod equation, in the far q domain,
one has

𝐼 (𝑞) = 𝐼0 exp (−

𝑞 2 𝑅𝑐2
)
2

(3.8)

where Rc is the chain cross-sectional radius. Figure 3.3s presents the Guinier plot in the high
q-region that enables the determination of Rc. For the gelatin physical gels and chemical gels,
Rc values of 0.33nm and 0.34nm are obtained respectively. This compares well with other study
where Rc=0.35nm (Mohanty et al., 2006). The deviation of incoherent background signal
deviate from a flat shape and decreases with q is probably geometric such as the curvature of
the detector or the angular dependence of the transmission (Brûlet, Lairez, Lapp, & Cotton,
2007).
The SANS results reveal that the presence of structural differences between physical gelatin
gel and chemically crosslinked gelatin gel at various length scales. These structural differences
are proposed to contribute to the differences of their large deformation rheological properties.
3.4. Conclusions
The strain hardening behaviour of three gelatin gels: a physical gel, a chemically cross-linked
gel, and a hybrid network containing both physical and chemical crosslinks, have been studied
by three large-shear deformation protocols, namely pre-stress, strain ramp, and large amplitude
oscillation shear (LAOS). When using the pre-stress protocol, the different gelatin gels exhibit
a different power law scaling of the differential elastic modulus towards applied constant stress.
Specifically, for the physical gelatin gel, in the strain hardening region, 𝐾 ′ (𝜎0 )~𝜎01.26±0.15
while for chemically cross-linked gelatin gel, 𝐾 ′ (𝜎0 )~𝜎00.69±0.07. For the hybrid network, there
are two power law regions. In the small stress region, the power law exponent is similar to that
of the chemically cross-linked gelatin gel whereas in the large stress region, the power law
exponent is similar to that of the physical gelatin gel. The results from the pre-stress, strain
ramp, and the LAOS agree well in the case of the chemically cross-linked and the hybrid gel
but not as well for physical gels. Further, the BST-scaling model was employed to fit the stressstrain curves of the various gelatin gels; the nonlinearity parameter nBST obtained from the
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physical gel (3.50-3.65) was found to be higher than that of the chemically cross-linked gel
(3.05-3.10) or the hybrid gel (3.15-3.20) indicating a higher degree of strain hardening in the
physical gelatin gel at the strain investigated. The fractal dimension 𝑑𝑓 obtained from model
fitting is 1.38-1.40, 1.48-1.49 and 1.45-1.47, for the three gels above respectively.
Small angle neutron scattering revealed that the physical and chemically cross-linked gels
exhibit hierarchical structures. The Kratky plots of SANS data suggest that a relatively
homogeneous network is formed in the physical gels, whereas in the chemically-crosslinked
gels, there are some small cross-linked aggregates. As a result, higher deviation from a power
law behaviour with exponent smaller than 1.5 in the strain hardening of the chemically crosslinked gel compared to that in physical gelatin gel comes as no surprise since nonaffine
deformation occurs in such heterogeneous structure. As discussed before, heterogeneities can
play a major role in the degree of non-affinity in polymer gels. Such heterogeneities could
hinder the free stretching of gelatin chains.
Through fitting the correlation length model to the SANS data, correlation lengths were
obtained for these gels to be 69.2±2.4 and 83.49±0.10 Å, respectively. To further extract the
structural parameters from the SANS, individual fits were performed on the power-law regime,
and high-q Guinier regime. The cross-sectional radii of the gelatin chains for the physicallycrosslinked and chemically-crosslinked gels were found to be 0.33nm and 0.34nm, respectively.
The fractal dimensions 𝑑𝑓 obtained from the power law fitting in the q-range ~0.01 to ~0.06Å1

were 1.31±0.02 and 1.53±0.03 for these gels respectively, is comparable with the values of

𝑑𝑓 obtained from fitting the stress-strain curves.
In summary, large deformation (strain hardening) and fracture behaviour of gelatin gels is
related to their structure in a much more subtle way than small deformation behaviour. For all
three gelatin gels, the differences in strain hardening and fracture behaviour can be observed
when using different large deformation protocols, although the difference of strain hardening
behaviour is much smaller. Using the BST model, the difference of strain hardening between
gelatin physical gel and chemically cross-linked gel can be linked to their fractal structures
differences measured by SANS. However, due to their hierarchical structure, other factors
including dangling chains (viscous contribution), creeping effect, the elasticity difference
between Gaussian chain and non-Gaussian chain (swollen chain), unzipping of triple helix
junction zones, structural reorganization under shear, and the presence of heterogeneities
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(nonaffine deformation) may also need to be considered to understand their strain hardening
behaviour. For example, it is expected that the presence of dangling chain, unzipping of triple
helix junction zones, and creep could play a more important role in determining the large
deformation properties of gelatin physical gel as evidenced by the large scatter of breaking
strain when probed at different time scales. However, in the case of chemically cross-linked
gelatin gel, the nonaffine deformation may become a more crucial factor in determining its
large deformation properties due to presence of heterogeneities. This is reflected by its larger
deviation from the power law model (smaller than exponent 1.5) as suggested for polymers
under affine deformations.
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3.6. Supplementary Information

Figure 3.1s Elastic modulus G’ (solid symbols) and loss modulus G’’ (open symbols) as a
function of strain for gelatine physical gel using plate-plate geometry with different gap.

Figure 3.2s Kratky plots for SANS patterns of gelatin physical gel (□) and chemical gel (○) in
D2O.
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Figure 3.3s Guinier plot for SANS pattern of gelatin physical gel (□) and chemical gel (○) in
D2O in high q regime. The slope of the Guinier plot is Rc2/2.
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Chapter 4
4. Investigating Linear and Nonlinear Viscoelastic
behaviour and microstructures of gelatinmultiwalled carbon nanotubes composites

Reproduced from Yang, Z., Chaieb, S., Hemar, Y., de Campo, L., Rehm, C., & McGillivray, D.
J. (2015). Investigating linear and nonlinear viscoelastic behaviour and microstructures of
gelatin-multiwalled carbon nanotube composites. RSC Advances, 5(130), 107916-107926.
With permission from The Royal Society of Chemistry.
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4.1. Introduction
Carbon nanotubes are long cylinders of covalently-bonded carbon atoms (Moniruzzaman &
Winey, 2006). Since they were first discovered by Sumio Iijima in 1991(Iijima, 1991), carbon
nanotubes (CNTs) have found important applications in the chemical, biochemical, drug
controlled release and engineering fields, due to their unique combination of excellent
mechanical, electrical, and thermal properties. There are two main types of CNTs available
today, namely single walled nanotubes (SWNT) and multi walled nanotubes (MWNT). SWNT
can be considered as a single sheet of graphene rolled seamlessly into a cylinder with diameter
of order of 1 nm and length of up to centimetres. MWNT consist of an array of such cylinders
formed concentrically and separated by 0.35 nm with diameter from 2 to 100 nm and lengths
of tens of microns (Coleman, Khan, Blau, & Gun’ko, 2006)
Carbon nanotubes (CNTs) have been regarded as excellent reinforcing fillers for polymer
matrices due to their nanometre size, large aspect ratio (length-to-diameter ratio), extraordinary
mechanical strength (H. Wang et al., 2004). This allows a good transfer of load from the matrix
to the filler when the composite is put under mechanical stress, in much the same way that steel
bars reinforce concrete (Ajayan & Tour, 2007). Recently, CNTs have been successfully
incorporated into various biopolymer hydrogels including hyaluronic acid in the presence of
cross-linking reagent divinyl sulfone (Bhattacharyya, Guillot, Dabboue, Tranchant, & Salvetat,
2008) or unmodified hyaluronic acid (Zamora-Ledezma et al., 2013), alginate (Z. Jiang et al.,
2006), chitosan (S. Chatterjee, Lee, & Woo, 2010; S.-F. Wang, Shen, Zhang, & Tong, 2005),
and cyclodextrins (Ogoshi, Takashima, Yamaguchi, & Harada, 2007).
Gelatin, which forms thermo-reversible gels, is the denatured product of collagen and has been
employed as gelling agents and stabilizers in the food and cosmetic industries for a long time
(Bode et al., 2011). Due to the thermal reversibility of physical gelatin gel, they are not stable
at physiological temperature and above, which limits their applications in tissue engineering or
other biomedical fields where gels are required to be stable for a certain period of time above
room temperature before dissolving. Recently, many studies have investigated chemical or
enzymatic cross-linked gelatin gels in order to improve their stability. A variety of cross-linking
agents has been employed including transglutaminase (Babin & Dickinson, 2001; Mohtar et
al., 2013), glutaraldehyde (Chiou et al., 2006), phenolic compounds (X. Zhang et al., 2010),
Bisvinyl sulfonemethyl, genipin (A Bigi et al., 2002; Kirchmajer et al., 2013), and
carbodiimides (Liang et al., 2004). Here we choose glutaraldehyde as the cross-linker because
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it is inexpensive, easily available, and has high efficiency for gelatin cross-linking. Other than
pure physical and chemical cross linked gelatin gels, several groups have already successfully
prepared gelatin gels with the combination of physical and chemical networks (HellioSerughetti & Djabourov, 2006). In recent years, gelatin gels have been part of many emerging
applications especially in biomedicine area such as encapsulation, tissue scaffold, microspheres,
and as matrices for implants (Hough, Islam, Hammouda, Yodh, & Heiney, 2006). Because it is
inexpensive, and has excellent gel forming capability as well as biocompatibility and
biodegradability, (cross-linked) gelatin is regarded as one of the most promising candidates for
the preparation of CNT-biopolymer composites. In fact, several applications of gelatin-CNTs
composites have been reported, and these include the separation of serum proteins (H Li et al.,
2004; He Li et al., 2003), haemoglobin immobilization (Zheng & Zheng, 2007), biosensors for
cell detection (J.-J. Zhang et al., 2009), (food) packaging material (Ortiz-Zarama et al., 2014),
and cell-laden 3D constructs (Shin et al., 2011).
It is worth noting that many applications of gelatin-MWNT nanocomposites mainly take
advantage of other properties of MWNT (e.g. electrical conductivity (Periasamy, Chang, &
Chen, 2011), antibacterial activity (Ortiz-Zarama et al., 2014), cell immobilization (Tsai,
Huang, Rau, & Hsu, 2014), etc…) besides utilizing its well-known reinforcement effect to
improve the mechanical properties of gelatin gel. Furthermore, both the processing and
application of those gelatin-MWNT nanocomposites require information on their linear and
nonlinear rheological properties, which are related to the dispersion state of MWNT, the aspect
ratio and orientation of MWNT, the nanocomposites’ microstructure, and the interactions
between MWNT and polymer chains (Wu, Wu, Sun, & Zhang, 2007). Due to the presence of
van der Waals attraction between carbon nanotubes together with its hydrophobicity and
chemically-smooth surface, CNTs very easily aggregate to form large agglomerates (Golosova
et al., 2012). It is believed that the quality of CNT dispersion, in terms of its stability and the
degree of deagglomeration, has a strong impact on the mechanical properties of the final
nanocomposites (T. Chatterjee, Jackson, & Krishnamoorti, 2008; Schaefer & Justice, 2007;
Tapasztó et al., 2014). The load transfer between the high-modulus CNT and the polymer
matrix depends on the interfacial interaction between the CNT and the matrix. If there is no
shear stress or if it acts over distances that are shorter than the length of the CNT or its
persistence length, and if there is too much slippage the reinforcement is not optimal and not
effective (Ajayan, Schadler, Giannaris, & Rubio, 2000). The properties of this interfacial region
depend on the amount of bound polymer to the CNT (Tsagaropoulos & Eisenberg, 1995). The
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shear stress due to polymer bounding, in the case of a cured urethane/diacrtylate matrix, could
be as high as 500 MPa (Wagner, Lourie, Feldman, & Tenne, 1998). While CNT had a slight
effect on epoxy resins, their effect on compression (23% increase) was more substantial than
on tension where the increase in tensile modulus was under 16% (Schadler, Giannaris, &
Ajayan, 1998). This could be due to the buckling of the CNT during compression and their
slippage during tension. Rheology provide a unique perspective where the deformation is more
complex and sophisticated than a simple tension or compression. Varying the amount of CNT
to polymer as well as varying the nature of the matrix is timely to understand the nature of the
reinforcement if any. Also understanding the CNT dispersion and the hierarchical structures of
CNT networks in the polymer matrix is extremely important to elucidate the intimate
interaction within the composite matrix. To the best of our knowledge, there is no available
information on the effect of incorporating MWNT on the mechanical behaviour of various
cross-linked and non-cross-linked gelatin gels and their internal structures. Therefore the main
aim of this study is to characterize the gelatin-MWNT nanocomposites linear and nonlinear
rheological and morphological properties instead of simply improving their mechanical
properties.
4.2. Materials and Methods
4.2.1. Materials
Porcine gelatin powder (bloom value 300, Sigma Aldrich USA), Carboxyl-Multi Walled carbon
nanotubes (diameter: 8-15 nm, length: 10-50 μm, http://cheapnanotubes.com, USA), and
Glutaraldehyde water solution (Sigma Aldrich USA) were used without further purification.
4.2.2. Methods
Preparation of Gelatin-MWNT hybrid nanocomposites.
The protocols used to prepare the different gelatin-MWNT networks are:
Physically-crosslinked gelatin gel-MWNT composites.
Solutions with a total weight of 5.0 g containing 2.5% w/w gelatin and one of 0% w/w, 0.1%
w/w, 0.4% w/w or 1.0% w/w MWNT were prepared using Milli-Q water at 50 °C under stirring
for 1h, followed by probe sonication (Sonics 750W, Germany) for 2.5 min using 20% power
amplitude. Samples were then loaded onto a rheometer plate preheated to 50 °C, allowed to
equilibrate for 5 min, and then the temperature was decreased from 50 °C to 20 °C over 6
minutes (5 °C/min) to initiate network formation. The physical gelatin-MWNT gel was allowed
to form at 20 °C for 5 h before conducting rheological measurements.
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Chemically-cross-linked gelatin gel-MWNT composites.
Chemical networks were formed in the presence of chemical cross-linker glutaraldehyde. The
gelatin-MWNT solution was prepared and sonicated in the same conditions as physical gel.
After that, we added glutaraldehyde to 2.5 wt% sonicated gelatin-MWNT solution to achieve
0.3 wt% glutaraldehyde vs. total gelatin solution at 35 °C, vortex mixed it at 2000 rpm for 20
s (IKA vortex mixer, Germany), and loaded onto the rheometer preheated to 35 °C. This
resultant gel cross-linked by glutaraldehyde was left at 35°C for 5 h before conducting
rheological measurements.
Chemically and-physically crosslinked gelatin-MWNT gel.
First, chemical networks were made following the above protocol. Subsequently, the
temperature of the rheometer plate was cooled from 35 °C to 20 °C (at 5 °C/min) to allow for
physical networks to form. Samples were left at 20 °C for an additional 5 h.
Rheology.
Rheological measurements were carried out on an MCR 302 (Anton Paar GmbH, Graz, Austria)
stress-controlled rheometer fitted with a stainless steel plate geometry (diameter: 50 mm) set
to a gap of 0.50 mm. Sunflower oil was placed around the geometry to minimize water
evaporation during measurement. The frequency-sweep measurement was carried out at a
constant strain of 1.0% for frequencies ranging from 10-2 Hz to 10 Hz, and the strain-sweep
measurement was performed at a constant frequency of 1 Hz for strains ranging from 10-1 % to
104 %. In these dynamic measurements the elastic modulus G', and the viscous modulus G''
were obtained.
To better quantify the non-linear behaviour of various gelatin-MWNT gels, a differential
measurement was utilized. A low amplitude oscillatory stress 𝛿𝜎 was superposed on a
constant applied stress 𝜎0 to determine the differential elastic modulus, 𝐾 ′ (𝜎0 ) = [𝛿𝜎/𝛿𝛾]𝜎0
as a function of 𝜎0 at 1 Hz. The first applied constant stress (pre-stress) was 1 Pa in amplitude.
Subsequent pre-stresses were, 2, 4, 6, 8, 10, 20, 40, 60, 80, 100, 200, 400, 600, 800, 1000, 1200,
1400, 1600, 1800, 2000, 2200, and 2400 Pa, until the network broke down. At each interval of
applied constant stress, small deformation oscillations (1 Pa) were conducted at frequencies
ranging from 10-1 Hz to 100 Hz for around 5 minutes. Finally, the differential elastic modulus
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at 1 Hz versus the applied constant stress were obtained.
Cryogenic-Scanning electron microscopy (Cryo-SEM).
The microstructure of various gelatin and gelatin-MWNT hydrogels were observed and imaged
with a Philips XL30S FEG SEM (Netherlands) using 5 kV accelerating voltage based on the
methods of Gaharwar, Dammu et al. 2011 and Molinos, Carvalho et al. 2012. Each hydrogel
sample placed on the stub was plunged into a liquid nitrogen slush (< -196 °C) and then
immediately transferred to a Gatan Alto 2500 Cryo Unit (USA) at around -140 °C. The surface
of each frozen sample was fractured using a knife at the same temperature. Fractured samples
were etched at -95 °C for 30 minutes and then sputter coated with platinum at -120 °C for 360s
at 7 mA (each time 120s, for three times). Imaging of the fractured surface was completed after
placing the etched hydrogel samples on the cryo-stage at -140 °C.
Optical Microscopy.
Small pieces of various gelatin-MWNT hydrogels were spread onto glass slides to form a thin
layer, covered with a coverslip, and then sealed to prevent water evaporation. The microscopic
dispersion of MWNT was characterized using an upright Leica DC500 microscope (Germany)
in bright field mode with 400× magnification.
Ultra small angle neutron scattering (USANS).
The sample preparation for the USANS study was the same as that for the rheology study.
USANS experiments were performed on the Kookaburra instrument at the OPAL reactor at the
Australian Nuclear Science and Technology Organisation (ANSTO), Sydney, Australia (Rehm,
Brûlé, Freund, & Kennedy, 2013). Kookaburra is based on the Bonse-Hart technique (Bonse
& Hart, 1965) using two sets of identical, 5-bounce, channel-cut, perfect Si single crystals
labelled "monochromator" and "analyser" (arranged in a nondispersive parallel geometry) in
Bragg reflection. It operates at both short (2.37 Å) and long (4.74 Å) neutron wavelengths,
using 110 and 311 reflections from two channel –cut perfect Si single crystals.

Rocking curve profiles are measured by rotating the analyser crystal away from the aligned
peak position (the position in which the deviated neutrons are reflected into the detector) and
measuring the neutron intensity as a function of the momentum transfer, 𝑄 =

4𝜋
𝜆

sin 𝜃, where

 is the wavelength of the incident neutrons and 2 is the scattering angle (i.e., the angle of
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deviation of the scattered neutrons measured from the straight-through beam). Owing to the
low neutron absorption of silicon, the wings of the rocking curve are generally contaminated
by neutrons propagating and diffracting inside the walls of channel-cut crystals. The width of
rocking curves peak is the theoretical Darwin width (M. Agamalian et al. 1997). Q is measured
in a range of 10-5<Q/Å-1<10-3. The USANS data were analysed with SasView
(www.sasview.org), accounting for the slit smearing effect by setting the slit height of 0.0584
Å-1. To analyse USANS data, either desmearing of the data or smearing of the fitting model
function is required. The second approach is more common because it is a direct method. The
USANS data was analysed with SasView, accounting for the slit smearing effect by setting the
slit height to 0.0584A-1. In other words, we take the model and smear it and then fit the smeared
model to the USANS data. The slopes were determined from original smeared data, then one
order of magnitude was subtracted (i.e. q-2 slope become q-3 slope) to account for the slit
smearing.
Gelatin adsorption onto MWNTs.
The amount of gelatin absorbed onto the MWNTs was measured using the Bradford method.
The MWNTs concentration was set to 0.1 mg/ml and the gelatin concentration was varied from
0.025 mg/ml to 0.60 mg/ml. The gelatin-MWNT solutions were probe sonicated (Sonics 750W,
Germany) for 2.5 min using a 20% power amplitude. After that, the gelatin-MWNT solutions
were centrifuged at 10,000 g (SORVALL RC 28S, France) for 1 h at 35 °C and the resultant
supernatant was used for protein quantification. The centrifuge rotor was preheated to 35 °C
before use. Gelatin solutions of the same concentrations but without MWNTs were sonicated
and centrifuged in the same conditions as controls. All supernatants were analysed for protein
content using the Bradford assay using a standard calibration curve generated using gelatin.
The amount of gelatin absorbed onto the MWNTs was determined by measuring the differences
in the concentration of gelatin in the supernatants of gelatin solution alone (control) and gelatin
solutions with added MWNTs.
4.3. Results and discussions
4.3.1. Dynamic rheological behaviour of various gelatin gel-MWNT composites
The elastic modulus G' (solid symbol) and viscous modulus G'' (open symbols) are shown in
Figure 4.1 as a function of frequency for gelatin physical gel-MWNT composites, gelatin
chemical gel-MWNT composites, and gelatin chemical-physical gel-MWNT composites at
various MWNT concentrations. These measurements were obtained by applying a constant
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strain of 1.0%, which is within the linear viscoelastic region. The results demonstrate that for
all MWNT concentrations in gelatin-MWTN composites in the applied frequency range, the
G' is nearly frequency-independent and the G' values were greater than the G'' by at least a
factor of 10. This finding suggests that all the gelatin-MWNT samples are gelled with
formation of a strong gel network (R. Lapasin, 1995). The viscoelastic behaviour of gelatinMWNT samples are similar to their corresponding neat gelatin gels, although some differences
on the G'' dependence of frequency can be seen. In all neat gelatin gels, G'' exhibits a shallow
minimum in the low frequency. This behaviour has been seen in various soft solids material
including concentrated suspensions, pastes, emulsions, forms, and associative polymers,
reflecting the structural relaxation (Wyss et al., 2007). It can be clearly seen that by
incorporating MWNT into various gelatin gels, the shallow minimum in G'' disappears. For
gelatin physical gel, the high-frequency power-law dependence of G'' decreases with increasing
MWNT loading, from 𝑓 0.45 for 0.1 wt% MWNT to 𝑓 0.27 for 1.0 wt% MWNT. For gelatin
chemical and chemical-physical gels the G'' is almost independent of frequency at high
frequencies when the MWNT loading is higher than 0.4 wt%. This weak dependence of G'' on
frequency suggests the long-range motion and relaxation of gelatin chains are effectively
restrained by the presence of MWNT (Du et al., 2004).
The value of G' and G'' increased with the increase of MWNT loading. To better understand
the effect of MWNT loading on the small-deformation rheological behaviour of the gelatinMWNT composites, the complex modulus G* (=((G')2 +( G'')2)1/2 at a constant frequency of 1
Hz as a function of MWNT concentration is reported in Figure 4.1D. In our studied MWNT
concentration range (up to 1 wt%), the complex modulus roughly increases linearly with the
increase of MWNT concentration for all gelatin matrices, similar to the behaviour observed in
poly (propylene fumarate)-SWNT systems (X. Shi et al., 2005). Further we notice that the
complex modulus increase by roughly the same amount as a function of the MWNT
concentration but the relative increase is the least (30% instead of 100%) in the case of the
physically cross-linked gels which has an already high complex modulus at 0% CNT. Strangely
enough the critical strain (Figure 4.5) decrease more dramatically by more than 55% in the case
of the physically crosslinked gels than for the chemical gels or the hybrid gels where the
decrease was modest. Which means that the effect of CNT on the rheological properties of the
gel are different than their effect on the structural stability and ultimate strength. These two
properties were rather confused in previous works (Ajayan et al., 2000).The viscoelastic
behaviour of all gelatin-MWNT composites is still dominated by the gelatin matrix itself. It
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has been suggested that in dispersions with particle concentrations in excess of percolation
(p>>pc, where P is the volume fraction of the nanoparticles and pc is the value of percolation
threshold), the rheology of the composite is dominated by the superstructure of the particles
and the modulus of the composites scales as (p-pc) δ, with δ ranging between 2.5 and 4.5 for
most cases (T. Chatterjee et al., 2008; Trappe & Weitz, 2000). However, as shown in Figure
4.2, the complex modulus of gelatin-MWNT composites measured here when tested as a
function of MWNT concentration cannot be fitted to the power law scaling model which is
usually employed for carbon nanotube reinforced polymers (Ph Cassagnau, 2008; Hobbie,
2010; Zhu, Thompson, Wang, von Meerwall, & Halasa, 2005). This is probably because the
highest amount of MWNT used in this study (1wt%) did not excess the percolation threshold
for gelatin-MWNT composites. To determine the MWNT percolation threshold approximately,
we measured the viscosity of MWNT with different concentrations in water after sonication
(Figure 4.3s). The microstructures of MWNT aggregates were characterized using light
microscopy (Figure 4.2s). As can be seen in Figure 4.3s and 4.2s, when MWNT concentration
increased to 1 wt%; the viscosity increased dramatically and MWNT formed fully spanned
network. Noted that in this study we focus on the study of addition of MWNT on the small and
large deformation rheology of gelatin gel, the overlapping (percolation) of MWNT was
deliberately avoided to ensure that the continuous phase is made of gelatin. Therefore, in this
study we use 1wt% as the highest concentration for MWNT. The reduced reinforcing effect
could also be due to aggregation of the MWNT, which would reduce the contact area between
filler (MWNT) and matrix (gelatin gel), thus weakening the interfacial stress transfer between
them (Domenech, Zouari, Vergnes, & Peuvrel-Disdier, 2014).
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Figure 4.1 Elastic modulus G' (solid symbol) and loss modulus G'' (open symbols) as a
function of frequency for (A) gelatin physical gel-MWNT composites (measured at 20°C), (B)
gelatin chemical gel-MWNT composites (measured at 35°C), and (C) gelatin chemicalphysical gel-MWNT composites (measured at 20°C). MWNT concentrations are: 0% (■, □);
0.1% (●, ○); 0.4% (▲,

); and 1.0% (▼,

). (D) The complex modulus G* at 1Hz as a

function of MWNT concentration for gelatin physical gel-MWNT composites (■), gelatin
chemical gel-MWNT composites (●), and (C) gelatin chemical-physical gel-MWNT
composites (◄).
4.3.2. Large deformation rheology of various gelatin-MWNT composites
The strain sweep results performed on gelatin-MWNT samples with various concentration of
MWNT are presented in Figure 4.2. Qualitatively, for all the gelatin-MWNT samples the
behaviour of G' and G'' is similar to the corresponding neat gelatin gel as a function of the
applied strain. At low applied strain, within the linear viscoelastic region, G' and G'' were
constant with G' higher than G'', suggesting these gelatin-MWNT samples have a solid-like
response. When the applied strain is increased further, for all gelatin-MWNT samples G' starts
to overshoot, depicting a typical strain-hardening behaviour for gelatin gels. At the same time,
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G'' increases and reaches a maximum before declining as well. At very high applied strain, both
G' and G'' begin to decrease and eventually reach a cross-over point corresponding to the
breaking strain. Above that, G'' is higher than G', indicating that flow occurs.

Figure 4.2 Elastic modulus G' (solid symbol) and loss modulus G'' (open symbols) as a
function of strain (%) for (A) gelatin physical gel-MWNT composites (measured at 20°C), (B)
gelatin chemical gel-MWNT composites (measured at 35°C), and (C) gelatin chemicalphysical gel-MWNT composites (measured at 20°C). MWNT concentrations are: 0% (■, □);
0.1% (●, ○); 0.4% (▲,

); and 1.0% (▼,

).

To compare the strain-sweep test on the gelatin-MWNT samples incorporating MWNT, the
values of the critical strain and breaking strain are plotted in Figure 4.3. For all the samples as
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the concentration of MWNT is increased the strain amplitude at which nonlinearity begins
moves to a lower value. This well-known effect of amplitude dependence of the dynamic
viscoelastic properties of filled polymers is often referred as the Payne effect (Ph Cassagnau,
2008; Payne, 1965). Payne found that the three-dimensional structure network constructed by
the aggregation of carbon black significantly altered the dynamic viscoelasticity properties of
rubbers (Payne, 1965). The explanation of this non-linear behaviour is based on two conceptual
aspects depending on filler (MWNT) concentration and amplitude deformation. The first
mechanism is due to the filler (MWNT) network breakdown including common features
between the phenomenological agglomeration-deagglomeration and recent microscopic
networking approaches (particle-particle interaction) as discussed by Heinrich and Kluppel
(Philippe Cassagnau, 2003; Ph Cassagnau, 2008; Heinrich & Klüppel, 2002). The second
mechanism is due to polymer chain disentanglements and trapping of polymer chain loops at
the filler surface (Sternstein & Zhu, 2002).
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Figure 4.3 The critical strain (𝛾𝑙𝑖𝑛𝑒𝑎𝑟 ) values (solid symbols) and breaking strain values (empty
symbols) as a function of concentration of MWNT for (A) gelatin physical gel-MWNT
composites (measured at 20°C), (B) gelatin chemical gel-MWNT comoposites (measured at
35°C), and (C) gelatin chemical-physical gel-MWNT composites (measured at 20°C).
For physical gelatin-MWNT composites, the breaking (yield) strain amplitudes, above which
G' < G'', are around 457%, 408%, 386%, and 344% for gelatin-MWNT samples with 0 wt%,
0.1 wt%, 0.4 wt%, and 1.0 wt% MWNT addition respectively. The breaking strain of physical
gelatin-MWNT composites is smaller than that of the neat gelatin physical gel, suggesting that
the physical gelatin-MWNT composites are somewhat more brittle. Such an embrittlement
phenomenon has also been observed in other CNT reinforced polymers like polyimide (J. J. Ge
et al., 2005) and polyetherimide (Y. Chen, Tao, et al., 2013). In contrast with physical gelatin92

MWNT composites, for chemical gelatin-MWNT and chemical-physical gelatin-MWNT
composites the breaking strain value first increased with the increase of MWNT concentration
up to 0.4 wt% and then decreased. This different break (yielding) behaviour of various gelatinMWNT composites with MWNT concentrations could be due to the different interfacial
interactions between MWNT and gelatin networks and their aggregation and networking within
different gelatin gel matrix.
To further characterize the effect of incorporation MWNT on the strain hardening behaviour of
various gelatin gels, the Pre-stress protocol was employed. The values of differential elastic
modulus 𝐾 ′ vs. constant applied stress 𝜎 are shown in Figure 4.4. For small values of 𝜎, the
differential elastic modulus is independent of the applied strain and is identical with 𝐺′. As 𝜎
is increased above some critical value, 𝜎𝑐 ,

𝐾 ′ increases until the network breaks. In the

stress-stiffening regime, we observed that 𝐾 ′ ~𝜎 1.1 for gelatin physical gel alone and gelatin
physical gel-MWNT composites, as shown in Figure 4.4A. The incorporation of MWNT into
gelatin physical gel does not change its strain hardening behaviour. For gelatin chemical gel,
the incorporation of MWNT changed the power scaling exponent from 0.65 for gelatin
chemical gel alone to around 0.84 once MWNT is incorporated, as shown in Figure 4.4B. This
result suggests that incorporation of MWNT increases the strain hardening for gelatin chemical
gel. For chemical-physical gel alone, 𝐾 ′ is expressed with two power laws. In the lower stress
region, 𝐾 ′ ~𝜎 0.65 ; while in the higher stress region, 𝐾 ′ ~𝜎 1.5 . The incorporation of MWNT
changed the power scaling exponent in the low stress region from 0.65 for the gelatin chemicalphysical gel alone to around 0.70, 0.84, and 0.84 for MWNT concentration 0.1 wt%, 0.4 wt%,
and 1.0 wt%, respectively. This result indicates that the incorporation of MWNT enhanced the
strain hardening for gelatin chemical-physical gel. At the very highest stresses, for chemical
gelatin gel-MWNT and chemical-physical gelatin gel-MWNT with MWNT concentration 0.4
wt%, and 1.0 wt%; the experimental data deviates from the power law scaling as indicated with
solid line in Figure 4.4. This deviation could result from irreversible network fracture or failure
(Y.-C. Lin et al., 2010). To compare the strain sweep measurement and pre-stress measurements
of the various gelatin-MWNT composites with different added MWNT, the critical stress
values obtained from these two measurements are shown in Figure 4.5. The critical stress
values obtained from the strain sweep and pre-stress agree well and decrease linearly with the
increase of MWNT content, suggesting again that with increasing MWNT loading, the polymer
nanocomposites get stiffer and more fragile. Such behaviour is typical of fractal networks such
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as those of colloidal gels, layered silicates, and flocculated silica spheres (T. Chatterjee &
Krishnamoorti, 2013).

Figure 4.4 The differential elastic modulus 𝐾 ′ , as a function of applied constant shear stress,
𝜎0 for (A) gelatin physical gel-MWNT composites (measured at 20°C), (B) gelatin chemical
gel-MWNT composites (measured at 35°C), and (C) gelatin chemical-physical gel-MWNT
composites (measured at 20°C). MWNT concentrations are: 0% (■, □); 0.1% (●, ○); 0.4% (▲,
); and 1.0% (▼,

). The solid line and number indicates the power law scaling of

𝐾 ′ vs.

𝜎0 .
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Figure 4.5 Critical stress values of gelatin physical gel-MWNT composites (■, □), gelatin
chemical gel-MWNT composites (●, ○), and gelatin chemical-physical gelatin gel-MWNT
composites (◄, ) as function of MWNT concentration obtained from pre-stress (solid symbol)
and strain (stress) sweep (empty symbol).
4.3.3. Highly Porous Gelatin-MWNT composites networks revealed by Cryo-SEM
Structural information about gelatin-MWNT composites, such as the extent of MWNT
aggregation and phase separation, is extremely important for understanding their rheological
properties and in formulating the composites to meet further application requirements. CryoSEM has been used extensively to characterize hydrogel and hydrogel nanocomposite
structures. For example, the porous structures of hydrated gelatin and agar gels (Rahbani,
Behzad, Khashab, & Al‐Ghoul, 2013) and incorporation of dextrin nanoparticles into dextrin
hydrogel can be visualized using cryo-SEM (Molinos, Carvalho, Silva, & Gama, 2012).
However, it is worth noting that cryo-SEM does not image the true wet hydrogel architecture
itself but instead the collapsed hydrogel structure after etching (where etching involves semi
drying) (Gaharwar, Dammu, Canter, Wu, & Schmidt, 2011). Despite these limitations, this
technique still gives rough structural information related to the original hydrogel state, and
especially of the extent of MWNT aggregation within various gelatin matrices.
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The various gelatin gel-MWNT composites were examined by cryo-SEM and typical results
are demonstrated in Figure 4.6. Darker areas in the images correspond to amorphous water
which was not sublimated during the sample preparation process, while lighter objects
correspond to gelatin structures after etching (Hilliou, Wilhelm, Yamanoi, & Gonçalves, 2009).
All of the nanocomposites have an interconnected porous structure with pore sizes in the range
of about 1-8 m. For gelatin physical gel, incorporation of 0.4 wt% MWNT increases the pore
size from about 2 m to 5 m. This may be due to a reduction in the amount of gelatin available
for gelation after adsorption onto the surface of the MWNT. It is also possible that the
incorporation of MWNT reduces the gelatin diffusion. Both effects would reduce the gel
nucleation rate, which has been suggested to produce larger pores (Van Vlierberghe et al., 2007).
The increase of pore size with addition of MWNT is also observed in chemical gel, however it
is not obvious in chemical-physical gel.
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Figure 4.6 Cryo-SEM images from (A) physical gelatin gel, (B) chemical gelatin gel, and (C)
chemical-physical gelatin gel with different concentration of MWNT incorporation. The
MWNT aggregates are indicated by arrows.
The SEM images from the various gelatin gel having 0.4 and 1.0 wt% MWNT concentrations
demonstrate the presence of strong structural heterogeneity, which may be induced by the
aggregation of MWNT (5-30 m) or water evaporation during sample preparation (Gaharwar
et al., 2011). There are more and larger MWNT aggregates present in gelatin gels with higher
(1.0wt%) MWNT concentration. The presence of such micron-scale MWNT agglomerates is
also confirmed by optical microscope images (Figure 4.7).
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Figure 4.7 Optical microscope image of various gelatin gels with incorporation of 0.4wt% and
1.0wt% of MWNT. Scale bars represent 100 microns.
4.3.4. Ultra-small angle neutron scattering (USANS)
Although various microscopic techniques including atomic force microscopy (AFM) (M.-F. Yu
et al., 2000), optical bright-field and dark-field optical microscopy (T. Chatterjee et al., 2008),
scanning and transmission electron microscopy (SEM and TEM) (Pötschke, Fornes, & Paul,
2002) have been employed to visualize the CNTs and their agglomerates, the various sample
preparations by drop-casting, etching, or freeze drying may have significant influences on the
arrangement of CNTs and cause structural artefacts (Golosova et al., 2012). Therefore, we have
employed USANS to further study the hierarchical structures of MWNT network in the
composites in situ.
USANS is a probe that allows the characterization of micron-scale structures up to several tens
of microns (Tapasztó et al., 2014). Recently, USANS has been employed to characterize the
hierarchical structures of carbon nanotubes networks and their dispersion in various polymer
and ceramic matrices (T. Chatterjee et al., 2008; Dror, Pyckhout-Hintzen, & Cohen, 2005;
Schaefer & Justice, 2007; Tapasztó et al., 2014). Our USANS data (Figure 4.8) have been
obtained using both short and long neutron wavelengths (2.37 Å and 4.74 Å respectively) in
the range of 1.8×10-5 < Q / Å-1 < 0.01 Å-1, corresponding to a probed length scale of 60 nm up
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to about 35µm. It is worth noting that the neutron contrast between H2O and the gelatin in the
gelatin-MWNT composites is very low, such that the majority of the scattering arises from the
MWNT networks only rather than aqueous voids (Helminger et al., 2014).
The scattering intensities of MWNT aggregates exhibit a scattering intensity, I (q), that follows
a power law equation given as.
𝐼 (𝑞) =

𝐴
+𝐵
𝑞𝑚

(4.1)

Where from m, the power exponent, the nature of the scattering object can be deduced (Schmidt,
1991). For example, 𝑚=1 indicates thin rods or filaments, 𝑚=2 indicates thin platelet and
2 < 𝑚 < 3 may refer to mass fractal structures (three dimensional self-similarity over a large
range of length scales), and 3 ≤ 𝑚 < 4 corresponds to surface fractal structures (rough
surfaces with self-similarity over a large range of length scales) (Xia et al., 2014). Across the
USANS q-range, both gelatin-MWNT gels demonstrate three power law dependences (α, β,
and γ), and are identical except at the lowest q-range (corresponding to the largest length scales).
For q range from 1.8×10-5 to 1.0×10-3 Å-1, probing length scales >5 m, the power law exponent
for gelatin physical gel-MWNT composites (α1) and gelatin chemical-physical gel-MWNT
composites (α2) is 2.6 and 2.2 respectively. Thus both gelatin-MWNT composites exhibit a
mass fractal behaviour at the largest length scales due to the presence of disordered networks
of bulk MWNT aggregates(Schaefer & Justice, 2007; Tapasztó et al., 2014). The higher value
for the exponent for the gelatin physical gel-MWNT indicates a denser network than for the
chemical-physical gel composites (Hollamby, 2013). In the q-range of 1.0×10-4 to 1.0×10-3 Å1

, an identical power law exponent of β=3.2can be observed for both gelatin chemical-physical

gel-MWNT composites and gelatin physical gel-MWNT composites. This scattering can be
interpreted as surface fractal behaviour at probe lengths of ~0.5 m to 5 m. In this case, Ds=6β, where Ds is the surface fractal dimension, which ranges from 2 for a smooth surface to 3 for
a uniformly dense object that is entirely surface (something like crumpled paper) (Schaefer,
Zhao, Brown, Anderson, & Tomlin, 2003). The observed power law regime with β=3.2, or Ds
= 2.8, demonstrates that the MWNT aggregates have a high surface area to volume ratio. At
higher q-values, from 1.0×10-3 to 1.0×10-2 Å-1 (< 0.5 m probe length) there is a q-1.7
dependence for both gelatin gel-MWNT composites, due to the presence of a disordered but
loose network of MWNT (Tapasztó et al., 2014).
There is no evidence of structure factor scattering in the USANS data, which confirms that the
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dispersion of the MWNT is random, with no characteristic spacing between clusters in this
length range. It is also worth noting that there is no region in the measured USANS profile
exhibiting power-law scattering with an exponent of -1, which is characteristic of a dispersion
of long rod-like particles. A well-dispersed and unaggregated dispersion of MWNT would
contain a wide region in which I(q) scales in proportion with q-1, however, such a perfect
dispersion is only found rarely under dilute conditions, with a large quantity of dispersant
(Fogden, Howard, Heenan, Skipper, & Shaffer, 2012; Hollamby, 2013). In most studies of the
dispersion of CNT by (U)SAXS and (U)SANS, power-law scattering with an exponent of -1 is
absent, and dense fractal networks and/or surface fractal characteristics are found instead (T.
Chatterjee et al., 2008; Golosova et al., 2012; Schaefer & Justice, 2007; Tapasztó et al., 2014).
In this, our USANS results agree with previous studies in demonstrating poor dispersion of the
MWNTs within the gelatin matrix, and the presence of micron scale fractal (mass and surface)
structures within the composites. This confirms the cryo-SEM results and helps to explain the
poor reinforcement of the mechanical properties revealed by the rheological studies.

Figure 4.8 Ultra-small angle neutron scattering (USANS) scattering intensities as a function
of scattering wavenumber for physically-crosslinked gelatin gel-MWNT composites (black
symbol), and chemically- physically crosslinked gelatin gel-MWNT composites (red symbol).
The solid symbol describe the USANS pattern obtained at a wavelength of 2.37 Å, while the
empty symbol is from a wavelength of 4.74 Å. The solid lines indicate the power law fitting
regions of the data.
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4.3.5. Absorption of gelatin on the surface of MWNT
Investigating the adsorption of polymers (proteins, DNA, and polysaccharides) onto the surface
of MWNTs is important both in the development of nanoscale biosensors and biocatalytic
devices (Y. Lin, Allard, & Sun, 2004) and in understanding polymer-assisted dispersion of
carbon nanotubes (Sandeep S. Karajanagi et al., 2006). The adsorption of gelatin onto MWNT
as a function of the amount of the gelatin is presented in Figure 4.1s. The adsorption of gelatin
follows a two stage pseudo-saturation behaviour, with the amount of gelatin attached to the
MWNT increasing with gelatin concentration until a plateau value of around 0.8 mg gelatin/mg
MWNT is reached at a gelatin concentration of ~0.3 mg/ml. When the gelatin concentration is
increased beyond a critical value at ~0.4 mg/ml, the amount of adsorbed gelatin on MWNT
increased rapidly again until a second plateau of 1.4 mg gelatin/mg MWNT is reached at ~0.5
mg/ml gelatin concentration. The one stage pseudo-saturation adsorption behaviour has also
been observed with other proteins attaching to carbon nanotubes including soybean peroxidase
(Sandeep S Karajanagi, Vertegel, Kane, & Dordick, 2004) and bovine serum albumin (Valenti,
Fiorito, García, & Giacomelli, 2007). The appearance of the second pseudo-saturation region
could be due to the fact that during sonication when the exposed gelatin concentration increases;
the large bundles or agglomerates of MWNTs can be disintegrate into small bundles and
individual tubes (as revealed by USANS), thus increasing the area of MWNTs for more gelatin
adsorption.
It is believed that the driving force for protein adsorption on carbon nanotubes is mainly due
to both hydrophobic interactions and the ability to form π-π stacking interactions between
aromatic residues and the carbon nanotubes (Bhakta, Evans, Benavidez, & Garcia, 2015; C. Ge
et al., 2011; Matsuura et al., 2006). Given the lack of aromatic amino acids in gelatin molecules,
the adsorption of gelatin on MWNTs must be mainly due to hydrophobic interactions and the
interaction between COOH (functionalized group on the surface of MWNTs) and amino acid
within gelatin.
4.4. Conclusions
From the above results into the rheology and structure of the MWNT and gelatin complexes,
several points are clear: 1) by incorporating MWNT into gelatin matrices at loadings of up to
1 wt%, the complex modulus (at 1Hz) of the composite is weakly increased proportional to the
loading; 2) The G' dependence on frequency of all of these gelatin-MWNT composites is still
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dominated by the corresponding gelatin matrix. However, the loss modulus G'' becomes less
frequency dependent when MWNT is incorporated into the gelatin matrix, suggesting that the
long-range motions and relaxations of the gelatin chains are effectively restrained by the
presence of the MWNT; 3) The value of the critical strain (stress), at which the linear
viscoelastic region ends, decreases roughly linearly with increasing MWNT loading; 4) The
pre-stress study demonstrates that for the physically-crosslinked gelatin gels, the addition of
MWNT does not change their strain hardening behaviour. However, for chemicallycrosslinked and chemically-physically crosslinked gelatin gels the addition of MWNT
increases their strain hardening behaviour; 5) The USANS result showed that there are three
levels of hierarchical structures of MWNT networks within physically-crosslinked gelatin gel
and chemically and physically-crosslinked gelatin gels. Tens-of-micron scale randomly
distributed MWNT agglomerates are present, confirming the poor dispersion and large
aggregation of MWNT in the various gelatin matrices seen by Cryo-SEM and light microscopy
study; and finally, 6) The adsorption of gelatin onto surface of MWNT during ultrasonication
demonstrates two regions of pseudo-saturation behaviour.
Overall, it is clear that the MWNT are not fully dispersed in the gelatin gels, but still influence
the linear and nonlinear mechanical behaviour of various gelatin gels, and even the pore size
distribution and structure. It is also clear that the gelatin is interacting strongly with the MWNT,
as the significant gelatin loadings on the tubes shows, and that chemical gelation increases the
impact of the MWNT on the interaction between the gel and the MWNT.
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4.6. Supplementary Information

Figure 4.1s Gelatine adsorption onto MWNTs as a function of amount of amount of gelatine
exposed to MWNTs.

Figure 4.2s Ordinary microscopy images of different concentration of MWNT dispersed in
water after sonication at 750 W, 20% amplitude for 2.5 min.
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Figure 4.3s Viscosity at a shear rate of 10 s-1 as a function of MWNT concentration. The
viscosity measurements are conducted at 25°C. Solid lines are power-law fits. Error bars
represent standard deviations.
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Chapter 5
5. Impact of pressure on physicochemical properties
of starch dispersions
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5.1. Introduction
Hite is the scientist who first applied high hydrostatic pressure (HHP) to preserve milk in 1989
(Hite, 1899). It was reported that the shelf-life of milk could be extended by 4 days after
pressure treatment at 600 MPa for 1 h at room temperature. In 1914, the egg albumin protein
denaturation under HHP is observed (Bridgman, 1914). Since this time a great deal of research
has been performed on HHP processing of foods and many useful applications of this
technology have been, and continue to be, developed.
HHP has been applied to numerous food-related products. These include meat products
(Cheftel & Culioli, 1997; Hugas, Garriga, & Monfort, 2002), dairy based products (Devi,
Buckow, Hemar, & Kasapis, 2013), starch based food (Pei-Ling et al., 2010), seafood (Ashie
& Simpson, 1996), and fruit puree and juice (Porretta, Birzi, Ghizzoni, & Vicini, 1995). HHP
applications in food processing and products can be mainly classified into three categories.
Firstly, the use of HHP-assisted inactivation of different microorganisms present in food
products for shelf-life extension (Buzrul, 2014; Georget et al., 2014; Smelt, 1998). As a nonthermal technology the main advantage pressure “pasteurization” has over traditional thermal
processes is that it can prevent colour and texture changes, nutritional value loss and unpleasant
odour formation. Further, HHP can be used as a hurdle technology in killing microorganism in
food by combining it with other methods such as thermal, ultrasound or pulsed electric field
(Leistner, 2000). Secondly, HHP is used in fruit purees and juices for the inactivation of several
oxidative and pectic enzyme which can be responsible for deterioration of colour, flavour, and
texture. Employing HHP to inactivate polyphenoloxidase (PPO), peroxidase (POD), βglucosidase, pectinmethylesterase (PME), polygalacturonase (PG), lipoxygenase (LOX),
amylase, and hydroperoxide lyase specific to fruit purees and juices has been much studied
(Abid et al., 2014; Alexandrakis et al., 2014; Chakraborty, Kaushik, Rao, & Mishra, 2014;
Terefe, Buckow, & Versteeg, 2014). Enzymes such as PPO, POD, and PME are highly resistant
to HHP and are at most only partially inactivated under commercially feasible conditions (~600
MPa). PG and LOX on the other hand are more pressure sensitive and can be substantially
inactivated by HHP at commercially feasible conditions (Terefe et al., 2014). The third category
of applications of HHP is related to the physical modification of food biopolymers. This
includes starch gelatinisation and protein denaturation or aggregation to improve the texture of
food products (Knorr, Heinz, & Buckow, 2006; Messens, Van Camp, & Huyghebaert, 1997;
Molina, Papadopoulou, & Ledward, 2001).
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After cellulose, starch is the second most abundant biopolymer in nature. Starch is the most
important carbohydrate source for human nutrition in addition to having an important role in
food manufacturing processes such as modifying the texture properties of food products.
Approximately 60 million tonnes of starch are extracted annually worldwide from various
cereal, tuber and root crops (Copeland, Blazek, Salman, & Tang, 2009), of which roughly 60%
is used in food (e.g. bakery products, sauces, soups, confectionery, sugar syrups, ice cream,
snack foods, meat products, baby foods, fat replacers, soft drinks). The remaining 40% is used
in pharmaceuticals and non-edible purposes, such as a matrix for fertilisers, seed coatings,
paper, cardboard, packaging materials, adhesives, textiles, fabrics, diapers, bioplastics,
building materials, cement, and oil drilling (Burrell, 2003).
During the last 20 years many studies have employed HHP to physically modify and gelatinize
starches from diverse plant origins. The influence of HHP on starch depends on the pressure
amplitude, starch type and concentration, pressurization time, temperature, and media (PeiLing et al., 2010; Porretta et al., 1995). Reviews on the subject were published by Pei-Ling et
al. (2010) and Knorr et al. (2006). Since the most recent review a large body of research has
been published using HHP on starch from different botanical origins, and involving new
experimental techniques. This review summarizes the up-to-date knowledge and findings of
the structures and physicochemical properties of starches as affected by HHP. The recently
developed in situ investigation of starch gelatinization under HHP is highlighted. The influence
of HHP on the chemical modification of starch is also considered and suggestions for future
research are proposed.
5.1.1. Overview of starch composition and structure
Starch exists in the form of granules which vary in size, typically from 1 to 100 µm diameter,
and shape (polygonal, spherical, and lenticular), depending on their origin (Copeland et al.,
2009). The two polysaccharides amylose and amylopectin make up 98-99 % of native starches
on a dry basis, along with minor amounts of lipids, proteins, minerals, and phosphorus in the
form of phosphate esters of glucose. The amylose and amylopectin content typically range from
20-26 % for amylose and 74-77 % for amylopectin, except for waxy starches which can be
nearly 100 % amylopectin while high amylose maize starches contain up to 80% amylose
(Rumpold, 2005). Although lipids and minerals are minor components by weight, they can
have a significant role in determining the properties of starch (Copeland et al., 2009; Pérez &
Bertoft, 2010). The moisture content of native starch granules is usually between 10 and 20 %,
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such as 13-15 % for wheat starch and up to 20 % in potato starch.
5.1.1.1. Chemical structure
Amylose is predominantly a linear 1,4-α-glucan with a molecular weight of 105-106 Dalton
corresponding to a degree of polymerization (DP) of 1000-10,000 glucose units (Copeland et
al., 2009). Amylose has the ability to form complexes, the so-called helical inclusion
complexes, with iodine, organic alcohols, and acids (Rumpold, 2005).
Amylopectin (Figure 5.1) has a molecular weight of about 108 and a DP that may exceed one
million, representing one of the largest biomarcomolecules found in nature. In addition to the
α- [1, 4] linkages that dominate the amylose structure, amylopectin is a highly branched
polymer and possess 4-5 % glucose monomers with α- [1, 6] linkages. Amylopectin can form
a cluster-like structure consisting of A-, B-, C- chains (Figure 5.1). The A chains are the shortest
chains (DP 6-15), they are free of side chains and are linked by a single α-1, 6 linkages, which
identifies the A chains as ‘outer chains’. B chains are longer (DP 15-50) and support both A
chains and other B chains. They can be divided into dense, crystalline sections (clusters) and
less dense, amorphous sections without side chains. There is only one C chain having the only
reducing end per amylopectin molecule (A. M. Donald, 2004).

Figure 5.1 Molecular structure of amylopectin. A: The proposed double helix structure taken
up by neighbouring chains; B: Composition of an amylopectin molecule with A-, B- and Cchains. Figure reproduced form Roman (2006) with permission.
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5.1.1.2. Lamellae structure
Native starch granules display a hierarchical structural periodicity with semi-crystalline
characteristics. The starch granules are organised into concentric rings radiating out from the
central hilum to the surface of the granule. The number and the size of these rings depend on
the botanical origin of the starch, which consist of alternating 120-400 nm thick amorphous
and semi-crystalline growth rings (P. Chen et al., 2011). The amorphous rings consist of
amylose and amylopectin in a disordered conformation, whereas the semi-crystalline rings are
formed by a lamellar structure of alternating crystalline and amorphous regions with a regular
repeat distance of 9-10 nm (Blazek & Gilbert, 2011; Cameron & Donald, 1992). An illustration
of these levels of ultrastructure of starch is presented in Figure 5.2.
The lamellar architecture of the semi crystalline growth rings can be well detected and
characterized by small-angle (X-ray and Neutron) scattering (SAXS and SANS) in hydrated
starch. SAXS patterns from hydrated native starches show a broad scattering peak at around
0.06-0.07 Ǻ-1, which is reciprocally related to the average total thickness (around 9-10 nm) of
the crystalline and amorphous regions in a lamellar arrangement in the granule (known the
lamellar repeating distance, long period or Bragg spacing) (Blazek & Gilbert, 2011; Waigh,
Jenkins, & Donald, 1996). SAXS investigations of starches extracted from different plant
sources have revealed the continuous decrease in the intensity of scattering maximum with
increasing amylose content in native starches. This could be attributed to the decrease in the
electron density differences between crystalline and amorphous regions of the lamellae.
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Figure 5.2 Schematic representation of the hierarchical structure of starch: (a) TEM image of
a stained ultrathin section of a waxy maize starch granule after 7 days of H2SO4 hydrolysis; (b)
alternation of semi-crystalline and amorphous rings; (c) clustered model of amylopectin; (d)
branching of a double-helix onto a single helix. Figure reproduced from Pérez et al. (2010)
with permission from John Wiley and Sons.
5.1.1.3. Starch crystallinity
Starch has a semi-crystalline structure and this crystallinity is induced by the presence of
amylopectin. The extent of crystallinity of native starch granules ranges from about 15% for
high-amylose starches to about 45-50% for waxy starches (Copeland et al., 2009). X-ray
powder diffraction (XRD) is often employed to investigate the semi-crystalline structures of
starch and three main XRD patterns namely, A, B, and C, are identified (Sarko & Wu, 1978).
In the native granular forms, the A pattern is associated mainly with cereal starches, whereas
the B pattern is usually obtained from tuber starches (e.g. potato), high amylose starch (e.g.
amylomaize starch), and from retrograded starches. The conditions required to generate either
the A- or B-starch crystal conformation are reasonably well understood. Under cool, wet
conditions (such as in a potato tuber) B-type starch crystals form, while in warmer, drier
conditions (e.g. in a cereal grain) the A-type starch crystallinity is observed (Pérez & Bertoft,
2010). The C pattern is a mixture of both A and B types, and can occur naturally such as in
smooth-seeded pea starch and various bean starches. The V-type pattern is a result of amylose
being complexed with substances such as aliphatic fatty acids, emulsifiers, butanol or iodine
(Cheetham & Tao, 1998).
The XRD pattern of A-type crystals exhibits three strong peaks at 5.8, 5.2 and 3.8 Ǻ and the
B-type pattern exhibits peaks with medium intensity at 15.8-16 Ǻ and 5.9-6.1 Ǻ, a strong peak
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at 5.2 Ǻ and a doublet with medium intensity at 3.7 and 4.0 Ǻ (Sarko & Wu, 1978; Zobel,
1988b). Based on these XRD patterns structural models have been developed based on the
configuration of the double helix of the polysaccharides (Figure 5.3) (Parker & Ring, 2001).
The unit cell of B-type starch crystals is hexagonal and consist of six double helices enclosing
a large void in which up to 36 water molecules can be accommodated (Anne Imberty & Perez,
1988). The A-type crystals are densely packed and consists of seven double helices in a
staggered monoclinic lattice and contains only 8 water molecules per unit cell (Sarko & Wu,
1978).

Figure 5.3 Alignment of double helices in A- and B-type crystals of starches. Figure
reproduced from Zobel et al. (1988b) with permission from John Wiley and Sons.
The XRD patterns of potato and yam starches can be modified from the B-type to the A-type
pattern by heat moisture treatment (HMT) (Zavareze & Dias, 2011). This HMT-induced B-type
to A-type transition is attributed to both dehydration and the movement of a pair of double
helices into the central channel. This movement during HMT could disrupt starch crystallites
and/or change the crystalline orientation (Gunaratne & Hoover, 2002). By contrast, high
pressure treatment of starch-in-water suspensions can induce a transition of starch crystallite
structure from A-type to B-type (Katopo, Song, & Jane, 2002; Zhi Yang, Gu, & Hemar, 2013).
The transition from A-type to B-type was previously explained in terms of the B-type structure
being more favoured by HHP because of the higher number of associated water molecules
stabilizing the helix structure through van der Waals forces.
5.1.2. Starch gelatinization
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Starch gelatinization, whether by heat or high pressure treatment, is one of the most important
properties for the use of starch in industry and in foods in general.
Starch granules are insoluble in cold water but swell in an aqueous medium when heated. At
the early stage of heating, the water uptake of the starch granules is limited and swelling is
reversible. The birefringence properties, a signature of the semi-crystalline structure, of the
starch granule are retained. But when a certain temperature is reached, the swelling becomes
irreversible and the structure of the granule is altered significantly. The process is called
“gelatinization” and the temperature at which gelatinization occurs is called the “the onset
temperature of gelatinization” (Lund & Lorenz, 1984). In addition to swelling and loss of
birefringence, the viscosity of the starch suspension also increases. The solubility of starch
granules and the continuous water uptake of insoluble remnants of the starch granules are
responsible for the increase in viscosity (Hoseney, 1986). Although there is no consensus on
the elusive gelatinization mechanism of starch granules, starch gelatinization is commonly
viewed as a involving complex interactions between glass transitions of the hydrated
amorphous regions and the melting of the crystalline regions through hydration and
dissociation of double helices (Pei-Ling et al., 2010).
5.1.3. Overview of High Hydrostatic Pressure (HHP)
5.1.3.1. HHP equipment
In high pressure processing the product is usually packed, sealed and inserted into a cylindrical,
low alloy steel vessel and pressure is generated either directly or indirectly. For direct, pistontype compression, the pressure medium inside the vessel is pressurised by a piston driven by a
low pressure pump at the large diameter end of the piston. The pressure is transferred into the
vessel by the small diameter high pressure vessel end of the piston where high pressure is
generated by multiplying the low pressure value by the ratio of the two piston diameters. For
indirect pressurisation, a high pressure intensifier is used to pump the pressure medium (e.g.
water) from a reservoir into the closed high pressure vessel. Thereby the same hydraulic
principle of pressure generation is utilised by the intensifier as by the piston for the direct
pressurisation (Deplace & Mertens, 1992; Rumpold, 2005).
HHP is isostatic (homogenous) and is nearly instantaneous and independent of the sample size
or shape, which makes it easier to upscale for industrial applications. Large scale HHP industry
equipment is commercialy available and the most common pressures used in these systems are
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in the range between 400 and 700 MPa, although up to 1400MPa can also be achieved
(Norton & Sun, 2008) . Pressures below ~400 MPa can be applied in the oysters industry for
shucking, while higher pressures around 700 MPa are employed for sterilization. Some HHP
treated food products like sliced ham, fruit juice, and oysters are already available in the market.
A commercial HHP system usually consists of a pressure vessel, a pressure generation system,
a temperature control system (heating/cooling), and product transportation devices (Farr, 1990).
The current state of technology allows for the building of extremely large vessels of several
hundred litres, with a significant interior volume for food materials, and a maximum working
pressure of more than 500 MPa (Roos et al., 2015). In the food industry the generation of
pressure is usually achieved by indirect compression. With the aid of electric heating and
modern heat-exchanging system, operation temperature can be varied between -20°C to 80°C.
The transportation system encompasses the handling of huge baskets, where food products
contained in bags or bottles can be packed. These baskets can be handled by conveyor belts
(horizontal) or cranes (vertical). HHP is mainly a batch process; however, semi continuous
production lines can be built by assembling three or more production lines in series to improve
the capability and efficiency of processing (San Martin, Barbosa-Canovas, & Swanson, 2002).
A laboratory scale high pressure system is the diamond anvil cell (DAC) (Figure 5.4). These
cells, can generate extreme high pressures (> 10 GPa) to help physicists and chemists probe
new states of matter and understand the fundamental physics underlying HHP phenomena.

In

the last ten years, food scientists have applied DAC’s to the in situ study of starch gelatinization
using Fourier-transformed infrared spectroscopy (FTIR) (Rubens & Heremans, 2000; Rubens,
Snauwaert, Heremans, & Stute, 1999), synchrotron X-ray powder diffraction (Zhi Yang et al.,
2013), and Small-angle X-ray Scattering (SAXS) (Gebhardt, Hanfland, Mezouar, & Riekel,
2007; Zhi Yang et al., 2016).
The basic principle of the DAC is very simple. A sample placed inside a drilled metal gasket
which is positioned between the flat and parallel faces of two opposed cut diamond anvils.
The sample is subjected to pressure when a force pushes the two opposed anvils together
(Jayaraman, 1983). Since the pressure is defined as the applied force divided by the area, very
high pressure can be achieved by applying a moderate force on a sample with a very small area.
The size and shapes of the diamonds used depends on the type of DAC system and the type of
study to be carried out. In addition to confining the sample in a pressure media, the gaskets
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extrude around the diamonds and serve as a supporting ring to prevent failures of the anvils
due to intensification of stresses at the edge of the diamond anvil faces (Jayaraman, 1983).
The gasket is prepared by drilling a hole (200-500μm diameter) at the centre of an indentation
area using a commercial micro-driller on a metal (rhenium or stainless steel) foil. The drilled
hole in the gasket is used to host the sample, the pressure media and ruby balls used for pressure
calibration by fluorescence. The pressure is generated by tightening the cap screws of the DAC
in a step by step fashion (Zhi Yang et al., 2013; Zhi Yang et al., 2016).
Pressure calibration within a DAC can be based on the frequency shift of ruby fluorescence
which occurs under high pressure (Forman, Piermarini, Barnett, & Block, 1972) and has a
linear relationship with the pressure. Tiny ruby balls (10-20 μm diameters) are placed with the
sample, and the fluorescence is excited by a laser. The main double fluorescence peaks of ruby
are intense and sharp, and an increase in pressure causes the peaks to shift toward lower
wavelengths. Thus, the pressure is measured in situ using the ruby balls as an internal pressure
sensor. Due to the chemical stability of ruby, does not interfere with the chemistry of the sample.

Figure 5.4 Photograph of a Diamond Anvil Cell (DAC) and gasket.
Pressure cells made with sapphire windows have also been employed to observe in situ starch
granule morphological changes under HHP (up to 600-700 MPa) by light microscopy. The
HHP microscopic cell was fitted with two sapphire windows (inner volume ~200 μL) and
linked to a high pressure manual pump. The temperature inside the HHP cell can be controlled
through external water circulation linked to a temperature controlled water bath. The HHP cell
is then coupled with a light microscope to examine starch granule morphology changes as
affected by HHP (Douzals, Marechal, Coquille, & Gervais, 1996; Simonin, Guyon, Orlowska,
De Lamballerie, & Le-Bail, 2011).
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5.1.3.2. Factors that influence the effects of HHP on starch suspensions
A great deal of research has been performed to physically modify or gelatinize starch from
different origins and this data is summarized in Table 5.1. While the literature on HHP
processed starch is not exhaustive, a range of HHP treatment conditions have been reported.
These conditions include pressure level, pressure holding time, starch type (crystallinity),
suspending media, and treatment temperature.
In general the degree of starch gelatinization is expected to increase with increased pressure (Z.
Guo, Zeng, Zhang, et al., 2015). The pressure range in which gelatinization occurs depends on
the starch and on its crystalline structure. For example B-type starches are more resistant to
pressure than A- type starches while C-type starches are located in between B- and A-starches
(Katopo et al., 2002; H. Oh, Pinder, Hemar, Anema, & Wong, 2008; Martina Stolt, Stoforos,
Taoukis, & Autio, 1999; Stute, Klingler, Boguslawski, Eshtiaghi, & Knorr, 1996). Wheat starch
with an A-type XRD pattern proved to be the most sensitive to pressure (Bauer & Knorr, 2005),
while the potato starch having a B-type pattern had the highest resistance to pressure
(~700MPa). The presence of lipid can also affect HHP induced starch gelatinization. It has been
suggested that under HHP, amylose-fatty acid complexes could be formed in starches with high
amylose content and these complexes may restrict the swelling and gelatinization of starch
granules, thus making these starch complexes more pressure-resistant (Katopo et al., 2002).
The influence of starch type on susceptibility towards HHP has also been demonstrated using
differential scanning calorimetry (DSC) with which the enthalpy change (∆H) and the
gelatinization temperatures, such as onset (T0), peak (Tp), and conclusion temperatures (Tc),
can be monitored. Various studies have demonstrated that HHP decreased the gelatinization
temperature and the enthalpy change of lotus seed starch (Z. Guo, Zeng, Lu, et al., 2015), rice
starch (W. Li, Bai, Mousaa, Zhang, & Shen, 2012), waxy corn starch (Martina Stolt et al., 1999),
barley starch (M Stolt, Oinonen, & Autio, 2001), and wheat starch (Douzals, Perrier-Cornet,
Coquille, & Gervais, 2001). However, it is also reported that HHP increased the gelatinization
temperature of potato and high-amylose maize starch (Katopo et al., 2002). It was suggested
that the increase of gelatinization temperature was attributed to the loss of less-stable crystalline
structures and the formation of amylose-lipid complexes during HHP. The amylose-lipid
complex is believed to have a high melting temperature which causes an increase in the
gelatinization temperature of pressurized starches with higher lipid contents (Kugimiya,
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Donovan, & Wong, 1980).
Furthermore, both the suspended solvent media and the water content play an important role in
the HHP induced gelatinization of starches. HHP induced starch gelatinization involves a
specific process in which water plays an essential role and alcohols are unable to produce starch
gels even at much higher pressures. For example potato starch granules did not swell at all even
at pressures up to 3 GPa at which ethanol freezes (Snauwaert & Heremans, 1999). Katopo et
al. (2002) reported the pressurization of starches in powder form and noted that the presence
of ethanol resulted in a reduction in the peak intensity of the X-ray pattern but no conversion
from A-type to B-type. They suggested that ethanol is not a plasticizer for starch and may have
a space filling effect that stabilizes the crystallinity of starch. The pressure threshold of starch
gelatinization decreases with the increase in water content (pressure transmitting media) (Hibi,
Matsumoto, & Hagiwara, 1993; Stute et al., 1996).
The pressure holding time does not result in a marked effect (W. Błaszczak, Valverde, et al.,
2005), but slight effects were observed with maize starch treated at 650 MPa for between 1 and
20 min. In situ HHP light microscopy demonstrated that starch granule swelling was not
spontaneous but showed a time dependency, especially between 1 and 5 min pressure holding
time (Buckow, Heinz, & Knorr, 2007).
The degree of starch gelatinization is expected to increase with temperature at constant pressure.
Buckow et al (2009) conducted experiments in the pressure range of 0.1-750 MPa and
temperature range of 30-110 °C for 10 wt% maize starch-water suspensions with a 5 min
duration. The results demonstrated that within certain pressure levels, an increase in
temperature promotes starch gelatinization in starch-water suspensions (Buckow, Jankowiak,
Knorr, & Versteeg, 2009). This behavior has been attributed to the weakening of hydrogen
bonds in starch molecules and amylopectin double-helices at higher temperatures (J.N.
Bemiller, 2007), which may facilitate penetration of water molecules into starch crystalline
structures. In brief, the rate and degree of starch gelatinization can be improved by using an
appropriate combination of pressure and temperature.
5.1.3.3. Mechanism of HHP induced starch gelatinization
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Gelatinization of starch dispersions in water by HHP is believed to be caused by water being
forced into granules and increasing their degree of hydration. One difference between the
process of gelatinization achieved by HHP treatment and that achieved via conventional
heating is that heating of a starch suspension is usually accompanied by shear forces (i.e.
stirring) which are absent in HHP treatments. Another is that no hot paste is formed in a HHP
treatment (James N BeMiller & Huber, 2015). The mechanism of starch gelatinization by HHP
is different from that achieved by heat treatment (Rubens & Heremans, 2000; Stute et al., 1996).
It is suggested that during HHP gelatinization, the starch granules remain intact or disintegrate
only partially and the solubilisation of amylose is rather poor (Stute et al., 1996). It is likely
that the extent of amylose leaching during heat-treatment is due to the shear induced break-up
of the swollen and gelatinised starch granules (Noisuwan, Hemar, Bronlund, Wilkinson, &
Williams, 2007).
A schematic comparison between starch gelatinization by heat treatment and HHP is presented
in Figure 5.5 (Buckow et al., 2007). During granule swelling in excess water the amorphous
growth ring regions are hydrated and amorphous lamellae are formed in the crystalline domain.
The crystalline structure is decomposed through helix-helix dissociation followed by helix coil
transition when the gelatinization is exceeded (Waigh, Gidley, Komanshek, & Donald, 2000).
Under HHP the disintegration of the starch is incomplete due to pressure stabilization of
hydrogen bonds which favours the helix conformation. The occurrence of intermediate
degradation levels of the lamellar crystalline regions of the starch granule is a possible
explanation for the significant differences in properties such as viscosity, between starch gels
formed at different pressure-temperature conditions (Buckow, 2006; Pei-Ling et al., 2010).
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Figure 5.5 Schematic depiction of starch gelatinization by heat and HHP. Figure reproduced
from Buckow et al. (2007) with permission from Elsevier.
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Table 5.1 Summary of HHP processing of starch from different plant origins.
Starch type (concentration in water)

HHP treatment condition

Main conclusions

References

Red adzuki bean starch (20%, w/w)

150, 300, 450, and 600 MPa for 15 min

(W. Li et al., 2015)

Wheat, tapioca, potato, corn, waxy corn
starches (5%, w/w)

173-800 MPa for 15 min

Mung bean starch (20%, w/w)

120, 240, 360, 480 and 600 MPa for 30
min.

Lotus seed starch (15%, w/w)

100-600 MPa for 30 min.

Rice starch (20%, w/w)

120, 240, 360, 480 and 600 MPa for 30
min.

Potato starch (10-70%, w/w)

400-700 MPa for 1h and Temperature:
20-70 °C

Mung bean starch (20%, w/w)

120, 240, 360, 480 and 600 MPa for 30
min.

HHP resulted in a large influence on the
physicochemical
and
structural
characteristics of pressured starch
granules. These changes were related to
microstructural changes.
HHP treated starches released less
glucose after 2h of enzymatic digestion
compared to the thermal-gelatinized
sample.
The storage modulus and loss modulus
increased with the increased pressure.
The rigidity and viscoelasticity increased
with the increased pressure.
The reduction of the crystalline state with
increasing pressure. Rheological results
demonstrate
that
excessive
pressurization weakens gels structures.
During storage, HHP treated starch had
lower retrogradation tendency. C-type
crystallinity transfers to B-type.
The treatment of rice starch in 20% at a
pressure of 600 MPa for 30 min led to a
complete gelatinization of starch
granules.
Increased treatment temperature and/or
reduced starch content promoted HHP
gelatinization. Potato starch is more
resistant to pressure than other starches.
C-type pattern changed to B-type pattern
due to HHP treatment. HHP treatment
(600MPa, 30 min) caused a completely
gelatinize of mung bean starch.

(Papathanasiou, Reineke, Gogou,
Taoukis, & Knorr, 2015)
(B. Jiang, Li, Hu, Wu, & Shen, 2015)

(Z. Guo, Zeng, Lu, et al., 2015; Z. Guo,
Zeng, Zhang, et al., 2015)

(W. Li et al., 2012)

(Kawai, Fukami, & Yamamoto, 2012)

(W. Li et al., 2011)
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Starch type (concentration in water)

HHP treatment condition

Main conclusions

References

Sorghum starch (25%, w/w)

200-600 MPa for 10 min or heating
treatment with temperature: 60-95°C

(Vallons & Arendt, 2009)

Tapioca starch (25%, w/w)

HPP at 600 MPa under different time and
temperature regimes (30°C for 10, 20 and
30 min; 50°C for 10 min; 80°C for
10min)

Gelatinisation occurred between 300
MPa and 600 MPa or between 62 and
72 °C. No significant differences were
found between the rheological properties
and the microstructure of the HHP
treated samples and heated samples.
HHP resulted in the formation of harder
gels than thermal processing (more
significantly at lower processing
temperatures) partially preserving the
granular structure of the native starch.
Both normal rice starch and waxy rice
starch
followed
sigmoidal-shaped
pressure-induced gelatinization curves.
The degree of starch gelatinization was
dependent on the treatment pressure, the
temperature at pressure treatment, and
the treatment duration.
Potato starch was found to be less
affected by pressure treatment than the
other
starches
and
maintained
birefringence after treatment of 600 MPa
for 30 min. Waxy and tapioca starches
showed complete gelatinization, whereas
normal starches were only partially
gelatinized.

(H. Oh et al., 2008)

Normal rice and waxy rice starch
(10%, w/w)

Maximum 700 MPa
Temperature of treatment: 10-60 °C
Treatment time: 0-30 min

Normal rice, waxy rice, normal corn,
waxy corn, tapioca, and potato starch.
(10%, w/w)

600 MPa for 30 min

(Vittadini, Carini, Chiavaro, Rovere, &
Barbanti, 2008)

(H. E. Oh, Hemar, Anema, Wong, &
Pinder, 2008)
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Starch type (concentration in water)

HHP treatment condition

Main conclusions

References

Potato starch (10-70% w/w)

0.4-1.2 GPa
Temperature of treatment: 40 °C
Treatment time: 60 min

(Kawai, Fukami, & Yamamoto, 2007b)

Hylon VII (68% amylose), waxy maize
starch and their mixtures (1:1, 1:3, 3:1,
w/w) at the concentration of 30 w/w%.

650 MPa for 9 min.
Temperature: 20±2°C

Water-saturated packed beds of potato
and waxy maize starch.

Between 100 and 500 MPa for 15 min.

Potato starch (10-70% w/w)

600, 800, and 1000 MPa
Temperature of treatment: 40 °C
Treatment time: 18 and 66 h.

Corn, rice, and potato starch (1:1, w/v)

50-500 MPa for 20 or 60 min
Temperature: 17-23°C

Depending on the treatment pressure and
potato starch content, the HHP treated
starch was classified as follows: no
change, partial gelatinization, complete
gelatinization, and retrogradation, and
gelatinization and retrogradation.
HHP treated Hylon VII showed a slight
degree of gelatinization. Whereas HHP
treated waxy maize starch manifested
complete disintegration of granules and
formed a gel-like structure.
B type starches are shown to be more
resistant to pressure treatment than A
type starches. High pressure induced A
type starch gels are also shown to be
radically different the corresponding
thermally induced gel.
The degree of starch gelatinization
increased with increased treatment
pressure and with decreased starch
content. The 30-60 w/w% mixtures
retrograded. There was little effect of
holding time on gelatinization and
retrogradation.
Corn starch granules showed the
swelling, disappearance of polarization
cross, and destruction of the A type XRD
pattern by high pressure treatment at
500MPa for 20 min. A faint B-type XRD
pattern appeared simultaneously with
this change. In contrast, potato starch
granules retained the native granular
features and increased B-type pattern,
even after application of pressure up to
500MPa for 60min.

(W. Błaszczak et al., 2007)

(Hills, Costa, Marigheto, & Wright,
2005)

(Kawai, Fukami, & Yamamoto, 2007a)

(Hibi et al., 1993)
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Starch type (concentration in water)

HHP treatment condition

Main conclusions

References

Maize starch (5% w/w)

Pressure: 0.1-650 MPa
Temperature: 30-75 °C

(Buckow et al., 2007)

Potato starch, wheat starch, and tapioca
starch (10% w/w)

Pressure: 0-500 MPa
Temperature: 20-80°C
Time: 15 min.

Barley starch suspension (10 and 25%
w/w)

400-550 MPa
Temperature: 30°C

Corn, waxy corn, amylocorn, waxy rice,
potato canna, lotus root, taro, tapioca,
water chestnut, arrow root and smooth
pea starch.

Up to 600 MPa
Temperature: 20°C
Time: 15 min

Normal maize, waxy maize, highamylose maize VII, tapioca, potato, and
rice starches. Pressurized in powder
form, in 1/1 (v/w) ethanol/starch
suspension, and in 1/1 and 2/1 (v/w)
water/starch suspensions.

Pressure: 690 MPa
Time: 5 min and 1h

Rice starch (20% w/w)

Continuous HHP treatments were carried
out for 30 min at 200 MPa and 600 MPa,
while cycle treatments consisted of two
15-min cycles at 200 MPa and 600 MPa.

Pressure higher than 300 MPa is
necessary to reduce significantly the
onset temperature of gelatinization. The
phase transition in birefringence is
occurring at lower temperature.
Pressure induced starch gelatinization
was highly sensitive to changes of
temperature, pressure, starch type, and
treatment time.
The physic-chemical properties of HHP
treated starch were all both pressure-and
time-dependent.
The
rheological
properties and the microstructures of the
pressure-treated samples were different
from those of the heat-treated samples.
The pressure range in which the
gelatinization starts until completion is
typical for each starch. B-type starches
are more pressure resistant than A- and
C-type starches.
HHP converted A-type to B-type. B type
pattern were not changed by the pressure
treatment in a water suspension. The
pressurization of starches in powder form
and in the presence of alcohol resulted in
a reduction in peak intensity of the x-ray
pattern but no conversion from the Atype to B-type.
The microstructure, in vitro digestibility
and estimated glycaemic index of rice
starch could be changed by HHP
treatment. At the same pressure level, the
structure modifications were more
remarkable under cycle pressure than
that of continuous pressure treatment.

(Bauer & Knorr, 2005)

(M Stolt et al., 2001)

(Stute et al., 1996)

(Katopo et al., 2002)

(Deng et al., 2014)
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5.1.4. In situ studies of starch gelatinization under HHP
Although a great deal of research has been done on the effect of HHP on starch gelatinization
and retrogradation, most studies have been performed post pressure treatment. In some cases,
samples undergo filtration and drying prior to physico-chemical characterization which
prevents direct observation of the effect of HHP on the phase change. Recently to overcome
these problems, in situ studies of starch gelatinization under high pressure were performed. As
mentioned above, various techniques including light microscopy, Fourier Transform Infrared
(FTIR), Synchrotron SAXS/WAXS have been employed in combination with DAC or high
pressure cells with sapphire windows to study starch structure changes in situ under HHP.
Bauer et al. (2005) examined in situ the HHP treatment of wheat, tapioca, and potato starchwater suspensions for 1h at 300 MPa using a high pressure cell and an inverted light microscope.
Wheat starch granules were fully swollen during HHP, while tapioca and potato starches
showed no detectable swelling suggesting that they are more resistant to pressure than wheat
starch. An in situ, light microscopy study of maize starch granules pressurized at 650 MPa at
30°C from 1 min to 20 min used a pressure cell with sapphire windows (Urrutia Benet, 2005)
and showed that starch granule swelling was not instantaneous but showed a time dependent
behavior (Buckow et al., 2007).
Rubens et al. (1999) investigated the in situ gelation of starch-in-water suspensions of rice,
potato, corn, pea, tapioca and waxy corn starch using FTIR coupled with a DAC. They reported
that B-type (potato) starches tend to be more pressure resistant than both A-type (rice, waxy
corn, corn) and C-type (pea, tapioca) starches. The swelling of the starch granule was also
observed in situ at high pressures. During HHP, rice, waxy corn and tapioca starch tended to
demonstrate a nearly complete disintegration whereas potato, corn and pea starch showed
limited swelling. These differences were not evident in their FTIR measurements.
Furthermore, an in situ studies of starch gelatinization under HHP have been made using
synchrotron radiation in combination with a DAC. Potato starch granules hydrated in water
have been examined by SAXS and WAXS in a DAC up to 750 MPa using synchrotron radiation
(Gebhardt et al., 2007). It was demonstrated that the average granule radius increased up to the
onset of gelatinization at about 500 MPa, though the lamellar periodicity remained constant or
even showed a decrease, suggesting an initial hydration of the amorphous growth rings. The
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lamellae distance (long period) initially decreased when a pressure of up to 450 MPa was
applied and then increased under HHP, for pressures larger than 500MPa. This implied the
amorphous spacers in the semicrystalline lamellae become compressed first. In the
gelatinization regime, water penetrates into the lamellae blocks, resulting in an increase of long
period regions.
The gelatinization of 1:1 water suspensions of waxy corn and waxy potato starches under HHP
was studied in situ using synchrotron SAXS with DAC. During HHP the SAXS peak areas
corresponding to the lamellae phase of both waxy starches decreased suggesting that starch
gelatinization increased with increase in pressure. As pressure increased the SAXS peak
broadened and the power law exponent at the low q region increased. For both starches, the
long-period length and the average thickness of amorphous layers decreased when the pressure
increased. The thickness of the crystalline layers increased first and then decreased when the
pressure was further increased. The former is probably due to the out-phasing of starch
molecules, and the latter is due to the water penetrating into the crystalline region during
gelatinization and to pressure induced compression (Zhi Yang et al., 2016).
An in situ study of hydrated waxy and high amylose maize starches (starch content: 50% w/w
in water) in a DAC under ultra-high hydrostatic pressure (up to ~6 GPa) was performed using
synchrotron X-ray powder diffraction. X-ray diffraction showed that at ~2.7 GPa waxy starch
which displayed an A-type XRD pattern at atmospheric pressure, exhibited a faint B-type-like
pattern. The B-type crystalline structures of high-amylose starch were not affected even when
~1.5 GPa pressure was applied. However, both waxy and high-amylose maize starches could
be fully gelatinized at ~6 GPa and ~5 GPa, respectively. When the pressure was released back
to atmospheric pressure, the crystalline structure of the waxy maize starch re-appeared
immediately as a result of amylopectin aggregation (Zhi Yang et al., 2013).
Starch retrogradation occurs when gelatinized starch recrystallizes during storage. Compared
to heat-gelatinized starch, the retrogradation of HHP treated starch is reported to be much
slower (Doona, Feeherry, & Baik, 2006; Z. Guo, Zeng, Zhang, et al., 2015; Hu et al., 2011). It
was proposed that the retardation of starch retrogradation in HHP treated starch is associated
with the less broken starch granules and lower amylose leaching due to the lack of shear during
HHP (Hu et al., 2011). However, some studies demonstrated that retrogradation occurs during,
or instantaneously after HHP treatment (Kawai et al., 2007a; Stute et al., 1996; Zhi Yang et al.,
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2013). These results demonstrate that retrogradation of HHP treated starch depends on starch
type, HHP treatment conditions, measurement techniques, and starch concentrations, which
reinforces the need for more in situ investigations of starch under HHP.
5.2. Effect of HHP on the supramolecular structure of starch granules
5.2.1. Morphology
Diverse techniques have been employed to examine the effect of HHP on the morphological
changes of starch granules. These include light microscopy (both bright field and polarization)
(Wioletta Błaszczak et al., 2011; H. E. Oh et al., 2008; M Stolt et al., 2001; Stute et al., 1996),
confocal laser scanning microscopy (Vallons & Arendt, 2009), scanning electron microscopy
(W. Błaszczak et al., 2007; W. Błaszczak, Fornal, Valverde, & Garrido, 2005; W. Błaszczak,
Valverde, et al., 2005; W. Li et al., 2012; W. Li et al., 2015; W. Li et al., 2011; Pei-Ling, Qing,
Qun, Xiao-Song, & Ji-Hong, 2012), and light scattering for particle sizing (Z. Guo, Zeng, Lu,
et al., 2015).
It has been suggested that the starch granule shape can be retained under HHP treatment
(Douzals et al., 2001; Martina Stolt et al., 1999). The potato starch granule’s surface was the
most resistant to HHP; while the inner part of the granule was almost completely filled with
gel-like network as can be seen in Figure 5.6 (W. Błaszczak, Valverde, et al., 2005). However,
some reports demonstrate that there is no significant differences in starch morphology between
temperature and pressure gelatinised starch granules (Vallons & Arendt, 2009). Thus, the
influence of HHP on the morphology changes of starch granules depends on various factors
such as type of starch and HHP conditions such as the pressure level and the pressure holding
time.
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Figure 5.6 SEM microstructure of potato starch with details of outer and inner part of starch
structure: native (A); treated with high pressure at 600 MPa for 2 min (B) and 3 min (C); (D)(F) details of starch structures treated for 3 min. Figure reproduced from W. Błaszczak et al.
(2005) with permission from Elsevier.
5.2.2. Crystalline structures changes as affected by HHP
The effect of HHP on the crystalline structures of starch depends on the type of starch and the
experimental conditions. According to previous reports, starch displaying A-type X-ray
diffraction pattern (e.g. waxy and normal maize starches, rice starch, and wheat starch) would
tend to change to B-type like XRD pattern under HHP, while B-type starches (e.g. high amylose
maize starch, potato starch) tend to keep their original XRD pattern (Katopo et al., 2002). For
C-type starches, some research suggested that the C-type XRD pattern transformed into a B127

type pattern in the case of lotus seed starch following HHP treatment at 600 MPa for 30 min
(Z. Guo, Zeng, Lu, et al., 2015). However, for the red adzuki bean starch, its’ C-type XRD
pattern can be preserved within the applied pressure levels of 150-600 MPa. It maybe because
that most of compressive forces induced by HHP concentrated in the amorphous region, or the
maximum pressure level used were not sufficient to produce any changes in the XRD pattern
(W. Li et al., 2015).
5.2.3. The effect of HHP on starch’s molecular structure
The effect of HHP on the molecular structure of starch has been investigated using high
performance size exclusion chromatography (HPSEC). Aqueous lotus seed starch suspensions
(15 wt %) were subjected to HHP (100-600 MPa) for 30 min. The weight molar mass (Mw)
and number molar mass (Mn) of lotus seed starch started to slightly decrease at 100MPa and
reached the lowest Mw and Mn values when the pressure reached 600 MPa due to amylopectin
chain degradation. (Z. Guo, Zeng, Lu, et al., 2015). The change of molecular structure of starch
depends on the starch type. For example a similar behaviour, such as a decrease in molecular
weight, was observed in waxy maize starch but there were no changes in the molecular weight
distribution of high amylose maize starch (W. Błaszczak, Fornal, et al., 2005). While there is
some indication that amylopectin chains might be more easily degraded by HHP than amylose,
further studies are needed to confirm and understand this phenomenon.
5.3. Physicochemical properties of starches as affected by HHP
5.3.1. Swelling, solubilisation, and amylose leaching
The swelling power and solubility reflect the magnitude of the interaction between starch
chains within the amorphous and the crystalline domains (N. Singh & Kaur, 2004). The
amplitude of changes in the swelling and solubilisation properties of starch granules appear not
only to depend on the applied temperatures during measurements, but also on the type of starch
and pressure levels. For the former, it has been demonstrated that HHP treatment of starch give
rise to a significant decrease in swelling power and solubility at temperatures above ~75 °C,
whereas the opposite was observed at temperatures below ~70 °C). This trend has been
observed in HHP treated lotus seed starch (Z. Guo, Zeng, Lu, et al., 2015), red adzuki bean
starch (W. Li et al., 2015), rice starch (W. Li et al., 2012), mung bean starch (W. Li et al., 2011).
For the latter, both swelling of normal rice and waxy rice starches did not change until the
treatment pressure was larger than 300 MPa and then increased rapidly as the treatment
pressure increased up to 500 MPa (H. E. Oh et al., 2008). It is also suggested that the swelling
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behaviour of HHP treated starch depends on the starch type (H. Oh et al., 2008). For example,
rice and tapioca starch were fully swollen (100%) after HHP treated at 600 MPa. However,
even after treatment at 600 MPa, the degree of swelling was only 20% for potato starch.
5.3.2. Rheological and pasting properties
The pasting properties of starch as affected by HHP have been usually measured either by a
rheometer coupled with starch cell geometry, or by the Rapid Visco-Analyzer (RVA). During
pasting, the starch granules in the presence of water are subjected to heating and cooling in a
programmed cycle under a constant shearing and at the mean time the change in the apparent
viscosity is monitored. The effect of HHP on the pasting properties of HHP treated starch
depends on both the starch type and the HHP conditions. Figure 5.7 demonstrates the influence
of pressure levels on the pasting properties of rice starch. There were no statistical differences
among samples pressured at 120 and up to 480 MPa in terms of various pasting parameters.
However, the peak viscosity was significantly decreased following HHP at 600 MPa due to
structure destruction (W. Li et al., 2012). Oh, Hemar et al. (2008) investigated the pasting
behaviour of HHP (pressure up to 700 MPa, temperature: 10-60°C, time: 0-30min) treated
normal rice and waxy rice starch and observed notable changes in the initial apparent viscosity
(ηinitial) after HHP treatment; and reported a linear relationship between the degree of swelling
and the initial apparent viscosity suggesting contribution of swelling to ηinitial.
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Figure 5.7 Pasting viscosity profiles of native and HHP-treated rice starch-water suspension
(20wt%) with different pressure levels. Figure reproduced from W. Li et al. (2012) with
permission from Springer.
Pasting of starch granules was also significantly influenced by the amylose content and starch
type. Herman Katopo et al., 2002 studied the effect of HHP (690 MPa, room temperature, time:
5 min) on the pasting properties of various starches including normal maize, waxy maize, high
amylose maize, tapioca, potato, and rice starches and found that they exhibit different pasting
behaviours. Normal maize starch in water suspension treated by HHP resulted in an increased
pasting temperature and decreased pasting viscosity compared to their native counterparts. This
behaviour was attributed to the HHP induced crystalline phase change from A-type to B-type.
During the transition, amylose might form helical complexes with fatty acids. This amylosefatty acid complex intertwined with amylopectin restricts the swelling and the solubilisation of
starch granules in water. A similar phenomenon was also observed for rice starch. By contrast,
waxy maize starch HHP treated in water displayed lower pasting temperature and higher peak
viscosity. This is due to the scarcity of amylose and fatty acids to form complexes and restricts
the swelling of starch granules. Swelling induced by HHP, in the case of waxy maize starch
having few inter-molecular associations, could be further enhanced during pasting to give a
higher peak viscosity before the granule are broken (Katopo et al., 2002).
Besides pasting properties, small amplitude oscillation rheology has been employed to
characterize the viscoelastic properties of various starches (gels) as affected by HHP (Z. Guo,
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Zeng, Zhang, et al., 2015; B. Jiang et al., 2015). For HHP treated lotus seed starch (15 wt%) at
100 – 600 MPa, the storage modulus G’ is much higher than the loss modulus G’’ and there is
no cross over between them in the studied frequency range, suggesting gel-like behaviour.
Furthermore, G’ and G’’ both increased when the pressure increased from 100 MPa to 500 MPa
and decreased at 600 MPa for HHP treated lotus seed starch (Z. Guo, Zeng, Zhang, et al., 2015).
Similar behaviour have been observed for waxy maize starch (Martina Stolt et al., 1999), where
G’ increased and subsequently decreased with increasing pressure. The authors suggested that
the decrease in G’ for lotus seed starch water suspension treated at 600 MPa was due to the
weakening of starch gel structures induced by excessive pressurization.
5.4. HHP-assisted chemical modifications of starch
Chemical modifications of starch have been employed to create starches with a wide range of
functionalities. In this section we summarize recent studies on HHP assisted chemical
modification of starch (Table 5.2), and readers who have more interest in this area are invited
to consult recent reviews (Chotipratoom et al., 2014; H.-S. Kim, Kim, & Baik, 2012).
The kinetics of the HHP assisted chemical modification such as hydroxypropylation,
acetylation, and cross-linking of corn starch (Choi, Kim, Park, Kim, & Baik, 2009; Hwang,
Kim, & Baik, 2009; H.-S. Kim, Choi, Kim, & Baik, 2010), are sensitive to the pressure imposed.
When starch granules are subjected to high pressure the cross-linkers are easily introduced
inside the granules, which accelerates the reaction between the starch molecules and the crosslinkers. HHP-assisted chemical modifications of starch depend on the starch type, chemical
modification method, and HHP conditions. Some studies reported a change in the
physicochemical properties (e.g. pasting, swelling, retrogradation, and solubility) (Choi et al.,
2009; H.-S. Kim et al., 2010; S.-K. Kim et al., 2015) while others reported little or no effect
(Hwang et al., 2009; H.-S. Kim, Hwang, Kim, & Baik, 2012).
For example, Choi et al. (2009) investigated the physico-chemical properties of HHP-assisted
propylene oxide (PO) modifications of corn starches as a function of pressure (0.1-400MPa),
pressure holding time (15-25 min), and PO concentrations (4-12%). They found that the
swelling capacity of HHP assisted PO starch derivates is smaller compared to conventionally
modified starch by PO. It was suggested that HHP treatment promoted hydroxypropylation in
the amorphous regions within the starch granules, and promoted simultaneous interactions
among amylopectins, and between amylose and amylopectin molecules, which is facilitated in
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aqueous alkali (pH 11.5) media where the HHP enhances the mobility of starch granules.
Therefore, promoted interactions restrict the leaching of amylose and amylopectin from
granules and reduce granule hydration, which may hinder the swelling capacity of HHPassisted PO starch derivatives compared to conventional ones (H.-S. Kim, Kim, et al., 2012).
By contrast, HHP assisted acetylation that occurs in a lower pH media (pH 8-8.5) likely
decreases the mobility of starch molecules within granules, but facilitates the formation of
amylose-lipid complexes. These complexes are thought to restrict starch swelling and amylose
leaching during HHP assisted acetylation reaction (Kim et al. 2009)
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Table 5.2 HHP assisted chemical modification of starch
Starch type
Corn starch

Chemical modification
Cross-linked
with
sodium
trimetaphosphate/sodium
tripolyphosphate and acetylated
with acetic anhydride

HHP conditions
400 MPa, 25°C, 15 min

Tapioca and corn starch

Cationication (reacted with 2,3epoxypropyl
trimethyl
ammonium chloride)

500 MPa, 25°C, 15 min

Corn starch

Hydroxypropylation

100-400 MPa, 25°C, 15 min

Corn starch

Cross linking with phosphorus
oxychloride

100-400 MPa, 25°C, 15 min

Corn starch

Hydroxypropylation

0.1-400 MPa for 15 min, 25°C
or 400 MPa for 5-25 min

Major findings
HHP-assisted modified starch
demonstrated
different
retrogradation kinetics from
conventionally modified starch.
The retrogradation rates of both
modified starches were lower
than for native untreated corn
starch.
The degree of substitution (DS)
of
non-granular
cationic
starches were lower for HHPassisted
(relative
to
conventional) reaction, granular
cationic starches did not differ
for both reactions.
The freeze-thaw stability, ice
melting
enthalpy,
and
retrogradation degree of HHP
assisted
hydroxypropylated
corn starches showed patterns
different from native corn
starch.
HHP can accelerate the crosslinking reaction. The HHP
assisted modified starch at 300
or 400 MPa revealed similar
physicochemical properties to
those of conventionally crosslinked starch.
An increase in pressure levels
increased molar substitution of
HHP assisted modified starch.
However, it is less influenced by
pressure holding time.

References
(S.-K. Kim et al., 2015)

(Y.-J. Chang et al., 2014)

(Chotipratoom, Choi, Bae,
Kim, & Baik, 2015)

(H.-S. Kim, Hwang, et al.,
2012)

(H.-S. Kim, Choi, Kim, & Baik,
2011)
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Starch type
Corn starch

Chemical modification
Acetylation

HHP conditions
400 MPa, 25°C, 15 min

Corn starch

Cross-linked with Phosphorus
oxychloride

400 MPa, 25°C, for 5, 15 and 30
min

Corn starch

Acetylation

0.1-400 MPa, 25°C, 15 min

Major findings
HHP assisted reaction showed
low degree of substitution levels
than conventional reaction. The
HHP-assisted
(relative
to
conventional) starch acetates
revealed
restricted
starch
solubility/swelling
power,
reduced
gelatinization
temperatures, and lower pasting
viscosities.
Both
HHP-assisted
and
conventional
cross-linking
result
in
similar
physicochemical properties of
starch and HHP-assisted crosslinking can reduce the reaction
time from 2h to 15 min.
HHP-assisted acetylation can
accelerate the reaction but
decrease the reaction efficiently
compared
to
conventional
method. The HHP-assisted
acetylated starches exhibited
limited starch solubility and
swelling capacity and reduced
pasting properties compared to
the conventional acetylation.

References
(H.-S. Kim et al., 2010)

(Hwang et al., 2009)

(Choi et al., 2009)
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5.5. Conclusions and future research directions
To date more than 25 starches from various plant sources have been investigated by HHP.
Different starch responds differently to HHP treatment depending on the pressure range, starch
source, crystallinity type (A-, B-, or C-), pressurization temperature, holding time, different
pressurizing medium, and starch concentration. However, within the HHP range applied (in
general less than 800 MPa), the A type starch (e.g. wheat and normal maize) are found to be
more susceptible to HHP than B type starch (e.g. potato). There is also a general trend that
starch with higher amylose content (e.g. amylomaize) is more resistant to HHP compared to
starch with lower amylose content (e.g. waxy maize).
Further investigation is required to reveal the exact mechanism behind the HHP induced starch
gelatinization. To date the mechanism of starch gelatinization has mostly been explained on the
basis of thermal processing effects. Although a few in situ studies of starch granule structure
change under HHP have been performed using light microscopy, SAXS/WAXS, and FTIR,
more in situ studies with other techniques such as Raman spectroscopy or NMR could be
helpful to further understand the mechanism of HHP induced starch gelatinization. Raman
spectroscopy is complementary to FTIR and has been employed extensively to investigate
starch structures. In situ study of starch gelatinization under HHP using Raman spectroscopy
and DAC could provide valuable information on the differences in chemical bond types, bond
vibrational energy, and the connections between starches treated with HHP and heat treatment
(D. Fan et al., 2012).
Furthermore, in situ examination of the viscosity change during HHP induced starch
gelatinization could provide better understanding on how the rheological properties of starch
paste change as a response to HHP. Recently, a windowed rolling ball viscometer with
adjustable volume has been developed to study hydrocarbons under high temperature (260°C)
and pressure (300 MPa) (Tapriyal, 2012). The pressure within the cell is generated by
displacing a piston using water as pressure medium with a high pressure generator. The system
pressure is measured on the water side of the piston. The viscometer has three sets of three
small opposing sapphire windows for the determination of the ball velocity at three points and
is mounted on a tilting table. The velocity of the rolling ball through the cell is determined by
sensing light passing radially through the sapphire windows arranged radially along the
viscometer. The viscosity of sample under HHP can be deduced using simple equations based
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on the velocity of the moving ball Such HHP equipment would be extremely useful to study
the viscosity of starch systems under HHP, particularly that viscosity is an important parameter
in the industrial processing of starch pastes.
It is also worth noting that most HHP studies to date have been conducted on native (nonmodified) starches. There are many interesting phenomena to investigate in relation to the
effect of HHP on starch modified by other physical or chemical methods (e.g. γ-irradiation,
sonication, cross-linking, and pulsed electric field, etc.), and vice versa; that is HHP treatment
first followed by the physical or chemical modifications, thus developing dual-modified starch
to potentially improve their physico-chemical properties or to tailor new functionalities.
For starch-water suspensions, there are mainly two effects of HHP on the lamellar and lattice
structure of starch. On the one hand, simple pressure induced compression could decrease the
lamellar distance and lattice space. On the other hand, at the onset of gelatinization, water
molecules could penetrate into the starch granules causing the lamellar distance and lattice
space to increase. It is expected that ethanol will not penetrate into starch lamellar and lattice
structures (Katopo et al., 2002). Therefore experiments using a non-plasticizing solvent (e.g.
ethanol, oils) could monitor the starch structural changes under pressure would separate the
effects of compression from that of solvent penetrating the starch granule during gelatinization
in the presence of water. Furthermore, such studies would determine if compression effects,
without starch gelation, are reversible or not.
It has been suggested that under HHP, amylose-fatty acid complexes could be formed in high
amylose starches and these complexes may restrict the swelling and gelatinization of the starch
granules (Katopo et al., 2002). However, the detailed mechanism of the formation of fatty acidamylose complexes under HHP and their effect on the properties of HHP treated high amylose
starch is still unknown. Further study should be done to determine at which pressure these
amylose-fatty acid complexes do form in order to help elucidate this mechanism.
As opposed to heat induced starch gelatinization, HHP treatment of starch is always performed
without stirring. The effect of stirring on HHP gelatinization and retrogradation of starch is still
unknown. Stirring is expected to decrease the sedimentation of starch granules in water
suspensions and increase the amylose leaching and granule breaking during gelatinization. The
design of HHP lab equipment with stirring capability (e.g. remote magnetically controlled)
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could help to answer this question. This could be easily implemented by using HHP devises
such as the tilting equipment, mentioned above, which is used for viscosity measurements
under HHP.
Finally, the application of HHP in the food industry relies on more relevant issues, such as the
HHP impact on the physical-chemical properties of starch-protein, starch-lipid, starch-sugar,
starch-salt systems and sensory attributes of the final (model) food products, need to be
addressed by further studies. Also, there are still limited research on the retrogradation and
HHP-assisted chemical or enzymatic modification of starch. Generally speaking, HHP has
already demonstrated a great potential today and it is expected to have a wider and deeper
applications in processing of complex starch-containing food products in the future.
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Chapter 6

6. In situ study starch gelatinization under ultrahigh hydrostatic pressure using synchrotron SAXS

Reprinted from Yang, Z., Gu, Q., Lam, E., Tian, F., Chaieb, S., & Hemar, Y.

In situ study

starch gelatinization under ultra-high hydrostatic pressure using synchrotron SAXS. Food
Hydrocolloids, 56, 58-61, Copyright (2016), with permission from Elsevier.
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6.1. Introduction
Starch is one of the most common biomacromolecules present in nature and consists of two
major types of α-glucans at the molecular level: the linear amylose and the branched
amylopectin. The former is mostly linear with few branches and a molecular weight of 105-106
Da, and the latter is extensively branched with about 5-6% branches scattered along the
backbones with a molecular weight in the range of 107-109 Da (Buléon, Colonna, Planchot, &
Ball, 1998; Pérez & Bertoft, 2010; Zobel, 1988a). The starch granules display a hierarchical
structure periodicity and are organised into concentric rings radiating out from the central hilum
to the surface of the granule. The number and size of the rings depend on the botanical origin
of the starch, and it is generally believed to display an onion like organization with alternating
120-400 nm thick amorphous and semi-crystalline growth rings (P. Chen et al., 2011;
Vermeylen et al., 2006a). It is believed that the amorphous rings consist of amylose and
amylopectin in a disordered conformation, whereas the semi-crystalline rings are formed by a
lamellar structure of alternating crystalline and amorphous regions with regular repeat distance
of 9-10 nm as revealed by small angle x-ray scattering (SAXS) (Cameron & Donald, 1992) .

Gelatinization is one of the most important processes in the industrial application of starch.
Besides heating starch in water, high hydrostatic pressure (HHP) can also be employed to
gelatinize starch (Katopo et al., 2002; H. Oh et al., 2008). It is suggested that during HHP, the
transition of starch crystalline structures could occur (e.g. from A-type to B-type) (Katopo et
al., 2002). When enough high pressure is exerted, the starch granule can be fully gelatinized
and loose its crystalline structures (Zhi Yang et al., 2013). Besides the crystalline structure
changes induced by HHP, the other supramolecular structures (e.g. lamellae characteristics,
fractal structures, etc.) are expected to be affected by HHP. Unfortunately until very recently,
studies on the in situ effects of HHP on starch systems are scarce (Gebhardt et al., 2007; Zhi
Yang et al., 2013)). Gebhardt et al. (2007) employed synchrotron SAXS/WAXS to study in situ
potato starch gelatinization under HHP, and showed that the onset of gelatinization starts with
the hydration of the semicrystalline lamellae and lateral breakdown of the crystalline domain.
The SAXS analysis in their study did not investigate the changes in the amorphous and
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crystalline layers. Yang et al. (2013) utilised synchrotron X-ray powder diffraction (WAXS) to
investigate in situ waxy and high amylose corn starch gelatinization under HHP focusing on
their crystalline structure changes (e.g. crystalline type and d-spacing) and demonstrated that
starch retrogradation starts immediately after pressure removal.

In this study, synchrotron SAXS is used to probe in situ the effect of HHP on the structure of
waxy corn and potato starches. Synchrotron SAXS has the advantages over lab-bench SAXS,
due to its higher intensity and collimation, enabling data to be obtained in real-time, and waxy
starches were selected as they show clearly a peak corresponding to the lamellar phase. To the
best of our knowledge, this study is the first to report in situ synchrotron SAXS measurements
on waxy starch dispersions in water under high pressure using a diamond anvil cell (DAC) in
order to probe the changes in waxy starch amorphous and crystalline layers under HHP.

6.2. Materials and Methods
6.2.1. Materials and sample preparation
Waxy maize (amylose content 1.37±0.09 w/w%) and potato (amylose content 1.69±0.64 w/w%)
starches were donated by Avebe Food (Auckland, New Zealand). Starch powder (0.2 g) was
mixed with 1 ml Milli-Q water at room temperature and vortexed for 3 min. The starch
suspensions were centrifuged at 10,000 rpm for 5 min and the supernatants were removed. The
water content in the starch paste was  50% (w/w).

6.2.2. Methods
A diamond anvil cell (DAC) (easyLab) with 1 mm anvil culet size was used. The drilled hole
(500 µm diameter and 150 µm thickness) of stainless steel gasket was used to host the starch
sample and ruby balls of ca. 20 µm diameters were loaded with the sample to measure the
pressure. The pressure was generated by tightening the four cap screws of the DAC step by
step. The pressure was measured from the shift of the ruby fluorescence using Ocean optics
system (FL, USA).

140

In situ synchrotron small angle X ray scattering (SAXS) experiments were conducted on the
beamline BL16B1 at the Shanghai Synchrotron Radiation Facility (SSRF, China). A
monochromatic beam of 0.1240 nm wavelength was used, and the sample-to-detector distance
was set to 2150 mm. Scattering was detected in the q ranges of 0.15-1.5 nm-1 in which q=
(4πsin 𝜃 )/ (where 2𝜃 is the scattering angle and

is the wavelength). FIT2D software

(http://www.esrf.fr/computing/scientific/FIT2D/) was used to convert the one-dimensional (1D)
data from the 2D scattering pattern. All the data were background subtracted and normalized.

6.2.3. Analysis of SAXS data
SAXS scattering curve were fitted to a power-law function plus a Gaussian peak (Blazek &
Gilbert, 2010):
𝐼(𝑞) = 𝐵 + 𝑃𝑞

−𝛼

4 𝑙𝑛 2 (𝑞 − 𝑞0 )2
+
exp (−
)
𝑊2
𝑊√𝜋/4
𝐴√ln 2

(6.1)

where B is the background; the second term is the power-law function where P is the power
law pre-factor and α is the power-law exponent; the third term is a Gaussian function where A
is the Gaussian peak area, W (nm-1) the full width at half maximum of the peak, and q0 (nm-1)
is the peak centre position.

The SAXS data are also analysed by the 1D linear correlation function L(r) which is derived
from cosine transformation of the scattering curves (D. Fan et al., 2014; B. Zhang, Chen, Xie,
et al., 2015).

∞

𝑟(𝑧) =

∫0 𝐼 (𝑞)𝑞 2 cos(𝑞𝑧)𝑑𝑞
∞

∫0 𝐼 (𝑞)𝑞 2 𝑑𝑞

(6.2)

In Equation (6.2), r (nm) is the distance in real space. Determinations of the lamellar parameters
of starch samples are conducted as follows: long period (d), i.e. the lamellar repeat distance is
the value of z at the second maximum of r (z); the average thickness of the amorphous lamellae
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is expressed as da, which can be acquired by the solution of the linear region and the flat r (z)
minimum. Thus, dc, the average thickness of crystalline lamellae can be calculated by dc=d- da.
The correlation function analysis was conducted using S programme package (Z.-h. Li, 2013).

6.3. Results and Discussion
In situ SAXS patterns of waxy corn and potato starches, under HHP, are reported in Figure
6.1A and B, respectively. The curves are all characterized by intense scattering at low scattering
vector (q). A typical SAXS peak could be observed at a q of 0.6 to 0.7 nm-1, indicating a 9-10
nm semi-crystalline structure, according to Bragg’s law d = 2π/q (Blazek & Gilbert, 2011).
HHP treatment resulted in the reduction in the peak intensity after normalization. To analyse
the SAXS curves Equation (6.1) is used and the goodness of the fits can be seen in the
supporting Figures 6.1s and 6.2s. The resulting parameters are reported in Figure 6.2A-F. For
both starches, the peak area, which indicates the degree of lamellae ordering (Pikus, 2005),
decreases with increase in pressure due to gelatinisation. Conversely, the peak width which
depends on the regularity of the lamellar arrangement within starch granule (Blazek & Gilbert,
2010), increases with the increase in pressure. It could be due to the fact that at the limit of
lamellae compression, excess compression may be accommodated by lamellar ‘buckling’. This
leads to an increase of the distribution of lamellar sizes thus broadening the SAXS peak. A
similar SAXS peak broadening has been suggested to occur due to compression induced by
water freezing (Perry & Donald, 2000a). In the low-q region the curves comply with a simple
power law equation (𝐼 (𝑞)~𝑞 −𝛼 ) (Martin & Hurd, 1987); where the exponent α gives insight
into the surface/mass fractal structure of the starch granules (Suzuki, Chiba, & Yarno, 1997).
Moreover, the mass fractal dimension (0<α<3) is used to indicate the compactness, whereas
the surface fractal dimension (3<α<4) is regarded as an indicator of the degree of smoothness
of the scattering objects (B. Zhang, Chen, Xie, et al., 2015). In the case of the fractal dimension
of the two starches under HHP, the mass fractal dimension (1<α<3) increased suggesting that
the starch structures become more compact due to compression during pressurization. Note
that for waxy corn starch, when the pressure is increased to ≥ 670 MPa, the value of α is higher
than 3; suggesting the appearance of surface fractal structure. It is suggested that the scattering
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objects of surface fractals are more compact than those of mass fractals (B. Zhang, Chen, Xie,
et al., 2015).

Figure 6.1 In situ synchrotron SAXS patterns of (A) waxy corn starch (B) waxy potato starch
under different pressure conditions and their corresponding correlation function analysis (C)
and (D).

Further analysis of the SAXS measurements were performed using the linear correlation
functions (Equation (6.2) (Figure 6.1C-D). The most relevant morphological parameters
obtained through correlation function analysis are d (long period distance), da (average
thickness of amorphous layers), and dc (crystalline and amorphous layer thickness) (Figure
6.2D-F). For both waxy corn and potato starch, d decreases with the pressure increase. This is
due to lamellae compression under high pressure (Gebhardt et al., 2007). Compared to waxy
corn starch, the decrease of d with pressure (up to 750 MPa) is less for potato starch compared
to corn starch. It is suggested that having longer amylopectin chains, B-type starch (waxy
potato) is much less compressible compared to A-type starch (waxy corn), since lamellae
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phases made of long amylopectin chains require an overall layer bending to accommodate the
internal stresses generated by the compression (Daniels & Donald, 2003; Lan, Li, Xie, & Wang,
2015). As pressure is increased, the amorphous layer starts to decrease for both starches
probably due to simple compression (Gebhardt et al., 2007) or/and due to the leaching out of
starch molecule from the amorphous layer (B. Zhang, Chen, Xie, et al., 2015). Similar trend is
also observed in thermal gelatinization of starch (Jenkins & Donald, 1998; B. Zhang, Chen,
Xie, et al., 2015). Further, the amorphous regions of starch granules may be expected to act as
‘shock absorbers’ upon the application of compressive forces (Morgan, Furneaux, & Larsen,
1995; Perry & Donald, 2000a). This is also consistent with the idea that amorphous regions
within lamellar systems ‘protect’ the crystalline regions by preferential compression upon
impact. The crystalline layer thickness dc of both waxy corn and potato are falling in the range
of 5-7 nm, as suggested by (Putaux, Molina-Boisseau, Momaur, & Dufresne, 2003). Contrary
to the amorphous layers, the thickness layers thickness dc initially increased slightly followed
by a decrease in very high pressure region for both waxy corn and waxy potato starches.
Compared to the amorphous layers, the crystalline layers have higher degree of order and
rigidity thus are expected to be more resistant to compression (Perry & Donald, 2000a). During
gelatinization, the water penetrates into crystalline region, which results in an increase of the
dc and eventually the formation of a disordered phase through disruption of the helical packing
(Gebhardt et al., 2007). The decrease of dc at very high pressure could attribute to the crystalline
layer compression.
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Figure 6.2 Changes in (A) the SAXS peak area, (B) peak width, (C) power law exponent, (D)
d (long period), (E) da (thickness of amorphous layer), and (F) dc (thickness of crystalline layer)
as a function of pressure for waxy corn (■) and waxy potato starches (●). Error bars correspond
to standard deviations.

Overall, in our view an important observation from these experiments is the fact that all the
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parameters considered through the analysis of both the SAXS data and their corresponding
correlation functions are affected by pressure. While most of the published literature gives a
threshold pressure for starch gelatinisation, depending on the starch type and amylose content
(Buckow et al., 2009), this study indicates that the starch granule fine structure is affected as
soon as pressure is applied. In all cases, this study demonstrates the potential of using
synchrotron SAXS in combination with a DAC to monitor in situ starch gelatinization under
HHP.
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6.5. Supplementary information

Figure 6.1s Experimental (open blue squares) fitted with a power law plus Gaussian model
(solid red lines) for the SAXS patterns of waxy corn starch under different pressures.
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Figure 6.2s Experimental (open blue squares) fitted with a power law plus Gaussian model
(solid red lines) for the SAXS patterns of waxy potato starch under different pressures.
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Chapter 7

7. In situ study of maize starch gelatinization under
ultra-high hydrostatic pressure using X-ray
diffraction

Reproduced from Yang, Z., Gu, Q., & Hemar, Y. In situ study of maize starch gelatinization
under ultra-high hydrostatic pressure using X-ray diffraction. Carbohydrate polymers, 97(1),
235-238., Copyright (2013), with permission from Elsevier.
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7.1. Introduction
Next to cellulose, starch is the second most abundant biopolymer present in nature, and can be
found in many different botanical sources such as wheat, peas, and potato. Starch is mostly
composed of a mixture of glucose polymers named amylose and amylopectin. Amylose is
mostly a linear polymer of molecular weight ranging between 5×105 and 1×106; whereas
amylopectin is a much branched polymer of molecular weight of several millions (T. L. Wang,
Bogracheva, & Hedley, 1998). There are three different types of sub-chains within the
amylopectin molecular, namely A, B and C. The A chains are the shortest (DP 6-15) and are
linked by a single 𝛼 1-6 linkage, which identifies the A chains as ‘outer’ chains. B chains are
longer (DP 15-50) and support both A chains and other B chains. There is only one C chain per
amylopectin molecule and it is identified as having the only non-reducing end (A. M. Donald,
2004). The native starch granule is present in a semi crystalline form with degrees of
crystallinity ranging from 15% to 45% depending on the starch (Cairns, Bogracheva, Ring,
Hedley, & Morris, 1997), and it has been shown that it is the amylopectin that forms the
crystalline region within the granule (A. M. Donald, 2004).

Due to its semi crystalline structure, X-ray powder diffraction (XRD) has been employed
extensively to characterize the physico-chemical properties of starch. It is generally recognized
that there are mainly three XRD patterns for starches namely A, B and C (Sarko & Wu, 1978).
A-type patterns are generally characteristic of cereals, such as waxy maize, rice, and wheat,
with amylopectin of relatively shorter chain length, while a B-type pattern is shown by tubers
(e.g. potato) and high amylose maize (>40%) starches with amylopectin of longer chain length.
The C-type pattern is mainly exhibited by legumes (Cairns et al., 1997; Karim, Norziah, &
Seow, 2000). Both A and B types of starch have essentially the same helical structure within
their polymorphic forms (A. Imberty, Buléon, Tran, & Pérez, 1991). However, the packing of
these double helices within A-type structure is relatively compact with low water content, while
the B-type has a loosely packing of these double helices containing a hydrated helical core
(Pei-Ling et al., 2010) . C-type is now believed to represent a combination of A-type and Btype polymorphic structures (Tester, Karkalas, & Qi, 2004).
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High hydrostatic pressure (HPP) has been employed to gelatinize or physically modify starch
dispersions (W. Błaszczak et al., 2007; W. Błaszczak, Fornal, et al., 2005; W. Błaszczak,
Valverde, et al., 2005; Buckow et al., 2007; Douzals, Cornet, Gervais, & Coquille, 1998;
Gebhardt et al., 2007; Hibi et al., 1993; Muhr & Blanshard, 1982). However, to the best of our
knowledge, most of HHP treatments were performed up to 600MPa-800MPa, due to the limit
in the maximum pressure achievable on most commercial HHP equipments (Y. Liu et al., 2008).
Further, most studies on the effect of HHP on starch samples (especially for starch-watersuspensions) are carried out post pressure treatment, and usually undergo several sample
preparation steps including filtration and drying prior to XRD measurements (Hibi et al., 1993;
Katopo et al., 2002). To overcome these problems, in this study starch gelatinization at very
high pressures is monitored in situ using synchrotron XRD in combination with a diamond
anvil cell (DAC) which is known to generate pressures of up to 30GPa (Jayaraman, 1983).
Synchrotron XRD has advantages over the lab-bench XRD due to its higher intensity and short
acquisition time, enabling XRD pattern to be obtained in real-time condition (Cai, Bai, & Shi,
2012). To investigate the effect of amylose content a way starch with very low amylose content
and a high-amylose starch were studied. The reversible effects occurring upon release of
pressure were also considered.

7.2. Materials and Methods
7.2.1. Materials and sample preparation
Waxy (Novation2300) and high-amylose (Gelose80) maize starch powders were donated by
National Starch Food Innovation (Auckland, New Zealand). Their chemical compositions are
reported in Table 7.1. Starch powder (0.2 g) was mixed with 1ml Milli-Q water at room
temperature and vortexes (Labnet VX100, Australia) for 1min. The starch suspensions were
centrifuged at 10000 rpm for 5min on a Mini Spin eppendorf and the supernatants were
removed. The water content in the starch paste was approximately 50% (w/w).
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Table 7.1 Chemical composition (w/w %) of the maize starches used.
Waxy starch

High-amylose starch

Water

11.26±0.61

12.29±0.69

Amylose

1.37±0.09

89.78±0.96

Lipid

0.24±0.01

0.14±0.01

Ash

0.05±0.01

0.10±0.01

Protein

1.76±0.33

2.66±0.41

7.2.2. Methods
The diamond anvil cell (DAC) used in this study was developed at the Australian Synchrotron
(Melbourne-Australia). It uses a 0.5 mm diamond culet (easyLab, UK), a 0.3mm thick 100 mm
diameter rhenium gasket (easyLab, UK) with a 0.2mm hole which was drilled by Boehler micro
driller (easyLab, UK). The drilled hole is used to host the starch sample and ruby balls were
loaded with the sample to measure the pressure. The pressure was generated by tightening the
four cap screws of the DAC step by step. The pressure was measured from the shift of the ruby
fluorescence using Optiprexx Ruby Lux system (easyLab, UK).

In situ Synchrotron X-ray diffraction (XRD) experiments were performed at the Australian
Synchrotron PD (Powder Diffraction) beam line, on the sample held in the DAC. All
measurements were performed at room temperature. The beam with photon energy 18 keV
from the bending magnet is monochromated to a wavelength =0.6881 Å by a double crystal
monochromator (DCM). A vertical collimating mirror was used to reject higher harmonics.
Two JJ slits are put about 0.5m and 1.5m upstream from sample. A nominal beam size of
0.15×0.15mm is used to ensure that the beam goes through the hole within DAC gasket. The
diffraction patterns were recorded for 10 min with 20s per cycle and multi read 30 times for
each sample using a Mar165 CCD detector (165mm diameter). The sample-to-detector distance
was determined to be 250mm. The XRD of a NIST 640C-Silicone Line Position is used to
calibrate and correct the detector distortions. Australian Synchrotron developed software and
FIT2D analysis program were employed to do WAXS data reduction.
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7.3. Results and discussion
X-ray diffraction patterns of waxy and high-amylose maize starches are reported in Fig 7.1.
The measured raw x-ray intensities are shifted in the direction of y-axis to allow comparison
between the different HHP conditions. Due to the high amount of water present in the samples,
the XRD spectrums show very broad and non intensive diffraction peaks. It could be seen that
at atmospheric pressure the waxy starch exhibit a typical A-type XRD pattern, showing four
strong peaks at 5.95, 5.21, 4.96 and 3.86 Å. When a pressure of 2.7 GPa is applied a faint Btype like XRD pattern is obtained; this is indicated by the transition from a double peak (at
5.21 and 4.96 Å) to a single peak at 5.05 Å. Nevertheless, the single peak around a 3.86 Å
which is a characteristic of the A-type XRD pattern was not affected. These results are in
agreement with those reported in previous studies on the effect of HHP on waxy maize starches
(Hibi et al., 1993; Katopo et al., 2002). The transition from A-type to faint B-type, for waxy
maize starch was previously explained in terms of the B-type structure being more favored by
HHP because of the higher number of associated water molecules stabilizing the helix structure
through van der Waals forces (Buckow, 2006). The XRD pattern recorded from waxy maize
starch at 2.7GPa slightly shifted towards higher values of 1/d compared to a classical B-type
XRD pattern, and this is likely due to lattice compression as suggested by (Gebhardt et al.,
2007). When a higher pressure is applied (5.9GPa), the XRD spectrum does not show any peak.
This indicates that the waxy starch dispersion is fully gelatinized. In the case of high-amylose
maize starch, at atmospheric pressure the typical B-type XRD pattern, with peaks at 5.88, 5.21,
4.48, and 4.00 Å is observed (Fig 7.1B). The observed peak at 4.48 Å (corresponding to 20° in
conventional XRD pattern) indicates the presence of an amylose-fatty acid complex (V-pattern)
(Katopo et al., 2002). At 1.5 GPa, an XRD spectrum similar to the B-type of the non pressurized
high-amylose starch is observed. This confirms the resistance of high-amylose starches to HHP
as previously reported in the literature (W. Błaszczak et al., 2007; H. Oh et al., 2008). It has
been suggested that under HHP, amylose–fatty acid complexes could be formed in starches
with high amylose content and these complexes may restrict the swelling and gelatinization of
the starch granules (Katopo et al., 2002). Note however that in these studies the HHP applied
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was always smaller than 1GPa. Further, the water content in the starch dispersion is also an
important parameter, and it was reported that the pressure threshold of starch gelatinization
decreases with the increase in water content (Hibi et al., 1993); and (Stute et al., 1996). It is
worth noting that the B-type XRD pattern recorded from high amylose starch at 1.5 GPa is
shifted towards lower 1/d when compared to XRD pattern recorded at ambient pressure. The
B-type starch has relatively more open structure and larger water channels (Sarko & Wu, 1978).
It is possible that more water molecules penetrate into the high-amylose starch granules due to
high pressure thus increasing the d spacing, as previously suggested by Gebhardt, Hanfland,
Mezouar & Riekel (2007). However at 5.1GPa, no peak is observed in the XRD profile (Green
line in Fig 7.1B), and this would indicate that all crystalline structures, including those resulting
from amylose-fatty acid complexes are disrupted. To the best of our knowledge this is the first
time full gelatinization of high-amylose maize starch under HHP is reported.

To investigate reversible effects, XRD measurements were performed on the starch pastes after
the high pressure in the DAC is brought back to atmospheric pressure. Measurements showed
that for the waxy maize starch, broad peaks appeared between 3.33 Å and 4.45 Å (blue lines in
Fig 7.1A). This effect is instantaneous and is likely due to the rearrangement and association
of the outmost short branches of amylopectin (DP=15) through hydrogen bonding resulting in
the formation of some crystalline structures during retrogradation (Hoover, 2001; Ring et al.,
1987). Amylose crystallization occurs by the formation of double-helical associations of 40-70
glucose units through hydrogen bonding during retrogradation (Hoover, 2001; Jane & Robyt,
1984; Leloup, Colonna, Ring, Roberts, & Wells, 1992). However, no diffraction peaks
characteristic from potential retrogradation is observed in the high-amylose starch XRD
spectrums recorded after pressure release (blue lines in Fig 7.1B). This could be attributed to
the fact that the remaining amylose disordered amorphous regions are still connected to the
aggregated regions thus the ordering and association of amylose is not regular enough to
produce coherent Bragg peaks in XRD spectrums (Frost, Kaminski, Kirwan, Lascaris, &
Shanks, 2009). Recrystallisation of starch molecules, after heat treatment or pressure is well
studied and is usually termed starch retrogradation. The results of the present study confirms
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the findings of Stute et al. (1996) who observed retrogradation peaks using Differential
Scanning Calorimetery (DSC) on pressure-treated starch samples, and provide a direct
demonstration to their suggestion that starch retrogradation occurs instantaneously after
pressure treatment.

0.1 MPa
2.7 GPa
5.9 GPa
released
pressure

Relative intensity (a.U)

(A)

0.15

0.20
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released
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(B)

0.15
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0.20
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0.30

0.35

1/d (A-1)

Figure 7.1 In situ synchrotron x-ray diffraction patterns of waxy (A) and high-amylose (B)
maize starches under different pressure conditions.

7.4. Conclusion
High pressure treatments of low amount of amylose maize starch (A-type) in the presence of
water can be partly transformed first to a B-type crystallinity, while high amount of amylose
content maize starch (B-type) can keep its original B-type crystallinity under similar HPP
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condition (1.5 GPa). However, when exposed to very high pressure (>2.5 GPa), both waxy
and high-amylose maize starches can be fully gelatinized shown through total loss of crystalline
by XRD. When the pressure is released back to atmospheric pressure, waxy maize starches
showed broad XRD peaks likely due to amylopectin reaggregation, an effect which is known
to be at the origin of starch retrogradation. It is important to stress that this study was carried
out at starch to water ratio of 1:1, and it is expected that the effect of HHP on starch crystallinity
will depend on this water content. Overall, this study demonstrates the potential of using
synchrotron XRD in combination with a DAC to monitor in situ starch gelatinization at
pressure exceeding the GPa.
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Chapter 8
8. Effect of high hydrostatic pressure on the
supramolecular structure of corn starch with
different amylose contents

Reproduced from Yang, Z., Swedlund, P., Hemar, Y., Mo, G., Wei, Y., Li, Z., & Wu, Z. Effect
of high hydrostatic pressure on the supramolecular structure of corn starch with different
amylose contents. International journal of biological macromolecules, 85, 604-614.,
Copyright (2016), with permission from Elsevier.
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8.1. Introduction
Starch is the second most abundant biopolymer after cellulose, and is one of the most important
energy sources for humans. Starch has also attracted significant attention as a renewable
biopolymer source for eco-friendly uses due to its biodegradability, low cost, biocompatibility,
and availability (B. Zhang, Chen, Xie, et al., 2015). There are two main polysaccharides present
in the starch granule; amylose and amylopectin (Zobel, 1988a). Amylose is mostly a linear 1,
4-α-D-glucan with a small number of long branches and a molecular weight of 105-106 Da.
Amylopectin is mainly 1, 4-α-D-glucan with a large number of 1,6- α linkages at branch points
with a molecular weight in the range of 107-109 Da (T. L. Wang et al., 1998).

Amylose and amylopectin respectively constitute the amorphous and crystalline regions in
starch granules, with a supramolecular structure that involves the granule morphology, the
lamellar structure, the fractal structure, and the crystalline structure (B. Zhang, Y. Zhao, et al.,
2014). There are at least four length scales present in the structure of native starch granules.
These include the whole granular morphology (μm), the growth rings (~0.1 μm), the lamellar
structure (8-9 nm), and the molecular scale structure (~1 nm) (Pérez & Bertoft, 2010; Pikus,
2005). The lamellar structure of the semicrystalline growth rings can be detected when the
starch is dispersed in water by small-angle X-ray scattering (SAXS) (Blazek & Gilbert, 2011).
SAXS investigations of native starches extracted from different plant sources have revealed a
continuous decrease in the intensity of the scattering maximum (corresponding to the lamellar
structure) with increasing amylose content (Blazek & Gilbert, 2011; Doutch & Gilbert, 2013).
At the molecular length scale there are two main types of crystalline structures of starch, Atype and B-type. These differ in the arrangement of the amylopectin double helical structures
which is determined by wide-angle X-ray scattering (WAXS) (Sarko & Wu, 1978). The A-type
crystalline structure is generally characteristic of starch from cereals such as corn, rice, and
wheat; while the B-type pattern is found in starch from tubers (e.g. potato), fruits (e.g. banana)
and high amylose corn starches (Katopo et al., 2002). Additionally, a C-type crystalline
structure is composed of a combination of the A-and B-type structures and is found in legume
starch (e.g. pea starch) (Cairns et al., 1997). Finally, the V-type crystalline starch structure is
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related to amylose single-helices that are co-crystallized with compounds such as iodine,
dimethyl sulfoxide (DMSO), alcohols, or fatty acids (Buléon et al., 1998).

Corn starch is widely used in the food industry to adjust the viscosity and texture properties of
food products. Normal corn starch contains approximately 25% amylose and 75% amylopectin.
High-amylose corn, such as amylomaize starch, can have amylose contents up to 85% while
waxy corn starch may not contain any amylose (W.-C. Liu et al., 2010). Such diverse starches
are of great commercial value because they provide a range of properties and functions. In
addition this also provides an excellent tool to study the roles of amylopectin and amylose in
the structure and function of starches (Buckow et al., 2009). For example, high amylose corn
starches are characterized by significantly higher phase transition temperatures and lower
swelling capability than normal or waxy maize starches (B. Zhang, Y. Zhao, et al., 2014).

In the last two decades high hydrostatic pressure (HHP) has become one of the key non-thermal
modification processes to gelatinize or physically modify dispersions of starch from various
botanical sources (Pei-Ling et al., 2010). One difference between starch gelatinization by HHP
and conventional heating is that heating of a starch suspension is usually accompanied by shear
forces (i.e. stirring), which are absent in HHP treatments (James N BeMiller & Huber, 2015).
The extent of starch gelatinization by HHP treatment is highly dependent on the starch source,
starch crystalline type, pressure level, dwelling time, and concentration (Kawai et al., 2007b).
It is suggested that B-type starches are more resistant to HHP treatment than the A-type starch
(Katopo et al., 2002). However, when enough high pressure is applied (e.g. ~5 GPa), even the
B-type high amylose corn starch can completely lose its crystalline structure (Zhi Yang et al.,
2013). In addition to this loss of crystalline structure it is expected that other larger scale
supramolecular structures (e.g. lamellae characteristics, fractal structures, etc.) would also be
affected by HHP treatment. However, most studies on the detailed lamellae, fractal, and
crystalline structures changes of starch using SAXS/WAXS have focused on heat treated starch
systems (Athene M Donald, Kato, Perry, & Waigh, 2001; Doutch et al., 2012; D. Fan et al.,
2014; Jenkins & Donald, 1998; Suzuki et al., 1997; Vermeylen et al., 2006b; Waigh et al., 2000;
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Zu et al., 2015). Despite extensive efforts to understand the structure of starch systems, there
have been only a few studies on HHP effects on the lamellae structure of starch (Gebhardt et
al., 2007).

This study investigates the effect of HHP on four corn starches that have different amylose
content; namely, waxy (Mazaca), normal (Melojel), Gelose50, and Gelose80 (high amylose).
The granular morphology, fractal characteristics, lamellar and crystalline structures are probed
using synchrotron SAXS/WAXS, and are corroborated using microscopy. The effect of the
continuous phase is also considered by comparing starch suspended in either water or ethanol.
The results of this study provide new insights into HHP induced changes in the supramolecular
structures of corn starch granules that occur over a range of length scales and the influence of
the amylose content on these changes.

8.2. Material and Methods
8.2.1. Materials and sample preparation
Waxy (Mazaca), normal corn starch (Melojel), and high-amylose starches (Gelose50 and
Gelose80) corn starch powders were donated by Ingredion (Auckland, New Zealand). The
chemical composition and amylose content of these starches are reported in Table 8.1.

Table 8.1. Chemical composition (w/w, %) of the different corn starches used.
Waxy starch

Normal starch

Gelose50

Gelose80

(Mazaca)

(Melojel)

Amylose

3.59±0.29

29.6±0.7

52.7±0.4

89.78±0.960

Moisture

10.4±0.2

8.32±0.01

10.31±0.06

12.29±0.690

Lipid

0.15±0.02

0.11±0.02

0.35±0.09

0.140±0.003

Protein

0.14±0.01

0.16±0.03

0.46±0.11

2.66±0.40

Ash

0.06±0.01

0.11±0.01

0.12±0.04

0.100±0.010

Starch powder was suspended in Milli-Q water or ethanol at a concentration of 40 wt%. Sodium
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Azide (Sigma Aldrich, USA) was added at a concentration of 0.02 wt% to the starch suspension
to eliminate bacteria growth. Beckman Polyallomer centrifuge tubes (Beckman Instruments,
Inc., USA) were filled with 2 mL starch suspension and heat sealed prior to high pressure
treatment.

8.2.2. High pressure treatment
Pressure treatment was conducted using the Avure 2L High Pressure Food Processing System
(QFP 2L-700, Avure Technologies, Ohio, USA) containing distilled water as the pressure
medium. The HHP chamber was equipped with two thermocouples to record the temperature
profile during the HHP cycle. Samples were held at a maximum pressure level of 100, 200,
300, 400, 500 or 600 MPa for pressurization duration of 30 min. The total pressure increase
took less than 2 min. At the end of the constant pressure phase, the depressurization occurred
instantaneously (less than 2s). The starting temperature of samples was approximately 25 °C.
The maximum temperature reached during the 600 MPa runs was 35 °C, which is below the
heat gelatinization temperature for corn starches.

8.2.3. Light Microscopy
Bright and polarized light fields microscopy used a polarized light microscope (Leica DMR,
Germany) equipped with a camera (Leica DC500, Germany). A drop of starch suspension was
transferred onto a slide and covered by a cover slip for observation at a magnification of 400.

8.2.4. Synchrotron small/wide angle X-ray scattering (SAXS/WAXS)
SAXS and WAXS experiments were carried out on the 1W2A SAXS/WAXS beamline (flux of
5.5×1011 photons per second at 2.5 GeV) at the Beijing Synchrotron Radiation Facility (BSRF)
in Beijing, China (Z. Li, Wu, Mo, Xing, & Liu, 2014). A monochromatic beam with a
wavelength =0.154 nm was used, and the sample-to-detector distance was 3065 mm for SAXS
measurements and 100 mm for WAXS data collections. The 2D scattering patterns were
collected using a Mar 165-CCD detector (Mar USA). Scattering was detected in the q range of
0.15-1.5 nm-1 and 3-25 nm-1 for the SAXS and WAXS patterns, respectively. The FIT2D
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software (http://www.esrf.fr/computing/scientific/FIT2D/) was used to acquire the onedimensional (1D) data from the 2 D scattering pattern. All the data were background subtracted
and normalized.

The starch in water suspensions were used directly for SAXS/WAXS analysis after HHP
treatment. For starch suspensions treated with HHP in ethanol, the ethanol was first evaporated
and the starch powder was suspended in water and mixed well before the SAXS/WAXS
analysis. This is performed because the lamellae peak is observed only when starch are
suspended in water (Blazek & Gilbert, 2011). The total moisture content of each suspension
used for SAXS/WAXS was about 60%.

8.2.5. Analysis of SAXS data
SAXS data were first fitted to a power-law function plus a Gaussian peak (Eq. (8.1)) (Blazek
& Gilbert, 2010):
𝐼(𝑞) = 𝐵 + 𝑃𝑞 −𝛼 +

𝐴√ln 2
𝑊√𝜋/4

exp (−

4 𝑙𝑛 2 (𝑞 − 𝑞0 )2
)
𝑊2

(8.1)

q =4πsin 𝜃 /𝜆 (where 2𝜃 is the scattering angle) is the scattering vector, B is the background,
P is the power law pre-factor and α is the power-law exponent, A is the peak area, W (nm-1) the
full width at half maximum (FWHM, a reciprocal space parameter indicating the polydispersity
of the semi-crystalline lamellae), and q0 (nm-1) is the peak center position.

or a power-law function plus a Lorentzian peak (Eq. (8.2)) (Doutch et al., 2012):

𝐼(𝑞) = 𝐵 + 𝑃𝑞 −𝛼 +

2𝐴
𝑊
(−
)
𝜋
4 (𝑞 − 𝑞0 )2 + 𝑊 2

(8.2)

Where B, and P, α, A, W and q0 are as above.
SAXS data fitting was performed using least-square refinement with OriginPro8 software.

The SAXS pattern for the Waxy corn (MAZACA) starch in water suspension after 600 MPa
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contains a small inflection in the region with q < 0.45 nm-1 (Fig 8.1A). Data in this q range
were also fitted using a unified model (Eq. (8.3)) which provides a better description of small
inflections in the low-q range.

𝛿

𝑅𝑔2 𝑞 2
(erf(𝑞𝑅𝑔 /√6))3
𝐼 (𝑞) = 𝐺exp (−
)+𝐶(
)
3
𝑞

(8.3)

Here, Gexp is the exponential pre-factor and Rg is the radius of gyration. C and δ are the prefactor and the exponent of the power-law function, respectively (Beaucage, 1995, 1996).

It is well known that SAXS data from lamellar structures can be analysed by the onedimensional linear correlation function L(r) which is derived from the Fourier transformation
of the scattering curve (D. Fan et al., 2014; B. Zhang, Chen, Li, Li, & Zhang, 2015) using:

∞

𝐿(𝑟) =

∫0 𝐼 (𝑞)𝑞 2 cos(𝑞𝑟)𝑑𝑞
∞

∫0 𝐼 (𝑞)𝑞 2 𝑑𝑞

(8.4)

In Eq. (8.4), r (nm) is the distance in real space. Determinations of the lamellar parameters of
starch samples are conducted as follows. Long period (d), i.e. the lamellar repeat distance is
the value of r at the second maximum of L(r). The average thickness of the amorphous lamellae
is expressed as da, which can be acquired by the solution of the linear region and the flat L(r)
minimum. Thus, dc, the average thickness of crystalline lamellae can be calculated by dc=d-da.
The correlation function analysis was conducted using the S programme package developed by
Z.-h. Li (2013).

8.2.6. Statistical analysis
The data reported in all the tables are mean values and standard deviations. Analysis of variance
(ANOVA) using the Least Significant Difference test (p<0.05) were performed with SPSS 21.0
Statistical Software (SPSS Inc., Chicago, IL).
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8.3. Results and discussion
8.3.1. Small-angle X-ray scattering (SAXS) analysis
The double-logarithmic SAXS patterns of non-treated and HHP treated corn starches with
different amylopectin/amylose ratios and their corresponding linear correlation functions
(using Eq. (8.4)) are shown in Fig 8.1 for starches dispersed in excess water, and in Fig 8.2 for
starches dispersed in excess ethanol. Note that the measured raw X-ray intensities in Fig 8.1
and Fig 8.2 (left-hand side) are vertically shifted to allow comparison between the different
HHP conditions. All SAXS curves were characterized by intense scattering at low-q, which
rapidly decreased at larger angles and featured a scattering peak at a q of 0.6 to 0.7 nm-1,
corresponding to the 9-10 nm semi-crystalline lamellar structure of starch. The non HPPtreated waxy (Mazaca) and normal (Melojel) corn starches have a narrower and clearer
lamellae peak than the non-HPP treated high amylose corn starches (Gelose50 and Gelsoe80)
which have a relatively broad and faint lamellae peak. This is in agreement with a previous
study on the hydrothermal treatment of waxy and high amylose corn starches in water (B.
Zhang, Y. Zhao, et al., 2014).
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Figure 8.1 Double-logarithmic SAXS patterns (left-hand side) and linear correlation functions
(right-hand side) of native and HHP treated corn starches in water. “A, E”, “B, F”, “C, G”, and
“D, H” are waxy corn (Mazaca), normal corn (Melojel), Gelose 50, and Gelose 80 starches
respectively. Numbers from 0 to 6 correspond to ambient, 100 MPa, 200 MPa, 300 MPa, 400
MPa, 500 MPa, and 600 MPa.
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Figure 8.2 Double-logarithmic SAXS (A) patterns and corresponding linear correlation
functions (B) of native and HHP treated waxy corn (Mazaca) in ethanol. Numbers from 0 to 6
correspond to ambient, 100 MPa, 200 MPa, 300 MPa, 400 MPa, 500 MPa, and 600 MPa.

Change in the scattering peak at q of 0.6 to 0.7 nm-1 following starch treatment can indicate the
disruption of semicrystalline lamellae as shown when starch suspensions are heated (B. Zhang,
Chen, Xie, et al., 2015). In this work we have used a similar analysis of B. Zhang, Chen, Xie,
et al. (2015) to investigate HHP treated starches. For each starch in water suspension there was
a clear decrease in the area of the q ~ 0.6 nm-1 scattering peak going from ambient to 600 MPa.
The SAXS peak area was obtained by fitting the data in Fig 8.1 using Eq. (8.1) and Eq. (8.2)
and the changes in area with increasing HPP pressure for each starch are illustrated in Fig 8.3.
The SAXS peak area of pressure treated starch was normalized to that of the corresponded
nontreated starch and is shown as a percentage change in Fig 8.3. For all corn starches
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pressurized in excess water the peak area showed no change up to a certain pressure threshold
and then the peak area decreased indicating a decrease in the degree of ordering of the lamellar
structure during HHP treatment (Pikus, 2005). For the waxy and normal corn starches, the peak
area starts to decrease at 400 MPa. While for the high amylose starches (Gelose50 and
Gelose80), the peak area begins to decease at 500 MPa. Moreover, for the waxy and normal
corn starches approximately 5% of the initial peak area remained after 600 MPa HPP treatments.
For the Gelose50 and Gelose80, approximately 20% and 10%, respectively, of the initial peak
area remained after 600 MPa HPP treatments. All these results clearly suggest that the high
amylose corn starches are more resistant to HHP compared to waxy and normal corn starches.

Figure 8.3 Changes in the SAXS peak area as a function of pressure for corn starch with
different amylopectin/amylose ratio in water (A) and ethanol (B). (Solid circle: data obtained
using Eq. (8.1); hollow circle is obtained using Eq. (8.2))
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The fractal dimension D indicates the compactness of a system (Beaucage, 1996; B. Zhang,
Chen, Li, et al., 2015) and has been used to describe the self-similar structure of starch granules
(Suzuki et al., 1997). This can be achieved by fitting the low-q region SAXS data to a power
law equation using Eq. (8.5):

𝐼 (𝑞)~𝑞 −𝛼 (8.5)

Where I (q) is the SAXS scattering intensity and α is an exponent, which can be used to
calculate the value of D. For instance, D = α (1<α<3), indicates that the density profile of the
scattering objects has a self-similar nature.

The values of α determined from fitting the data to Eq. (8.1) and Eq. (8.2) for the starches after
HHP processing are displayed in Table 8.2. The values ranged from 1 to 3 for all four corn
starches both before and after various HHP treatments, suggesting the presence of mass fractal
structures. It can be seen that there was only a significant change of the fractal dimensions
(power law exponent) under HHP for one type of corn starch. For waxy corn starch, the D is
nearly constant up to 300 MPa. When the pressure increased above 300 MPa, D increased
systematically with increasing pressure; suggesting the scattering objects in the pressurized
waxy starch were more compact. The normal maize starch and high amylose starch (Gelose50
and Gelose80), had no significant change in D over the whole pressure range. Since the SAXS
measurement were performed ex-situ, the measured change in the starch granule fractal
structures could depend on both the compressibility of starch and their structural reorganisation
after HHP treatment. It has been suggested that high amylose starches (B-type) are less
compressible and likely to be more stable and will tolerate less decoupling from the backbone
(Sanderson, Daniels, Donald, Blennow, & Engelsen, 2006) due to their shorter amylose tiechains. This structure leaves little room for compression across the lamellar structure, and
therefore, overall layer bending must occur to accommodate internal stresses (Lan et al., 2015).
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Table 8.2 The feature dimensions of the lamellar structures of corn starch samples with
different amylose/amylopectin ratio under HHP treatment in water suspension obtained from
SAXS analysis (d: long period, da: thickness of amorphous layer, dc: thickness of crystalline
layer). Codes typically as “AW1” is used. “AW”, “BW”, “CW”, and “DW” are corresponding
to waxy corn (Mazaca), normal corn (Melojel), Gelose50, and Gelose80 starches pressurized
in water, respectively. Numbers 0 to 6 are corresponding to ambient, 100 MPa, 200 MPa, 300
MPa, 400 MPa, 500 MPa, and 600 MPa, respectively.
α

d
da
dc
(nm)
(nm)
(nm)
*d
d**
b
a
AW0
1.36±0.04 (1.48±0.03)
9.51±0.02
2.96±0.02
6.55±0.04d
AW1
1.32±0.04d (1.46±0.06)d
9.50±0.02b
2.95±0.02a
6.55±0.04d
d
d
b
a
AW2
1.33±0.02 (1.45±0.04)
9.53±0.01
2.95±0.01
6.58±0.02cd
AW3
1.32±0.05d (1.44±0.04)d
9.53±0.01b
2.95±0.02a
6.58±0.03cd
AW4
1.55±0.04c (1.65±0.06)c
9.54±0.01b
2.86±0.03b
6.68±0.04c
AW5
2.01±0.05b (2.04±0.02)b
9.56±0.01ab 2.57±0.02c
6.99±0.03a
AW6
2.62±0.03a (3.4±0.05)a
9.61±0.02a
2.76±0.02d
6.85±0.04b
BW0
2.11±0.08a (2.27±0.06)a
9.08±0.01c
2.16±0.02c
6.92±0.03a
BW1
2.03±0.05a (2.30±0.04)a
9.08±0.01c
2.15±0.01c
6.93±0.02a
BW2
2.02±0.05a (2.32±0.03)a
9.10±0.02c
2.15±0.02c
6.95±0.04a
BW3
2.00±0.04a (2.29±0.07)a
9.08±0.01c
2.15±0.03c
6.93±0.04a
BW4
2.00±0.06a (2.23±0.04)a
9.09±0.01c
2.11±0.04c
6.98±0.05a
BW5
2.10±0.04a (2.21±0.03)a
9.49±0.02b
2.47±0.03b
7.02±0.05a
a
a
a
a
BW6
2.06±0.02 (2.26±0.04)
9.57±0.01
2.57±0.02
7.00±0.03a
CW0
1.92±0.03*a (1.93±0.03)**a
9.00±0.01a
2.21±0.02a
6.79±0.03a
CW1
1.86±0.02a (1.88±0.06)a
9.01±0.02a
2.22±0.03a
6.79±0.05a
CW2
1.83±0.06a (1.85±0.04)a
9.00±0.01a
2.23±0.02a
6.77±0.03a
CW3
1.93±0.02a (1.96±0.06)a
9.01±0.01a
2.21±0.02a
6.80±0.03a
CW4
1.83±0.04a (1.87±0.05)a
9.03±0.01a
2.22±0.03a
6.81±0.04a
CW5
1.93±0.05a (1.95±0.03)a
8.99±0.02a
2.23±0.04a
6.76±0.06a
CW6
1.87±0.04a (1.86±0.05)a
9.03±0.01a
2.26±0.03a
6.77±0.04a
DW0
1.64±0.05a (1.63±0.02)a
9.46±0.02b
2.24±0.03a
7.22±0.05a
DW1
1.65±0.07a (1.64±0.06)a
9.49±0.03b
2.23±0.05a
7.26±0.08a
DW2
1.69±0.04a (1.67±0.05)a
9.49±0.01b
2.22±0.02a
7.27±0.03a
DW3
1.67±0.05a (1.65±0.06)a
9.49±0.02b
2.24±0.03a
7.25±0.05a
DW4
1.71±0.04a (1.74±0.06)a
9.48±0.01b
2.20±0.02a
7.28±0.03a
a
a
b
a
DW5
1.75±0.05 (1.72±0.06)
9.51±0.02
2.26±0.02
7.25±0.04a
DW6
1.73±0.05a (1.70±0.04)a
9.58±0.01a
2.28±0.03a
7.30±0.04a
Different letters in the same column represent significant difference according to SPSS LSD
test (p<0.05). Experimental data are the means of duplicates.
*
The Power law exponent obtained from Eq. (8.1).
**
The Power law exponent obtained from Eq. (8.2).
Sample
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The Bragg lamellar repeat thickness (DB) can ideally be calculated through the Wolf-Bragg
equation DB=2π/q0, with q0 being the positions of scattering peaks as mentioned in Eqs. (1) and
(2) (Blazek & Gilbert, 2010; V. P. Yuryev et al., 2004). However, the Wolf-Bragg equation is
only valid when the lamellar thickness is very narrow (Lan et al., 2015) and when all of the
lamellae within the semi-crystalline growth rings are identical (D. Fan et al., 2014). Therefore,
to obtain more applicable structural insights, the one dimensional linear correlation function
(Eq. (8.4)) was employed to obtain the lamellar structural parameters, including the average
thickness of the long period (d), crystalline (dc) and amorphous (da) lamellae (d= dc+ da) (D.
Fan et al., 2014; B. Zhang, Chen, Xie, et al., 2015). Table 8.2 shows that d remained nearly
constant initially for waxy, normal, and Gelose80 corn starches, and then increased at 600 MPa,
500 MPa, and 600 MPa, respectively. This could indicate that when the pressure is increased,
the starch is gelatinized through water diffusion into the lamellar blocks, resulting in an
increase of the lamellar thickness (long period) (Gebhardt et al., 2007). It is suggested that the
gelatinization of starch by HHP is likely to be caused by water being forced into the starch
granules and increasing their degree of hydration (Buckow et al., 2009). However, up to 600
MPa, d for Gelose50 remained nearly unchanged, in agreement with the light microscopy
observation (Fig 8.6C6), in which Gelose50 starch did not show any swelling. The Gelose50
starch had the highest lipid content (Table 8.1); and it is believed that amylose-lipid complexes
restrict swelling of the starch granules (Buckow et al., 2009; H. Liu et al., 2009). Note that it
is suggested that cereal starches contain integral lipids in the form of lysophospholipids (LPL)
and free fatty acids (FFA) which are positively correlated with the amylose fraction (Tester et
al., 2004). In maize, lipolysis during the late stage of endosperm filling give rise to considerable
quantities of free fatty acids and monoaryl lipids (Morrison, 1981). However, the granules may
also be contaminated with surface lipids. Part of the amylose fraction within lipid-containing
starch granules exists as an amylose inclusion complex where the fatty acid chains occupy a
hydrophobic core loaded within the single amylose helix.

The change of da and dc with pressure is also displayed in Table 8.2. Compared to waxy and
normal maize starch, the change of da and dc for high amylose starch during HHP is not
170

significant; confirming their structural stability towards HHP treatment. The different
behaviours between waxy corn and normal corn starches could reflect their different
compressibility during HHP and (or) different structural organisation after HHP treatment as
discussed above. The power law exponent, d, da and dc for corn starches HHP treated in excess
ethanol are reported in Table 8.3. All the parameters remained nearly constant over the whole
pressure range (up to 600 MPa), suggesting that the fractal and lamellae thickness of corn
starches in ethanol treated by HHP were not affected.
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Table 8.3 The feature dimensions of the lamellar structures of corn starch samples with
different amylose/amylopectin ratio under HHP treatment in ethanol suspension obtained from
SAXS analysis (d: long period, da: thickness of amorphous layer, dc: thickness of crystalline
layer). Codes typically as “AE1” are used. “AE”, “BE”, “CE”, and “DE” are corresponding to
waxy corn (Mazaca), normal corn (Melojel), Gelose50, and Gelose80 starches pressurized in
ethanol, respectively. Numbers 0 to 6 are corresponding to ambient, 100 MPa, 200 MPa, 300
MPa, 400 MPa, 500 MPa, and 600 MPa, respectively.
α

d
da
dc
(nm)
(nm)
(nm)
*a
**a
a
a
AE0
1.37±0.02 (1.48±0.03)
9.51±0.02
2.92±0.02
6.59±0.04a
a
a
a
a
AE1
1.38±0.03 (1.50±0.02)
9.50±0.02
2.91±0.01
6.59±0.03a
AE2
1.37±0.02a (1.49±0.04)a
9.49±0.01a
2.93±0.03a
6.56±0.04a
AE3
1.38±0.02a (1.50±0.02)a
9.49±0.01a
2.92±0.03a
6.57±0.04a
AE4
1.39±0.03a (1.52±0.06)a
9.49±0.01a
2.93±0.01a
6.56±0.02a
AE5
1.39±0.04a (1.53±0.03)a
9.49±0.01a
2.92±0.01a
6.57±0.02a
AE6
1.40±0.05a (1.48±0.05)a
9.49±0.02a
2.93±0.02a
6.56±0.04a
BE0
2.08±0.03a (2.27±0.06)a
9.09±0.01a
2.11±0.01a
6.98±0.02a
BE1
2.06±0.05a (2.30±0.04)a
9.10±0.01a
2.09±0.02a
7.01±0.03a
BE2
2.04±0.03a (2.32±0.03)a
9.10±0.02a
2.12±0.03a
6.98±0.05a
BE3
2.09±0.02a (2.31±0.05)a
9.10±0.01a
2.09±0.02a
7.01±0.03a
BE4
2.00±0.06a (2.23±0.19)a
9.09±0.01a
2.09±0.03a
7.00±0.04a
a
a
a
a
BE5
2.10±0.02 (2.24±0.03)
9.09±0.02
2.09±0.02
7.00±0.04a
BE6
2.08±0.02 a (2.28±0.06)a
9.10±0.01a
2.11±0.01a
6.99±0.02a
CE0
1.92±0.05*a (1.93±0.04) **a 9.00±0.01a
2.22±0.02a
6.78±0.03a
CE1
1.90±0.04a (1.90±0.06)a
9.00±0.01a
2.22±0.02a
6.78±0.02a
CE2
1.88±0.06a (1.85±0.04)a
9.00±0.01a
2.23±0.02a
6.77±0.03a
CE3
1.93±0.02a (1.96±0.06)a
9.01±0.01a
2.21±0.01a
7.00±0.02a
CE4
1.93±0.04a (1.89±0.02)a
9.00±0.02a
2.22±0.02a
6.78±0.04a
CE5
1.91±0.05a (1.93±0.04)a
9.00±0.02a
2.21±0.01a
6.79±0.03a
CE6
1.92±0.03a (1.91±0.02)a
9.01±0.01a
2.21±0.02a
6.80±0.03a
DE0
1.65±0.03a (1.63±0.22)a
9.48±0.01a
2.24±0.02a
7.24±0.03a
DE1
1.65±0.04a (1.64±0.06)a
9.47±0.02a
2.24±0.01a
7.23±0.03a
DE2
1.69±0.03a (1.67±0.05)a
9.46±0.02a
2.24±0.02a
7.22±0.04a
DE3
1.66±0.02a (1.65±0.07)a
9.46±0.03a
2.24±0.03a
7.22±0.06a
a
a
a
a
DE4
1.67±0.04 (1.74±0.04)
9.45±0.01
2.22±0.02
7.23±0.03a
DE5
1.68±0.04a (1.71±0.03)a
9.45±0.02a
2.21±0.01a
7.24±0.03a
DE6
1.68±0.06a (1.70±0.04)a
9.46±0.01a
2.24±0.02a
7.22±0.03a
Different letters in the same column represent significant difference according to SPSS LSD
test (p<0.05). Experimental data are the means of duplicates.
*
The Power law exponent obtained from Eq. (8.1)
**
The Power law exponent obtained from Eq. (8.2)
Sample
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The systematic deviation from Porod’s law (Hashimoto, Fujimura, & Kawai, 1980; Z.-H. Li et
al., 2001), I×q4~q2, can be used to interpret the structural characteristics of a polymer
(Koberstein, Morra, & Stein, 1980). The ln (I×q4) ~q2 patterns of the four corn starch HHP
treated in water or ethanol are shown in Fig 8.4. It can be seen that all the starch samples
demonstrated a typical positive deviation from Porod’s law at high q regime, which could be
attributed to the presence of thermal density fluctuations or mixing within phases; in the present
case the mixing of the starch crystalline and amorphous phases (Koberstein et al., 1980). For
waxy corn and normal corn starch HHP treated in water below 400 MPa, there was no apparent
change in the degree of deviation from the Porod’s law. The degree of mixing within phases
increased when the pressure increased to 500 MPa then 600 MPa as shown in Fig 8.4A and
8.4B. In contrast, the high-amylose corn starches (Gelose50 and Gelose80), have similar Porod
SAXS patterns at different pressures (Fig 8.4C and 8.4D), suggesting the mixing within phases
between the crystalline and amorphous materials of Gelose50 and Gelose80 changed
marginally. All four starches following HHP treatment in ethanol (Fig 8.4E-H) had no change
in the Porod SAXS patterns at all pressures used in this study.
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Figure 8.4 Modified Porod Intensities of native and HHP treated corn starch in water (lefthand side) and ethanol (right-hand side). “A, E”, “B, F”, “C, G”, and “D, H” are waxy corn
(Mazaca), normal corn (Melojel), Gelose50, and Gelose80 starches respectively. Numbers
from 0 to 6 correspond to ambient, 100 MPa, 200 MPa, 300 MPa, 400 MPa, 500 MPa, and 600
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MPa.

The SAXS patterns of waxy corn starch HHP treated in water at 600 MPa is shown in Fig 8.5
with the experimental data fitted using the theoretical model combining a power law and a
Gaussian peak (Eq. (8.1). A small inflection of its SAXS pattern at q <0.45 nm-1 was observed.
Similar scattering patterns have also been observed for heat treated waxy corn starch (B. Zhang,
Chen, Xie, et al., 2015). This inflection correlates with the Guinier scattering behaviour (i.e. a
structure with a certain radius of gyration (Rg)), which corresponds to the size of fractal
aggregates (gel) (Doutch & Gilbert, 2013). The starch demonstrated power-law exponent (δ,
obtained from Eq. (8.3) based on the range of 0.1< q< 0.45 nm-1; and α1, from Eq. (8.1) based
on the range of 0.45 <q< 1.5 nm-1) values are 2.1 and 2.6, respectively; suggesting the mass
fractal structure of starch gel (Suzuki et al., 1997). This partial gel characteristic behavior
revealed by SAXS is in agreement with the light microscopy result, in which a large amount
of gelatinized starch coexisted with non-gelatinized starch granules for waxy corn starch
pressurized at 600 MPa (Fig 8.6A6).

Figure 8.5 SAXS pattern of Waxy corn (Mazaca) starch HHP treated at 600MPa. Solid lines
are fits using Eq. (8.3) (Black line) and Eq. (8.1) (Blue line).
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8.3.2 Changes in granular morphology
Selected microscopic images under ordinary and polarized light of corn starch with different
amylose/amylopectin ratio of HHP treated in water at different pressures are shown in Fig 8.6.
The radial orientation of crystallites in starch granules causes the characteristic birefringence
(Maltese cross-pattern) under a polarized light microscope (V. Yuryev, Wasserman, Andreev,
& Tolstoguzov, 2003). As starch undergoes a phase transition from the ordered state to a
disordered state during gelatinization, it loses its crystallinity resulting in the loss of the
birefringence (Ratnayake, Hoover, & Warkentin, 2002). Untreated starch granules of the four
starch types investigated here had characteristic birefringence patterns. A number of both waxy
(Mazaca) and normal (Melojel) corn starch started to lose birefringence after HHP treatment
in water at 500 MPa (Fig 8.6A5 and B5). Some loss of birefringence was observed in Gelose80
only after 600 MPa was applied (Fig 8.6D6). However, for Gelose50 starch, there was no loss
of birefringence even after 600 MPa (Fig 8.6C6), and one explanation for this phenomenon
could be that the amylose-lipid complex needed a higher pressure to achieve gelatinization.

The micrographs were also taken without the polarizing filter to observe the granular structure
of the starches. Untreated samples of the four corn starches demonstrate intact granular
structures. The granules of waxy and normal corn starches were larger on average and were
more regular in diameter and size (Buckow et al., 2009; B. Zhang, Y. Zhao, et al., 2014).
Qualitatively, waxy and normal maize starches showed an increase in granule size (swelling)
and a loss of birefringence at pressures higher than 500 MPa. At 500 MPa and 600 MPa, the
gelatinized starch granules of both waxy and normal corn coexist with native (non-gelatinized)
granules in water (Fig 8.6). In contrast, for both high-amylose starches (Gelose50 and Gelose80)
no significant swelling and no change in granule size were observed. It can be assumed that
crystalline granule components, as well as secondary bonds that maintain the granule structure,
are prevented from melting or being disrupted due to the higher concentration of amylose in
the amorphous granule channels (Buckow et al., 2009). For the starches that were HHP treated
in ethanol, there is no obvious morphological changes for all four starches under different
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pressure conditions (results not shown).

Figure 8.6 Ordinary and polarized light microscopy images of native and HHP treated corn
starch in water. A, B, C and D correspond to waxy corn (Mazaca), normal corn (Melojel),
Gelose 50, and Gelose 80 starches respectively. Numbers correspond to high-pressure used: 0
to 6 correspond to ambient, 100 MPa, 200 MPa, 300 MPa, 400 MPa, 500 MPa, and 600 MPa.
Example C6 correspond to Gelose 50 treated at 600 MPa.
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8.3.3. Crystalline characteristics-WAXS analysis
For a specific type of starch, a certain WAXS pattern (A-C, or V) can be obtained depending
on the packing of the amylopectin side chains into double-helices or amylose single helices (Le
Bail et al., 1999). Fig 8.7 shows the WAXS patters of the four corn starches with different
amylose content after HHP treatment in water. The measured raw X-ray intensities are
vertically offset to allow comparison between the different HHP conditions. It can be seen that
waxy (Mazaca) and normal (Melojel) corn starches exhibit a typical A-type crystalline structure,
characterized by four main peaks at 10.64 nm-1, 12.05 nm-1, 12.68 nm-1 and 16.25 nm-1 which
correspond to Cu Kα 2θ: 15°, 17°, 18°, and 23° (Katopo et al., 2002; Zhi Yang et al., 2013).
After pressure treatment at 600 MPa, a faint B-type like WAXS pattern was obtained; indicated
by the appearance of a peak at 4.02 nm-1 (Cu Kα 2θ: 5.7°) and 17.02 nm-1 (Cu Kα 2θ: 24°) and
a loss of intensity for the peak at 12.68 nm-1 (compared to the peak at 12.05 nm-1) (Fig 8.7A
and B). Similar results have been reported in previous studies on the effect of HHP on waxy
corn and normal corn starches (Katopo et al., 2002). The transition from A-type to a faint Btype starch in the case of waxy and normal corn starches was previously explained in terms of
the B-type structure being more favored by HHP because of the higher number of associated
water molecules stabilizing the helix structure through van der Waals forces (Zhi Yang et al.,
2013).

The high-amylose corn starches at atmospheric pressure exhibited a typical B-type WAXS
pattern, with peaks at around 4.02 nm-1, 12.06 nm-1, 15.68 nm-1, 17.03 nm-1 (corresponding to
Cu Kα 2θ: 5.7°, 17°, 22°, and 24°) in addition to some V-type crystalline structure with a peak
at 13.88 nm-1 (Cu Kα 2θ: 19.6°). This is a typical amylose-lipid complex diffraction peak and
indicates a B+V type mixed polymorph (Derycke et al., 2005). High-amylose corn starches
under HHP treatment kept their original WAXS pattern (B+V-type) (Fig 8.7C and D). It has
been assumed that the crystalline components are protected from melting since the amylopectin
in the granule which did not leach out is stabilized by the still present amylose (M Stolt et al.,
2001). These results are in good agreement with those reported in the literature (Hibi et al.,
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1993; Katopo et al., 2002). It has been suggested that the pressure range in which gelatinization
occurs is dependent on the proportion of amylose and amylopectin and also the specific starch
granule-type as characterized by its crystalline structure. As demonstrated above the B-type
starches are more resistant to gelatinization under HHP than the A-type starches (Buckow et
al., 2009; Zhi Yang et al., 2013). It is believed that the A-type crystalline structure has a
staggered monoclinic lattice unit and contains 8 water molecules per unit cell, while the B-type
crystalline structure has a more open packing of helices in which up to 36 water molecules can
be accommodated (Sarko & Wu, 1978). Therefore, the larger amount of interhelical water in
the B-type starch could contribute to more hydrogen bonds and a better hydrogen bonding
networks, making B-type crystalline lamellae of high amylose starches (Gelose50 and
Gelose80) more resistant to HHP treatment (Tan et al., 2015). Furthermore, A-type crystalline
starch contain α-1, 6 branching linkages, which are more scattered and are located within both
the crystalline and the amorphous regions, whereas most of the branch linkages in the B-type
crystalline starches are clustered in the amorphous regions. The scattered branch points located
inside the crystalline regions cause “weak points” in the A-type crystalline starch granules,
making them prone to be damaged (Tan et al., 2015). This is in good agreement with the SAXS
result (Fig 8.3) where higher peak area percentages remained for B-type starch (Gelose50 and
Gelose80) than for A-type starch (waxy and normal maize) after HHP treatment.

In the case of the HHP treated corn starches in ethanol (results not shown), the lamellae peak
area was nearly constant over whole pressure range, indicating the semicrystalline lamellae
structure is preserved (Fig 8.2). Note that in Fig 8.2, only the SAXS patterns and the linear
correlation functions waxy corn (Mazaca) are reported as an example, since no change was
observed for all the corn starches. In addition to this there is no obvious swelling or loss of
birefringence observed microscopically (results not shown) or change in crystalline type e.g.
from the A-type to the B-type (results not shown). In fact, under all pressure conditions
investigated here, waxy (Mazaca) and normal (Melojel) corn starches exhibit a typical A-type
crystalline structure, characterized by four main peaks at 10.64 nm-1, 12.05 nm-1, 12.68 nm-1
and 16.25 nm-1 (Cu Kα 2θ: 15°, 17°, 18°, and 23°); while the high-amylose corn starches
179

(Gelose50 and Gelose80) exhibits a typical B-type WAXS pattern, with peaks at around 4.02
nm-1, 12.06 nm-1, 15.68 nm-1, 17.03 nm-1, and a V-type crystalline structure peak at 13.88nm-1
(Cu Kα 2θ: 5.7°, 17°, 22°, 24°, and 19.6°). These observations are in agreement with previous
reports (Katopo et al., 2002).

Figure 8.7 WAXS patterns of native and HHP treated corn starch in water (left-hand side) and
ethanol (right-hand side). “A, C”, “B, D” are waxy corn (Mazaca) and normal corn (Melojel)
starches respectively. Numbers from 0 to 6 correspond to ambient, 100 MPa, 200 MPa, 300
MPa, 400 MPa, 500 MPa, and 600 MPa.

The resistance of starch dispersions in ethanol to HHP treatment can be attributed to the fact
that ethanol is not an effective plasticizer for starch (Katopo et al., 2002) and thus cannot make
starch swell and gelatinize under conditions when water is able to do this. The proposed
sequences of events which must occur during starch gelatinization are firstly the dry
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unplasticised granule must undergo sufficient plasticisation for the nematic organization to
transform into the semectic form. Then the nematic phase may reform as the double helices are
pulled out of register, followed by their complete disruption (Perry & Donald, 2002). Being a
less effective plasticizer compared to water, ethanol is expected to penetrate less into the starch
granules, and thus be less able to increase the free volume of the granules amorphous regions.
This could be attributed to the fact that ethanol molecules have weaker hydrogen bonding
capability than water (R. Chang, 2003). Hydrogen bonding is a major structural element of the
starch granule and hence it is also a major determinant for the effectiveness of a plasticizer for
starch dispersions. In other words, the greater the hydrogen bonding capacity of a molecule in
a solvent, the more effective a plasticizer of starch granule the solvent is expected to be (Perry
& Donald, 2000b). Furthermore, it has been suggested that ethanol may have a spacing filling
effect, which stabilizes the crystalline structure of starch. When suspended in ethanol even at
very high pressure (up to 3 GPa) starch granules did not swell (Pei-Ling et al., 2010). Further,
one can also argue that since ethanol has a higher compressibility than water (Bolz, 1973), it is
likely that its volume will be minimized by pressure prior to its penetration into the starch
granules (requiring the reduction of the volume of the whole system), which satisfies Le
Chatelier Principle (Balny & Masson, 1993).

8.4. Conclusions
The present work investigated the effect of HPP treatment on the supramolecular structural
characteristics of corn starches with different amylose content. In general, the structural
evolution during HHP treatment in water suspension depends on the starch crystalline type and
amylose content. The lamellae structural ordering decreased for all pressurized corn starches,
which was reflected by the decrease of the SAXS lamellae peak area. Due to HHP inducing
water migration into the starch granule, the lamellae thickness (d) increased for waxy corn,
normal corn, and Gelose80 starches pressurized in water suspension. However, for Gelose50,
the lamellae thickness (d) stayed nearly unchanged during HHP treatment. This could be
attributed to the higher lipid content of Gelose50 and that amylose-lipid complexes restrict
swelling of the starch granules (Buckow et al., 2009; H. Liu et al., 2009). This was also
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supported by the light microscopy, in which no granule swelling was observed for Gelose50
starch even at 600 MPa treatments. The evolution of fractal structure, and both da (amorphous
lamellae thickness), and dc (crystalline lamellae thickness) of corn starches during HHP
treatment was also quantified by SAXS analysis. All the lamellae structure and fractal
structures changes depend on both the compressibility of starch and their structure
reorganization after HHP treatment.

WAXS measurements showed that HHP treatments of A-type corn starches (waxy and normal)
in water suspension resulted in partial conversion to the B-type crystallinity. Corn starches of
the B and V-type X-ray pattern (Gelose50 and Gelose80) were much more resistant to the HHP
treatment in a water suspension. Note, however, that the combination of light microscopy,
SAXS, and WAXS demonstrated that the disintegration of all four corn starches even at the
highest HHP in water was incomplete. This could be due to the fact that under HHP, the side
by side dissociation and helix unwinding might be suppressed because of the van der Waals
forces and the hydrogen bonds, favoring the stability of the helix structures (Buckow et al.,
2007). Finally, corn starches pressurized in ethanol showed no detectable change in the granule
morphology, fractal, lamellae, or crystalline structures.
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Chapter 9
9. Retrogradation of maize starch after high
hydrostatic pressure gelation: Effect of amylose
content and depressurization rate
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9.1. Introduction
Starch granules are semi-crystalline and composed mainly of a mixture of two -D-glucose
polymers; amylose and amylopectin. The crystalline regions in granules are mainly due to the
presence of clusters of amylopectin, which is a highly branched polymer of several million
Daltons. Amylose is predominantly linear starch chains and is largely amorphous and randomly
distributed between the amylopectin clusters (J.N. Bemiller, 2007). When the starch granule is
heated in the presence of water, the semi-crystalline structures is lost and transformed to an
amorphous form in a process termed heat induced starch gelatinization (Ai & Jane, 2015;
Ratnayake & Jackson, 2008; Zhou, Baik, Wang, & Lim, 2010; Zobel, Young, & Rocca, 1988).
During storage gelatinized starch tends to re-associate into ordered crystalline structures in a
process termed starch retrogradation (Yuan, Thompson, & Boyer, 1993).

In recent years high hydrostatic pressure (HHP) has been used extensively to physically modify
and gelatinize starches from different botanical sources (W. Błaszczak et al., 2007; W.
Błaszczak, Fornal, et al., 2005; H. E. Oh et al., 2008). The starch gelatinization characteristics,
morphology changes, rheological properties and other physicochemical properties have been
extensively studied (J. Ahmed, Singh, Ramaswamy, Pandey, & Raghavan, 2014; W. Li et al.,
2011; Stute et al., 1996; Zhi Yang et al., 2013). However, few studies have been conducted on
the retrogradation properties of pressure-gelatinized starch (Hu et al., 2011). Starch
retrogradation is a multistage process in which the organization of amylose dominates the
short-term retrogradation, whereas the long-term development of crystallinity is dominated by
changes in the amylopectin. The effect of retrogradation on starch may be desirable (for
production of resistant starch) or undesirable (H. Liu, Yu, Tong, & Chen, 2010). Starch
retrogradation has a complex dependence on many variables. These include starch granule size
(S. Singh, Singh, Isono, & Noda, 2009), starch concentration (Jouppila, Kansikas, & Roos,
1998), storage time and temperature (H. Liu, Yu, Chen, & Li, 2007; Mua & Jackson, 1998),
amylose content (J. Fan & Marks, 1998; T. Sasaki, Yasui, & Matsuki, 2000; Thygesen, Blennow,
& Engelsen, 2003), phosphorus content (Thygesen et al., 2003), co-crystallization of amylose
with amylopectin (Gomand, Lamberts, Visser, & Delcour, 2010), the presence of nonstarch
components such as lipids (C. G. Biliaderis & Tonogai, 1991), proteins (Teo, Karim, Cheah,
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Norziah, & Seow, 2000), and oligosaccharides (C. G. Biliaderis & Prokopowich, 1994),
(Ambigaipalan, Hoover, Donner, & Liu, 2013; Zhou et al., 2010). Understanding the kinetics
of starch retrogradation and the properties of high pressure treated starch is both scientifically
interesting and extremely important for many commercial applications.

Previous studies on the retrogradation of HHP treated starches have used waxy and normal
starch with low amylose content (Hu et al., 2011; A. King & Kaletunç, 2009). The pressure
applied can cause full gelatinization of the starch and the retrogradation can then be studied
following depressurization. However, high amylose maize starch (B-type) is more resistant to
HHP and only partial gelatinization occurs during HHP treatment.

However, there are no

reports regarding the effect of amylose/amylopectin ratio on the retrogradation kinetics of
maize starch HPP gels. Another important variable influencing post HHP treatments is the rate
of pressure release.

For example it is suggested that the pressure release rate influences both

casein micelles aggregation (Bravo, Molina, & López-Fandiño, 2012) and whey protein
denaturation (Baier, Schmitt, & Knorr, 2015) in dairy systems treated by HHP.

Therefore, the

objectives of this work were to investigate the retrogradation properties of maize starch with
various amylose/amylopectin ratios after HHP treatment, explore the effect of amylose content
on the retrogradation of these gels and determine the effect of the rate of pressure release on
the retrogradation of HHP gelled starch dispersions.

9.2. Materials and Methods
9.2.1. Materials
Waxy (MAZACA), Normal maize starch (Melojel), and high-amylose starch (Gelose50 and
Gelose80) maize starch powders were donated by National Starch Food Innovation (Auckland,
New Zealand). Their chemical composition is reported in Table 1.
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Table 9.1 Chemical composition (w/w, %) of the maize starches used.
Waxy starch

Normal starch

Gelose50

Gelose80

(MAZACA)

(Melojel)

Amylose

3.59±0.29

29.6±0.7

52.7±0.4

89.78±0.960

Moisture

10.4±0.2

8.32±0.01

10.31±0.06

12.29±0.690

Lipid

0.15±0.02

0.11±0.02

0.35±0.09

0.140±0.003

Protein

0.14±0.01

0.16±0.03

0.46±0.11

2.66±0.40

Ash

0.06±0.01

0.11±0.01

0.12±0.04

0.100±0.010

9.2.2. Preparation of starch suspensions
Starch was suspended in 18.2 M cm Milli-Q water at a concentration of 10 w/w%. Sodium
Azide (Sigma Aldrich, USA) was added at a concentration of 0.02 w/w% to the starch
suspension to eliminate mold growth during storage. Beckman Polyallomer centrifuge tubes
(25 mm internal diameter × 64 mm height, Beckman Instruments, Inc., USA) were filled with
≈10 mL starch suspension and heat sealed prior to high pressure treatment.

9.2.3. High pressure treatment
Pressure treatments were conducted using a laboratory-scale high-pressure unit (Stansted mini
Food Lab, Stansted Fluid Power Ltd., Stansted, UK), at pressures of 600 MPa, for 15 min at
25 °C. The pressurization rate was set at 900 MPa/min and the depressurization rates
investigated were 50 MPa/min, 100 MPa/min, and 900 MPa/min.

Once the high-pressure

treatment was completed, the sample tubes were opened and the samples transferred into plastic
15 mL centrifuge tubes. If a sediment was present, it was mixed thoroughly by vortex mixer
(KIA, Germany) to ensure sample homogeneity. The samples were then kept in closed tubes at
4 °C and analysed as a function of storage time.

9.2.4. Rheological properties
The rheological properties of the pressure treated and control corn starch (non-high pressure
treated) were studied as a function of time at storage temperature of 4 °C using a stress186

controlled rheometer (MCR 302, Anton Paar Austria). Dynamic rheological measurements
were conducted to study viscoelastic behaviour of HHP treated corn starch pastes and
controlled starch suspensions. A 25 mm diameter plate and plate geometry, with a gap of 1.0
mm, was employed to perform dynamic rheological tests.

The different stages of heating, cooling and rheological measurements were as follow. In step
1 the sample was transferred to the rheometer plate preheated to 50 °C and held for 5 min
without shear to achieve temperature equilibrium. In step 2 the sample was heated from 50 to
95 °C, at a heating rate of 3 °C/min at a strain of 1 % and 1 Hz frequency. In step 3 the sample
was held at 95 °C for 5 min with strain of 1% and 1 Hz frequency. In step 4 the sample was
cooled from 95 to 25 °C, at a rate of 3 °C/min at a strain of 1 % and 1 Hz frequency. After the
temperature reached 25 °C and was held there for 5 min, a dynamic frequency sweep (smalldeformation) measurement was performed, followed by step 5 where a dynamic strain-sweep
(large deformation) was performed to ensure the frequency sweep was within the linear
viscoelastic region. The frequency sweep measurement (step 4) was carried out at a constant
strain of 1% for frequencies ranging from 0.01 Hz to 1 Hz, and the strain-sweep measurements
(step 5) was performed at a constant frequency of 1 Hz from 0.1% to 10,000%. In these
dynamic measurements the elastic modulus G’, the viscous modulus G’’ and the complex
2

modulus G*, with|𝐺 ∗ | = (𝐺 ′ + 𝐺′′2 )1/2, were obtained.

9.2.5. Fourier transform infra-red spectroscopy (FTIR)
FTIR spectra were obtained on a PerkinElmer Spectrum 100 Spectrometer (U.K.) fitted with
DTGS (deuterated triglycine sulfate) detector and a Universal Attenuated Total Reflectance
(ATR) single reflectance cell with a diamond crystal. Following HHP, starch samples after
various storage time at 4 °C were freeze dried and ground to a powder for FTIR analysis. Starch
samples were placed on the surface of the crystal. For each spectrum 64 scans were co-added
at a resolution of 4 cm-1 using the empty cell as background. Duplicate measurements were
conducted for each sample. Data analysis was carried out using the OMNIC 6.0 software
(Thermo Electron Corporation, USA). Spectra were linear baseline-corrected between 1200
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and 800 cm-1 and deconvoluted to resolve overlapped bands (Kauppinen, Moffatt, Mantsch, &
Cameron, 1981). A half-bandwidth of 26 cm-1 and an enhancement factor of 2.4 with triangular
apodization was employed according to (Y. Zhang et al., 2014). Intensity measurements were
performed on the deconvoluted spectra by recording the height of the absorbance bands from
the baseline. The ratios of absorbance height 1045 cm-1/1022 cm-1 were obtained from the
deconvoluted spectra.

9.3. Results and Discussion
A strain sweep at frequency of 1 Hz was conducted to determine the linear viscoelastic region
for all HHP processed starch samples as a function of storage time. A frequency sweep (Figure
9.1) was performed at a constant strain of 1%, which falls into the linear viscoelastic region.
The complex modulus G* was calculated at 1 Hz for all HHP treated maize starch and are
shown in Figure 9.2 as a function of storage time. For non-HHP treated control samples, normal
maize starch (Melojel) demonstrate the highest G* value after pasting, while waxy (MAZACA)
and high amylose (Gelose 50 and Gelose 80) showed much lower G* value. It is well known
that such high amylose starch have an elevated temperature of crystalline dissociation,
preventing the onset swelling below 90 °C (Dhital, Shrestha, & Gidley, 2010). The lower G*
value of waxy maize starch could be due to the lack of dissolving amylose molecules, which
may be attributed to the formation of network of swollen starch granules (Hsu, Lu, & Huang,
2000). For all HHP treated maize starch, the G* value is lower than that of non-HHP treated
starch. This could be due to the excessive pressurization weakening starch gel structures (Z.
Guo, Zeng, Zhang, et al., 2015; Martina Stolt et al., 1999). For all HHP treated maize starch
except MAZACA, the G* values first increases and then plateaus. For retrogradation of
amylose in high amylose content maize starch, it has been suggested that rapid formation of a
cross-liked network arises from the adoption of ordered double-helical chain segments, acting
as “junction zones”, which are interconnected by more mobile amorphous single-chain
segments (Gidley, 1989). On the other hand, amylopectin gelation in waxy maize starch is a
slow process involving intra- and inter-molecular chain associations (Karim et al., 2000). For
all maize starch, the rate of pressure release after HPP did not greatly influence the
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retrogradation behavior as measured by G*.

Figure 9.1 Storage modulus G’ (solid symbols) and loss modulus G’’ (open symbols) as a
function of frequency. Symbols are Gelose 80 starch after HHP treatment (pressure releasing
rate 100MPa/min) for 0 day storage (blue) and 30 days storage (red).
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Figure 9.2 Complex modulus (G*) at 1 Hz, for Gelose 50, Gelose 80, MAZACA, and Melojel
as a function of time for storage starch pastes stored at 4 °C. Black: Non-treated control sample,
Olive: Pressure releasing rate: 50 MPa/min, Magenta: Pressure releasing rate: 100 MPa/min,
Blue: Pressure releasing rate: 900 MPa/min.

FTIR spectra were measured to determine the extent of short-range molecular order (helical
order) in these high pressure treated starch samples during storage (Figure 9.3, 9.4). This
provides molecular insights into the connections between the degree of order and the network
mechanical behavior as determined by rheology. The bands at 1045 cm-1 and 1022 cm-1 have
been assigned to the ordered and amorphous phases of starch, respectively (Ambigaipalan et
al., 2013; Ji, Zhu, Zhou, & Qian, 2010; Ottenhof, Hill, & Farhat, 2005). The ratios of the heights
of the bands at 1045 and 1022 cm-1 will therefore be related to the ratio of ordered starch to
amorphous starch (Sevenou, Hill, Farhat, & Mitchell, 2002). For all HHP treated maize starch,
the ratio of bands at 1045 and 1022 cm-1 is lower than that of non-HHP treated counterparts.
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That is due to a decrease of crystalline part concomitant with increase of amorphous part caused
by HHP induced starch gelatinization (Rubens et al., 1999).

Figure 9.3 The original and deconvoluted FTIR spectrum of maize starch Gelose 80 after 0
and 30 days storage after HHP treatment (pressure releasing rate: 100MPa/min).

The FTIR spectra are strongly correlated with the rheology in terms of the retrogradation
kinetics and degree (Figure 9.4). Both measurements show that Gelose 50 and Gelose 80 have
the fastest rate of retrogradation, followed by Melojel and MAZACA demonstrating the lowest
rate of retrogradation. The variations in the above changes among the high pressure treatments
with different pressure releasing rate were marginal.
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Figure 9.4 Retrogradation monitored using the FTIR absorbance ratio 1045:1022 cm-1 for
Gelose 50, Gelose 80, MAZACA, and Melojel. Black: Non-treated control sample, Olive:
Pressure releasing rate: 50 MPa/min, Magenta: Pressure releasing rate: 100 MPa/min, Blue:
Pressure releasing rate: 900 MPa/min.

For the high amylose maize starches, Gelose 50 and Gelose 80, the G* and the 1045/1022 cm1

ratio reached a plateau after 15-20 days. However, for normal maize starch (Melojel), the G*

and the 1045/1022 cm-1 ratio reached a plateau around 30 days. It is well known that starch
retrogradation occurs as two kinetically distinct processes. The rapid retrogradation process
involves amylose via the formation of double helical chain segments followed by helix-helix
aggregation. This is accompanied by a slow recrystallization of the short amylopectin chains
(Miles, Morris, Orford, & Ring, 1985; Ring et al., 1987). The initial rapid rise of both G* and
the 1045/1022 cm-1 ratio in high amylose maize starch Gelose 50 and Gelose 80 is probably
due to the

short-range ordering of amylose (Miles et al., 1985). In contrast, the slow
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amylopectin crystallization is believed to mainly contribute to the long term retrogradation (C.
Biliaderis & Zawistowski, 1990; A. King & Kaletunç, 2009). The retrogradation in high
amylose starch (Gelose 50 and Gelose 80) and normal maize starch (Melojel) is due to the
synergistic interactions between amylose and amylopectin (Gudmundsson & Eliasson, 1990).
It is suggested that at low amylopectin content, the amylose component functions as nuclei
and/or co-crystallizes with the amylopectin in some degree (Gudmundsson & Eliasson, 1990).
It is also possible that the aggregation of amylose could result in less water available for
amylopectin molecules, thus causing the amylopectin clusters to combine. (Zhou et al., 2010).
The G* and value of 1045/1022 cm-1 ratio of waxy maize starch (MAZACA) does not increase
with storage time markedly, suggesting the lowest degree of retrogradation. It is suggested that
when waxy maize starch of a low concentration (i.e., less than 30 %) is gelatinized, the
amylopectin clusters are relatively far apart, making it difficult for them to re-associate (Zhou
et al., 2010). This result is in agreement with other studies on the retrogradation of waxy maize
starch after heat or high pressure treatments (Hu et al., 2011) and extrusion treatment (Ottenhof
et al., 2005). By plotting the normalized G* vs the normalized 1045/1022 cm-1 ratio to their
plateau value (relative change) for all maize starch with all pressure releasing rate, a roughly
linear relationship between these two parameters is found (Figure 9.5). The results demonstrate
that there is a general roughly linear relationship between the development of retrograded gel
strength and the evolution of its short-range ordered structures. This linear relationship can be
explained by assuming that the normalized 1045/1022 cm-1 ratio is an indication of the extent
of retrogradation and is related to the volume fraction ϕ occupied by the retrograded starch
molecules. These retrograded molecules are expected to have a complex modulus G*ret higher
than G*0 of the non-retrograded starches, since they form crystalline structures. The complex
modulus of the starch pastes can be approximated by either equation (Considine, et al. 2011):
∗
𝐺 ∗ = (1 − ∅) × 𝐺0∗ + ∅ × 𝐺𝑟𝑒𝑡
∗
1/𝐺 ∗ = (1 − ∅)/𝐺0∗ + ∅/𝐺𝑟𝑒𝑡

(9.1)
(9.2)

Both equations (9.1) and (9.2) will yield a linear relationship between G* and ϕ (i.e. the
normalized 1045/1022 cm-1 ratio) for small values of ϕ, and for small variations in ϕ as
indicated by the FTIR measurements.
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Figure 9.5 Relationship between the normalized G* (relative to the plateau value) and the
normalized FTIR intensity ratio (1045: 1022 cm-1) for all maize starches during retrogradation.

9.4. Conclusions
Rheological methods and FTIR measurements can be employed to characterize the
retrogradation behaviour of maize starch with various amylose content during storage at 4°C
after high pressure treatment. FTIR results demonstrate that the amount of short-range
crystallization in starch increases, while the dynamic rheological experiments reveal an
increase of G* as a function of storage time. The rheological and FTIR analysis of HHP treated
starches demonstrate that retrogradation does not depend on the pressure releasing rate.
Furthermore, the speed of retrogradation of high amylose starch is higher than that of normal
maize starch. This probably due to the fact that the amylose crystallization accounts for the
starch short-term retrogradation, while amylopectin crystallization mainly contribute to the
starch long-term retrogradation. It is important to stress that this study was carried out at starch
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concentration (10%, w/w), and it is expected that the starch retrogradation during storage will
depend on this water content. Overall, the results of FTIR and rheological studies provide
complementary information on the retrogradation behaviour of HHP treated maize starch with
various amylose content under conditions relevant to food storage conditions. The finding of
this study can be used to improve the physical stability and textural characteristics of HHP
processed starch-rich food products.
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Chapter 10
10. Conclusions and future work
The main aim of this PhD project was to investigate the effect of stressors (large deformations
and High Hydrostatic Pressure (HHP)) on some physical properties of two food
biomacromolecules, namely gelatin and starch. Ultimately the objective was to understand the
relationship between the molecular structure and the macromolecular behaviour of these two
systems. To do so, several experimental techniques were used, and these include small and
large deformation rheology, microscopy (light microscopy, cryo-SEM), neutron and X-ray
scattering methods (SANS, USANS, SAXS, WAXS). An emphasising on the use of in situ
measurement of starch structure changes under HHP was made. The Thesis is divided into two
parts. The first part focusses on the effect of large shear deformations on the strain hardening
of various gelatin gel and gelatin-multiwalled carbon nanotubes (MWNT) nanocomposites.
The second part deals with the effect of HHP on the supramolecular structure, gelatinization,
and retrogradation properties of corn starches with different amylose contents. The conclusions
and future works of each part are presented here. However, please note that almost all the works
exposed in this thesis are already published or submitted for publication, most of the
conclusions and suggestion for future works are previously reported in the literature review
parts of this thesis (Chapter 2 and Chapter 5).

10.1. Strain hardening of gelatin and gelatin-MWNT composites
Understanding the stress responses of these gelatin and gelatin-MWNT nanocomposites gels
under large deformation is extremely important for their food, biomedical, and tissue
engineering applications. Three different gelatin gel networks namely gelatin physical gel,
chemical gel, and chemical-physical gel were prepared with the aid of the chemical cross-linker
glutaraldehyde using different gelation protocols. Their strain hardening behaviour and
microstructures were characterized by large shear deformation rheology and SANS (Small
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Angle Neutron Scattering) studies, respectively.

The strain hardening behaviour of various gelatin networks-namely physical gelatin gel,
chemically cross-linked gelatin gel, and a hybrid gel made of a combination of the former two
-were investigated under large shear deformations using the pre-stress, strain ramp, and large
amplitude oscillation shear protocols (Chapter 3). For the chemically cross-linked gelatin and
the hybrid gels, the pre-stress and strain ramp protocols agree well over a decade of shear rates.
By contrast, for the physical gel, the strain rates with 0.1 s-1 and 0.01 s-1 show a deviation from
the pre-stress protocol. The BST (Blatz, Sharda, and Tschoegl) equation (Blatz et al., 1974)
with the scaling model was employed to fit the stress-strain curves of various gelatin gels. This
model was found to describe well the strain hardening behaviour of gelatin gels, and various
fractal dimensions from different gelatin gels were extracted.

Further, the internal structures of physical gelatin gels and chemically cross-linked gelatin gels
were characterized by SANS to enable their internal structures to be correlated with their
nonlinear rheology. The Kratky plots of SANS data demonstrated the presence of small crosslinked aggregates within the chemically cross-linked network, whereas in the physical gel a
relatively homogeneous structure is observed. The fractal dimension df obtained from the
SANS data of the physically cross-linked and chemically cross-linked gels is 1.31 and 1.53,
respectively. These values are in excellent agreement with the ones obtained from a generalized
non-linear elastic theory used to fit the stress-strain curves. It was also suggested, in this work,
that the chemical crosslinking that generates coils and aggregates hinders the free stretching of
the triple helices bundles in the physical gels.

Following this study, various gelatin-MWNT nanocomposites were prepared and their linear,
nonlinear rheology, and microstructures were investigated (Chapter 4). Generally, MWNTs do
not dispersed well in various gelatin matrix and are present as micron to tens-of-microns
aggregates. For all gelatin gels, the addition of MWNT that behave like inert fillers weakly
increases their complex modulus. The dependence of the storage modulus with frequency for
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gelatin-MWNT composites is similar to that of the corresponding neat gelatin matrix. However,
by incorporating the MWNTs, the dependence of the loss modulus on frequency is reduced.
The linear viscoelastic region is decreased approximately linearly with the increase in MWNT
concentration. The pre-stress results demonstrated that the addition of MWNT does not change
the strain hardening behaviour of physically cross-linked gelatin gels. However, the addition
of MWNT can increase the strain hardening behaviour of chemically cross-linked gelatin gels,
and chemically-physically cross-linked gelatin gels. Result from light microscopy, cryo-SEM,
and USANS (Ultra-Small Angle Neutron Scattering) demonstrate the hierarchical structures of
MWNT, including the presence of tens-of-micron scale MWNT agglomerates are present.
Furthermore, the adsorption of gelatin onto the surface of MWNT was studied, and the
adsorption curve followed a two-stage pseudo-saturation behaviour.

Below are some future works on gelatin composites systems which will be worth considering.
These have been already reported in the literature review of gelatin based nanocomposites
(Chapter 2).

Deeper understanding the strain hardening behaviour in gelatin and gelatin/nanocomposites
under large deformation
Our goal was to use neutron scattering to monitor the nanoscale structure of the gelatin samples
that are undergoing shear while measuring their rheological behaviour. The results would be a
correlation between the rheological properties and the structural changes in real time. Due to
the absence of adequate rheometers in the neutron sources used (ANSTO, Australia), we were
not able to relate the mechanical behaviour and structural changes observed using neutrons but
were able to characterize the structures of “unsheared” gelatin gels and gelatin-MWNT
composites using SANS and USANS, respectively. The nonlinear rheological (mechanical)
properties of gelatin and its nanocomposites are related to the changes in their structures under
large deformations. It would be interesting to study in detail the strain hardening of gelatin gels
and gelatin nanocomposites by using scattering techniques (SAXS, SANS, USAXS, USANS)
in situ on samples under large deformations (shear, stretching, or compression). Other neutron
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(NIST 2 ) and synchrotron (ESRF 3 , Diamond 4 ) facilities are equipped with in-line stresscontrolled rheometers or other temperature-controlled shear and tensile test devices as sample
holders in their beamlines, allowing this kind of study to be performed. The online scattering
studies could provide valuable information on how various structural characteristics including
mesh size, radius of gyration, fractal dimension, diameter of fibril, and cross-linked aggregate
size of various gelatin gels change under large deformation; and whether the effects of these
large deformations are reversible.

Further structural investigations of various gelatin gels
In this thesis, cryo-SEM, SANS, and USANS were employed to characterize various uncrosslinked and cross-linked gelatin gels and their MWNT nanocomposites (Chapter 3 and Chapter
4). However, we should look at the microstructure of these samples using other techniques to
deeply probe their structural differences at the nanoscale and develop further understanding.
As such, the use of cryo-TEM tomography would be interesting to further examine the gelatin
gels’ structures at different scales. In recent years, with the rapid advancement of electron
microscopy instrumentations and high throughput computer modelling, cryo-electron
tomography plays more and more important role in soft matter and structural biology research.
Using this technique, one can acquire images of specimen at different tilt angles and then
reconstructed into a 3-dimensional (3D) object, revealing a detailed information on the
structure, morphology or 3D spatial organization of biomacromolecules and macromolecular
assemblies. This information can then be coupled to processes happening in the 3D space,
making cryo-electron tomography a valuable tool to bridge between the special structural
organization and the function and activity of macromolecular complexes at the nanometre scale
(Danino, 2012; Leis, Øiseth, Crameri, & Lundin, 2013; Nudelman & Sommerdijk, 2011). For
example, in a recent study, the 3D structure of a Schizosaccharomyces pombe yeast
spliceosome at near-atomic resolution (3.6-angstrom) was reported using single particle cryoelectron tomography (Yan et al., 2015). It is expected that future application of cryo-electron
2
3
4

https://www.ncnr.nist.gov/programs/sans/equipment/rheometer.html
http://www.esrf.eu/UsersAndScience/Experiments/CRG/BM26/SaxsWaxs/Sxwxsample
http://confluence.diamond.ac.uk/display/SCATTERWEB/Applying+a+force
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tomography in food science research will allow examining food hydrogels and
biomacromolecules in more detail in their native hydrated state down to the nanometre if not
the angstrom level.

Mixing gelatin with other (food) biopolymer and understanding their properties and fine
structures
Physical modification is the simplest and easiest way for modification of polymers. Physical
modification is mainly achieved by blending, or physically mixing at least two polymers to
create a new material with different physical and biological properties (Shukla et al., 2013).
Other food hydrocolloids like agar, alginate, carrageenan, chitosan, and cellulose derivatives
can be mixed with gelatin to explore the possibility of improving the rheological properties and
other biological potentials of the mixtures. It is expected that the gel architecture of these
mixtures at the microscopic scale would be affected by the gelation protocol (e.g. gelation
kinetics) and the presence of an enzymatic or chemical cross-linker (da Silva et al., 2015),
which in turn will dictate the mechanical properties at the macroscopic scale. Thus, rheology,
microscopy (TEM, SEM), and scattering techniques (SAXS, SANS), to cite few, can be used
to characterize the gelatin based biopolymer mixtures.

Theoretical modelling to further understand the strain hardening of gelatin gels and gelatin
nanocomposites
Until now, no theoretical model is available in the literature to fully describe and explain the
strain hardening behaviour of various uncross-linked and cross-linked gelatin gel (W.-x. Sun
et al., 2015). The mathematical model to be developed need to be based on the microstructures
changes of gelatin (or other biomacromolecules) gels under large deformations. As discussed
before, scattering (SAXS, SANS) and microscopy methods, particularly the methods which
can probe the microstructure of these systems under deformation, can guide the development
of a full theoretical framework.

10.2. Starch dispersion under High Hydrostatic Pressure (HHP)
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In the second part of the thesis, we investigated the effect of HHP on the supramolecular
structure, gelatinization, and retrogradation of corn starches with different amylose contents.
Two ways were used in this study: firstly the use of synchrotron SAXS/WAXS using Diamond
Anvil Cell (DAC) to in situ monitor starch structure changes during HHP treatment; and
secondly treating starches using lab scale HHP equipment (up to 600 MPa) then analyse their
structural changes, gelatinization, and retrogradation behaviour after pressure release.

The in situ synchrotron SAXS studies of waxy corn and waxy potato starches under HHP
(Chapter 6) revealed that the SAXS peak areas of both starches decreased suggesting that the
degree of starch gelatinization increases with increasing pressure. As pressure increased,
lamellae peak broadened and the power law exponent in the low q-region increased. One
dimensional linear correlation function was further employed to analyse the SAXS data. This
showed that for both waxy corn and waxy potato starches, the long period length and the
average thickness of the amorphous layer decrease when the pressure increase. For waxy potato
starch, when pressure increases the thickness of crystalline layer increases. While for waxy
corn starch, the thickness of crystalline layer first slightly increases and then decreases with
the increase in pressure.

The results of in situ synchrotron X-ray power diffraction studies of waxy and high amylose
corn starches under HHP (Chapter 7) demonstrated that at 2.7 GPa waxy starch, which
displayed A-type (which is a monoclinic lattice with 8 water molecules per unit cell) XRD
pattern at atmospheric pressure, exhibited a faint B-type-like pattern. The B-type (which is
hexagonal lattice with 36 water molecule per unit cell) crystalline structures of high-amylose
corn starch were not affected even when 5.1 GPa pressure was applied. However, both waxy
and high-amylose corn starches can be fully gelatinized at 5.9 GPa and 5.1 GPa, respectively.
In the case of waxy corn starch, upon release of pressure (to atmospheric pressure) crystalline
structure appeared as a result of amylopectin aggregation.

In addition to these two in situ studies, the supramolecular structural of corn starches with
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different amylose content namely waxy corn, normal corn, and high amylose corn in excess
water and ethanol treated with HHP (up to 600 MPa) at were investigated ex situ (Chapter 8).
After 600 MPa treatment, the remaining SAXS peak area (in %) followed the trend: waxy
corn< normal corn< Gelose80< Gelose50. The lamellae thickness (d) increased for pressurized
waxy, normal, and Gelose80 corn starches, which is probably due to water entering into the
starch lamellae. However, for Gelose50 corn starch, d remained nearly constant over the whole
pressure range. WAXS results demonstrated that HHP can convert A-type starches (waxy and
normal corn) to starches with a faint B type pattern. Crystalline structures that showed the Btype and V-type pattern (Gelose50 and Gelose80 corn starches), however, were not affected by
the pressure treatment in excess water. In terms of corn starches pressurized in ethanol, no
obvious changes are detected in the granule morphology, nor in its fractal, lamellae, or
crystalline structures under the HHP conditions applied in this thesis (Maximum 600 MPa for
30 min).

The effect of HHP processing on the retrogradation of corn starches with various amylose
contents during storage at 4 °C is reported in Chapter 9. Crystallization kinetics of HHP treated
starch gels were investigated using rheology and FTIR. The effect of crystallization on the
mechanical properties of starch gel networks was evaluated in terms of the complex modulus
G*. FTIR indicated that upon storage the crystallization induced an increase in the amount of
the short-range helices structures. A linear relationship between G* and the normalized
1045/1022 cm-1 peak ratio is also found. The pressure release rate does not affect starch
retrogradation, but the rate and extent of retrogradation depends on the starch amylose content.

Below are some proposed future works on starch systems and other biomacromolecules which
will be worth considering.

Structure and physico-chemical properties of corn starches: amylose content effect using other
non-thermal food processing techniques
In recent years, in addition to HHP, other non-thermal food processing techniques including
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sonication (Mohammad Amini, Razavi, & Mortazavi, 2015; Zuo, Hébraud, Hemar, &
Ashokkumar, 2012), ball milling (L. Shi, Cheng, Zhu, & Lin, 2015; Tan et al., 2015), nitrogen,
helium, and oxygen glow-plasma (B. Zhang, Chen, Li, et al., 2015; B. Zhang, S. Xiong, et al.,
2014), pulsed electric field (Han, Zeng, Yu, Zhang, & Chen, 2009), and gamma irradiation
(Polesi, Sarmento, de Moraes, Franco, & Canniatti-Brazaca, 2015; Wani et al., 2014) have been
used to physically modify various starches. However, a little is known on the effect of these
processing methods on the supramolecular structure (e.g. fractal, lamellae structures) of
starches with different amylose content. It would be interesting to perform such studies, and
compare their findings to those reported in this thesis.

The following points have been reported before in the literature review of HHP effect on starch
water dispersions (Chapter 5).

In situ studies of starch gelatinization under HHP using Raman, NMR, and viscosity
measurement
Further investigation is required to reveal the exact mechanism behind the HHP induced starch
gelatinization. Until now, the mechanism of starch gelatinization is mostly explained on the
basis of thermal processing effects. Although few in situ studies of starch granule structure
change under HHP have been performed using light microscopy, SAXS/WAXS, and FTIR,
more in situ studies with other techniques such as Raman spectroscopy and NMR could be
helpful to further understand the mechanism of HHP induced starch gelatinization.
Complementary to FTIR, Raman spectroscopy have been employed extensively to investigate
starch structures. In situ studies of starch gelatinization under HHP using Raman spectroscopy
and DAC could provide us with valuable information on the differences in chemical bond types,
bond vibrational energy, and skeleton connection between starches treated with HHP and heat
treatment (D. Fan et al., 2012). Liquid state NMR (e.g. 1H NMR relaxation) can be employed
to study the interactions between water and starch during gelatinization and provide
information on the dynamic distribution of the intra- and extra-granular water during
gelatinization (Tananuwong & Reid, 2004). There are mainly two designs for in situ HHP NMR
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setups on solution samples: one is a high-pressure probe method and the other one is the
pressure resisting cell method. In the former method, the entire ratio frequency transmitter is
placed within high pressure vessels under the static magnetic field, whereas in the latter setups,
only the sample solution is kept under HHP in a pressure-resisting cell, and the transmitter
itself is kept at ambient pressure (Jonas & Jonas, 1994). The high-pressure probe method can
achieve pressures up to ~ GPa, while the pressure-resisting cell setups are currently limited to
300-400 MPa. In brief, using high pressure Raman spectroscopy and liquid NMR could provide
more molecular structural and dynamical information on pressure–induced responses from
starch-water suspensions.

Furthermore, in situ examination of the viscosity change during HHP induced starch
gelatinization could provide better understanding on how the rheological properties of starch
paste change as a response to HHP. Recently, a windowed rolling ball viscometer with
adjustable volume has been developed to study hydrocarbons under high temperature (260°C)
and pressure (300 MPa) (Tapriyal, 2012). The pressure within the cell is generated by
displacing a piston using water as pressure medium with a high pressure generator. The system
pressure is measured on the water side of the piston. The viscometer has three sets of three
small opposing sapphire windows for the determination of the ball velocity at three points and
is mounted on a tilting table. The velocity of the rolling ball through the cell is determined by
sensing light passing radially through the sapphire windows arranged radially along the
viscometer. The viscosity of sample under HHP can be deduced using simple equations based
on the velocity of the moving ball. Such HHP equipment would be extremely useful to study
the viscosity of starch systems under HHP, particularly that viscosity is an important parameter
in the industrial processing of starch pastes.

Effect of HHP on starches under continuous stirring
As opposed to heat induced starch gelatinization, HHP treatment of starch is always performed
without stirring. The effect of stirring on HHP gelatinization and retrogradation of starch is still
unknown. Stirring is expected to decrease the sedimentation of starch granules in water
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suspensions and increase the amylose leaching and granule breaking during gelatinization. The
design of HHP lab equipment with stirring capability (e.g. remote magnetically controlled)
could help to elucidate this question. This could be easily implemented by using HHP devises
such as the tilting equipment, mentioned above, which is used for viscosity measurements
under HHP.

Effect of HHP on starch suspended in media other than water
For starch-water suspension, there are mainly two effects of HHP on the lamellar and lattice
structure of starch. On the one hand, simple pressure induced compression could decrease the
lamellar distance and lattice space. On the other hand, at the onset of gelatinization, water
molecule could penetrate into starch granule, causing the lamellar distance and lattice space to
increase. It could be interesting to use non-plasticized solvent (e.g. ethanol, oils) as solvent to
monitor the starch structural changes under pressure. It is expected that ethanol will not
penetrate into starch lamellar and lattice structures (Katopo et al., 2002) allowing to separate
the effect of compression from that of solvent penetrating the starch granule during
gelatinization in the presence of water. Further such study will allow determining if
compression effects, without starch gelation, are reversible or not.

Effect of HHP on modified starches
It is also worth noting that until now most HHP studies have been conducted on native (nonmodified) starches. It could be interesting to investigate the effect of HHP on starch modified
by other physical or chemical methods (e.g. γ-irradiation, sonication, cross-linking, and pulsed
electric field, etc.), and vice versa; that is HHP treatment first followed by the physical or
chemical modifications, thus developing dual-modified starch to potentially improve their
physico-chemical properties or to tailor new functionalities.

To further understand starch containing food model system under HHP
The application of HHP in the food industry, rely on more relevant issues, such as their impact
on physical-chemical properties of starch-protein, starch-lipid, starch-sugar, starch-salt systems
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and sensory attributes of the final (model) food products, need to be addressed by further
studies. Also, there are still limited research on the retrogradation and HHP-assisted chemical
or enzymatic modification of starch. Generally speaking, HHP has already demonstrated a great
potential today and it is expected to have a wider and deeper applications in processing of
complex starch-containing food products in the future.

Finally, a large part of the work presented in this thesis was successfully completed thanks to
access I obtained to work in large facilities; Neutron source (ANSTO, Sydney Australia); The
Australian Synchrotron (Melbourne, Australia), The Shanghai Synchrotron (Shanghai, China);
The Beijing Synchrotron (Beijing, China); and the state of the art facilities at KAUST (Thuwal,
Saudi Arabia). I reiterate here, my deep gratitude to all the scientists working in these facilities
who helped me carry out my work in excellent conditions.
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