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1. Introduction

Food is a basic essential for human beings. Therefore, the overall product quality such as nutrition,
texture, appearance, taste, and stability are of fundamental considerations. To provide food with good
stability along with desirable texture and appearance, stabilizers have been usually added into pro-
cessed food products. Stabilizers are generally added into processed foods containing mixtures of
aqueous and oil phases. It functions as an enhancement to food texture and appearance, since it helps
produce a stable emulsion. Emulsifiers are among the stabilizers which promptly enhance the stability
of water-in-oil (W/O) or oil-in-water (O/W) emulsion—based food products. Emulsifiers consist of
polar heads and nonpolar tails, and they reorient themselves on the interface of oil and water emulsion
to lower the surface tension arising between those two immiscible phases, thus enabling the stable
dispersion of one phase into another.

Natural emulsifiers have been replaced by synthetic ones for a long time since they can be mass
produced and are therefore lower in price. However, there has in recent times been a growing popu-
larity in natural emulsifiers due to the undesirable health effects of synthetic emulsifiers over the long-
term such as obesity and related issues (Simmons et al., 2014). On the other hand, natural emulsifiers
have low toxicity, are easily degradable, biodegradable, are effective in extreme conditions, and are
able to be reused via regeneration, so that they enjoy preference in the food industry despite their
higher price (Koglin et al., 2010).

Solid particles have existed in emulsion formulation for many years, such as those used in the food,
oil, pharmaceutical, and agrochemical industries (Binks, 2002). They are believed to enhance stability
to some extent. In many food and foam emulsions stabilized mainly through proteins and phospho-
lipids, solid particles play a significant role for necessary stabilization, such as ice crystals in ice cream
and the particles of fat in whipping cream (Binks, 2002). The use of colloidal particles to stabilize
emulsions and foams known as the Pickering emulsion has been known for at least a century (Aveyard
et al., 2003). Ramsden (1903) concluded that the existence of viscous material at the two immiscible
liquids’ interfaces contributed, in part, to the stability of many emulsions.

Solid and stabilized emulsion was formed, thanks to finely divided solids dispersed between the
interfaces of oil and water. Pickering (1907) observed that colloid particles dampened more easily by
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water than by oil could more likely stabilize O/W emulsions. However, the Pickering emulsion has
been slowed down, a slow development until the 1980s (Dyab, 2012). Since then, along with progress
in the characterization techniques of colloidal particles, there has been renewed interest in Pickering
emulsions. Solid particles like metal sulfates, hydroxides, alumina, carbon, and iron oxide have been
used as stabilizers of O/W or W/O emulsions (Binks, 2002; Wang et al., 2004; Dyab, 2012; Xie et al.,
2018). Recently, some other solids such as hydroxyapatite (Hap), magnetic nanoparticles, chitosan
(CS), nanotube, cyclodextrin (CD), and some food-grade stabilizers and organic particles can effec-
tively serve as Pickering emulsifiers (Yang et al., 2017; Dai et al., 2018a, 2018b). Therefore, the
applications of Pickering emulsions have become very widespread, for example, as porous scaffolds,
catalysts, stimuli—responsive materials, delivery vehicles, and so on (Yang et al., 2017). Pickering
emulsions have drawn significant research interest as templates in many fields due to the following
advantages: (i) solid particles minimize droplet coalescences and bring about higher emulsion sta-
bility; (ii) many solid particles bestow materials with preferred traits such as porosity, responsiveness,
etc; and (iii) some solid food-grade particles possess reduced toxicity, making them safer to use in vivo
(Yang et al., 2017).

There are many behavior similarities of small solid particles and emulsifier molecules at the lig-
uids’ interfaces. Colloidal particles show similar behavior like surfactant molecules, especially when
accumulated at the interfaces due to their partitioning between the immiscible liquids, rendering the
stability to the emulsion. Solid particles likewise surfactants or emulsifiers tend to be adsorbed on the
interface between two phases since they possess hydrophilic portions as well as hydrophobic portions.
The tendency of an emulsifier toward oil or water liking is reflected by the term hydrophile—lipophile
balance number, which is equivalent with the term wettability and contact angle for a spherical particle
(Binks, 2002). It is well known that low molar mass emulsifiers and surface-active polymers can help
diffuse powdered materials in a liquid by forming aggregated structures in liquid media. In contrast to
emulsifiers, individual solid particles do not form aggregates such as micelle, therefore solubilization
phenomena is not seen in the particle case. Spherical particles just simply adsorb to oil—water in-
terfaces depending on the contact angle 6 which governs the particles’ wettability. The wetting effi-
ciency of the solid by one liquid is likely greater than that of the other, leading to the weaker wetting
liquid becomes the dispersed phase. For hydrophilic particles, e.g., metal oxides and silica, the particle
surface stays more in water than in the oil phase and 6 measured is normally less than 90°. For hy-
drophobic particles such as modified silica and carbon, the particle stays more in oil than in water and 6
measured is generally greater than 90° (Binks, 2002; Aveyard et al., 2003). Colloidal particles could
effectively stabilize emulsions if they were wetted in partial by both aqueous and oil phases, thereby
considered to be an important group of emulsifying agents (Tambe & Sharma, 1993). Water-wet
particles or hydrophilic solid particles tend to stabilize O/W emulsions, while oil-wet particles or
hydrophobic solid particles tend to stabilize W/O emulsions (Binks, 2002; Aveyard et al., 2003). The
emulsion-stabilizing efficiency of these solids depends on such things as interparticle interactions,
particle size, and particle wettability. Furthermore, the stability and type of emulsions formed depends
on particle concentration, wettability, pH of the aqueous phase, the presence of ions in the aqueous
phase, and the concentration and type of emulsifier present in the system (Tambe & Sharma, 1993).
Particles used for emulsion stabilization are normally submicrometer to a few micrometers in size
(Tambe & Sharma, 1993). Each particle size should be smaller than the emulsion droplets themselves
for the particles to properly cover the droplets. The particle interaction at some degree especially
between particles at the interface is necessary for an effective stabilization. From gathered evidence, in
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some systems it seems that weak particle flocculation improves stability of the emulsion (Aveyard
et al., 2003). Adjusting the pH, salt concentration, and temperature can modify the wettability of the
particle (Binks et al., 2006). The adsorption of certain surfactants can also change the particles’
wettability and may occasionally lead to emulsion-phase inversion (Binks, 2002).

The solid particles’ ability to steady the emulsions relates to the formation of the interfacial barrier
which provides the steric hindrance to droplet—droplet fusion and the modification of the interfacial
region’s rheological properties due to the particulate presence. The particles can arrest the Ostwald
ripening process in emulsions due to the resulting capillary effects and high desorption energy of the
particles (Tcholakova et al., 2008). The formation of highly viscous and rigid films at the interface
layer induced by colloidal particles such as clays, resins, asphaltenes, wax, and biopolymers appar-
ently promote emulsion stability (Urdahl & Sjoblom, 1995; Al-Sahhaf et al., 2009; Hong & Fischer,
2016; Dai et al., 2018a; Lu et al., 2018; Li et al., 2019). The capacity for solid particles to diffuse and
remain in the interfacial region in a state of mechanical equilibrium would also dictate its emulsion-
stabilizing capacity. The adsorbed solid particles at the interface would then form rigid layer that can
sterically curb the fusion of dispersed droplets. For obtaining a stable emulsion, there should be a
minimum concentration of particles to sufficiently form a dense layer of particles around the droplets
and to modify the degree of interparticle interaction. A heavy layer of solid particles at interfacial layer
would influence the capacity of the colloidal particles to stabilize emulsions. The interfacial rheo-
logical properties change as the surface concentration of particles increase, resulting in full surface
coverages. The interfacial region will tend to demonstrate viscoelastic behavior when the concen-
tration of particles becomes sufficiently high (Tambe & Sharma, 1993). The displacement of the
colloidal particles along the interface results in droplet coalescences leading to emulsion instability.
The forming of a fixed protective interfacial film, with particular interfacial rheological characteristics,
is of great value to the stability of these Pickering emulsions. Moreover, the huge free energy of
adsorption for particles of moderate wettability (50° < 6 < 130°) leads to incredible stability for
certain emulsions due to irreversible adsorption, in contrast to emulsifier molecules which are typically
in rapid dynamic equilibrium between the bulk phases and the oil—water interface (Aveyard et al.,
2003). These properties offer several possible advantages of particulate emulsifiers over conventional
surfactant in providing greater stability against coalescence and a reduced rate and extent of creaming/
sedimentation due to the improved viscosity of the continuous phase (Binks, 2002; Aveyard et al.,
2003; Binks et al., 2006). The high-level stability found in solid-stabilized emulsions greatly benefits
the shelf life of formulas that include those (Binks, 2002).

The stability of the formed emulsions increases as emulsifiers are added to the system (Tambe &
Sharma, 1993). The wettability of the solids is modified by the presence of emulsifier in the system and
most likely enhances the interparticle interaction too. Along with extra surfactant molecules comes an
enhanced emulsification capacity, which may be due to an alteration in particle wettability that ac-
companies surfactant adsorption, thereby modifying the contact angle (Binks & Whitby, 2005). The
incorporation of cationic surfactant also enhanced emulsion stability. This is predominantly due to the
adsorption of emulsifier molecules both at the interfaces between solid—liquid and liquid—liquid
(Binks & Whitby, 2005). The added emulsifier molecules are partitioned to the interface, and in most
cases, colloidal particles would be adsorbed at the oil—water interface, rendering steric hindrance
against droplet coalescences. The proceeding interfacial structure is therefore a combination of
emulsifiers associated with colloidal particles which leads to long-term stable O/W emulsion due to the
very rigid film surrounding the oil droplets (Reger et al., 2011) and viscoelastic interfaces that increase
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the magnitude of steric hindrance and decrease the rate of film thinning between coalescing droplets
(Tambe & Sharma, 1995; Reger et al., 2012).

2. Silica for stabilization of 0/W emulsion

Silica or silicon dioxide (Si0;) is omnipotent in nature consisting of 26% of the earth’s crust (Martin,
2007) and is present in a crystalline form in nearly all the minerals rocks, clays, and sands on the earth.
It belongs to the only inorganic polymer which is most often colorless to white and insoluble in water.
The term “biosilica” used in this context referred to silica biopolymer which was accumulated in the
living tissues such as rice husk and was isolated thereof. Biosilica is also found in silica-rich plants
such as horsetail (Sapei et al., 2007, 2008), bamboo, and grass. In lower creatures such as diatoms and
radiolarian, silica was mainly deposited in their cell walls. Biosilica is amorphous in nature and tends
to be hydrophilic due to the presence of hydroxyl group on their surface as depicted in Fig. 18.1.

Silica has widespread industrial applications as an antifoaming agent, as an excipient in drugs and
vitamins, as dough modifier, and as adsorbent to clarify beverage and as viscosity modifier (Martin,
2007). Silica is also among the additive for foods (E 551) and is typically used as an anticaking agent.
Silica was reported to have many potential health benefits. Many evidences supported a beneficial role
of silicon in collagen formation, improving bone, cartilage, and connective tissue structure, prevention
of toxicity to the brain, and maintenance of blood vessel integrity (Martin, 2007). Silica is common in
the typical human diet and largely considered safe. There is no observed adverse effect level of
50,000 ppm (mg/L) for dietary silica (Martin, 2007).

Biosilica accumulated in plants consisted of colloidal primary particles of about 2 nm (Sapei et al.,
2007), and therefore it has a great potential to be used for stabilizing O/W emulsion by diffusing into
the oil—water interfaces forming a rigid and densely packed silica particle layer. There were few
publications related to biosilica for the stabilization of food-grade O/W emulsions. Sapei et al. (2017a;
2017b) has reported the kinetics of destabilization of O/W emulsion stabilized by rice husk silica

FIGURE 18.1

Schematic illustration of the nature of amorphous hydrated biosilica
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combined with lecithin and Tween-20. The destabilization rate of emulsions stabilized with biosilica
and lecithin was reduced by ~10% in comparison with the emulsions prepared without added
emulsifiers (Sapei et al., 2017a). It seemed that the varying concentrations of both lecithin and silica
slightly affected the destabilization rates of O/W emulsions. The emulsion destabilization rate constant
was reduced by ~20% when the emulsion was stored at refrigerated temperatures (Sapei et al.,
2017a). In the O/W emulsion stabilized with rice husk silica/Tween-20, it was demonstrated that the
varying concentration of Tween-20 significantly influences the overall emulsion stability. The emul-
sion stability increased with the increase of Tween-20 concentration (Sapei et al., 2017b). The addition
of Tween-20 could help increase the wettability of biosilica to be firmly attached on the interfaces,
rendering the stability of the resulting Pickering emulsion. The instability of O/W emulsion process
due to mainly oil droplet coalescences followed the first-order kinetic model. Recent study demon-
strates the influence of pH on the stability of W/O/W emulsion stabilized with rice husk silica/Tween-
20 on the outer emulsion (Sapei et al., 2018). The acidic environment of the outer aqueous phase
(pH < 4) enhanced the stabilizing action of rice husk silica particles on the interfacial layer. The silica
particles formed a closely congested layer due to the biosilica particle aggregations, thereby improving
the barrier properties against droplet coalescences. The resulting double emulsions had in turn higher
stabilities of about 97% after a storage period of 7 days.

Pichot et al. (2009, 2010) investigated the effect of surfactant addition on the “food-grade” O/W
emulsion stabilized by colloidal hydrophilic silica particles (Aerosil 200). Pichot et al. (2009) found
out that the concentration of both monoolein and silica particles influenced the stability of O/W
emulsion. Initially, monoolein decelerated the coalescence phenomena and further induced droplet
break-up, during emulsification, while reducing interfacial tension by rapidly covering the newly
created interfaces, thus allowing the deposition of the silica particles at the interfaces to render long-
term stability. Pichot et al. (2010) investigated the effect of different emulsifiers’ types and concen-
trations on the O/W stability stabilized by colloidal particles. Colloidal silica particles were combined
with lecithin and Tween-60/Sodium Caseinate. Emulsion stabilized by mixed emulsifiers and silica
particles contained smaller droplets in comparison with the emulsion stabilized by either emulsifiers or
silica particles. As the emulsifier concentration increased, dispersed droplets began to increase, fol-
lowed by the detachment of silica particles from the surfaces. Pichot et al. (2012) investigated the
effect of surfactants’ concentrations and types (Tween-60, Na-caseinate, and lecithin) on the contact
angles and interfacial tensions in the presence of hydrophilic silica particles. The contact angle profile
was governed by both emulsifiers and particles at low emulsifier concentration regardless of the
surfactant’s type, whereas it was influenced by the emulsifier only at high concentration.

Eskandar et al. (2011) investigated the interfacial structure along with the formation and stability of
MCT (medium chain triglyceride) or paraffin-based O/W emulsions which were stabilized with either
lecithin or oleylamine and nanoparticles of hydrophilic silica (Aerosil 380). A synergism between
emulsifiers and hydrophilic silica nanoparticles in stabilizing O/W emulsion was observed. Dyab (2012)
investigated the destabilization of Pickering emulsions in the presence of hydrophobic silica fumed
nanoparticles by dictating the pH. The results suggested that pH strongly affected the silica particles’
wettability, hence their contact angles. Frelichowska et al. (2010) investigated the stability of O/W
emulsions stabilized by hydrophobic fumed silica. Silica particle aggregation became an important
parameter for the emulsion stability. A supplementary mechanism of oil adsorption and capillary
condensation of oil within the silica aggregates contributed to the stability of emulsion as well. Binks and
Whitby (2005) studied the use of hydrophilic nanoparticle silica in stabilizing O/W emulsion. The oil
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used included toluene, heptanes, isopropyl myristate, and methyl myristate. Changes in pH and the
addition of divalent electrolyte altered the particle charge and flocculation causing temporary en-
hancements in emulsion stability. In addition, the incorporation of cationic type surfactant improved the
emulsion stability. The particle layer formed around the droplets sterically hindered the flocculation, thus
stabilizing the droplets against coalescences (Binks & Whitby, 2005). Midmore (1998) observed the
synergism action between silica (Ludox) and polyoxyethylene emulsifier during the formation of O/W
emulsions. There were three main roles of the surfactant, i.e., promoting solid particle flocculation,
modifying the particle wettability, and lowering the interfacial tension. Surfactants played a significant
role in modifying the silica surface properties (Lebdioua et al., 2018). Tambe and Sharma (1993)
investigated several solid particles including hydrophilic silica in a non—food-grade O/W emulsion with
n-decane as oil phase. It turned out that low pH values (4 and 6) favored the formation of highly stable
O/W emulsions stabilized by silica particles and an emulsifier, vice versa a high pH value (8 and 10) was
suitable for achieving W/O emulsion with high stability. W/O emulsions are favored as Dai et al. (2019)
observed the formation of solid-like films due to the self-assembly of nanosilica/surfactant at the oil—
water interface. Under weakly acidic conditions, higher surface coverage and lower interfacial tension
was observed. Rios et al. (2018) found that silica particles increased the surface activity of anionic
surfactant by considerably reducing their critical micelle concentration, while the effects were reversed
in case of nonionic surfactants. Silica particles were considered as nontoxic and even reduced the toxicity
of surfactant solutions. Pickering emulsion stabilized with silica nanoparticles demonstrated an increase
in thermal resistance at high temperatures and remained stable in harsh conditions, thanks to a rigid
nanoparticle layer at the oil—water interface (Taherpour & Hashemi, 2018).

3. Effect of emulsifier addition combined with rice husk silica in
stabilizing 0/W emulsion

Pickering emulsions stabilized with particles exhibited a much higher stability when combined with
the amphiphilic emulsifiers. It was shown that emulsions involving oil and water were less stable when
only solid particles or only emulsifiers were used (Pichot et al., 2009, 2010; Eskandar et al., 2011;
Sapei et al., 2017a, 2017b). There was a synergistic mechanism between solid particle and amphiphilic
emulsifier in stabilizing O/W emulsion. The polymeric emulsifier was easily adsorbed onto the oil—
water interfaces, which lowered the interfacial tension while facilitating the further adsorption of the
particles onto the droplet surface providing the steric barrier against droplet coalescences. The
emulsions showed higher stability with greater long-term stability (Pichot et al., 2009; Sapei et al.,
2017b) and lower destabilization rate constants (Sapei et al., 2017a, 2017b). The effect of the addition
of lecithin and Tween-20 together with rice husk silica on the overall stability of O/W emulsions was
described in the following Sections 3.1 and 3.2, respectively. No pH adjustment was made during the
experiments. However, the slightly acidic pH of the outer aqueous phase favored the formation of
stable O/W emulsion (Tambe & Sharma, 1993).

3.1 Addition of lecithin in the oil phase

The O/W emulsion was prepared by dispersing soybean oil into the aqueous phase with the fraction of
20%. Emulsification was carried out using a rotor—stator homogenizer. Lecithin was added into the oil
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phase, whereas pure biosilica derived from citric acid—leached rice husk (Sapei et al., 2017b) was
dispersed in the aqueous phase. Concentrations of lecithin and silica were varied in order to study their
effect on the overall emulsion stability as depicted in Table 18.1. The emulsion stability was measured
based on the fraction of emulsion and cream indicated by their corresponding height in the glass vial
(Sapei et al., 2017a).

The results showed that the O/W emulsion without any emulsifiers had the lowest emulsion sta-
bility of below 60% after 2 days. The use of rice husk silica alone as a stabilizer enhanced the emulsion
stability. However, when the concentration of silica particles was too low or too high, its emulsion
stabilizing ability decreased. The optimum rice husk silica concentration obtained was 2% indicated
by the higher short-term (after 1 h) as well as long-term (after 2 days) stability. A minimum con-
centration of particles is required to sufficiently form a dense layer of particles around the droplets and
to modify the degree of interparticle interaction (Tambe & Sharma, 1993). The solid silica particles
would diffuse and adsorb onto the interfacial layer, thus rendering a steric hindrance to inhibit the
coalescence of oil droplets and increasing emulsion stability. When the silica particles increase, they
tend to sediment since the interaction among particles at the oil—water interface is not strong. The
silica particles tend to have negative charges over their surface, thereby increasing the electrostatic
repulsion between the particles and lessening the silica flocculation at some degree which is required to
form a rigid film barrier. Stabilization of O/W emulsion using bare silica particles resulted in an
emulsion with low stability since creaming and coalescence occurred rather quickly (Frelichowska
et al., 2009).

The addition of lecithin ranged from 0.1% to 1.5% did not significantly improve the emulsion
stability. In general, an increase in lecithin concentration slightly improved both short-term and long-
term emulsion stability. The optimum emulsifier’s mixture was found to be 2% rice husk silica and
1.5% lecithin which demonstrated the highest short-term emulsion stability. The influence of W/O
surfactant on the stability of O/W emulsion was almost negligible according to previous investigation
(Pichot et al., 2010).

Table 18.1 Stability of oil-in-water (O/W) emulsion stabilized by Rice Husk Silica and Lecithin.
Emulsion stability Emulsion stability after

Emulsifiers after 1 h (%) 2 days (%)

No emulsifiers 71.15 59.97

1% S 69.23 62.18

2% S 73.72 64.38

3% S 71.15 61.54

2% S+ 0.1% L 71.79 64.10

2% S 4+ 0.6% L 73.08 65.10

2% S + 1% L 73.72 64.46

2% S + 1.5% L 74.36 63.82

Oil phase of 20% consisted of soybean oil and lecithin was dispersed in aqueous phase containing rice husk silica. The resulting

O/W emulsions were stored at room temperature (~28°C).

S and L denoted to silica and lecithin, respectively.
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3.2 Addition of Tween-20 in the aqueous phase

The O/W emulsion with palm oil fraction of 20% was dispersed in the aqueous phase containing pure
biosilica derived from citric acid—leached rice husk (Sapei et al., 2017b) and Tween-20 using a
rotor—stator homogenizer. It was obvious as seen in Table 18.2 that O/W emulsion prepared without
any emulsifiers had the lowest stability of below 50%. The addition of bare rice husk silica particles up
to 2% increased the emulsion short-term stability of about 33%. Furthermore, the incorporation of 1%
Tween-20 with 2.5% silica drastically increased the short-term emulsion stability of about 90% and
43% compared to those without emulsifiers and with bare rice husk silica, respectively. The long-term
emulsion stability was also increased upon the addition of rice husk silica to about 58% and further
increased to about 73% with the incorporation of Tween-20.

The emulsion stability decreased with time for the first 1 h. after the emulsion preparation, as the
function of various rice husk silica concentration could be seen in Fig. 18.2. Similar trends with
emulsions prepared with rice husk silica/lecithin showed that the emulsion stability escalated with the
increase of rice husk silica concentration until the optimum concentration was reached and then
decreased. A minimum amount of silica particles seemed to be required to cover the oil—water
interface, thus providing a rigid barrier against oil droplet coalescences. As silica concentrations were
further increased, some particles would be more suspended into the aqueous phase prior to sedi-
mentation due to weak particle interaction in the interface region. The particles on the interfacial layer
would probably detach and leach into the aqueous phase due to the van der Waals attraction forces
among the suspended silica particles and hydrogen bonding among hydroxyls from both silanols and
water. It was obvious that at the optimum rice husk silica concentration of 2%, the emulsion stability
exhibited higher value compared to others within the timeframe of 10—60 min. This could be due to a
higher interaction between silica particles on the interfacial region that made the formation of rigid
film possible.

In Fig. 18.3, the emulsion stability profiles all emulsions stabilized with different emulsifiers and
without emulsifiers. It was observed that the emulsion stability increased with the sequences as

Table 18.2 Stability of oil-in-water (O/W) emulsion stabilized by Rice Husk Silica and
Tween-20.
Emulsion stability Emulsion stability
Emulsifiers after 1 h (%) after 2 days (%)
No emulsifiers 46.67 42.22
1% S 60.00 57.78
2% S 62.22 57.78
3% S 44.44 40.00
25% S +0.1% T 51.11 47.78
25% S +03% T 82.22 71.11
25% S +0.7% T 86.67 73.33
25% S+ 1% T 88.89 71.11
Oil phase of 20% consisted of palm oil was dispersed in aqueous phase containing rice husk silica/Tween-20. The resulting O/W
emulsions were stored at room temperature (~28°C).
S and T denoted to silica and Tween-20, respectively.
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FIGURE 18.2

Effect of rice husk silica particle concentra-
tions on the oil-in-water (O/W) emulsion
stability. Oil phase of 20% consisted of palm
oil was dispersed in aqueous phase containing
rice husk silica. The resulting O/W emulsions
were stored at room temperature (~28°C).

follows: mixture of 2.5% rice husk silica and 1% Tween-20 > 1% Tween-20 > 2% silica > without
emulsifier. The results suggested a noticeable enhancement of emulsion stability upon the addition of
polymeric surfactant, compared to the use of polymeric surfactant only, or bare silica. This is in line
with the earlier tests (Pichot et al., 2009; Sapei et al., 2017b). It seemed plausible that there was a
synergism between polymeric surfactant and silica particles in stabilizing the oil—water interfacial
region. Besides lowering the interfacial tension, polymeric surfactant could also modify the wettability
of rice husk silica particles and induce the flocculation of silica particles, thus facilitating the formation
of arigid barrier against coalescences of oil droplets (Midmore, 1998). The use of polymeric surfactant
only seemed to be more effective in increasing the emulsion stability compared to the use of bare rice
husk silica. This was due to the higher diffusivity rate of Tween-20 as polymeric surfactant molecules
into the interfacial region and their surface activity after being adsorbed onto the interfaces. The use of

FIGURE 18.3

Effect of various concentrations of rice husk
silica/Tween-20 concentrations on the oil-in-
water (O/W) emulsion stability. Oil phase of
20% consisted of palm oil was dispersed in
aqueous phase containing rice husk silica/
Tween-20. The resulting O/W emulsions were
stored at room temperature (~28°C).
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bare silica particles to improve the emulsion stability has become less effective without the addition of
other polymeric surfactant. The use of emulsifier mixtures of rice husk silica/Tween-20 slightly in-
creases the overall emulsion stability compared to that stabilized with Tween-20 only. This might
indicate the importance of O/W type polymeric surfactant as the predominant factor in enhancing the
overall stability of O/W emulsion.

4. Effect of pH of outer continuous phase on the stability of 0/W
emulsion stabilized with rice husk silica

The stability of O/W emulsion stabilized by silica was influenced by the pH of the outer aqueous phase.
The O/W emulsion using 20% palm oil and stabilized using 1.5% rice husk silica combined with
Tween-20 1% was dispersed in the outer aqueous phase with varying pH of 4.6 (no pH adjustment), 2,
7, and 10. It could be seen from Fig. 18.4 that the emulsion stability reached its maximum of 100% at
pH 2 and 4.6 after being stored for 60 min at room temperature. The stability was reduced by
approximately 40% at the higher pH (7 and 10) of outer aqueous phase. However, the effect of pH was
insignificant for the long-term emulsion stability. The emulsion stabilized with silica gained stability
against coalescence when its pH became acidic. (Tambe & Sharma, 1993) The emulsifying properties
of silica were mostly affected by pH, whereby acidic pH of less than 4 was preferable to achieve long-
term emulsion stability (Pichot et al., 2010). When pH was below 4, silica particles tended to have no
charge (Pichot et al., 2010), although the isoelectric point of the silica particle was around pH 2 (Dyab,
2012). Therefore, the silica particles likely to form closely packed aggregates surrounding the inter-
facial oil and water surface are more resistant to coalescence (Pichot et al., 2009). On the other hand, at
higher pH (7 and 10), silica would undergo dissociation into SiO4~ with the mechanism as follows
(Dyab, 2012):

SiOH < SiO~ + H"

FIGURE 18.4

Effect of pH of the outer aqueous phase on the
stability of oil-in-water emulsion stabilized
using 1.5% silica and 1% Tween-20 after 60
and 120 min storage at room temperature
(~28°C). Oil phase of 20% consisted of palm
oil was dispersed in aqueous phase containing
rice husk silica/Tween-20.
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The negatively charged silica particles tended to be hydrophilic. (Dyab, 2012) As silica particles
were becoming more hydrophilic, they tended to diffuse into the outer aqueous phase and were less
likely to remain within the oil—water interfaces. The negative silica charges favored the electrostatic
repulsion among the particles, which hindered the formation of the closely packed layer of silica
particles on the interfacial layer. The emulsion stability was therefore decreased as a result of the oil
globule coalescences or flocculations due to the weak barrier properties of silica particles on the in-
terfaces. Vice versa, low pH would result in more hydrophobic and chargeless silica particles. If
particles were either very hydrophilic (6 << 90°) or very hydrophobic (¢ >> 90°), they were easily
removed from the interface (Binks & Rodrigues, 2009). Low pH of outer continuous phase proved to
produce higher stability of W/O/W emulsion stabilized by rice husk silica according to our previous
investigation (Sapei et al., 2018). The proposed mechanisms of rice husk silica stabilization upon basic
and alkaline pH has also been described (Sapei et al., 2018). The pH of the system seemed to play a
significant part in influencing the wettability of silica particles and in establishing a stable O/W
emulsion.

5. Effect of storage temperature on the stability of 0/W emulsion
stabilized with rice husk silica

The emulsion stability was highly dependent on temperature. The effect of storage temperatures on the
stability of O/W emulsion stabilized by rice husk silica/lecithin and rice husk silica/Tween-20 could be
seen in Figs. 18.5 and 18.6, respectively. It was obvious that the stability of emulsion stored at the
refrigerated temperature (~8°C) was higher than that of emulsion stored at the room temperature
(~28°C). The increased stability at 8°C was obviously seen after 40 min in the emulsion stabilized
using silica/Tween 20. Furthermore, in all O/W emulsions stabilized with silica and varying amount of
lecithin showed a slight increase in the overall stability when emulsions were stored at 8°C. The
gradual and slight increase in emulsion stability was due to the gradual cooling of the emulsions upon
storage in the refrigerator. In general, the emulsion was becoming more stable at the lower temper-
ature. As temperatures lowered, the viscosity of the emulsion increased, thus decreasing the rate of
creaming according to Eq. (18.1) (McClements, 2007). The decrease in creaming velocity was due to
the slowing down of oil globule flocculations or coalescences at decreasing temperatures.

28r*(py — p1)

(18.1)
9m

VStokes =
where VsokesiS creaming velocity, g is gravitational acceleration, r is droplet radius, p is density, 1 is
viscosity, and subscripts of 1 and 2 are denoted to continuous phase and dispersed phase, respectively.

The increased stability of O/W emulsions stored at low temperatures could be observed micro-
scopically as seen in Figs. 18.7 and 18.8. It was observed that both O/W emulsion stabilization using
2% silica/1.5% lecithin and 2.5% silica/l1% Tween-20 demonstrated smaller oil droplets dispersed in
the aqueous phase at refrigerated temperatures (Fig. 18.7B vs. 18.7C and Fig. 18.8B vs. 18.8C). The
smaller the oil globules, the more stable the emulsion. This again inferred the increasing stability of
O/W emulsions upon storage at low temperatures. The rate of coalescence and creaming was decreased
as emulsion viscosity tended to be increased with the lower temperature.
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FIGURE 18.5

Effect of storage temperature on the stability
of oil-in-water emulsion stabilized using 2%
silica combined with various concentration of
lecithin after 60 min and 2 day storage. Oil
phase of 20% consisted of soybean oil and
lecithin was dispersed in aqueous phase con-
taining rice husk silica.

FIGURE 18.6

Effect of storage temperature on the stability
of oil-in-water emulsion stabilized using 2.5%
silica and 1% Tween-20. Oil phase of 20%
consisted of palm oil was dispersed in
aqueous phase containing rice husk silica and
Tween-20.

6. Kinetics study on the stability of 0/W emulsion stabilized with rice
husk silica

Research has shown that a O/W emulsion tended toward instability with time, since it was an inher-
ently thermodynamically unstable system. However, the emulsion could be presumed to be stable
when it demonstrated a high kinetic stability. The kinetic stability of the emulsion was able to be
increased by many means including the choice of emulsifiers, ratio of all components added into the
formulation, presence of additives, emulsification techniques, and condition during emulsification.
The instability of emulsions was caused by several phenomena such as flocculation, coalescences,
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FIGURE 18.7

The microscopic images of oil-in-water emulsions stabilized with 2% rice husk silica and 1.5% lecithin. Qil
phase of 20% consisted of soybean oil and lecithin was dispersed in aqueous phase containing rice husk
silica. (A) After emulsification, (B) after 3 h storage at room temperature (~28°C), and (C) after 3 h storage at
refrigerated temperature (~8°C).

Ostwald ripening, creaming, sedimentation, phase inversion, and phase separation (McClements,
2007).

In O/W emulsions systems, creaming generally occurred as the result of oil globule flocculation
followed by coalescences. The oil globules became larger upon coalescences, thereby increasing the
creaming rate leading to emulsion instability. The kinetics of emulsion destabilization was studied in
some of our experiments in order to determine the effect of different emulsifier mixtures involving the
use of rice husk silica upon the Pickering emulsion stabilization. It has been known that the coales-
cence rate of the dispersed phase globules followed the first kinetic model (Wanli et al., 2000).

The data within the first 20—40 min and between 0 and 120 min were selected for the determi-
nation of the destabilization kinetics of O/W emulsion stabilized by rice husk silica/lecithin and rice

FIGURE 18.8

The microscopic images of oil-in-water emulsions stabilized with 2.5% rice husk silica and 1% Tween-20. Oil
phase of 20% consisted of palm oil was dispersed in aqueous phase containing rice husk silica and Tween-
20. (A) After emulsification, (B) after 2 h storage at room temperature (~28°C), and (C) after 2 h storage at
refrigerated temperature (~8°C).
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husk silica/Tween-20, respectively. The emulsion stability data remained quite constant after those
specified timeframe. The stability data of O/W emulsion were evaluated in time using the zero-order or
first-order kinetic models to determine the constant destabilization rate. The least square procedure
was applied in order to determine the most appropriate kinetic order based on the best obtained
correlation coefficient (R%). The emulsion destabilization rate was represented by Eq. (18.2), while the
zero-order and first-order kinetics models were represented by Eqs. (18.3) and (18.4), respectively
(Levenspiel, 1999):

az

== k74 18.2
r o k (18.2)
ln(Z) = ln(Z()) — kgt (18.4)

where f‘%the emulsion destabilization rate, a the emulsion destabilization rate order, kpand k;the
destabilization rate constants of emulsions for the zero order (% stability/minute) and first order (per
minute), respectively, ¢ the storage time (minute), Z the emulsion stability percentage after time ¢, and
Zpthe initial emulsion stability percentage.

The kinetics data of O/W emulsion stabilized by rice husk silica/lecithin and rice husk silica/
Tween-20 were depicted in Tables 18.3 and 18.4 respectively. Soybean oil was used for the
emulsions stabilized with silica/lecithin, whereas palm oil was used for the emulsions stabilized
with silica/Tween-20. Generally, the destabilization process of all O/W emulsions was fitted more
closely to the first-order kinetic models compared to the zero-order kinetic models. This was re-
flected by the higher R? obtained from the fitting of the experimental data with the first-order kinetic
model. Silica of different concentrations ranged from 1% to 3% was investigated in a soybean/water
system. The lowest destabilization rate (k) of 1.3 x 1072 min~! was found in the O/W emulsion
stabilized with 2% silica as could be seen in Table 18.3. When the concentration of silica was
decreased into 1% or increased into 3%, the k values were lowered by around 3 and 7 times,
respectively. This implied that there was an optimum concentration of rice husk silica that was
needed to help stabilize the O/W emulsion. When the silica particle concentration was too low, there
would not be sufficient coverage of silica on the interfacial layer. In contrast, when the silica particle
concentration was too high, silica particles tended to be leached out to the outer aqueous phase due
to the hydrophilicity of biosilica particles. The huge decrease in emulsion stability occurred with
time since the particle silica on the interfacial layer was probably detached from the interface due to
the hydrogen bonding interaction between the hydroxyl groups of silanol present in biosilica and
water. As particle density at the oil—water interface decreased, the emulsion stability also decreased
(Wang et al., 2010).

Furthermore, there was an increase in O/W emulsion stability as concentrations of lecithin were
increased, combined with the consistent concentration of rice husk silica. This was reflected by the
decreased k with the increased lecithin concentration. This may indicate the role of lecithin in
assisting the deposition of silica particles onto the interfacial layer, thus improving the barrier
properties of the emulsifier layer against flocculations or coalescences. However, the synergistic
action between silica and lecithin was not obvious, since the addition of lecithin did not decrease the
k value by much and was comparable with that obtained when no emulsifier at all was used with k of
2.5 x 107* min~" (Sapei et al., 2017a). The lowest k was achieved by the use of 2% silica only and
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Table 18.3 Kinetic oil-in-water emulsion—destabilizing rate constants and R” values according
to zero-order and first-order kinetic models for emulsions stabilized with rice husk silica/
lecithin.

Storage

temperature Order 0 Order 1
Emulsifiers T (°C) Ko (% stability/min) R? k; X 10° (min™) R?
S 1% 28 0.3669 0.9541 39 0.9586
S 2% 28 0.1293 0.8044 1.3 0.8071
S 3% 28 0.8107 0.9082 9.6 0.9064
S2%+L 28 0.382 09651 | 4.0 0.9688
0.1%
S2%+L 1% 28 0.3573 0.8048 3.7 0.8103
S2% + L 28 0.2185 0.8723 2.3 0.8789
1.5%
S2%+L 8 0.315 0.9844 33 0.9863
0.1%
S2% +L 1% 8 0.1523 0.8055 1.6 0.8118
S2%+L 8 0.1869 0.8954 1.9 0.9001
1.5%
Oil phase of 20% consisted of soybean oil/lecithin was dispersed in aqueous phase containing rice husk silica.
S and L denoted as silica and lecithin, respectively.

Table 18.4 Kinetic oil-in-water (O/W) emulsion—destabilizing rate constants and R? values
according to zero-order and first-order Kinetic models for emulsions stabilized with rice husk
silica/Tween-20.

Order 0 Order 1

Emulsifiers ko (% stability/min) R> k; x 10° (min 1) R?

Without emulsifiers 49621 0.9235 72.5 0.9434
S 2.5% 5.7525 0.7749 72.4 0.7937
1% T 0.3524 0.9460 4.0 0.9540
25% S+ 0.1% T 1.7681 0.9119 23.1 0.9321
2.5% S+ 0.3% T 0.2326 0.9634 2.7 0.9769
25% S+0.7% T 0.1824 0.9447 2.0 0.9568
25% S+ 1% T 0.1390 0.9349 1.5 0.9422

Oil phase of 20% consisted of palm oil was dispersed in aqueous phase containing rice husk silica/Tween-20. The resulting O/W
emulsions were stored at room temperature (~28°C).
S and T denoted as silica and Tween-20, respectively.
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was comparable with the use of 2% silica/1% lecithin upon storage at 8°C. This implied that the
addition of lecithin did not significantly influence the overall O/W emulsion. This was also
corroborated by the previous investigation that the concentration of W/O surfactant within the
emulsifier mixture did not significantly affect the stability of O/W emulsion system (Pichot et al.,
2010). The silica particle seemed to predominantly determine the emulsion stability. However, the
effectiveness of the silica particle as an emulsifier was influenced by pH which modulated its
wettability on the interfacial layer. The emulsion stability could have been maximized by changing
the pH into acidic which helps increase the performance of the silica particle on the interfaces as
having been described in the previous section. The rate of emulsion destabilization was up to 2.3
times lower when the emulsion was stored at the refrigerated temperature. This confirmed that low
storage temperature increases the emulsion stability.

When rice husk silica was mingled with various Tween-20 as the O/W surfactant, it was obvious
that the constant destabilization rate decreased as the concentration of Tween-20 increased, as seen in
Table 18.4. This demonstrated the synergistic action between rice husk silica and Tween-20 in sta-
bilizing the O/W emulsion. The Tween-20 surfactant would easily adhere to the oil—water interface
and facilitate the attachment of rice husk silica on the interface. Therefore, a rigid layer of silica on the
interface would prevent the oil globule coalescences. The lowest k of 1.5 x 10™> min~' was attained
with the use of 2.5% rice husk silica/1% Tween-20 as mixed emulsifiers. In contrast to silica/lecithin-
stabilized O/W emulsion whereby lecithin showed no effect on the emulsion stability, Tween-20
seemed to play a significant role in achieving an emulsion with high stability. A tremendous
decrease in emulsion stability was observed upon the use of silica alone or without emulsifiers at all
reflected by the very high k value of about 72 x 10~> min~'. Based on these experiments, the presence
of Tween-20 was crucial in producing a highly stable O/W emulsion stabilized by rice husk silica. The
presence of surfactant could modify the wetting properties of the solids and likely enhance the
interparticle interactions (Tambe & Sharma, 1993).

In summary, the stabilizing capability of rice husk silica in an oil—water interface was governed by
pH, temperature, and added surfactant. The improved stability of Pickering emulsions with respect to
polymeric emulsifiers stabilized classical emulsions especially for food applications would be a great
advantage. The development of emulsions without the use of emulsifiers have attracted particular
attention since emulsifiers may cause some adverse effects, such as air entrapment, foaming, irritancy,
and detrimental interaction with living matter (Frelichowska et al., 2010). Rice husk silica seems
promising to be used as the stabilizing agent of oil droplets while reducing the use of emulsifiers for the
formulations of various O/W emulsion—based processed food products. Rice husk biosilica—
stabilizing Pickering emulsions would also demonstrate the great potential as an encapsulation vehicle
combined with the controlled release mechanism of bioactive ingredients for developing highly
nutritious and healthful food products.

Acknowledgments

The research was partially funded by Ministry of Research, Technology and Higher Education of the Republic of
Indonesia under the research grant scheme of ‘“Fundamental Research” 2019 under the contract number: 004/
SP2H/LT/MULTI/L7/2019.



References 421

References

Al-Sahhaf, T.A., Fahim, M.A., Elsharkawy, A.M., 2009. Effect of inorganic solids, wax to asphaltene ratio, and
water cut on the stability of water-in-crude oil emulsions. Journal of Dispersion Science and Technology 30
(5), 597—604.

Aveyard, R., Binks, B., Clint, J., 2003. Emulsions stabilised solely by colloidal particles. Advances in Colloid and
Interface Science 100—102, 503—546.

Binks, B.P., 2002. Particles as surfactants—similarities and differences. Current Opinion in Colloid & Interface
Science 7 (1-2), 21—41.

Binks, B.P., Rodrigues, J.A., 2009. Influence of surfactant structure on the double inversion of emulsions in the
presence of nanoparticles. Colloids and Surfaces A: Physicochemical and Engineering Aspects 345 (1—3),
195—-201.

Binks, B.P., Whitby, C.P,, 2005. Nanoparticle silica-stabilised oil-in-water emulsions: improving emulsion
stability. Colloids and Surfaces A: Physicochemical and Engineering Aspects 253 (1—3), 105—115.

Binks, B., Murakami, R., Armes, S., Fujii, S., 2006. Effects of pH and salt concentration on oil-in-water emulsions
stabilized solely by nanocomposite microgel particles. Langmuir 22 (5), 2050—2057.

Dai, C., Huang, Y., Lyu, X., Li, L., Sun, Y., Zhao, M., Zhao, G., Wu, Y., 2019. Solid-like film formed by nano-
silica self-assembly at oil—water interface. Chemical Engineering Science 195, 51—61.

Dai, L., Sun, C., Wei, Y., Mao, L., Gao, Y., 2018a. Characterization of Pickering emulsion gels stabilized by zein/
gum Arabic complex colloidal nanoparticles. Food Hydrocolloids 74, 239—248.

Dai, L., Zhan, X., Wei, Y., Sun, C., Mao, L., McClements, D.J., Gao, Y., 2018b. Composite zein-propylene glycol
alginate particles prepared using solvent evaporation: characterization and application as Pickering emulsion
stabilizers. Food Hydrocolloids 85, 281—290.

Dyab, A., 2012. Destabilisation of Pickering emulsions using pH. Colloids and Surfaces A: Physicochemical and
Engineering Aspects 402, 2—12.

Eskandar, N., Simovic, S., Prestidge, C., 2011. Interactions of hydrophilic silica nanoparticles and classical
surfactants at non-polar oil-water interface. Journal of Colloid and Interface Science 358 (1), 217—225.

Frelichowska, J., Bolzinger, M., Chevalier, Y., 2009. Pickering emulsions with bare silica. Colloids and Surfaces
A: Physicochemical and Engineering Aspects 343 (1—3), 70—74.

Frelichowska, J., Bolzinger, M., Chevalier, Y., 2010. Effects of solid particle content on properties of o/w
Pickering emulsions. Journal of Colloid and Interface Science 351 (2), 348—356.

Hong, J.S., Fischer, P., 2016. Bulk and interfacial rheology of emulsions stabilized with clay particles. Colloids
and Surfaces A: Physicochemical and Engineering Aspects 508, 316—326.

Koglin, A., Doetsch, V., Bernhard, F., 2010. Molecular engineering aspects for the production of new and modified
biosurfactants. In: Sen, R. (Ed.), Biosurfactants. Advances in Experimental Medicine and Biology, vol. 672.
Springer, New York, pp. 158—169.

Lebdioua, K., Aimable, A., Cerbelaud, M., Videcoq, A., Peyratout, C., 2018. Influence of different surfactants on
Pickering emulsions stabilized by submicronic silica particles. Journal of Colloid and Interface Science 520,
127—133.

Levenspiel, O., 1999. Chemical Reaction Engineering, third ed. John Wiley & Sons, Inc, New York,
pp. 47—51.

Li, X.M,, Xie, Q.T., Zhu, J., Pan, Y., Meng, R., Zhang, B., Chen, H.Q., Jin, Z.Y., 2019. Chitosan hydrochloride/
carboxymethyl starch complex nanogels as novel Pickering stabilizers: physical stability and rheological
properties. Food Hydrocolloids 93, 215—225.

Lu, X., Xiao, J., Huang, Q., 2018. Pickering emulsions stabilized by media-milled starch particles. Food Research
International 105, 140—149.



422 Chapter 18 Rice husk silica for the stabilization

Martin, K.R., 2007. The chemistry of silica and its potential health benefits. The Journal of Nutrition, Health &
Aging 11 (2), 94.

McClements, D., 2007. Critical review of techniques and methodologies for characterization of emulsion stability.
Critical Reviews in Food Science and Nutrition 47 (7), 611—649.

Midmore, B., 1998. Synergy between silica and polyoxyethylene surfactants in the formation of O/W emulsions.
Colloids and Surfaces A: Physicochemical and Engineering Aspects 145, 133—143.

Pichot, R., Spyropoulos, F., Norton, 1., 2009. Mixed-emulsifier stabilised emulsions: investigation of the effect of
monoolein and hydrophilic silica particle mixtures on the stability against coalescence. Journal of Colloid and
Interface Science 329 (2), 284—291.

Pichot, R., Spyropoulos, F., Norton, 1., 2010. O/W emulsions stabilised by both low molecular weight surfactants
and colloidal particles: the effect of surfactant type and concentration. Journal of Colloid and Interface Science
352 (1), 128—135.

Pichot, R., Spyropoulos, F., Norton, 1., 2012. Competitive adsorption of surfactants and hydrophilic silica particles
at the oil-water interface: interfacial tension and contact angle studies. Journal of Colloid and Interface
Science 377 (1), 396—405.

Pickering, S.U., 1907. Cxcvi.—emulsions. Journal of the Chemical Society Transactions 91, 2001—2021.

Ramsden, W., 1903. The separation of solid materials on the surface of solutions and suspensions. Observations
concerning surface diaphragms, foam blisters, emulsions and mechanical coagulation. Proceedings of the
Royal Society 72, 156—164.

Reger, M., Sekine, T., Hoffmann, H., 2012. Pickering emulsions stabilized by amphiphile covered clays. Colloids
and Surfaces A: Physicochemical and Engineering Aspects 413, 25—32.

Reger, M., Sekine, T., Okamoto, T., Watanabe, K., Hoffmann, H., 2011. Pickering emulsions stabilized by novel
clay—hydrophobin synergism. Soft Matter 7 (22), 11021—11030.

Rios, F., Fernandez-Arteaga, A., Fernandez-Serrano, M., Jurado, E., Lechuga, M., 2018. Silica micro-and
nanoparticles reduce the toxicity of surfactant solutions. Journal of Hazardous Materials 353, 436—443.
Sapei, L., Adiarto, T., Handomo, R., Chandra, S.H., 2018. Effect of pH on the stability of W1/O/W2 double
emulsion stabilized by combination of biosilica and Tween-20. In: Matec Web of Conferences: The 2nd In-
ternational Conferences on Technology, Innovation, Society and Science-to-Business (ICTIS 2018), vol. 215.

EDP Sciences.

Sapei, L., Damayanti, O., Liliana, L., 2017a. Kinetics of oil-in-water emulsion stabilization using lecithin and
biosilica. ASEAN Journal of Chemical Engineering 17 (1), §—21.

Sapei, L., Gierlinger, N., Hartmann, J., Noske, R., Strauch, P., Paris, O., 2007. Structural and analytical studies of
silica accumulations in Equisetum hyemale. Analytical and Bioanalytical Chemistry 389 (4), 1249—1257.

Sapei, L., Noske, R., Strauch, P., Paris, O., 2008. Isolation of mesoporous biogenic silica from the perennial plant
Equisetum hyemale. Chemistry of Materials 20 (5), 2020—2025.

Sapei, L., Sandy, L., Suputra, L., Ray, M., 2017b. The effect of different concentrations of tween-20 combined with
rice husk silica on the stability of o/w emulsion: a kinetic study. In: IOP Conference Series: Materials Science
and Engineering, vol. 273. Institute of Physics Publishing.

Simmons, A., Schlezinger, J., Corkey, B., 2014. What are we putting in our food that is making us fat? Food
additives, contaminants, and other putative contributors to obesity. Current Obesity Reports 3 (2), 273—285.

Taherpour, A., Hashemi, A., 2018. A novel formulation of the pickering emulsion stabilized with silica nano-
particles and its thermal resistance at high temperatures. Journal of Dispersion Science and Technology 39
(12), 1710—1720.

Tambe, D.E., Sharma, M.M., 1995. Factors controlling the stability of colloid-stabilized emulsions: III. Mea-
surement of the rheological properties of colloid-laden interfaces. Journal of Colloid and Interface Science
171 (2), 456—462.



References 423

Tambe, D.E., Sharma, M.M., 1993. Factors controlling the stability of colloid-stabilized emulsions: I. An
experimental investigation. Journal of Colloid and Interface Science 157 (1), 244—253.

Tcholakova, S., Denkov, N.D., Lips, A., 2008. Comparison of solid particles, globular proteins and surfactants as
emulsifiers. Physical Chemistry Chemical Physics 10 (12), 1608—1627.

Urdahl, O., Sjoblom, J., 1995. Water-in-crude oil emulsions from the Norwegian Continental Shelf. A stabilization
and destabilization study. Journal of Dispersion Science and Technology 16 (7), 557—574.

Wang, S., He, Y., Zou, Y., 2010. Study of Pickering emulsions stabilized by mixed particles of silica and calcite.
Particuology 8 (4), 390—393.

Wang, W., Zhou, Z., Nandakumar, K., Xu, Z., Masliyah, J.H., 2004. Effect of charged colloidal particles on
adsorption of surfactants at oil—water interface. Journal of Colloid and Interface Science 274 (2), 625—630.

Wanli, K., Yi, L., Baoyan, Q., Guangzhi, L., Zhenyu, Y., Jichun, H., 2000. Interactions between alkali/surfactant/
polymer and their effects on emulsion stability. Colloids and Surfaces A: Physicochemical and Engineering
Aspects 175 (1—2), 243—247.

Xie, X., Wang, Y., Li, X., Wei, X., Yang, S., 2018. Pickering emulsions stabilized by amphiphilic carbonaceous
materials derived from wheat straw. Colloids and Surfaces A: Physicochemical and Engineering Aspects 558,
65—72.

Yang, Y., Fang, Z., Chen, X., Zhang, W., Xie, Y., Chen, Y., Yuan, W., 2017. An overview of pickering emulsions:
solid-particle materials, classification, morphology, and applications. Frontiers in Pharmacology 8, 287.






Biopolymer-Based
Formulations



This page intentionally left blank



Biopolymer-Based
Formulations
Biomedical and Food Applications

Edited by

Kunal Pal

Indranil Banerjee
Preetam Sarkar
Doman Kim

Win-Ping Deng
Navneet Kumar Dubey

Kaustav Majumder

ELSEVIER



Elsevier

Radarweg 29, PO Box 211, 1000 AE Amsterdam, Netherlands

The Boulevard, Langford Lane, Kidlington, Oxford OXs5 1GB, United Kingdom
50 Hampshire Street, s5th Floor, Cambridge, MA 02139, United States

Copyright © 2020 Elsevier Inc. All rights reserved

No part of this publication may be reproduced or transmitted in any form or by any means, electronic or
mechanical, including photocopying, recording, or any information storage and retrieval system, without
permission in writing from the publisher. Details on how to seek permission, further information about the
Publisher’s permissions policies and our arrangements with organizations such as the Copyright Clearance
Center and the Copyright Licensing Agency, can be found at our website: www.elsevier.com/permissions.

This book and the individual contributions contained in it are protected under copyright by the Publisher
(other than as may be noted herein).

Notices

Knowledge and best practice in this field are constantly changing. As new research and experience broaden our
understanding, changes in research methods, professional practices, or medical treatment may become
necessary.

Practitioners and researchers must always rely on their own experience and knowledge in evaluating and using
any information, methods, compounds, or experiments described herein. In using such information or
methods they should be mindful of their own safety and the safety of others, including parties for whom they
have a professional responsibility.

To the fullest extent of the law, neither the Publisher nor the authors, contributors, or editors, assume any
liability for any injury and/or damage to persons or property as a matter of products liability, negligence or
otherwise, or from any use or operation of any methods, products, instructions, or ideas contained in the
material herein.

Library of Congress Cataloging-in-Publication Data
A catalog record for this book is available from the Library of Congress

British Library Cataloguing-in-Publication Data
A catalogue record for this book is available from the British Library

ISBN: 978-0-12-816897-4

For information on all Elsevier publications visit our website at
https://www.elsevier.com/books-and-journals

Publisher: Matthew Deans

Acquisition Editor: Edward Payne

Editorial Project Manager: John Leonard
Production Project Manager: R.Vijay Bharath
Cover Designer: Greg Harris

qa Working together
—4AM8 ( grow libraries in

fsevier bookAld developing countries

Typeset by TNQ Tech nologies www.elsevier.com o www.bookaid.org


http://www.elsevier.com/permissions
https://www.elsevier.com/books-and-journals

Contents

(0707115 4 1011170} &I XX1

CHAPTER 1 Introduction of biopolymers: food and biomedical applications........ 1

Dilshad Qureshi, Suraj Kumar Nayak, Arfat Anis, Sirsendu S. Ray,
Doman Kim, Thi Thanh Hanh Nguyen and Kunal Pal

1. INEEOAUCTION ...ttt ettt b s besesbeneseneesenenee 1
2. Cross-linking methods employed to design biopolymer-based polymeric
ATCHILECTULES ...eovtentiiieieeitete sttt ettt ettt ettt st e e b e e bt e bt e bt et eatesb e e bt e bt estenbesbeennens 2
2.1 Physically cross-linked ZelS ........cocieoiiririiniiieninieieeeee et 3
2.2 Chemical Cross-TNKING.......ccccveerieerieiiiieiieriie sttt ettt sre e e sbeebeenaee s 9
3. Biopolymers and their appliCations ..........ccceevrueirieirieririeirieirieieeeeie e eeieesseeeenas 19
3.1 CRIEOSAN .. cueiteniiteieeit ettt ettt ettt ettt ettt st sae bt et s bbbt et saeeae 21
3.2 CRITULOSE ..ttt se sttt et 23
3.3 PUIUIAN ..ttt ettt 25
3.4 HyaluroniC aCId .......c.eevuieriiiiienieiiee sttt ettt ettt s 26
3.5 ALGINALE ..ottt st st e b e st s e e st saaeents 28
4. CONCIUSION .....iititiiesieeieieitet ettt ettt ettt e e et e b e st e e eteesesseebessesbessessessessesseseesensessesensas 29
ACKNOWIEAZMENTS. ....couiiiiieiiiiiieeite ettt ettt ettt et st e be e bt e s beesseesaees 34
RETEIEIICES ...ttt ettt sttt st e sbe e st sbeesaaes 34

CHAPTER 2 Enzymatic synthesis of flavonoid glucosides and

their biochemical characterization.........................cccoooeeiiiiininn. 47
Thi Thanh Hanh Nguyen, Juhui Jin, Iis Septiana, Dilshad Quereshi,
Kunal Pal and Doman Kim

T INErOAUCHON .ottt 47
2. Enzymatic synthesis of glycosylated flavonoids...........coceceveeereieineinnciecnsene. 48
2.1 FLAVONOL ..ttt ettt sttt sttt st 48
2.2 FIAVANONES ....cuveeiiiiiieiieeittesite ettt sttt ettt et bt e st e bt s bt e sbtesate s b e sabesaeeeabes 53
2.3 Flavanomnol ........cccccoovuieriiiiiinieeeeiee ettt ettt s 55
2.4 FLAVONE ...eiiiieiiieeite ettt ettt ettt ettt st e bt e st esbt e st s b e sanesaee et 55
2.5 TSOTAVOMNES .. .ottt ettt sttt ettt eb et eae e 56
2.6 Physical and biological characterization of glycosylated flavonoids................. 57
3. CONCIUSION ...ttt ettt ettt se e st esessebessesessesessesensesensesensesensasan 62
ACKNOWIEAGIMENE ...ttt ettt sttt e e b et e sae e saeenee b 62
RETEICICES . ...ttt et b et st et nbe s 62
CHAPTER 3 Fish gelatin: molecular interactions and applications...................... 67
Donghwa Chung
1. INEEOAUCTION 1.ttt ettt ettt s st be bt ass s e st ensesensesensesan 67
2. GRIALIN e.vecctet ettt sttt 68



vi Contents
3. FiSH GELALIN ..ttt sttt ettt sttt ettt ettt 69
4. Protein—polysaccharide INtEractions ...........ccerereerieieirieieese ettt 70
5. Molecular interactions of fish gelatin with polysaccharides..............ccocvevvererienennen. 71
5.1 Formation of insoluble COMPIEXES.......cccererriririeniiiiniieienieee e 72
5.2 Formation of soluble COMPIEXES .......ccverirriiierienie ettt 74
5.3 State dIAZIAM ....ceiuiiiiiieiieiit ettt ettt ettt e sat e ettt et st e e aeesareenee 75
B. APPICALIONS ..vivvieivievieiieiietiete ettt ettt ettt ettt et s b et e st esbesseseeteeteeteesessessessessessesserens 78
T CONCIUSIONS ...ttt ettt ettt eenen 82
RELEIEINCES.....c.eiiiiiiiiiiiic e 83
CHAPTER 4 Peptides as biopolymers—past, present, and future....................... 87
Advaita Ganguly, Kumakshi Sharma and Kaustav Majumder
1. INEPOQUCHION ..ttt ettt 87
2. Peptides with biomedical appliCatiONS ...........coervererveririerietirieieieeneeteteeeee e 88
2.1 Therapeutic peptides and DIOPOIYMETS ........c.ceveruerrerrerieienirenineneneeeesreeeeenenn 90
2.2 Biopolymers and peptides targeting the cardiovascular system......................... 91
3. Food industry appliCAtIONS ........c.eueiririeueieiirieieiete ettt 91
3.1 Biopolymer nanoparticles as delivery SyStems...........cocceceveiiienienieciinienieecenne. 92
3.2 Peptides as value enhancers ..........cccccueeeeirirenienenieneneieieeee et 93
3.3 Biopolymers in food processing and packaging........c..cccceeveeereneneneniennenenenn 93
A, CONCIUSION. ...ttt ettt ettt ettt ettt ettt s et et e st e st e bt sae et e e besbe e e e eneeneeneeneanas 95
RETEICIICES ...ttt b e et sbe et e b et e b eaeens 98
CHAPTER 5 Microbial production of hiopolymers with potential
biotechnological applications.................ccoooeiiiiiiiieeee, 105
Madan L. Verma, Sanjeev Kumar, John Jeslin and Navneet Kumar Dubey
1o INETOQUCHION 1.ttt 105
2. Microbial biopolymer ProduCtion ...........cceeveeieueieierieerieteieeeeestereeese e eseseeseseesens 107
2.1 XaANthAN..c.ciiiiiiiic e s 107
2.2 DIEXIIAI ettt sttt et sttt s 107
2.3 PUllUlan ..o 108
24 GIUCANS ..ttt sttt e 108
2.5 GellAN. .t 109
2.6 ALGINALE ..ooevieniieiieeiieteete ettt ettt et e e e st st e e bt et e e be e beesabeebeeaee s 109
2.7 CYANOPRNYCIN .eeutiiiiiiiieeieeiieete ettt sttt et e be et e st sbaesaeesanes 109
2.8 Poly-vy-glutamic aCid .......ccccoeeviirieiieniiienieieieee et 110
2.9 LEVAN .ouiiiiiiiii e s 111
2.10 Hyaluronic acid ......c..coceeeuerieiiiniieieiieiencceeie ettt 111
2.11 Bacterial CelluloSe .........cccoviiiiiiiiiiiiiiiiiiiiii s 111
2.12 Organic acid fermentation for polymer synthesis ...........ccccceceeinvieicnncncnnn. 112
2.13 Microbial exopolysaccharides...........cocoeieveeriiiienieieninieiceee e 112

2.14 PolyhydroxyalKanOates..........cccceeruerrierrienieenieenie ettt s 1



Contents vii

3. Biosynthesis of microbial polyhydroxyalkanoates............c.cceevrvevrieirreerieeseenenennns 113
4. CONCIUSION. ...ttt ettt ettt ettt aenes 125
RETEIENCES.....cviiiiiiiieicccc e 126
FUrther r@ading ......c..ooeeuirieiiiniiieee ettt st 137
CHAPTER 6 Animal-derived biopolymers in food and biomedical
EECHNOIOZY ... 139
Varsha Wankhade
1. INEOAUCHION ..ottt sttt 139
2. General classifications Of DIOPOLYMETS.........cvecveieieieierieiiiteieieeieeeeiee e 141
3. What are animal and natural biopolymers? ..........ccccecveirererieriererieieeeerereereenenns 142
4. Types of animal DIOPOIYIMETS ......cc.cveririiriirririeieeieieieeete et esrestebessesseseeseeseeseesens 142
Bl SHIK oottt 143
6. General applications of BIOPOIYMET ........cccevvevieieieieiieieiecieri ettt 143
7. Formulation of different biopOIYMETS .........cceeveieieieieieeiieieieieeeieee e 144
8. Applications of biopolymers in food iNAUSLIIES.........ccovverirreririeirieirieirieirreennns 145
9. Biopolymers and its application in biomedical SCIENCES .......ccvvvervevereeririrririerinnnes 146
10. Some environmental benefits of use of bIOPOLYMET ........cveuevevrirueiiriirieicen 149
11, CONCIUSION 1.ttt ettt ettt b et sb et beseebeseebeseebessesesseseseesessesaseesasens 149
RETEICICES. ... ettt ettt sttt b et e e 150
CHAPTER 7 Application of CRISPR technology to the high production of
DIOPOIYMErS ..o, 153
Hyo Jin Kim and Timothy Lee Turner
1. INEEOAUCHION 1.ttt ettt ettt sa et b e ebesesb et e sbesseseseeseseesassesassesasens 153
2. Application of CRISPR/Cas9 in various researchi.........c.ccccoceeeveereninieineeneenencns 153
3. CRISPR/Cas9-based metabolic €ngiNeering ...........cceeeevrerueeeueirueueeeneseeieeeeeeeeeens 157
4. CRISPR/Cas9-based genome editing in biopolymer production from
PLOKATYOLES ...ttt ettt ettt ettt a e et e bt et sbe et e bt est et e e st eeeeaie 159
5. CRISPR/Cas9-based genome editing in biopolymer production from
CUKATYOLCS. ¢ttt ettt sttt b ettt et e st et sb e et e nb e e st et e eneebeeae 161
6. Conclusions and PErSPECLIVES .......cerveveiruerrrerieieirieeieteeeteeeeaeseeseseteeeseneesesseseneesenens 162
ACKNOWIEAZEIMENL ..ottt sttt 162
REfEIENCES......couiiiiiiiicicccc e 163
CHAPTER 8 Biomedical and food applications of hiopolymer-based
HIPOSOME ...t 167
Sayantani Dutta, Jeyan A. Moses and C. Anandharamakrishnan
1. INEOAUCHION ..ottt sttt 167
2. STAICK .ottt sttt 168
Bu ZRIN ettt 173
4. Xanthan GUIM......ccociiiieiiieieiee ettt eete ettt et esteteeteebesbesbesbesbessessesseseesaeseasessans 173



viii Contents

5. COMIAZEN vttt ettt sttt ettt st se ettt et sttt neeaete e 173
B CHUEIN..c.cuiaiitetce ettt bbbttt 174
T GRLALN ..ttt bbbttt 175
8. MEthACTYIALE. ....ecuiietiieiieieeeteteet ettt ettt a st sa et sb et saesesesesnesennas 176
9. Calcium AlZINALE .......ccveiirierieriitietieteiee ettt ettt ettt ettt et eb bbb seeaeenas 177
10, CRITOSAN ..cueniiiiiiieiciciteeetetc ettt ettt ettt sttt 179
11, FULUTE PIOSPECES c.evvvivierititeteetestesterteteeteete et e b essessessessesseseesaeseeseeseesessessessessesseseans 188
12, CONCIUSION ..ottt ettt 188
REfEIENCES.....c.eiiiiiiiiiii e 188
CHAPTER 9 Nanosized magnetic particles for cancer theranostics................... 193
Sadaf Hameed and Pravin Bhattarai
1. INEFOQUCHION ...ttt 193
2. Synthesis techniques of magnetic NANOPATTICLES ......c.coervrveerveirieireiriecreeeeee 194
3. Physiochemical properties of MINPS .........cccoviuruiininineeireeeeeeeeeieeeee s 195
3.1 SiZ€ Of MINPS ..ottt s 196
3.2 Shape of MNPS....c..coiiiiiririiereeteeeeetee ettt s 196
3.3 Surface properties and biopolymer-functionalized MNPS .........cc.ccccocerinuenee. 197
3.4 Biocompatibility and Safety ..........ccccceverieininininineceeeeee e 198
4. Magnetic nanoparticles for cancer imaging ...........cocceeeereeeieieereseneseseeeeeeenens 200
5. Magnetic nanoparticles for cancer therapy ..........ccocovererereneiinieninereee e 202
5.1 ChemOthEraPY ....ccueeieriiiuieieiieteet ettt ettt sttt et st e e e 202
5.2 Hyperthermia therapy ........ccocceoerierieriiiiinieieneeteseeeeeteeete e 206
6. Smart magnetic nanoparticles for cancer theranostics...........coeveverieeriereriereriereeenen. 210
T CONCIUSION. ...ttt ettt sttt 213
RELEIENCES.....c.einiiiiiiiicic e 213
CHAPTER 10 Core—shell hiopolymer nanopatrticles................c.ccccoeeveeveiveeneennn. 221
Yue Zhang and Lei Wang
1o INETOAUCHION ..ottt 221
2. Materials used for core—shell Nanoparticles ...........coovevvevieveeieieieiiieeiieeeeeeeeeene 222
3. Methods involved in the formation of core—shell nanoparticles..............c.ccveveenene. 225
3.1 AntisolVent Precipitation ........ccceeceerieerieerieesiieerieenieeseestesbeeseeseesreesnesnseenne 225
3.2 Electrostatic dePOSItION .....cccueerveeriieriieeieeiiesiteesieesieesieesee st eesieestesteesaaesareenne 227
3.3 Self-asSemMDbLY.......coiiiiiiiiiiiiieieeee e e e 227
3.4 Thermal treatMent ........cccocovuiiiiiiiiiiiiiiieiie e 229
3.5 Covalent cross-lnKing...........ccccocieeieririieiiriiienieieee e 229
3.6 Combinations and OthErsS..........ccceciiriiiiiiiiiiiieetee ettt 230
A, ADPPIICALIONS ...uveeieeitieiieieeteetete et eet ettt ettt tesbeste st ess e e et esseseeseeseeseesessessansensensaneanens 230
4.1 Delivery of small molecular drugs and nutraceuticals...........cccccecceceieirnveennne. 230

4.2 Delivery of peptides and Proteins ...........cecceeeereereereerieseerieneeieseeeeeeeee e 231



Contents ix

4.3 Delivery of NUCIEIC ACIAS....ccoueririeriiiiiniinierieteeeteesee et 231

5. Current issues and future development ...........cccceoveiriiireienieneeeecece e 231
RETEIENCES.....oviiiiiiiieicicc et 232
CHAPTER 11 Nanotechnology-based SENSOIS ..............c..ccoveeveeeiieiieiiceereeee. 237

Sushant Prajapati, Bhagyashree Padhan, B. Amulyasai and Angana Sarkar

T INErOAUCHION .ottt 237
2. Types of nanomaterials fOr DIOSENSOT .........ccvevveieieiiierietirieeieeeieiet e ere e s s 238
2.1 Gold NAanOMALEIIALS. ....cccueruieiirieriiniietente ettt ettt ettt eanens 238
2.2 Silver nanomaterials .......c..coevierieririiiniiieerieeeeereee et 243
2.3 Carbon NANOSIIUCLULES ........ccueiiuiiiiiiiiiiiiteteie et 243
2.4 Silicon NANOMALETIAL......ccc.eiiiiiriiriieriteeie ettt ettt st 244
2.5 Magnetic NANOPATICIES ......eevuieruiiriiiiierie ettt 246
2.6 Biopolymers-based NANOSENSOLS .........cccevveruirierieniienieniieeeneereeeere s eneseeanens 248

3. Properties of nanomaterials used for detection in bioSENSOrS..........ccevevrreerrrerrrennns 248
4. Principle and classification of DIOSENSOLS........ccueveieuiririiririiieiiierieeeeecee s 249
4.1 Working principle of DIOSENSOT ......c..cceeeriririenierieieieieiee et 249
4.2 Classification Of DIOSENSOT ........cccueiuieiiiriieierieierte ettt ees 250

5. Application of NanObiOSENSOTS. ......cceruiruirterterieieeieteetteteetestesteseeteseeeeneeiesseeaeeeessenes 251
6. Pros and cons of biosensors and strategy to OVEICOME.........cvrveerereerrerrreerrenrrenens 256
T CONCIUSION.....c.cveeiiiiiiirictrtctrtctete ettt ettt sttt ettt sttt ettt sttt enenen 257
RETEICICES . ... .ottt ettt bt sttt b et 258
FUrther reading ......c..coeeierieiiiniiieeee sttt sttt 262
CHAPTER 12 Functional amyloids.................c.ooooooieeiiiiieeeeeeeeeeeeeeeeea 263

Nandini Sarkar

1. INEEOAUCHION .ottt 263
2. Protein misfolding and agg@regation............cc.ecvevieveieieieiirieiesiesieseeeeee e 264
3. Amyloid and its PAthOZENESIS......eervereirieieieieieirieitetetetee ettt ettt eeeeeseneas 267
4. Mechanism of amyloid fOrmMAation ...........ccc.evvevierieieieiiiieriei ettt enens 269
5. Functional amyloids found in NAtUIE...........c.ccvevieieieierieiiecieiei et 272
5.1 AS Structural COMPONENLS ....c..eeruveriierieriieieeniieeieenttesteeieesbeesseesbeesbeesaeesssenns 272
5.2 As regulatory factors in several biochemical pathways .........cccceeceevvieeneennenne 273
5.3 As scaffolds for storage and release of Proteins.......cocceeceevveeevieeneerieeneeneenns 273
5.4 In sexual reproduCtiON........cc.coeeieriieiiirieieie ettt 274
5.5 As molecular ChaApETONEs ........c.ceecuierieriiiiiienieee ettt sttt 274

6. How toxicity is prevented with functional amyloids?..........ccceeeeievierieiecineninieenne. 274
7. Potential of amyloids in biomedical applications ..........cccceeereerecereereeriecnienene 275
7.1 As scaffolds for tiSSUE eNGINEEIING ........cecverureieririieieeeieieeeeee e ree e 276
7.2 As drug delivery VENICIES.......covuiriiiiiiniiiiiiiieeeetete et 277
7.3 In biosensors and biOTMAZING ......cc.eecierueeiieririeiiieierie et 277

8. Conclusion and fUture PErSPECLIVES ........eevrveriererirreerreierersieesseseseseseseesessesessesesnns 277
RETEICNCES. ... .ottt sttt 278

FUrther reading ......c..coeeiirieiiiniiieee ettt 282



X Contents

CHAPTER 13 Lipid-derived renewable amphiphilic nanocarriers for drug

delivery, biopolymer-based formulations: biomedical and

food applications ................c.oooviiieiioeeeee e 283
Muhammad Arshad, Rehan Ali Pradhan, Muhammad Zubair and

Aman Ullah

1o INEFOQUCHION ..ottt 283
2. Classification of drug delivery SyStemS.........cccevueerieirienirieririeereeeeeee e 284
2.1 Polymeric NanopartiCIes ..........eeceerieerieerieniienierie ettt 284
2.2 MICELLLES ..ottt ettt ettt st et 285
2.3 DENATIMETS ...eeuiiiiiieiieeieeiee ettt et ettt ettt ettt e sbaeebeebee s 286

3. Emulsions-based drug deliVery SYStEMS .......coeveveriererieeriereiereiereeereeeseseseseeseseesens 286
3.1 MICTOCIMUISIONS «...eeuviiiieiiieiieeieeite ittt ettt et sttt e e et e s eabee e 286
3.2 NANOEIMUISIONS ..e.eiiiiiiiiieiieiteeeeeeri ettt ettt st e st s e et esaneeareenne 286
3.3 Self-emulsifying delivery SYStEINS .......ccoueruerierieniieieniieicenie st 287
3.4 Pickering emMUISIONS .......cc.eeieriirierienieeiesteeiie et e et eace e saee e e e e b eeesbeens 287

4. Vesicular drug delivery SYSLEIMS .......ccceoiruiruirerierieieieie ettt sttt 287
4.1 LAPOSOIMCS ..uvintienteeuieteeiteteeite st et ee et e e st e e e e sbeeate s bt estesbeeste b e ententeeseebesaeensesnean 287
4.2 PRYTOSOIMIES ...euveeuieeiientiiiteienitetest ettt ettt ettt et eat et et et sseeaesaeenaesbeas 288
4.3 PharmacOSOINES ......cc.ceuirueieieieireiteiteteee ettt et ettt sae s s sae e eue s eae e 289
4.4 EthOSOMES......ccuiiiiiiiiiiiiiiicicieet ettt s e 289
4.5 VESOSOINIES ..ceviviiiiiiiieieteieteit ettt sttt et ettt sae st saesae e eae b sae e 290

5. Lipid particulate drug deliVEry SYStEIMS ........ccecvivrirreriereirreierieriereeeeereeresesseseseeenenns 290
5.1 Solid lipid nanopartiCles.........eoeeriiriiieniieniieieeeeeeete ettt 291
5.2 Nanostructured lipid CAITIETS .......cevcuirruierieriieiieeie ettt ereeiee e esiee e 292
5.3 Lipid—drug CONJUZALES ...c..eeruririieriierieeieeeiteeieesiee st e site et st e st e eteebeesbeereeee 292

6. Types of lipid-based fOrmulation...........c.ccueeveieierireneriinierieieiee et eeneeas 292
6.1 Processing techniques for lipid formulations ..........cccceccecevieieniniiencninenenens 293

7. Biomedical applications of lipid-derived nanocarriers ...........ocevereeererrerereererueennen. 294
7.1 Gene therapy SYSIEIMS......cc.coiecuirieiiiriieieeieete ettt e 294
7.2 Drug delivery VEhICIes .......c.ccoirieiiiniiiiinieienccieeeeseeeeeeee e e 295
7.3 TheranoStiCS NANOCAITIETS........eevueerreerrierrierieentesteestteeteesteesteesseenbeesareesseenseens 295

8. Applications of lipid nanocarriers in f0od industry ...........c.cecevevereennennenneenen. 299
9. SUITITIATY ..ooveviietiieeiiieie ettt ettt ete ettt tesbese s te s etessesesbesesaesessesessasessesessesessesessesans 302
RETEIEIICES ...ttt bttt ae et s 303
CHAPTER 14 Nanoencapsulation of nutraceutical ingredients.......................... 311

M. Maria Leena, L. Mahalakshmi, Jeyan A. Moses and
C. Anandharamakrishnan

1. INETOAUCHION .ttt ettt s e sae st e st eseeseesessesbessensensessesens 311
2. EXCIPIENE SEIECTION ....vvivvevieietieieteietitetet ettt ettt ebe e b e eseseebeseeseneesesessens 312
3. Encapsulation teChMIGUES.......c.ceeeieuiririenirieieieeietre ettt 314

3.1 COACEIVALION ... ettt ettt e e e ettt e e e et e e e eeaaeeeeesesaaseeesseaaseeeesannnees 314



Contents xi

3.2 ElectroSpraying/SPinning ..........ccceeeeveereeiererieneneenienieenseneenseseessesseessesessnens 315
3.3 Nanolaminated SYSIEIM ......cecuerueeieruiriierieeienieriierteettetesteetesiteeesieeeesbeeaesbeennens 316
3.4 NanoSPray AryiNg ....c.ccecveveerierieeiienieieneeteniesitestesttet et et sitente e eteseeesaesbeennens 318
3.5 NANOZEIS ..ttt ettt st sbe et s eanens 320
3.6 NanOCMUISIONS ....c.oueuiiiiiiiiiieiiciieien ettt s 323
3.7 LIPOSOIMES ....veeueieniieeiieiteniteenitesite st esitesabesabeessaesaseebeesssesnseesaseenseeseesaseenseenssenns 325
3.8 Solid lipid NanOPartiCles........cueeierciierierieeiierieeie et erte ettt sbeesae e 328
3.9 Nanostructured lipid CAITIET ....cceevcvierieriiiiieniieeieerite ettt 329

4. Tmpact of encapsulation on characteristics of nutraceutical compound.................. 331
4.1 UV Stability ....ccoooiiiiiiiiiiiiic e 331
4.2 PH StabIlity ..c.ooveuiiiiiiiiiiiiiiiiciccc e 332
4.3 Temperature StADIIILY .......ccceerieriiiiiieeieeieerte ettt 333
4.4 SOIUDILILY ..o 334
4.5 CryStalliNIty c..cocveeiieiiiieieeee ettt e e 334
4.6 OXidative StADIIILY ..ccc.eeveiiiiiiierii ittt 336

5. Mechanism of release of bioactive compounds from encapsulated matrix............. 337
5.1 pH stimuli reSponse deliVerY.......cccceeoiirierieriiieiieiieieeteee e 337
5.2 Temperature stimuli 1e€SpONSe dElIVETY ......c.ceviervieiniinieniieiiiieeerecseee e 338
5.3 Redox stimuli 1esponse deliVery .........coccoererierieiniinininiinenesetereeeeeeeieee e 339
5.4 Magnetic stimuli response deliVery ..........cccceevecerirrenininiereneneieeeeeeeenee 339

6. Nutraceutical bioavailability iMProvement ...........cocceeeveveeirieereieeieeeseresereeeeseeens 340
6.1 Gastroretentive deliVery SYSLEIMS. ....cecuerueruieririerienteeieeecetenieeee e ee e eeeseeeaeens 340
6.2 Intestinal targeted delIVEIY .......ccceririiiririieniiiieretees et 341
6.3 Colon-specific dElIVEIY......ccceiuiiiiiriiiienieiere ettt 341

T CONCIUSION. ...ttt ettt ettt 342
RELEIENCES......coviiiiiiiiiiiccc e 342

CHAPTER 15 Nutraceutical encapsulation and delivery system for type 2

diabetes mellitus ... 353

Navneet Kumar Dubey, Abhinay Kumar Singh, Rajni Dubey and
Win-Ping Deng

1. INEEOAUCTION 1.ttt ettt sttt ettt ettt saete e eseseesessesaneesenens 353
2. Encapsulation of nutraceuticals and their characterization..............cccvevveveevierennnne. 353
2.1 SPray dIyiNg ..c.ooeeieriieieiieieeieetere ettt sttt ettt et s eanens 354
2.2 SPray CHIllING ...cooiiiiiieiieiiieieete ettt ettt e te e steebeesbeesbeenseesaneeas 355
2.3 FIUIdIZEd DA ....cveviieniiieieiccceeet ettt 356
3. Potential of nutraceuticals and their delivery for treating T2DM ..........cccocvevnnene. 357
3.1 Polyphenolic COMPOUNAS .......ceocueriierieriiiiieniieeieesite sttt sie e 357
4. Conclusion and future ProSPECHIVE ......cecververierieieierieiieeiiesteeetesteeessessereeseesessesaens 361

REEEICICES ...t e et e e et e e e e e are e e e e eeatreeeeeeentraeeas 361



Xii Contents

CHAPTER 16 Pickering emulsions stabilized by nanoparticles......................... 365
Soma Mukherjee
1. TNEEOAUCTION ...ttt ettt sb ettt bete b e se st e s ese s esessesennas 365
2. History of pickering emulSion ...........coceeeeririeirieninieinenee e 365
3. Physical chemistry of pickering emulSion..........ccccceeieeriererieerieerieeeereeere e 366
3.1 Globule size and formation Criteria ........coccerveereeriieenienienieenteete e 366
3.2 Stabilizing PartiCles ........cceeieriirieiereeierieeteee e 368
3.3 Stable emulsion formation by adsorbed solid particle ............cccceveereneneennene 371
3.4 Parameters of different types of emulSions .........ccccecevirienenvienieninnenieenene 371
3.5 Unbound particles and consequence of rheology ..........cocevereencneniicnencienene 372
A, ADPPIICALIONS ..eeeeiiiiieteeieete ettt ettt ettt ettt s et et et e st ebeebesbeebesbe e et enteneeneeneas 375
4.1 Potential application to the life science and drug delivery .........ccceveveevueennnne 375
4.2 Application in material science using polymerization template....................... 376
5. CONCIUSION. .....uiiiiiiiiitetec ettt ettt sttt ee 376
RELEIEINCES.....cuiiieiieiiiiciice et 377
Further Reading ...........ccociiiiiiiiiiiiiiiiiiicccc e 380
CHAPTER 17 Microencapsulation of hioactive compounds and enzymes
for therapeutic applications.................c.ocoooieiiiiieceeeeee 381
Ragini G Bodade and Anand G Bodade
1o INETOQUCHION .ottt 381
2. Types of MICrOENCAPSULALION .....vevevveeierierieiieieitieresieiest et et eseeseereereebessessessesseseeseenas 382
3. Microencapsulation of bioactive compounds and bioactive extracts....................... 383
4. Microencapsulation of therapeutic ENZYMES .........c.ccvevverreiereenrisenrerresieseeseseeenens 395
5. Challenges and future OutlOOKS .........ccvevieieiiiiiniirieniei ettt 396
ACKNOWIEAZMENLS.........eeiiieiiiiiieieeieesteete ettt ettt st ettt et e e sbee s eebeenae 397
REfEIENCES.....c.eiiiiiiiiiiii e 397
CHAPTER 18 Rice husk silica for the stabilization of food-grade
oil-in-water (O/W) emulSions...............c.c.cooveeiinnnnecicnnnee 405
Lanny Sapei
1. INETOAUCHION .ottt ettt a et eseeseesees e s esbessensensessesens 405
2. Silica for stabilization of O/W emulSION ..........cceevevierierierieieieiee e 408
3. Effect of emulsifier addition combined with rice husk silica in stabilizing
OFW EIMUISION. ......iiiiiiiiiiieeie ettt ettt et e st st esat e st e baesaeesateas 410
3.1 Addition of lecithin in the 0il Phase .........cccceceriiriieiieriiee e 410
3.2 Addition of Tween-20 in the aqueous phase ...........cccccceeveeviiieiiniiicnieieene 412
4. Effect of pH of outer continuous phase on the stability of O/W emulsion
stabilized with rice husk SIliCa........cooueriiiiiiiiiiiiiii e 414
5. Effect of storage temperature on the stability of O/W emulsion stabilized
With 1iCe RUSK SIIICA ..e..eiiieeiiiiiiiee e 415
6. Kinetics study on the stability of O/W emulsion stabilized with rice husk silica ..416



Contents xiii

ACKNOWIEAGIMENES. ....ceieiiiiieiiieiiteieete ettt sttt 420
RETEICICES ... ettt sttt et 421
CHAPTER 19 Oil-entrapped films ................ooooiiiiieieeeeeeeeeeeeeeeeeeeeee 425

Saumya Agarwal, Monjurul Hoque, Nupur Mohapatra, Irshaan Syed,
Chanda Vilas Dhumal, Subhadeep Bose, Prasanta Kumar Biswas,
Padmaja Kar, Nisarani Bishoyi and Preetam Sarkar

T INEEOAUCHION ..ottt sttt ettt sttt ebene s 425
2. Hydrocolloid-based films incorporated with essential OilS..........cceevreeireireccnnencne 426
2.1 Polysaccharide-based edible films ..........ccocueerieriiiriiiniienee e 427
2.2 Protein-based edible filmS.........cccooiriiiniiiiiniiiiccece e 435
3. Composite films incorporated with essential Oils..........coceerueerieirerireceneiriecreene 439
A, CONCIUSION ....uiititiiesieieieietetet ettt ettt ettt et et e e eseeseeseesesbesbessessessessessaseessesessessans 439
RETEIEIICES ...ttt ettt sttt et ae e 440
CHAPTER 20 Tamarind seed polysaccharide: unique profile of properties
and applications ....................c.oooveeiiiiiieee e 445
Kazuhiko Yamatoya, Akira Tabuchi, Yumewo Suzuki and Hiroyuki Yamada
1. TETOAUCHON 1.ttt ettt et esbe s e b e s e se st eseeseeseeseesessenes 445
2. Fundamental PrOPETTIES.......eevrvevrereriereirierrerestetesesteseesesessesessesessessesassesessssessssesessasens 446
2.1 Molecular weight and SITUCIUTE .......cc.cevviiiiierieriieiiterieeee et 446
2.2 Rheological PrOPEeItIeS.......ccciruierieriieienieeienieeitesteette et eteeiee e e e e saeenaeseeeneens 447
2.3 GelliNG PIOPEITIES ...veuveeueeteeteetieierteeteeteeeestesitesteeste e ebeeteeseesteeneeeeseeeeesaeennens 448
2.4 Emulsion stabilizing and emulsification property .........ccccceceeverveerencenenennens 450
3. FOOQ APPICALIONS ....evieiveeieieiiereeieieteietetetetetetee st be s sbe e s seebessesasseseseesessesessesasens 453
3.1 FUNCHIONS vttt st s st 453
3.2 APPLICALIONS ..evvieniieieiieieeeitterteete et e stesiteenbeestaeeseebeessseeseessseenseeseesnseenseenssenns 454
. CONCIUSION. c..venitinieiiietitet ettt ettt ettt nenes 458
ACKNOWIEAZMENTS. ....ceuiieiiieiiiiieeiee ettt sttt ettt e ste ettt esaesabeesaaeenseenbeesnseeseenns 459
RETEIENCES.....cviiiiiiiiiccc ettt 459
CHAPTER 21 Thermomechanical and surface morphology of
biopolymer—nanoparticle composite films........................c..c........ 463
Jasim Ahmed
1. INEOAUCHION ..ottt sttt 463
2. NANOPATTICIES ..vvevvevieviirietietiieieet et et ete ettt e ete st et essesbeseeseeteeteeseesessessessessessesseseeseesenes 464
3. BIOPOLYIMETS c.vivietiiiciietit ettt ettt ettt et ettt et b e b sb e b sbessessesaeseesensanes 465
4. Biopolymer—nanoparticle fabrication teChniques.............ccoevevverievievieieiiieiienns 465
5. In Situ POLYMETIZAtION .....ovvevieeienieiieeieiieteeeete ettt ettt sb et sb b e b ssessesaeseeseesenes 466
6. Melt iNterCaAlatioN ......c.eveveeieeiieeiietiietete ettt ettt nenes 466
7. Solution cast INtErCAlAtION .........coveuirieuirieirieiiieieie ettt 466
8. Polylactic acid—based NaNOCOMPOSILES. .......veverrererierieririeirerresiesiessesseseeseeseesensenes 467



Xiv Contents

9. Rheology of polylactic acid—based nanocoOMpOSItes ..........cveverveereeeriererieerierenens 467
10. MeChanical PrOPEItIES......cccvveirieirieririeiirieeietetertetesteeesteesteseesesesse e ssesessesesesesseseees 474
11, Thermal AnalySiS.........cceciiiiiiviieieierierieriete ettt ettt ees et reete b ete s s e s essessesnereens 477
12, BAITIEr PrOPEILY...ccvevirieeirieeirietinietietetert ettt ettt et st ete e tesae st stesesaesessesessesessesassesessesennas 480
13, MICTOSIIUCLUIE ...ttt ettt ettt ettt sttt esesaeseeaesessesesaesessesensenessesennas 481
14. Chitosan-based nanocomposite fillMS ...........ccoeverrerieieiirieieieeee e eee s 483
15. Gelatin-based filMS .......coeirieeirieirieieeeee ettt ae e 494
16. Starch-based nanocomMpoSite fIIMS .......c.ccoeerirrerierieieieieieiee et 502
17. Hydrocolloid-based fIMS.........cc.eeveieieieiiiieiieiesieieeei ettt ess s 506
18, CONCIUSIONS ...ttt ettt ettt ettt ettt s b et b et b e ebe e 507
ACKNOWIEAZMENLE .....couiiiniiiiiiiiieeieettes ettt ettt sttt et e st e et e b e sabeebeenaee 507
RETEIENCES ..ottt ettt sttt e st 507

CHAPTER 22 Natural and bioderived molecular gelator—based oleogels

and their applications .....................ccooooeiiiii, 513

Sai S. Sagiri and K.J. Rao
1. INETOAUCHION .ottt ettt ettt et es et e st eseeseeseeseesesbessessensessasens 513
2. OlEOZEIALOTS ....euveeieeieeieeieiieiieteete ettt e et et eseesteteesestesesseseessesseneeseeseesessessansensenseneeneenes 514
2.1 Lipid-based 0leogelators ...........ccceecuerieieririeneiieieeeee et 516
2.2 Nonlipid-based 0l€0ZEIatOrS. .......covutiriiiiriiriieiierie ettt 528
2.3 Polymeric elatorS.........ccccuiiuieiiiniiiieiieiee et e 537
3. Applications Of OlEOZEIS ......cecveviieriieiiieieieteee ettt 541
3.1 Ole0gels N OO ...couiiiiiiiiiiieeeeteee ettt e 541
3.2 Oleogels in PharmacEULICS .........cceouereerierierieieeiieieete et 545
3.3 Ole0gels iN COSMELICS.....euuieuieuiietieienteeie st eiteteetee et et et eeeeatesaeseeeaesaeeneeneeens 548
3.4 Oleogels in TUDIICANES.....c..couiiiirieieniieie ettt 548
Q. CONCIUSION. ...ttt ettt ettt ettt ettt b ettt et tenene 550
ACKNOWIEAGIMENL ...ttt ettt 550
RELEIENCES.....c.einiiiiiiiiic e 550
CHAPTER 23 Hydrogels as hiodegradable hiopolymer formulations ................. 561

Margaret O. llomuanya

1. TNEOAUCTION ...ttt sttt se e s s s saese e 561
1.1 Hydrogels as biopolymer-based formulations .........cc.ccocceceevierieninicencneenennen. 561
1.2 Hydrogel classification based on structure and biomaterial classification....... 562
2. Polysaccharide-based hybrid biopolymer hydrogels..........cccceeveieiienreriecieieiennnne. 563
2.1 Hyaluronic acid—containing hydrogels ..........cccocevviienieniieniiienieeiieee e 563
2.2 Alginate-containing hydrogels ...........ccccoeeeveniiiinieneniniieieecneeee e 565
2.3 Xanthan gum—containing hydrogels ..........cccoocuevvienieriieniienieeeeeeseeeeieene 569
2.4 Chitosan-containing hydrogels...........cccceeieveniiiinieneniniiiece e 572

2.5 Protein extracellular matrix—containing hydrogels...........ccooceeveininiinncnnneene 574



Contents XV

3. CONCIUSION ...ttt ettt ettt ettt ettt et sae s e bestetaneeseneesenseseneesanens 577
RETEICIICES ...ttt ettt sttt eae 578
FUrther r@ading .........coeeieriiiiniiiincecn ettt sttt e 585
CHAPTER 24 Biopolymer-based oleocolloids.................c..ccooevieveiiiiieiiieeenn 587
Ashok R. Patel
1. TNEEOAUCTION L.ttt ettt s ettt be et eseeteneeseneas 587
2. Biopolymer-based OlEOZEIS......c.ccuevriiririiriiieierieeieieeete ettt esaeteeseeseese s s 588
2.1 Chitin-based OlEOZELS .....c..ceerieriiriiirieeit ettt ettt s 588
2.2 Oleogels prepared from surface-active biopolymers through
colloid-templated approaches...........ccocueevierieriieenienieeeeeeeee e 589
2.3 Gels prepared from protein hydrogels via stepwise solvent exchange
TOULE ..ottt ettt ettt et etc et e b e s aeesaesase b e bt et e e bt emsesaessaesaeennesaeennenneennenbeeaeenee 594
2.4 Gel prepared from aerogel-templated approach ............cccoeceviiiiiinicncninnnns 594
2.5 Gel prepared from emulsion-encapsulation approach ........c..c.ceceevevvereeveuennnn 595
3. Biopolymer-based O/W/O €MULISIONS ........coveveueeiriririeeeeeireeieieeee et 596
4. Biopolymer-based OlEOfIlMS ........cceevieuiririirieiiniriiieieeececee e 599
5. Conclusion and future trends ..........ccceeieuererieriesieieieeeeete e 602
RETEICIICES ... ettt sttt 603
CHAPTER 25 Gum-based hydrogels in drug delivery............cccoccoooveveeiicienennnn. 605
Amit Kumar Nayak, Md Saquib Hasnain, Kunal Pal, Indranil Banerjee
and Dilipkumar Pal
1. INEEOAUCTION ..ttt ettt ettt b et s e ese b enesenan 605
2. Gums and their classifiCationS ..........ecivveirieirieinieiriereeet et eees 606
3. Chitosan-based hydrogels used in drug delivery ..........ccocoovevvevrerievieierereereerennns 606
4. Alginate-based hydrogels used in drug delivery........cceceerireieenieeneceieeeeenens 610
5. Pectin-based hydrogels used in drug delivery..........ccceceeirevieviiresieieeeierieieennns 613
6. Gellan gum-based hydrogels used in drug delivery...........ccooevevvevievieieiereerierennnn. 620
7. Tamarind gum-based hydrogels used in drug delivery .........cccocevevieiecieiernrennenn. 623
8. Sterculia gum-based hydrogels used in drug delivery.........ccccovevevieieeererierennnn. 626
9. Guar gum-based hydrogels used in drug deliVery .........ccccoeveveviererieieieieeeiennns 630
10. Locust bean gum-based hydrogels used in drug delivery...........ccoeveveverrerinrennenn. 633
11, MISCEIIANCOUS. ...ttt ettt st b sttt sttt eaene s 635
12, CONCIUSION ...ttt ettt ettt se et et esbe s e b e s e ssenseseeseeseeneesesenes 635
RETETEIICES ...ttt ettt st e st et et sabeebe e e 635

FUIher 1€AdING .....ooviiiiiiiiiiie ettt 645



Xvi Contents

CHAPTER 26 Implant surface modification strategies through antibacterial
and bioactive components ....................ccoooieiiiiiece, 647
Agustin Wulan Suci Dharmayanti, Rajni Dubey, Navneet Kumar Dubey
and Win-Ping Deng

1o TNEOAUCHION ..ttt b et ebe e 647
2. Response of cells and tissues to implant materials...........cccecveeeeerererieriecieieeeeene. 648
2.1 Bone tissue: the most fundamental unit supporting implant...............c..ccc.c..... 648
2.2 Effect of environmental factors to implant performance ............coccevereeeennen. 651
3. Implant materials and their surface modification............coceeevveerennenineninenneeen 652
3.1 Classification of implant materials...........cceceieriiirieienieee e 652
3.2 Properties of implant biomaterials ..........cceeuereeieriieiienieiee e 653
3.3 Technique and methods for surface modification of implant materials........... 655
3.4 Implant surface coating teChNIQUES........couereerierieniieieriiriee e 659
3.5 Biopolymer Materials ........ccccecuevieriiririieniinienieeiieeete et 661
3.6 Antimicrobial activity of biopolymer implant coating.........c..ccoceeeevuerervennenne 662
3.7 Methods for biopolymer processing as surface modification and
IMPIANE COALINE ..evvreeirieiieiieeieerte et et ete et e e e steesttesbeebeessbeebeeseesssaeseenseens 665
4. Conclusion and fUtlre PrOSPECES........cerueverrereriereriereriereserereereseseseesesesesesessesesesenes 666
RELEIENCES.....c.eiiiiiiiii e 666
Further reading .........ccooieviiiiiiiiiiiicicce e 672
CHAPTER 27 Edible films and coatings: an update on recent advances........... 675
Navneet Kumar Dubey and Rajni Dubey
1o INEFOQUCHION ..ottt 675
2. Novel patterns in basic structural MALTICES .........cevverveierierieierieriereereereieeeeeereeeenes 677
2.1 New trends in polysaccharides-based edible films.........cccceevvieveiiienienneenneen. 677
2.2 Protein filmS ....ocoviiiiiiiiiiiiiii e 682
2.3 LApid fIIMS cooeiiiiiiiiieii e e 685
2.4 Nanobiocomposite edible films..........ccceeceeriiiinieniiiinienieceeeeeeeeeeee 686
3. Recent advances in the applications of edible films .........ccceveverenrenrennceeee 688
3.1 Flavor encapSulation..........cccueevueeriiniieniinie ettt sttt 688
3.2 Carrier Of PrODIOTICS ...c..cocuiruieiiriieierit ettt s 688
3.3 Carriers of antioxidant and antimicrobial compounds ..........c.cccceceevereruenvennene 690
A, CONCIUSION. ....iuieeieteetiete ettt te sttt et ettt et te st e s be e es b e e e sensesteseeseeseesessessansensensaneaneas 691
RETEICIICES ...ttt ettt ettt 691
CHAPTER 28 Rheology and tribology assessment of foods: a food oral
Processing PerspPective .............oooveevveieciieiieeeeeee e 697
Rituja Upadhyay and Jianshe Chen
1. TNEEOAUCHION ...ttt ettt ss et e st e sbe e ssesessesassesessesennas 697
2. Rheology: basic understanding of the tests used in the food industry .................... 698
2.1 Flow properties of fluid foods using rotational tests ...........ccceceerereereereenuenen. 701

2.2 Small amplitude 0SCIlAtOrY tESES .....evuerieriirierierieieeierieetet e 703



Contents Xvii

3. Tribology fundamentals ............cc.eceieueirieieieieieirieeceiet ettt ettt esenens 704
3.1 Background and prinCiple .........cccooeevieririieniiieninieee e 704
3.2 Tongue movements and role of SAliva .......c.ccocererierieniriienieninceenceeseens 707
3.3 Tribology CONfIGUIALIONS ....c..evveruieriiriiiniiriieieniteteett ettt einens 707

4. CONCIUSIONS .ottt ettt sttt sttt sttt ettt et seenna 712

REfEIENCES......oouiiiiiiiiiiciccc e 713

CHAPTER 29 Biopolymer-based scaffolds: development and biomedical
apPPliCAtioNS ..o 717
Ann Mary George, Sai Preetham Reddy Peddireddy, Goutam Thakur
and Fiona Concy Rodrigues

T INEEOAUCHION ..ottt sttt et et eneeteneeseneas 717
2. Properties Of SCATfOIAS. .....ccviiiieieieiiicteietet ettt ebe e 718
2.1 BioCOMPAtiDIIILY ...ccoovieiiiiiieiieieeie ettt sttt s 718
2.2 Biodegradability .........ccccoceeriiriiiiinieiiieceeeeee e 718
2.3 Mechanical PrOPErties ........c..cooiecueruieiiiruieiieieiierie ettt 719
2.4 Scaffold architecture and aSSESSMENL.......ccc.eeruierrierrieerierieenieeieesieesreesieenieeas 719
2.5 Manufacturing teChNOlOZY ........ccevieiiirieieiiiie sttt 720
3. Types Of SCATTOLAS ....eoveeiieeieieieieeee ettt 721
3.1 Porous SCaffold ........ooueeieiiiiiiiieee e e 722
3.2 Microsphere SCaffold ..........ccoiieiiirieiiiieee e e 722
3.3 Hydrogel SCaffold .........ccoieiiiriieiiinieiiieeeee e 725
3.4 Fibrous SCaffold ........coeiiiiiiiiiiieiee et e 727
3.5 Polymer—bioceramic composite scaffold.........cccoeeriniiiinieniiniininenences 728
4. Scaffold processing and fabrication techniques ...........cccoeevveeerreneirieeniecnieennes 729
4.1 Fiber felts or Mesh........cccoouiviiiiiiiiiiiiiiiicce e 730
4.2 FIDEI DONAING ....eoiiiiiiieiiiiiieeie ettt ettt st ettt teesaaesebe e saesanesasees 730
4.3 Solvent casting and particulate leaching ..........cccccecevereeneriicncniieninieneneene, 732
4.4 Membrane [amination ........cc..cocceeereeriinirieninienceteneneee ettt 733
4.5 Melt MOIAING ..cuvveieiiiiieeie ettt ettt ettt et e e st e e beesaaesabeessaessnesnseas 734
4.6 Polymer—ceramic fiber composite fOam ........cccevvueirierrieeniiinienienieeeeeee s 735
4.7 High-pressure ProCESSINE ....ceevveeverriieriueerieerierieenieesteesseeseeesseesaesseesssessesses 735
4.8 Hydrocarbon templatilNg.........cccecueerieeriierriienieeiieenitesieeieest et e ste e e seesareeaeees 736
5. Biopolymer-based Scaffolds...........ccecvrviriiriirierieieieieieieresiei et 737
5.1 COlLAZEN ...ttt et et sttt sb e st e st 737
5.2 Hyaluronic acid ..........cocoeieiiiiiiiiiiiiiicce e 738
5.3 SiIK fIDTOIN ..ttt sttt e 739
5.4 CRILOSAN c..eeitieiieiite ettt ettt ettt e b e st et e st e et e bt e sabe e bt e nbeeeas 740
6. Application of SCAffOlAS .......ccovveuiriiiirieirie e 740
6.1 TiSSUE ENZINEETING .. c..eeueeteeieetieieeteeteeteeeesteeetesteeste e eteeneesseenteeseeeesseensesaeeneens 741

6.2 Drug deliVETy .......ccouiiiiiiiiiiiiiiee e 743



xviii  Contents

T CONCIUSION. ...ttt ettt sttt sttt 743
RELEIEIICES .....cueviiieiiieee ettt st e 744
FUrther reading .........cocueoeeiiniiiinieieeee ettt 749
CHAPTER 30 Phenolic nanoconjugates and its application in food .................. 751
Rimpi Foujdar, Manav Bandhu Bera and Harish Kumar Chopra
1. TNEEOAUCHION ...ttt sttt sttt b s be s s saese e 751
2. PhenoliC NANOCONJUZALES ........ccververrererrerrerierrerresessessessessessessesseseesessessessessessessessesenses 754
2.1 Phenols—polysaccharide nanocoONjUZALES .........ccoceeerueerierieeniienieeieeneeeieeiens 755
2.2 Phenols—protein NanOCONJUZALES .......c.ceveerveeriierieeniierienieeniieeeeeteesieeenseenaeens 755
2.3 Phenols—protein—polysaccharides nanoconjugates ...........cccceeevveeveenveeneeenneene 758
2.4 Phenols—metal NanoCONJUZALES .......cceeveeruievierierieiieienieeeereeeete e s sneen 758
3. Production techniques of phenolic NANOCONJUEALES .......cveveereeieriererrerieieienieeeeeeanes 760
3.1 Noncovalent methods for phenolic nanocoNjugates ..........ccccoceevvereeeenreecvennenne 760
3.2 Covalent methods for phenolic NanOCONJUEALES .........ccverueererreerieriieienieeieieane 762
3.3 Physical methods for phenolic NnanOCONJUZALES ........covveeveeeriiinieniirieenieeieeae 763
4. Identification and characterization of phenolic nanoconjugates..............ccccceeeeuene. 764
4.1 PArtiCle S1ZE.....ccueeiieiieiieiieie ettt ettt 764
4.2 7t POLENTIAL.....eoiiiiiiiiiieie e 765
4.3 Scanning electron MICTOSCOPE ......eeverueruertirierieeieesteeeeseeetenteeeenteeseeneeeseeneeeaes 765
4.4 Transmission electron MIiCIOSCOPE ....c..eeverueerertireerieerierieetenieeeenteeieeeeeaeeneenaes 765
4.5 AtOmicC fOrCE MICIOSCOPY w.uveveemterueeieniiriienieeientteitesteeeesteetenbeetenbeeaeeeeeseeneeeaes 765
4.6 Differential scanning CalOrmeLer.........cocverueriiririeneerienenienieeteneee e 766
5. Bioavailability and bioaccessibility study of phenolic nanoconjugates .................. 766
6. Cytotoxicity study of phenolic NanOCONJUZALES ..........cvevveeerrerierieriirirrereereeeneeeeenes 768
7. Application of phenolic nanoconjugates in the food industry...........ccceceeeveeerienenees 768
7.1 FOOQ PrOCESSING ... .eeivieiieiieeiteenitesiieeitestesteeteesteesttesbeebeesssessseenseessseenseenseens 769
7.2 FOOd PACKAZING ....veiiiiiiiieiie ettt ettt ettt ettt e s e be e 770
8. Conclusion and fUture PETSPECHIVE. ......everiereiirieriirerieeeteeeseereere e eressessessesessesneens 770
RETETEICES ...ttt 771
FUIher 18adING ....covviiiieie ettt sttt be e s 780
CHAPTER 31 Oleogels for food applications.....................c.ocooeieiiiiieiiieen, 781
Mehmet Demirci, Chi-Ching Lee, Mustafa Cavus and
Muhammed Yusuf Caglar
1o TNEOAUCHION ...ttt b e s ene e 781
2. MEAL PrOQUCES .....eueteuietereeteieteeete ettt ettt sttt st b et et et b et et et st et b e esene 783
3. BAKETY PIOAUCES ...oovieeieiieiieiieiieiet ettt ettt ettt e b saeseeseeseesesbessessessassnsansas 787
4. DAITY PrOAUCES .....eveuiietiteeirteecrteitsteteteitrtes ettt es sttt et bes et sb et bestebenessens 793
5. Other appliCAtIONS ....cc.evveviririeirieieteeietee ettt sttt 796

5.1 Spreadable Products ...........c.cccciiiiiiiiiiiinieec e e 796



Contents Xix

5.2 Chocolate and fIllINgS.....c..cevvererieniriiineeieerteresteeee et 803

5.3 Usage of the oleogels as delivering material...........cccoeceevenieniinienencenenennens 804

6. CONCIUSION......cveuiieeieieiieteetete ettt ettt ettt s ettt se s st be st et aneeseneeseneeseneesenees 806
ACKNOWIEAGIMENES. ....c.eiiiiiieiiiiiieieee ettt sttt 806
RETEIENCES ...ttt ettt sttt 807

FUITher TAING .....ooiuiiiiiiiiieie ettt e sttt e st e e b e 811

CHAPTER 32 CNT-tamarind gum—based solid-textured composite

hydrogels for drug delivery applications...................c.ccoeeeen. 813

Raj Deb, Dilshad Qureshi, Suraj Kumar Nayak, Vinay K. Singh,
Arfat Anis, Samrendra Maji, Doman Kim and Kunal Pal

T INEEOAUCHION ..ottt sttt et et eneeteneeseneas 813
2. REVIEW HEETATUIE ...ttt ettt sttt ettt etenea 814
3. Materials and mMEthOAS .........eerveiieiiirieirieee e 816
3.1 MALTIALS .ottt e st 816
3.2 MENOMS ..ottt 817

4. Results and diSCUSSION .......cveieiieieietinieiesieietete e eetere e eaestesbessessesesseseeseeseesessessans 819
4.1 Preparation of hydrogels ..........ccccoeceeeiririninienenieieieenee e 819
4.2 MICTOSCOPY .eveuvenrieueierieieriteeesieeee st ese st e e s e e sae st eaesie e nesene s e saeeseeeneeeeeneennes 819
4.3 FTIR QNALYSIS wuveetieuiirtieieetieie ettt ettt ettt ettt et et sttt beeat et eneente e neas 820
4.4 Tmpedance analysSiS.........ccoueirierieriiinieeieenite ettt ettt sttt 822
4.5 Mechanical analysis .......ccoceeririerierieieniieiesie ettt 824
4.0 DIUZ FRIEASE....cueevieuieetieieetie ettt ettt ettt s b et et e st eat e e eaeeneeeaeeneas 827
4.7 Antimicrobial analysSiS........cccceeieverieriniiienieere et 828

5. CONCIUSION. ...ttt ettt et ae ettt et e e e et neeseeseeneeseenenes 830
ACKNOWIEAGIMENES. ...ttt ettt sttt 830
REfEIENCES.....oviiiiiiiiciccc e 830

CHAPTER 33 Testicular tissue engineering: an emerging solution for
iN Vitro SPermatogenesis..............occvevviveeeeieeeeeeeeeeeeeee e, 835
Rakesh Bhaskar and Mukesh Kumar Gupta

1. INEOAUCHION .ottt 835
2. COSMELIC PrOSTNESIS. veuirveeiiieeieteiieieieteietet ettt ettt se et ssete e eseseeseseeseseesanens 836
3. Androgen-producing imMpPIANTS ..........ccecveeveerieieirieieeeeieesieeetetetee et eseeeeseeesenens 837
4. Fertility restoration through tissue engineering ............covceeereriereniesierereseneseneens 838
4.1 Types of cells for testicular tissue engineering .........ccecceevveereereeriveerieerenennenn 838
4.2 Approaches for in Vitro SPermatOZeNesiS.......ccceerueerueereenerereereesieeseeseeseees 843

5. CONCIUSION ...ttt ettt ettt s ettt e st st et seneeteneeseneas 851

REEEICICES ...t e et e e e e e e e are e e e e errreeeeeeentraeeas 852



XX

Contents

CHAPTER 34 Enrichment of edible coatings and films with plant extracts

or essential oils for the preservation of fruits and vegetables.... 859
Alok Saxena, Loveleen Sharma and Tanushree Maity

1. INETOAUCHION .ottt ettt se st seeseesessesbensessensennesens 859
2. Development of edible films or coatings from various SOUICes .........c.ccccecervrveuennee 860
2.1 Protein based films and COAtINGS..........cceruieiiiriiieiiiiieniieeeeee e 860
2.2 Polysaccharide based edible films and coatings..........c.cceceeveeveeniineenicnneenncnnen. 862
2.3 Lipid based edible films COAtINGS .......ceceerueerieririeieeieseeteeee e 863
2.4 Composite coatings from protein and polysaccharides..........c.cccceeevirveennennen. 863
3. Effect of edible coatings on various horticultural commodities ...........ccccccervrvenenne. 864
4. Use of plant extract, essential oils and antimicrobial agents in coatings and
filMS fOrMUIATION . ......eitiiiieieie et 868
5. Effect of edible coatings with natural plant extracts, essential oil and
ANEMICTODIAL AZENES ..ottt ettt 871
6. FULUIE TIENAS ....einiiiiiniicieieierere ettt 875
RELEIEIICES ...t st 875
CHAPTER 35 Collagen-based 3D structures—versatile, efficient materials
for biomedical applications ....................ccoooveiieiiiceee 881
Geta David
1. BACKZIOUNG ...ttt ettt sb et a et sa et aese s esasesessesenas 881
1.1 Collagen SIIUCTUIE........ooueetertirieieeiteieeitente ettt ettt ettt eat et sae et saeeae b 881
1.2 Properties and envisaged appliCations .........coceeveeriveeneeriensieereeeieesieesreesneenne 883
1.3 COllAZEN SOUICES. .. eerurieurieiieeieeieeniieeieenteesteeseestteesseesssesseenssesssesseessseeseenseess 883
1.4 Collagen Cross-liNKIiNG........cccueevueerieriiriieeiienieeeesie ettt st st esaeene e 884
2. Collagen for drug/gene deliVETY ........cccoveieiiiirieririenieieieeeeeere et 885
2.1 Solution, gels, films, inserts, and shields..........ccocceevieriieriieniiiiniiienieeeeeee 887
2.2 Collagen-based micro/nanoparticles .........occovveerieriieenieniieniiienienie e seeeieenne 888
2.3 Hybrid and smart collagen—based drug delivery systems ..........cccccervveevueennnne 890
3. Collagen-based formulations for scaffolding—From simple to complex,
multifunctional systems—Processing advances ........c..cccccoceeeerercieneeceenreneeneeeenne. 891
3.1 INrodUCHION ...t e 891
3.2 Collagen-based scaffold preparation methods—basic conventional
EECRNIQUES ... e 891
3.3 Scaffolds by additive manufacturing ............c.ccceeeeieiiiieniinenciieeneeeeeee 894
3.4 APPHCALIONS ...cueiieitiiieiieieiteie ettt ettt sttt s 895
4, COllagen AIESSINZS ...eveuveriieriirieietiietetetee ettt ettt ettt ettt b et eb e b seb e senes 897
5. CONCIUSIONS ..ttt ettt ettt st e et e st se bt eseebe st e te s e e eneeneenes 899
RETEICIICES . ...ttt ettt ettt s be e b e 899



Contributors

Saumya Agarwal
Department of Food Process Engineering, NIT Rourkela, Rourkela, Odisha, India

Jasim Ahmed
Food and Nutrition Program, Environment and Life Sciences Research Center, Kuwait Institute
for Scientific Research, Safat, Kuwait

B. Amulyasai
Department of Biotechnology and Medical Engineering, National Institute of Technology,
Rourkela, Odisha, India

C. Anandharamakrishnan

Computational Modeling and Nano Scale Processing Unit, Indian Institute of Food Processing
Technology (IIFPT), Ministry of Food Processing Industries, Government of India, Thanjavur,
India

Arfat Anis
Department of Chemical Engineering, King Saud University, Riyadh, Saudi Arabia

Muhammad Arshad
Department of Agricultural, Food and Nutritional Science, University of Alberta, Edmonton, AB,
Canada

Indranil Banerjee
Department of Biotechnology and Medical Engineering, National Institute of Technology,
Rourkela, Odisha, India

Manav Bandhu Bera
Department of Food Engineering and Technology, Sant Longowal Institute of Engineering and
Technology, Longowal, Sangrur, Punjab, India

Rakesh Bhaskar
Department of Biotechnology and Medical Engineering, National Institute of Technology,
Rourkela, Odisha, India

Pravin Bhattarai
Department of Biomedical Engineering, College of Engineering, Peking University, Beijing,
Haidian, China

Nisarani Bishoyi
Department of Chemistry, NIT Rourkela, Rourkela, Odisha, India

Prasanta Kumar Biswas
Department of Food Technology and Biochemical Engineering, Jadavpur University, Kolkata,
West Bengal, India

Ragini G Bodade
Department of Microbiology, Savitribai Phule Pune University, Pune, Maharashtra, India

Anand G Bodade
Department of Transfusion Medicine, Seth G S Medical College and KEM Hospital, Mumbai,
Maharashtra, India

XXi



XXii Contributors

Subhadeep Bose
Department of Food Technology and Biochemical Engineering, Jadavpur University, Kolkata,
West Bengal, India

Muhammed Yusuf Caglar
Istanbul Sabahattin Zaim University, Faculty of Engineering and Natural Sciences, Department
of Food Engineering, Istanbul, Turkey

Mustafa Cavus
lgdir University, Engineering Faculty, Department of Food Engineering, Igdir, Turkey

Jianshe Chen
School of Food Science, University of Idaho, Moscow, 1D, United States

Harish Kumar Chopra
Department of Chemistry, Sant Longowal Institute of Engineering and Technology, Longowal,
Sangrur, Punjab, India

Donghwa Chung

Food Technology Major, Graduate School of International Agricultural Technology, Institute of
Green Bio Science and Technology, Seoul National University, Pyeongchang, Gangwon,
Republic of Korea

Geta David
Gh. Asachi Technical University of lasi, lasi, Romania

Raj Deb
Department of Biotechnology and Medical Engineering, National Institute of Technology,
Rourkela, Odisha, India

Mehmet Demirci
Istanbul Sabahattin Zaim University, Faculty of Engineering and Natural Sciences, Department
of Food Engineering, Istanbul, Turkey

Win-Ping Deng

School of Dentistry, College of Oral Medicine, Taipei Medical University, Taipei, Taiwan; Stem
Cell Research Center, College of Oral Medicine, Taipei Medical University, Taipei, Taiwan;
Graduate Institute of Basic Science, Fu Jen Catholic University, New Taipei City, Taiwan

Chanda Vilas Dhumal
Department of Food Process Engineering, NIT Rourkela, Rourkela, Odisha, India

Navneet Kumar Dubey
School of Dentistry, College of Oral Medicine, Taipei Medical University, Taipei, Taiwan; Stem
Cell Research Center, College of Oral Medicine, Taipei Medical University, Taipei, Taiwan

Rajni Dubey
Institute of Food Science and Technology, National Taiwan University, Taipei, Taiwan

Sayantani Dutta

Computational Modeling and Nano Scale Processing Unit, Indian Institute of Food Processing
Technology (IIFPT), Ministry of Food Processing Industries, Government of India, Thanjavur,
India



Contributors  xxiii

Rimpi Foujdar
Department of Food Engineering and Technology, Sant Longowal Institute of Engineering and
Technology, Longowal, Sangrur, Punjab, India

Advaita Ganguly

Comprehensive Tissue Centre, UAH Transplant Services, Alberta Health Services, Edmonton,
AB, Canada; Health Sciences Education and Research Commons, University of Alberta,
Edmonton, AB, Canada

Ann Mary George
Department of Biomedical Engineering, Manipal Institute of Technology, Manipal Academy of
Higher Education, Manipal, Karnataka, India

Mukesh Kumar Gupta
Department of Biotechnology and Medical Engineering, National Institute of Technology,
Rourkela, Odisha, India

Sadaf Hameed
Department of Biomedical Engineering, College of Engineering, Peking University, Beijing,
Haidian, China

Thi Thanh Hanh Nguyen

The Institute of Food Industrialization, Institutes of Green Bio Science & Technology, Seoul
National University, Pyeongchang-gun, Gangwon-do, Republic of Korea; Department of
International Agricultural Technology & Institute of Green BioScience and Technology, Seoul
National University, Pyeongchang, Gangwon-do, Republic of Korea

Md Saquib Hasnain
Department of Pharmacy, Shri Venkateshwara University, Amroha, Uttar Pradesh, India

Monjurul Hoque
Department of Food Process Engineering, NIT Rourkela, Rourkela, Odisha, India

Margaret 0. llomuanya
Department of Pharmaceutics and Pharmaceutical Technology, Faculty of Pharmacy,
University of Lagos, Surulere, Lagos, Nigeria

John Jeslin
Department of Biotechnology, St. Joseph’s College of Engineering, Chennai, Tamil Nadu, India

Juhui Jin
Graduate School of International Agricultural Technology, Seoul National University,
Pyeongchang-gun, Gangwon-do, Republic of Korea

Padmaja Kar
Department of Chemistry, NIT Rourkela, Rourkela, Odisha, India

Hyo Jin Kim

Graduate School of International Agricultural Technology, Seoul National University,
Pyeongchang, Gwangwon-do, Republic of Korea; Institutes of Green Bio Science and
Technology, Seoul National University, Pyeongchang, Gwangwon-do, Republic of Korea



xxiv  Contributors

Doman Kim

Department of International Agricultural Technology & Institutes of Green BioScience and
Technology, Seoul National University, Pyeongchang, Gangwon-do, Republic of Korea; The
Institute of Food Industrialization, Institutes of Green Bio Science & Technology, Seoul National
University, Pyeongchang-gun, Gangwon-do, Republic of Korea; Graduate School of
International Agricultural Technology, Seoul National University, Pyeongchang-gun, Gangwon-
do, Republic of Korea

Sanjeev Kumar
Department of Biotechnology, Dr. Y.S. Parmar University of Horticulture and Forestry, Solan,
Himachal Pradesh, India

Chi-Ching Lee
Istanbul Sabahattin Zaim University, Faculty of Engineering and Natural Sciences, Department
of Food Engineering, Istanbul, Turkey

Timothy Lee Turner
Department of Microbiology-Immunology, Feinberg School of Medicine, Northwestern
University, Chicago, IL, United States

L. Mahalakshmi

Computational Modeling and Nanoscale Processing Unit, Indian Institute of Food Processing
Technology (IIFPT), Ministry of Food Processing Industries, Government of India, Thanjavur,
Tamil Nadu, India

Tanushree Maity
Defence Research and Development Organization, DRDO Bhawan, Rajaji Marg, New Delhi,
India

Samrendra Maji
SRM Research Institute, SRM Institute of Science and Technology, Kanchipuram, Tamil Nadu,
India

Kaustav Majumder
Department of Food Science and Technology, University of Nebraska-Lincoln, Lincoln, NE,
United States

M. Maria Leena

Computational Modeling and Nanoscale Processing Unit, Indian Institute of Food Processing
Technology (IIFPT), Ministry of Food Processing Industries, Government of India, Thanjavur,
Tamil Nadu, India

Nupur Mohapatra
Department of Food Process Engineering, NIT Rourkela, Rourkela, Odisha, India

Jeyan A. Moses

Computational Modeling and Nano Scale Processing Unit, Indian Institute of Food Processing
Technology (IIFPT), Ministry of Food Processing Industries, Government of India, Thanjavur,
India



Contributors XXV

Soma Mukherjee
Department of Veterinary Medicine School, Mississippi State University, Mississippi State, MS,
United States

Amit Kumar Nayak
Department of Pharmaceutics, Seemanta Institute of Pharmaceutical Sciences, Mayurbhanj,
Odisha, India

Suraj Kumar Nayak
Department of Biotechnology and Medical Engineering, National Institute of Technology,
Rourkela, Odisha, India

Bhagyashree Padhan
Department of Biotechnology and Medical Engineering, National Institute of Technology,
Rourkela, Odisha, India

Dilipkumar Pal
Department of Pharmaceutical Sciences, Guru Ghasidas Vishwavidyalaya, Koni, Bilaspur,
Chhattisgarh, India

Kunal Pal
Department of Biotechnology and Medical Engineering, National Institute of Technology,
Rourkela, Odisha, India

Ashok R. Patel
Guangdong Technion Israel Institute of Technology, Shantou, China

Rehan Ali Pradhan
Department of Agricultural, Food and Nutritional Science, University of Alberta, Edmonton, AB,
Canada

Sushant Prajapati
Department of Biotechnology and Medical Engineering, National Institute of Technology,
Rourkela, Odisha, India

Dilshad Qureshi
Department of Biotechnology and Medical Engineering, National Institute of Technology,
Rourkela, Odisha, India

K.J. Rao
Department of Biotechnology, Veltech University, Chennai, Tamil Nadu, India

Sirsendu S. Ray
Department of Biotechnology and Medical Engineering, National Institute of Technology,
Rourkela, Odisha, India

Sai Preetham Reddy Peddireddy
Department of Biomedical Engineering, Manipal Institute of Technology, Manipal Academy of
Higher Education, Manipal, Karnataka, India



XXVi Contributors

Fiona Concy Rodrigues
Department of Biomedical Engineering, Manipal Institute of Technology, Manipal Academy of
Higher Education, Manipal, Karnataka, India

Sai S. Sagiri
Department of Chemistry and Biochemistry, The City College of New York, New York, NY, United
States

Lanny Sapei
Department of Chemical Engineering, University of Surabaya, Raya Kalirungkut, Surabaya, East
Java, Indonesia

Nandini Sarkar
Department of Biotechnology and Medical Engineering, National Institute of Technology
Rourkela, Rourkela, Odisha, India

Preetam Sarkar
Department of Food Process Engineering, NIT Rourkela, Rourkela, Odisha, India

Angana Sarkar
Department of Biotechnology and Medical Engineering, National Institute of Technology,
Rourkela, Odisha, India

Alok Saxena
Amity Institute of Food Technology, Amity University Uttar Pradesh, Noida, Uttar Pradesh, India

lis Septiana
Graduate School of International Agricultural Technology, Seoul National University,
Pyeongchang-gun, Gangwon-do, Republic of Korea

Kumakshi Sharma
Health, Safety and Environment Branch, National Research Council Canada, Edmonton, AB,
Canada

Loveleen Sharma
Amity Institute of Food Technology, Amity University Uttar Pradesh, Noida, Uttar Pradesh, India

Abhinay Kumar Singh
School of Dentistry, College of Oral Medicine, Taipei Medical University, Taipei, Taiwan; Stem
Cell Research Center, College of Oral Medicine, Taipei Medical University, Taipei, Taiwan

Vinay K. Singh
Research and Development, Intas Pharmaceuticals Limited, Ahmedabad-Gujarat, India

Agustin Wulan Suci Dharmayanti
University of Jember, Jember, East Java, Indonesia

Yumewo Suzuki
DSP Gokyo Food & Chemical Co., Ltd., Osaka, Japan

Irshaan Syed
Department of Food Process Engineering, NIT Rourkela, Rourkela, Odisha, India



Contributors  xxvii

Akira Tabuchi
DSP Gokyo Food & Chemical Co., Ltd., Osaka, Japan

Goutam Thakur
Department of Biomedical Engineering, Manipal Institute of Technology, Manipal Academy of
Higher Education, Manipal, Karnataka, India

Aman Ullah

Department of Agricultural, Food and Nutritional Science, University of Alberta, Edmonton, AB,
Canada

Rituja Upadhyay
School of Food Science and Biotechnology, Zhejiang Gongshang University, Hangzhou, China;
School of Food Science, University of Idaho, Moscow, 1D, United States

Madan L. Verma
Centre for Chemistry and Biotechnology, Deakin University, Geelong, VIC, Australia

Lei Wang
Department of Food Science and Technology, University of Nebraska-Lincoln, Lincoln, NE,
United States

Varsha Wankhade
Department of Zoology, Savitribai Phule Pune University, Pune, Maharashtra, India

Hiroyuki Yamada
DSP Gokyo Food & Chemical Co., Ltd., Osaka, Japan

Kazuhiko Yamatoya
DSP Gokyo Food & Chemical Co., Ltd., Osaka, Japan

Yue Zhang

College of Food & Biology Engineering, Zhejiang Gongshang University, Hangzhou, Zhejiang,
China; Department of Food Science and Technology, University of Nebraska-Lincoln, Lincoln,
NE, United States

Muhammad Zubair
Department of Agricultural, Food and Nutritional Science, University of Alberta, Edmonton, AB,
Canada






	1 - Introduction of biopolymers: food and biomedical applications
	1. Introduction
	2. Cross-linking methods employed to design biopolymer-based polymeric architectures
	2.1 Physically cross-linked gels
	2.1.1 Cross-linking by ionic interactions
	2.1.2 Self-assembly of hydrophobized polysaccharides
	2.1.3 Cross-linking by the crystallization of the polysaccharides
	2.1.4 Cross-linking by induction of hydrogen bonds among the polysaccharide molecules
	2.1.5 Cross-linking using protein molecules

	2.2 Chemical cross-linking
	2.2.1 Glutaraldehyde
	2.2.2 Polycarboxylic acids
	2.2.3 EDC coupling
	2.2.4 Epichlorohydrin
	2.2.5 Trisodium metaphosphite
	2.2.6 Polysaccharide dialdehydes
	2.2.7 Genipin
	2.2.8 Proanthocyanidin
	2.2.9 Glyoxal


	3. Biopolymers and their applications
	3.1 Chitosan
	3.1.1 Food industry
	3.1.2 Biomedical applications

	3.2 Cellulose
	3.2.1 Food industry
	3.2.2 Biomedical applications

	3.3 Pullulan
	3.3.1 Food industry
	3.3.2 Biomedical applications

	3.4 Hyaluronic acid
	3.4.1 Biomedical applications

	3.5 Alginate
	3.5.1 Food applications
	3.5.2 Biomedical applications


	4. Conclusion
	Acknowledgments
	References

	2 - Enzymatic synthesis of flavonoid glucosides and their biochemical characterization
	1. Introduction
	2. Enzymatic synthesis of glycosylated flavonoids
	2.1 Flavonol
	2.2 Flavanones
	2.3 Flavanonol
	2.4 Flavone
	2.5 Isoflavones
	2.6 Physical and biological characterization of glycosylated flavonoids
	2.6.1 Solubility
	2.6.2 Biological characterization
	2.6.3 Sensory of α-glucosylated flavonoids


	3. Conclusion
	Acknowledgment
	References

	3 - Fish gelatin: molecular interactions and applications
	1. Introduction
	2. Gelatin
	3. Fish gelatin
	4. Protein–polysaccharide interactions
	5. Molecular interactions of fish gelatin with polysaccharides
	5.1 Formation of insoluble complexes
	5.2 Formation of soluble complexes
	5.3 State diagram
	5.3.1 Effects of pH and mixing ratio
	5.3.2 Effects of NaCl


	6. Applications
	7. Conclusions
	References

	4 - Peptides as biopolymers—past, present, and future
	1. Introduction
	2. Peptides with biomedical applications
	2.1 Therapeutic peptides and biopolymers
	2.2 Biopolymers and peptides targeting the cardiovascular system

	3. Food industry applications
	3.1 Biopolymer nanoparticles as delivery systems
	3.2 Peptides as value enhancers
	3.3 Biopolymers in food processing and packaging

	4. Conclusion
	References

	5 - Microbial production of biopolymers with potential biotechnological applications
	1. Introduction
	2. Microbial biopolymer production
	2.1 Xanthan
	2.2 Dextran
	2.3 Pullulan
	2.4 Glucans
	2.5 Gellan
	2.6 Alginate
	2.7 Cyanophycin
	2.8 Poly-γ-glutamic acid
	2.9 Levan
	2.10 Hyaluronic acid
	2.11 Bacterial cellulose
	2.12 Organic acid fermentation for polymer synthesis
	2.13 Microbial exopolysaccharides
	2.14 Polyhydroxyalkanoates

	3. Biosynthesis of microbial polyhydroxyalkanoates
	4. Conclusion
	References
	Further reading

	6 - Animal-derived biopolymers in food and biomedical technology
	1. Introduction
	2. General classifications of biopolymers
	3. What are animal and natural biopolymers?
	4. Types of animal biopolymers
	5. Silk
	6. General applications of biopolymer
	7. Formulation of different biopolymers
	8. Applications of biopolymers in food industries
	9. Biopolymers and its application in biomedical sciences
	10. Some environmental benefits of use of biopolymer
	11. Conclusion
	References

	7 - Application of CRISPR technology to the high production of biopolymers
	1. Introduction
	2. Application of CRISPR/Cas9 in various research
	3. CRISPR/Cas9-based metabolic engineering
	4. CRISPR/Cas9-based genome editing in biopolymer production from prokaryotes
	5. CRISPR/Cas9-based genome editing in biopolymer production from eukaryotes
	6. Conclusions and perspectives
	Acknowledgments
	References

	8 - Biomedical and food applications of biopolymer-based liposome
	1. Introduction
	2. Starch
	3. Zein
	4. Xanthan gum
	5. Collagen
	6. Chitin
	7. Gelatin
	8. Methacrylate
	9. Calcium alginate
	10. Chitosan
	11. Future prospects
	12. Conclusion
	References

	9 - Nanosized magnetic particles for cancer theranostics
	1. Introduction
	2. Synthesis techniques of magnetic nanoparticles
	3. Physiochemical properties of MNPs
	3.1 Size of MNPs
	3.2 Shape of MNPs
	3.3 Surface properties and biopolymer-functionalized MNPs
	3.4 Biocompatibility and safety

	4. Magnetic nanoparticles for cancer imaging
	5. Magnetic nanoparticles for cancer therapy
	5.1 Chemotherapy
	5.2 Hyperthermia therapy

	6. Smart magnetic nanoparticles for cancer theranostics
	7. Conclusion
	References

	10 - Core–shell biopolymer nanoparticles
	1. Introduction
	2. Materials used for core–shell nanoparticles
	3. Methods involved in the formation of core–shell nanoparticles
	3.1 Antisolvent precipitation
	3.2 Electrostatic deposition
	3.3 Self-assembly
	3.4 Thermal treatment
	3.5 Covalent cross-linking
	3.6 Combinations and others

	4. Applications
	4.1 Delivery of small molecular drugs and nutraceuticals
	4.2 Delivery of peptides and proteins
	4.3 Delivery of nucleic acids

	5. Current issues and future development
	References

	11 - Nanotechnology-based sensors
	1. Introduction
	2. Types of nanomaterials for biosensor
	2.1 Gold nanomaterials
	2.2 Silver nanomaterials
	2.3 Carbon nanostructures
	2.4 Silicon nanomaterial
	2.5 Magnetic nanoparticles
	2.6 Biopolymers-based nanosensors

	3. Properties of nanomaterials used for detection in biosensors
	4. Principle and classification of biosensors
	4.1 Working principle of biosensor
	4.2 Classification of biosensor

	5. Application of Nanobiosensors
	6. Pros and cons of biosensors and strategy to overcome
	7. Conclusion
	References
	Further reading

	12 - Functional amyloids
	1. Introduction
	2. Protein misfolding and aggregation
	3. Amyloid and its pathogenesis
	4. Mechanism of amyloid formation
	5. Functional amyloids found in nature
	5.1 As structural components
	5.2 As regulatory factors in several biochemical pathways
	5.3 As scaffolds for storage and release of proteins
	5.4 In sexual reproduction
	5.5 As molecular chaperones

	6. How toxicity is prevented with functional amyloids?
	7. Potential of amyloids in biomedical applications
	7.1 As scaffolds for tissue engineering
	7.2 As drug delivery vehicles
	7.3 In biosensors and bioimaging

	8. Conclusion and future perspectives
	References
	Further reading

	13 - Lipid-derived renewable amphiphilic nanocarriers for drug delivery, biopolymer-based formulations: biomedical  ...
	1. Introduction
	2. Classification of drug delivery systems
	2.1 Polymeric nanoparticles
	2.2 Micelles
	2.3 Dendrimers

	3. Emulsions-based drug delivery systems
	3.1 Microemulsions
	3.2 Nanoemulsions
	3.3 Self-emulsifying delivery systems
	3.4 Pickering emulsions

	4. Vesicular drug delivery systems
	4.1 Liposomes
	4.2 Phytosomes
	4.3 Pharmacosomes
	4.4 Ethosomes
	4.5 Vesosomes

	5. Lipid particulate drug delivery systems
	5.1 Solid lipid nanoparticles
	5.2 Nanostructured lipid carriers
	5.3 Lipid–drug conjugates

	6. Types of lipid-based formulation
	6.1 Processing techniques for lipid formulations

	7. Biomedical applications of lipid-derived nanocarriers
	7.1 Gene therapy systems
	7.2 Drug delivery vehicles
	7.3 Theranostics nanocarriers

	8. Applications of lipid nanocarriers in food industry
	9. Summary
	References

	14 - Nanoencapsulation of nutraceutical ingredients
	1. Introduction
	2. Excipient selection
	3. Encapsulation techniques
	3.1 Coacervation
	3.1.1 Procedure for formation of coacervates

	3.2 Electrospraying/spinning
	3.2.1 Advantages of electrospraying/spinning
	3.2.2 Disadvantages of electrospraying

	3.3 Nanolaminated system
	3.3.1 Methods of preparation
	3.3.2 Advantages

	3.4 Nanospray drying
	3.4.1 Advantages
	3.4.2 Disadvantages

	3.5 Nanogels
	3.5.1 Classifications of nanogels
	3.5.2 Synthesis of nanogels
	3.5.3 Advantages of nanogels
	3.5.4 Disadvantages

	3.6 Nanoemulsions
	3.6.1 Types of nanoemulsion
	3.6.2 Nanoemulsion formulation techniques
	3.6.3 Advantages of nanoemulsion
	3.6.4 Limitation of nanoemulsion

	3.7 Liposomes
	3.7.1 Mechanism of liposome formation
	3.7.2 Classification of liposomes
	3.7.3 Stability of the liposomes
	3.7.4 Advantages of liposomes
	3.7.5 Disadvantages of liposomes

	3.8 Solid lipid nanoparticles
	3.8.1 Choice of lipid and surfactants in the production of SLN
	3.8.2 Advantages of solid lipid nanoparticles
	3.8.3 Disadvantages of solid lipid molecules

	3.9 Nanostructured lipid carrier
	3.9.1 Classification of NLC
	3.9.1.1 Imperfect NLC
	3.9.1.2 Amorphous NLC
	3.9.1.3 Multiple NLC



	4. Impact of encapsulation on characteristics of nutraceutical compound
	4.1 UV stability
	4.2 pH stability
	4.3 Temperature stability
	4.4 Solubility
	4.5 Crystallinity
	4.6 Oxidative stability

	5. Mechanism of release of bioactive compounds from encapsulated matrix
	5.1 pH stimuli response delivery
	5.2 Temperature stimuli response delivery
	5.3 Redox stimuli response delivery
	5.4 Magnetic stimuli response delivery

	6. Nutraceutical bioavailability improvement
	6.1 Gastroretentive delivery systems
	6.2 Intestinal targeted delivery
	6.3 Colon-specific delivery

	7. Conclusion
	References

	15 - Nutraceutical encapsulation and delivery system for type 2 diabetes mellitus
	1. Introduction
	2. Encapsulation of nutraceuticals and their characterization
	2.1 Spray drying
	2.2 Spray chilling
	2.3 Fluidized bed

	3. Potential of nutraceuticals and their delivery for treating T2DM
	3.1 Polyphenolic compounds
	3.1.1 Quercetin
	3.1.2 Silymarin
	3.1.3 Resveratrol
	3.1.4 Lipoic acid


	4. Conclusion and future prospective
	References

	16 - Pickering emulsions stabilized by nanoparticles
	1. Introduction
	2. History of pickering emulsion
	3. Physical chemistry of pickering emulsion
	3.1 Globule size and formation criteria
	3.2 Stabilizing particles
	3.3 Stable emulsion formation by adsorbed solid particle
	3.4 Parameters of different types of emulsions
	3.5 Unbound particles and consequence of rheology

	4. Applications
	4.1 Potential application to the life science and drug delivery
	4.2 Application in material science using polymerization template

	5. Conclusion
	References
	Further Reading

	17 - Microencapsulation of bioactive compounds and enzymes for therapeutic applications
	1. Introduction
	2. Types of microencapsulation
	3. Microencapsulation of bioactive compounds and bioactive extracts
	4. Microencapsulation of therapeutic enzymes
	5. Challenges and future outlooks
	Acknowledgments
	References

	18 - Rice husk silica for the stabilization of food-grade oil-in-water (O/W) emulsions
	1. Introduction
	2. Silica for stabilization of O/W emulsion
	3. Effect of emulsifier addition combined with rice husk silica in stabilizing O/W emulsion
	3.1 Addition of lecithin in the oil phase
	3.2 Addition of Tween-20 in the aqueous phase

	4. Effect of pH of outer continuous phase on the stability of O/W emulsion stabilized with rice husk silica
	5. Effect of storage temperature on the stability of O/W emulsion stabilized with rice husk silica
	6. Kinetics study on the stability of O/W emulsion stabilized with rice husk silica
	Acknowledgments
	References

	19 - Oil-entrapped films
	1. Introduction
	2. Hydrocolloid-based films incorporated with essential oils
	2.1 Polysaccharide-based edible films
	2.1.1 Starch-based edible films
	2.1.1.1 Cassava starch
	2.1.1.2 Corn starch
	2.1.1.3 Banana starch

	2.1.2 Chitosan-based edible films
	2.1.3 Carrageenan-based edible films
	2.1.4 Pectin-based edible films
	2.1.5 Gum-based
	2.1.5.1 Guar gum
	2.1.5.2 Gum tragacanth
	2.1.5.3 Gum Arabic


	2.2 Protein-based edible films
	2.2.1 Soy protein isolate
	2.2.2 Whey protein isolate
	2.2.3 Zein proteins


	3. Composite films incorporated with essential oils
	4. Conclusion
	References

	20 - Tamarind seed polysaccharide: unique profile of properties and applications
	1. Introduction
	2. Fundamental properties
	2.1 Molecular weight and structure
	2.2 Rheological properties
	2.3 Gelling properties
	2.4 Emulsion stabilizing and emulsification property

	3. Food applications
	3.1 Functions
	3.1.1 Thickening
	3.1.2 Gelling and water-retaining
	3.1.3 Starch modification
	3.1.4 Emulsification and emulsion stabilization

	3.2 Applications
	3.2.1 Bakery products
	3.2.2 Dressing and mayonnaise
	3.2.3 Frozen desserts


	4. Conclusion
	Acknowledgments
	References

	21 - Thermomechanical and surface morphology of biopolymer–nanoparticle composite films
	1. Introduction
	2. Nanoparticles
	3. Biopolymers
	4. Biopolymer–nanoparticle fabrication techniques
	5. In situ polymerization
	6. Melt intercalation
	7. Solution cast intercalation
	8. Polylactic acid–based nanocomposites
	9. Rheology of polylactic acid–based nanocomposites
	10. Mechanical properties
	11. Thermal analysis
	12. Barrier property
	13. Microstructure
	14. Chitosan-based nanocomposite films
	15. Gelatin-based films
	16. Starch-based nanocomposite films
	17. Hydrocolloid-based films
	18. Conclusions
	Acknowledgment
	References

	22 - Natural and bioderived molecular gelator–based oleogels and their applications
	1. Introduction
	2. Oleogelators
	Solid matrix
	Fluid matrix
	2.1 Lipid-based oleogelators
	2.1.1 Mono-, di-, and triacylglycerols
	2.1.1.1 Monoacylglycerols
	2.1.1.2 Triacylglycerols

	2.1.2 Fatty acids and fatty alcohols
	2.1.2.1 Fatty acids
	2.1.2.2 Fatty alcohols
	2.1.2.3 Fatty acids+fatty alcohols

	2.1.3 γ-Oryzanol+phytosterols
	2.1.4 Ceramides
	2.1.5 Cocoa butter

	2.2 Nonlipid-based oleogelators
	2.2.1 Sorbitan derivatives
	2.2.2 Lecithin
	2.2.3 Carbohydrate-based gelators
	2.2.4 Waxes
	2.2.4.1 Candelilla wax oleogels
	2.2.4 2 Rice bran wax oleogels
	2.2.4 3 Beeswax oleogels


	2.3 Polymeric gelators
	2.3.1 Cellulose derivatives
	2.3.1.1 Ethyl cellulose
	2.3.1 2 Hydroxypropyl methylcellulose

	2.3.2 Gums and resins
	2.3.3 Proteins


	3. Applications of oleogels
	3.1 Oleogels in food
	3.1 1 Oleogels in shortenings, spreads, and margarines
	3.1 2 Oleogels in creams and pastes
	3.1 3 Oleogels in meat products

	3.2 Oleogels in pharmaceutics
	3.2 1 Oleogels in topical and transdermal drug delivery
	3.2 2 Oleogels in the delivery of nutraceuticals

	3.3 Oleogels in cosmetics
	3.4 Oleogels in lubricants

	4. Conclusion
	Acknowledgment
	References

	23 - Hydrogels as biodegradable biopolymer formulations
	1. Introduction
	1.1 Hydrogels as biopolymer-based formulations
	1.2 Hydrogel classification based on structure and biomaterial classification

	2. Polysaccharide-based hybrid biopolymer hydrogels
	2.1 Hyaluronic acid–containing hydrogels
	2.2 Alginate-containing hydrogels
	2.3 Xanthan gum–containing hydrogels
	2.4 Chitosan-containing hydrogels
	2.5 Protein extracellular matrix–containing hydrogels
	2.5.1 Elastin biopolymer–based formulations
	2.5.2 Collagen biopolymer–based formulations
	2.5.3 Fibrin biopolymer–based formulations


	3. Conclusion
	References
	Further reading

	24 - Biopolymer-based oleocolloids
	1. Introduction
	2. Biopolymer-based oleogels
	2.1 Chitin-based oleogels
	2.2 Oleogels prepared from surface-active biopolymers through colloid-templated approaches
	2.2.1 Oleogels from foam-templated approach
	2.2.2 Oleogels from emulsion-templated approach

	2.3 Gels prepared from protein hydrogels via stepwise solvent exchange route
	2.4 Gel prepared from aerogel-templated approach
	2.5 Gel prepared from emulsion-encapsulation approach

	3. Biopolymer-based O/W/O emulsions
	4. Biopolymer-based oleofilms
	5. Conclusion and future trends
	References

	25 - Gum-based hydrogels in drug delivery
	1. Introduction
	2. Gums and their classifications
	3. Chitosan-based hydrogels used in drug delivery
	4. Alginate-based hydrogels used in drug delivery
	5. Pectin-based hydrogels used in drug delivery
	6. Gellan gum-based hydrogels used in drug delivery
	7. Tamarind gum-based hydrogels used in drug delivery
	8. Sterculia gum-based hydrogels used in drug delivery
	9. Guar gum-based hydrogels used in drug delivery
	10. Locust bean gum-based hydrogels used in drug delivery
	11. Miscellaneous
	12. Conclusion
	References
	Further reading

	26 - Implant surface modification strategies through antibacterial and bioactive components
	1. Introduction
	2. Response of cells and tissues to implant materials
	2.1 Bone tissue: the most fundamental unit supporting implant
	2.2 Effect of environmental factors to implant performance

	3. Implant materials and their surface modification
	3.1 Classification of implant materials
	3.2 Properties of implant biomaterials
	3.3 Technique and methods for surface modification of implant materials
	3.4 Implant surface coating techniques
	3.4.1 Hydroxyapatite
	3.4.2 Growth factors
	3.4.3 Extracellular matrix protein
	3.4.4 Peptides
	3.4.5 Drug coating
	3.4.6 Fluoride coating

	3.5 Biopolymer materials
	3.6 Antimicrobial activity of biopolymer implant coating
	3.6.1 Alginate
	3.6.2 Hyaluronic acid
	3.6.3 Silk fibroin
	3.6.4 Albumin
	3.6.5 Tannic acid
	3.6.6 Collagen
	3.6.7 Gelatin
	3.6.8 Poly(lactic acid)
	3.6.9 Polyhydroxyalkanoates
	3.6.10 Chitosan

	3.7 Methods for biopolymer processing as surface modification and implant coating

	4. Conclusion and future prospects
	References
	Further reading

	27 - Edible films and coatings: an update on recent advances
	1. Introduction
	2. Novel patterns in basic structural matrices
	2.1 New trends in polysaccharides-based edible films
	2.1.1 Cellulose nanocrystal and hemicellulose
	2.1.2 Pectin–pectin
	2.1.3 Carrageenan
	2.1.4 Chitosan
	2.1.5 Polysaccharide gums

	2.2 Protein films
	2.2.1 Collagen
	2.2.2 Zein
	2.2.3 Gelatin
	2.2.4 Soy protein films
	2.2.5 Milk films

	2.3 Lipid films
	2.4 Nanobiocomposite edible films

	3. Recent advances in the applications of edible films
	3.1 Flavor encapsulation
	3.2 Carrier of probiotics
	3.3 Carriers of antioxidant and antimicrobial compounds

	4. Conclusion
	References

	28 - Rheology and tribology assessment of foods: a food oral processing perspective
	1. Introduction
	2. Rheology: basic understanding of the tests used in the food industry
	2.1 Flow properties of fluid foods using rotational tests
	2.1.1 Zero shear viscosity and yield stress point determination

	2.2 Small amplitude oscillatory tests

	3. Tribology fundamentals
	3.1 Background and principle
	3.2 Tongue movements and role of saliva
	3.3 Tribology configurations
	3.3.1 Mount tribological device (a ball-on-three-plates principle)
	3.3.2 Friction tester
	3.3.3 Optical tribological configuration
	3.3.3 The mini-traction machine
	3.3.4 The double-ball-on-plate tribological apparatus
	3.3.5 Three-ball-on-plate configuration attached to a texture analyzer


	4. Conclusions
	References

	29 - Biopolymer-based scaffolds: development and biomedical applications
	1. Introduction
	2. Properties of scaffolds
	2.1 Biocompatibility
	2.2 Biodegradability
	2.3 Mechanical properties
	2.4 Scaffold architecture and assessment
	2.5 Manufacturing technology

	3. Types of scaffolds
	3.1 Porous scaffold
	3.1.1 Materials and methods
	3.1.2 Application

	3.2 Microsphere scaffold
	3.2.1 Materials and methods
	3.2.2 Application

	3.3 Hydrogel scaffold
	3.3.1 Materials and methods
	3.3.2 Application

	3.4 Fibrous scaffold
	3.4.1 Materials and methods
	3.4.2 Applications

	3.5 Polymer–bioceramic composite scaffold
	3.5.1 Materials and methods
	3.5.2 Applications


	4. Scaffold processing and fabrication techniques
	4.1 Fiber felts or mesh
	4.2 Fiber bonding
	4.2.1 Phase separation

	4.3 Solvent casting and particulate leaching
	4.4 Membrane lamination
	4.5 Melt molding
	4.6 Polymer–ceramic fiber composite foam
	4.7 High-pressure processing
	4.8 Hydrocarbon templating

	5. Biopolymer-based scaffolds
	5.1 Collagen
	5.2 Hyaluronic acid
	5.3 Silk fibroin
	5.4 Chitosan

	6. Application of scaffolds
	6.1 Tissue engineering
	6.1 1 Bone tissue engineering
	6.1 2 Cartilage tissue engineering
	6.1 3 Skin tissue engineering
	6.1 4 Vascular tissue engineering

	6.2 Drug delivery

	7. Conclusion
	References
	Further reading

	30 - Phenolic nanoconjugates and its application in food
	1. Introduction
	2. Phenolic nanoconjugates
	2.1 Phenols–polysaccharide nanoconjugates
	2.2 Phenols–protein nanoconjugates
	2.3 Phenols–protein–polysaccharides nanoconjugates
	2.4 Phenols–metal nanoconjugates

	3. Production techniques of phenolic nanoconjugates
	3.1 Noncovalent methods for phenolic nanoconjugates
	3.2 Covalent methods for phenolic nanoconjugates
	3.3 Physical methods for phenolic nanoconjugates

	4. Identification and characterization of phenolic nanoconjugates
	4.1 Particle size
	4.2 Zeta potential
	4.3 Scanning electron microscope
	4.4 Transmission electron microscope
	4.5 Atomic force microscopy
	4.6 Differential scanning calorimeter

	5. Bioavailability and bioaccessibility study of phenolic nanoconjugates
	6. Cytotoxicity study of phenolic nanoconjugates
	7. Application of phenolic nanoconjugates in the food industry
	7.1 Food processing
	7.2 Food packaging

	8. Conclusion and future perspective
	References
	Further reading

	31 - Oleogels for food applications
	1. Introduction
	2. Meat products
	3. Bakery products
	4. Dairy products
	5. Other applications
	5.1 Spreadable products
	5.2 Chocolate and fillings
	5.3 Usage of the oleogels as delivering material

	6. Conclusion
	Acknowledgments
	References
	Further reading

	32 - CNT-tamarind gum–based solid-textured composite hydrogels for drug delivery applications
	1. Introduction
	2. Review literature
	3. Materials and methods
	3.1 Materials
	3.2 Methods
	3.2.1 Preparation of the hydrogel
	3.2.2 Microscopy
	3.2.3 FTIR analysis
	3.2.4 Impedance analysis
	3.2.5 Mechanical analysis
	3.2.6 Drug release
	3.2.7 Antimicrobial analysis


	4. Results and discussion
	4.1 Preparation of hydrogels
	4.2 Microscopy
	4.3 FTIR analysis
	4.4 Impedance analysis
	4.5 Mechanical analysis
	4.6 Drug release
	4.7 Antimicrobial analysis

	5. Conclusion
	Acknowledgments
	References

	33 - Testicular tissue engineering: an emerging solution for in vitro spermatogenesis
	1. Introduction
	2. Cosmetic prosthesis
	3. Androgen-producing implants
	4. Fertility restoration through tissue engineering
	4.1 Types of cells for testicular tissue engineering
	4.1.1 Testis-derived male germline stem cells and sperm progenitor cells
	4.1.2 Male germ cells derived from nontesticular pluripotent stem cells
	4.1.3 Male germ cells derived from nontesticular multipotent stem cells

	4.2 Approaches for in vitro spermatogenesis
	4.2.1 Ectopic grafting of testicular tissue or isolated testicular cells
	4.2.2 Organ culture of testicular tissue
	4.2.3 Engineered testicular tissue
	4.2.4 “Classical” tissue engineering
	4.2.4.1 Hydrogels and porous scaffolds
	4.2.4.2 Fibrous scaffolds



	5. Conclusion
	References

	34 - Enrichment of edible coatings and films with plant extracts or essential oils for the preservation of fruits a ...
	1. Introduction
	2. Development of edible films or coatings from various sources
	2.1 Protein based films and coatings
	2.2 Polysaccharide based edible films and coatings
	2.3 Lipid based edible films coatings
	2.4 Composite coatings from protein and polysaccharides

	3. Effect of edible coatings on various horticultural commodities
	4. Use of plant extract, essential oils and antimicrobial agents in coatings and films formulation
	5. Effect of edible coatings with natural plant extracts, essential oil and antimicrobial agents
	6. Future trends
	References

	35 - Collagen-based 3D structures—versatile, efficient materials for biomedical applications
	1. Background
	1.1 Collagen structure
	1.2 Properties and envisaged applications
	1.3 Collagen sources
	1.4 Collagen cross-linking

	2. Collagen for drug/gene delivery
	2.1 Solution, gels, films, inserts, and shields
	2.2 Collagen-based micro/nanoparticles
	2.3 Hybrid and smart collagen–based drug delivery systems

	3. Collagen-based formulations for scaffolding—From simple to complex, multifunctional systems—Processing advances
	3.1 Introduction
	3.2 Collagen-based scaffold preparation methods—basic conventional techniques
	3.3 Scaffolds by additive manufacturing
	3.4 Applications

	4. Collagen dressings
	5. Conclusions
	References

	Index
	A
	B
	C
	D
	E
	F
	G
	H
	I
	J
	K
	L
	M
	N
	O
	P
	Q
	R
	S
	T
	U
	V
	W
	X
	Y
	Z

	Back Cover

