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ABSTRACT

Pasting properties of teff, maize, and potato starches with added microcrystalline cellulose and
cellulose nanofiber

Reagan Kawuma
Supervisor: Prof. Naushad M. Emmambux

Starch is a plant polysaccharide that is normally utilized in the food industry as a thickening, stabilizing,
and gelling agent. Commercially, some of the most used native starches include; maize, cassava, wheat,
tapioca, potato, and rice. However, commercial utilization of native starches is adversely affected by
the limited functionality of these starches. The functional properties of native starches are adversely
affected by prolonged processing time, acidic processing conditions, and extreme heat treatment. To
overcome these limitations, native starches are normally modified using chemical and physical methods.
Unfortunately, chemical methods involve the use of chemicals such as sulphuric and hydrochloric acids
which can raise health concerns amongst consumers and also generate unnecessary industrial waste
which can adversely affect the environment. This makes chemical starch modification an unsustainable
option. Also, physical modification technigues such as heat-moisture treatment can have extreme energy
requirements which can be costly. Therefore, consumers are increasingly pushing for safer food options
produced using “clean” energy and/or processing techniques. Hydrocolloids (other than starch) can be
utilized to modify native starch functional properties with little or no energy requirement and industrial
waste generated. Therefore, this research investigates the effect of plant-sourced cellulose-derivative

hydrocolloids on the pasting properties of teff, maize, and potato starches.

Suspensions of starch treated with microcrystalline cellulose (MCC) and cellulose nanofiber (CNF) at
different concentrations (0%, 0.2%, 0.5%, 2% and 5% w/w) were pasted for 30 minutes (short pasting)
and 2 hours (extended pasting) to analyze pasting and viscoelastic properties. At the end of the different
pasting cycles, the resulting pastes were divided into three portions. One part of the paste from the
different treatments was stored overnight to form gels used to analyze gelling properties. The second
portion of the fresh pastes was subjected to light microscopy and the last portion was freeze-dried and

subjected to scanning electron microscopy (SEM).

Treating maize and teff starch with increasing hydrocolloid concentrations significantly increased
(P<0.05) the peak and final viscosity of the starches. When hydrocolloids were added to the water-rich
continuous phase, their primarily hydrophilic nature enables them to bind water via hydrogen bonding

within the phase thus forming networks. These networks increased the resistance to flow within the
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starch-hydrocolloid system. As the concentration of the hydrocolloids increases, the networks formed

within the continuous phase increase thus making the starch-hydrocolloid system highly viscous.

Starches treated with CNF had higher peak and final viscosities. The ultrafine structure of CNF polymers
at a nanoscale provides it with a higher hydrodynamic volume than MCC and thus more of its hydroxyl
groups are exposed and available for extensive hydrogen bonding with other hydrophilic molecules such
as water within the continuous phase. This allows CNF to bind more water than MCC within the starch-

hydrocolloid system and thus resulting in starches with higher peak and final viscosities.

Extended pasting cycles (2 hours) did not have any effect on the final starch paste viscosity with or
without the hydrocolloids added. Extended pasting cycles result in a lot of friction, impact, and shear
forces within the starch-hydrocolloid system which causes a massive breakdown of the starch granules.
Light microscopy micrographs taken after the extended pasting cycles show more structural breakdown
than those from short pasting cycles this can mainly be attributed to the prolonged shearing experienced
during the extended pasting cycles.

The addition of CNF and MCC to potato starch did not show any observable effect on the pasting
properties of the starch. This can be attributed to the bulky phosphate group attached to the potato starch
chains which probably limited any possible interactions between starch and the hydrocolloids.

Gel strength decreased with an increase in hydrocolloid concentration. The viscoelastic properties
showed that an increase in hydrocolloid concentration increased the loss modulus (G”) of the starch
pastes. Hydrocolloids through intra and inter-molecular hydrogen bonds form extensive networks within
the continuous phase of the starch system. These networks entangle the leached amylose molecules
within the continuous phase thus making them unavailable for junction zone formation. As a result,
fewer junction zones are formed in the presence of CNF and MCC than with the control. This weakens
the starch gel structure formed in the presence of CNF and MCC thus forming gels with lower gel
strength.

In conclusion, the addition of CNF and MCC to starch increases the starch paste viscosity whilst
lowering gel strength. CNF (a nano-polymer) produces teff and maize starches that have more
pronounced paste viscosities and non-gelling properties than MCC (a micro-polymer). Therefore,
modified starch produced by the addition of MCC and CNF to starch is a possible “clean” and
environmentally safe replacement for chemically and physically modified starches in the food industry
because of their increased viscosity and non-gelling properties in food products such sauces and

mayonnaise.
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1. INTRODUCTION

Starch, a natural biopolymer produced by plants is commonly utilized as a major food component and
as a food additive in several foods as a thickener to enhance their texture, flow, and stability (Ma et al.,
2019). It is used mostly in sauces, dressings, soups, baking, and confectionery. On a commercial scale,
common starch sources include maize, wheat, tapioca, potato, and rice (Huang, et al., 2007). The major
shortcoming with the use of normal starch in food products is that it is adversely affected by shear stress,
acidic conditions, and heat treatment during processing which affects the stability of the final product
(Techawipharat et al., 2008). As a result, these limitations impede the use of normal starch in several
food products. To curb these limitations, native starches are usually chemically, physically, genetically,
or enzymatically altered to enhance their tolerance to the various processing conditions (BeMiller,
2011).

However, genetic and enzymatic modification of starches is costly, and several physical modification
techniques involve the use of high temperatures (above 100 °C) over a prolonged period which makes
make them energy-intensive and costly (Ma et al., 2019). Also, the production of chemically modified
starches involves the use of synthetic chemicals that generate a lot of industrial wastewater which makes
them an environmental hazard (Neelam et al., 2012). A new emerging green chemistry trend is
increasingly pushing for the use of techniques that use fewer synthetic chemicals and generate little or
no hazardous industrial waste (Anastas & Eghbali, 2010).

Hydrocolloids such as non-starch polysaccharides (NSP) from plant sources can be utilized in starch
modification with little or no industrial waste generated. Unlike physical starch modification methods,
hydrocolloids (other than starch) can modify the starch functional properties without the use of extreme
processing conditions of temperature and time. This potentially makes the use of hydrocolloids in starch
modification, cost-effective and energy-efficient (von Borries-Medrano et al., 2018). The use of
hydrocolloids can shield and/or stabilize starch granules against shear stress forces during processing,
enhance food product rheological properties, bind moisture, and avoid syneresis from taking place
(Baranowska et al., 2008).

Several NSP have been used to enhance starch pasting and gelling properties in different studies such
as gellan, carrageenan, guar gum, xanthan gum, carboxymethyl cellulose, and konjac (Chandanasree et
al., 2016; Shi & BeMiller, 2002; Huang et al., 2007; Ma et al., 2019). Starch interactions with other

1
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hydrocolloids are greatly influenced by the type of hydrocolloid used and the source of starch since the

different starches vary in the size of granules and microstructure (Techawipharat et al., 2008.).

A lot of research has been done on the use of the aforementioned hydrocolloids which reported that
indeed the addition of those hydrocolloids increased the peak and final viscosities of the starch system
(Song et al., 2006; Rosell et al., 2011; Linlaud et al., 2010; Shi & BeMiller, 2002). In addition to the
above findings, it was observed that hydrocolloids reduced the degree of granule rupturing which
consequently stabilized the granules against breakdown (BeMiller, 2011). This was attributed to the
hydrocolloid networks which surround the surface of the starch granule surface (Shi & BeMiller, 2002).
Even with the above findings, limited literature still exists on the interaction of teff, maize, and potato

starch with microcrystalline cellulose (MCC) and cellulose nanofibers (CNF).

MCC and CNF can be used in the starch modification process as an environmentally friendly substitute
and cost-effective alternative since they are derived from a readily available source (cellulose) (Ng et
al., 2015). MCC and CNF have different diameters: 50-200 um (Thoorens et al., 2014) and 1-100 nm
(Corréa et al., 2010) respectively. This difference in size enables them to exhibit different effects on the
systems they are applied to (Sekhon, 2010). They are readily available, renewable, and sustainable and
thus they represent a natural resource of incredible value in today's nanotechnology applications
(Techawipharat et al., 2008). CNF exhibits viscoelastic behavior which can enhance starch gelling
properties (Moberg et al., 2017). Also, the ability of both MCC and CNF to form highly viscous
dispersions even at low concentrations makes them ideal for the modification of starch in low glycemic
index foods (Franco & de Muniz, 2015).

The addition of hydrocolloids to teff, maize, and potato starches can improve the structural integrity and
overall functional properties of the starch. Therefore, the main aim of this project is to study the
interaction of microcrystalline cellulose (MCC) and cellulose nanofibers (CNF) as hydrocolloid sources
at different length scales with teff, maize, and potato starches during pasting.

© University of Pretoria



2. LITERATURE REVIEW

In this chapter, literature on the starch structure and composition, with special attention given to teff,
maize, and potato starch will be reviewed. The structure and properties of microcrystalline cellulose
(MCC) and cellulose nanofibers (CNF) will be discussed. Finally, the effects of starch-hydrocolloid
interactions on starch functionality and the research on the chemistry of these interactions are reviewed.

2.2 Starch

2.2.1 Starch granules

Starch is organized as granular structures. The structure varies from one plant species to another.
Typically, the size of starch granules of cereal grains can range from 1 um to 100 pum in size (Lindeboom
et al., 2004). Of the three starches discussed in this review, potato starch granules have the largest
granule size (50 — 300 um) followed by maize (15 - 30 um) and teff starch (2- 6 um) respectively (Table
2.1 & Figure 2.1). All three starches have a unimodal granule size distribution.

Table 2.1: Properties of teff, maize, and potato starch granules

Property Teff starch granules Maize starch granules Potato starch granules
Granule Size 2- 6 um 15-30 um 50 -300 pum
(Diameter) (Gebremariam et al., (Thomas & Atwell, 1999) (Baldwin et al., 1998)
2014)
Shape Polygonal Angular and spherical Lenticular
(Bultosa et al., 2002) (Whistler & BeMiller, (Horstmann et al.,
1997) 2016)
Size Distribution Unimodal Unimodal Unimodal
(Bultosa et al., 2002) (Peng et al., 2000) (Helle et al., 2019)
Amylose content  25-32 25-30 10-20
(%) Gebremariam et al., (Wang et al., 1993) (Qi & Tester, 2016)
2014)

The organization and structure of a starch granule are not completely understood but different models
have been suggested to explain it; namely, the blocklet model, fibrillar, and cluster models (Gallant et
al., 1997). Amongst the aforementioned models, the blocklet model is most commonly accepted (Pérez
et al., 2009).
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Teff starch granules Maize starch granules Potato starch granules
(Bultosa et al., 2002) (Whistler & BeMiller, 1997) (Jiang et al., 2010)

Figure 2.1: SEM images of individual starch granules from teff, maize, and potato starch respectively

According to the blocklet model, the structure of the granules is very hierarchical with several
concentric crystalline and semi-crystalline layers (Figure 2.2) that increase in diameter as they extend

further away from the center of the granule (hilum) towards the exterior.
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Figure 2.2: A schematic diagram of the blocklet showing the structural organization of the starch
granule (Zobel, 1988).
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The second level of organization is made up of a blend of soft and hard layers. These layers each have
blocklets that vary in size based on the layer of the starch granule they are located in. The crystalline

hard layer has large blocklets while the semi-crystalline layer has small sizes (Zobel, 1988).

At the molecular level, these blocklets are composed of alternating crystalline and amorphous lamellae
(Figures 2.2 and 2.3). The crystalline lamellae predominantly comprise amylopectin clusters while
amylose chains are mostly found in the amorphous part (Zobel 1988 b).

Effective surface

of starch granule
One blocklet
20nm
e
Mool oot ' ' X ) m
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S

Crystalline

Amylopectin side

%%@g% chain clusters
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Crystalline

Figure 2.3: Schematic diagram showing side-chain clusters forming the blocklet structures seen at the
starch granule surface (Pérez et al., 2009).

Starch is a plant polysaccharide comprising two polymers namely, amylose and amylopectin (Figure
2.4). Starch is isolated in structures known as granules (Pérez & Bertoft, 2010). These polymers are
mainly made up of glucose monomers linked together by a (1—4) glycosidic bonds and different
degrees of branching with a(l1—6) glycosidic bonds (Singh, 2011). Although starch is majorly
composed of amylopectin and amylose, it also has some minor constituents such as lipids, minerals,
proteins, and phosphoester groups (Jane, 2009).

CHOM a (1—-6) glycosidic bond

A o (1—4) glycosidic bond B -
o, CHOH & choH OHCI’ o (1—4) glycosidic bond
CH

s CHOH :

OH OH OH % .
6} (o) 6]
OH OH OH OH oo oRon -
OH OH OH

Figure 2.4: Amylose (A) and amylopectin (B) molecular structures respectively (Mua & Jackson,
1997).
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Amylose is essentially a linear polymer of glucose monomers containing mainly 99% o (1—4)
glycosidic bonds and less than 1% o (1—6) glycosidic bonds depending on the starch cultivars and
structure (Singh, 2011). Amylose tends to form both single and double helical structures (Figures 2.5
& 2.6) stabilized by intramolecular hydrogen bonds and Van der Waals forces (Oates, 1997).

The helices have a hydrophobic core due to the orientation of the CH groups on the inside of the helix
and a hydrophilic exterior due to the orientation of the hydroxyl groups on the outside of the structure
(Zobel, 1988). This helical structure facilitates amylose interaction with other molecules which can
influence the functionality of starch (Eliasson, 1994). The formation of amylose double helices via
junction zones has been reported to cause starch retrogradation and gelling (Chung et al., 2003).

Figure 2.6: Double helical amylose structure (Zobel, 1988).

Amylopectin is a majorly branched polymer comprising about 95% a (1—4) glycosidic bonds and
nearly 5 % o (1—6) glycosidic bonds also depending on the starch source (Tang et al., 2006). As a
result of the amylopectin branching, it forms clusters with three types of chains, namely, A, B, and C,
and alternating amorphous and crystalline regions as shown in Figure 2.7. Contrary to B chains, A
chains are typically shorter, located at the exterior of the clusters (Parker & Ring, 2001). At the reducing
end, amylopectin has C chains which have both long and short chains attached to it.
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Figure 2.7: Schematic diagram showing the arrangement of amylopectin into clusters (Hizukuri et
al., 1986)
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2.2.2 Starch wet heat processing

When starch is heated in the presence of adequate water, it undergoes several physical changes which
influence its functional properties (Sandhu & Singh, 2007). With the help of specialized equipment
and instruments, these processes can be measured and analyzed. For example, DSC (Differential
Scanning Calorimetry) can generally measure the thermal properties of starch to measure the
gelatinization temperature whereas a rheometer can be used to measure the pasting and retrogradation

properties.

2.2.2.1 Gelatinisation
The process of heating quickens the process by which water molecules enter the starch granule through
the surface pores into the amorphous channels which permeate the entire granule (Figure 2.8). With
adequate hydration and heating, the van der Waals forces and hydrogen bonds in the crystalline regions
are weakened causing the molecular collapse of the structure (Oh et al., 2008). The entry of water, and
breaking down of intermolecular hydrogen bonds leads to the loss of granule molecular order,

birefringence, and crystallinity.
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Figure 2.8: Schematic diagram showing the process of starch gelatinization (Knorr et al., 2006)

Generally, due to variations in starch granule attributes, the whole process of gelatinization occurs
over a range of temperatures (Parker & Ring, 2001). To monitor and/or determine the process of
gelatinization of the different starches, different methods can be used. Spectrophotometric techniques
such as Fourier transform infrared (FTIR), X-ray diffraction (XRD), and Nuclear magnetic resonance
(NMR) can be used to monitor molecular changes that occur during gelatinization (Karoui et al.,
2010). Microscopic examination of granules allows for the observation of the extent of swelling and
gelatinization, as well as the integrity and size of the swollen granules (Liu et al., 2009). Thermal
techniques such as Differential scanning calorimetry (DSC) have been used to monitor and measure

changes in heat flow due to crystallite melting as starches undergo gelatinization.

DSC is a popular method that has been widely utilized to determine gelatinization temperatures of the
different starches rapidly and conveniently (Kraugerud & Svihus, 2011). While using DSC, heating
temperatures are steadily increased which causes the starch granule crystalline regions to melt
(Ratnayake & Jackson, 2006). As a result, an endothermic peak is generated which represents the
amount of heat energy required to gelatinize that particular starch. By analyzing the endothermic peak
of the DSC thermogram, the onset, peak, and final or completion temperature of gelatinization can be

determined.

The gelatinization temperature ranges of teff, maize, and potato starch are 68-80 °C (Bultosa et al.,
2002), 60-79 °C (Narziss & Back, 2009), and 60-95 °C (Liu et al., 2009) respectively (Figure 2.9).
Higher gelatinization temperatures require higher energy to attain and thus an increased industrial or

processing energy cost (Sandhu & Singh, 2007).
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Figure 2.9: DSC curve of native teff starch (Nyakabau et al., 2013), maize starch (Juneja et al., 2014), potato starch (de Oliveira et al., 2018)
respectively.
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Figure 2.10: Pasting profile of native teff starch (Nyakabau et al., 2013), maize starch (de Oliveira Maior et al., 2020), potato starch (Lawton et
al., 1999) respectively.

© University of Pretoria



AN PRETORIA
F PRETORIA
| YA PRETORIA

<o<

2.2.2.2 Starch rheology

The pasting process involves the change in viscosity as a result of heat and water-induced starch
granule swelling (Kumar & Khatkar, 2017). During pasting, several soluble molecular components of
the starch granule such as amylose are exuded into the continuous phase. When starch granules are
heated within or above their gelatinization temperature range, they rapidly imbibe water causing them
to swell (Ratnayake & Jackson, 2006). Swollen granules reduce the inter-granular distance thus
reducing mobility within the system and this is reflected in the increased viscosity. This process is
referred to as pasting and it is a very essential step in the application of starches as thickening agents
(Berski et al., 2011).

During the pasting process, a phenomenon called gelatinization also occurs which involves the
irreversible loss of starch granule morphological order (Figure 2.8). Gelatinization occurs when starch
granules in presence of excess water are heated causing them to swell and the crystalline layers within
to melt (Chen et al., 2015).

After pasting, when the viscous starch solution is left to cool, its viscosity starts to increase again
forming a gel (Hoover et al., 1994). This is because of the re-interaction and rearrangement of amylose
molecules and linear chains of amylopectin via junction zones forming more crystalline and ordered
three-dimensional helical structures (Figure 2.11: ¢ & d) (Wang et al., 2015). The interaction is mostly
by hydrogen bonding.

During short and long-term retrogradation, the amylose molecules and linear chains of amylopectin
molecules re-associate and entangle themselves forming junction zones (Ye et al., 2016). The linear
nature of these chains enables them to rearrange easily via multiple inter and intra hydrogen bonds.
This form of molecular entanglement leads to the formation of the gel structure (Tsai et al., 1997) As
more of these bonds are formed, the gel structure becomes more compact causing the exudation of the

water that was entrapped within the starch system in a process called syneresis.

10
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Figure 2.11: Reassociation of amylose molecules and linear chains of amylopectin during
retrogradation (Wang et al., 2015)

Retrogradation time can range from several minutes to several days (Wang et al., 2015). Starches with
higher amylose content tend to form firmer gels because more molecular entanglements can take place
forming more crystalline structures (Li et al., 2019). Also, due to the high amylose content, more
junction zones can be formed giving the gel a firmer texture (Schrieber & Gareis, 2007).
Retrogradation is a key process in starchy food production that is monitored because it affects the

textural attributes and digestibility of the final food product. (Copeland et al., 2009).

A rheometer is one of those instruments that can be used to measure changes in the rheological
properties of starch pastes with regulated stirring and temperature conditions over time (Lagarrigue &
Alvarez, 2001). Using the pasting curves plotted by the rheometer, we can understand the changes that

occur during pasting and retrogradation (Figure 2.12).

With the help of a starch pasting curve, the pasting properties of that specific starch such as peak,
breakdown, final viscosities, pasting time, and temperature are determined. The pasting profile as a
function of temperature typically involves the heating phase followed by the holding phase and finally
the cooling phase. The starch pasting properties also change as the pasting profile transitions from one

phase to another (Karwasra et al., 2017).

11
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Figure 2.12: A generic pasting profile of starch (Rincén-Londofio et al., 2016).

As explained earlier, the pasting process starts during the heating phase in the presence of excess water
and is depicted by the sharp increase in viscosity. Starch gelatinization continues throughout the
temperature holding phase and is depicted by the increase in the breakdown viscosity as several starch
granules are rupturing at this stage. Finally, in the cooling phase, retrogradation starts to take place as
the amylose molecules rearrange to form junction zones. For most starches, this is depicted by the
increase in the setback viscosity.

Because of the uniqueness of the different starches and their chemical compositions, each starch has
a unique pasting profile (Figure 2.10). Potato starch normally has higher peak and breakdown
viscosities followed by maize and teff starch respectively (Horstmann et al., 2016). Potato starch has
a significantly higher concentration of bulky phosphate monoester groups covalently bonded with
glucose molecules than maize and teff starches (Schirmer et al., 2013). These bulky phosphate groups
create intermolecular spaces that can bind more water during pasting which increases the degree of

granule swelling. As a result, this increases the starch paste’s peak viscosity.

Furthermore, potato starch has the largest starch granules in comparison to maize and teff starch (Table
2.1). Large starch granules tend to have higher swelling power than smaller granules because the large
granules can absorb more water through their pores during the pasting process (Horstmann et al.,
2016). The presence of large starch granules in potato starch implies that it is very susceptible to

significant breakdown when exposed to continuous shear forces (Arendt & Bello, 2008).

12
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Using the rheometer, we can also determine the starch flow properties as they change with variations
in shear rate. After pasting, starch molecules tend to reassociate and entangle forming a thick mass or
paste. At zero or low shear rates, these entanglements remain intact which gives the starch paste a high
viscosity. The starch paste exhibits the upper Newtonian plateau because the viscosity remains

relatively constant (Aho et al., 2015).

As the shear rate increases, the formed molecular entanglements disentangle leading to a rapid
decrease in the paste viscosity (von Borries-Medrano et al., 2017). With a steady increase in shear
rate, most of the significant molecular associations amongst starch molecules are broken. Any further
shearing beyond this critical point starts to realign the breakdown starch components in the direction

of the shear. This whole process is referred to as shear thinning.

Eventually, as the shear rate increases further, the viscosity becomes constant again exhibiting a lower
Newtonian plateau (Figure 2.13). At this point, very limited molecular entanglements exist which

generally have no significant effect of the viscosity of the whole system.
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Figure 2.13: Schematic diagram showing the effect of shear rate on the viscosity (Aho et al., 2015).
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2.2.3 Factors affecting native starch rheological properties

2.2.3.1 Starch granule size

Differences in starch granule size can affect the pasting properties of native starch. Starches with larger
starch granules tend to form more viscous systems than those with smaller ones (Horstmann et al.,
2016).

Potato starch possesses large starch granules which ultimately increase the resistance to flow within the
continuous phase (Noda et al., 2006). The larger granules reduce the available inter-granular spaces for
mobility within the starch system which increases the molecular friction as they move against each
other (Figure 2.14).

This is reflected in the exponentially high viscosity of potato starch (Figure 2.10). Such properties are
very desirable for use as thickening agents in food products such as fillings, sauces, and soups (Zhang
etal., 2011).

Starch system with small granules Starch system with large granules

Large
inter-granule
spaces

Small
inter-granule
spaces

Figure 2.14: Schematic diagram illustrating the effect of starch granule size on the mobility within a
starch system (Own work).

2.2.3.2 Amylose content size

Generally, for short-term starch gelation to occur, leached amylose molecules have to rearrange to form
junction zones that form three-dimensional gel structures (Bultosa et al., 2002). The essentially linear
structure of amylose enables it to easily rearrange forming junction zones and molecular entanglements
during gelling. Therefore, the higher the amylose content, the more inter and intramolecular

entanglements that can occur and thus resulting in more rigid gel structures (Schrieber & Gareis, 2007).

As gels become firmer, gel strength increases, and consequently their storage modulus (G") also
increases (Panaras et al., 2011). Starches such as high amylose maize starch with higher amylose
14
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content tend to have high gel strength (Liu et al., 2019) (Figure 2.15). Also as discussed earlier, gel
formation is typical of retrogradation which may be undesirable in certain foods such as bread, sauces,

and cake because it leads to syneresis.

Gel strength (g)

Potato starch Maize starch High amylose
maize starch

Figure 2.15: Gel strength of potato, maize, and high amylose maize starch after 7 hours and 72 hours
of storage respectively (Kasemsuwan, 1995)

2.2.3.3 Starch modification

When subjected to typical processing conditions, native starch has limited functionality. In processes
that require the use of high processing temperatures, native starch has limited stability and can thus
easily break down (Eliasson, 2017). Also, native starch easily retrogrades upon cooling (Bao &
Bergman, 2004). As a result, native starch is modified to improve its versatility in food for industrial

food applications.

Physical and chemical methods of starch modification are commonly utilized to address the limitations
of native starch (Table 2.2). Physical methods such as radiation, hydrothermal treatment, and pre-
gelatinization have been used to improve starch solubility in cold water and consistency (Ashogbon &
Akintayo, 2014). Although physical starch modification methods are generally regarded as safe and
simple, those that involve heat treatment and mechanical modification can be energy-intensive making
them costly. Chemical starch modification methods such as oxidation, etherification, or esterification

can also be used to retard retrogradation and syneresis in starches (Satrapai & Suphantharika, 2007).

15
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Table 2.2: Effect of chemical and physical modification methods on starch functional properties

Method Effect on functional properties
Chemical Esterification and Improved shear and thermal stability.
etherification Retard retrogradation (BeMiller & Whistler, 2009)
Oxidation Retard retrogradation. Increased solubility (Han et al.,
2005)

Physical  Hydrothermal treatment Improved shear and thermal stability and paste viscosity
(Lim et al., 2003).

Pre-gelatinization Improved cold water solubility and granule swelling
(Lawal, 2019)
Annealing Increased starch granule size.

Improve thermal stability (Krithika & Ratnamala, 2019)

Although chemical modification methods can enhance starch functional properties, the use of chemicals
in starch modification can be quite expensive and raises a lot of health concerns from consumers (Zia-
ud-Dinetal., 2017; Gill et al., 2018). As a result, less costly and hazardous starch modification methods
such as the use of organically sourced food additives are being investigated and utilized to create safer

food options.

2.2.3.4 Additives

Common food additives used in starchy foods usually include such as proteins, salt, lipids,
hydrocolloids, etc, which can influence its behavior (Furia, 1973). These additives tend to interact with
starch components such as amylose chains and/or can also coat the starch granules thus affecting the

degree of granule swelling and amylose leaching (BeMiller, 2011).

From Table 2.3, the addition of proteins, salts, and hydrocolloids has generally been reported to increase
the peak and final viscosity of starches (Alloncle et al., 1989; Bahnassey & Breene, 1994; Sudhakar et
al., 1995; Biliaderis et al.,1997; Baranowska et al., 2008; Zhang et al., 2018). This is partly attributed
to the hydrophilic nature of these additives which improves the water-binding capacity of the starch
system (Mahmood et al., 2017). This increases the swelling power of the starch granules which also
makes the starch system more viscous. These hydrophilic additives have also been reported to reduce

16
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the rate of starch short-term retrogradation by interacting with amylose molecules making it unavailable

for gel formation (Baranowska et al., 2008).

Hydrophobic additives such as fatty acids have also been reported to increase the peak viscosity
(Wokadala et al., 2012; D*Silva et al., 2011). In a study by Maphalla and Emmambux (2016), the
addition of stearic acid to maize and teff starch increased the final viscosity of the starches and this was
attributed to the formation of amylose-lipid complexes.

Given that most previous studies have focused on the effect of singular additives on the rheological
properties of individual starches, there is more work to be done to understand the synergistic effect of
combining multiple additives in a single starch system. This synergism could amplify the effects of the

individual additives when used simultaneously within a starch system.

There is also extensive literature on hydrocolloid and starch interactions because they can be
organically sourced to create a food-safe starch-modification alternative. However, several of the
hydrocolloids studied are not readily and commercially available and thus an unsustainable alternative.
On the other hand, cellulose is a readily available biopolymer from plant sources and can thus be
utilized to produce cellulose derivative hydrocolloids as a sustainable and environmentally friendly
alternative. Some cellulose derivative hydrocolloids such as carboxymethylcellulose and
methylcellulose have already been used in other studies to modify starch rheological properties (Table
2.6).

There is more room to further explore and understand the effects of other cellulose derivate

hydrocolloids on the different starches and their functional properties.

17
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Table 2.3: Effect of food additives on the rheological properties of different starches.

Type of Reference Starch Additive (s) Important findings
Additive (s) used
Luetal, 2012 Maize Lysine The addition of lysine decreased the pasting temperature and setback
Proteins Glycine viscosity while peak viscosity, breakdown, and swelling power increased.
Glycine has no significant effect on the pasting properties of maize starch.
Loss modulus and tan delta of maize starch increased in the presence of
lysine and glycine.
Salts Samutsri & Rice Sodium chloride  The addition of sodium and calcium chloride significantly increased the
Suphantharika, Calcium chloride peak, breakdown, and final viscosities of rice starch. The pasting
2012 temperature was also increased in the presence of salts.
Lipids Singhetal., 2002 Maize Myristic acid Stearic acid addition decreased the peak elastic modulus of maize starch but
Potato Stearic acid increased that of potato starch. Myristic acid addition to both maize and

potato starch decreased the peak elastic modulus.
Syneresis decreased with the addition of both fatty acids.

Hydrocolloids

Maet al., 2019 Maize konjac The addition of KG increased the peak, breakdown, and final viscosity.
glucomannan Maize starch treatment with KG also increased storage and loss modulus.
(KG)

Funami et al., Wheat Guar gum, tara Each polysaccharide increased the peak & setback viscosity of wheat starch

2005 gum, locust bean  while the pasting temperature was lowered.

gum & konjac After storage at 4 °C for 24 hours, the tan delta of the starch pastes increased

glucomannan significantly.
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2.3 Cellulose derivative hydrocolloids

Cellulose is one of the most available biopolymers primarily consisting of B-d-glucopyranose units
bonded together by p—1,4-glycosidic bonds (Shen et al., 2010) (Figure 2.16). It is formed mainly in
plant cell walls, some bacteria, and algae through photosynthesis. Cellulose has found use in the food

industry because of its abundance, availability, renewability, biodegradability, and ease of recycling

(Pennells et al., 2020) i
H 0 O\
H
OH H
H
H OH

n
Figure 2.16: Molecular Structure of cellulose (Nsor-Atindana et al., 2017).
2.3.1 Production of cellulose derivative hydrocolloids.
Cellulose derivative materials are often produced from wood pulp as the main raw material. Wood
constitutes approximately 40-50 wt % cellulose, of which half of it exists in nanocrystal form and the
other half in the amorphous form (Dufresne, 2013). As a result of the strong cellulose Intra and
intermolecular hydrogen bonding, it is very resistant to several processing conditions (Vilarinho et al.,
2018).To utilize cellulose more in food applications (Table 2.4), it is often physically and/or chemically
modified with mineral acids and bases to produce cellulose derivative hydrocolloids. Cellulose
derivatives are mainly categorized into two groups namely; cellulose ethers and esters (Figure 2.17)
(Osorio et al., 2020).

Cellulose

Cellulose ethers Cellulose esters

Methylcellulose Carboxymethyl Cellulose acetate- Cellulose acetate-

cellulose propionate butyrate

Ethylcellulose Hydroxypropyl

methylcellulose Cellulose

acetate
Micro cellulose hydroxypropyl
cellulose
Nano cellulose

Figure 2.17: Main forms of cellulose derivatives (Own work)
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Table 2.4: Common food applications of cellulose derivatives.

Food applications Cellulose derivative

e Thickening agent in pie fillings and Methylcellulose (Osorio et

seasonings al., 2020)

e Anti-crystallization agent in ice-cream Carboxymethyl cellulose

e Emulsion stabilizing agent (Teixé-Roig et al., 2018)

e Water binding agent in bread Hydroxypropyl cellulose

(Onyango et al., 2009)

Cellulose e Film-forming agent in flavor Ethylcellulose (Yang et al.,
ethers encapsulation 2014)

e Anti-caking agent in flours and spices Micro cellulose (Ventura-

e Texturizers in soft candies and sour cream Cruz & Tecante, A., 2021)

e Stabilizing agent and a functional food Nanocellulose (Serpa et al.,
ingredient as dietary fiber and to reduce 2016)

the caloric value of food

Generally, cellulose ethers are the main group of cellulose derivatives utilized in the food industry
(Tosh, 2014).

Cellulose esters are formed when cellulose-rich material (such as cotton linters) is treated with acetic

acid and acetic anhydride in the presence of sulfuric acid acting as a catalyst (Wang et al., 2018).

Generally, most cellulose ethers are produced by treating cellulose (from wood pulp or cotton linters)
with sodium hydroxide followed by alkyl halide or an epoxide (Hon, 2001). During these chemical
reactions, hydroxyl groups attached to the cellulose chains are substituted by ether groups (Gelardi et
al., 2016).

For purposes of this review, the individual processes involved in the production of the following
cellulose ethers (microcrystalline cellulose, cellulose nanocrystals, and fibers) are illustrated in the flow

diagrams below (Figures 2.18-20).
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Figure 2.18: Microcrystalline cellulose production from wood pulp (Katakojwala & Mohan, 2020).
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Figure 2.19: Cellulose nanofiber production from woody biomass using a mechanochemical method
(HCW = hot-compressed water) (Moon et al., 2013).
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Figure 2.20: Cellulose nanocrystals (CNC) production from woody biomass using acid hydrolysis
method (Thompson et al., 2019).

2.3.2 Properties of microcrystalline cellulose (MCC), cellulose nanofibers (CNF), and cellulose
nanocrystals (CNC)

All these cellulose derivatives possess similar cellulose properties such as odorless, low density, high
surface-area-to-volume ratio, and biodegradability (Du et al., 2016; Chaerunisaa et al., 2019). Both
MCC and CNC are crystalline while CNF is fibrous in structure (Figure 2.21). Other properties of
MCC, CNC, and CNF are summarized in the table below.

Table 2.5: Properties of microcrystalline cellulose, cellulose nanocrystals, and fibers

Property Microcrystalline cellulose  Cellulose nanocrystals Cellulose nanofibers
Structure Crystalline Crystalline Fibrous
(37-93%) (70-85%) (Ansari & Berglund, 2016)
(Rasheed et al., 2020; (Ciolacu, 2018; Xu et
Terinte et al., 2011) al, 2013).
Morphology Particulate Needle-like structures  Highly entangled, web-like
(Thoorens et al., 2014) (Xu et al, 2013) structures (Xu et al, 2013)
Particle size 50 — 200 um 50-200 nm 1-100 nm
(Diameter)  (Thoorens et al., 2014) (Xu et al, 2013) (Corréa et al., 2010)
Particle Size  250-500 pum (Kian et al., 100-600 nm (Islam &  0.5-2 pm (Ansari &
(Length) 2020) Rahman, 2019) Berglund, 2016).
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Microcrystalline cellulose Cellulose nanocrystals Cellulose nanofibers
(Ioelovich & Leykin, 2008) (Xuetal., 2013) (Horikawa et al., 2020)

Figure 2.21: SEM of microcrystalline cellulose and cellulose nanocrystals and fibers

2.4 Effect of modification of starch with cellulose derivative hydrocolloids on its rheological
properties

For purposes of this literature review, starch modification with cellulose-based hydrocolloids will be

discussed with emphasis on their effect on pasting, gelling and visco-elastic properties.

2.4.1 Pasting properties
Table 2.6 indicates that the modification of starches with cellulose derivative hydrocolloids generally
increases the peak and final viscosities of the starches. The pasting time and temperature of starches

are however reported to decrease generally in the presence of cellulose derivative hydrocolloids.

The pasting properties of starch are influenced by both the components of the continuous and dispersed
phase and how they interact with each other (Rao & Tattiyakul, 1999). The continuous phase contains
the water solubilized hydrocolloid and leached amylose molecules while the dispersed phase comprises

suspended starch granules and “ghosts” (Figure 2.22).

Starch
Leached granules
amylose
Starch Hydrocolloids
“ghosts”

Continuous
water phase

Figure 2.22: Orientation of the different components in the starch system during pasting (Own work).
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According to Diaz-Calderon et al. (2018), pasting maize starch with cellulose nanofibrils increased the
peak, breakdown, and final viscosity of the starch while the pasting temperature of the starch decreased
with the addition of the hydrocolloid. Hydrocolloids in the presence of water form inter and
intramolecular hydrogen bonds within the continuous phase of the starch system (Chaisawang &
Suphantharika, 2005). These bonds form a network of intertwined and entangled hydrocolloid polymers
that trap starch granules within the continuous phase thus increasing the overall starch system viscosity
(Song et al., 2008). These same networks have been reported to surround the surface of the starch
granules thus reducing the rate at which granules rupture (Funami et al., 2005). Swollen and unruptured
starch granules reduce the effective space within the continuous phase to reduce molecular mobility.

This eventually leads to an increase in paste viscosity and a drop in pasting temperature.

Similar behavior was observed in other studies (Table 2.6) such as Rojas et al. (1999) when HMPC
was added to wheat starch leading to an increase in peak viscosity. Also, Mukprasirt et al. (2002)
reported an increase in peak and final viscosity of rice starch when methylcellulose was added. This
was again attributed to the highly viscous nature of methylcellulose which lead to the formation of
interlinked hydrocolloid networks within the continuous phase. As a result, there is an increase in the

overall viscosity of the rice starch.

Several researchers have proposed an interaction between leached amylose and hydrocolloids as
another contributing factor to the increase in peak and final viscosities when hydrocolloids are added
to starches (Bahnassey & Breene, 1994; Satrapai & Suphantharika, 2007; Funami et al. 2005).
However, Yoshimura et al. (1988) and Tran et al. (2008) were opposed to the occurrence of such
interactions. In Yoshimura’s study, the treatment of maize starch with konjac-glucomannan
significantly inhibited syneresis which meant that the hydrocolloid interacted with the free water

within the continuous phase rather than the starch components.
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Table 2.6: Summarized studies on the effect of hydrocolloids on the pasting and gelling properties of different starches.

Starch Reference Starch(es) used Cellulose Derivative Important findings
Properties Hydrocolloids Used
Rojas et al., 1999 e \Wheat e Hydroxypropyl Pasting time and temperature decreased
methylcellulose while the peak viscosity increased.
(HPMC)
Shi & BeMiller, 2002, e Maize e Carboxymethylcellul Peak viscosity of all the starches increased
o Rice ose (CMC) in the presence of hydrocolloids except
e HPMC for potato starch which decreased when
e \Waxy maize CMC was added to it.
e Tapioca
Pasting e Potato
properties e Wheat
Mukprasirt et al., 2002 e Rice e MC There was a significant increase in peak,
breakdown, and final viscosities.
Cuietal., 2018 e Maize e Cellulose CNC slightly increased the peak viscosity
e Sweet potato nanocrystals (CNC)  of both starches.
Diaz-Calderdn et al., 2018 e Wheat e Bacterial cellulose The addition of cellulose nanofibrils
e Maize nanofibrils increased the peak, breakdown, and final

viscosity of wheat and maize starch.

© University of Pretoria
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However, the pasting temperature

decreased.

Kohyama & Nishinari, Sweet potato e MC MC slowed retrogradation forming soft
1992 gels.
Eidam et al., 1995 Maize e CMC CMC accelerated gelation. Increased gel
strength.
Cuietal., 2018 Maize e CNC CNC inhibited short-term retrogradation
Gelling Sweet potato of both maize and potato starch.
Properties  Xuetal., 2019 High amylose e MCC The addition of MCC to high amylose
maize starch maize starch increased gel hardness.
Eidam et al., 1995 Maize e CMC CMC increased loss modulus (G") and
Visco-elastic lowered storage modulus (G")
properties Techawipharat et al., 2008 Rice e MC The addition of these hydrocolloids
Waxy rice e CMC increased the tan delta values of rice
e HPMC starch.
Tan delta values of waxy rice starch were
unchanged with the addition of
hydrocolloids.
Xiong et al., 2017 Wheat e MCC Tan delta values increased with the
e CMC addition of MCC and CMC.

© University of Pretoria
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However, both the G’ and G” decrease
with the addition of MCC and CMC. A
slight insignificant increase in G’ and G”
was observed as hydrocolloid

concentrations increased from 5% to 10%.

Cui etal., 2018

e Maize e CNC

e Sweet potato

An increase in the concentration of CNC
from 0% to 10% increased the tan delta
and decreased the G' of maize and potato

starch.

© University of Pretoria
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In a study by Tran et al. (2008) on the effect of xanthan and carboxymethyl cellulose (CMC) —cassava
starch modifications on the amount of freezable water in starch gels, a linear decrease in the amount of
freezable water as the hydrocolloid concentration was observed. He thus concluded that there existed no
probable interactions between the CMC, xanthan gum, and cassava starch components. This suggests

that indeed not all hydrocolloids will probably interact with starch molecules.

Although generally, some studies (Diaz-Calderon et al., 2018; Mukprasirt et al., 2002) report an increase
in starch breakdown viscosity in the presence of cellulose derivative hydrocolloids, a study by Gularte
and Rosell (2011) reported a decrease in breakdown viscosity of maize starch when modified with CMC
and HPMC. This was attributed to the probable surrounding of the maize starch granules with CMC or
HMPC hydrocolloid fibrils during pasting which stabilized the starch granule structure. There is limited
microscopy-based research that has been done to understand and confirm the effect of hydrocolloids on

the microstructure of starch granules and the interactions thereof during the pasting.

Every hydrocolloid influences starch pasting properties uniquely based on the chemical structure, ionic

charge, concentration of the hydrocolloid used, and nature of starch (Ptaszek & Grzesik, 2007).

Shi and BeMuiller, (2002) reported a decrease in peak and final viscosities when carboxymethylcellulose
(CMC) was added to potato starch. It was suggested that there is highly probable that molecular repulsive
forces are in play thus inhibiting the interaction between potato starch and CMC (Yuris, 2018). Potato
starch and CMC have negatively charged side chains because of the presence of phosphate and carboxyl
groups respectively (Figure 2.23). This further proves that the properties of the hydrocolloid used can

influence the pasting properties of native starch, but also depend on the source of starch.

CH, OH
H 0 0 H
H OH H
J OH H H
H H 0 (
H o OH CHy

CMC with carboxyl groups

Potato starch with phosphate groups

Figure 2.23: Chemical structures of potato starch and carboxymethylcellulose (CMC) (Zhao, 2007)

28

© University of Pretoria



Several studies have reported before that hydrocolloids are hydrodynamically and/or thermodynamically
incompatible with other hydrocolloids thus leading to phase separation (Alloncle & Doublier, 1991;
Ahmed & Williams, 2001; Lui et al., 2003; Ravindran & Matia-Merino, 2009). Phase separation tends
to favor interaction between or amongst molecules that are similar and like polymers (Kim et al., 2006).
As a result, addition of a less solvent polymer to a starch polymer solution can lead phase separation
(van Langenhove, 2015). This is caused by the mutual exclusion of each polymer from the local domain
of the other causing their effective concentrations to increase within their respective domains
(Dickinson, 1998).

The conditions that facilitate phase separation vary amongst polymers. The structural conformation,
molecular size and chemical composition of a biopolymer influence their thermo/hydrodynamic
compatibility with starch macromolecules (Grinberg & Tolstoguzov, 1997). Branched polymers and
those with large side groups tend to experience steric hindrance which limits their interactions with
starch polymers within the system thus leading to phase separation (Cirillo et al., 2015). Also, the
presence of charged groups on the polymer chain can adversely affect its association with starch
polymers that have similar charges leading to electrostatic repulsion (Shalviri et al., 2010). This
phenomenon has been reported in several studies where xanthan gum (anionic) has been added potato
starch which has negatively charged phosphate groups covalently bonded to its polymer chains (Cai et
al., 2011; Petri, 2015). These factors can influence the thermodynamic compatibility of the different
hydrocolloids with starch biopolymers and can thus potentially lead to phase separation (Ptaszek et al.,
2015).

Generally, polymer-polymer thermodynamic compatibility means that two or more polymers exist
within the same phase and the more miscible the polymers are within a system, the more
thermodynamically compatible they are (David, 1996). In a thermodynamically compatible polymer-
polymer system, favorable interactions take place which can facilitate miscibility and phase stability
amongst the polymers and vice versa if the polymers are thermodynamically incompatible (Olabis,
2012). Such interactions that can take place amongst thermodynamically compatible polymers can

include but are not limited to: hydrogen bonding, dipole-dipole, ionic or covalent bonding, etc.

Similarity in chemical structures facilitates thermodynamic compatibility amongst polymers which
enables polymers to associate with each other within the system (Eidam et al., 1995). For example, the
presence of “free” hydroxyl groups on the amylose polymer chains enables it form hydrogen bonds with

several hydrocolloids and exhibit miscibility and increased starch paste viscosity (Lui et al., 2003).
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Depending on the nature of biopolymers in the system, phase separation normally occurs in two different

forms namely: associative and segregative phase separation (Fang et al., 2006) (Figure 2.24).

In associative phase separation, polymers interact with each other via attractive interactions
concentrating the polymers in one phase and the other phase containing mainly the solvent which creates
a clear two-phase system (Pathak et al., 2017). The attractive interactions between polymers in
associative phase separation can include; hydrogen bonding, Van der Waals forces, electrostatic and
hydrophobic interactions, etc. (David, 1996). As a result of these interactions, polymers tend to form
complexes which may either be soluble or insoluble (Pathak et al., 2017). Christianson (1982) reported
the formation of complexes between guar gum and amylose polymers due to hydrogen bonding when

the gum was added to wheat starch which led to associative phase separation.

On the other hand, segregative phase separation occurs when polymers as a result of repulsive forces are
separated into two different phases (Pathak et al., 2017). The repulsive forces can exist between
polymers with similar charges or nonionic polymers (Gupta et al., 1999). According to Cai et al. (2011),
as a result of the existence of similar (negative) charges between xanthan gum and potato starch,
electrostatic repulsions occurred within the potato starch-xanthan gum system which led to segregative

phase separation in the microstructure.

e —— Y —— Y ——
One phase Two phase One phase Two phase
1;3? o <) Polymerl
Ly ) 2

){39 7{39 ‘ RRF v S
P R 50| | g

) — Polymer 2
9 9}{? ' i NI
7;3 %\SQ :: ) s }i:} :&
9 $ ¥s
&y WG e L) &2
Associative Segregative

Phase separation  Phase separation

Figure 2.24: Schematic diagram showing the difference between associative and segregative phase
separation (Chun et al., 2014)

Generally, the term thermodynamic incompatibility between polymers is used to indicate the separation
of polymers into two different aqueous phases with one phase being rich in one of the polymers and the
other phase rich in the other polymer (Pathak et al., 2017).
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2.4.2 Gelling and viscoelastic properties

According to Cui et al. (2018), the addition of cellulose nanocrystals to maize and potato starch inhibited
gelation and short-term retrogradation thus forming gels with lower G' and increased tan delta values
(Figure 2.25). Also, Xiong et al. (2017) a significant increase in tan delta values of wheat starch when
treated with MCC and CMC. The process of short-term retrogradation is greatly dependent on the
availability of amylose molecules and their ability to form junction zones without which the gelation

process is inhibited or retarded.

a b
350 0.1 o 0% ONC
e 2% CNC
0.09
300 a- 4% CNC
0.08 v 6% ONC
i 0,07 « 10% CNC
0% CNC
2 -
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= v 6% CNC 8 0.054
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Figure 2.25: Effect of cellulose nanocrystals on storage modulus and loss tangent of normal maize (a,
b) respectively (Cui et al., 2018).

In a study by Smitha et al. (2008), it was reported that when wheat starch was pasted with HPMC and
CMC, the surface of the granules was surrounded by the hydrocolloid networks thus reducing the rate
at which starch granules ruptured and consequent amylose leaching. As a result, the amylose content
within the continuous phase is reduced which retards the process of short-term retrogradation. Also,
earlier suggestions of hydrocolloid-leached amylose interactions imply a limited availability of amylose
molecules for gelation. The formation of a hydrocolloid network within the continuous phase has been
proposed to entangle leached amylose preventing them from effectively forming junction zones.
Therefore, in the presence of certain hydrocolloids, starch gel strength is weakened. When non-starch
polysaccharides were added to wheat starch, Sasaki et al. (2000) concluded that hydrocolloids can bind
moisture within the food system. This can be beneficial in starch food products that are susceptible to

syneresis.

However, when MCC was added to high amylose maize starch, the gel strength was significantly
increased (Xu et al., 2019). High amylose maize starch possesses an amylose content of at least 50-90%
which increases the amount of leached amylose molecules available for gel formation (Sasaki et al.,
2000; BeMiller, 2011). Liu et al., 2003 also observed an increase in gel strength and hardness when

yellow mustard mucilage (YMM) was added at (0.2, 0.5, and 0.8%, w/w) to rice and wheat starches.
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This was attributed to the probable crosslinking between YMM and leached amylose molecules forming
junction zones which made the gel structure more elastic. Panaras et al. (2011) proposed that the increase
in the storage modulus (G") may not necessarily reflect retrogradation but maintenance of the viscous
profile initiated by the addition of the hydrocolloid within the continuous phase.

2.5 Potential food applications of hydrocolloid modified starches.

The ability of hydrocolloid modified starches to form highly viscous systems can be employed in the
production of thickening agents to be used in foods such as sauces, fillings, and soups (Winuprasith &
Suphantharika, 2015). Hydrocolloid modified foods can form intermolecular networks which can be
used to encapsulate key ingredients and flavors. Also, their ability to inhibit retrogradation can be
utilized to prevent staling in baked food products and gravies (Franco, 2015). Due to their soft gels,
hydrocolloid-modified foods can be utilized as fat replacers in low glycemic index foods (Corréa et al.,
2010). Finally, their ability to influence texture through viscosity enhancement can be employed in the
dairy and meat industries to improve the succulence of the final products (Abdel-Aal & Gallagher,
2009).

2.6 Concluding remarks
The literature on the interaction of potato and maize starch with hydrocolloids exists. However, no
extensive research has been done on the interaction of teff with cellulose-based hydrocolloids and most

especially microcrystalline cellulose and cellulose nanofiber.

e The modification of native starch with hydrocolloids increases paste viscosity which has been
attributed to the hydration of the hydrocolloids thus forming an initial viscous network and the
interaction of the leached amylose and hydrocolloids.

¢ Also, several hydrocolloids reduce gel strength which signifies a reduction in retrogradation. This
has been attributed to the surrounding of the starch granules by the hydrocolloid polymers which
reduces the rate of granule rupture. Thus, fewer amylose molecules are available for gel formation.
The entanglement of the leached amylose molecules within hydrocolloid networks has been
suggested to retard retrogradation.

¢ Although several studies have been undertaken to understand the effect of several hydrocolloids on
the functional properties of the different starches, there is very limited literature on the cellulose
nanofiber and its effect on starch rheological properties.

o Therefore, this research investigated the effect of microcrystalline cellulose and cellulose nanofiber

on the rheological properties of teff starch in comparison to that of potato and maize starch.
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3. HYPOTHESIS AND OBJECTIVES

3.1 Hypothesis

The addition of microcrystalline cellulose (MCC) and cellulose nanofibers (CNF) to teff, maize, and
potato starch will increase the peak and final viscosity and decrease the gel strength of the starches.
When added to the starches, hydrocolloids form a network within the continuous water phase via inter
and intramolecular hydrogen bonding around the starch granules leading to the initial increase in paste
viscosity (Pongsawatmanit & Srijunthongsiri, 2008). Due to the large starch granule size of potato
starch, it will have the highest peak and final viscosity when modified with MCC and CNF (Horstmann
et al., 2016). As shearing continues, some of the starch granules are ruptured causing more amylose to
be leached into the continuous water phase. Some of the leached amylose molecules interact with the
hydrocolloids via hydrogen bonding forming a network that contributes to the overall increased final
viscosity (Funami et al., 2005). When the leached amylose molecules interact with the hydrocolloids,
there is a reduced number of available amylose molecules and as a result, fewer junction zones are
formed which are necessary for gel formation (Bahnassey & Breene, 1994). Junction zones are formed
when amylose molecules rearrange themselves to form a three-dimensional structure leading to a gel-
like structure (Williams, 2007). As a result, the presence of hydrocolloids in the starch system will

reduce the overall gel strength.

CNF will form more viscous starch systems than MCC. As discussed earlier, the interaction between
the leached amylose and hydrocolloids in the continuous phase contributes greatly to the formation of a
viscous starch system. Both amylose and CNF exist in nano-dimensions and will most probably form
more hydrogen bonds leading to a more viscous starch system than that with MCC (Bertoft, 2017). Also,
CNF exists in a fibrous nature which enables it to trap more disintegrated starch granule debris and
leached amylose molecules thus forming a more viscous system (Corréa et al., 2010). The fibrous nature
of CNF forms extensive networks within the continuous phase thus increasing the resistance to flow

within the starch-hydrocolloid system.

By the same aforementioned principle, starches pasted with CNF will form weaker gels than those with
MCC. The highly fibrous nature created by the cellulose nanofibers inhibits the amylose rearrangement
process necessary for gel formation. Generally, for short-term retrogradation to occur, amylose
molecules have to rearrange forming a three-dimensional structure that leads to a gel (Huang et al.,

2007). Cellulose nanofibers can not only trap amylose molecules but also interact with them more
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effectively via hydrogen bonding than microcrystalline cellulose thus rendering the amylose unavailable

for the gel formation process (Dufresne, 2013). This characterizes steric hindrance.

Teff starch treated with MCC and CNF will also show more resistance to shear in terms of less granular
breakdown during pasting in comparison to maize and potato starch. Linlaud et al (2010) reported that
during starch pasting, hydrocolloids form networks around starch granules via hydrogen bonding
causing them to swell without immediately rupturing. Possibly due to the small surface area of the teff
starch granules, hydrocolloids can easily form networks around the teff starch granules via hydrogen
bonding thus stabilizing its structure better. Unlike teff starch, maize and potato starch granules due to
their large surface area will require more hydrocolloid polymers to form networks around them and

stabilize their granules and they will thus undergo the largest breakdown.

Starches that undergo long pasting will show a more pronounced increase in final viscosity than those
that are short pasted. During long pasting, more starch granules undergo structural breakdown, and thus
more amylose is leached into the continuous water phase (Chandanasree et al., 2016). The more leached
amylose molecules present in the continuous phase; the more interactions that are likely to occur with
the hydrocolloids. Molecular entanglement between the hydrocolloid and amylose occurs as a result of
intermolecular hydrogen bonding which leads to the formation of the network within the system
(BeMiller, 2011). This network increases the resistance to flow within the continuous phase which can

be reflected in the more pronounced increase in final viscosity.

3.2 Objectives

To determine the effects of MCC and CNF on the pasting, gelling, and microstructure properties of
commercial teff, maize, and potato starch with the aim of producing various ‘clean label’ starches for

different applications.
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4. MATERIALS AND METHODS

4.1 Experimental design
Figure 4.1 shows the experimental design of the research. Teff, maize, and potato starches with and
without hydrocolloids treatment (microcrystalline cellulose (MCC), cellulose nanofibers (CNF)) were

be pasted to determine the pasting properties. The gelling properties were then be determined. The

pastes were also be analyzed for their microstructure and nanostructure.

Treatments
0%, 0,1%, 0,55%, 1%, 2%, 5% w/w of
microcrystalline  cellulose  (MCC), cellulose

nanofibers (CNF) to teff, maize and potato starches

\4

Pasting

10% w/w solid in water

90 °C for 10 mins for short pasting and 2 hours for extended

Figure 4.1: Experimental design of the research project
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4.2 Materials

Microcrystalline cellulose Avicel® (MCC) was purchased from Food Machinery and Chemical
Corporation (FMC) (Shanghai, China). Cellulose nanofiber (CNF) was donated by the Sappi
Group (Johannesburg, South Africa).

Commercial maize starch (Amyral©) and potato starch were procured from Tongaat hullet®
(Edenvale, South Africa). Teff starch was extracted from Witkop, a white teff variety purchased

from Pannar (Kroonstad, South Africa).

4.3 Methods

4.3.1 Addition of hydrocolloids to starch
The different hydrocolloids (MCC and CNC) at different concentrations (0% as control, 0,2%,
0,5%, 2%, 5% wi/w) were first be solubilized separately in warm distilled water at 50 °C and then

added to a starch suspension to form a homogenous dispersion.

4.3.2 Teff starch extraction

The method described D’Silva (2009) was used to extract the teff starch with some modifications
from Bultosa et al. (2002). Teff grains were sieved first to remove foreign particles and then milled
using a hammer mill to pass through a 500 um screen. The resultant flour was then defatted thrice
with hexane using a ratio of 1-part flour to 3 parts hexane and stirred at 25 °C for 1 hour. At the
end of every defatting stage, the flour and hexane were filtered and the defatting process was
repeated with fresh hexane. In the final stage, the residual hexane in the flour was then evaporated
off under the fume hood. The defatted flour was then suspended in distilled water in a ratio of 1-
part flour to 5-parts distilled water and wet-milled using a Retsch Mill ZM 200 (Haan, Germany)
with a 250 mm opening screen, followed by sieving (to remove the fibrous components in the
flour) with 75 pum and 38 um hand sieves sequentially and centrifuged (to remove the insoluble
protein) at 8000 rpm for 10 min at 25 °C. The supernatant was decanted off after centrifuging and
the brown protein layer was scraped off using a spatula. The remaining starch pellet was
resuspended in distilled water and centrifuged, the supernatant was decanted off and the brown
layer was scraped off. This process was repeated until a white starch pellet remained. The white

starch pellets were thereafter freeze-dried.
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4.3.3 Raw material characterization

The moisture, protein, and ash contents of teff, maize, and potato starch were determined using
the American Association of Cereal Chemists (AACC) methods 44-15A, 46-30, and 08-01
respectively. Teff starch moisture, protein, and ash contents were 3.36%, 1.37%, 0.18% (dry basis)
respectively. Maize starch moisture, protein, and ash contents were 14%, 0.14%, and 0.93% (dry
basis) respectively. Potato starch moisture, protein, and ash contents were 16%, 0.10%, and 1.1%

(dry basis) respectively.

4.4 Analyses

4.4.1 Pasting properties

Physica MCR 101 Rheometer, (Anton Paar, Graz, Austria) with Rheoplus software® was used to
determine the pasting properties with the Toolmaster ™ measuring system (ST24-2D/2V/2V-30).
The 10% (w/w) starch and hydrocolloid mixtures were suspended in distilled water to make a total
volume of 16g according to Maphalla and Emmambux (2015). The pasting cycle began with an
initial stirring of 960 rpm at 50 °C for 30 seconds and then 160 rpm for the entire period thereafter.
The temperature was increased to 90 °C at a rate of 5.5 °C/min and held at this temperature for 30
minutes for short pasting and 2 hours for extended pasting. The pastes were cooled from 90 °C to
50 °C at a rate of 5.5 °C/min and maintained at 50 °C for at least 10 minutes.

4.4.2 Gelling properties

Gelling properties were determined according to Bultosa and Taylor (2004) with modifications.
Starch pastes were hot-filled into plastic syringes (50mm height x 18mm diameter) whose tips had
been cut open. The starch pastes were stored overnight in the syringes at about 23 + 1 °C. Gel
hardness was analyzed using the EZ-test texture analyzer EZ-L, Shimadzu (Tokyo, Japan) with a
P/20p cylinder probe (20 mm diameter). With the help of a thin thread, cylindrical blocks were cut
(17mm height x 18mm diameter) from gelled starch samples after being extruded from the
syringes. The probe compressed each cylindrical gel block by 5 mm and retracted from the sample.

The maximum force was noted.

4.4.3 Time-Temperature Sweep (Viscoelastic properties)
The time-temperature sweep of the paste starch was done using a Physica MCR 101 Rheometer
(Anton Paar, Graz, Austria). The measurements were done using the bob and cup geometry with

a diameter of 2.7 mm at a gap distance of 1. mm. To determine the linear viscoelastic range (LVE),
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an amplitude sweep was done. A strain of 0.5% was used which was within the LVE. The
temperature sweep test was performed from 85°C to 23°C at a cooling rate of 5°C/min and kept at
23°C for 2 hours. From this analysis, results of storage modulus (G'), complex viscosity (1 *), loss

modulus (G”), and tan delta (tan J) were obtained.

4.4.4 Hot Stage Microscopy

Changes in starch granule morphology in the presence of microcrystalline cellulose and cellulose
nanofiber at different concentrations were observed using hot stage microscopy (Hari et al., 1989).
The starch suspensions were observed using a VS3 Series Biological Trinocular Light Microscope
from Micromet Scientific with a Biowizard Image Analysis software (Delhi, India) with a
polarising filter lens. The sample was heated from 50°C to 90°C at about 5°C/min on a hot plate
using a Linkam CO 102 thermostat. Micrographs of the sample were taken at intervals of 10 °C as
observed under the microscope. Images were taken at 200X magnification.

4.4.5 Light microscopy

Samples of the starch paste (about 5mg dry basis) were dispersed in about 1 ml of 30% glycerol
and gently mixed with a drop of iodine stain solution. A drop of the stained starch suspension was
placed on a glass slide, covered with a glass coverslip, and observed using a VS3 Series Biological
Trinocular Light Microscope from Micromet Scientific with a Biowizard Image Analysis software
(Delhi, India). Images were taken at 400X magnification. This test was carried out on freshly

pasted samples.

4.4.6 Scanning Electron Microscopy

The shape, size, and surface features of the treated and untreated starch pastes were observed using
scanning electron microscopy. The method described by Liu et al., 2012 was used with some
modifications. Freeze-dried starch paste samples were mildy size-reduced to form coarse powders.
Particles of the individual starch paste powders were mounted on an aluminum stub covered with
double-sided adhesive tape and sputter-coated with a thin gold film (about 20nm in thickness).
Scanning Electron Microscopy (SEM) micrographs were obtained using a JEOL JSM-5800 LV
SEM (Tokyo, Japan) at an accelerating potential of 5kV. Observations were done at 2500 x

magnifications. This analysis was carried out on freeze-dried starch paste samples.
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4.4.7 Statistical analysis

Multivariate analysis of variance (MANOVA) was used to determine significant differences due
to the addition of MCC, and CNF and the different concentrations as independent variables. Means
were compared using Fischer’s least significant test (LSD) at a 5% level of significance using
Statistica version 8 software (Weil3, 2007). Experiments were repeated at least thrice unless stated

otherwise.
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5. RESULTS

5.1 Pasting properties

Figures 5.2, 5.4, and 5.6 show the pasting properties of teff, maize, and potato starch when treated
with microcrystalline (MCC) or cellulose nanofiber (CNF). The addition of MCC or CNF at
increasing concentrations (0%, 0.2%, 0.5%, 2%, and 5%) to maize starch significantly increased
(P < 0.05) the peak, breakdown, and final viscosities. Treatments with 0.5% (w/w) hydrocolloid
concentration or less generally did not have any significant effect (P > 0.05) on the pasting
properties of all the starches used in this research.

Potato starch had the highest peak viscosity followed by maize and teff starch respectively. Unlike
potato and maize starches, teff starch treatments showed a plateau viscosity with no peak and
breakdown viscosity. Figure 5.1 shows the pasting profiles of CNF and MCC alone both pasted at
5% (w/w) hydrocolloid concentrations. Although the CNF final viscosity (47.06 mPa.s) was three
times higher than that of MCC (13.59 mPa.s), both were far lower compared to the potato (3944
mPa.s), maize (3066 mPa.s) and teff starches (4008 mPa.s) (Tables 5.2, 5.3 & 5.5).

Maize starch treatments with CNF showed significantly higher (P < 0.05) peak, breakdown,
setback, and final viscosities than those with MCC (Table 5.3 & 5.4). Overall, these properties
increased linearly with an increase in CNF concentration (Figure 5.5). Changes in maize and teff
starch pasting properties in the presence of MCC were rather generally slow and gradual (Figure
5.3).

Treating potato starch with MCC or CNF generally did not show any significant effect (P > 0.05)
on the peak, breakdown, and final viscosities for both short and extended pasting cycles below
hydrocolloid concentrations of 5% (w/w) (Table 5.5). A linear increase in peak, breakdown, and
setback viscosities of potato starch with CNF was observed as hydrocolloid concentration
increased from 2-5% (w/w) (Figure 5.7).

During the extended pasting cycle, all CNF or MCC treatments of teff, maize, and potato starches
did not affect (P > 0.05) the final and setback viscosities of the different starches after extended
pasting (Tables Table 5.2, 5.4 & 5.6). Also, during the extended pasting cycles, unlike potato
starch, maize and teff starches both showed a second peak followed by a higher breakdown in

viscosity. That second peak was higher with the increase in hydrocolloid concentration.
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Table 5.1: Pasting properties of teff starch with microcrystalline cellulose (MCC) and cellulose nanofiber (CNF) during the short
pasting cycles.

Hydrocolloid  Peak Viscosity Breakdown Viscosity Setback viscosity Final Viscosity
concentrations
MCC CNF MCC CNF MCC CNF MCC CNF
0% *ND ND ND ND ND ND 4008a + 37 4008a + 37
0.2% ND ND ND ND ND ND 4021a + 26 3972a + 48
0.5% ND ND ND ND ND ND 4080b + 84  4250b + 33
20% ND ND ND ND ND ND 4186c+12  4391b +103
5% ND ND ND ND ND ND 4201c + 66 4936¢ + 119

*ND - During the short pasting cycles, teff starch treatments did not have peak viscosity but a plateau. Therefore, other than the final

viscosity, other (peak, breakdown, and setback) viscosities could not be determined.

Means within the same column with different letters are significantly different (P<0.05)

Table 5.2: Pasting properties of teff starch with microcrystalline cellulose (MCC) and cellulose nanofiber (CNF) during the extended

pasting cycle.

Hydrocolloid Peak Viscosity Breakdown Viscosity Setback viscosity Final Viscosity
concentrations
MCC CNF MCC CNF MCC CNF MCC CNF
0% ND ND ND ND ND ND 2245a+85  2245a+ 85
0.2% ND ND ND ND ND ND 2247a + 23 2273a + 25
0.5% ND ND ND ND ND ND 2325a + 46 2236a + 27
20/ ND ND ND ND ND ND 2563b +87  2785b + 106
504 ND ND ND ND ND ND 2621b +93  2802b + 144

*ND - During the extended pasting cycle, teff starch treatments did not have peak viscosity but a plateau. Therefore, other than the
final viscosity, other (peak, breakdown, and setback) viscosities could not be determined.

Means within the same column with different letters are significantly different (P<0.05)

© University of Pretoria

43



KEY

Final Viscosity

TEFF STARCH
SHORT PASTING

0% 1% 2% 3% 4% 5%
Hydrocolloid concentration (w/w)

Cellulose nanofiber (CNF) Microcrystalline cellulose (MCC)

5000
—
g 4500
R« 4000
- 3500
'? 3000

Final Viscos
NN
Ul © WL
[ B e T e
[ B e T e

=
=)
=)
=}

500

TEFF STARCH
EXTENDED PASTING

0% 1% 2% 3% 4% 5%
Hydrocolloid concentration (w/w)

Figure 5.3: Effects of cellulose nanofiber (CNF) and microcrystalline cellulose (MCC) on the final
viscosity of teff starch after short and extended pasting cycles respectively.

© University of Pretoria

44



6000 100
6000 100
20
90 5000
5000 80
MAIZE STARCH 80 MAIZE STARCH
w4000 CNF 70 — _ 000 CNF 70 _
) < (] ©
g SHORT PASTING w = g EXTENDED PASTING w £
E =3 - 2
E 3000 50 E E 3000 50 %
g £ 2 w E
=} 10 = Z g
a Z 2000
> 2000 30 g 30
1000 20 1000 20
10 10
0 0 0 0
] 5 10 15 20 25 30 35 40 0 20 40 60 ﬂ(). 100 120 140 160
TIME (Minutes) TIME (Minutes)
KEY | NN 0% (M 02% 0.5% B 2% BN 5% I Temperature
6000 100 6000 100
90 90
5000 5000
MAIZE STARCH 80 MAIZE STARCH 80
= 4000 MCC 70 n = 4000 MCC 70 E
5_; SHORT PASTING 60 E & EXTENDED PASTING 60 =
E = =
Z 3000 50 g 2 3000 50 E
§ ¥/— 20 & § 20 &
= 2000 E = 2000 g
30 30 =
1000 20 1000 20
10 J 10
0 0 0 0
0 5 10 15 20 25 30 35 10 0 20 40 60 80 100 120 140 160
TIME (Minutes) TIME (Minutes)

Figure 5.4: Effects of cellulose nanofiber (CNF) and microcrystalline cellulose (MCC) on the pasting properties of native maize starch
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Table 5.3: Pasting properties of maize starch with microcrystalline cellulose (MCC) and cellulose nanofiber (CNF) during short

pasting cycles

Hydrocolloid  Peak Viscosity Breakdown Viscosity Setback viscosity Final Viscosity
concentrations
MCC CNF MCC CNF MCC CNF MCC CNF
0% 29442+ 66 2944a+66 66la* 38 661a + 38 836b + 32 836b + 32 3066a + 35 3066a + 35
0.2% 2946a+40 3023b+39 663ax9 672a + 27 766a + 61 778a + 47 3082a+ 11 3143b £ 12
0.5% 3002b +38 3085c+51 676ax27 698a + 21 771a+ 13 787a+ 30 3168b +62  3168b + 81
2% 3063c+17 3563d+15 680ax 32 860b £ 54 801b £ 57 945¢ + 25 3221c £ 19 3623c + 30
5% 3636d +28 4313e+22 720b+14 1293c +42  896¢ + 66 1184d+59  3780d+23  4176d + 12

Means within the same column with the different letters are significantly different (P<0.05)

Table 5.4: Pasting properties of maize starch with microcrystalline cellulose (MCC) and cellulose nanofiber (CNF) during extended

pasting cycles

Hydrocolloid Peak Viscosity Breakdown Viscosity Setback viscosity Final Viscosity
concentrations
MCC CNF MCC CNF MCC CNF MCC CNF

0% 2890a+ 27 2890a+27 1415a+18 1416a+17 1582a+77 1582a+77 3056a + 57 3056a + 57
0.2% 3032b£51 2999ab +18 1520b+86 1503b+43 1515a+77  1556a+ 65 3027a + 40 3051a+ 103
0.5% 3021b£30 3120b+17 1532b+31 1612c+46 1525a+35 1566a+ 40 3018a + 25 3074a+ 17

2% 3077b +27 3561c+124 1550b+22 2059d+62 1537a+53 1563a+ 29 3064a + 47 3065a + 37

5% 3539c + 61 4483d +£103 2059c +64 3004e +118 1574a+21 1674b+83 3067a+ 17 31533a + 68

Means within the same column with the different letters are significantly different (P<0.05)
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Figure 5.6: Effects of cellulose nanofiber (CNF) and microcrystalline cellulose (MCC) on the pasting properties of native potato starch
after short and extended pasting cycles
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Table 5.5: Pasting properties of potato starch with microcrystalline cellulose (MCC) and cellulose nanofiber (CNF) during short
pasting cycles.

Hydrocolloid  Peak Viscosity Breakdown Viscosity Setback viscosity Final Viscosity
concentrations
MCC CNF MCC CNF MCC CNF MCC CNF
0% 10490a + 122  10490a + 122 8407a+ 157 8407a+157 186la+12 186la+12 3944a+40 3944a + 40
0.2% 11086c £ 170  10603a+78  9035c + 183 8625a + 51 1864a+52 1904a+60 3947a+ 42 3962a + 35
0.5% 11030c £ 168  10633a+ 166 8951c + 163 8658a+ 155 1866a+65 1932a+96  3950a + 81 3987a+ 72
2% 10843b + 255 10643a+345 8651b+291 866la+404 1873a+67 1955a+ 147 3952a+ 32 4077a £+ 66
5% 10643ab £ 193 11583b +193 8667b +281 9496b+51  2063b+177 2135b+32 4159b+ 184 4222b+112

Means within the same column with the different letters are significantly different (P<0.05)

Table 5.6: Pasting properties of potato starch with microcrystalline cellulose (MCC) and cellulose nanofiber (CNF) during extended
pasting cycles

Hydrocolloid  Peak Viscosity Breakdown Viscosity Setback viscosity Final Viscosity
concentrations
MCC CNF MCC CNF MCC CNF MCC CNF
0% 10533a+ 324 10533a+324 1869a+39 9243a+292 1869a+39 1869a+39 3159a+ 75 3159a + 75
0.2% 10936a+ 172 10777a+50 1866a+66 943%9a+105 1832a+14 1866a+66 3164a+ 69 3203a + 131
0.5% 10902a + 20 10643a+250 1891a+35 9223a+313 181la+14 1891a+35 314la+39 3312a + 46
2% 10850a + 111  11060b £151 1868a+55 9702a+156  1858a+55 1868a+55 3221a+ 90 3226a + 104
5% 10660a £ 202  11960c +217 1918a+76 10580b + 134 1918a+ 110 1918a+76 3169a+ 86 3328a+ 116
Means within the same column with the different letters are significantly different (P<0.05)
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Figure 5.7: Effects of cellulose nanofiber (CNF) and microcrystalline cellulose (MCC) on the peak, breakdown, setback, and final
viscosities of native potato starch after short and extended pasting cycles
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5.2 Hot stage microscopy

Figure 5.8 shows the changes in starch granule morphology and extent of granule swelling as
temperatures increased from 50 °C to 90 °C during the pasting in the presence of CNF and MCC.
At the beginning of the pasting cycle (50 °C), starch granules were essentially small, unswollen,
and spaciously dispersed within the system. Starch treatments with CNF and MCC had
significantly less swollen (P< 0.05) starch granules at 50 °C than the control (Table 5.7). As

temperatures increased from 50 °C to 70 °C, several starch granules started to swell and rupture.

At 70 °C, almost all the granules in the control maize starch sample were generally swollen and
ruptured. In CNF and MCC treatments, only a few of the granules were observed to be swollen

while others are seen to still maintain their initial size.

As the temperatures increased further from 70 °C to 90 °C, most of the starch granules present in
the control sample were all swollen and disfigured while treatments with CNF and MCC still had
many intact and less swollen granules even at 90 °C. Generally, starch-treated with CNF and MCC
showed a lower degree of swelling, and treatments with CNF had significantly lower starch granule

sizes at the end of the pasting cycle as temperatures were increased from 50 — 90 °C (Table 5.7).

Table 5.7: Effect of cellulose nanofiber (CNF) and microcrystalline cellulose (MCC) on granule
size of maize starch during pasting.

Granule size (um)

Treatments At 50 °C At 90 °C

Control 15.89a+0.78 20.11a £ 0.24
5% MCC 10.55b + 0.12 16.89b + 0.51
5% CNF 10.47b + 0.38 15.67¢c +0.33

Means within the same column with the different letters are significantly different (P<0.05)
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Figure 5.8: Effects of temperature change (50-90 °C) on the microstructure of maize starch with microcrystalline cellulose (MCC) and
cellulose nanofiber (CNF) during pasting
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5.3 Light microscopy

Micrographs from light microscopy show that relatively more starch granules remain swollen and
unruptured after short pasting when teff and maize starches are treated with CNF or MCC (Figures
5.9 & 5.10). Treatments with CNF were observed to have exudates within the starch system.

Unlike teff and maize starches, potato starch even in presence of CNF or MCC could not resist the
effect of shearing for both short and extended pasting cycles (Figure 5.11) Also, for teff and maize
starches, extended pasting cycles disintegrated the starch granule structures even in the presence
of CNF or MCC.

5.4 Scanning electron microscopy

Micrographs of the structure of freeze-dried starch pastes treated with CNF or MCC are shown in
Figure 5.12. It was observed that control starch pastes (without CNF or MCC) had a less compact
structure well as those treated with CNF or MCC showed a more compact structure. CNF treated

starch systems were observed to be more compact than the control and MCC in the structure.

With regards to extended pasting cycles, micrographs show a disintegrated and less orderly

structure of the starch system.
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Figure 5.9: Light microscopy images showing the effect of treating teff starch with cellulose nanofiber (CNF) and microcrystalline
cellulose (MCC) on starch granules after short and extended pasting cycles.
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Figure 5.10: Micrographs showing the effect of treating maize starch with cellulose nanofiber (CNF) and microcrystalline cellulose
(MCC) on starch granules after short and extended pasting cycles.
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Figure 5.11: Micrographs showing the effect of treating potato starch with cellulose nanofiber (CNF) and microcrystalline cellulose
(MCC) on starch granules after short and extended pasting cycles
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Figure 5.12: Scanning Electron Microscopy (SEM) micrographs of freeze-dried maize starch pastes
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5.5 Gelling properties

Tables 5.8 and 5.9 show the effect of treating teff, maize, and potato starches with CNF and MCC
on the gelling properties of the starches. After both short and extended pasting cycles, the starch
pastes were allowed to cool overnight at about 25 °C to form gels. Gels formed by treating teff and
maize starches with CNF and MCC were observed to be opaque and rigid while those formed by
treating potato starch with CNF and MCC were translucent and soft and wobbly (Figures 5.13).
As a result of the soft and wobbly nature of potato starch gel, gels formed by treating this starch
with CNF and MCC could not be analyzed using the compression method. They were harder to
cut, handle and fix onto the texture analyzer.

Generally, when CNF and MCC were added to teff and maize starches, gel strength decreased

significantly (P<0.05) with increasing hydrocolloid concentration.

Treatments of maize and teff starch with CNF generally had lower gel strength than those with
MCC. This effect was more significant (P<0.05) with gels prepared from extended pasting cycles.
Figures 5.14 and 5.15 show the stress-stress curves of teff and maize starch gels prepared after
short and extended pasting cycles. Generally, the stress-strain curves show that for all the starch
gels, the stress experienced by the gels increased exponentially with an increase in the applied
strain. However, as a confluence with the above gel strength results, treatments with CNF had
lower stress during compression. Also, starch gels with CNF from extended pasting cycles had
even much lower stress when compared to those treated with MCC during the compression test.
These results were most evident at higher hydrocolloid concentrations of 5% (w/w) with maize

starch.
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Table 5.8: Effect of Microcrystalline cellulose (MCC) and Cellulose Nanofiber (CNF) addition on the gel hardness of teff, maize
potato starches after short pasting cycles.

GEL HARDNESS (Force, N)

TREATMENTS TEFF STARCH MAIZE STARCH *POTATO STARCH
MCC CNF MCC CNF MCC CNF

0% 1.42a +0.02 1.42a +0.02 1.76a = 0.08 1.76a = 0.08 Soft gel Soft gel

0.2% 1.38a = 0.02 1.42a = 0.04 1.52b + 0.06 1.65a = 0.02 Soft gel Soft gel

0.5% 1.38a =0.07 1.40a =0.04 1.52b £ 0.07 1.37b £ 0.05 Soft gel Soft gel

2% 1.37a £0.09 1.37a £0.02 1.52b £ 0.03 1.36b £ 0.09 Soft gel Soft gel

5% 1.36a +0.06 1.36a +0.07 1.41b +0.04 1.35b + 0.01 Soft gel Soft gel

*Potato starch formed a soft gel that could not be easily diced for analysis using the compression test.
Means within the same column with the different letters are significantly different (P<0.05)
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Figure 5.13: Appearance of gels formed by teff, maize, and potato starches.
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Figure 5.14: Stress-strain curves of teff and maize starch gels treated with Microcrystalline cellulose (MCC) and Cellulose Nanofiber
(CNF) after short pasting cycles.
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Table 5.9: Effect of Microcrystalline cellulose (MCC) and Cellulose Nanofiber (CNF) addition on the gel hardness of teff, maize, and
potato starch gels after extended pasting cycles.

GEL HARDNESS (Force, N)

TREATMENTS TEFF STARCH MAIZE STARCH *POTATO STARCH
MCC CNF MCC CNF MCC CNF
0% 1.27a +£0.03 1.27a +0.03 1.78a +0.02 1.78a +0.02 Soft gel Soft gel
0.2% 1.26a +0.05 1.24ab + 0.07 1.44b £ 0.01 1.52b + 0.06 Soft gel Soft gel
0.5% 1.24a +0.02 1.15b +0.03 1.34c £ 0.07 1.37¢+ 0.03 Soft gel Soft gel
2% 1.23a +£0.01 1.10b +0.05 1.21d £ 0.02 1.28d £ 0.02 Soft gel Soft gel
5% 1.21a £0.01 0.94c £0.02 1.16e + 0.01 1.03e +0.02 Soft gel Soft gel

*Potato starch formed a soft gel that could not be easily diced for analysis using the compression test.
Means within the same column with the different letters are significantly different (P<0.05)
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Figure 5.15: Stress-strain curves of teff and maize starch gels treated with Microcrystalline cellulose (MCC) and Cellulose Nanofiber

(CNF) after extended pasting cycles.
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5.6 Viscoelastic properties

The results of the effect of CNF and MCC on the viscoelastic properties of teff, maize, and potato
starches are presented in Figures 5.15, 5.16, and 5.17. Teff starch treatments with CNF started with
higher storage modulus (G') and complex viscosity (n*). But as temperatures decreased from 85
°C to 23 °C with time, the G' and n* of control and MCC treatments overlapped and increased
above those with CNF. By the end of the experiment, The G' and n* of CNF treatments were lower
than those of MCC and the control. The loss moduli (G™) and tan delta of CNF and MCC treatments
were higher than those of the control. However, G" and tan delta of CNF treatments were higher
than those of MCC and Control.

With regards to maize starch, the G' and n* of control, CNF, and MCC treatments started relatively
at the same point when the temperature was still at 85 °C. Just like with teff starch, a decrease in
temperatures from 85 °C to 23 °C also decreased both G' and n* of CNF. However, the decrease
in G' and n* with maize starch and CNF was higher than with teff starch. The G" of MCC and
CNF treatments with maize starch started higher than the control but later followed a similar path
as the control with the decrease in temperature. As with teff starch, the tan delta of the maize starch
and CNF treatment was higher than those of MCC and Control.

Potato starch G', G" and n* started low and increased as temperatures increased from 85 °C to 23
°C. Potato starch treated with MCC has higher G', G" and n* profiles followed by the control and
CNF treatments respectively. Potato starch tan delta profile started high and then decreased with
the decrease in temperature. The control had the highest tan delta followed below by treatments
with CNF and MCC respectively. The potato starch treatment with MCC had a much lower tan
delta than the control and CNF treatments.

Overall, maize starch had higher final G', G" and n* profiles than teff and potato starch

respectively. Potato starch had higher tan delta profiles than maize and teff starch respectively.
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Figure 5.16: Effects of Cellulose Nanofiber (CNF) and Microcrystalline cellulose (MCC) addition on the storage modulus, complex

viscosity, loss modulus, and tan delta of teff starch during cooling.
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Figure 5.17: Effects of Cellulose Nanofiber (CNF) and Microcrystalline cellulose (MCC) addition on the storage modulus, complex

viscosity, loss modulus, and tan delta of maize starch during cooling.
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Figure 5.18: Effects of Cellulose Nanofiber (CNF) and Microcrystalline cellulose (MCC) addition on the storage modulus, complex

viscosity, loss modulus, and tan delta of potato starch during cooling
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6. GENERAL DISCUSSION

This chapter is divided into two sections. The first section reviews the research methodology,
highlighting the strengths and weaknesses of the different methods employed in this research. The
second section discusses the major finding of this research accompanied by scientific explanations
of the effect of microcrystalline cellulose and cellulose nanofiber on the pasting properties of teff,

maize, and potato starches.

6.1 Methodological consideration

6.1.1 Teff starch extraction

The extraction of teff starch was done without the aid of chemicals such as lactic acid (Singh et
al., 1997), sodium hydroxide (Yang et al., 2000), or sodium metabisulphite (Du et al., 1996). This
entire research ensured to minimize the use of chemicals in the process to produce “clean label”
starches. As a result, distilled water was utilized in the teff starch extraction process which however
resulted in a final teff starch with higher protein content (1.37%,) than the other commercial
starches used; maize starch (0.14%) and potato starch (0.10%). This important difference in protein
content is worth consideration because it can affect the pasting properties of the starch (Sayar et
al., 2005). This difference can probably explain why teff starch had no breakdown viscosity
because proteins can coat the starch granule surface thus stabilizing them against breakdown
(Costa et al., 2019). Future studies could consider the extraction of teff starch with either lactic
acid, sodium hydroxide, or sodium metabisulphite to determine their effect on the pasting

properties of teff starch in the presence of hydrocolloids.

6.1.2 Pasting properties

Initially, the pasting of the hydrocolloid and starch suspensions was done by mixing both the
hydrocolloid and the starch in a solid state and later suspended in distilled water. However, upon
pasting in the rheometer, the suspension formed lumps which are likely caused by the insufficient
wetting of the hydrocolloids during dispersion (Phillips & Williams, 2009). This also created noisy

pasting curves.

Thereafter, it was discovered that dispersing the hydrocolloid and starch separately in distilled
water and later mixing them before pasting would eliminate the noise generated by the earlier
technique because it allows for sufficient hydration of both the hydrocolloids and starch. This
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technique was adopted from Ma et al. (2019). von Borries-Medrano et al. (2017) reported that the
presence of water “activates” the hydrocolloids. Future studies working with solid-state
hydrocolloids in the modification of starches should thus consider the above when determining the
pasting properties of starch food systems.

The reason for heating to 91 °C and not 95 °C beyond was to prevent boiling, as the water boils at
approximately 95 °C in Pretoria because of the high altitude (approximately 1400 m) which implies
boiling can take place at lower temperatures than 100 °C (Teklehaimanot, 2011). Boiling would
lead to excessive moisture loss from the starch paste thus concentrating the suspension which

would adversely affect the rheological properties by making the starch system thicker than usual.

6.1.3 Gelling and Viscoelastic properties

A compression test was used to determine the gelling properties. However, unlike teff and maize
starch which form rigid gels, potato starch formed very soft gels after 24 hours of storage which
can be attributed to the bulky phosphate groups which can affect its functionality (Singh et al.,
2016). As a result, potato starch gels could not be diced for analysis because of their wobbly nature.
This limited the chosen method’s ability to analyze the gel strength of potato starch. Therefore,
statistical data for the gel hardness of potato starch was not obtained. Although potato starch
gelling properties could not be determined by compression test, rheometry was used to understand
these properties.

Initially, a starch paste to be used for determining gelling properties was prepared by heating a
starch suspension to 90 °C while stirring on a magnetic stirrer hot plate and then immediately
transferred to the rheometer for further analysis. However, this was not an exact simulation of the
actual pasting process of the rheometer and the resulting viscoelastic curves were typically not as

repeatable (Figure 6.1).
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Figure 6.1: Changes in storage modulus of maize starch paste prepared using a magnetic stirrer
hot plate (Own work)

Therefore, to simulate the exact pasting process before viscoelastic measurements, starch
suspensions were pasted using the exact pasting profile used for determining pasting properties
with the rheometer. Once the process was completed, the rheometer paddle was immediately
removed and replaced with the measuring bob used to determine the viscoelastic properties. The
starch paste was allowed to equilibrate at 85 °C to achieve thermal equilibrium. There was a
possibility of moisture loss during the swapping of the paddle with the measuring bob. However,
based on the repeatability of the obtained viscoelastic curves, the moisture loss was negligible
(Figure 6.2). To minimize and avoid further moisture loss, the top of the bob and cup system was

sealed with Paraffin oil.
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Figure 6.2: Changes in storage modulus of maize starch paste prepared using the rheometer (Own
work).
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6.1.5 Microscopy

The Linkam CO 102 thermostat and light microscope were used to determine the changes in the
microstructure of starch suspensions as temperatures increased from 50 °C to 90 °C in the presence
of hydrocolloids. The sample for hot stage analysis is placed in between the glass slide and
coverslip and then placed on top of the heating element. As a result, the sample is not heated
directly which can lead to some heat loss in the process. This can affect the accuracy of the
thermostat and if not carefully monitored, temperature transitions can be difficult to implement.
Therefore, when using this particular thermostat, a temperature gun can be used to monitor and
confirm the relative temperature values displayed by the thermostat.

Light microscopy was used to observe the changes in starch granule structure after pasting in the
presence of microcrystalline cellulose and cellulose nanofiber. Other than identifying starch
granules, the obtained micrographs could not be used to clearly identify other components within
the system. Therefore, there was insufficient evidence generated to understand and discuss the
interaction of hydrocolloids and starch on a micro-level. Therefore, future studies can employ
Transmission Electron Microscopy (TEM) to obtain high-resolution nanometric image data which
can aid in the identification of micro and nanomaterials and their distribution within the gel
structure (Gopiraman et al., 2018). Due to a lack of access to such equipment and expertise, we

could not undertake this analysis.

Scanning electron microscopy (SEM) was used to investigate the changes in the surface
morphology of starch granules when starch is treated with hydrocolloids. The starch pastes were
freeze-dried immediately after pasting to maintain the structural integrity of the starch system. The
process of freeze-drying samples can lead to the formation of artifacts that tend to form during the
growth of ice crystals (Miller et al., 1983). These artifacts formed during freeze-drying can affect
the quality of micrographs produced after microscopy by producing “porous” structures. Also,
SEM can only provide surface details and also cannot easily contrast the different components
within the system. Because of this limitation, it is difficult to understand how the different
components are interacting with each other. Therefore, atomic force microscopy (where necessary
coupled with TEM) can be used with specific stains to identify and contrast the distribution of the

different nanomaterials within the system (Lahiji et al., 2010).
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6.2 Results discussion

6.2.1 Pasting properties

The addition of microcrystalline cellulose (MCC) and cellulose nanofiber (CNF) to teff and maize
starch system increased the peak and final viscosity of these starches. The following studies
reported similar results where cellulose derivative hydrocolloids have been used to modify
starches; wheat treated with hydroxypropyl methylcellulose (HPMC) (Rojas et al., 1999), maize,
rice, and tapioca starches treated with carboxymethylcellulose and HPMC (Shi & BeMiller, 2002),
rice starch treated with methylcellulose (Mukprasirt et al., 2002). All these studies showed an

increase in peak and final viscosities of the starches used.

The starch-hydrocolloid system comprises both a continuous and discontinuous phase (Tecante &
Doublier, 1999) (Figure 6.3). Before pasting, the continuous phase contains hydrocolloid polymers
dissolved in water while the discontinuous phase contains the intact unswollen starch granules
(Heyman et al., 2014). During pasting, some of the starch granules disintegrate leaching out
amylose molecules into the continuous phase (Abdulmola et al., 1996). At this point, the
continuous phase comprises both the hydrocolloid and leached amylose while the discontinuous
phase comprises both the disintegrated and intact starch granules (Tecante & Doublier, 1999). The
changes in the starch pasting properties are influenced by a combination of intermolecular

associations and phase separation (Zhang et al., 2018)

Starch
granules Starch
“ghosts”
Continuous

water phase

Leached
amylose

Hydrocolloids

Before pasting During pasting

Figure 6.3: Schematic diagram showing the continuous and discontinuous phase components of
the starch-hydrocolloid system before and during pasting (Own work).
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When hydrocolloids are added to the water-rich continuous phase, their primarily hydrophilic
nature enables them to bind water using their free hydroxyl groups via hydrogen bonding within
the phase thus forming networks of interconnected polymers (Chaisawang & Suphantharika,
2005). These networks formed within the continuous phase increase the resistance to flow within
the starch system. As the concentration of the hydrocolloids increases, the starch-hydrocolloid
system becomes more viscous because more water molecules are bound from the continuous

phase.

The process by which paste viscosity increases in the presence of CNF and MCC suggests a
possible interaction between the starch and non-starch polysaccharides. When hydrocolloids are
pasted alone at a 5% (w/w) concentration, both CNF and MCC have a final viscosity of less than
80 mPa.s (Figure 5.1). The final viscosity of maize starch control was about 3000 mPa.s. However,
when maize starch is pasted with CNF at 5% (w/w), the final viscosity exponentially increased
from about 3000 mPa.s to over 4000 mPa.s. It is also therefore probable that the interactions
between hydrocolloids and the starch polymers contribute to the overall increase in starch paste

viscosity.

Generally, the peak viscosity of the starch-hydrocolloid system did not increase significantly with
an increase in hydrocolloid concentration until a critical concentration (C*) was reached. The C*
was determined as the lowest concentration at which the increase in peak viscosity transitioned
from slow and insignificant to significant (Figure 6.4). It is probable that, below the critical
hydrocolloid concentration (C*), there are sufficient molecular spaces within the continuous phase
for the polymers to move freely without forming any significant interactions that can influence the
pasting properties of the starch system (Khan & Bhattacharyya, 1987). Saha and Bhattacharya
(2010) reported that thickening or increase in viscosity occurs when the hydrocolloid concentration

increases above the critical concentration called overlap concentration.

Using the data that shows changes in the peak viscosity of maize starch with an increase in
hydrocolloid concentration, the intercept between the slopes of the peak viscosity curve of the low
hydrocolloid concentrations (0-2%) and high hydrocolloid concentrations (2-5%) yielded the
critical concentration (C*) (Goodwin et al., 2000). From Figure 6.4, it is evident that at

hydrocolloid concentrations lower than the critical concentration (2% w/w), the increase in starch
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paste viscosity was slow or insignificant but it increased linearly beyond C* because of the same

reasons explained above.
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Figure 6.4: Critical concentration (C*) of microcrystalline cellulose (MCC) and cellulose
nanofiber (CNF) in the starch-hydrocolloid system (Own work)

Hot stage microscopy micrographs show that the addition of CNF or MCC to starch temporarily
stabilizes several starch granules against breakdown. This can probably be attributed to granule
stabilizing hydrocolloid networks around the surface of the granules which insulate the granules
against impact forces that lead to a structural breakdown (da Silva Costa et al., 2020). This enables
the starch system treated with CNF or MCF to maintain a higher viscosity than the control (Figure
5.4).

The swelling of granules can also influence the paste viscosity by reducing the free space available
for mobility within the continuous phase (Kumar & Khatkar, 2017). This phenomenon leads to
phase separation which increases the effective concentration of the hydrocolloid within the
continuous phase (BeMiller, 2011). As a result of this increased hydrocolloid concentration in the
continuous phase, the system becomes more viscous by hydrocolloids forming more intra and inter
molecular networks within the continuous phase (Zhang et al., 2018) (Figure 6.5). Therefore, the

more swollen granules present in the starch system, the more viscous the system becomes.
Although from Table 5.7 starch treatments with CNF and MCC showed significantly smaller
granule sizes than the control (P<0.05), they had fewer disintegrated granules which enabled them
to maintain a higher viscosity profile than the control.
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Figure 6.5: Schematic diagram showing the effect of starch granule swelling on the continuous
phase (Own work)

When added to the continuous water phase of a starch system, hydrocolloids have been reported
to form networks around the surfaces of starch granules within the system (Chaisawang &
Suphantharika, 2006). Through inter and intramolecular hydrogen bonds, CNF and MCC form
networks within the continuous phase that stabilize the structure of the starch granules
(Wistenberg, 2015). This provides an extra layer of reinforcement that stabilizes and strengthens
their structures against shear forces during processing (Aguirre-Cruz et al., 2005) (Figure 6.6).
This leads to an increase in the number of rigid, swollen, and unruptured granules in the dispersed
phase. These rigid swollen granules reduce the intergranular spaces within the starch system and
consequently increase the friction within the system as granules move past each other
(Hongsprabhas et al., 2007). This is reflected in the increased starch paste viscosity in the presence

Shear forces

N/

Starch
granule

Hydrocolloid
“coating”

Pasting without Hydrocolloids Pasting with Hydrocolloids

Figure 6.6: Schematic diagram illustrating the stabilizing effect of hydrocolloids during pasting
(Own work).
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Maize and teff starch treatments with CNF had higher paste viscosities than those with MCC. CNF
is a nanomaterial with a diameter of 2-20 nm (Zhang et al., 2019) while MCC has a diameter of
10-50 um (Hachaichi et al., 2021) which makes MCC larger than CNF. Therefore, MCC has more
cellulose biopolymer chains bound within its structure than CNF and thus less of its hydroxyl
groups are exposed and available for hydrogen bonding. This lowers the hydrodynamic volume of
MCC. On the other hand, the ultrafine nanostructure of cellulose nanofiber results in more
hydroxyl groups being exposed and available for more extensive hydrogen bonding with water
within the continuous phase (Guan et al., 2020). This gives CNF a higher surface area and
hydrodynamic volume than MCC. Also, the highly fibrous nature of CNF also gives it great
encapsulation ability of water-soluble polymers such as amylose which further reduces molecular

mobility within the continuous phase (Robles-Garcia et al., 2018).

Also, the bulky nature of MCC can hinder its interaction with smaller starch polymers. This
molecular incompatibility causes the bulky MCC (micro-sized) and smaller amylose polymers
(nano-sized) to undergo mutual exclusion (Eidam et al., 1995). This leads to phase separation
which limits any possible interactions between the two polymers. Ahmad and Williams (2001)
reported an increase in phase separation when bulky polymers of locust bean gum (LBG) were
added to the sago starch solution. Also, phase separation increased as the concentration of the
bulky LBG was increased from 0.75% (w/w) to 1.5% (w/w). Phase separation limits
intermolecular interactions by mainly favoring associations between like polymers which
consequently limits the increase in viscosity (Lui et al., 2003). Xie et al. (2018) also reported that
although MCC is quite hydrophilic, the surface of the polymer is mostly hydrophobic and this can
affect its ability to bind water molecules. As a result of this molecular incompatibility, addition of
a less solvent polymer (MCC) to a starch polymer solution can lead phase separation which in turn

limits the extent of viscosity increase in the presence of MCC (van Langenhove, 2015).

All these factors combined explain why starch treatments with CNF have higher paste viscosities
than those with MCC.

Teff starch did not show any viscosity breakdown, especially during the short pasting cycles. The
addition of CNF or MCC to teff starch also increased the plateau viscosity and final viscosity of
teff starch just like with maize starch. A study by Sayar et al. (2005) on the effects of proteins on

pasting properties of chickpea starch suggested proteins stabilize the components of the continuous
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phase by coating the starch granules thus reducing the impact of the shear forces on the starch
granules. The results of material characterization proved that the extracted teff starch indeed had

a higher protein content than the other starches used in this research.

Unlike starch treatments that underwent short pasting cycles, extended pasting did not have any
effect on the final starch paste viscosity with or without the hydrocolloids. When pasting with a
rheometer, a rotating paddle is used to stir the starch paste homogenously. Stirring when done
continuously (at least 2 hours for extended pasting cycles), generates a lot of friction, impact, and
shear forces which cause a massive breakdown of the starch granules in the system (Figures 5.8 —
5.11). When compared with short pasting cycles, micrographs from extended pasting cycles show
more structural breakdown at the end of the cycle and this can mainly be attributed to the prolonged

shearing experienced during the extended pasting cycles.

The extended pasting cycle of maize and teff starches showed a second peak which suggested the
probable formation of complexes within the starch-hydrocolloid system. Wokadala et al. (2012)
reported the formation of Type Il complexes which are mostly formed after pasting starch for a
prolonged time (more than 30 minutes). These findings suggest a possible interaction between the
endogenous starch lipids with amylose polymers during pasting thus forming complexes that lead
to the formation of the second peak (D‘Silva et al., 2011).

Treating potato starch with CNF or MCC did not show any observable effect on the pasting
properties of the starch. Varela et al. (2016) reported similar results when potato starch was treated
with hydroxypropylmethylcellulose, pectin, and Arabic gum. This can be attributed to the bulky
phosphate group attached to the potato starch chains which probably limited any possible
interactions between starch and the hydrocolloids (Singh et al., 2016). These bulky groups also
make potato starch granules very fragile and susceptible to a massive breakdown which negates
the effects of the added hydrocolloids (Figure 5.10). Also, Gibinski et al., (2006) suggested that
potato starch is possibly thermodynamically incompatible with several hydrocolloids and this can
be a result of the potato starch's bulky phosphate groups which can hinder its interaction with other

molecules.
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When compared with teff and maize starches, potato starch had the highest breakdown viscosity
even in the presence of CNF and MCC. This can be attributed to the large and fragile potato starch
granules which cannot withstand shear forces (Kaur et al., 2002). The potato starch fragility can
be attributed to the negatively-charged bulky phosphate groups which cause ionic repulsions

amongst starch molecules thus weakening the starch granule structure (Lim et al., 2002).

6.2.2 Gelling properties

The addition of MCC and CNF to teff and maize starches significantly decreased (P<0.05) the gel
strength of the starches. Several studies have reported a decrease in gel strength when cellulose
derivative hydrocolloids were added to starches: maize starch treated with carboxymethylcellulose
(Eidam et al.,1995) and wheat starch treated with  methylcellulose, and
hydroxypropylmethylcellulose (Naruenartwongsakul et al., 2004). These results show that treating
these hydrocolloids can inhibit or retard the process of gel formation and consequently
retrogradation.

During the cooling stage of starch paste, free amylose molecules leached into the continuous phase
during pasting start to rearrange and realign forming junction zones that lead to an ordered three-
dimensional gel structure (Klucinec & Thompson, 1999). These ordered structures of amylose
helices aligned together result in the formation of firm starch gel structures. However, in the
presence of hydrocolloid polymers, amylose molecules leached into the continuous phase have
been reported to interact and entangle with the available hydrocolloid polymers via hydrogen
bonding (Funami et al., 2005; Shi & BeMiller, 2002). These amylose-hydrocolloid entanglements
form randomly arranged complexes/structures within the continuous phase which result in less
firm gel structures (Richardson et al., 2004). As a result, these amylose and hydrocolloid
entanglements reduce the number of ordered amylose-amylose three-dimension structures formed

which consequently results in weaker gel structures (BeMillier, 2011).

Also, as discussed earlier, with the addition of CNF and MCC when added to the continuous water
phase, these hydrocolloids form intertwined viscous networks which can cover the surface of
starch granules. These networks surrounding the surface of the starch granules can reduce the rate
of amylose leaching from the starch granules (Figure 6.6). In a study by Nagano et al. (2008), the

addition of guar gum to maize starch in increasing concentrations inhibited the leaching of amylose
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molecules thus inhibiting retrogradation. The resulting gel structures are weaker in strength. When
the rate of amylose leaching is decreased, few amylose molecules are available in the continuous

phase to form junction zones thus forming weaker gel structures.

Generally, a critical hydrocolloid concentration of 2% (w/w) was observed to result in a significant
decrease in gel strength (P<0.05). At this critical hydrocolloid concentration, significant
intermolecular entanglements take place via hydrogen bonding between the hydrocolloid and
starch polymers which make amylose unavailable for junction zones formation (Nabilah et al.,
2021). This results in weaker gel structures. At hydrocolloid concentrations lower than 2% (w/w),
the hydrocolloid polymers move freely within the continuous phase without any significant
entanglements with the free leached amylose molecules (Khan & Bhattacharyya, 1987). As the
hydrocolloid concentration increases over the critical concentration, the molecular spaces reduce
within the continuous phase causing the free amylose and hydrocolloid polymers to eventually
entangle and associate via hydrogen bonding (Saha & Bhattacharya, 2010). In this situation, these
entangled amylose molecules can no longer rearrange to form junction zones which leads to

weaker gel structures.

Findings from the viscoelastic properties of maize and teff starch showed that treating these
starches with CNF or MCC increased the tan delta values while storage modulus values (G)
decreased (Figures 5.16 & 5.17). According to Varela et al. (2016). Starches with higher tan delta
values have weaker gel structures than starches with low tan delta values (the viscous behavior
dominates more than the elastic behavior). These findings support the earlier observation
indicating a reduction in starch gel strength in the presence of CNF and MCC. Eidam et al. (1995)
also reported a decrease in G' when CMC was added to maize starch. Also, when maize starch
was treated with Fenugreek gum, Funami et al. (2008) reported an increase in tan delta values and

a decrease in G' which was attributed to the interaction between the hydrocolloids and amylose.

Teff and maize starch treatments with CNF generally had significantly lower (P<0.05) gel strength
than MCC. Results from the viscoelastic properties also showed that CNF treatments had higher
tan delta values, lower storage modulus (G"), and complex viscosity n*. These results show the
teff or Maize treatment with CNF showed more viscous behavior than MCC which confirms a
decrease in gel strength in the presence of CNF. As earlier described in pasting properties, the

ultrafine nanostructure of CNF gives it a higher surface area and hydrodynamic volume than MCC
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which results in more of its hydroxyl groups being exposed and available for hydrogen bonding
with other hydrophilic polymers such as amylose (Guan et al., 2020). This enables CNF to form
more molecular entanglements with the available amylose within the continuous phase which
reduces the availability of the leached amylose molecules for amylose-amylose associations. As a
result, fewer junction zones are formed between the amylose molecules which results in a less

elastic gel structure but with more viscous behavior in the presence of CNF.

Also, because both cellulose nanofiber and amylose polymer exist on a nanoscale, they can perhaps
exhibit more molecular compatibility than MCC which exists in micro-dimensions (Kowalski et
al., 2008). As a result, less phase separation occurs in the presence of CNF which allows for more
associations between amylose and CNF (Jiménez et al., 2012). This makes amylose less available
to form junction zones in the presence of CNF which leads to weaker gel structures. Due to
molecular incompatibility between MCC and amylose polymers, both polymers interact less
leading to phase separation which “frees” several amylose polymers (Eidam et al., 1995). This
increases the effective concentration of amylose in the continuous phase leading to the formation
of more junction zones (BeMiller, 2011). Therefore, starch gels formed in the presence of MCC
exhibit more elasticity and solid like properties than those with CNF because of the formation of

more amylose junction zones facilitated by microphase separation.

Potato starch gels (even those with CNF or MCC treatments) were soft and wobbly. Potato starch
has been reported in other studies to form soft gels (Whittenberger & Nutting, 1948; Gunaratne &
Corke, 2007). This can be attributed partly to its low amylose content compared to teff and maize
starches (Table 2.1). As a result, fewer junction zones are formed leading to softer gels. It is also
probable that bulky phosphate groups attached to the potato starch molecules limit the formation

of junction zones through steric hindrance (Singh et al., 2016).

Unlike teff and maize starches, treating potato starch with CNF only slightly decreased the G' of
the treatment while its tan delta was generally similar to that of the control. Potato starch treatments
with MCC had higher G' and n* values and lower tan delta values than the control thus showing a
resulting gel structure with more elastic behavior. Shahzad et al. (2019) also reported an increase
in G' and a decrease in tan delta when potato starch was treated with cress seed, fenugreek, and
flaxseed gums in increasing hydrocolloid concentrations. In a review of the pasting properties of

the different starches with hydrocolloids by Mahmood, et al. (2017), it was suggested that
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microphase separation often occurs between certain hydrocolloids and starches which increases
the concentration of the amylose in the continuous phase. The increased amylose polymer
concentration within the continuous phase increases the extent of amylose-amylose associations
via hydrogen bonding which leads to the formation of more junction zones. Yoshimura at al., 1998
observed an increase in short term retrogradation when maize starch was treated with konjac-
glucomannan. This effect was attributed to the molecular incompatibility of starch polymers and
konjac-glucomannan which increases the effective concentration of amylose in the continuous
phase. Consequently, these increased junction zones lead to the formation of firmer starch gels
with higher G' and lower tan delta values which explains why potato starch exhibited more
elasticity in the presence of MCC. CNF when added to potato starch did not exhibit any major
effect on the G' and tan delta of potato starch which also signified an absence of interaction
between the two polymers. This molecular incompatibility exhibited by potato starch in the
presence of the hydrocolloids was probably contributed in part by the bulky phosphate groups of
potato starch which hindered potential interactions between the hydrocolloid and amylose
molecules (Muhamedbegovic et al., 2012) This resulted in phase separation as described above by
increasing the concentration of amylose in the continuous phase which promoted junction zone

formation.
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7. CONCLUSIONS

The treatment of Teff and maize starches with microcrystalline cellulose (MCC) and cellulose
nanofiber (CNF) produces starches with high peak and final paste viscosities and are non-gelling
properties which suggest a possible interaction between the hydrocolloids and starches. The
increase in peak and final viscosities can be attributed to the interconnected networks formed in
the continuous phase when hydrocolloids interact with the free amylose and water molecules via
hydrogen bonding. The ability of the hydrocolloids to inhibit the gelling process can be attributed
to the molecular entanglement between the hydrocolloids and leached amylose molecules which
makes the amylose unavailable for junction zone formation. This leads to starches with non-gelling

properties.

The high paste viscosity and non-gelling properties were more pronounced with CNF than MCC.
The ultrafine nanostructure of CNF gives it a high surface area and hydrodynamic volume which
exposes more of its hydroxyl groups for hydrogen bonding with free amylose and water molecules.
Therefore, CNF forms more extensive networks via hydrogen bonding within the continuous phase
which gives the CNF-starch systems more pronounced peak and final viscosities than the MCC-
starch systems. The more pronounced non-gelling properties of starch in the presence of CNF can
also be attributed to the above CNF properties which enable CNF to entangle more amylose
molecules which leads to lesser junction zones being formed in the continuous phase than with
MCC. Therefore, CNF can be used with normal teff and maize starches to produce soft gel starches
with high viscosities similar to substituted starch but with no chemical residues that can pose health

concerns to the consumers.

This study shows that due to their increased viscosity and non-gelling properties, modified starches
produced by the addition of MCC and CNF to starch are a possible environmentally safe and
“clean-label” replacement for chemically and physically modified starches. This will improve the
consumer acceptability of foods with modified starches on the market that are interested in less

chemically modified food options.
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