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PREFACE

The need for functional and biologically active food components is rising because of
their significance in reducing the impacts of chronic and lifestyle disorders. Emulsion-
based delivery systems are one strategy for safeguard, and promote absorption of
biologically active food components. Mostly emulsifiers are used to modify the
interfacial interactions to delay the phase separation in emulsion. The need to switch from
synthetic to natural surfactants has increased as a result of rising consumer demand for
environmental friendly, sustainable and natural food products. Solid particle stabilized
emulsion called Pickering emulsion is an active area of research for the delivery of
bioactive and nutritionally important components for food/functional and
food/nutraceutical applications. Polysaccharides such as starch, cellulose and proteins
are widely used as Pickering particles. Porous starch prepared by the enzymatic
hydrolysis of native starch is reported for the sustained release and targeted delivery of

certain drugs and bioactive.

Chapter 1 gives a general introduction and review of literature about Pickering
emulsion, stabilization mechanism of Pickering particle, food grade Pickering particle
and its application, techniques for porous starch preparation-physical, chemical and

enzymatic method, characterization of porous starch and its food application.

Starch, has been modified to make it more efficient and functional for its use in various
food applications apart from its use as stabilizing and thickening agent in industries.
Porous starch is attaining great interest because of its abundant pores and increased
surface area for targeted delivery and sustained release of certain drugs. Porosity of the
starch granule can be tuned for various food applications including delivery of active

ingredients. Chapter 2 deals with the optimization and characterization of porous corn



starch preparation and its application studies. Porous starch was prepared enzymatically
using enzymes amylase and amyloglucosidase individually and in combination. Based
on the results obtained from individually treated enzymes two factorial design was
performed for combination of enzymes. The enzyme concentration was optimized using
surface area, pore size qualitatively and surface morphology by SEM images. Starch
treated with optimized concentration of enzyme was subjected to further characterization
studies such as contact angle, particle size, zeta potential, rheology, FTIR, DSC and XRD
to analyze whether the porous starch act as Pickering particle and all the studies were
compared with that of native starch. Further preliminary studies were conducted to
evaluate the efficiency of porous starch in stabilizing emulsion by fluorescence

microscopy and also as carrier of bioactive.

Solid particle stabilized surfactant free emulsion called Pickering emulsion have
attracted lot of attention because it is nontoxic, biodegradable and biocompatible in
nature. Chapter 3 deals with the fabrication of curcumin loaded flax seed oil
encapsulates by porous starch Pickering emulsion. O/W Pickering emulsion encapsulates
were prepared by using guar gum as stabilizer and porous starch as Pickering particles.
In order to ensure colon delivery porous starch was combined with guar gum, a well-
known prebiotic dietary fibre, to form Pickering emulsion by encapsulating bioactive
curcumin loaded in flax seed oil. The Pickering emulsion thus fabricated was
characterized in terms of encapsulation efficiency, microstructure analysis by
fluorescence microscopy, rheology and FTIR. The shelf stability was assessed by storing
the samples for 15 days at refrigeration temperature (4 + 2 °C). During storage studies,
the samples were withdrawn every 3' day and analyzed for creaming index, particle size,

zeta potential and microstructural characteristics via fluorescence microscopy. The



results were compared with that of native starch emulsion fabricated using the same

conditions replacing porous starch.

Porous starch-based Pickering emulsion can act as efficient Pickering particle and it also
possess better encapsulation efficiency of curcumin. Chapter 4 deals with the In vitro
release Kkinetics and prebiotic efficacy of Curcumin Pickering emulsion. Pickering
emulsion consists of curcumin loaded flax seed oil with guar gum as stabilizer and porous
starch as Pickering particles. Guar gum is prebiotic in nature and is also reported to be
used for colon targeted delivery of active ingredients. So in order to ensure the gut
delivery of bioactive curcumin the in vitro release kinetics using simulated gastro
intestinal conditions was performed. Pickering emulsion was fermented using probiotic
species Lactobacillus casei and prebiotic potential of encapsulates in terms of change in
OD, pH, dry weight, colony count and short chain fatty acids production using in vitro

protocol was studied.

In vitro fermentation studies indicated the fermentation metabolites rich in SCFA, could
be of great potential in maintaining the gut homeostasis, there by aids in prevention and
management of CRC. Chapter 5 deals with in vitro screening of the fermentation
metabolites in prevention and management of colorectal cancer. The anticancer potential
of fermentation metabolites was studied in HCT 116 colon cancer cell. The fermentation
metabolites containing short chain fatty acids was analyzed for cytotoxic effects, nuclear
integrity, mitochondrial membrane potential, antioxidant activity, ROS level, calcium

level, apoptosis and finally expression of proteins by western blotting.



Chapter 1

Introduction and Review of literature






1.1. Introduction

The demand for bioactive and functional food ingredients is increasing because of their
importance in mitigating chronic and lifestyle disorders such as diabetes, obesity and
cancer (TMR, 2015; Lu et al.,, 2016). Most of the bioactives like polyphenols,
tocotrienols and carotenoids are chemically unstable, retain unpleasant odours, and are
sensitive to light, temperature and oxygen thus reducing their effectiveness (Mwangi et
al., 2020). One strategy for safeguarding, and promoting the absorption of biologically
active food components is the use of emulsion-based encapsulated delivery systems (Fu
et al., 2016; Lu et al., 2016; McClements, 2007). An emulsion is a mixture of two
immiscible liquids generally water and oil with one of the liquids dispersed as small
spherical droplets in the other. As a result of their inherent thermodynamic instability, all
emulsions eventually phase-separate by creaming, sedimentation, coalescence,

flocculation and ostwald ripening (Fig 1.1) (Krishnan et al., 2023).

@ Creaming Sedimentation Flocculation Coalescence
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Fig 1.1: Mechanisms that induce emulsions instability (Krishnan et al., 2023).

Emulsifiers are employed to alter the interfacial interactions in order to delay the phase

separation in emulsions because all emulsions are thermodynamically unstable.



Inorganic particles such as hydroxyapatite, silica, clay and latex are commonly used as
stabilizers, however, their usage has been limited in the food and pharmaceutical
industries due to growing concern about the biocompatibility, carcinogenicity and
biodegradability of synthetic surfactants (Kierulf et al., 2020; Wang et al., 2016a, b; Wu
et al., 2021b). The need to switch from synthetic to natural surfactants has increased as a
result of rising consumer demand for environmentally friendly, sustainable, and natural

food products and the adoption of healthier lifestyles.

The use of solid colloidal particles to generate stable emulsions is currently receiving a
lot of interest. Solid particle-stabilized emulsions known as Pickering emulsions
(Pickering, 1907; Ramsden, 1904; Saffarionpour, 2020), exhibit long-term stability
without the addition of surfactant, as solid particles adsorb onto oil-water interface (Fig
1.2) and are regarded as promising alternatives to synthetic emulsifiers (Jiang et al., 2019;

Kierulf et al., 2019).
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Fig 1.2: Mechanism of stability of Pickering emulsion. (Deng et al., 2022)
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Further these tiny particles rearrange on the droplet surface resulting in the formation of
a single or multi-layer thick solid interfacial film. The adsorption of solid particles is

irreversible because the desorption energy of solid particles at the O/W interface being



significantly higher than the thermal energy. This film provides long-term stability of
Pickering emulsions because it acts as a strong spatial barrier, electrostatic protection,
and prevents droplet aggregation (Wang, 2020). Pickering emulsions have several
advantages over other conventional emulsions (Fig 1.3a) made with surfactants,
including minimal emulsifier dosage, good emulsion stability, high safety low toxicity,

and reduced sensitivity to environmental factors (Jiang et al., 2020; Yang, 2017).
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Fig 1.3: (a) Advantages of using Pickering emulsion and (b) Pickering emulsion delivery
system.

Pickering emulsion based delivery system provide enhanced oxidative stability, physical
stability, compatibility with food matrix and enhanced protection of labile bioactives (Fig
1.3b) (Mwangi et al., 2020). Pickering emulsions have thus gained a lot of interest from
scientists and is evident from number of papers exploring Pickering emulsion has grown

annually between 2008 and 2021 (Fig 1.4).
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Fig 1.4: Number of publications on Pickering emulsion per year (2015-2021) according to

Web of science.

1.2. Stabilization mechanism of Pickering particle

The principle of stabilization in Pickering emulsions has been described via two
approaches. According to first mechanism, solid particles are adsorbed onto the interface
of oil and water and generate monolayer of particle that serves as rigid film and creates
a mechanical barrier to coalescence. Thus, by irreversibly attaching to oil- water
interface, Pickering particles provide better stabilization to system than surfactants
(Whitesides et al.,, 1995; Du Sorbier et al., 2015). Theoretical analysis and
thermodynamic experiments, which can be found in incredibly thorough articles,
provided substantial support for this mechanism (Aveyard et al., 2003; Menon et al.,
1988; Binks et al., 2002). Based on the wettability of particles at interface of oil and
water, the type of emulsion was determined as oil in water emulsion (O/W) or water in
oil (W/O) emulsion. If the contact angle (0) of particles is less than 90°, it may result in
oil in water emulsion and contact angle (0) greater than 90° lead to water in oil emulsion
(Arditty et al., 2004; Akartuna et al., 2008; Torres et al., 2007). The development of a
three-dimensional network of particles in the continuous phase is the result of particle-

particle interactions, which underlie the second mechanism governing Pickering



emulsion stabilization. As a result, enhanced viscosity and increased stability of system

was also observed (Lagaly et al., 1999).
1.3. Food grade Pickering particles

Pickering emulsions have been stabilized using a variety of solid particles with different
functional and physicochemical characteristics. Particles of biological origin offer a
competitive and promising alternative in the stabilization of food emulsions because
most of them have been listed in the Code of Federal Regulations (21 CFR Parts 182 and
184) as generally regarded as safe (GRAS) by the Food and Drug Administration (FDA)
(Mwangi et al., 2020). As Pickering particles for stabilizing emulsions, proteins, lipids,
and polysaccharides are widely used. Most often, carbohydrates like starch and cellulose,

as well as proteins like zein and soy protein, are employed. (Guida et al., 2021).
1.3.1. Polysaccharide particles used as Pickering particles

1.3.1.1. Cellulose

Cellulose, non-starch polysaccharide, is made of repeating ring of B-1,4-linked D-
glucans. There are typically crystalline and non-crystalline regions in the structure of
natural cellulose. The extremely asymmetric arrangement of the glucose molecules in the
non-crystalline region makes it easy to see the hydroxyl groups at the ends of the chains,
which gives the non-crystalline region a certain degree of hydrophilicity, while the
crystalline region has a certain amount of hydrophobicity. In Pickering emulsions,
cellulose particles are used as effective emulsion stabilizers. Typically, Cellulose
nanofibrils (CNFs) (Winuprasith & Suphantharika, 2013), cellulose nanocrystals (CNCs)
(Kalashnikova et al., 2013), bacterial cellulose and regenerated cellulose are used as
cellulose particles or stabilizers. Among these, CNCs are commercially available, and

Pickering emulsions made from them offer a wide range of potential application. Acid



digestion of cellulose by strong acids like HCI (hydrochloric acid), H3PO4 (phosphoric
acid), sulfuric acid (H2SOg), results in the production of cellulose particles with an
emulsifying action (Shang et al., 2019; Vanderfleet et al., 2018; Dai et al., 2018). Acid
hydrolysis generates CNCs with higher number of negative charges on their surfaces,
leading to strong electrostatic repulsion and better emulsion stabilization capacity (Salas
et al., 2014). But excessive negative charge makes CNS more hydrophilic, making it
difficult to prepare Pickering emulsion. To enhance emulsification efficiency of CNCs a
number of chemical and physical modifications were attempted to decrease or enhance
the surface hydrophobicity. Currently, chemical modification is more successful at
enhancing the emulsification capabilities of cellulose particles. OSA (Octenyl Succinic
anhydride) and sodium ethyl lauryl alginate modification are two commonly used
chemical modification methods. Chen et al. (2018) reported that surface hydrophobicity
and emulsification ability of CNC is significantly enhanced after OSA modification.
Moreover, the surface characteristics and aggregation state of CNC might be improved

by adding the suitable amount of sodium ethyl lauryl alginate (Bai et al., 2018).

Bai et al. (2019) formulated O/W Pickering emulsion using CNC as stabilizer and
exhibited high stability against coalescence. Baek et al. (2019) fabricated Pickering
emulsion using CNC (modified with phosphate groups) along with chitosan (modified
with glycidyltrimethyl ammonium chloride) to improve its solubility. The results
confirmed that, modified CNC-chitosan complex, leads to a stabilized Pickering
emulsion compared to that of sodium tripolyphosphate (TPP) — chitosan emulsion. Food
grade Pickering emulsion was also prepared using cellulose nanofibrils and chitin

(Shanshan et al., 2021)



1.3.1.2. Chitosan

Chitosan (CS) is the second most prevalent polysaccharide in nature, produced by
deacetylation of chitin. CS contains hydroxyl groups as its backbone along with amino
groups, makes it more biocompatible and biodegradable (Wei et al., 2012). The aqueous
solution of CS will undergo gelation when the level of deacetylation exceeds 75%. In an
alkaline environment, CS self-assembles into aggregates with improved oil affinities and
hydrophobicity (Deng et al., 2022). CS also exhibits emulsification and antibacterial
properties under alkaline condition, enabling to be used as encapsulant in
pharmaceuticals and cosmetics (Han et al., 2020; Lim et al., 2020). Chitosan as
nanocrystals is mostly used as Pickering stabilizer. Commonly the nanocrystals are
prepared by ultrasonication and acid hydrolysis methods. Self-aggregates of chitosan
were also used as stabilizer since these are edible and derived naturally. The
ultrasonication treatment causes depolymerization of chitosan, resulting in self-
aggregation, because of formation of monodisperse smaller chitosan particles and these
can stabilize Pickering emulsion containing 70% oil fraction (Ho et al., 2016). Stable
chitosan-TPP (tripolyphosphate) Pickering emulsion was formulated for the delivery of
bioactive curcumin (Shah et al., 2016). Wang et al. (2016b) prepared chitosan stabilized
Pickering emulsion by ultrasonication, which efficiently disperse and disrupts
agglomerates of chitosan. This resulted in decreased molecular weight and better
emulsification of chitosan leading to a stable emulsion for about 5 months. Tian et al.
(2019) formulated hydrophobic CS-TPP (Chitosan-sodium tripolyphosphate) sub
microparticles under acidic conditions by ionic gelation method for the encapsulation of
citral. The results indicated that the emulsion system showed better stability of citral,

(about 52%) even after two weeks of storage.



1.3.1.3. Starch

Starch is the most prevalent type of carbohydrate in both human and animal diets, and in
higher plants serves as a natural reserve carbohydrate. It can be found in roots, tubers,
fruits, seeds, leaves, stems, and seeds. For industrial uses, the primary sources of starch
are maize (82%), followed by wheat (8%), cassava (5%) and potatoes (5%) (Le et al.,
2010). Starch mainly consists of linear amylose and highly branching amylopectin, both
of which are formed of D-glucose units connected together via glycosidic connections ie
a (1—4) and a (1—6) only in branch points. Mostly starch is semi crystalline in nature
and its size varies from 1pum to 100 pum in diameter and granules shape might range from
oval or circular to polyhedral and can be indicative of a genus or a species (Tester et al.,
2004; Sujka et al., 2018). Native starch has long been utilized in the pharmaceutical

industry to create granules, capsules, and tablets.

Starch granules in its commercial, pure forms are usually larger in size and hydrophilic
in nature. Several chemical and physical methods are employed to modify the native
starch. Commonly used methods for size reduction are high-pressure treatment, organic
solvent precipitation, ultrasonic treatment, acid hydrolysis and ball milling (Liu et al.,
2009). Heating and ball milling to decrease the size of starch and thereby increasing its
stability is some of the methods commonly employed. In order to investigate factors that
determined the ability of starch granules to stabilize an emulsion, Li et al. (2013),
compared four different types of native starch granules from various sources that differ
in particle size, contact angle, surface morphology, surface charge, and emulsion
stability. The results indicated that rice starch with smaller particle size resulted in better
stabilization of Pickering emulsion. The study indicated that particle size plays an
important role in starch ability to stabilize the emulsion. In order to improve the

hydrophobicity of starch granules, chemical modification was performed. Studies
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reported that chemical modification of starch granules by octenyl succinic anhydride
(OSA), octenyl succinate, lauric acid, leads to improved hydrophobicity (Li et al., 2020;
Garcia-Tejeda et al., 2018). Among this OSA modification was widely used and OSA
improves their affinity to fats and oils (Agama-Acevedo., 2017). The emulsification of
starch granules improves with increasing OSA modification of starch (Matos et al.,

2018).
1.4. Application of polysaccharide stabilized Pickering emulsion

1.4.1. Fat substitutes

Since decades, hydrogenated vegetable oils have been employed to improve the plasticity
of fats. However, this can result in the formation of trans fats, which pose substantial
health concerns, raising serious questions about their safety in hydrogenated vegetable
oils (Wei & Huang, 2019). Thus, it's critical to explore for high-quality, relatively
inexpensive alternatives to vegetable oils that have been hydrogenated and Pickering
emulsion are a possible substitute product. The high internal phase Pickering emulsion
is remarkably similar to margarine in terms of content and qualities when the internal
phase ratio of the emulsion is more than 80%, making it a viable margarine substitute
that can successfully prevent the consumption of trans fat (Deng et al., 2022). Cream can
be replaced in frozen yoghurt and ice cream with Pickering emulsions based on ethyl
cellulose and camellia seed oil (Deng et al., 2022). Feng et al. (2020) reported that
Pickering emulsions can be used in place of butter in cakes, reducing calorie intake and
extending shelf life without affecting the flavour or texture of the cake. Zeng et al. (2017)
were able to fabricate stable 83% high-internal phase Pickering emulsions, resulted in
interpenetrating 3-D network structure that gave the emulsions their viscoelasticity and

plasticity.

11



1.4.2. Modulation of lipid digestion

Pickering emulsions can be developed to regulate absorption and digestion of lipids in
the gastrointestinal tract, resulting in decreased appetite and increased satiety. It has been
demonstrated that by choosing the right particles to act as Pickering stabilizers, the rate
and degree of lipid digestion may be controlled (Sarkar et al., 2018). Starch particles,
chitin nanocrystals, cellulose nanocrystals and chitosan have been used to modify the
absorption and digestion of lipids. Studies reported that cellulose nanocrystals (CNC)
form a thick impenetrable coating around oil droplets and were successful in preventing
merging of droplets in stomach and mouth (Bai et al., 2019). Mackie et al. (2019)
reported that CNC-stabilized emulsions may be used to control lipid absorption because

these Pickering emulsion results in lower absorption of saturated lipids.
1.4.3. Encapsulation and delivery of food bioactive ingredients

With the growing interest to embrace healthier life style, several functional active
chemicals have been used in food systems. Bioactive ingredients such as - carotene,
coenzyme Q10 and curcumin exhibits poor water solubility and is easily oxidized and
decomposed, making it challenging to include directly into food (Tumer & Tulek, 2021,
Sun et al., 2022; Mota et al., 2020). Pickering emulsion is capable to load functional
bioactive and also protects the active ingredients from photodegradation. Shah et al.
(2016) loaded curcumin into a Pickering emulsion stabilized with chitosan-triphosphate
nanoparticles; just 14% of the mass fraction of curcumin was degraded after 24 hours of
dark storage, making this system substantially more protective of curcumin than
traditional techniques. Zhang et al. (2018) investigated the release performance of
hydrophobic calcium alginate (MCA) stabilized Pickering emulsion encapsulated with
curcumin and discovered that the 4 h emulsion release in simulated gastric fluid at pH

1.5 was only 3% while the release in simulated intestinal fluid at pH 6.8 was 37%. The
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results indicate that MCA-Pickering emulsions have shown delayed release and good pH
sensitivity. In order to stabilize Pickering emulsions containing B-carotene, Fu et al.
(2019) used Pickering emulsion made of xanthan gum and wheat gluten nanoparticles.
The system showed higher bioaccessibility, with 90% of B-carotene retained after 30
days of storage. Cellulose based Pickering emulsion helps in encapsulation and
protection of essential oils and the studies confirmed the antibacterial activity of eugenol,
cinnamaldehyde and limonene encapsulated Pickering emulsion against the gram

positive and gram negative bacteria (Mikulcova et al., 2016).

1.5. Porous starch

Porous starch is a modified form of starch that has undergone physical, chemical, and
enzymatic processes that result in large amounts of surface pores that may extend into
the internal of starch granules (Dura et al., 2014). Porous starch (Fig 1.5) is made up of
numerous pores that are evenly spaced throughout and also expanded the interior without
altering the shape of granules (Zhang et al., 2013; Gao et al., 2013). Within the starch
granules, these pores can incorporate small molecules. The International Union of Pure
and Applied Chemistry (IUPAC), divides pores depending on their diameter mainly into:
micropores (below 2 nm), mesopores (between 2 and 50 nm), and macropores (above 50
nm) (Sujka and Jamroz, 2010). Recently porous starch has been reported to be used for
delivery of various active biomolecules as the microspores can hold these biomolecules

(Wu et al., 2021a; Wen et al., 2023; Ji, 2021).

13



Physical, Chemical or
Enzymatic treatment

Fig 1. 5: (a) Native and (b) porous starch granules

1.5.1. Techniques for porous starch preparation

Physical, chemical, or enzymatic approaches can be used to generate porous starch,
which has attracted a lot of attention recently, however studies reported that enzymatic
and ultrasonic treatments are more commonly used. Different treatment methods
(Physical, Chemical and Enzymatic) used for porous starch preparation is discussed in

the following section.
1.5.1.1. Physical methods

Starch granules can be made porous using many techniques. The most commonly used

methods are ultrasonication, microwave and hydrostatic treatment (Table 1.1).
1.5.1.1.1. Ultrasonication

An ultrasound is a sound wave with a frequency higher than 20 kHz, outside of human
hearing range (Sujka & Jamroz, 2013). Ultrasound treatment is one of the most popular
techniques for starch physical remodeling since it is thought to be risk-free, extremely
effective, and environmentally friendly. Ultrasonic parameters (frequency, input energy,
temperature) and starch preparations (concentration and type) are two key elements that
determine the effectiveness of ultrasound treatment (Huang et al., 2007; Jambrak et al.,
2010; Yu et al; 2013; Amini et al., 2015; Sujka et al., 2013). Many studies reported that

ultrasounds physically degrade granules, leaving apparent cracks and pores on the
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surface, but the granules' size and shape remain unaffected (Luo et al., 2008; Zheng et
al., 2013; Amini et al., 2015). The process of particle degradation is correlated with
cavitation. Starch granules are attacked by gas bubbles in the suspension medium and the
granule breaks up as a result of rapidly collapsing bubbles creating shear stresses and
micro-jets near to the surface (Czechowska-Biskup et al., 2005; Zuo et al., 2012; Tomasik
et al., 1995). Hu et al. (2015) used dual ultrasound frequency (20 kHz + 25 kHz) for the
preparation of porous starch. Sujka. (2017) treated rice, potato, wheat and corn starch
with ultra sound frequency of 20 kHz and power of 170 W for 30 min that resulted in the
production of new pores. Ultrasonication generated pores and cracks on the sweet potato
starch surface and when the treatment time was increased from 15 to 30 min structural
disorganizations were also observed. Kaur et al. (2019) also reported that ultrasonication
results in generation of pores and depression in the surface of cereals such as maize,

barley, wheat, rice.
1.5.1.1.2. Microwave method

Porous starch has recently been prepared using the microwave approach since it is both
effective and environmentally safe. In this technique starch granules can be penetrated
by a microwave-generated heat action known as molecular friction in an alternating
electromagnetic field. When exposed to a microwave, starch granules can vibrate at a
high frequency because the alternating electromagnetic field as positive and negative
polarity are constantly switched. As a result, starch granules transform microwave
radiation into heat energy. The structure of porous starch is affected by variables like
intensity, duration, and amount of starch used. According to Nawaz et al. (2018) starch
keep their structural reliability when intensity was between 400 and 1600 W, treatment
period was under 5 min, and the weight of starch was greater than 10 g. Furthermore,

Kraus et al. (2014) hypothesised that lowering system pressure while simultaneously
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boosting microwave power could hasten the production of microporous starch. Despite
being easy and inexpensive, the microwave approach produces starch with few pores. As

a result, microwave cooking of fine porous starch is not acceptable.
1.5.1.1.3. High Hydrostatic pressure (HHP)

HHP, often uses water as pressure transmission medium with pressure varies from 100
to 800 MPa (Mujica-Paz et al., 2011). Recently, the starch modification and
gelatinization processes have used this non-thermal technology (Li et al. 2012). Liu et al.
(2009) found that HHP interrupts the interior assembly of starch granules and hastens the
migration of water into the crystalline area, leading to the process of gelatinization.
Deladino et al. (2017) found that low-pressure HHP treatment of maize starch resulted
in increased pore size and volume. The organization of amylose and amylopectin
structure is disrupted under low pressure conditions (Fernandez et al., 2008; Szwengiel
et al., 2018). This increases the starch granules pore volume and surface area (Deladino

etal., 2015).
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Table 1.1: Physical treatment methods used in porous starch preparation

Starch type and
concentration used

Physical treatment
used

Inference

Potato starch dissolved in
10% (w/w) distilled water

Wheat starch dissolved in
20% (w/w) distilled water

Corn starch dissolved in
10% (w/v) deionized
water

Corn starch dissolved in
10% (w/v) deionized
water

Corn starch dissolved in
5% (w/v) in distilled water

Corn starch dissolved in
10% (w/v) deionized
water

Corn, Wheat, Rice, Potato
starch (30%) dissolved in
distilled water or ethanol

Ultrasonic treatment

Ultrasonic treatment

High pressure
treatment

High pressure
treatment

Ultrasonic treatment

High Hydrostatic
pressure

Ultrasonic treatment

Compared to native starch, treated
starch showed grooves and notch on
the surface of starch and increased
ultra-sonication power resulted in
granule surface erosion. Zhu et al.,
(2012)

Ultrasonic treatment makes the
starch more rough and produce
fissures and grooves on the granule
of starch. Majzoobi, Hedayati, and
Farahnaky, (2015)

Small natural pores in native starch is
increased after treatment with high
pressure. Teixeira et al., (2015)
Smooth granular surface of native
starch had changed to more rough
surface and treatment results in
increase in number of pores.
Deladino et al., (2015)

Single treatment of native starch with
solid surface and polygonal shape
results in small sized pores while
dual treatment results in increased
size of granule and surface erosion.
Hu et al., (2015)

Upon treatment the small pores in
native starch increased in number
and have broaden pores. Deladino et
al., (2017)

Sonicating potato starch in water
revealed fissures and depressions on
the granule surface. Treatment was
more effective in large granules
compared to smaller ones. For
cavitation process to occur, water act
as a better medium. Sujka, (2017)
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1.5.1.2. Chemical treatment

Another technique for producing porous starch is chemical treatment. Starch
modification frequently employs chemical processing to encourage oxidation, simple
hydrolysis or cross linking (Yiu et al., 2008). Alkaline treatment and acid hydrolysis are

commonly used methods for the generation of porous starch (Table 1.2).
1.5.1.2.1. Solvent Exchange method

The solvent exchange method, which prevent the hydrogel structure from collapsing and
contracting under direct air drying, is based on the exchange of water with solvents like
acetone and ethanol in the starch hydrogel network. During gelation, water soluble
amylose gels into a network structure and a plenty of water molecules are taken up by
the starch molecules. During porous starch preparation, ethanol is used to replace the
water and vacuum drying is used to remove the ethanol. The porous starch structure was
influenced by drying conditions and solvent concentration (Chen et al., 2020). Oliyaei et
al. (2019) used higher concentration of ethanol followed by freeze drying for the
preparation of porous starch. Less surface tension of a gas or liquid is preferred for
homogeneous and continuous pores in starch. The major limitation of using solvent
exchange method in food industries is that the porous starch shows low adsorption
capacity.

1.5.1.2.2. Acid and alkali treatment

In contrast to enzyme treatment, acid hydrolysis and alkaline treatment are less efficient
to create porous starch granules. While treating starch with acid or alkali, it attacks the
amorphous region resulting in wide pores on granular surface and surface erosion

(Deladino et al., 2017). Alkaline treatment mostly uses sodium hypochlorite, sodium

hydroxide, potassium hydroxide and acid treatment use citric acid, sulfuric acid, and

18



hydrochloric acid (Latip et al., 2021). Falade et al. (2015) reported that side chains of
granules of starch are hydrolyzed by hydrochloric acid, which modifies the surfaces of
the granules. Corn starch under prolonged hydrolysis with sulfuric acid results in
irregular shape due to the disruption of amylose and amylopectin chains (Utrilla et al.,
2014). Avocado seed starch treated with higher concentration of lactic acid also resulted

in reduced crystallinity due to hydrolysis (Delinski et al., 2017).

Sodium hydroxide treatment in the corn, potato, and sago starches become evident only
after 15 days of treatment. The study indicated that alkaline treatment has an impact on
the production of porous starch, which produces the amorphous and crystalline lamella
based on molecular arrangement of amylopectin and amylose (Nadiha et al., 2010).
Bharti et al. (2019) studied the impact of various concentrations of NaOH on three
cultivars of mango kernel starches. The native starches closely resemble the starches
found in corn, sorghum, and millet. Although these starche granules have amazing
natural pores and grooves, their vulnerability on treatment differs. Zhou et al. (2016) used
sodium hypochlorite to treat potato starch at various active chlorine concentrations.
Adding more sodium hypochlorite made the pores on the surface of potato starch
granules more obvious. However, the potato starch granule showed more fissures and

breaks at a greater sodium hypochlorite concentration (4%).
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Table 1.2: Chemical treatment methods used in porous starch preparation

Starch type and Chemical treatment Inference
concentration used used
Corn starch 10% (w/v) in Hydrolysis by acid  Native corn shows small pores with
various citric acid polygonal shape. Treatment at 50
concentration. °C and 40 °C produced small cracks

on the granule surface. Treatment at
60 °C retains the shape of granule
but high temperature and citric acid
results in enlarged and translucent
granule. Kim & Huber (2013).

Corn starch 15% (w/v) in Hydrolysis by acid After 3 days of treatment, the
3.16 M sulfuric acid solution smooth polygonal starch, produced
small cracks on the surface. After 9
days, pores become more visible
and starch structure is completely
losts after 15 days. Utrilla-Coello et

al., (2014)
Corn starch 10% (w/v) in Alkaline treatment Pore volume of starch increased
0.1% NaOH considerably after the treatment

Deladino et al., (2017)

1.5.1.3. Enzymatic method

Enzymatic method is the most efficient and popular method for the production of porous
starch that results in increased number of pores on surface and the smooth surface of
starch changed to rough surface due to corrosion (Fig 1.5). Different enzymes and

treatment methods were used for making porous starch which was given in (Table 1.3).
1.5.1.3.1. a-amylase

The endo acting enzyme, a-amylase hydrolyzes the (1— 4) glycosidic linkages of starch
to quickly shorten the chains of amylose and amylopectin, increasing the number of

branch and short linear chains (Xu et al., 2015). According to Ichihara et al. (2013),
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granules of cassava starch that have been treated with a-amylase exhibit altered
characteristics without changing size or structure. Additionally, Dura et al. (2014),
described that amylase treatment causes only tiny holes to form starch granules.
Following hydrolysis by a-amylase enzyme, popcorn starch (PCS) showed improved
granular porous structure, decreased viscosity and gelatinization temperature compared
to that of dent corn starch (DCS) (Song et al., 2020). In another study, (Zhou et al., 2021),
treated V-type granular starch (VGS) with amylase enzyme in ethanol solution resulted

in high adsorption capacity and high crystallinity.
1.5.1.3.2. Glucoamylase

Glucoamylase hydrolyzes single glucose molecules from amylose and amylopectin's
non-reducing ends in a methodical manner. It may also hydrolyze (1,6) linkages in the
branch points of amylopectin (Aggarwal & Dollimore, 2000). When amyloglucosidase
concentration was raised, Aggarwal & Dollimore (2000) likewise noticed an increase in
pore size, but only up to a concentration of 800 U/g starch, at which point they noticed
large irregular holes and damaged starch structure. Chen and Zhang. (2012) reported that
corn starch pore size grew concurrently with hydrolysis time, when treated with
glucoamylase at sub-gelatinization temperatures. Benavent-gil & Rosells. (2017) found
that amyloglucosidase-treated starch has broad pores and that at increasing
concentrations of the enzyme, granule depression was seen as a result of the enzyme
eroding activity on the starch surface. At higher enzyme concentrations and for longer
periods of time, particularly at 900 and 1500 U of enzyme concentration, the shape of

starch changed, being distorted into large, wide, and fragmented holes.
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1.5.1.3.3. Cyclodextrin glycosyltransferase

For the purpose of producing porous starch from maize starch, Benavent-Gil & Rosell.
(2017) compared the effects of a-amylase, glucoamylase, and cyclodextrin
glycosyltransferase. After two hours of hydrolysis, a-amylase and glucoamylase results
in better pore size compared to cyclodextrin glycosyltransferase. After enzymatic
treatment of 48 h at pH 6.0, Dura & Rosell. (2016) found that maize starch granules had
numerous tiny pores and rough surfaces and they discovered that in this pH range,
cyclodextrin glycosyltransferase aggressively degraded the amylose chain. This shows
that cyclodextrin glycosyltransferase dramatically alters the granule's amorphous area
and that the inner portion of the granule has a higher enzyme action efficiency than the

exterior surface of granule. (Dura et al., 2016; Dura & Rosell, 2016).

Fig 1.6: The mechanism of enzyme treatment on starch. (a) Starch granules with small
natural pores changed to increased pores after treatment (b). Smooth and compact starch
granule before enzyme treatment (c) and after enzyme treatment (d). Figure is adapted and
reprinted from Dhital, Shrestha and Gidley (2010).
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1.5.1.3.4. Synergistic action of enzymes

The efficacy of a process which is increased by combining two different types of
enzymes in a process known as dual enzyme treatment (Sun et al., 2010). Dual enzyme
treatment commonly uses the enzymes glucoamylase and a-amylase in the case of porous
starch preperation. As previously mentioned, a-amylase randomly and quickly breaks
down starch a-(1,4) glycosidic linkages, with dextrin serving as the primary end product.
Thus, partial hydrolysis is all that occurs with a-amylase. Amyloglucosidase is able to
completely convert glucose from the nonreducing ends of starch chains by cleaving the
glycosidic linkages between a-(1,4) and a-(1,6). Amyloglucosidase, however, acts very
slowly. When coupled, the enzyme a-amylase randomly separates the glucose residues
on the surface of the starch and releases fresh non-reducing ends. The second stage
involves the action of amyloglucosidase, which continuously releases glucose from the
granules by acting on these nonreducing terminals. Thirdly, amyloglucosidase makes
holes from the granule's surface to its center, giving a-amylase more access to act on
additional glycosidic bonds and form pores (Sun et al., 2010). By treating maize starch
with a group of enzymes, significant alterations by generating pores was observed, but
with not much modification on the structure of starch granules (Zhao et al., 2018).
According to Lacerda et al. (2019), more superficial attacks were seen when the enzymes
amylase and amyloglucosidase were used in combination. Additionally, according to
Chen et al. (2020), amylase and amyloglucosidase were typically utilized in combination
for the manufacture of porous starch. Thus, the rapid hydrolysis of the whole starch is

made possible by the synergistic activity.
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Table 1.3: Enzymatic treatment methods used in porous starch preparation

Type of starch and
concentration

Enzymes employed

Inference

Corn, Rice, Sago Tapioca,
Potato starch 1% (w/v), in
50mM universal buffer (pH
6.5)

Corn starch 25% (w/v) in
sodium acetate buffer (pH
4.6)

Corn starch 20% (w/v) in
Monosodium phosphate
buffer (pH  6.0)/sodium
acetate buffer (pH 4.0)

Waxy corn starch 25% in
distilled water

Corn starch 20% in 20 mM
sodium phosphate buffer

at pH 6.0 (C6)/20 mM
sodium

acetate buffer at pH 4.0 (C4)

Corn starch 5% (w/v)
in PBS buffer

Corn starch 20% (w/v)
in sodium phosphate buffer

(pH 6)

150 pl of enzyme a-amylase
from Bacillus aquimaris)

Glucoamylase
(11 GSHU(/qg starch)

4 Ulg of Glucoamylase
(AMG) and 5 U/g of fungal
a-amylase (AM)

15 mL of Distillase TM SSF
(Commercial enzyme
complex)

0.32 U of Cyclodextrin-
glycosyl-transferase(CGTase)
(Thermoanaerobacter sp.)
(0.32 U CGTase/10 g starch

Fungal a-amylase (FAM)
Pancreatic a-amylase (PAM)
Pancreatin (Pc)

Cyclodextrin
glycosyltransferase(CGTase)
(0.32 U CGTase/g starch)

Produced large pores in corn
starch, small pores in rice
starch. There was no change
in the Sago tapioca and

potato starch after the
treatment. Puspasari et al.
(2011)

Treatment produces even
sized pores on granules
surface. Pore size increased

after elongated time of
hydrolysis. Chen & Zhang
(2012)

AMG produced larger pores
compared to AM. Dura,
Btaszczak, & Rosell (2014)

Polyhedral native waxy corn
starch with smooth surface
and small pores, on
prolonged hydrolysis
resulted in more pronounced
effects. Malucelli et al.
(2015)

CGTase C6 produced
extensive pores compared
to C4. Dura & Rosell
(2016)

After 30 min of treatment
Pancreatin and Pancreatic
a-amylase resulted in deep
pores and efficiency of FAM
lost after 30 min. Li et al.,
(2016) .

Small and random pores
were obtained when treated
with enzyme at
subgelatinization
temperature.
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Dura,Yokoyama,& Rosell,

(2016).
Corn starch 5% in 50 mM Glucoamylase(AMG): pH 4.5 AM showed increased pore
sodium acetate buffer B-amylase (BAM): pH 5.2  size, followed by AMG and

a-amylase (AM): pH 5.8 BAM respectively, after 8 h
of treatment. Jung, Lee, &

Yoo (2017)
Starch 20% (w/v) in 20mM Glycosyltransferase (CG) Pore size increased with
sodium acetate buffer Glucoamylase (AMG) increased concentration of
(pH4.0) Branching enzyme (BE) enzyme. Starch treated with
a-amylase (AM) AMG showed increased
Cyclodextrine pore size followed by AM,

BE and CG respectively.
Benavent-Gil &  Rosell
(2017)

1.5.2. Characterization of porous starch

1.5.2.1. Swelling power and Solubility

To make native starch more soluble is one of the key goals in porous starch preparation.
The breakdown of starch occurs in two steps, swelling and dissolution. Starch granules
swell as the solvent molecules penetrate interior resulting in increase in the volume of
the starch. With increasing solvent molecule infiltration, the macromolecular segment
mobility gradually rises. To establish a stable dissolving phase, the macromolecular
segment gently enters the solution by coordinated motion (Perez Rea et al., 2016,
Zdanowicz et al., 2016). During the pore-forming process, the amorphous portions of
native starch are disrupted, enabling unrestricted expansion of the starch granules.
Numerous investigations have demonstrated that after formation of pores, native starch

solubility and swelling power are increased (Zhao et al., 2018, Zhang, 2013).
1.5.2.2. Pasting property

Rapid visco analyzers are typically used to study the pasting characteristics of porous

starch after the heating-cooling cycle (Balet et al., 2019). The degree of starch
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modifications and retrogradation following porosity alteration can be seen by a number
of characteristics that can be observed through the pasting curve (Wu et al., 2017).
Generally, after pore formation the integrity of starch granules is compromised, making
them more brittle and less resistant to shear stress during the heating process. The
recrystallization of amylose chains may also explain why porous starch has a higher
setback than native starch. According to this phenomena, fractional amylose chains can
form helical structures after being leached from starch granules (Sun et al., 2017). Porous
starch created via amylase catalysis resembles native starch in terms of swelling and
hydration when heated and then cooled, but it has a lower peak viscosity. However, the
maximal viscosity of amyloglucosidase-treated starch is higher after cooling (Dura et al.,
2014). Therefore, the type of enzyme and preparation method has a significant impact on
the pasting property of porous starch. This was confirmed by Benavent-Gil et al. (2017)
who demonstrated a negative correlation between peak viscosity and the pore area and
size of porous starch. Additionally, compared to porous starch produced by enzymatic
hydrolysis, porous starch produced by freeze-thaw and enzymatic treatment displayed a
lower peak viscosity. According to Fortuna et al. (2000) the specific surface area and
pore volume of porous starch were strongly correlated with pasting temperature. The
average pore diameter of porous starch and pasting property, however, were not shown

to be correlated.
1.5.2.3. Rheological property

The rheological characteristics describe the flow behavior of starch in relation to stress
(Ai and Jane, 2015). Even at large sample concentrations, native starch shows poor
rheological properties. (Thirumdas et al., 2017; Wang et al., 2017). While heating starch
to gelatinization temperature, starch granules, starts to lose crystalline nature, absorbs

water and shows better rheological properties (Wu et al., 2016). Benavent-Gil et al.
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(2019) found a correlation between the loss tangent (tan = G"/G"), storage modulus (G"),
loss modulus (G™) and the porosity of porous starch. According to Kochkina et al. (2016)
porous starch displayed solid-like behaviour since the tan value increased as the porosity
of the starch increased. Generally, the storage modulus and loss modulus of starch
considerably rise as the temperature rises and the initial increase in storage modulus is
caused by the expansion of starch granules. Due to melting of remaining starch
crystallites, storage modulus further decreases as temperature increases. The porous

starch loses structural integrity, which results in lower G' and G" values.
1.5.2.4. Thermal property

Thermogravimetric analysis (TGA), which highlights crystalline structural changes and
internal chemical interactions such as hydrogen bonding, is commonly used to evaluate
the thermal property of starch. TGA offers information on the thermodynamic
characteristics of the porous starch. Studies reported that starch granules with a high
degree of crystallinity are more resistant to temperature changes (Wang et al., 2017.,
Fonseca et al., 2019). Porous starch loses weight early due to water loss, and then over
time as the porous starch decomposes, it loses weight in stages (Liu et al., 2018). The
differential thermogravimetric (DTG) analysis peak maxima reflect the greatest degree

of starch loss.
1.5.2.5. Gelatinization property

The differential scanning calorimetry (DSC) method is typically used to analyze the
gelatinization property. During the gelatinization process, the starch crystalline double
helix structure is released and eventually get amorphous. Many studies reported that the
gelatinization enthalpy of porous starch is larger than that of native starch because starch

hydrolysis will result in an increase in the proportion of crystalline region and a decrease
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in the proportion of amorphous region (Zhao et al., 2018; Ghavimi et al., 2015; Lacerda
et al., 2018). In addition, as the temperature rises, the hydrogen bonds and double helix
structure of starch are broken. Because of this, it takes more energy to shatter the

crystalline region in starch
1.5.3. Food application of porous starch

Porous starch with increased pores can be used for the encapsulation and packaging of

different food materials.
1.5.3.1. Encapsulation of flavour and oil

Flavours are frequently utilized to enhance the sensory characteristics of food products
that have lost their distinctive flavour throughout production procedures, particularly
when heat is involved. The majority of flavours are liquid mixtures of molecules in
solvents, and they are frequently susceptible to deterioration when exposed to conditions
such as humidity, heat and air (Salzer, 2007; Belingheri et al., 2015a). Porous starch is
reported to encapsulate flavours very effectively. In a study, three techniques for turning
liquid flavours into powders are used such as plating onto porous starch, spray drying
and plating onto maltodextrin, and were compared for the protection they provided
against heat and flavour content over shelf life, as determined by sensory and chemical
tests. This work also demonstrates the critical significance that solvent selection plays in
transferring liquid tastes onto porous starch; the greater the polarity-based attraction
between flavour molecules and solvent, the greater the flavour retention over time. An

industrial application validated the possible role of porous starch in food flavouring.

The primary goal of the flavour industry is to provide customers with flavorful products,
and these products must be both enduring and profitable. As a result, the industry is

continually looking for innovative, more effective, and less expensive ways to stabilize
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its sensitive flavour compounds. Due to the fact that several flavor components are
liposoluble and the final applications may be lipid-based, the selection of carrier oil, or
solution, in which flavour components are dispersed, has a substantial impact on flavour
durability during shelf life. The deterioration of carrier oils might be harmful to the
product flavour because of the oxidation reaction capacity of oil to diffuse to the flavour
molecules. (Leclercq et al.,2007; Belingheri et al., 2015b). Belingheri et al. (2015b)
reported that for the encapsulation of sensitive oils, plating on porous starch seems to be
a workable substitute to spray drying since it eliminates a heating phase that encourages

oil oxidation.

The use of microencapsulation technology safeguards valuable chemicals. Studies
reported that for the encapsulation of olive oil porous starch from sweet potato was used
(Lei et al., 2018). The greatly increased oxidative stability of olive oil in
microencapsulation is proof that the procedure is effective. Porous starch can offer a

reliable delivery technique to enhance oil protection in the food sector.
1.5.3.2. Encapsulation of pigments

Porous starch along with halloysite nanotube was used as a carrier of fucoxanthin to
improve its stability and to protect it from light within the matrices of porous starch. The
double encapsulation of fucoxanthin results in improved encapsulation efficiency,
stability and more sustained release of fucoxanthin (Oliyaei et al., 2020). Ji. (2021)
fabricated porous microgels from hydrolyzed oxidised starch for the delivery of
anthocyanin. The created microgels are more porous, a lot of surface area, and certain
functional groups that electrostatically attract anthocyanins. These characteristics
significantly increase the ability of porous microgels to adsorb anthocyanins. The study

confirmed that porous microgels improve the release and stability of anthocyanins.
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1.5.3.3. Encapsulation of probiotics

Li et al. (2016) studied about probiotic Lactobacillus plantarum 299v's ability to survive
after being subjected to heat, bile, and acid treatments while being microencapsulated in
either native or partially hydrolyzed maize starch. After freeze-drying the modified starch
formulations had a markedly higher initial percentage of viable cells than native starch.
The probiotic bacteria that were microencapsulated displayed significantly improved
acid tolerance when compared to free cells. These findings show that porous starch
granules allow high probiotic loading efficiency and offer improved defense against a

variety of stressful situations.
1.5.3.4. Food packaging

Miao et al. (2021) formulated novel active food packaging film using maize starch-tea
polyphenol (TP) loaded porous starch film forming solution which helps in controlling
the delayed release of TP. The study demonstrated that PS had a good capacity for TP
adsorption, and the components of the formulation were evenly distributed in the cast
films. The active films also had excellent antioxidant characteristics, good mechanical
qualities, UV and thermal stability. In order to extend the protection provided by the
active film to the food under consideration, the delayed release of TP from the films was

sustained.
Other applications

Wei, (2014) used Triton X-100 as the pore-forming agent during the free-radical
polymerization of starch and acrylic acid to develop porous starch-based super
absorbents. Triton X-100 enhanced the ability to absorb water as well as urine, swelling,
and reswelling rates. The investigation came to the conclusion that a range of sectors that

demand fast swelling might use the porous St-g-PAA super absorbents.
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Table 1.4: Food applications of porous starch

Application

Details

Inference

Reference

1.

a

b.

C.

Carrier of flavours

Tomato flavour

Clove essential oil

Plant essential oils

Carrier of edible oils

Carrier of oleic-
sunflower oil

Tomato flavour was plated over,
maltodextrin, porous starch and
also spray dried for turning liquid
flavours into powders.

By employing a sacrificial
template approach with potato
starch and CaCQOs, 3D
nanonetwork porous starch-based
material (3D-NPS) filled CEO
were created.

The essential oil (EO) was
microencapsulated using the food-
grade polymer maize porous
starch, and the sustained-release,
antibacterial properties of PSM-
EOs against Penicillium roqueforti
and Aspergillus niger in bread
were investigated..

Oleic sunflower oil plated over
porous starch instead of spray
drying.

The crucial role that solvent choice has
in imprinting liquid flavours onto porous
starch is revealed. The longer the flavour
is retained, the higher the polarity based
affinity between flavour molecules and
solvent

This new technigue for making 3D-NPS
is quick, safe and offers a potential basis
for stabilizing and releasing chemicals
such as essential oils over time. The
newly created 3D-NPS offer significant
promise  for the pharmaceutical,
cosmetics, clinical therapy, and food
preservation industries.

PSM-EQs excelled controls in terms of
sustained release, antibacterial activity
and considerably increased bread shelf
life. Future research should examine
practical applications, including the
impact on food sensory qualities and
how to directly apply PSM-EQs to the
surface of meals or create miniature
antibacterial packages.

Porous starch appears to be a practical
alternative to spray drying for the
encapsulation of delicate that helps oil
from oxidation.

Belingheri et al.,
(2015a)

Fang et al.,
(2019)

Juetal., (2019)

Belingheri et al.,
(2015b)
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Carrier of ricinoleic
acid (RA)

Microencapsulation of
olive oail.

Carrier of active
ingredients

Encapsulation of
fucoxanthin

Microencapsulation of
ascorbic acid

Ricinoleic acid was embedded
into porous starch, and its release
rate and its production on gamma
de lactone (GDL)was investigated

Potato starch maintained in citric
acid-disodium hydrogen
phosphate buffer solution is
preheated at different temperature
to  obtain porous  starch
encapsulated with olive oil

Fucoxanthin was encapsulated in
the pores of starch and coated with
gum Arabic (GA) and
maltodextrin (MD)

Corn starch treated with enzymes
and coated with gum was used to
create microcapsules (GA).

PS significantly increase dispersion of
RA and its controlled release thus
influencing biotransformation efficiency
and product yield.

When compared to free olive oil, the
oxidative stability of microencapsulated
olive oil is greatly improved by porous
starch-based material. The outcomes
gained from this work might offer a
strong delivery method to enhance oil
preservation in the food and eventually
after consumption.

The alteration of PS encapsulated with
fucoxanthin and coated with MD and
GA agents showed better encapsulation
efficiency and protection of fucoxanthin
from heat and light. Fucoxanthin's
double encapsulation may be beneficial
for those industries that must safeguard
their delicate ingredients from harsh
climatic circumstances.

Maize starch microcapsules showed
increased stability throughout storage
and in vitro digestion. Thus it provides
an effective way to encapsulate
functional  food components in
microcapsules made using gum Arabic

Rong et al.,
(2018)

Lei etal., (2018)

Oliyaei (et al).,
(2019)

Leyva-Lopez et
al., (2019)
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Encapsulation of
Bcarotene

Microencapsulation of
Curcumin

Encapsulation of
anthocyanin

Adsorption of grape
seed proanthocyanidins
(GSP)

By using an esterification
procedure to combine porous
starch with OSA groups, it was
possible to successfully
manufacture porous starches that
had been changed with varying
degrees of substitution (DS).
OSA@PS, which has exceptional
emulsification capabilities, was
used to create a beta-carotene
emulsion.

The wall materials for the spray
dried curcumin (MEC) are j-
cyclodextrin and porous starch.

Native maize starch was altered by
sequential TEMPO oxidation and
glucoamylase hydrolysis,
employing trisodium phosphate
(STMP) as a cross-linker, to create
pH/salt-responsive porous
microgel.

Enzymatically digested corn
starch was moderately gelatinized

Due to the variations in stability and
emulsion particle sizes, it was shown
that varied DS of samples had significant
effects on the bioaccessibility of B-
carotene in the emulsion. Because of
this, food-grade OSA@PS with a higher
DS could be used to create emulsions for
the purpose of stabilizing bioactive
components.

The use of B-cyclodextrin and porous
starch as MEC wall materials and use of
spray drying to create MEC would be
practical for the bakery business after
careful consideration of the pH stability,
solubility, interaction with the food
components, and acceptable solvent
system.

The created microgels have large
porosity, surface area and specific
functional groups that electrostatically
attract  anthocyanin. Furthermore,
anthocyanin released from porous
microgels are slowly released in
simulated stomach and intestinal
environments. Overall, porous microgels
can improve the release and stability of
anthocyanin.

The best adsorption capacity and a
comparatively low desorption
percentage (49%) toward GSPs were

Li et al., (2020)

Huang et al.
(2020)

Ji. (2021)

Wang et al.,
(2016a)
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Procyanidin
adsorption

Encapsulation of
probiotics

Lactobacillus
plantarum 299v

Lactobacillus
plantarum

Carrier of salt

to create pores, and its capacity to
bind to GSPs was assessed.

For the purpose of adsorbing
procyanidin, porous chitosan-
modified starch was created by
easily altering the surface of
porous rice starch.

Probiotic bacteria Lactobacillus
plantarum 299v was encapsulated
in the porous maize starch.

Lactobacillus  plantarum  was
adsorbed onto porous corn and
rice starch. Xanthan gum, guar
gum and gelatinized starch was
used as wall materials

Two  potential carriers  for
regulated sodium release using
porous corn starch produced by

demonstrated by the porous gelatinized
starch. This starch can be used as a good
adsorbent to enhance the use of GSPs
and maintain their antioxidant activity
Procyanidin is well adsorbed in the
porous  chitosan-modified  starch.
Chitosan was easily surface-modified on
porous rice starch to create the modified
starch. This surface modification could
be used to create functional starches with
a similar structure.

In comparison to free cells, porous
granules showed higher probiotic
loading effectiveness and offer better
protection against a variety of stressful
situations

The probiotic encapsulated in porous
rice starch resulted in  higher
encapsulation efficiency and coated with
gelatinized starch provided better yield.
The a-amylase treated starch with
gelatinized starch coating gives better
thermal stability

Salt could not be successfully
encapsulated inside the pores of porous
starch. Future studies are warranted for

Jiang et al.,
(2017)

Li et al., (2016)

Benavent-Gil
etal., 2018

Christina et al.,
(2016)
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6.

Antibacterial coating
for packaging paper

enzymatic method and spray
drying, and lipoproteic matrix,
produced by freeze drying and

gelation.
Hydrophobic  non  crystalline
porous starch (NCPS) was

prepared by solvent exchange,
heat treatment and alkyl ketene
dimer. By combining silver
nanoparticles with NCPS and
employing this coating as a layer
on base paper, antibacterial
packaging was produced.

various techniques for adding sodium
into the pores and better drying
techniques for PCS

Antibacterial packaging paper showed
excellent mechanical and barrier
properties and it also showed improved
antimicrobial action against E. coli and
S.aureus

Dangetal.,
2018
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1.6. Future prospects and conclusion

With the increase in demand among the consumers for healthier food products, the
development of foods containing functional ingredients has become one of the active
research areas in the food industry. Solid particle stabilized emulsion called Pickering
emulsion is an active area of research for the delivery of bioactive and nutritionally
important components for food/functional and food/nutraceutical applications. Pickering
emulsions have many benefits over conventional emulsions, such as low toxicity, excellent
stability and availability of a wide range of particles, all of which have encouraged research
into them and possible applications. Pickering emulsions will have superior rheological
characteristics, digestibility, and freeze-thaw stability due to the modification of some
colloidal particles and the formation of more nascent colloidal particles, opening up greater
opportunities for their usage in food applications. Starch, has been modified to make it
more efficient and functional for its use in various food applications apart from its use as
stabilizing and thickening agent in industries. Recently, porous starch is attaining great
interest because of its abundant pores and increased surface area for targeted delivery and
sustained release of certain drugs. Porosity of the starch granule can be tuned for various

food applications including delivery of active ingredients.

Based on the above gathered information and gaps identified, the present work was carried

out with a hypothesis that:

A. Porous starch act as Pickering particles in stabilization of emulsion.
B. Porous starch with abundant pores and increased surface area, in combination

with other polysaccharides such as guar gum can improve the encapsulation
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efficiency for bioactive. e.g., curcumin, for colon target delivery, in the form of
Pickering emulsion.
C. Fermentation metabolites of curcumin loaded Pickering emulsion exhibit potential

prebiotic and anticancer activity.
Objectives

The broad objective was to fabricate Pickering emulsion stabilized by porous starch for the
delivery of bioactive. The detailed objectives are as follows:

1. To optimize fabrication of porous starch using enzyme hydrolysis.

2. To develop stable Pickering emulsion using porous starch as Pickering particle for
encapsulation of bioactive using curcumin as model system for colon targeted

delivery.
3. To evaluate the gastrointestinal stability and prebiotic potential of encapsulates.

4. To evaluate the anticancer potential of fermentation metabolites in prevention and

management of colon cancer in HCT 116 cells.
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Chapter 2

Optimization and characterization of porous corn
starch and application in emulsion stabilization
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2.1. Introduction

Nowadays, the application of solid colloidal particles to produce stable emulsions is
gaining much attention. Solid particle-stabilized emulsions, called Pickering emulsions
(Ramsden, 1903; Pickering, 1907; Saffarionpour, 2020), are regarded as a promising
alternative to conventional synthetic emulsifiers as they show long-term stability without
the addition of surfactant as solid particles adsorbed onto oil-water interface (Jiang et al.,
2019; Kierulf et al., 2019). The widely used stabilizers are inorganic particles like latex,
clay, hydroxyapatite and silica, which have been restricted within the pharmaceutical and
food industries because of rising concern over the biocompatibility, carcinogenicity and
biodegradability of synthetic surfactants (Wang et al., 2016; Wu et al., 2021; Kierulf et
al., 2020). The Pickering particles have shown many advantages over conventional
stabilizers, such as improved stability and gut health, reduced toxicity, lower
contamination for the environment, and lesser irritation to the skin (Chassaing et al.,
2015; Marefati et al., 2017; Marku et al., 2012; Qi et al., 2014). The addition of Pickering
particles can ease the problems related with surfactants, such as air entrapment, irritancy,

foaming and interaction with living matter (Frelichowska et al., 2009).

Proteins, polysaccharides and lipids are reportedly utilized as Pickering particles for
stabilizing emulsions. Proteins such as soy protein, zein; and polysaccharides like
cellulose and starch are commonly used (Guida et al., 2021). Among the polysaccharides,
starch is widely employed because they are inexpensive, biodegradable, GRAS and non-
allergenic, (Zhu, 2019). Starch composed of linear amylose chains, i.e., glucose units
linked through a- (1—4) bonds; and branched amylopectin, where a-(1—4) glucose units
linked to a-glucan by a-(1—6) linkage (Pérez et al., 2009). The native starch has the
ability to stabilize Pickering emulsions due to its functional and physical properties such
as size, shape, amylose and amylopectin ratio content, granular structure and chemical
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composition (Din et al., 2015). Previous reports also show that granule composition
(Kierulf et al., 2020) and granule size (Li et al., 2013) are main factors that determine the

starch emulsifying property.

In its commercial pure and native form starch will not act as a stable Pickering particle
(Aveyard et al., 2003; Kierulf et al., 2020). So to enhance the ability of starch to act as a
Pickering particle, it is subjected to chemical and physical modifications (Guida et al.,
2021; Zhu, 2019). Physical modification cause the difference in particle size, surface
properties, solubility index and functional properties like gelation ability and swelling
capacity of starch (Nawaz et al., 2020). The commonly used physical modification
methods are electric pulse field, ultra-high pressure, ultra-sonication, micronization,
heat-moisture treatment, freezing, annealing and mild heating (Punia, 2019; C. Zhang et
al., 2019). Chemical modification methods consist of oxidation, esterification,
etherification, cross-linking, cationization, and hydrolysis. The chemical modification
alters physical behaviour like salting, retrogradation, and gelatinization of starch (Korma
et al., 2016). Among hydrolysis, the most preferred method to make porous starch is

enzyme hydrolysis.

The starch is modified to produce porous starch which is obtained by physical,
chemical, and enzymatic treatment, which generate large pores on the surface, that could
be elongated in to the starch granules center (Dura et al., 2014). In these methods for
producing porous starch, enzymatic method was broadly used because of its substrate
specificity, high catalytic efficiency, and mild reaction conditions (Chen et al., 2020;
Liu et al., 2018). During the past decade, due to the healthier, efficient, and
environmentally friendly nature enzymatic method has received more attention (Hoon et
al., 2018). The yield of porous starch depends on many factors such as source of starch,
enzyme type, and reaction conditions. Enzymes like amyloglucosidase, amylase,

66



isoamylase, pullulanase, cyclodextrin-glycosyltransferase, and glycogen branching
enzymes were mostly used for the porous starch preparation (Chen et al., 2020; Dura et
al., 2014). Many previous studies suggested that synergistic action of amylase and
amyloglucosidase enzymes are needed to hydrolyze starch rapidly and completely by
cleaving a-1, 4- or a-1, 6 glycosidic linkages. (Dura et al., 2014; Guo et al., 2020; Sun et

al., 2010).

Porous starch has many applications in pharmaceuticals, food, environment
management, and other industries. In the food industry, porous starch is used for the
protection of sensitive elements like vitamins, oils and food pigments, and also used as
spices, sweeteners, carriers and colorants (Belingheri et al., 2015; Majzoobi et al., 2015).
Zhou et al. (2021) prepared V-type Porous Starch (VPS) from V-type Granular Starch
(VGS) by enzymatic treatment and observed the effects of different concentrations of
starch and ethanol, and reaction temperatures on the crystal morphology, microstructure,
crystallinity and adsorption properties of VGS. Results indicated that VPS exhibited
better oil adsorption capacity and higher V-type crystallinity than VGS. Guo et al. (2021)
prepared porous starch using three different enzymes such as amylase, branching
enzyme, and glucoamylase and they reported that treated starch was found to be more
efficient with improved adsorption properties. They also studied morphological
characteristics (SEM), structural features (surface area, pore size, particle size), structural
properties (amylose and amylopectin), and adsorption capacities (of heavy metals,
pigment, oil) of porous starch. However, these studies lack characterization studies like
FTIR, XRD, DSC, and rheological studies, which are very important with regard to the
application in food systems. Wu et al. (2020) also prepared porous corn starch by
combining enzymatic hydrolysis and extrusion technology, however they also lack

rheological studies.
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Due to the porous nature of modified starch, it could be also used as a bioactive delivery
system. Belingheri et al. (2015) reported that in tomato-based food applications, porous
starch was used as a flavour delivery system. Previous studies reported an effective
method for colon-delivery of doxorubicin using porous starch and pectin/chitosan
coating (Zhu et al 2018). Oliyaei et al. (2020) also reported the use of porous starch for
the encapsulation of fucoxanthin. But, similar studies on the efficiency of porous starch
as a bioactive carrier are scarce. Therefore, in the current study, we optimized the method
for the production of porous starch from native corn starch by enzyme hydrolysis method.
In addition, the porous starch was further subjected to thorough physico chemical
characterization like particle size, zeta potential, rheology, contact angle, XRD, DSC,

and FTIR; and compared to native starch characterization.

2.1.1. Objective

The main objective is to prepare porous starch enzymatically using enzymes amylase and
amyloglucosidase. Porous starch thus prepared using an optimized method was further
investigated for its efficiency as (1) Pickering particle in oil in water emulsion so that it
can be used in other food and nutraceutical applications and (2) as a carrier of bioactive

for delivery applications with curcumin as a model system.
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2.2. Materials and Methods

The Experimental design for the Optimization and characterization of porous

corn starch preparation and application in emulsion stabilization
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2.2.1 Materials

Curcumin from Curcuma longa, Amyloglucosidase from Aspergillus niger
(AMG)(=260U/mL), a-Amylase from Aspergillus oryzae (AM)(30U/mg), Starch from
corn (CAS:9005-25-8), were purchased from Sigma-Aldrich-USA. All the other reagents

used in this study were of analytical grade.

2.2.2 Methods

2.2.2.1. Preparation of porous starch

2.2.2.1.1. Optimization of concentration and incubation time of individual enzyme

The porous starch (PS) preparation was optimized based on a previously published

protocol (Zhang et al., 2012) using enzymes AM and AMG with slight modifications.
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Initially the PS was prepared by treating the native corn starch (NS) with AMG and AM
separately. Concentration and incubation time for the treatment of each enzyme were
selected based on the reported literature. Accordingly, we selected high and low
concentration and incubation time for the enzyme treatment (Table 2.1 and 2.2).
Enzymes (AM and AMG) at different concentrations were added to a 10% starch slurry
prepared in phosphate-buffered saline (PBS) (pH-5) at 50 °C and kept under incubation
for different durations of time. After completion of enzyme hydrolysis, the pH was
adjusted to 10 using potassium hydroxide and starch slurry was then centrifuged at 4000
rpm for 15 minutes. The supernatant was decanted, and the precipitate was washed with
distilled water 4-5 times to remove the remaining enzyme and potassium hydroxide. The
residue was then dried in a petri dish at 50 °C for 5 h. The dried sample was powdered
and passed through a 50-mesh sieve and was analyzed for surface area, pore size, and

SEM determination.

Further, two-factorial experiment design was used to optimize porous starch preparation
using combination of enzymes AM and AMG. The concentration and incubation time
for the combination of enzyme treatment for the design was selected based on the

preliminary results obtained from the individual enzymes.

2.2.2.1.2. Modelling and optimization

Porous starch preparation was standardized using a Two factorial experimental design
against input factors of enzyme concentration, incubation time, and response parameters
of surface area, pore size, and surface morphology. The experimental domain of the input
parameters was defined based on the preliminary studies (2.2.2.1.1). Based on the results
obtained from these experiments, two factorial experiments were designed for the

combination of enzymes (Table 2.3).
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2.2.2.2. Determination of specific surface area and pore size distribution

The specific surface area (SSA) and pore size distribution (PSD) was analyzed based on
an N adsorption—desorption process with nuance (Du et al., 2013; Jadhav & Vavia,
2017). The analysis was conducted on a TriStar 11 3020 instrument (Micromeritics
Instrument Corporation, GA, USA). The system was operated at a pressure (P/P0) range
of 0.1 to 1.0. The samples were degassed at 100 °C, overnight under vacuum before
adsorption, and the temperature was maintained at 77 K. The SSA and PSD were
calculated using Brunauer-Emmett-Teller (BET) and Barrett-Joiner-Halenda (BJH)

methods.
2.2.2.3. Scanning Electron Microscopy (SEM)

PS and NS powder were adhered to an aluminum specimen holder by carbon tape. Next,
a thin layer of gold was coated onto the sample under a vacuum with a gold/palladium
sputter coater (SC7620, Emitech, Quorum Technologies Ltd, Kent, UK) before the
microscopical evaluation. The microscopic surface texture of NS and PS was analyzed
by scanning electron microscopy (ZEISS; EVO 18, Germany) under 15 kv of
accelerating voltage (Da Silva Soares et al., 2021. The micrographs were recorded at

10,000X magnification.
2.2.2.4. Particle size and zeta potential

The particle size and zeta potential of PS and NS was measured using the Malvern
Zetasizer (Zeta Nano-ZS; Malvern Instruments, UK), which works on the principle of

dynamic light scattering (DLS) (Comunian et al., 2020).
2.2.2.5. Contact angle

The sample (5% of PS and NS in water) was heated at 85 °C for 30 min. The starch paste

was then transferred to a coverslip, and the contact angle was measured using Drop
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shape analyzer. (Model: DSA30E, KRUSS GmBH, Hamburg, Germany; with the

KRUSS ADVANCE Software 1.7.0.8, Version 15).
2.2.2.6. Rheology

The flow behavior, amplitude sweep, and frequency sweep of NS and PS were
determined using a controlled stress rheometer (MCR 102 Rheometer, Anton Paar
GmbH, Ostfildern-Scharnhausen, Germany). The starch samples, NS and PS were mixed
with water (38% WI/V, optimized based on experiment trials), and stirred for 30 min
before doing the rheological studies. The probe used for the study was a plate geometry
of 25 mm diameter and 0.105 mm gap (Mohammed et al., 2021). To determine the flow
behavior, the shear rate used ranged of 0.01 to 100 s. The amplitude sweep was
performed to find the LVR region by changing the strain from 0.01 to 10% for PS and
0.01 to 100% for NS. The frequency sweep was performed within the LVR region at a

frequency range from 0.01 to 100 rad/s
2.2.2.7. ATR-Fourier-transform infrared (FTIR) spectroscopy

Fourier-transform infrared (FTIR) spectra of PS and NS powder was recorded using an
FTIR-ATR (Attenuated Total Reflection) spectrometer (Perkin Elmer, USA) equipped
with an ATR accessory with a diamond crystal at an incidence angle of 45°. The data
were averaged from 32 scans recorded at 4 cm™ resolutions. Transmittances were

recorded at wave numbers between 4000 and 400 cm ™.
2.2.2.8. Differential scanning calorimetry (DSC)

The thermal behavior of PS and NS was evaluated by differential scanning calorimetry
(DSC). DSC measurements were carried out using a differential scanning calorimeter
(DSC Q2000, TA Instruments, USA) based on previous studies (Tao et al., 2016).

Briefly, 3 mg of samples were weighed and placed into pre-weighted aluminum sample
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pans and 6 pL of distilled water was added. The samples were scanned from 40 °C to 90
°C at a heating rate of 10 °C/min under an atmosphere of nitrogen. The temperature
values obtained were the onset temperature (To), the peak temperature (Tp), and the

conclusion temperature (Tc).
2.2.2.9. X-ray diffraction (XRD)

XEUSS SAXS/WAXS system from Xenocs was used to record the wide-angle X-ray
diffraction (WAXD) measurements in the transmission mode. The powdered PS and NS
samples were used for the analysis. The operating voltage was 50 kV, and the current
was 0.6 mA, with Cu Ko radiation of wavelength ~1.54 A. The 2D patterns were
recorded on Mar345 image plate, and the data was analyzed using the Fit2D software.

The degree of crystallinity was calculated using grams software.
2.2.2.10. Efficacy of porous starch as emulsion stabilizer

The efficiency of porous starch in stabilizing emulsion was studied in terms of creaming
index. For the preparation of emulsion, 10% of starch (NS and PS) was mixed with 10%
flax seed oil and 80% water. The mixture was homogenized at 12,000 rpm for 150 sec to
yield emulsion. The emulsion was stored at room temperature (37°C), and the creaming
index of NS and PS was calculated at 24 h and 48 h. The formula calculated the creaming
index, Cl (%) = 100 x HC / HE, where HC is the height of the aqueous layer, and HE is

the initial height.
2.2.2.11. Fluorescence microscopy

To determine whether the PS would act as Pickering particle the microstructure of starch
was studied using fluorescence microscopy (Olympus fluorescence microscope IX 83,
Olympus corporation of Americas, Center Valley, USA). PS and NS were stained with

the dye Nile red and Safranin for staining oil and starch, respectively (Cakmak et al.,
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2012; Daniel & Ana, 2020; Dean et al., 2010). 100l of the emulsion was taken in a 96-
well plate and first stained with nile red (10%), kept for a few minutes, followed by
Safranin (5mg/ml). The images were recorded using a delta 512 EMCCD camera

(photometrics, USA).
2.2.2.12. Efficacy of porous starch as bioactive carrier

Curcumin (50pg) was added to 500 mg starch in 5 mL water. The mixture was stirred at
60 °C for 10-15 min and then centrifuged at 10000 rpm for 10 min. The supernatant was
removed, the pellet was washed with methanol, vortexed for a few minutes, and again
centrifuged at 10,000 rpm for 10 min. The supernatant was collected, and continued until
the pellet became colorless. The supernatant was pooled together, made up to 10 mL, and

curcumin content was determined using the HPLC method.

The supernatant of PS and PS was filtered through 0.22 um PTFE filter. The analysis
was performed on a prominence Ultra- Fast Liquid Chromatography (UFLC) system
containing LC-20AD system controller, phenomenex Gemini C18 column (250x4.6mm,
5um), a column oven (CTO-20A), an autosampler injector (SIL 20 AC) and a diode array
detector (SPD-M20A). The mobile phase used for curcumin quantification was the
Isocratic system i.e., 100% methanol. The injection volume was 10uL, and the flow rate
was kept at 1 mL/ min. The column was maintained at 40°C, and eluted fractions were
monitored at 420 nm. Sample peaks (NS & PS) were identified by comparing them with
the retention times of Curcumin peak. LC Lab Solutions software was used for data

acquisition and analysis.
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2.3 Results and discussion

2.3.1. Optimization of porous starch preparation

Initially NS was treated with AMG and AM at different concentration based on the
literature to understand the optimum concentration and incubation time to yield desired
porosity, which was assessed in terms of pore size (nm) and surface area (m?/g). The pore

size and surface area of NS were found to be 03.457 nm and 0.202 m?/g respectively.

The pore size and surface area of starch treated with different concentrations of AM and
time of incubation (Table 2.1) showed that starch treated with 300 U of enzyme exhibits
greater surface area and pore size. The same result is evident from the Scanning electron
micrographs of AM treated starch (Fig 2.1). a- amylase is an endo-acting enzyme that

can hydrolyze the o (1— 4) glycosidic linkages of starch that rapidly reduce the chain

length of amylose and amylopectin resulting in increase in number of short linear and

branch chains ( Xu et al., 2015).

Table 2.1: The surface area and pore size of starch treated with different

concentrations of Amylase (AM) and time of incubation

Enzyme Concentration Time  Surface Pore size
(U/mL) (h)  area(m?/q) (nm)
300 8 0.720 10.200
Amylase (AM) 300 12 0.759 09.945
3000 8 0.581 09.554
3000 12 0.465 06.175

From the SEM images it is clear that at lower enzyme concentration (300 U), starch
showed small pores and there was no significant change in pore size when the

concentration of enzyme was increased from 300 to 3000 U. Cassava starch treated with
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a- amylase alters the properties of granules without altering the size and morphology

(Ichihara et al., 2013). Dura et al (2014) also reported that starch treated with amylase

generates small pores in the granules. These observations suggested that AM at

concentrations of 300 U and below, for an incubation time of 8 h and below can result in

desirable porosity.

300U-8h 300U-12h

3000U-8h

3000U-12h

Fig 2.1: SEM images of starch treated with different concentrations and incubation time
of amylase

The surface area and pore size of starch treated with different concentrations of AMG

and time of incubation indicated that compared to 300 U enzyme concentration, 900 U

showed decrease in surface area and porosity which is contradictory. In general, it was

noted that the pore size and surface area decreased with increase in incubation time for

all concentration of AMG studied. An enzyme concentration of 1500 U exhibited higher

porosity and surface area (Table 2.2).
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Table 2.2: The surface area and pore size of starch treated with different

concentrations of Amyloglucosidase (AMG) and time of incubation

Enzyme Concentration Time  Surface Pore
(U/mL) (n)  area(m?g) size(nm)

Amyloglucosidase 300 8 1.457 28.809
(AMG) 300 12 1.289 16.061
900 8 0.981 23.219

900 12 0.721 09.413

1500 8 2.235 33.307

1500 12 1.302 19.307

Amyloglucosidase hydrolyzes single glucose residues from non-reducing ends of
amylose and amylopectin in a step wise manner and it can also hydrolyze o (1,6) linkages
in the branch points of amylopectin (Aggarwal & Dollimore, 2000). Surface morphology
of starch treated with AMG (Fig. 2.2) shows large pores and broader size distribution
with increase in enzyme concentration and incubation time. At higher enzyme
concentration and longer duration especially at 900 and 1500 U of enzyme concentration,
the morphology of starch changed to deep and large irregular holes and broken structure.
These results along with SEM images suggests that concentration of 300 U gives rise to
desirable porosity. The observed results are in accordance with Benavent-gil & Rosell.
(2016) who reported that amyloglucosidase treated starch shows large pores and at high
amyloglucosidase concentration, depression in the granules was seen due to the eroding
action of enzyme on the surface of granule. Aggarwal et al. (2000) also observed an
increased pore size when amyloglucosidase concentration was increased, up to a
concentration of 800 U/g starch, after which large irregular holes and broken structure of
starch were observed. It was observed that porous starch, for delivery or encapsulation

applications, can be obtained by treating NS with AMG at concentration 300 U for 8 h
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incubation and at higher concentration of 900 U, AMG resulted in breakdown of starch

structure with irregular pores making it unsuitable for such applications.

\—t 300U-12h 900U-12h 1500U-12h e

Fig 2.2: SEM images of starch treated with different concentrations and incubation

time of amyloglucosidase

2.3.2. Effect of combination of enzymes on porous starch preparation

Based on the above observations acquired for individual enzymes (maximum enzyme
concentration and time of 300 U and 8 h respectively), a two factorial experimental
design was obtained (as given under Table 2.3) for combination of enzyme treatment.
Enzyme concentration and incubation time were the input factors whereas surface area

and pore size were the output parameters.
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Table 2.3: The surface area and pore size of starch treated with combination

of enzymes, (AM/AMG) and time of incubation.

Enzyme/s Concentration Time  Surface  Pore size
(U/mL) (h)  area(m2/g) (nm)
Amylase/ 150/150 6 0.900 17.389
Amyloglucosidase
(AM/AMG) 150/150 8 1.126 13.654
150/300 6 0.468 48.188
150/300 8 0.737 34.330
300/150 6 1.781 09.165
300/150 8 0.860 09.416
300/300 6 0.614 40.527
300/300 8 0.207 12.591

The regression analysis is given in (Table 2.4) and the equation for surface area and pore
size are given in Eq (1) and Eq (2) respectively. As can be seen, the effect of interaction
between enzyme concentration and time on surface area was more pronounced than
individual effects (Table 2.4). Porosity was directly influenced by AMG enzyme, rather

than by amylase and time.

Surface area=-5.693 + 0.04317 AM + 0.01061 AMG + 0.9013 Time — 0.000096 AM*AMG —

0.005398AM*Time — 0.001431 AMG*Time + 0.000010 AM*AMG*Time ................... @)

Pore Size= 423.7- 4996 AM + 0.4271 AMG — 78.32 Time + 0.02434 AM*AMG + 0.7351

AM*Time + 0.2648 AMG*Time — 0.004015 AM*AMG*Time ...................... 2)

79



Table 2.4: Regression table for combination of enzymes AM and AMG

Enzymes Surface are Pore size

Effect Coefficient Effect Coefficient

AM 0.057 -0.028 -104.650 -52.330

AMG -0.660 -0.330 215.000 107.500

Time -0.208 -0.104 -113.200 -56.600

AM*AMG -0.250 -0.125 -42.350 -21.170

AM*Time -0.455 -0.227 -25.230 -12.620

AMG*Time 0.139 0.069 -95.770 -47.890

AM*AMG*Time 0.118 0.059 -45.160 -22.580

The SEM images of starch treated with combination of enzymes, AM and AMG (Fig
2.3) indicated more pronounced and controlled formation of deep pores, confirming the
synergistic action of these enzymes. The treatment of starch with combination of AMG
and AM has already been reported to result in shallow to deep pores (Lucca Centa
Malucelli, 2015). Based on the parameters analyzed and SEM images, a combination of
150/300 and 300/300 of AM/AMG for 6 hours were found to yield better porosity
Incubation time of 8 & 12 h resulted in degradation of starch molecules as evident from
the SEM images. Lacerda et al. (2018) reported that 12 h of incubation time was
excessive because it may result in appearance of internal canals due to exo-corrosion.
Due to longer incubation time, shape of the granule also changed resulting in partial

fracture, rough surface and weakened structure.

80



150U AM+ 150U AM+ 150U AM+ 150U AM +
150U AMG-6h 150U AMG-8h 300U AMG-6h 300UAMG-8h

300U AM +

300U AM+ 300U AM + 300U AM +
300U AMG-8h

150U AMG-6h 150U AMG-8h 300U AMG-6h

Fig 2.3: SEM images of starch treated with different concentrations and incubation

time of amylase and amyloglucosidase.

As discussed earlier, a-amylase, randomly and rapidly cleaves a-(1,4) glycosidic bonds
of starch with dextrin as main end product. Thus a-amylase treated starch only undergo
incomplete hydrolysis. Amyloglucosidase can cleave both a-(1,4) and a-(1, 6) glycosidic
bonds from the nonreducing ends of starch chains and forms entirely glucose. However,
the action of amyloglucosidase is very slow. When used in combination, firstly, a-
amylase randomly splits the glucose residues present on the surface of starch and releases
new non reducing ends. Secondly, amyloglucosidase act on these nonreducing ends and
releases glucose continuously from the granules. Thirdly, amyloglucosidase forms holes
from surface to the center of granule, allowing more access of a-amylase into the interior
of granule and act on more glycosidic bonds resulting in the formation of pores (Sun et
al., 2010). Yu et al. (2018) also reported that treatment of corn starch with combination
of enzymes creates significant changes by producing pores, but without altering the shape
of starch granules. Lacerda et al. (2019) reported that while using combination of
enzymes amylase and amyloglucosidase, more superficial attacks were observed. Chen
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et al. (2020) also reported that for the preparation of porous starch, multiple enzyme
treatment i.e., combination of amylase and amyloglucosidase was mostly used. Thus, the
synergistic action of amylase and amyloglucosidase can hydrolyze the entire starch

quickly.

The optimum concentration of enzymes obtained after design analysis suggested an
optimum surface area and pore size at incubation time of 6 h and at an enzyme
concentration of 300 U and 250 U of AM and AMG respectively. Based on the statistical
analysis, porous starch was prepared using the optimum combination of enzymes i.e.,
300U AM and 250U AMG for 6 hours, for further characterization and application

studies.

2.3.3. Characterization of porous starch

Size of starch varies based on their origin and corn starch mostly comes under medium
sized starches. Size of Pickering particles and zeta potential plays a key role in the
formation of stable emulsion. Therefore, the zeta potential of NS and PS was also
evaluated. It is also important to understand the wettability or hydrophobic/hydrophilic
nature of the particles in order to determine the choice of emulsion type i.e., O/W or

W/O, which is measured using contact angle.
2.3.3.1. Particle size and zeta potential

The particle size of PS was 2.302 + 0.062 um and that of NS was 3.549 + 0.085 um.
From the results it is clear that particle size of porous starch decreases after enzyme
hydrolysis. Studies reported that during enzyme hydrolysis the native starch ruptures
resulted in decreased particle size (Jiang et al., 2017; Yu et al., 2018). Decreased particle

size increases the stability of Pickering emulsion (Saari et al., 2019). Rayner et al. (2012)
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fabricated stable Pickering emulsion using Quinoa starch and observed that with

decreased particle size droplet size also decreased.

The zeta potential of PS and NS was found to be -42 mV and -34 mV, respectively. High
surface electric charge (+/-) denotes potential stability of the colloidal system (Espinosa
Solis et al., 2021). The negative zeta potential values indicates negative charges on the
surface of starch (Wei et al., 2014). Due to electrostatic repulsion, higher zeta potential
decreases the Van der Waals force between particles (Ahmad et al., 2020; Schafer et al.,
2010). High zeta potential resulted in higher particle stability due to a lower tendency for
particle agglomeration (Dai et al., 2018). Starch nanoparticles also reported to exhibit
negative zeta potential values (Ahmad et al., 2020). Thus PS with higher zeta potential

confers better stability compared to PS.

2.3.3.2. Contact angle

Contact angle measurement is frequently used as marker to measure the degree of surface
hydrophobicity or hydrophilicity. Contact angle > 90° denotes particle with hydrophobic
nature which is suited for the formation of W/O emulsion and < 90° indicates hydrophilic
particles that is suitable for stabilizing O/W emulsion (He et al., 2013; Su et al., 2010).
Coalescence is the process where droplets combines to form large droplets and in course
of time, average droplet size increases and thus decreases the stability of emulsion
(Maphosa & Jideani, 2018). The contact angle of PS was found to be 63.82°+0.39 and
that of NS was 72.4°+0.14 (Fig 2.4). Li et al. (2013) studied about emulsifying property
of different native starch particles and reported that rice starch (48° contact angle) which
is more hydrophilic than potato starch (63° contact angle) act as good particle emulsifier
and stabilize emulsion against coalescence for several months. Hydrophobic particles
stabilize water in oil emulsion whereas hydrophilic particles stabilize oil in water

emulsion (Wu et al., 2016). The results showed that PS has a lower contact angle than
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NS, which makes it more hydrophilic and effective emulsifier in O/W Pickering

emulsions

Fig 2.4: Contact angle of (a) NS and (b) PS

2.3.3.3. Rheological studies
2.3.3.3.1 Flow behaviour

The comparison of the flow ability of NS and PS of same composition of 38% W/V
at 25°C is depicted in (Fig 2.5). The NS system had shown Newtonian behavior at all
shear rates with viscosity 0.0285 * 0.009 Pa.s. On the other hand, PS system shows non-
Newtonian behavior with an evident shear thickening till the shear rate of 30 s* followed
by shear thinning with a decreasing viscosity as the rate increases further. Shear stress
vs. shear rate plot and Shear rate vs. Viscosity plot of NS and PS are given in (Fig 2.5a

and b) respectively.
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Fig 2.5: (a)Shear stress vs shear rate plot and (b) Shear rate vs Viscosity plot of NS and PS

Dynamic strain sweep determines the LVE region of the system where the properties of
substances will not vary according to the deforming strain, applied shear rate or
magnitude of stress. The structure of the system remains the same along the LVE region
(Chen et al., 2017; Steffe, 1996). Thus, LVE region is required for the determination of
the storage modulus (G'), and loss modulus (G"), of viscoelastic materials (Liu et al.,
2014). Instrument could detect only G” for NS matrix for entire range of applied strain.
The PS system has shown viscoelastic nature with both G" and G". The LVE plateau
value for the NS is observed to be less than 3% (Fig 2.6a), whereas the plateau for PS

was found at strain less than 0.7% (Fig 2.6Db).
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Fig 2.6: Amplitude sweep of (a) NS and PS (b) respectively.
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Dynamic frequency sweep test is useful in determining the viscoelastic properties of a
system in terms of time scale. G’ refers the elastic property and G” refers the viscous
property of a system (Okonkwo et al., 2021). The NS has indicated that the system was
not viscoelastic in nature since it has shown only the loss modulus responses (Fig 2.7a)
in a similar time scale as that of the PS system. In contrast, the PS matrix has shown a
viscoelastic nature with both G’ and G” (Fig 2.7b). Also, the PS system shows a higher
G’ value than the G” compared to the NS system at all the frequencies up to 90 Hz. The
system has shown a cross over with G” >G' only at frequency greater than 90Hz. Since
the stability and emulsifying properties of the starch systems can be directly related to
the elastic nature of the material, PS was observed to be a better component than NS,
which can contribute more stability and elasticity to the system in which they will be
incorporated. Also, we can deduce that there are more interaction forces among the PS
particles than NS. These interactions in the PS matrix may help promote the formation

of steric barriers that can prevent coalescence in emulsions.
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Fig 2.7: Frequency sweep of (a) NS and (b) PS respectively.

2.3.3.4. XRD

NS and PS have been analyzed by XRD to investigate the impact of enzyme treatment

on the amorphous and crystalline region. From XRD diffractograms (Fig. 2.8a) it is clear
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that both NS and PS exhibit A pattern, which is typical of maize starch. According to
Cheng et al. (2009), a typical A pattern has two single broad peaks at 15° and 23° (26),
a lower peak at 20° (20), and a dual peak at 17-18° (20). In the current study, NS and PS
displayed a typical A pattern as evident from the figure 2.8a. According to the
deconvolution results (Fig. 2.8b and 2.8c), the degree of crystallinity increased from
42.36% in NS to 52% in PS. Because enzymatic reactions take place mostly in the
amorphous region, there is increase in the crystallinity of porous starch (Zhang, Cui et
al., 2012). Sago starch nanocrystals showed enhanced crystallinity and could be
employed as an effective emulsifier for O/W emulsions (Azfaralariff, 2020). Thus

porous starch with increased crystallinity can be used as Pickering particle in emulsion.
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Fig 2.8: (a) XRD diffractograms and Deconvolution plots of (b) native and (c) porous

starch
2.3.3.5. Thermal behaviour

It is important to understand the thermal property of NS and PS, so that it can be further
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used in food and pharmaceutical applications (spray drying). Differential scanning
calorimetry (DSC) was employed to analyze the thermal stability of NS and PS, and
notable variations was observed in the thermograms (Fig. 2.9). According to Laura,

Gomez-Mascaraque et al., (2017), thermal property is also crucial for storage stability.
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Fig 2.9: DSC thermograms of NS and PS.

The onset temperature (To), Peak temperature (Tp) and conclusion temperature (Tc)
were analyzed by DSC and was shown in Table 2.5. NS showed delayed gelatinization
compared to porous starch. During gelatinization, water is irreversibly absorbed, causing
the starch granules to swell. Water can freely enter through amorphous region but in
crystalline region, it happens only due to increased temperature and excess water (Yu et
al., 2018). Thus the gelatinization temperature of starch granules is directly correlated
with the percentage of crystalline areas and increased crystallinity resulted in higher
gelatinization temperature (Zieba et al., 2011). From the results it is clear that enzyme
hydrolysis makes PS more crystalline, which makes them more resistant to
gelatinization. Thus thermally resistant PS can be employed for further food applications

(Yuetal., 2018).
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Table 2.5: Gelatinization temperature of native and porous starch

To (°C) Tp (°C) Tc (°C)
Native starch 61.76 = 0.09 69.42 + 0.09 73.56 £ 0.7
Porous starch 65.94+04 72.79 + 0.07 76.78 £ 0.8

To = onset temperature; Tp = peak temperature; Tc = conclusion temperature

2.3.3.6.FTIR

The IR spectra analysis showed that the position of absorption peaks of NS and PS have
not changed (Fig. 2.10). This is because after the enzymatic reaction, the molecular
structure of starch remained unchanged, and as a result, the functional groups also
remained the same (B. Zhang et al., 2012). FTIR spectra of NS showed peaks at 3400
cm® which indicates (—-OH stretching), 1080 cm™(C-O-H) bonding, 928 cm™ (C—O-C)
vibrations of a-1,4 glycosidic linkage, 1152 cm™(C-O, C-C) stretching, 764 cm™ (C-C
stretching) and 859 cm™ (-CH2) deformation (Wang et al., 2016). The FTIR spectra of
PS also showed similar peaks which confirms that chemical strucuture has not changed

following enzymatic hydrolysis.
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Fig 2.10: FTIR spectrum of NS and PS.
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2.3.3.7. Preparation of emulsion

Based on the results of studies mentioned above, PS can be used to stabilize O/W
emulsions. Thus preliminary studies were performed to assess the emulsion stabilizing
potential of PS and was evaluated based on creaming index (Hong, Kim et al., 2018;

Konar, Ozarda et al., 2019).

After 30 minutes After 48h

Fig 2.11: Emulsion of NS and PS after 30 minutes, 24h and 48h.

NS and PS (10%) was used to formulate emulsion (O/W) consisting of flax seed oil as
dispersed phase (10%) and water as continuous phase. Following 24 hours of storage, it
was observed that creaming index of PS and NS were 5.0 and 16.6% respectively, which
remained stable even after 48h of storage (Fig. 2.11). In NS stabilized emulsion clear
separation of dispersed and continuous phase was observed after 30 min. But PS

stabilized emulsion showed greater stability compared to NS.

2.3.3.8. Fluorescence microscopy

It was understood from the previous studies that PS forms a stable emulsion by acting as
a Pickering particle. In order to confirm this, fluorescence microscopy of the freshly

prepared emulsion was performed.
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Fig 2.12: Fluorescence images of porous (PS) and native starch (NS) stained with (A)
safranin (B) nile red individually and (C) merged image of (A) and (B)

Safranin and Nile red were used to stain starch and oil in the emulsion, Fig. 2.12PS (A)
and Fig. 12PS (B). From the images it is clear that the PS adsorb into interface of
dispersed and continuous phase (PS as green colour) Fig. 2.12PS (C). Thus the PS solid
particles entrap or protects the inner oil phase and thus acts as Pickering particle. In case
of NS, the starch and oil were found on the outer core surface of emulsion resulted in
emulsion destabilization Fig. 2.12 NS (A, B, C). Thus PS can protect bioactive and

functional food ingredients by acting as Pickering particle.

2.3.3.9 Evaluation of efficacy of porous starch as carrier of bioactives

PS is reported to be employed for delivery of flavor, anthocyanins, doxorubicin, and
controlled release of insulin for food and pharmaceutical applications (Belingheri,
Ferrillo et al., 2015; Ji, 2021; Zhu, Zhong et al.,2018; Chen, Song et al.,2021) . In order

to understand the use of PS for delivery applications we carried out experiments using
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curcumin as bioactive model system. Both NS and PS were mixed with curcumin for a
predetermined time. The slurry was centrifuged so that the un-interacted curcumin (free
curcumin) is left behind in the supernatant. The residue was extracted and analysed for
curcumin using HPLC ( Dallarmellina, Letan et al.,2021; Patil, Gutierrez et al 2017). The
typical HPLC chromatograms and quantifications of curcumin, NS and PS samples are
shown Fig. 2.13. The curcumin content of NS and PS were found to be 61.03 + 1.43 %
and 82.24 + 1.07 %, respectively, suggesting that PS can hold significantly higher amount
of curcumin than NS. Native starch granules do not have pores on their surface, in
general, and therefore cannot accommodate other moieties by adsorption
and encapsulation (Choy et al., 2016). These properties can be introduced to the native
starch by imparting porosity e.g., enzymatic treatment as observed in the present study.
This confirms that PS could be effectively used as a carrier of nutritional compounds and

bioactive for various food and nutraceutical applications.
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Fig 2.13: HPLC chromatogram of standard (a) Curcumin, (b) NS and (c) PS.
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2.4. Conclusion

In the present study, PS was prepared enzymatically using enzymes amyloglucosidase
and amylase. Based on statistical analysis, corn starch treated with 300 U amylase and
250 U amyloglucosidase for 6 h incubation, yielded PS with optimum surface area and
pore size. PS was further characterized in terms of particle size, contact angle, XRD,
DSC, FTIR and rheological studies. PS showed decreased particle size, more hydrophilic
and crystalline nature and better thermal stability compared to native starch indicating its
application in O/W emulsions. Rheological studies showed the viscoelastic nature of PS.
Further studies were carried out to explore the possible application of PS as Pickering
particle in stabilizing emulsion and found that PS prepared emulsion showed better
stability. Fluorescence microscopy confirmed the ability of PS as Pickering particle by
adsorbing into interface of water and oil in the emulsion. Finally, the efficiency of PS as
bioactive carrier was ratified using curcumin as a model. Thus the results from the present
study demonstrated that porous starch can act as Pickering particle for emulsion
stabilization and active substance delivery application. Porous starch can act as vehicles
for carrying nutritionally important compounds (e.g., vitamins, minerals, probiotics) in
formulation of nutritional supplements/health foods/functional foods etc. It can also be
fine-tuned as a carrier for bioactive phytochemicals and active molecules for

nutraceutical and pharmaceutical applications.
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Chapter 3
Fabrication of Curcumin loaded encapsulates by

porous starch Pickering emulsion
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3.1. Introduction

In recent years, Pickering emulsions have attracted a lot of attention because it is
nontoxic, biodegradable and biocompatible in nature (Song et al., 2015; Ge et al., 2017;
Liuetal., 2018; Zhu et al., 2020). Solid particle stabilized surfactant free emulsion called
Pickering emulsion was discovered by Ramsden in 1903 (Ramsden, 1904). However, it
was first published in 1907 by Pickering (Pickering, 1907). In Pickering emulsion, the
solid particles, called as Pickering particles are adsorbed onto the interface between two
phases of the emulsion and provide strong spatial barrier and electrostatic protection,
resulting in long term stability (Wang et al., 2020). Pickering emulsions have higher
environmental stability because they are stabilized by increasing steric hindrance, which
changes the interface properties compared to the conventional emulsions, which are
stabilized by reducing interfacial tension between the two interfaces through the
adsorption of surfactant molecules (Vignati et al., 2003; Xiao et al., 2016). Many factors
such as concentration of particle, particle wettability, particle size and shape, surface
charge, pH and ratio of oil to water phase may influence the stability of Pickering
emulsion (Duffus et al., 2016; Chevalier et al., 2013). Pickering emulsions have wide
range of application in food and pharmaceutical industries. Pickering emulsion-based
delivery system (PEDS) is widely used because it exerts enhanced physical and oxidative
stability, enhanced protection of labile bioactive and is compatible with food matrix

(Mwangi et al., 2020).

Many food grade particles like polysaccharides, lipids and proteins are reported to be
used as Pickering particles for stabilizing emulsions (Guida et al., 2021). Polysaccharide
such as starch, cellulose and chitosan, in their native form, possess high number of
hydroxyl groups resulting in less emulsification ability (Deng et al., 2022). Therefore,
these polysaccharides are subjected to physical and chemical modifications to enhance
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the ability to act as a Pickering particle (Guida et al., 2021; Zhu, 2019; Deng et al., 2022).
Starch is one of the polysaccharides that is frequently utilized since it is biodegradable,
non-allergenic, inexpensive, and GRAS, but in its commercial pure form will act as
extremely hydrophilic, making it difficult to adsorb into the interface of oil and water,
thus act as poor emulsifiers (Zhu, 2019; Aveyard et al., 2003; Kierulf et al., 2020). Porous
starch is a modified starch obtained by chemical, physical, and enzymatic treatment
which produce abundant pores on the surface that could be extended to center of starch
granules (Dura et al., 2014). Enzymatic method is widely used because of high catalytic
efficiency, mild reaction condition and substrate specificity. Porous starch prepared
enzymatically can function efficiently as Pickering particle for stabilization of emulsions

and also for delivery of active ingredients (Sathyan et al., 2022).

Curcumin is a naturally occurring polyphenol compound obtained from the Curcuma
longa plant which exerts many health benefits such as anticancer, antioxidant, and
neuroprotective properties (Meng et al., 2021). However harsh environmental conditions
like increased temperature and prolonged exposure to light may lead to degradation of
curcumin (Wei et al., 2019). Encapsulation of curcumin using different carriers has been
attempted to increase the bioaccessibility and stability of curcumin (Miskeen et al., 2021,
Guo et al., 2021). There are reports suggesting that Pickering emulsion can be used as an
effective and stable system for the delivery of curcumin. Han et al. (2020) fabricated a
Pickering emulsion system stabilized by chitosan/gum arabia (CS/GA) nanoparticles,
which showed better protection of bioactive curcumin, better encapsulation efficiency
and sustained release of curcumin. Zhu et al. (2021) developed a system for encapsulation
of curcumin using carboxymethyl cellulose (CMC), which showed decreased
degradation rate. In another study, better storage stability was observed when curcumin

was encapsulated in cellulose nanocrystals (Aw et al., 2022). Rice starch nanoparticle
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stabilized Pickering emulsion system showed better antioxidant activity and enhanced
release of curcumin at higher pH compared to acidic pH (Kamwilaisak et al., 2022). Dong
et al. (2022) developed a Pickering emulsion system with better loading capacity,
bioaccessibility and improved storage using ovotransferrin (OVT)—carboxymethyl
chitosan (CMCS) nanoparticles (OPEOC). Flax seed oil is the rich source of essential
fatty acid, alpha-linolenic acid (ALA), which is a biologic precursor to omega 3 fatty
acid such as eicosapentanoic acid (EPA). Flax seed oil containing formulations was used
in the pharmaceutical industry for treating cardiovascular disease, diabetes,
gastrointestinal disorders, hypertension and cancer (Yakdhane, 2021). Studies reported
that fabrication of Pickering emulsion using hydrophobic modified starch, V-type starch-
lauric acid complexes (SLACSs) and flax seed oil resulted in improved thermo-oxidative
resistance and delayed oxidation of oil (Feng et al., 2022). Flax seed oil was also used as
dispersed phase in fabrication of Pickering emulsion stabilized by resistant starch for the

delivery of bioactive ferulic acid (Noor et al., 2022).

Studies reported that solid particles stabilized Pickering emulsion showed greater
advantages over surfactants in terms of physical stability against temperature, storage,
oxidation and digestion (Dickinson, 2012; Mao et al., 2015). This offers a promising
platform to make use of Pickering emulsion as a delivery system. Colon targeted delivery
systems is used for the delivery of various drugs and bioactives for maintaining gut health
and addressing various intestinal disease conditions. Most of the bioactives cannot be
delivered to colon in its pure form because they may undergo degradation while passing
through gastrointestinal tract (Wang et al., 2017). Dietary fibers are polymers of
carbohydrates that can tolerate the enzyme hydrolysis in small intestine (Jakobek &
Matic, 2019). According to European Food safety authority dietary fiber are non-

digestible carbohydrate and lignin that includes non-starch polysaccharides, fructo-
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oligosaccharides, resistant starch, cellulose and pectin (Hijova et al., 2019; Padayachee
etal., 2017). The colonic microbiota partially or entirely ferments dietary fibers resulting
in targeted delivery of bioactive. For the delivery of bioactive curcumin, chitosan-TPP
(Tripolyphosphate) nanoparticle stabilized Pickering emulsion was formulated and the
in vitro release studies confirmed the sustained release of curcumin (Shah et al., 2016).
Zhang et al. (2022) constructed zein and PGP (peach gum polysaccharide) based
nanoparticles as a delivery system of curcumin to colon. The results indicated that
emulsion stabilized by zein and PGP resulted in curcumin release rate of 24 % in

simulated intestinal condition.

Guar gum was used as a dietary fiber, which is a polygalactomannan, obtained from the
endosperm of the bean plant Cyamopsis tetragonolobus, and is composed of (1-4)-linked
B D-mannopyranosyl chains with one a-D-galactopyranosyl unit joined to every second
main chain unit by (1-6) links (Miyazawa et al., 2006; Maier et al., 1993). It is frequently
used as a gelling agent, emulsifier, stabilizer, foam stabilizer and thickener in various
food industries. As a soluble dietary fibre, it acts as feed for probiotics and beneficial
bacteria ferment on these fibers, resulting in production of short chain fatty acids. Guar
gum has been effectively used for colon delivery of active ingredients (Garg et al., 2023;
Verma et al., 2021; Hu et al., 2022). Krishnaiah et al. (2003) studied the in vivo
availability of colon-targeted guar gum based tinidazole tablets in healthy human
volunteers which suggested that the guar gum protected the drug against gastric digestion
and was delivered to the colon. In another study, curcumin liquisolid tablet was
developed and coated with eudragit and guar gum, which protects the drug in the upper

intestinal tract ensuring colonic delivery of curcumin (Kumar et al., 2018).

From preliminary studies given in Chapter 2 (Sathyan et al., 2022), we identified that the

porous starch has the ability to form stable Pickering emulsion by acting as Pickering
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particle and also that the porous starch can adsorb curcumin. With this background, in
the present study, we attempted to optimize fabrication of curcumin loaded flax seed oil
O/W Pickering emulsion encapsulates stabilized by guar gum and porous starch as
Pickering particles. In order to ensure colon delivery porous starch was combined with
guar gum, a well-known prebiotic dietary fibre, to form Pickering emulsion by
encapsulating bioactive curcumin loaded in flax seed oil. The Pickering emulsion thus
fabricated was characterized in terms of encapsulation efficiency, microstructure analysis
by fluorescence microscopy, rheology and FTIR. The shelf stability was assessed by

storing the samples at refrigeration temperature (4 £ 2 °C).
3.1.1. Objectives

In the last chapter during preliminary studies of emulsion preparation, porous starch-
based emulsion shows better stability and better bioactive loading capacity. Based on
this, in the present chapter, we discuss the fabrication of curcumin loaded porous starch
encapsulates by means of Pickering emulsion formation. For the preparation of Pickering
emulsion, initially optimized the concentration of core and wall materials as addressed
followed by optimization of homogenization speed and time. Further the characterization

and the storage studies were carried out.
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3.2. Materials and Methods

The experimental design for the fabrication of curcumin loaded porous starch

encapsulates by Pickering emulsion and its characterization studies.
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3.2.1. Materials

Starch from corn (CAS:9005-25-8) and curcumin from Curcuma longa were purchased
from Sigma-Aldrich-USA. Flaxseed oil (FSO) was purchased from the super market in
Thiruvananthapuram, Kerala, India. Guar gum was procured from Premia Food
Additives, Mumbai, India. All the other reagents used in this study were of analytical

grade.

3.2.2 Methods

3.2.2.1. Preparation of Pickering emulsion

O/W Pickering emulsion of curcumin loaded flax seed oil was fabricated using guar gum

as stabilizer and porous starch as Pickering particle. Initially curcumin was dissolved in
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flax seed oil (4000 ppm) and stirred for 2 h at 60 °C for complete dissolution. Starch was
dissolved in distilled water by stirring at 40 °C for 15 min, guar gum was dissolved in
boiling water, and were mixed together. To this curcumin loaded flax seed oil was added,
homogenized and the emulsion so formed was characterized using various physico-

chemical methods. The emulsion was stored to understand the shelf stability for 24 h.
3.2.2.2. Optimization of composition (wall and core) of emulsion.

In order to get a stable Pickering emulsion, the concentration of core and wall materials
were optimized first, followed by homogenization speed and time. Pickering emulsions
were prepared using porous starch and guar gum as wall material, flax seed oil loaded
with curcumin as dispersed phase and water as continuous phase. Based on our earlier
study (Sathyan et al., 2022), trials were attempted, varying the parameters as given in
Table 3.1. During these trials, percentage of porous starch, guar gum and oil,
homogenization speed and homogenization time were varied. Each sample was subjected
to 24 h of creaming index analysis at room temperature. The porous starch stabilized
Pickering emulsion (PSPE) fabricated using the optimized condition was subjected to
storage studies for 15 days at refrigeration temperature (4 + 2 °C). Further, the emulsion
was characterized in terms of encapsulation efficiency, microstructure studies, rheology
and FTIR. All the characterization studies performed was compared with that of native

starch Pickering emulsion (NSPE), replaced with porous starch.

3.2.2.3. Characterization studies

3.2.2.3.1. Encapsulation efficiency

The encapsulation efficiency was determined using UV spectroscopy based on
previously published protocol (Carpenter, 2019). Briefly, 7.4 mL ethanol was added to

0.6 g of emulsion (NSPE and PSPE) and the mixture was vortexed for few minutes,
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centrifuged at 10,000 rpm for 10 min and the supernatant containing curcumin was
analyzed at 428 nm using UV spectrophotometer (UV 2300 Shimadzu, Japan). The
encapsulation efficiency (%) was calculated using the equation, EE (%) =Cue /Cuix100
where, Cue is the concentration of curcumin in the stable phase of emulsions and Cuiis

the initial concentration of curcumin added.
3.2.2.3.2. Creaming index

Creaming index evaluate the physical stability of emulsion system. The NSPE and PSPE
emulsion were prepared and stored in graduated test tubes at refrigeration temperature (4
+ 2 °C) for storage studies. The stability of emulsion was studied in terms of creaming
index which was measured in percentage as ratio of height of serum layer to height of
total emulsion. Creaming index (%) = 100 x Hs / HT where, Hs is the height of serum layer

and HT is the total height (Kwon Hong, 2018).
3.2.2.3.3. Zeta potential

The Zeta potential of NSPE and PSPE was analyzed using the Malvern Zetasizer (Zeta
Nano-ZS; Malvern Instruments, UK) by using water (refractive index: 1.33) as the

dispersant and employing the dynamic light scattering (DLS) technique.
3.2.2.3.4. Microstructure analysis and particle size

In order to investigate the microstructure of NSPE and PSPE system, fluorescence
microscopy (Olympus fluorescence microscope IX83, Olympus corporation of
Americas, Center Valley, USA) was performed. Nile red and Saffranin was used to stain
oil and starch respectively. The droplet size of NSPE and PSPE system was interpreted

from the bright field microscopic images using Image J- win32 software.
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3.2.2.3.5. Rheology

The rheological measurements were performed on a rheometer (MCR 102 Rheometer,
Anton Paar GmbH, Ostfildern-Scharnhausen, Germany) with plate geometry of 25 mm
diameter and 0.105 mm gap (25-mm diameter; 0.105 mm gap). The flow curve,
amplitude sweep and frequency sweep of both Native starch Pickering emulsion (NSPE)
and Porous starch Pickering emulsion was studied (PSPE). To determine the shear stress,
the shear rate was varied from 0.1 to 100° 1. Amplitude sweep to determine the maximum
deformation (% strain) attainable by the sample in the linear visco-elastic range (LVE
range) was performed at strain of 2 to 100% for NSPE and PSPE, at fixed frequency of
1 Hz. Frequency sweep at constant deformation within the linear visco-elastic region at

a frequency of 2 to 100 rad/s to determines the storage and loss modulus.
3.2.2.3.6. ATR-Fourier-transform infrared (FTIR) spectroscopy

The FTIR spectra of curcumin, guar gum, flax seed oil, native starch powder, porous
starch powder, NSPE and PSPE was recorded using FTIR-ATR (Attenuated Total
Reflection) spectrometer (Perkin Elmer, USA). The data were averaged from 32 scans
recorded at 4 cm™? resolutions. Transmittances were recorded at wave numbers between

4000 and 400 cm™L,
3.2.2.4. Storage studies of emulsion

The emulsions (NSPE and PSPE) fabricated using optimized condition were subjected
to storage studies for 15 days at refrigeration temperature (4 + 2 °C). Samples were
withdrawn at 3 days interval, for the evaluation of creaming index, particle size, zeta

potential, and microstructural characteristics via fluorescence microscopy.
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3.2.2.5. Statistical analysis

Data represented as mean = standard deviations of experiments in duplicates except for
rheological studies. One-way ANOVA was used for analyzing the results using Graph

Pad Prism 9.3.0 software and the significance was accepted at P < 0.05.

3.3. Results and discussion
3.3.1. Standardization and optimization of core and wall materials and processing

conditions of Pickering emulsion.

Emulsions are thermodynamically unstable and the dispersed and continuous phase tend
to separate on standing. The interfacial properties of the emulsifier (Pickering particles
in this case) play major role in emulsion stability which also depends on the particle size
of the emulsion, uniform distribution of emulsifier, droplet size, droplet surface charge,
pH, phase separation, interfacial rheology etc (Badruddoza et al., 2023). In case of
Pickering emulsions, due to low binding Kkinetics of particles, equilibration of these
particles at the interface often takes a long period of time when no or weak external
energy is supplied (Wu et al., 2016). Consequently, in order to drive particulate
emulsifiers to the interfaces and produce stable Pickering emulsions, significant external
energy is typically needed. Multiple emulsification methods like high-pressure
homogenization, rotor-stator homogenization, microfluidic emulsification, ultrasonic
emulsification and membrane emulsification are utilized for the production of Pickering
emulsion (Pang et al., 2021; Wu et al., 2016; Kaiser et al., 2009). In the present study we
have used high speed homogenization for fabrication of stable Pickering emulsion. The
emulsification parameters such as the concentration of core and wall materials,
homogenization speed and time were varied as given in Table 3.1 and optimized. As
discussed earlier our preliminary studies suggested that emulsion with 10% porous starch

and 10% oil, homogenized at 12000 rpm for 150 seconds yield a stable emulsion. From
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further optimization studies using 1-10% of porous starch, it was understood that 6% of
porous starch offers better emulsion stability as compared to 10 % of porous starch. As
we are aiming at developing encapsulates for colon delivery, guar gum is incorporated
as a wall material in order to ensure safe transit during intestinal digestion. Using, 6% of
porous starch, we optimized the composition of guar gum (0.5 - 5%) in the emulsion,
that can give a stable emulsion. It was observed that guar gum at 1 % level yielded a
stable emulsion up to 24h at room temperature. Therefore, further studies on optimizing
the dispersed phase, homogenization time and speed were carried out using emulsion

with 6 % porous starch as Pickering particle and 1 % guar gum as emulsion stabilizer.

Curcumin (4000 ppm) loaded flax seed oil was used as the dispersed phase in the O/W
emulsion. The dispersed phase composition was varied from 1-10%. The optimization of
dispersed phase was carried out on the basis of creaming index analysis. It was found
that emulsion with 2% of the flax seed oil demonstrated the highest stability. Further
optimization trials were carried out to finalize the optimum homogenization speed
(15000- 20000 rpm) and time (15 to 45 min). Finally, homogenization speed of 20000
rpm and time of 45 min were selected according to the stability of emulsion. Further
studies were conducted using freshly prepared emulsion with optimized composition and

homogenization conditions as given in (Table 3.1).
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Table 3.1: Optimized conditions of stable Pickering emulsion

Sl.no. Parameters Components Optimization Final optimized
range conditions
1. Wall material Starch 1-10% 6 % (w/v) with
composition respect to final
emulsion volume
Guar gum 0.5-5% 1% (w/v) with

respect to final
emulsion volume

2. Dispersed phase Flax seed oil 1-10% 2% (v/v) with
loaded with 0.4% respect to final
curcumin emulsion volume
3. Homogenization 12,000 — 20,000 rpm
speed 20,000 rpm
4. Homogenization 5- 45 minutes 45 minutes
time

The particle size of PSPE and NSPE was estimated from the microscopic images using
Image J- win32 software and was found to be 6.11+ 0.23 pum and 8.22+ 0.29 um with

zeta potential of -21.55+ 0.63 mV and -9.30+ 0.17 mV, respectively.

3.3.2. Characterization studies
3.3.2.1. Encapsulation efficiency

Encapsulation efficiency is the concentration of the incorporated material, detected in the
formulation over the initial concentration used to make the formulation. The
encapsulation efficiency of both NSPE and PSPE was analyzed using UV
spectrophotometer and compared with that of standard curcumin. The PSPE showed
better encapsulation efficiency of curcumin of 83.07+ 2.29 % compared with that of
NSPE of 63.20+ 2.18 %. The results showed better encapsulation efficiency compared
to other reported studies. Elbialy et al. (2022) reported that curcumin-loaded
casein nanoparticles coated with alginate and chitosan exhibits an encapsulation
efficiency of 70 % . In another study, curcumin/B-cyclodextrin inclusion complex

(CUR/B-CD IC) nanoparticles, was effectively synthesized which exhibits better stability
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and was used to encapsulate curcumin. The complex nanoparticles showed a high
encapsulation efficiency of 72 % (Jiang et al., 2022). In the present study, the PSPE
system showed excellent encapsulation efficiency may be due to the increased pores of

porous starch, which can hold more curcumin compared to that of native starch.
3.3.2.2. Microstructure analysis by fluorescence microscopy

Inorder to confirm the Pickering nature of porous starch the microstructure analysis of
NSPE and PSPE was performed via fluorescence microscopy (Fig 3.1). For better
understanding during imaging, the emulsion was stained with Safranin (NSA and PSA)
and Nile red (NSB and PSB) for staining starch and oil respectively and the merged
images were given in (Fig. 3.1) (NSC and PSC). From PSC, it can be seen that the oil
(reddish orange) interface is covered by the porous starch (green color) and thus clearly
indicate that the porous starch has the ability to get adsorbed onto the interface between
oil and water phase and thus make it an efficient Pickering particle. In addition, the guar
gum in the system offer extra stability to the emulsion by increasing the viscosity of the
continuous water phase via the formation of gel like structure which resists the free
movement of emulsion droplets and immobilize them. Hence the droplet-droplet
interaction within the emulsion will be restricted leading to higher stability and reduced
destabilization (coalescence) (Sriprablom & Suphantharika, 2022). On a closure look at
the NSC, it may be noticed that the polysaccharide boundary is not well defined to hold
the oil phase and thus shown lesser ability to stabilize the emulsion because the oil was
coming out of core, which is seen as by red colour outside the green core, (indicated by
white arrows), leading to faster destabilization. This suggest that the porous starch can
hold the dispersed phase more effectively that the native starch thus contributing better

encapsulation and stability.

121



Fig 3.1: Fluorescence image of Native starch (NS) and Porous starch (PS) Pickering
emulsion stained with A safranin B nile red individually and C merged image of A and B.

3.3.2.3. Rheology

Rheology is mainly the study of flow behavior of fluid materials. It basically involves
time dependent deformation of bodies caused by applied stresses. In order to understand
viscoelastic properties and flow behavior of NSPE and PSPE, rheology was performed.
When the elastic behavior of an emulsion is greater than its viscous behavior the

emulsion is considered to be relatively stable (Tekin et al., 2020).

Flow curves [shear stress (Pa) versus shear rate (1/s)] of PSPE and NSPE are given in
Fig 3.2a. It can be seen that the flow behavior of NSPE and PSPE showed non-Newtonian
behavior with shear thinning property. In shear thinning or pseudoplastic flow behavior,
the viscosity of fluid reduces as the shear rate increases. From the figure, it is clear that
PS stabilized emulsion are offering more resistance to deformation than NS stabilized

emulsion. The shear rate vs viscosity plot of emulsion system indicated that PSPE system
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showed slightly higher viscosity than NSPE at low shear rate which might further

increases stability of emulsion (Fig 3.2 b).

-]
=
=
In
=3

=

—0—PS—=N§

(=)
=

1235

W B h
S = =

Viscosity (Pa.s)
o

Shear stress (Pa)
=)
=

[ay
=)

=]

10 20 30 40 50 60 08

=
=
=
&
2

80 100 120

Shear rate (1/s) Shear rte (1)

Fig 3.2: (a) Shear stress vs. shear rate plot and (b) shear rate vs. viscosity plot of NSPE
and PSPE system. NS- native starch, PS- Porous starch

Dynamic strain sweep detects the LVE (Linear viscoelastic) region of the system where
properties of substances do not change depending on the deforming strain, amount of
stress, or applied shear rate. LVE region is the range with the lowest strain values where
the test can be performed without affecting the sample's structure. In order to calculate
the storage modulus (G’) and loss modulus (G") of viscoelastic materials, the LVE region
is therefore necessary. At G'>G" elastic fluid properties predominated, while viscous
fluid properties were dominant at G'< G”. The LVE region of PSPE and NSPE system
was found at 4% strain. From the strain sweep analysis, both the emulsion system was
observed to have viscoelastic properties in which solid property seems to be higher

(Fig.3.3).
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Fig 3.3: Amplitude sweep of (a) NSPE and (b) PSPE system.

Dynamic frequency sweep test was performed to determine the viscoelastic properties of
the fluid. The storage modulus G’ indicates the elastic property and loss modulus G”
indicates viscous property of the system. The frequency sweep analysis of NSPE (Fig
3.4a) and PSPE (Fig 3.4 b) system shows viscoelastic nature containing both G’ and G".
In NSPE system, G' > G" at lower frequencies but at very high frequency (above 98
rad/s) cross over occurs where, G” > G’ and the properties of fluid changed from
viscoelastic to liquid nature. But PSPE system shows a very high storage modulus
compared to NSPE, G' > G”, thus exhibiting more elastic and solid like property. Studies
reported that the emulsion with higher storage modulus can confer better stability to
system (Lupi et al., 2011; Khor et al., 2014). Thus PSPE system with better elastic
properties, can act as barrier to coalescence and thus confer better stability to system

(Wiacek et al., 2002).
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3.3.24.FTIR

In order to understand the structural properties and core wall interaction of emulsion
FTIR was performed (Fig 3.5). The native starch consists of characteristic absorption
peaks in the fingerprint region at 3400 cm™* (—OH stretching) which indicates the free
O-H stretching vibration of OH groups in polysaccharide molecule, 1152 cm™ (C-C, C-
O stretching), 1080 cm™ (C-O-H bonding), 928 cm™ 1, skeletal mode vibrations of a-1,4
glycosidic linkage (C—-O—C), 859 cm~! (C (1)-H, -CH2 deformation), 764 cm™* (C-C
stretching) (Wang et al., 2016). PS also shows similar peaks with respect to NS
confirming that there is no modification in chemical structure of PS and can be used for
further applications. The FTIR spectrum of curcumin showed characteristic absorption
peaks at 3516 cm™ (-OH bonding), 1602 (due to stretching vibration at aromatic ring
C=C), 15097 (due to C=C vibration), 1275 (due to C-O enol peak), 961 (-CH)
vibration (Abruzzo et al., 2016). The characteristic peaks of curcumin are not visible in
both NSPE and PSPE system. This indicates that the bioactive curcumin is well

encapsulated in the system.

125



56 |
854
T2
80

58
54 Hi Cril
70

168
= ]
9z
=E

100

25
20 PS5
25

20

S0 \ S h
75 P 5 emulsion
80

288
2e2 NS5

= \d‘
&4 HSemulsion Y-

70

568

4500 4000 2500 2000 2500 2000 1500 1000 500

Curcumin

Guar gum

Transmitance(%)

Wave number {cm™)

Fig 3.5: FTIR spectrum of NSPE and PSPE system. NS-native starch, PS- porous starch.

3.3.3. Storage studies of emulsion

The NSPE and PSPE system fabricated using optimized conditions was then subjected
to storage studies of 15 days at refrigeration temperature (4 + 2 °C). The samples were
withdrawn every 3 day (0", 3, 6™ 9™ 12" and 15" day) and analyzed for creaming
index, particle size, zeta potential, microstructural characteristics via fluorescence
microscopy. The results were compared with that of native starch Pickering emulsion

fabricated using the same conditions as that of PSPE, replacing porous starch.
3.3.3.1. Creaming index

Creaming index is one of the major parameter to evaluate the emulsion stability.

Emulsion instability may be caused by a number of simultaneous or related processes
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depending on various conditions. One of the primary ways that an emulsion becomes
unstable is by creaming. Creaming is the migration of oil drops due to gravity disrupting
the emulsion, which results in the formation of concentrated layer at the top most surface
of the sample (Adams et al., 2007). This may further lead to destabilization of emulsion.
So creaming index analysis was performed to evaluate the physical stability of emulsion
system, which was measured as the percentage of height of the serum layer to the height
of the entire emulsion sample. NSPE and PSPE was prepared and kept at refrigeration
temperature for 15 days of storage studies. Every 3" day the sample was analysed for
creaming. The PSPE and NSPE, analyzed on 0" day and 15™ day was given in (Fig: 3.6).
No visible creaming was observed on NSPE and PSPE system at refrigeration

temperature even after 15 days of storage.

0t day

Fig 3.6: Creaming index of NSPE and PSPE system (a) 0" day (b) 15" day

3.3.3.2. Particle size and Zeta potential
The physical stability of emulsions is strongly influenced by particle size; smaller the
particles the more stable is the system. A stable emulsion is produced when the particle

size is reduced and more particles are spread across the interface uniformly (Tadros,
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2004). The particle size of NSPE and PSPE was analyzed from the bright field
microscopic images during the storage studies using Image J software. The particle size
varied from 8.22+ 0.29 t0 9.29+ 0.16 pm and 6.11+ 0.23 to 6.66+ 0.36 um for NSPE and

PSPE systems respectively during storage (Table 3.2).

As reported in the Chapter 2, that the porous starch exhibited reduced particle size
(2.302+ 0.062 pum) compared to that of native starch (3.549+ 0.085 um) (Sathyan et al.,
2022). The enzymatic treatment reduces particle size as hydrolysis ruptures the native
starch (Yu et al., 2018; Jiang et al., 2017). In the case of emulsion system, PSPE showed
decreased droplet size which can be attributed to the lower particle size of porous starch.
Compared to PSPE system, NSPE undergoes significant increase in particle size during
the storage. The variation in particle size occurs due to many factors such as flocculation,
creaming, sedimentation, coalescence and ostwald ripening. These processes are all
interlinked to one another and may finally lead to destabilization of emulsion. (Ravera et
al., 2021). Compared to NSPE, the PSPE with lower particle size demonstrated no
significant variation in particle size during storage. The system becomes more unstable
when particle size increases more quickly (Morais et al., 2006; Ursica et al., 2005). Lower
particle size is reported to improve the stability of Pickering emulsion against creaming
(Saari et al., 2019). Thus, PSPE system with lower particle size conferred better stability
compared to that of NSPE system. Moreover, from the fluorescent images it was
observed that the PSPE emulsion had well defined droplets with porous starch effectively

encapsulated the dispersed phase and shielding the droplets from destabilization.

Zeta potential is the electrokinetic potential which measures the electrostatic attraction
or repulsion between particles. The zeta potential values range between +100 mV to -
100mV (Shnoudeh et al., 2019). Higher zeta potential values (positive or negative)

indicate potential stability of dispersions owing to the electrostatic repulsion of distinct
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particles. On the other hand, because of the van der Waals attraction forces acting on the
particles, small zeta potential value might cause particle aggregation and flocculation
which may lead to physical instability (Freitas et al., 1998; Hunter, 2013; Shah et al.,
2014). Accordingly, zeta potential was analyzed and the values ranged from -9.30+ 0.17
to -5.64+ 0.23 mV and -21.55+ 0.63 to -17.33+ 0.12 mV for NSPE and PSPE,
respectively, during storage (Table 3.2). Compared to NSPE, the PSPE system showed
significantly higher zeta potential values. During storage studies, there was only slight
reduction in the zeta potential of PSPE system compared to NSPE system. Greater zeta
potential results in less tendency for particle agglomeration and more particle stability
(Dai et al., 2018). PSPE with higher zeta potential during storage days will confer better
stability compared to that of NSPE system. For the stabilization, encapsulation and
delivery of anthocyanins, porous starch microgel was fabricated which exhibits
decreased particle size and higher zeta potential compared to oxidized starch. The
enzymatic hydrolysis cleaves the starch which resulted in decreased particle size and
increased zeta potential due to exposed COO™ groups due to same (Ji, 2021; Jiang et al.,
2017). Thus, porous starch with higher zeta potential, lower particles size and porous
nature is proposed to hold the dispersed oil droplets in stable encapsulates protecting it

from creaming and yielding a shelf stable emulsion compared to native starch.
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Table 3.2: Particle size of NSPE and PSPE system during storage days.

Days Particle size (um) Zeta potential (mV)
Native starch Porous starch Native starch Porous starch
Pickering Pickering emulsion emulsion
emulsion emulsion
ot 8.22+0.292 6.11+0.23° -9.30+£ 0.172 -21.55+ 0.63°
3rd 8.66+ 0.332 6.14+ 0.08° -8.32+ 0.32° -19.53+ 0.26°
6t 7.44+0.042 5.32+0.27° -8.10+ 0.072 -19.26+ 0.12°
oth 8.17+0.232 6.39+ 0.07° -5.43+ 0.23? -18.46+ 0.28°
12t 8.88+0.112 6.40+ 0.06° -7.75+ 0.29? -17.73+ 0.04°
15t 9.29+ 0.16° 6.66+ 0.36° -5.64+ 0.23? -17.33+0.12°

Each value represents meanz SD from duplicate measurements p<0.05 is considered significantly
different.

aby/alues with different alphabets in same row are significantly different for each parameter studied.

3.3.6.3. Microstructure analysis

In order to understand the structural changes during the storage studies, the NSPE and
PSPE systems were analyzed by light microscopy and by fluorescence microscopy (using
dye safranin). In NSPE system (Fig 3.7) it is clear that compared to 3™ day the particles
agglomerate at 15" day of storage. An increase in particle size during storage can be
observed in the case of NSPE, which was in accordance with particle size. But in the case
of PSPE system, the droplets are found to be more uniformly distributed with lower

particle agglomeration indicating better stability during the storage.
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A. Porous starch- 3" day B. Porous starch- 15 day

D. Native starch — 15 day

Fig 3.7: Light and fluorescence microscopic images of PSPE system on 3 and 15" day (A
and B) and NSPE system on 3™ and 15™ day (C and D) respectively.

Based on the above discussions, the mechanism of stabilization of Pickering emulsion is
represented in Fig 3.8. Porous starch act as Pickering particles and the dispersed phase,
indicated by yellow colour loaded with curcumin, is effectively held in the stable
encapsulates in the emulsion. In Pickering emulsion porous starch adsorbed into the
interface of oil and water resulting in stabilized Pickering emulsion. Guar gum in the
system offer extra stability to the emulsion by increasing the viscosity of the continuous
water phase via the formation of gel like structure which resists the free movement of
emulsion droplets and immobilize them. The droplet-droplet interaction within the

emulsion will be restricted leading to higher stability and reduced destabilization
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Fig 3.8: Mechanism of solid particle stabilized Pickering emulsion system

3.4. Conclusion

O/W Pickering emulsion of curcumin loaded flax seed oil with porous starch as Pickering
particle and guar gum as stabilizer was fabricated. A stable emulsion was obtained with
a composition of Starch 6 %, Guar gum 1 %, oil 2 % (80 ppm curcumin based on
emulsion). Both native starch Pickering emulsion (NSPE) and porous starch Pickering
emulsion (PSPE) system demonstrated good physical stability with zero percentage
creaming index during the storage at refrigeration temperature (4+ 2°C) for 15 days.
Microstructure data confirmed that porous starch can act as efficient Pickering particle
compared to native starch with complete encapsulation of oil phase during storage and
better encapsulation efficiency in terms of curcumin retention. PSPE systems exhibited
better stability in terms of droplet size and zeta potential. Both NSPE and PSPE system
displayed Non-Newtonian nature and viscoelastic property with PSPE system showed
prominent elastic nature. FTIR analysis indicated no chemical interaction other than

hydrogen bonding happening in the emulsion system. PS emulsion showed higher
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encapsulation efficiency of 83.07+ 2.29 % compared with that of native starch of 63.20+
2.18 %. The developed PS system with guar gum can be used for colon target delivery
and further studies to evaluate its potential as prebiotic and gastrointestinal stability is

discussed in Chapter 4.
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Chapter 4

In vitro release Kinetics and prebiotic efficacy of
Curcumin Pickering emulsion
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4.1. Introduction

Human intestinal tract is colonized by diverse collection of microorganisms, named as
gut microbiota which consists of viruses, fungi and bacteria, which interact symbiotically
with the host (Hooper et al., 2012). Gastrointestinal (GI) tract constitutes around 100
trillion bacteria which includes around thousand species (Qin et al., 2010; Floch, 2011).
Three major phyla namely Firmicutes (30-50%), Bacteroidetes (20-40%) and
Actinobacteria (1-10%) dominates gut microbiota (Gagniere et al., 2016). Mostly, the
gut microbes interact with host by producing metabolites, predominantly the short chain
fatty acids (Natarajan et al., 2014). Short chain fatty acids are produced from the
anaerobic fermentation of non-digestible polysaccharides known as dietary fibres.
Acetate (C2), propionate (C3), and butyrate (C4) are the three primary short-chain fatty
acids (SCFAs) that the gut bacteria produce in a ratio of 60:20:20, respectively
(Maslowski et al., 2009; Tan et al., 2014; Thorburn et al., 2014). Dietary fibre consists
of plant cell wall constituents such as hemicellulose, cellulose, structural and non-
structural compounds like inulin, resistant starch (RS), chitin, B -glucan, pectin and
oligosaccharides (Jha et al., 2019). Based on solubility, dietary fibre are classified into
soluble (gum, pectin, inulin) and insoluble fibers (cellulose, hemicellulose) (Mudgil et
al., 2013). Dietary fibre exerts many health benefits such as prevents gastrointestinal
diseases, balance intestinal pH, reduces inflammation, stimulate short chain fatty acid
production, add bulk to diet and protects against colon cancer. Insoluble dietary fiber
passed undigested through small intestine, but absorb water and add bulk to stool. The
beneficial bacteria ferment on these dietary fiber, resulting in the production of short

chain fatty acids (Holscher, 2017)

Short chain fatty acids (SCFA) comprise of one to six carbons and intestinal microbiota
produces different SCFAs such as valerate, caproate, succinate, lactate, formate,
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hexanoate, propionate, acetate, butyrate and isobutyrate (Adom et al., 2013; Liu et al.,
2021). The intestinal concentration of SCFA can reach as high as 100 mM (Maslowski
et al., 2009; Tan et al., 2014; Thorburn et al., 2014; Bugaut, 1987). These SCFA helps
in the regulation of cell differentiation, proliferation and apoptosis, increases mucosal
blood supply and stimulate water absorption. Among the SCFA, butyrate act as key
energy source of colon cells, regulates pH of lumen of colon, reduced inflammatory

cytokines and also promotes apoptosis (McNabney et al., 2017)

Curcumin, also known as diferuloylmethane is the main polyphenolic bioactive present
in turmeric (Stohs et al., 2020). Curcumin can regulate the intestinal microflora and also
influences microbial composition and diversity. Studies reported that curcumin
supplementation significantly altered the ratio of beneficial and pathogenic intestinal
microflora- decreasing the bacterial load of Enterococci, Prevotellaceae, Coriobacterales
and Enterobacteria and raising the quantity of Bifidobacterium and Lactobacilli (Shen et
al., 2016; Shen et al., 2017). After curcumin supplementation in mice with colon cancer
and colitis, decreased Coriobacterales and increased Lactobacillales were observed
(McFadden et al., 2015). Studies also reported that curcumin can reduce the gut microbial

dysbiosis (Vamanu et al., 2019).

Pickering emulsion as detailed in the previous chapter consists of curcumin loaded flax
seed oil with guar gum as stabilizer and porous starch as Pickering particles. Guar gum
is prebiotic in nature and is also reported to be used for colon targeted delivery of active
ingredients (Verma et al., 2021; Hu et al., 2022; Garg et al., 2023). Therefore, based on
the finding from previous chapter, in Chapter 4, we focus on establishing the
gastrointestinal stability of the developed Pickering emulsion and its prebiotic efficacy

using in vitro protocol.
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4.1.1. Objectives

From the previous chapter, it was concluded that the porous starch-based Pickering

emulsion can act as efficient Pickering particle and it also possess better encapsulation

efficiency of curcumin. With this background, the main objectives of this chapter are (1)

To ensure the gut delivery of bioactive curcumin by studying the in vitro release kinetics

using simulated gastro intestinal conditions (2) To evaluate the prebiotic potential of

encapsulates in terms of change in OD, pH, dry weight, colony count and short chain

fatty acids production using in vitro protocol.

4.2. Materials and Methods

The experimental design for in vitro release studies of curcumin loaded porous starch

encapsulates by Pickering emulsion and evaluation of its prebiotic potential.
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4.2.1. Materials

Freeze dried culture of Lactobacillus casei (NCDC 17) was procured from National
Dairy Research Institute (ICAR), Karnal, Haryana, India. Lactobacillus MRS broth and
agar powder was purchased from Himedia laboratories Pvt. Ltd (Mumbai, India). Bile
salt, pancreatin from porcine pancreas, pepsin from porcine gastric mucosa, a-amylase
from Aspergillus oryzae were purchased from Sigma-Aldrich (St. Louis, Missouri,
United States). Sodium hydroxide and Sodium chloride were procured from Sisco
Research Laboratories Pvt. Ltd (Mumbai, India). Calcium chloride from Spectrochem
Pvt. Ltd (Mumbai, India) and Hydrochloric acid from Avantor™ Performance Material

India Ltd (Haryana, India) was used. All other chemicals used were of analytical grade.

4.2.2 Methods

4.2.2.1. In vitro release studies of porous starch based curcumin Pickering
emulsion

In vitro release studies were performed in three phases, simulated oral phase, gastric
phase and intestinal phase and the preparation of each phase was described below based
on previous studies with some modifications (Pan et al., 2019; Mulet-Cabero et al.,
2020). The oral phase was prepared by mixing a-amylase (0.2 mg/mL), and 25 pl of 0.3
M NaCl. Sample to simulated salivary phase taken was in the ratio 1:4. The gastric phase
was prepared by combining 2 gm of NaCl and 7 mL of HCI in 1000 mL water. 20 mL of
sample from oral phase was mixed with equal amount in stomach phase. To this mixture,
0.064 g of pepsin was added and the pH of the system was adjusted to 2.5. The mixture
was incubated in a shaker at 37 °C for two hours at a speed of 130 rpm. After incubation
5 mL of gastric phase mixture was transferred to other tube for analysis. 30 mL of gastric

phase was mixed with equal amount of intestinal phase (bile salts-1.8 g, 1.5 mL of CaCl.-
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36.7 mg/mL and NaCl- 219.1 mg/mL). To this, 1.8 g of pancreatin was added and pH of
the system was adjusted to 7, followed by incubation in a shaker at 37 °C for 2 h at a

speed of 130 rpm.

4.2.2.2. Prebiotic potential of fermentation metabolites (FM)

Prebiotic potential of PSPE (Porous starch based Pickering emulsion) was studied using
probiotic strain, Lactobacillus casei, which was cultured in MRS broth for 24 h at 37 °C.
The culture was diluted to obtain 80 % transmittance at 600 nm and 1mL of diluted
culture was inoculated to media as follows. The culture of Lactobacillus casei was
inoculated to MRS broth containing four treatment groups- (i) Control, (ii) Positive
control- Inulin (iii) PS- Porous starch based Pickering emulsion without curcumin (iv)
PSC- Porous starch based Pickering emulsion with curcumin (Fig 4.1). The PSPE and
inulin were incorporated at 0.8% wi/v (on basis of TSS). The treatment groups were
incubated at 37 °C, resulting in the production of fermentation metabolites (FM)

containing SCFA (Short chain fatty acids).

The treatment groups were incubated at 37 °C, resulting in the production of FM
containing SCFA. At each time interval (24, 48 and 72 h), the FM were collected,
centrifuged and supernatant was analyzed for change in OD, pH, colony count, dry

weight and production of SCFA to evaluate the prebiotic potential of PSPE.
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Fig 4.1: Preparation of fermentation metabolites

4.2.2.3. Evaluation of prebiotic potential of FM

The prebiotic potential was studied in terms of change in pH, OD, colony count, dry

weight and by quantification of SCFA production (Madhvan et al., 2019).
4.2.2.3.1. Estimation of optical density

The OD (optical density) of samples was measured at 600 nm at particular time intervals
(24, 48 and 72 h) using UV spectrophotometer (Shimadzu UV-2600, Kyoto, Japan).

4.2.2.3.2. Estimation of pH

The pH of samples was measured at particular time intervals (24, 48 and 72 h) using pH

meter (Oakton, pH 700, Benchtop meter, Oakton Instruments, USA).

4.2.2.3.3. Colony count
The colony count was done at time interval of (24, 48 and 72 h) and expressed as log
colony formation units (log CFU/mL). Broth from each group (1 mL) was serially diluted

to obtain concentration from 10 to 10®. From this, 1 mL of the sample was used for

152



estimating colony count using pour plate method. The colonies were counted after

incubating the plates at 37 °C for 72 h.
4.2.2.3.4. Assessment of SCFA production in FM

Short chain fatty acid (SCFA) production at each time interval was assessed and
quantified by High performance Liquid Chromatography (HPLC). The fermentation
medium was centrifuged at 5000 rpm for 10 min and the supernatant was used for
analyzing SCFA. Standard short chain fatty acids, acetic acid, propionic acid and butyric
acid and treatment groups (supernatant) were filtered through 0.45 um filter and 10 pL
was injected into the system. The analysis was performed in a Prominence UFLC
(Shimadzu, Japan) containing LC 20 AD system controller, Rezex RHM-
Monosaccharide H* (300x7.8 mm) column, column oven (CTO-20A) and diode array
detector (SPD-M20A). The mobile phase used was Milli Q water. The flow rate was
0.8ml/min, injection volume was 10 pL and the temperature of column was maintained
at 50 °C. The SCFA were monitored at 230 nm. Sample peaks were determined by
comparing with retention times of standard peaks. For data acquisition and analysis LC

Lab Solution software was used.
4.2.2.3.5. Assessment of curcumin concentration in FM

The curcumin concentration in FM of PSC sample at 72 h incubation was analyzed using
HPLC (instrumentation details same as described in 4.2.2.3.4). The fermentation medium
of PSC was centrifuged and supernatant was used for determination of curcumin
concentration. The mobile phase used was methanol. The flow rate was 1 mL/min,
injection volume was 10 pL and the temperature of column was maintained at 33 °C.
The curcumin was monitored at 420 nm. Sample peaks were determined by comparing

with retention times of standard curcumin peaks.
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4.2.2.4. Statistical analysis

Data represented as mean + standard deviations of experiments in duplicates. One-way
ANOVA was used for analyzing the results using Graph Pad Prism 9.3.0 software and

the significance was accepted at P < 0.05.

4.3. Results and discussion

4.3.1. In vitro release studies

The in vitro release studies of porous starch/guar gum -based Pickering emulsion (PSPE)
was performed under simulated gastro intestinal conditions ie, simulated salivary fluid
(SSG), simulated gastric fluid (SGF) and simulated intestinal fluid (SIF). The percentage
curcumin release was 11+ 0.01, 17.9+ 0.32, and 27.9+ 0.01% in oral, gastric and
intestinal phase. The results showed the low release kinetics of curcumin in all three
phases. Due to harsh environmental conditions such as low pH and digestive enzymes,
significant breakdown of food materials occurs in gastric conditions. Appropriate
selection of wall materials can protect the bioactive compounds from acidic gastric
phase, in a stable encapsulated system (Lu et al., 2019). When the PSPE was digested
with simulated gastric fluid and intestinal fluid, 17.9 and 27.9% of curcumin was released
from the emulsion system after 2 h of incubation, respectively. Similar results were
observed when in vitro studies (gastric and intestinal) were performed in Pickering
emulsions stabilized by milled starch, where 20 and 28% curcumin released after gastric
and intestinal digestion respectively (Lu et al., 2019). In another study, Tikekar et al.
(2013) encapsulated curcumin in Pickering emulsion stabilized by silica nanoparticles
and the release of curcumin in simulated gastric condition was 20% and that of simulated
intestinal condition was 55.8%. The system withstands the acidic gastric condition but

high release rate occurs in intestinal condition due to destabilization of emulsion. Pan et
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al. (2019) fabricated succinylated whey protein hydrolysate stabilized curcumin-loaded
emulsions and reported very high release of curcumin, greater than 60% in simulated

intestinal phase.

The PSPE emulsion was fabricated using solid particles, porous starch and guar gum.
The porous starch has the ability to get adsorbed onto the interface between oil and water
phase making it an efficient Pickering particle and offers protection to the curcumin in
the oil phase. Guar gum in the system offer extra stability to the emulsion by increasing
the viscosity of the continuous water phase via the formation of gel like structure which
resists the free movement of emulsion droplets and immobilize them. Being a soluble
dietary fibre, guar gum also protects the emulsion system from gastrointestinal enzymes
and helps in colonic delivery of bioactive. Thus, these particles protect the oil phase
containing bioactive from interacting with harsh acidic condition. The slow release
kinetics in simulated intestinal phase was due to irreversible and strong adsorption of
solid particles at O/W interface and also particle interaction in continuous phase (Lu et

al., 2018; Tzoumaki et al., 2013).

4.3.2. Prebiotic potential of fermentation metabolites (FM)

The fermentation metabolites were prepared using probiotic Lactobacillus casei (Fig
4.1). At each time interval (24, 48 and 72 h), the fermentation metabolites were collected
and studied for change in OD, pH, colony count and production of SCFA to evaluate the

prebiotic potential of PSPE.

4.3.2.1. Change in optical density
At particular time intervals (24, 48 and 72 h) media was withdrawn and was analyzed for
optical density. The optical density directly correlates with the bacterial mass in growth

media (Arun et al., 2019). If having the prebiotic potential, the growth of organisms will
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be more and OD values will be higher which is measured at 600 nm. The OD

measurements for different treatment groups is given in (Fig 4.2).

. - 4 g

*H# = Control
I

® Inulin
mPS
PSC

OD at 600 nm

24 h 48 h 72h
Time

Fig 4.2: Prebiotic potential of porous starch emulsion determined by change in optical
density for Lactobacillus casei. *p< 0.05 versus control. #p< 0.05 versus inulin. PS- Porous
starch Pickering emulsion without curcumin. PSC- Porous starch based Pickering emulsion
with curcumin.

From the graph, it is clear that OD value in all groups increased as the incubation time
increases. Both PS and PSC treatment groups showed significant increase in OD
compared to that of control and positive control groups. As can be seen, PSC showed
higher OD values which ranged from 3.61+ 0.09 to 3.97+ 0.01 compared to inulin 2.31+
0.06 to 3.11+ 0.12 as the incubation time increases from 24 to 72 h. The results clearly
indicate that porous starch based Pickering emulsion, promotes the growth of probiotics,
there by increases turbidity of media. Curcumin is a known antimicrobial agent, however,
the antimicrobial effect was not visible as no significant difference was observed in OD

between the PS and PSC treatment groups.
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4.3.2.2. Change in pH

The fermentation of samples by probiotic strain, Lactobacillus casei, results in the
production of SCFA. The SCFA are secondary metabolites and its production results in
reduction of pH, that can be correlated with the prebiotic activity of samples (Rios-
Covian et al., 2016). Therefore, pH was estimated at different time intervals (24, 48 and
72 h) which is given in (Fig 4.3). From the graph, it is clear that pH value in all treatment
groups decreases as the incubation time increases. Among the treatment groups, PSC
groups showed lower pH of 4.42 + 0.01 to 4.11 + 0.01, as the incubation time increases
from 24 to 72 h. The pH, of both PS and PSC treatment groups reduced significantly
compared to that of positive control and control groups. The results demonstrate that the
samples significantly promote growth of probiotic bacteria which can be correlated with

the production of SCFA.

= Control

® Inulin

mPS
PSC

24 h 48 h 72 h
Time

Fig 4.3: Prebiotic potential of porous starch emulsion determined by pH change for
Lactobacillus casei. *p< 0.05 versus control. #p< 0.05 versus inulin. PS- Porous starch
Pickering emulsion without curcumin.PSC-Porous starch Pickering emulsion with
curcumin.
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4.3.2.3. Determination of colony count

For enumeration of microorganism, the most ideal and preferable method was colony
count method. Quantification of bacteria can be attained by growing the organisms on an
agar plate after serial dilution and calculating the number of CFU (colony forming units)
(Davis. 2014). Hence we performed pour plate method for the growth of microorganisms
and the number of colonies was analyzed by colony forming unit. The colony counts of
different treatment groups on 48 h with dilution factor of 10 respectively was given in
(Fig 4.4). The colony counts of different treatment groups expressed in log values was
given in (Fig 4.5). The number of colonies were increased in all experimental group as
the incubation time increases from 24 to 48 h. However, a slight decrease in colony count
was observed at 72 h of incubation. The PSC treatment groups showed highest number
of colonies varied from 9.2+ 0.01 to 9.9+ 0.01 log CFU/mL at 48 h incubation. But when
the incubation time was increased to 72 h, the number of colonies was decreased to 9.75+

0.05 log CFU/mL.

Control Inulin

48h
(10°%)

Fig 4.4: Colony count by pour plate method at 48h. PS- Porous starch based Pickering
emulsion without curcumin. PSC- Porous starch based Pickering emulsion with curcumin.

Bacterial growth progresses mainly through four stages, lag, exponential, stationary and
death phase. Exponential phase is the growth stage where maximum cell growth and
division occurs, followed by stationary phase where cell division and growth declines,

but the bacteria survives (Wang et al., 2015). Rezvani et al. (2017) studied the growth
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kinetics of five Lactobacillus strains including Lactobacillus casei and reported that the
exponential phase or maximum cell growth occurs in a period of 25-45 h for the
Lactobacillus strain. The decrease in colonies after 48 h incubation might be due to the
decline in exponential phase, as the growth stage of Lactobacillus casei has changed

from exponential to the stationary phase.
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Fig 4.5: Prebiotic potential of porous starch emulsion determined by colony count by pour
plate method for Lactobacillus casei. *p< 0.05 versus control. #p< 0.05 versus inulin.
4.3.2.4 Change in dry weight

The samples after fermentation were centrifuged and the residue was freeze dried and
the weight of the residue directly indicates the mass of bacteria in the media. The dry
mass of all the groups were found to increase with incubation (Fig 4.6). For PSC the dry
mass increased from 57.68+ 1.05 to 73.03+ 0.35 mg/mL compared to inulin 43.39+ .95
to 60.65+ .61 mg/mL respectively as the incubation time increases from 24 to 72h. This
significant increase in the dry weight of PSC with inulin group indicate that PSC support

the growth of probiotics.
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Fig 4.6: Prebiotic potential of porous starch emulsion determined by change in dry weight

for Lactobacillus casei. #p< 0.05 versus inulin.

Even though decrease in bacterial growth was found at 72 h of plate count, the dry weight
increased as the incubation time increases from 24 to 72 h. This might due to the fact that
bacterial growth continued after 48 h of incubation but at 72 h, growth phase might have
shifted to stationary phase. Thus 72 h of incubation resulted in increased dry weight and

decreased growth of Lactobacillus casei.
4.3.2.5 Determination of curcumin in fermentation metabolites

The curcumin concentration in the FM of PSC sample at 72 h incubation was analyzed
using HPLC which was found to be 6.14+ 0.28 ppm (compared to initial concentration
of 40ppm). Studies reported that there is bidirectional interaction between gut microbiota
and curcumin. Curcumin can be transformed into many active metabolites by the action
of enzymes generated by gut microbiota (Tsuda, 2018). Mostly gut microbiota
transforms curcumin by hydroxylation, reduction, acetylation, demethylation resulted in

different metabolites such as demethylcurcumin and bis-demethylcurcumin. The enzyme
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NADPH-dependent curcumin/dihydrocurcumin reductase transforms curcumin to
dihydrocurcumin and tetrahydrocurcumin (Lou et al., 2015; Chen et al., 2016; Pinkaew
et al., 2016). It has been reported that metabolites of curcumin exhibit many biological
properties such as anti-inflammatory, anti-oxidant and anti-tumor activities. The
microorganisms such as Bifidobacteria longum, Lactobacillus casei, Lactobacillus
acidophilus, Enterococcus faecalis are reported to metabolize curcumin (Carmody et al.,
2014; Scazzocchio et al., 2020). In recent in vivo study, the oral administration of
curcumin resulted in eight different metabolites by the transformation of intestinal
microbiota (Sun et al., 2020). The decreased concentration of curcumin in FM of PSC
sample may be attributed due to transformation of curcumin to its metabolites by the

probiotic organism under study.
4.3.2.6 Quantification of short chain fatty acid production

Metabolism of undigested carbohydrate by probiotic bacteria results in the production of
SCFA which was analyzed by HPLC. The HPLC chromatogram of standard SCFA viz.,
acetic acid (AA), propionic acid (PA) and butyric acid (BA) are shown in (Fig 4.6) The
retention time of SCFA was found to be 10.593, 12.995 and 14.826 min for AA, PA and
BA respectively. Short chain fatty acids produced by different experimental groups at
different time intervals of were identified and quantified. The results indicate that the
SCFA production was increased in all treatment groups when the incubation time was

increased from 24 to 72 h.
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Fig 4.7: HPLC chromatograms of standard short chain fatty acids and their retention
time- AA (Acetic acid), PA (Propionic acid), BA (Butyric acid).

Fermentation metabolites produced by porous based curcumin Pickering emulsion
incubated for 72 h has showed the highest SCFA production. Fig 4.7 shows the graphical
representation of SCFA, acetic acid, propionic acid and butyric acid produced when
different groups were incubated with Lactobacillus casei for 24 to 72 h. Porous based
curcumin Pickering emulsion incubated for 37 °C showed highest concentration of acetic
acid (20.65mg/mL), propionic acid (18.33 mg/mL) and butyric acid 1.28 (mg/mL) was
used for further studies. These results confirmed the prebiotic property of porous based

curcumin Pickering emulsion.
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Fig 4.8: Estimation of short chain fatty acids (a) Acetic acid (b) Propionic acid (c) Butyric
acid by HPLC. *p<0.05 versus control. #p< 0.05 versus inulin. $p < 0.05 versus PS emulsion.
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The prebiotic property of porous starch based Pickering emulsion (PS and PSC) can be
attributed to the soluble dietary fibre, guar gum. In vitro studies reported that partially
hydrolyzed guar gum can promote growth of probiotics Lactobacillus and
Bifidobacterium (Koecher et al., 2014; Carlson et al., 2015; Carlson et al., 2016).
Curcumin can also modify the intestinal microflora. Studies demonstrated that oral
administration of curcumin promotes the growth of Lactobacilli and inhibit the growth
of Enterobacteria, Prevotellaceae, Rikenellaceae and Coriobacterales (McFadden et al.,
2015; Chatelier et al., 2013; Shen et al., 2017; Scazzocchio et al., 2020). In another study
administration of nano-bubble curcumin extract (NCE) resulted in improved growth of
Lactobacilli and Proteobacteria and leads to increased short chain fatty acid production
(Chen et al., 2020). Thus combined effect of both curcumin and guar gum in PSC
emulsion resulted in significant increase in SCFA compared to PS emulsion which is

devoid of curcumin.

4.4. Conclusion

The core release studies of porous starch based Pickering emulsion showed low release
of curcumin in simulated gastro intestinal conditions. The porous starch Pickering
emulsion was fermented using Lactobacillus casei and the prebiotic potential was
confirmed in terms of increased optical density, colony count, dry weight and decreased
pH. Quantification of short chain fatty acids by HPLC further confirmed the prebiotic
potential of porous starch based Pickering emulsion. PSPE showed significant increase
in short chain fatty acid production compared to other treatment groups. Based on this
we have decided to undertake further studies to evaluate the potential of the fermentation
supernatant enriched with fermentation metabolites against the mitigation and control of

colorectal cancer which forms the content for the next chapter, chapter 5.
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Chapter 5

In vitro screening of the fermentation metabolites in
prevention and management of colorectal cancer
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5.1. Introduction

Cancer is the major cause of death worldwide and is characterized by uncontrolled
division of abnormal cells. Colorectal cancer (CRC) or bowel cancer is the uncontrolled
growth of cells in the colon, rectum, or appendix (Kumar et al., 2018) which is the third
most commonly diagnosed and is the second largest lethal cancer worldwide (American
Cancer Society, 2023; Rawla et al., 2019) (Fig 5.1). The incidence of colorectal cancer
has increased intensively in the last 60 years (Pericleous et al., 2013) and by 2030, the
global burden of CRC is predicted to cause 2.2 million new cases and 1.1 million annual

deaths (Rawla et al., 2019).

Prostate (14%)

Fig 5.1: The pie chart shows the most prevalent cancer cases worldwide.

Common symptoms of colorectal cancer include bleeding in the rectum, presence of
blood in stool, abdominal pain, loss of appetite and weight loss. Loss of blood might lead
to anemia, resulting in tiredness and shortness of breath (American Cancer Society,
2023). There are many factors that lead to colon cancer such as family history and
genetics, low physical activity, inflammatory bowel disease, overweight and obesity,
consumption of red meat, consumption of alcohol and intake of low dietary fibre (Fig

5.2) (World Cancer Research Fund/American Institute for Cancer Research, 2018).
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Fig 5.2: Risk factors that lead to colorectal cancer

According to reports, diet and lifestyle factors are linked to the development of colorectal
cancer in which dietary factors accounts for 70 to 90% of colorectal cancer mortality
(Pericleous et al., 2013; Arun et al., 2018). The hypothesis of high dietary fibre intake
and reduced colon cancer was postulated after a study in African populations who
consumed large levels of fibre and had a low incidence of colon cancer (Burkitt et al.,
1972; MacDonald et al., 2012). Due to the presence of high content of phytochemicals,
the consumption of vegetables, fruits, soy and green tea are reported to reduce the
colorectal cancer risk (Tantamango et al., 2011; Yan et al., 2010; Butt et al., 2009). Diet
rich in whole grains and fibre have also been associated with lower risk of colon cancer
(Haas et al., 2009).

The anaerobic fermentation of carbohydrates such as nondigestible polysaccharides and
dietary fibers by gut microbiota results in the production of short-chain fatty acids
(SCFAs) such as isobutyrate, valerate, formate, hexanoate, butyrate, acetate and
propionate. These SCFA usually contains an aliphatic tail with 1 to 6 carbons and the
concentration of SCFAs in the intestine can range from 10 to 100 mM (Miller et al.,
1996). Acetate interacts with the G protein-coupled receptor (GPCR43, 41) in adipose
tissue and immune cells to improve ileal motility, increase colonic blood flow, and plays
role in adipogenesis and the host immune system (Hong et al., 2005; Brown et al., 2003).

Propionate has been proven in both animal and human studies to decrease food intake
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and promote fullness by enhancing the satiety hormone leptin and by activating GPCR43,
41 (Xiong et al., 2004; Samuel et al., 2008). Butyrate plays a major role in regulating
colonic cell growth and differentiation (Macfarlane et al., 2011). Studies reported that
butyrate can induce apoptosis in colon cancer cells by downregulating Bcl-xL, Bcl-2 and
cyclin D1 (Thangaraju et al.,2009; Tang et al., 2011). Butyrate can also inhibit colonic
cell growth and proliferation. Colorectal cancer cells are more sensitive to SCFA than
normal intestinal cells and butyrate can selectively inhibit the growth of colorectal cancer
cells. Wang et al. (2020) reported that sodium butyrate selectively decreased the
expression of Thioredoxin in CRC but not in normal colon cells. This resulted in
upregulated ROS generation, reduced cell growth and apoptosis. The probiotics inhibit
the growth of pathogenic bacteria and maintain gut barrier integrity and modulate gut

immunity (Loke et al., 2020) (Fig 5.3)

Dietary [Fiber
."’{j* Bifidobacterium

{ i Lactobacillus
Probietics

Sl v

% Short chain fatty acids- Acetate, % Prevent colonization by

Propionate, Butyrate pathogenic bacteria
%+ Butyrate — inhibits CRC growth * Maintain gut barrier integrity
and differentiation and modulate gut immunity

ﬁ Decreased CRC risk

S T
TR

e
Fig 5.3: Relation between dietary fiber, probiotics and CRC. The intake of dietary fiber

and fermentation by gut microbiota resulted in the production of short chain fatty acids

which ultimately leads to decreased colorectal cancer risk.
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Findings from the previous chapter, chapter 4, ensured the prebiotic properties of
Pickering emulsion and colon delivery of curcumin. As evident from the in vitro studies,
fermentation metabolites rich in SCFA, could be of great potential in maintaining gut
homeostasis, and there by aiding in the prevention and management of CRC. Therefore,
chapter 5 deals with the studies on investigating the potential of the fermentation

metabolites in the management of CRC in HCT 116 cells.

5.1.1. Objectives

In chapter 4 the probiotic fermentation of Pickering emulsion resulted in the production
of fermentation metabolites containing short chain fatty acids. The main objective of this
chapter is to elucidate the anticancer potential of fermentation metabolites in HCT 116
colon cancer cells by investigating cytoxicity, nuclear fragmentation, ROS generation,

antioxidant activity, mitochondrial membrane potential and apoptosis.
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5.2. Materials and Methods

The experimental design for the assessment of the anticancer potential of fermentation

metabolites in HCT 116 colon cancer cells
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5.2.1. Materials

Dulbecco’s modified eagle’s media (DMEM), MTT (3-(4, 5-dimethylthiazol-2-yl)-2, 5-
diphenyl  tetrazolium  bromide), Dimethyl  sulfoxide  (DMSO), 2,7-
Dichlorodihydrofluorescin diacetate (DCFH-DA), Rhodamine 123 (Rh123), DAPI
((4',6-diamidino-2-phenylindole) were purchased from Sigma-Aldrich Chemicals (St
Louis, MO, USA). Trypsin-EDTA, Antibiotic-antimycotic, Fetal bovine serum (FBS)

was procured from Gibco Invitrogen (Carlsbad, CA, USA). Camptothecin was purchased
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from Tokyo chemical industry (India) Pvt, Chennai, Tamil Nadu, India. Fura-2, AM,
Catalase assay kit, Superoxide Dismutase assay kit and Annexin V — FITC assay kit were
purchased from Cayman Chemicals (MI-USA). Primary antibodies (B actin, Bcl 2, Bak,
Bax,) and corresponding secondary antibodies for immunoblotting were purchased from
Immunotag, St. Louis, USA. cPARP and caspase 3 were procured from Cell signaling,
Danvers, Massachusetts, USA. All other chemicals used were of the standard analytical

grade.

5.2.2. Methods

5.2.2.1. Cell culture and treatment conditions

HCT 116 (human colon carcinoma) cells were purchased from National Centre for Cell
Science, Pune, India. Cells were cultured in DMEM with 10% Fetal bovine serum and
1% antibiotic-antimycotic solution at 37 °C under 5% CO2. The cells were treated with
different concentrations of fermentation metabolites (50 pL and 100 pL) for 24 h.
Camptothecin (25 pM) was used as positive control. After incubation, the cells were

collected by using Trypsin EDTA solution and used for further studies.
5.2.2.2. Determination of cytotoxicity by MTT assay

The cytotoxic effect of fermentation metabolites was determined by MTT assay. MTT
(3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyl tetrazolium bromide) measures cellular
metabolic activity as an indicator of cell viability. The HCT 116 cells were seeded in 96
well plate and treated with different concentrations of fermentation metabolites (25, 50,
75, 100 and 125 pL) for a period of 24 h. The images of treated cells at various
concentrations were taken by using phase-contrast microscope using NIS-Elements
3.21.00 imaging software (Nikon Eclipse TS 100). The cells treated with media were

taken as control. The cells were exposed to MTT reagent (0.2 mg/mL) and incubated for
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4 h at 37 °C. The formazan crystals formed were dissolved in DMSO. After incubation
for 20 min in a shaker (Orbit plate shaker, Labnet International, USA), the absorbance
was read at 570 nm (Synergy 4 Biotek multiplate reader, USA) and the percentage cell

viability was calculated (Wilson, 2000).
5.2.2.3. Determination of nuclear integrity by DAPI staining

The DNA was stained with blue fluorescent dye DAPI (4', 6- diamidino-2-phenylindole)
to examine the DNA condensation during apoptotic cell death. Briefly, the HCT 116 cells
were seeded in 96 well plate and treated with different concentrations of fermentation
metabolites (50 pL and 100upL). Camptothecin (25 pM) was used as positive control.
The treated cells were stained with 1 pg/mL DAPI dye and incubated for 15 min at 37
°C. The incubated cells were rinsed with PBS (Phosphate- buffered saline) for 2 to 3
times and the fluorescence intensity was measured using a fluorescence microscope
(Olympus fluorescence microscope 1X83, Olympus corporation of Americas, Center

Valley, USA).
5.2.2.4. Wound healing assay

The invasiveness and metastatic potential of cancer cells are correlated with cell
migration and motility (Yamazaki et al., 2005). Scratch wound assay was done to analyze
the effect of fermentation metabolites on the migration of HCT 116 cells. The HCT 116
cells were seeded on 6 well plate and treated with different concentration of fermentation
metabolites (50 puL and 100 pL) for 24 h after creating a wound over the confluent
monolayer of cells. Images were taken at 0 and 24 h, and the recover of scratch area was
compared. The images were taken using phase-contrast microscope using NIS-Elements
3.21.00 imaging software (Nikon Eclipse TS 100). The results obtained were compared

with untreated cells and positive control camptothecin.
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5.2.2.5. Measurement of Reactive oxygen species (ROS)

ROS (Reactive oxygen species) are commonly used as mediators in the apoptotic
pathway. The cell permeable H.DCFDA (2,7-Dichlorodihydrofluorescin diacetate)
probe, was used to analyze the intracellular ROS, which was transformed into a highly
fluorescent 2',7'-dichlorofluorescein (DCF) in the presence of ROS (Yang et al., 2014).
Using a cell-permeable H2DCFDA probe that was intracellularly transformed into a
highly fluorescent 2’,7'-dichlorofluorescein (DCF) following reaction with ROS, the
levels of intracellular ROS were assessed. Briefly, the HCT cells were seeded in 96 well
plate and then treated with different concentration of fermentation metabolites. The
treated cells were then stained with 20 uM DCFDA and kept at 37 °C for 20 min. The
cells were then rinsed with PBS for 2 to 3 times and the fluorescence intensity was
measured using a fluorescence microscope (Olympus fluorescence microscope 1X83,

Olympus corporation of Americas, Center Valley, USA).

5.2.2.6. Determination of antioxidant enzyme activity

5.2.2.6.1. Measurement of Superoxide dismutase (SOD)

Activity of SOD was analyzed by using an SOD assay kit (Cayman chemical company,
USA). The kit utilizes a tetrazolium salt for the detection of superoxide radicals
generated by hypoxanthine and xanthine oxidase. The absorbance was read at 450 nm

using a plate reader.
5.2.2.6.2. Measurement of Catalase (CAT)

Activity of CAT was analyzed using catalase assay kit (Cayman chemical company,
USA). The kit utilizes the peroxidatic function of CAT for analyzing enzyme activity. In
this method catalase reacts with methanol in presence of an optimal concentration of

hydrogen peroxide. The formaldehyde is measured colorimetrically with purpald as
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chromogen. Purpald upon oxidation changes from colourless to purple colour. The

absorbance was read at 540 nm using a plate reader.
5.2.2.7. Determination of mitochondrial membrane potential by rhodamine 123

The mitochondrial membrane potential was analyzed by staining the HCT-116 cells
using a cationic dye Rhodamine 123. In normal cells with polarized mitochondrial
membrane, the dye binds and resulted in green fluorescence. Loss of membrane potential
resulted in decreased fluorescence as the dye washed out of the membrane. The HCT 116
cells were seeded in 96 well plate and treated with different concentration of fermentation
metabolites (50 and 100 pL). Camptothecin (25 uM) was used as positive control. The
treated cells were stained with 10 pg/mL rhodamine 123 and incubated for 15 min at 37
°C. The incubated cells were rinsed with PBS for 2 to 3 times and the fluorescence
intensity was measured using fluorescence microscope (Olympus fluorescence

microscope 1X83, Olympus corporation of Americas, Center Valley, USA).
5.2.2.8. Determination of calcium by Fura- 2, AM

The amount of calcium was determined by Fura -2 dye. Briefly, the HCT 116 cells were
seeded in 96 well plate and treated with different concentration of fermentation
metabolites. After treatment the cells were stained with 5 uM Fura 2-AM dye and kept
in dark for 45 min at 37 °C. This is followed by three times wash with HBSS and cells
were resuspended in plain DMEM medium. The fluorescence intensity was measured

using fluorescence microscope.
5.2.2.9. Apoptosis assay by flow cytometry

The effect of fermentation metabolites on apoptosis in HCT 116 cells was analyzed using
Annexin V-fluorescein isothiocyanate (FITC)/propidium iodide staining assay Kit

(Cayman chemical company, USA). This kit employs a FITC-conjugated annexin V as
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a probe for phosphatidylserine on the outer membrane of apoptotic cells. Propidium
iodide (PI) is used as marker of cell membrane permeability. The HCT 116 cells were
seeded in a 6 well plate and treated using fermentation metabolites. After 24 h, the cells
were trypsinized, washed with 10% HBSS, centrifuged at 3000 rpm for 5 min and flick
out supernatant. The cells were suspended in binding buffer and thoroughly mixed.
Centrifuged again for 5 min and resuspend the cells in Annexin V FITC/ PI staining
solution, mixed well and incubated in dark for 15 min at room temperature. After
incubation add binding buffer and then analyzed by flow cytometry using Becton
Dickinson fluorescence-activated cell sorting (BD FACS) Aria Il (BD Biosciences) and

fluorescence intensities were analyzed by BD FACS DIVA software.
5.2.2.10. Immunoblot analysis

The HCT 116 cells were grown on T25 flask and treated with various concentrations of
fermentation metabolites. After treatment, the cells were harvested and lysed in ice-cold
lysis buffer containing protease inhibitor cocktail and the homogenate was centrifuged
at 10,000xg for 15 min at 4 °C. The total protein concentration in the supernatant was
quantified using a BCA protein assay kit (Thermo scientific, Pierce™ BCA protein assay
kit, USA) and the protein concentration were equalized and stored at 80 °C until use. The
expression of proteins -actin, Bcl-2, c-PARP, Bax, Bak, Caspase-3, were analyzed by
immunoblotting. The protein samples along with loading dye were heated in dry bath
heat blocks (Benchmark, USA) for 5 min at 95 °C. Proteins were separated by SDS
PAGE in 10% SDS polyacrylamide gel. Samples (25 uL) were loaded into each well.
The protein in the gel was transferred to a PVDF transfer membrane (Immobilon P™,
Millipore154 R, USA) using Trans-Blot Turbo ™ transfer system (Bio-Rad Laboratories,
Germany). After transfer of proteins the membrane was blocked in 5% skimmed milk in

TBST (Tris-buffered saline with 0.1% Tween 20 detergent) for 1 h at room temperature,
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membrane was washed 3 times with TBST followed by incubation with primary
antibodies (B-actin, Bcl-2, c-PARP, Bax, Bak, Caspase-3) in the ratio (1:1000) with
gentle agitation at 4 °C overnight. The incubation is followed by three time wash with
TBST, and then incubated with HRP linked secondary antibodies (1:2000) at 4 °C. The
blot bound antibodies were detected using SuperSignal™ West Pico PLUS
chemiluminescent (ECL) horseradish peroxidase (HRP) substrate, Thermoscientific,
Rockford, U.S.A and measured by densitometry using a ChemiDoc XRS digital imaging

system and the Multi- Analyst software from Bio-Rad Laboratories (United States).

5.2.2.11. Statistical analysis

Data represented as mean + standard deviations of experiments in duplicates. One-way
ANOVA was used for analyzing the results using Graph Pad Prism 9.3.0 software and

the significance was accepted at P < 0.05.
5.3. Results and discussion

The fermentation metabolites (FM) as described in the previous chapter was found to
contain promising SCFA which was further investigated for its potential in prevention

and management of CRC using HCT 116 cells.

5.3.1. Determination of cytotoxicity of fermentation metabolites(FM) by MTT

Assay

The cytotoxic effect of FM was determined by MTT assay. MTT measures cellular
metabolic activity as an indicator of cell viability. In live cells, MTT, the yellow-coloured
dye is changed to purple formazan which was measured calorimetrically. The OD of the
untreated cell was assumed to be 100%, and the percentage reduction of OD in the treated
cells was then calculated. After growing the cells for 24 h, they were treated with

different concentrations (25- 125 uL) of FM. From the results it was found that the FM
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exert cytotoxic effects against HCT 116 colon cancer cells, in a dose dependent manner

(Fig 5.4) and the cell viability was decreased by 88, 73, 57, 50 and 8 % respectively.
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Fig 5.4: MTT cytotoxicity assay of fermentation metabolites (FM). HCT 116 cells were
treated with various concentration of fermentation metabolites (25, 50, 75, 100 and 125 pL)
for a period of 24 hours and the cytotoxicity of FM was determined by MTT assay. *p< 0.05
versus control.

Morphological analysis of HCT 116 cells treated with different concentrations of FM
was observed by using phase contrast microscopy, as shown in the Fig 5.5. From the
figure it is clear that the morphology of cell has changed as the concentration of FM has
increased. At low concentrations (25 and 50 pL) the morphology of cells did not alter
much and they appeared similar to that of control cells. But at higher concentrations
especially at (100 and 125 pL), the cell number was reduced and cells shape was distorted

indicating the cytotoxicity activity of FM against HCT 116 cells.
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Fig 5.5: Morphological analysis of HCT 116 cells treated with different concentrations of
FM by phase contrast microscopy. A - Untreated; B - 25 uL; C-50 uL; D-75 uL; E - 100
pL; F =125 pL.

The cytotoxicity studies clearly demonstrated that cell viability decreased significantly
in FM treated cells in dose dependent manner. Two concentration-50 pL (exhibits 75%
cell viability) and 100 pL (exhibits 50% cell viability) was used for further studies. After
cytotoxicity studies various parameters were analyzed that results in FM treated cell

death in following sections.

5.3.2. FM treatment induced chromosome condensation

Nuclear changes such as DNA fragmentation and chromatin condensation are the hall
mark of apoptosis. In order to examine formation of apoptotic bodies, HCT 116 cells
were treated with FM and then stained with DAPI (4',6-diamidino-2-phenylindole).
DAPI is a blue fluorescent dye that fluorescence upon binding to AT regions of double

stranded DNA. In cells with damaged cell membrane more DAPI enters the cell and
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stains blue colour. Also, the chromosome condensation and fragmentation can be
visualized (Atale et al., 2014). Camptothecin (25 uM) was used as positive control. From
the Fig 5.6, it is clear that that compared to intact and regular nuclei of untreated cells,
the cells treated with FM showed higher degree of chromatin condensation, which is the

hall mark of apoptosis (Maraming et al., 2019).

Fig 5.6: DAPI staining in HCT 116 cells. Effect of FM on DNA damage in HCT 116 cells.
The arrow indicates chromatin condensation which is a hall mark of apoptosis. A -
Untreated; B - Camptothecin (25 uM); C - 50 uL FM; D — 100 pL FM.

5.3.3. Wound Healing Assay

Depending on the type of cell and level of differentiation, cancer cells can migrate in
different ways. Cell migration is a crucial stage in tumour invasion and metastasis
(Dangroo et al., 2017). To investigate this, wound healing assay was done to examine the
effects of FM on HCT 116 cell migration. HCT 116 cells were scratched and treated with

FM for 24 h and the area of wound was calculated using Image J software (Fig 5.7).
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Fig 5.7: In vitro wound healing assay. HCT 116 cells were scratched and treated with
different concentrations of sample for 24 h and area of wound was measured at 0 and 24 h
using Image J software. A - Untreated; B - Camptothecin (25 uM); C — 50 uL FM; D — 100
puL FM.

The percentage increase in cell migration was measured as how much scratch area was
recovered in comparison with that of 0 h. Higher the cell density in the scratch area,
higher will be the migration. The results were plotted as percentage wound closure which
is given in Fig 5.8. After incubation for 24 h, cells in untreated group started growing in
the wound area (53%), whereas treatment of cells with FM reduced the cell migration in
the wound area significantly and the cell density was severely reduced as the
concentration of FM was increased (39 and 28 % respectively for 50 and 100 pL). The
percentage increase in cell migration after 24 h of incubation with the positive control
camptothecin was 18%. Results demonstrated that FM containing short chain fatty acids

blocked the migration of HCT 116 cell lines.
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Fig 5.8: Wound closure percentage of FM in HCT 116 cells. A - Untreated;
B — Camptothecin (25 uM); C - 50 uL FM; D — 100 pL FM.

5.3.4. Measurement of ROS by DCFDA staining

Generation of reactive oxygen species (ROS) is one of the main factors that lead to
apoptosis. Therefore, intracellular ROS level were estimated by DCFH-DA (Dichloro-
dihydro-fluorescein diacetate) staining assay in order to understand the inducing
mechanism of increased cellular cytotoxicity by the FM. DCFH-DA is a non-fluorescent
dye, but after entering the cell, cellular esterase cleaves the acetyl group and in the
presence of ROS, it is oxidized to fluorescent molecule, DCF (2'7'-dichlorofluorescein)
(Sen et al., 2000; Nova et al., 2020). The DCF emits green fluorescence which was
measured and the amount of fluorescence produced is directly linked to ROS generation.
From the Fig 5.9a, it is clear that cells treated with FM showed a higher fluorescence,
which indicates a higher ROS production compared to untreated cells. The analysis of
fluorescence intensity (Fig 5.9b) showed that the fluorescence increased with increase in

concentration of FM indicating higher generation of ROS.
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Fig 5.9: (a) Determination of ROS production in HCT 116 cell lines upon pretreatment with
FM via fluorescence microscopy. (b) Fluorescence intensity analysis graph demonstrating
increase in ROS in treated groups. *p< 0.05 versus untreated. A - Untreated; B —
Camptothecin (25 uM); C — 50 uL FM; D — 100 pL FM.

Studies reported that short chain fatty acids induce ROS production. Arun et al. (2018)
reported that fermentation supernatant obtained from dietary fibre of Musa paradisiaca
inflorescence containing short chain fatty acid induces ROS production. Acetate exhibits
cytotoxicity and induce ROS production in thymic origin tumor cells (Pandey et al.,
2019). Sodium propionate and butyrate also showed increased ROS production which
ultimately triggers apoptosis (Pant et al., 2017; Park et al., 2021). The results clearly
demonstrated that FM containing acetate, propionate and butyrate increased ROS

production leading to the onset of apoptosis in HCT 116 cells in the present study.

5.3.5. FM treatment reduced antioxidant enzyme activity (SOD and CAT)

SOD (Superoxide dismutase) and CAT (Catalase) are first line defense antioxidant
enzymes. These enzymes scavenge reactive oxygen species and help to maintain cellular
homeostasis. SOD is the most potent antioxidant in the cell and first enzyme involved in

detoxification. It catalyses the dismutation of two superoxide anion molecules (O>) into
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hydrogen peroxide (H202) and molecule oxygen (O.), hence making it less hazardous
(Ighodaro et al., 2018; Fridovich. 1995). SOD is a metalloenzyme that requires metal
ions such as copper, zinc, manganese, iron for its activity (Gill et al., 2010). The
antioxidant enzyme CAT is found in every biological tissue that uses oxygen. The
enzyme catalyses the breakdown or reduction of hydrogen peroxide (H.0>) to water and
molecular oxygen and uses either iron or manganese as cofactor (Chelikani et al., 2004;
Marklund. 1984). The activity of FM on antioxidant enzymes was studied to understand
the fate of SOD and CAT on treatment with FM. The results are expressed as percentage
inhibition (Fig 5. 10) for both the enzymes and the cells on pretreatment with the FM

resulted in inhibition of SOD and CAT activity in a dose dependent manner.
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Fig 5.10: Effect of FM on (a) SOD activity and (b) CAT activity in HCT 116 cell. *p< 0.05
versus untreated. A - Untreated; B — Camptothecin (25 uM); C — 50 uL FM; D — 100 pL
FM.

Increased ROS production in cells often resulted in an elevated oxidative stress. The level
of stress developed can be determined by the antioxidant activity of enzymes SOD and
CAT. Excess ROS generation resulted in decreased level of antioxidant activity of SOD

and CAT (Shi et al., 2016; Ali et al., 2021). The reduction in innate antioxidant enzyme
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activity such as SOD and CAT may be correlated with the increased oxidative stress

caused by excessive accumulation of ROS.

5.3.6. FM treatment induced loss of mitochondrial membrane potential (MMP)

Cellular homeostasis is significantly influenced by mitochondria. Mitochondria are
commonly known as the power house of the cell because they act as energy source for
cells by synthesizing ATP. Mitochondria are also crucial for maintaining cell survival. It
is also involved in two types of neuronal death, necrosis and apoptosis (Nicholls et al.,
2000). High ROS generation in cells may results in compromised membrane potential in
mitochondria and to investigate this, we further analyzed the mitochondrial membrane
potential of cells treated with FM using Rhodamine 123. Rhodamine 123 is a cationic
fluorescent dye which accumulates at matrix of intact mitochondria. In depolarized
mitochondria the dye will released into the cytosolic compartment resulting in decreased
fluorescence intensity (Toescu, et al., 2000). The cells were treated with different
concentrations of FM and then stained with Rhodamine 123. The mitochondrial
membrane potential was evaluated using fluorescence microscopy (Fig 5.11a) and the

amount of fluorescence produced is directly linked to membrane potential.
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Fig 5.11: (a) Determination of MMP in HCT 116 cell upon pretreatment with FM. (b)
Fluorescence intensity analysis graph demonstrating loss of mitochondrial membrane
potential in treated groups. *p< 0.05 versus untreated. A - Untreated; B — Camptothecin
(25 uM); C =50 uL FM; D — 100 pL FM.

The untreated cells showed higher fluorescence intensity due to intact mitochondrial
membrane. But in cells treated with FM, the fluorescence intensity decreased in dose
dependent manner due to loss of membrane potential (Fig 5.11b). Studies reported that
ROS generation can lead to dysfunction of mitochondria which ultimately leads to
apoptosis (Witayateeraporn et al., 2022; Karnan et al., 2020). From the results it is clear
that the FM disrupt mitochondrial membrane potential which triggers cellular death by

apoptosis.

5.3.7. Measurement of Calcium by Fura-2, AM

Calcium plays important role in apoptosis induction and apoptotic signalling pathway
modulation. An elevated calcium level was linked to apoptosis brought on by various
toxic insults. Calcium was measured using Fura-2, AM. Fura-2, AM (acetoxymethyl

ester), is a membrane permeable derivative of fura-2, which is a calcium indicator. It is
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an aminopolycarboxylic acid fluorescent dye which binds to free intracellular calcium
and the amount of fluorescence will be proportional to calcium concentration (Martinez
etal., 2017). HCT 116 cells were pretreated with FM followed by staining with Fura -2,
AM, and the fluorescence was measured (Fig 5.12a). From the images it is clear that FM
treated cells showed higher fluorescence intensity compared to untreated cells (Fig
5.12b). The results clearly demonstrated that cells treated with FM showed increase in

intracellular calcium level as evidenced from increased fluorescence intensity.

Loss of mitochondrial membrane potential or mitochondrial dysfunction might lead to
imbalance of cytoplasmic Ca** homeostasis. The overload of intracellular calcium leads
to opening of mitochondrial permeability transition pore (PTP), which resulted in Ca?*
efflux to cytoplasm, swelling of mitochondria and apoptosis (Foster et al., 2006; Qin et
al., 2008; Wang et al., 2020). In our study, loss of membrane potential in FM treated cells
leads to high cellular calcium resulted in high fluorescence intensity whereas untreated

cells with intact membrane showed lower fluorescence.
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Fig 5.12: (a) Measurement of Calcium in HCT 116 cell lines upon pretreatment with FM.
(b) Fluorescence intensity analysis graph demonstrating increase in Calcium in treated
groups. *p< 0.05 versus untreated. A - Untreated; B — Camptothecin (25 uM); C — 50 pL
FM; D - 100 pL FM.
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5.3.8. Apoptosis- Annexin V-FITC

To confirm cell death, we studied apoptosis by Annexin V FITC assay kit. The
redistribution of phosphatidyl serine and phosphatidyl etanolamine, which are membrane
phospholipids, to outer leaflet of membrane is one of the hall marks of apoptosis.
Annexin V, phospholipid binding protein, was conjugated with FITC, act as probe for
phosphatidylserine residues located on outer plasma membrane. The apoptotic cells
bounded with fluorochrome labeled Annexin V was analyzed using flow cytometry.
Briefly, the HCT 116 cells were treated with different concentrations of FM for 24h.
Flow cytometry analysis showed that the rate of apoptosis increased in FM treated cells
in dose dependent manner (Fig 5.13a). The early and late apoptotic rate was determined

and expressed in percentage cell number (Fig 5.13b).
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Fig 5.13: (a) Effect of FM on HCT 116 cell apoptosis by flow cytometry. (b)The apoptosis
rate was expressed as % cell number. *p< 0.05 versus untreated. A - Untreated; B —
Camptothecin (25 pM); C — 50 pL FM; D — 100 pL FM.
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The percentage apoptotic cells of untreated cells were found as 3%, but in the case of
treated cells the apoptotic cells increased from 22.9% to 54.9%, for low and high
concentrations of FM respectively. Studies reported that short chain fatty acids produced
from the fermentation of dietary fiber can results in prevention of colon cancer. Among
short chain fatty acids, butyrate can induce DNA fragmentation and apoptosis (Zeng et
al., 2015; Zeng et al., 2017). Butyrate also inhibits invasion and growth of colorectal
cancer cells while also inducing apoptosis (Bordonaro et al., 2015; Hu et al., 2015;
McNabney et al., 2017; Zeng et al., 2019). Thus, it is evident that the FM treatment in
HCT 116 cells leads to excess ROS generation, loss of mitochondrial membrane potential

which ultimately leads to apoptosis.

5.3.9. Western blotting

The results from different assays demonstrated that FM containing short chain fatty acids
exhibit significant anticancer activities by inducing apoptosis. The expression of some
of the major proteins in apoptotic pathway was analyzed using western blot. Apoptosis
or programmed cell death leads to many morphological changes such as nuclear,
cytoplasmic and mitochondrial changes. From the above discussed experiments it was
found that the cell death follows mitochondrial or intrinsic pathway mediated apoptosis.
So the expression of some of the proteins associated in this pathway was investigated.
The expression of various proteins like Bcl-2, c-PARP, Bax, Bak, and Caspase-3 was
studied. The intrinsic apoptotic pathway is mainly regulated by BCL2 family of pro and
anti-apoptotic proteins. Bcl 2 is an antiapoptotic protein, prevent apoptosis either by
sequestering caspase or by inhibiting the release of cytochromes C from mitochondria.
The proapoptotic proteins like Bax and Bak can initiate the release of cytochrome C from
mitochondria, which ultimately leads to caspase activation (Wolf et al., 2022). Caspases

3 is an effector caspase which helps in the activation of apoptosis. Activated Caspase 3
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can cleave many cellular substrates like PARP (poly ADP-ribose polymerase), resulted
in cleaved PARP (c-PARP). PARP cleavage, which is catalysed by caspase-3, is regarded
as one of the biomarkers for the detection of apoptosis and has a positive regulatory role

in the apoptosis of numerous cell lines (Qiu et al., 2019).

Briefly, HCT 116 were treated with different concentration of FM and the expression of
different proteins like Bax, Bak, Caspase-3, Bcl-2 and c-PARP were analyzed (Fig 5.14).
The expression of proteins like Bax, Bak, Caspase-3 and c-PARP was increased and
antiapoptotic protein Bcl-2 was decreased after treatment with FM in HCT 116 cell. The
activation of Bax/Bak might initiated the release of cytochrome C from mitochondria.
Cytochrome C in the cytosol activates Caspase 3 which further activates PARP cleavage.
Mondal & Bennett. (2016) reported that resveratrol along with antioxidant sorafenib
induced apoptosis in MCF7 breast cancer cells through ROS generation and by PARP
and caspase 3 cleavage. Ropivacaine activates caspase 3 and PARP, which inhibits
proliferation and promotes apoptosis in hepatocellular carcinoma (HCC) cells (Wang et
al., 2019). Thus in present study treatment with FM activates proapoptotic proteins
Bax/Bak, release of Cytochrome C from mitochondria, caspase 3 activation, which
further activates PARP by cleavage (cCPARP) and promotes apoptosis in HCT 116 cancer

cells.
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Fig 5.14: Effect of FM on expression of proteins involved in apoptosis in HCT 116 cells. The
results were compared with that of untreated cells and positive control camptothecin. A-
Untreated, B- camptothecin (25 uM), C- 50 uL FM, D — 100 yL FM. (a) Protein expression
level and (b) Quantification of expressed proteins Bcl-2, c-PARP, Bax, Bak and caspase 3.
*p < 0.05 versus untreated.

5.4. Conclusion

The anticancer potential of fermentation metabolites in HCT 116 cells were explored and
found that fermentation metabolites containing short chain fatty acids exhibited cytotoxic
effects. The metabolites induced DNA damage and effectively obstructed the motility
and migration proficiency of HCT 116 cell lines. Suppression of antioxidant enzymes
like SOD and CAT, over production of ROS and calcium levels, loss of mitochondrial
membrane integrity, ultimately induced apoptosis in HCT 116 cells. The apoptosis was
further confirmed by flow cytometry analysis. The protein expression studies confirmed
that the fermentation metabolites can induce apoptosis by downregulating expression of
Bcl-2 family protein and upregulating expression of Bax, Bak, caspase-3 and c-PARP.
Thus, the present study established the fact that the probiotic fermentation metabolites of
O/W Pickering emulsion of curcumin loaded flax seed oil with porous starch as Pickering

particles, distinctively induced apoptosis in HCT 116 cells. This could be a potential

199



strategy for delivering bioactive phytochemicals and prebiotics to the gut for maintaining

homeostasis and to prevent as well as manage the onset of chronic diseases.

5.5. Summary
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Fig 5.15: Schematic representation of possible mechanism by which FM containing short
chain fatty acids regulate signaling events to induce cell death by apoptosis in HCT 116

cells
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Biologically active and functional dietary ingredients are currently in high demand due
to their ability to delay the onset and reduce the impacts of majority of chronic and
lifestyle diseases, including obesity, diabetes, and cancer. One strategy to protect,
encapsulate and promote the uptake of biologically active food components is emulsion-
based delivery systems. All emulsions are thermodynamically unstable and emulsifiers
are used to modify the interfacial interactions to delay the phase separation in emulsion.
Due to increasing demand for eco- friendly, natural, sustainable food products and to
embrace healthier life styles there has been increased need to replace synthetic
surfactants with natural alternatives. Solid particle stabilized emulsion called Pickering
emulsion is attaining great interest due to increased physical stability, oxidative stability,
compatibility with food matrix and enhanced protection of bioactives. Starch has been
modified to make it more efficient and functional for its use in various food applications
apart from its use as stabilizing and thickening agent in industries. Recently, Porous
starch is attaining great interest because of its abundant pores (extending to the centre of
the starch granule) and increased surface area, for targeted delivery and sustained release
of certain drugs. Porosity of the starch granule can be tuned for various food applications
including delivery of active ingredients.

With the increase in demand among the consumers for healthier food products, the
development of foods containing functional ingredients has become one of the active
research areas in the food industry. Solid particle stabilized emulsion called Pickering
emulsion is an active area of research for the delivery of bioactive and nutritionally
important components for food/functional and food/nutraceutical applications. Porous
starch prepared by the hydrolysis of native starch is reported for the sustained release and
targeted delivery of certain drugs and bioactives. Based on the above gathered

information and gaps identified we focussed on whether (1) Porous starch act as
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Pickering particles in stabilization of emulsion (2) Porous starch with abundant pores and
increased surface area, in combination with other polysaccharides such as guar gum can
improve the encapsulation efficiency for bioactive E.g., curcumin and can ensure colon
delivery by forming a Pickering emulsion (3) Fermentation metabolites of curcumin
loaded Pickering emulsion exhibit potential prebiotic and anticancer activity.

In the present study entitled “Pickering emulsion based encapsulates stabilized by
porous starch for bioactive delivery” we attempted to optimize fabrication of porous
starch using enzymatic hydrolysis. Further, the prepared porous starch was studied for
its efficacy as a Pickering particle in stabilization of O/W emulsion and as a bioactive
carrier for delivery applications using curcumin as model system. The prepared curcumin
loaded emulsion was further studied for its gastro intestinal stability and prebiotic
potential. The fermentation supernatant from the prebiotic studies were evaluated for its
efficacy in management of colon cancer in HCT 116 cells.

Chapter 1 gives a general introduction and review of literature about Pickering
emulsion, stabilization mechanism of Pickering particle, food grade Pickering particle
and its application, techniques for porous starch preparation-physical, chemical and
enzymatic method, characterization of porous starch and its food application.

Chapter 2 entitled ‘Optimization and characterization of porous corn starch and
application in emulsion stabilization’ deals with the optimization of conditions for
porous starch preparation, its characterization and application studies in emulsion
stabilization. Porous starch was prepared enzymatically using amyloglucosidase (AMG)
and amylase (AM). Two factorial experimental design was used to standardized porous
preparation in terms of pore size and surface area. The formation of pores in the starch
was confirmed by SEM images. Based on pore size, surface area and statistical analysis

optimized conditions for porous starch preparation was drawn with enzyme
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concentration of 300 U AM and 250 U AMG for 6 h incubation. Native and porous starch
were compared for physicochemical characteristics such as contact angle, zeta potential,
rheology, XRD, FTIR & DSC and the results indicated that porous starch can act as
stabilizer for O/W emulsions. Further studies such as emulsion stabilizing efficiency in
terms of creaming index, fluorescence microscopy images of emulsion to confirm
Pickering emulsion formation and studies using curcumin as model system confirmed
that porous starch act as Pickering particle and better bioactive carrier compared to native
starch.

Chapter 3 deals with Fabrication of Curcumin loaded flax seed oil encapsulates by
porous starch Pickering emulsion. O/W Pickering emulsion of curcumin loaded flax
seed oil with porous starch-Guar gum as Pickering particle was fabricated. A stable
emulsion (PSPE) was obtained with a composition of porous starch (6% w/v) and guar
gum (1% w/v) as wall material and flax seed oil (2% v/v) loaded with curcumin (80 ppm)
as dispersed phase. The optimized emulsion was stored at (4 + 2 °C) for 15 days and
characterization studies were performed and compared with that of native starch
Pickering emulsion (NSPE). PSPE with decreased particle size and high zeta potential
conferred better stability than NSPE. Rheological studies confirmed that PSPE retained
better elastic property than NSPE. Microstructure data confirmed porous starch can act
as efficient Pickering particle compared to native starch with complete encapsulation of
oil phase during the spectrum of storage and better encapsulation efficiency in terms of
curcumin retention. FTIR analysis indicated no chemical interaction other than hydrogen
bonding happening in the emulsion system. PSPE showed better encapsulation efficiency
of curcumin (83.07+2.29%) than NSPE (63.20+2.18%). In conclusion, PSE encapsulates

can be used as carrier of curcumin for food and nutraceutical applications
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Chapter 4 entitled ‘In vitro release Kkinetics and prebiotic efficacy of Curcumin
Pickering emulsion’ focus on the evaluation of in vitro release studies of curcumin in
simulated gastrointestinal condition and to investigate the prebiotic potential of PSPE.
The core release studies of porous starch Pickering emulsion showed low release in
simulated gastro intestinal conditions. Pickering emulsion was fermented using probiotic
species Lactobacillus casei and the prebiotic potential was investigated in terms of
change in pH, optical density, colony count, dry weight and by quantification of short
chain fatty acids. The results confirmed the prebiotic potential of encapsulates.

Chapter 5 is the 'In vitro screening of the fermentation metabolites in prevention and
management of colorectal cancer’. This chapter explored the anticancer potential of
fermentation metabolites in HCT 116 colon cancer cells. The fermentation metabolites
containing short chain fatty acids exhibited cytotoxic effects. The metabolites induced
DNA damage and effectively obstructed the motility and migration proficiency of HCT
116 cell lines. Suppression of antioxidant enzymes like SOD and CAT, over production
of ROS and calcium levels, loss of mitochondrial membrane integrity, ultimately induced
apoptosis in HCT 116 cells. The flow cytometry analysis was performed to confirm the
same. The protein expression studies by western blotting confirmed that the short chain
fatty acids containing fermentation metabolites induces apoptosis by upregulating

expression of Bax, Bak, caspase-3 and c-PARP and downregulating Bcl-2 protein.
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CONCLUSIONS

>

Conditions for enzymatic modification of native starch to porous starch was
standardised.

The porous starch can act as Pickering particle for emulsion stabilization.
Porous starch can also bind bioactive compounds and could be explored for
delivery application.

Porous starch based encapsulates in the form of Pickering emulsion showed better
encapsulation efficiency of curcumin and showed low release Kinetics in
simulated gastro intestinal conditions, indicating its application in colon delivery
of active ingredients.

The encapsulates with guar gum as stabilizer (also dietary fibre) and porous starch
as Pickering particle displayed potential prebiotic properties which ultimately
helps in sustaining gut homeostasis.

The fermentation metabolites of Pickering emulsion enriched with short chain
fatty acids induced apoptosis in HCT 116 colon cancer cells.

Porous starch based Pickering emulsion could be a promising strategy for
delivering bioactive phytochemicals and prebiotics to the gut for maintaining

homeostasis and to prevent and manage chronic diseases.
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FUTURE ASPECTS

» Thereis a great potential for porous starch-based delivery systems for application
in food, functional food, nutraceutical and pharmaceutical applications. Further
research is warranted to establish the health benefits using in vivo studies.

» The pore size can be finetuned for various target groups, which needs to be further
studied.

» Application of the developed emulsions and fabrication of newer emulsions based
on the same strategy should be explored for other bioactives.

» Short chain fatty acids, key mediators of gut brain communication, can be utilized

for further studies in prevention and management of life style diseases.
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APPENDIX

SLLNo  Instruments Manufacturer

1 Overhead stirrer Remi, RQ126/D, with 40V, Mumbai, India

2 Spectrophotometer Shimadzu UV-2600, Japan

3 Hot air oven Globe Tex, Digital Laboratory Hot Air Oven,
Ghaziabad, India

4 Microplate reader Synergy 4 Biotek, USA

5 Homogenizer T25 ULTRA-TURRAX digital; dispersing tool: S
25 N -8G: IKA, Private Limited, China

6 Gel electrophoresis Bio-Rad Laboratories, Germany

system

7 Water activity meter Rotronic HygroPalm23-AW-A, Switzerland

8 HPLC Shimadzu, Japan

9 FACS BD FACS Aria Il, BD Bioscience, USA

10 Scanning Electron Carl Zeiss EVO-18, Germany

Microscope

11 Oven Bajaj OTG, 4500 TMCSS, Mumbai, India

12 Confocal Microscopy Pathway 855, BD Bioscience, USA

13 Malvem Zeta sizer Zeta Nano-ZS; Malvern Instruments, UK

14 Gel Doc Bio-Rad Laboratories, Germany

15 Oakton pH 700 Benchtop Meter, Oakton Instruments, USA

16 FTIR-ATR spectrometer  Perkin Elmer, Spectrum Two, US

17 Rheometer Anton Paar GmbH. Ostfildern-Scharnhausen,
Germany

18 Drop shape analyser KRUSS GMBH, Hamburg, Germany

19 Fluorescence microscope  Olympus 1X83, Olympus Corporation of the
Americas, Center Vally, PA, USA

20 BET Micromerities Instrument Corporation, GA, USA

21 Refrigerated Centrifuge Beckman Coulter, Pasadena, CA, USA




ABSTRACT

Name of the student: Sannya Sathyan Registration No.: 10BB17J39014

Faculty of study: Biological Sciences Year of submission: 2023

ACSIR academic centre/CSIR Lab: CSIR-NIIST | Name of supervisor: Dr. P Nisha

Title of the thesis: “Pickering emulsion based encapsulates stabilized by porous
starch for bioactive delivery”

Biologically active compounds play vital role such as reducing and inhibiting the risk of
noncommunicable diseases as it exhibits many health benefits. Solid particle stabilized
emulsion called Pickering emulsion can be used for the delivery of bioactive and
nutritionally important components. Polysaccharides and protein were commonly used
as Pickering particle. Porosity of the starch granule can be tuned for various food
applications including delivery of active ingredients. Porous starch (PS) prepared
enzymatically using AM and AMG and standardized using two factorial experimental
design. Based on surface area, pore size and statistical analysis 300 U AM and 250 U
AMG for 6 h incubation were suggested for PS preparation. The physicochemical
characterization studies such as contact angle, zeta potential, rheology, XRD, FTIR and
DSC indicated that PS can act as stabilizer for O/W emulsions. Further microstructure
studies confirmed that PS act as Pickering particle and efficient bioactive carrier system.
A stable O/W porous starch based Pickering emulsion (PSPE) was obtained with a
composition of porous starch (6% w/v) and guar gum (1% w/v) as wall material and flax
seed oil (2% v/v) loaded with curcumin (80 ppm) as dispersed phase. Characterization
studies confirmed that PSPE showed better stability, elastic property, encapsulation
efficiency and can act as efficient Pickering particle than NSPE. The core release studies
of PSPE showed low release kinetics in simulated gastro intestinal conditions. The PSPE
was fermented using Lactobacillus casei and the prebiotic potential was confirmed in
terms of change in pH, OD, colony count and by quantification of SCFA. Finally,
anticancer potential of FM was studied in HCT 116 colon cancer cells and studies
confirmed that the probiotic FM of PSPE induced DNA damage, increased ROS and
calcium levels and obstructs cell motility. Loss of mitochondrial membrane integrity
ultimately induced apoptosis in HCT 116 cells which is confirmed by protein expression
studies by western blotting. Thus present study could be a potential strategy for
delivering bioactive phytochemicals and prebiotics to the gut for maintaining

homeostasis and also to prevent and manage the onset of chronic diseases.
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Abstract

Preparation of porous starch (PS) from corn starch (NS) using enzymes amylase (AM) and amyloglucosidase (AMG) was
standardized using two factorial experimental design in terms of surface area and pore size distribution. SEM micrographs
confirmed the formation of porous structures in the granules. Based on surface area, pore size and statistical analysis 300 U
AM and 250 U AMG for 6 h incubation were suggested for porous starch preparation. Physicochemical characteristics of NS
and PS were compared using zeta potential, contact angle, rtheology, FTIR, XRD, and DSC which suggested the potential of
PS as a stabilizer for O/W emulsions. Further studies confirmed emulsion stabilizing efficacy of PS with creaming index of
5.0% against 16.6% for NS. The fluorescence microscopy images of the emulsion after staining with specific dyes revealed
that PS acts as a Pickering particle. Furthermore, studies using curcumin as model system indicated that PS acts as better
bioactive carrier as compared to NS. The curcumin holding capacities of PS and NS were 82.24 +1.07 and 61.03 +1.43%,
respectively. The study suggested that PS can be effectively used as Pickering particle and bioactive carrier in various food,

nutraceutical, and pharmaceutical applications.

Keywords Porous starch - Pickering particle - Fluorescence microscopy - Bioactive carrier

Introduction

The application of solid colloidal particles to produce sta-
ble emulsions is gaining lot of attention at present. Solid
particle-stabilized emulsions, called Pickering emulsions
(Pickering, 1907; Ramsden, 1903; Saffarionpour, 2020),
show long-term stability without the addition of surfactant
as solid particles adsorbed onto oil-water interface and
regarded as promising alternative to conventional syn-
thetic emulsifiers (Jiang et al., 2019; Kierulf et al., 2019).
Inorganic particles like clay, latex, silica, and hydroxyapa-
tite are widely used as stabilizers but their use have been
restricted within the food and pharmaceutical industries
because of growing concern over biodegradability, bio-
compatibility, and carcinogenicity of synthetic surfactants
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(NIIST), Thiruvananthapuram 695019, Kerala, India
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Published online: 13 June 2022

(Kierulf et al., 2020; Wang et al., 2016a, b; Wu et al.,
2021). Pickering particles shown to have several advan-
tages over conventional stabilizers such as lower toxicity
and improved gut health, improved stability, lower irrita-
tion to the skin, and lower contamination for the environ-
ment (Chassaing et al., 2015; Marefati et al., 2017; Marku
et al., 2012; Qi et al., 2014). Addition of Pickering parti-
cles can alleviate the problems associated with surfactants
including air entrapment, foaming, irritancy, and interac-
tion with the living matter (Frelichowska et al., 2009).
Proteins, lipids, and polysaccharides are reported to be
used as Pickering particles for stabilizing emulsions. Pro-
teins like zein, and soy protein and, polysaccharides like
starch, and cellulose are commonly used (Guida et al., 2021).
Among polysaccharides, starch are widely used because they
are inexpensive, non-allergenic, biodegradable, and GRAS
(Zhu, 2019). Starch consists of linear amylose chains, i.e.,
glucose units with a- (1 —4) linkage) and branched amy-
lopectin, a-(1 —4) glucose units linked to a-glucan with
a-(1— 6) bonds (Pérez et al., 2009). The ability of native
starch to stabilize Pickering emulsions are due to differ-
ent physical and functional properties such as shape, size,
granular structure, ratio between amylose and amylopectin
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content, and chemical composition (Din et al., 2015). Pre-
vious studies also show that granule size (Li et al., 2013)
and granule composition (Kierulf et al., 2020) are important
factors that determine the emulsifying property of starch.

Native starch in its commercial, pure, native form will
not act as a stable Pickering particle (Aveyard et al., 2003;
Kierulf et al., 2020). Starch is subjected to physical and
chemical modifications to enhance the ability of starch to
act as a Pickering particle (Guida et al., 2021; Zhu, 2019).
Physical modification results in difference in surface proper-
ties, particle size, solubility index, and functional properties
like swelling capacity and gelation ability of starch (Nawaz
et al., 2020). Commonly used physical modification methods
are micronization, pulse electric field, ultra-sonication, ultra-
high pressure, heat-moisture treatment, annealing, freezing,
and mild heating (Punia, 2019; Zhang et al., 2019). Methods
of chemical modification include oxidation, etherification,
esterification, cationization, cross linking, and hydrolysis.
Chemical modification results in change in physical behav-
ior like salting, retro gradation, and gelatinization of starch
(Korma et al., 2016). Among hydrolysis enzyme, hydrolysis
is most preferred method to make it porous.

Porous starch is a modified starch obtained by chemical,
physical, and enzymatic treatment which produce abundant
pores on the surface that could be extended to center of
starch granules (Dura et al., 2014). Among different methods
used for the production of porous starch, enzymatic method
was widely used because of high catalytic efficiency, sub-
strate specificity, and mild reaction conditions (Chen et al.,
2020; Liu et al., 2018). During past decade, enzyme catalysis
method has received increased attention, because it is more
efficient, healthier, and environmentally friendly (Hoon
et al., 2018). Various factors like enzyme type, source of
starch, and reaction conditions will influence the yield of
porous starch. Enzymes amylase, amyloglucosidase, pul-
lulanase, isoamylase, glycogen branching enzymes, and
cyclodextrin-glycosyltransferase were commonly used for the
preparation of porous starch (Chen et al., 2020; Dura et al.,
2014). Amylase and amyloglucosidase hydrolyzed starch by
cleaving a-1, 4- or a-1, 6 glucosidic bonds and many stud-
ies suggested that synergistic action of these enzymes are
required to hydrolyze starch completely and rapidly (Dura
et al., 2014; Guo et al., 2020; Sun et al., 2010).

Porous starch has many applications in food, phar-
maceuticals, environment management, and other indus-
tries. In food industry, porous starch is used for protec-
tion of sensitive elements like vitamins, oils, and food
pigments which are sensitive to light and also used as
colorants, spices, and sweeteners carriers (Belingheri
et al., 2015a, b; Majzoobi et al., 2015). In recent studies,
Zhou et al. (2021) prepared V-type porous starch (VPS)
from V-type granular starch (VGS) and the effects of dif-
ferent concentrations of starch and ethanol and reaction
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temperatures on the microstructure, crystal morphology,
crystallinity, and adsorption properties of VGS before
and after enzymatic hydrolysis were studied and reported
that VPS exhibited higher V-type crystallinity and bet-
ter oil adsorption capacity. Guo et al. (2021) prepared
porous starch using three different enzymes and reported
that starch treated with combination of three enzymes,
amylase, branching enzyme, and glucoamylase was found
to be most efficient with improved adsorption capaci-
ties. The authors studied structural properties (amylose
and amylopectin), morphological characteristics (SEM),
structural features (particle size, pore size, surface area),
and adsorption capacities (of oil, pigment, heavy metals)
of porous starch. However, these studies lack characteri-
zation studies like FTIR, XRD, DSC, and rheological
studies which are very important with respect to the
application of these in food systems. Wu et al. (2020)
also prepared porous corn starch by combining extru-
sion technology followed by enzymatic hydrolysis but
the study also lacks the rheological studies.

The porous starch could also be used for bioactive deliv-
ery. (Belingheri et al., 2015a, b) used porous starch for flavor
delivery in tomato-based food application. Zhu et al. (2018)
reported an effective method for colon-targeted delivery of
doxorubicin using porous starch along with pectin/chitosan
coating. Oliyaei et al. (2020) reported encapsulation of
fucoxanthin in porous starch. However, similar studies on
the efficiency of porous starch as bioactive carrier is scarce.
Therefore, in the present study, we optimized the method
of preparation of porous starch from native corn starch by
enzyme hydrolysis method, which and was further subjected
to detailed physicochemical characterization in terms of
particle size, zeta potential, contact angle, rheology, DSC,
XRD, and FTIR and compared it with native starch. The
porous starch thus prepared using optimized method was
further investigated for its efficiency as (1) Pickering parti-
cle in oil in water emulsion so that it can be used in further
food and nutraceutical applications and (2) as a carrier of
bioactive for delivery applications with curcumin as a model
system.

Materials and Methods
Materials

Starch from corn (CAS:9005-25-8), a-amylase from Asper-
gillus oryzae (AM) (30 U/mg), amyloglucosidase from
Aspergillus niger (AMG) (> 260 U/mL), and curcumin from
Curcuma longa were purchased from Sigma-Aldrich-USA.
All the other reagents used in this study were of analytical
grade.
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Preparation of Porous Starch

Optimization of Concentration and Incubation Time
of Individual Enzyme

The preparation of porous starch (PS) was optimized based
on previously published protocol (Zhang et al., 2012)
using enzymes AMG and AM with slight modifications.
Initially, the PS was prepared by treating the native corn
starch (NS) with AM and AMG separately. Concentration
and incubation time for treatment of each of the enzyme
were selected based on the reported literature. Accord-
ingly, we selected a low and high concentration and incu-
bation time for the enzymes treatment (Table 1). Enzymes
(AMG and AM) at different concentrations were added
to starch slurry (10%) prepared in phosphate-buffered
saline (PBS) (pH-5) at 50 °C and kept under incubation
for different durations of time. After completion of enzyme
hydrolysis, the pH was adjusted to 10 with 1 M KOH.
The starch slurry was then centrifuged at 4000 rpm for
15 min. The supernatant was decanted, and the precipitate
was washed with distilled water 4-5 times to remove the
remaining enzyme and potassium hydroxide. The residue
was then transferred to a Petri dish and dried at 50 °C for
5 h. The dried sample was powdered and passed through
as 50-mesh sieve and was analyzed for surface area, pore
size, and SEM determination.

Furthermore, porous starch preparation using enzyme
combination was optimized using a two factorial experi-
ment design. The concentration and incubation time for
the combination of enzymes treatment for the design were

selected based on the preliminary results obtained from
the individual enzymes.

Modeling and Optimization

Porous starch preparation was standardized using a two
factorial experimental design (34-36) against input factors
of enzyme concentration, incubation time, and response
parameters of surface area, pore size, and surface morphol-
ogy. The experimental domain of the input parameters was
defined based on the preliminary studies (Optimization of
concentration and incubation time of individual enzyme).
Based on the results obtained from these experiments, two
factorial experiments were designed for the combination of
enzymes (Table 2).

Determination of Specific Surface Area and Pore
Size Distribution

The pore structures of the starch granules including the spe-
cific surface area (SSA) and pore size distribution (PSD)
were analyzed based on an N, adsorption—desorption pro-
cess with nuance (Du et al., 2013; Jadhav & Vavia, 2017).
The analysis was carried out on a TriStar II 3020 instru-
ment (Micromeritics Instrument Corporation, GA, USA).
The system was operated at pressure (P/P0O) range of 0.1 to
1.0. The samples were degassed at 100 °C overnight under
vacuum before adsorption and the temperature was main-
tained at 77 K. The SSA and PSD were calculated using
Brunauer-Emmett-Teller (BET) and Barrett-Joiner-Halenda
(BJH) methods.

Table 1 The surface area and pore size of starch treated with different concentrations of enzymes, (AM, AMG) and time of incubation

Enzyme/s Concentration Time Surface Pore size

(U/mL) (h) area(m?/g) (nm)
Amylase (AM) 300 8 0.720 10.200
300 12 0.759 09.945
3000 8 0.581 09.554
3000 12 0.465 06.175
Amyloglucosidase 300 8 1.457 28.809
(AMG) 300 12 1.289 16.061
900 8 0.981 23.219
900 12 0.721 09.413
1500 8 2.235 33.307

1500 12 1.302 19.307 et hami  mmwr e ~Tr

AMG 300 UfmL, 12 b AMG 1500 UL, 12 h
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Table 2 The surface area and pore size of starch treated with combination of enzymes, (AM/AMG) and time of incubation

Enzyme/s Concentration Time Surface Pore size SEM Images
(U/mL) (h) area(m?/g) (nm)
Amylase/ 150/150 6 0.900 17.389
Amyloglucosidase
(AM/AMG) 150/150 8 1.126 13.654
150/300 6 0.468 48.188
150/300 8 0.737 34.330
300/150 6 1.781 09.165
300/150 8 0.860 09.416
300/300 6 0.614 40.527
300/300 8 0.207 12.591 300U/mL AM +150 U/mL AMG 6h \ . hate e
300U/mL AM +300 U/mL AMG12h

Scanning Electron Microscopy (SEM)

NS and PS powder were adhered to an aluminum specimen
holder by carbon tape. Next, a thin layer of gold was coated
on to the sample under vacuum with a gold/palladium sputter
coater (SC7620, Emitech, Quorum Technologies Ltd, Kent,
UK) prior to the microscopical evaluation. The microscopic
surface texture of these samples was evaluated by scanning
electron microscopy (ZEISS; EVO 18, Germany) under 15
kv of accelerating voltage (Da Silva Soares et al., 2021. The
micrographs were recorded at 10,000X magnification.

Particle Size and Zeta Potential

The size and zeta potential of NS and PS were calculated
using the Malvern Zetasizer (Zeta Nano-ZS; Malvern Instru-
ments, UK), which works on the principle of dynamic light
scattering (DLS) (Comunian et al., 2020).

Contact Angle

The sample (5% of NS and PS in water) was heated at 85 °C
for 30 min. The starch paste was then transferred to a cov-
erslip and the contact angle was measured in a Drop shape
analyzer. (Model: DSA30E, KRUSS GmBH, Hamburg,
Germany; with the KRUSS ADVANCE Software 1.7.0.8,
Version 15).

Rheology

The flow behavior, amplitude sweep and frequency sweep
of NS and PS, was determined using a controlled stress
rheometer (MCR 102 Rheometer, Anton Paar GmbH,
Ostfildern-Scharnhausen, Germany). The starch samples,
NS and PS, were mixed with water (38% W/V, optimized
based on experiment trials), and stirred for 30 min before
doing the rheological studies. The probe used for the study
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was plate geometry of 25 mm diameter and 0.105 mm gap
(Mohammed et al., 2021). To determine the flow behavior,
the shear rate used was in the range from 0.01 to 100 s~
The amplitude sweep was performed to find the LVR region
by changing the strain from 0.01 to 10% for PS and 0.01 to
100% for NS. The frequency sweep was performed within
the LVR region at a frequency range from 0.01 to 100 rad/s.

ATR-Fourier-Transform Infrared (FTIR) Spectroscopy

Fourier-transform infrared (FTIR) spectroscopy of NS
and PS was recorded using an FTIR-ATR (attenuated total
reflection) spectrometer (Perkin Elmer, USA), equipped with
an ATR accessory with a diamond crystal at an incidence
angle of 45°. Transmittances were recorded at wave numbers
between 4000 and 400 cm™".

Differential Scanning Calorimetry (DSC)

The thermal behavior of NS and PS was evaluated by differ-
ential scanning calorimetry (DSC). DSC measurements were
carried out using a differential scanning calorimeter (DSC
Q2000, TA Instruments, USA) based on previous studies
(Tao et al., 2016). Briefly, 3 mg of samples was weighed

Table 3 Regression table for combination of enzymes AM and AMG

Enzymes Surface area Pore size
Effect  Coefficient Effect Coefficient

AM 0.057 -0.028 —104.650 —52.330
AMG —-0.660 —0.330 215.000 107.500
Time —-0.208 —-0.104 —113.200 —56.600
AM*AMG -0.250 —0.125 —-42.350  -21.170
AM*time -0.455 -0.227 -25.230  -12.620
AMG*time 0.139  0.069 -95.770  —47.890
AM*AMG*time 0.118 0.059 —45.160  —22.580
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and distilled water was added (6 pL), and placed into pre-
weighted aluminum sample pans. The samples were scanned
from 40 to 90 °C at a heating rate of 10 °C/min under an
atmosphere of nitrogen. The temperature values obtained
were the onset temperature (To), the peak temperature (Tp),
and the conclusion temperature (Tc).

X-Ray Diffraction (XRD)

XEUSS SAXS/WAXS system from Xenocs was used to
record the wide-angle X-ray diffraction (WAXD) measure-
ments in the transmission mode. The powdered NS and PS
samples were used for the analysis. The operating voltage
was 50 kV, and the current was 0.6 mA, with Cu Ko radia-
tion of wavelength ~1.54 A.The 2D patterns were recorded
on a Mar345 image plate and the data was analyzed using
the Fit2D software. The degree of crystallinity was calcu-
lated using grams software.

Efficacy of Porous Starch as Emulsion Stabilizer

The efficiency of porous starch in stabilizing emulsion was
studied in terms of creaming index. For the preparation of
emulsion, 10% of starch (NS and PS) was mixed with 10%
flax seed oil and 80% water. The mixture was homogenized
at 12,000 rpm for 150 s to yield emulsion. The emulsion
was stored at room temperature (37 °C) and creaming index
of NS and PS was calculated at 24 h and 48 h. The cream-
ing index was calculated by the formula, CI (%)= 100xHC
/ HE, where HC is the height of aqueous layer, HE is the
initial height.

Fluorescence Microscopy

Fluorescence microscopy was performed to determine
whether the PS would act as Pickering particle (Olympus
fluorescence microscope IX83, Olympus corporation of
Americas, Center Valley, USA). PS and NS were stained
with dye nile red and safranin for staining oil and starch
respectively (Cakmak et al., 2012; Daniel & Ana, 2020;
Dean et al., 2010). One hundred microliter of emulsion was
taken in a 96 well plate and first stained with nile red (10%),
kept for few minutes, followed by safranin (5 mg/ml). The
images were recorded using a delta 512 EMCCD camera
(photometrics, USA).

Efficacy of Porous Starch as Bioactive Carrier

Curcumin (50 pg) was added to 500 mg starch taken in 5 mL
water. The mixture was stirred at 60 °C for 1015 min and
then centrifuged at 10,000 rpm for 10 min. The supernatant
was removed and the pellet was washed with methanol, vor-
texed for few minutes, and again centrifuged at 10,000 rpm

for 10 min. The supernatant was collected and the process
was continued until the pellet become colorless. The super-
natant was pooled together, made up to 10 mL and curcumin
content was determined using HPLC method.

The supernatant of NS and PS was filtered through
0.22 um PTEFE filter. The analysis was performed on a
prominence ultra-fast liquid chromatography (UFLC) sys-
tem containing LC-20AD system controller, phenomenex
Gemini C18 column (250X 4.6 mm, 5 um), a column oven
(CTO-20A), an auto sampler injector (SIL 20 AC), and a
diode array detector (SPD-M20A). The mobile phase used
for curcumin quantification was isocratic system, i.e., 100%
methanol. The injection volume was 10 uL, and the flow
rate was kept at | mL/min. The column was maintained at
40 °C and eluted fractions were monitored at 420 nm. Sam-
ple peaks (NS and PS) were identified by comparing with
retention times of curcumin peak. LC Lab solutions software
was used for data acquisition and analysis.

Results and Discussion
Optimization of Porous Starch Preparation

Initially, NS was treated with AM and AMG at different con-
centration based on the literature to understand the optimum
concentration and incubation time to yield desired porosity,
which was assessed in terms of surface area (m%/g) and pore
size (nm). The surface area and pore size of NS were 0.202
m?/g and 03.457 nm respectively.

The surface area and pore size of starch treated with
different concentrations of AM and time of incubation
(Table 1) showed that starch treated with 300 U of enzyme
exhibits greater surface area and pore size. It is also evi-
dent from the scanning electron micrographs of AM-treated
starch (Table 1 and Supplementary Fig. 1). a-Amylase is an
endo-acting enzyme that can hydrolyze the o (1 —4) glyco-
sidic linkages of starch that rapidly reduce the chain length
of amylose and amylopectin resulting in increase in number
of short linear and branch chains ( Xu et al., 2015). From the
SEM images, it is clear that at lower enzyme concentration
(300 U) starch shows small pores and there was no signifi-
cant change in pore size when the enzyme concentration was
increased from 300 to 3000 U. Ichihara et al. (2013) reported
that a-amylase treated cassava starch granules results in
changes in properties of granules without changing the size
and morphology. Dura et al. (2014) also reported that amyl-
ase treatment produces small pores in starch granules. These
observations suggested that AM at concentrations of 300 U
and below, for an incubation time of 8 h and below can result
in desirable porosity.

The surface area and pore size of starch treated with
different concentrations of AMG and time of incubation
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indicated that compared to 300 U enzyme concentration,
900 U showed decrease in surface area and porosity which
is contradictory. In general, it was noted that the pore size
and surface area decreased with increase in incubation
time for all concentration of AMG studied. An enzyme
concentration of 1500 U exhibited higher porosity and sur-
face area (Table 1). Amyloglucosidase hydrolyzes single
glucose residues from non-reducing ends of amylose and
amylopectin in a step wise manner and it can also hydro-
lyze a (1,6) linkages in the branch points of amylopec-
tin (Aggarwal & Dollimore, 2000). Surface morphology
of starch treated with AMG (Table 1 and Supplementary
Fig. 2) shows large pores and broader size distribution with
increase in enzyme concentration and incubation time. At
higher enzyme concentration and longer duration espe-
cially at 900 and 1500 U of enzyme concentration, the
morphology of starch changed to deep and large irregular
holes and broken structure. These results along with SEM
images suggest that concentrations of 300 U give rise to
desirable porosity. The observed results are in accordance
with Benavent-gil and Rosell (2016) who reported that
amyloglucosidase-treated starch shows large pores and at
high amyloglucosidase concentration, depression in the
granules was seen due to the eroding action of enzyme on
the surface of granule. Aggarwal and Dollimore (2000)
also observed an increased pore size when amyloglucosi-
dase concentration was increased, up to a concentration
of 800 U/g starch, after which large irregular holes and
broken structure of starch were observed. It was observed
that porous starch, for delivery/encapsulation applications,
can be obtained by treating NS with AMG at concentration
300 U for 8 h incubation and at higher concentration of 900
U, AMG resulted in breakdown of starch structure with
irregular pores making it unsuitable for such applications.

Effect of Combination of Enzyme on Porous Starch
Preparation

Based on the above observations acquired for individual
enzymes (maximum enzyme concentration and time of
300 U and 8 h respectively), a two factorial experimental
design was obtained (as given under Table 2) for combina-
tion of enzyme treatment. Enzyme concentration and incu-
bation time were the input factors whereas surface area
and pore size were the output parameters. The regression
analysis is given in (Table 3) and the equation for surface
area and pore size are given in Eqs. (1) and (2) respec-
tively. As can be seen, the effect of interaction between
enzyme concentration and time on surface area was more
pronounced than individual effects (Table 2). Porosity was
directly influenced by AMG enzyme, rather than by amyl-
ase and time.
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Surface area = — 5.693 + 0.04317 AM + 0.01061 AMG
+ 0.9013 Time — 0.000096 AM*AMG
+ —0.005398AM*Time — 0.001431 AMG™ Time

+ 0.000010 AM*AMG*
(D
Pore size = 423.7 — 4.996 AM + 0.4271AMG
—78.32 Time + 0.02434AM +« AMG @

+ 0.7351AM x* Time + 0.2648 AMG
* Time — 0.004015AM = AMG % Time

The SEM images of starch treated with combination
of enzymes, AM and AMG (Table 2 and Supplementary
Fig. 3), indicated more pronounced and controlled forma-
tion of deep pores, confirming the synergistic action of these
enzymes. The treatment of starch with combination of AM
and AMG has already been reported to result in shallow to
deep pores (Malucelli et al., 2015). Based on the param-
eters analyzed and SEM images, a combination of 150/300
and 300/300 of AM/AMG for 6 h was found to yield better
porosity incubation time of 8 and 12 h resulted in degrada-
tion of starch molecules as evident from the SEM images.
Lacerda et al. (2018) reported that 12 h of incubation time
was excessive because it may result in appearance of internal
canals due to exo-corrosion. Due to longer incubation time,
shape of the granule also changed resulting in partial frac-
ture, rough surface, and weakened structure.

As discussed earlier, a-amylase randomly and rapidly
cleaves a-(1,4) glycosidic bonds of starch with dextrin as
main end product. Thus, a-amylase only undergo incom-
plete hydrolysis. Amyloglucosidase can cleave both a-(1,4)
and a-(1, 6) glycosidic bonds from the nonreducing ends
of starch chains and forms entirely glucose. However, the
action of amyloglucosidase is very slow. When used in
combination, firstly, a-amylase randomly splits the glu-
cose residues present on the surface of starch and releases
new non reducing ends. Secondly, amyloglucosidase act on
these nonreducing ends and releases glucose continuously
from the granules. Thirdly, amyloglucosidase forms holes
from surface to the center of granule, allowing more access
of a-amylase into the interior of granule and act on more
glycosidic bonds resulting in the formation of pores (Sun
et al., 2010). Yu et al. (2018) also reported that treatment
of corn starch with combination of enzymes creates sig-
nificant changes by producing pores, but without altering
the shape of starch granules. Lacerda et al. (2019) reported
that while using combination of enzymes amylase and
amyloglucosidase, more superficial attacks were observed.
Chen et al. (2020) also reported that for the preparation of
porous starch, multiple enzyme treatment, i.e., combination
of amylase and amyloglucosidase was mostly used. Thus,
the synergistic action of amylase and amyloglucosidase can
hydrolyze the entire starch quickly.
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The optimum concentration of enzymes obtained after
design analysis suggested an optimum surface area and pore
size at incubation time of 6 h and at an enzyme concentra-
tion of 300 U and 250 U of AM and AMG respectively.
Based on the statistical analysis, porous starch was prepared
using the optimum combination of enzymes, i.e., 300 U AM
and 250 U AMG for 6 h, for further characterization and
application studies.

Characterization of Porous Starch

Size of starch varies based on their origin and corn starch
mostly comes under medium-sized starches. Size of Picker-
ing particles and zeta potential plays a key role in the forma-
tion of stable emulsion. Therefore, the zeta potential of NS
and PS was also evaluated. It is also important to understand
the wettability or hydrophobic/hydrophilic nature of the par-
ticles in order to determine the choice of emulsion type, i.e.,
O/W or W/O, which is measured using contact angle.

Particle Size and Zeta Potential

The particle size of NS was found to be 3.549 +0.085 ym
whereas the same for PS was 2.302 +0.062 um. As can be
seen, the particle size decreases after the enzyme treatment.
The results obtained were in accordance with previous
reports that the enzymatic treatment reduces particle size
efficiently, as hydrolysis ruptures the NS (Jiang et al., 2017;
Yu et al., 2018). Hisfazilah Saari and Marilyn Rayner (2019)
reported that decreased particle size of starch increased the
stability of Pickering emulsion against creaming. Quinoa
starch yielded a stable Pickering emulsion which is attrib-
uted to its smaller particle size and the droplet size decreased
with decreased particle size (Rayner et al., 2012).

The zeta potential of NS and PS was —-34 mV
and —42 mV, respectively. In a colloidal system, higher
surface electric charge (4/—) indicates potential stability
of the system (Espinosa Solis et al., 2021). The negative
zeta potential values signify the negative charges on the
surface of starch particles (Wei et al., 2014). A higher zeta
potential reduces the Van der Waals force because of elec-
trostatic repulsion between the particles (Ahmad et al., 2020;
Schafer et al., 2010). Dai et al. (2018) reported that higher
zeta potential leads to less tendency for particle agglomera-
tion and hence lead to higher particle stability. Ahmad et al.
(2020) also reported negative zeta potential values for starch
nanoparticles. Thus, the high zeta potential value of PS con-
fers upon its greater stability relative to NS.

Contact Angle

Contact angle measurement provides a significant way to
analyze the surface properties of starch and used usually
as a marker to measure the degree of surface hydrophobic-
ity or hydrophilicity. Contact angle of <90° denotes hydro-
philic particles that is suitable for stabilizing O/W emulsion
and > 90° indicates particle with hydrophobic nature which
is suited for the formation of W/O emulsion (He et al., 2013;
Su et al., 2010). Coalescence is the process where droplets
come into contact and combine to form large droplets and
in course of time, this increases the average droplet size and
thus reduces the stability of emulsion (Maphosa & Jideani,
2018). Accordingly, the contact angle of NS was 72.4°+0.14
and that of PS was 63.82° +0.39 (Fig. 1). Li et al. (2013)
studied about emulsifying ability of different native starch
granules and reported that rice starch (contact angle 48°)
which is more hydrophilic than potato starch (contact angle
63°) showed to be a good particle emulsifier and stabilize

b

—_—

Fig. 1 Contact angle of NS (a) and PS (b)
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Fig.2 Shear stress vs. shear rate plot and shear rate vs. viscosity plot of NS and PS are given in Fig. 2a and b respectively

emulsion against coalescence for several months. Hydro-
philic particles stabilize oil in water emulsion as most of
the particles would be structured in aqueous phase whereas
hydrophobic particles stabilize water in oil emulsion (Wu
& Ma, 2016). Our results indicated that the contact angle
of the PS is lower than that of NS, which makes PS more
hydrophilic which makes it more effective as a solid emul-
sifier in oil in water Pickering emulsions with respect to
emulsion stability.

Rheological Studies

Flow Behavior The comparison of the flow ability of NS and
PS of same composition of 38% W/V at 25 °C is depicted in
Fig. 2. The NS system had shown Newtonian behavior at all
shear rates with viscosity 0.0285 +0.009 Pa.s. On the other
hand, PS system shows non-Newtonian behavior with an
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Fig.3 Amplitude sweep of NS (a) and PS (b) respectively
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evident shear thickening till the shear rate of 30 s™! followed
by shear thinning with a decreasing viscosity as the rate
increases further. Shear stress vs. shear rate plot and shear
rate vs. viscosity plot of NS and PS are given in (Fig. 2a and
b) respectively.

Dynamic strain sweep determines the LVE region of the
system where the properties of substances will not vary
according to the magnitude of stress, deforming strain or
applied shear rate. The structure of the system remains the
same along the LVE region (Chen et al., 2017; Steffe, 1996).
Thus, LVE region is required for the determination of the
storage modulus (G'), and loss modulus (G"), of viscoelastic
materials (Liu et al., 2014). Instrument could detect only G”
for NS matrix for entire range of applied strain. The PS sys-
tem has shown viscoelastic nature with both G’ and G" and
the nature was predominantly elastic at lower strain values,
which then changed to viscous with increasing strain. The
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Fig.4 Frequency sweep of NS (a) and PS (b) respectively

LVE plateau value for the NS is observed to be less than 3%
(Fig. 3a), whereas the plateau for PS was found at strain less
than 0.7% (Fig. 3b).

Dynamic frequency sweep test is useful in determin-
ing the viscoelastic properties of a system in terms of time
scale. G’ refers the elastic property and G” refers the viscous
property of a system (Okonkwo et al., 2021). The NS has
indicated that the system was not viscoelastic in nature since
it has shown only the loss modulus responses (Fig. 4a) in
a similar time scale as that of the PS system. In contrast,
the PS matrix has shown a viscoelastic nature with both
G’ and G” (Fig. 4b). Also, the PS system shows a higher
G’ value than the G” compared to the NS system at all the
frequencies up to 90 Hz. The system has shown a cross over
with G"> G’ only at frequency greater than 90 Hz. Since the
stability and emulsifying properties of the starch systems
can be directly related to the elastic nature of the material,
PS was observed to be a better component than NS, which
can contribute more stability and elasticity to the system in
which they will be incorporated. Also, we can deduce that
there are more interaction forces among the PS particles than
NS. These interactions in the PS matrix may help promote
the formation of steric barriers that can prevent coalescence
in emulsions.

XRD

In order to study the effect of enzyme treatment on the
amorphous and crystalline region, NS and PS were ana-
lyzed by XRD. XRD diffractograms are shown in the
(Fig. 5a) and it is evident from the figure that both NS and
PS show A pattern, which is characteristic of corn starch.
A typical A pattern shows two single broad peaks at 15 and
23 (20), lower peak at 20 (20), and dual peak at 17-18 (20)
(Lei et al., 2009). NS and PS in the present study showed
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typical A pattern with strong reflections at 20 of 15, 17,
18, 20, and 23. The deconvolution results show that degree
of crystallinity increased from 42.36% in NS to 52% in
PS (Fig. 5b and c). The crystallinity of porous starch is
increased because enzymatic reaction mainly happens in
the amorphous region resulting in increased crystalline
region and decreased amorphous region (Zhang et al.,
2012). In a recent study, Azfaralariff et al. (2020) reported
that starch nanocrystals prepared from sago starch showed
increased crystallinity and can be effectively used as emul-
sifier in oil in water emulsion. This suggests that porous
starch with increased crystallinity should be employed for
the evaluation as Pickering particle in emulsion.

Thermal Behavior

As the porous starch-based Pickering emulsions could be fur-
ther converted in to powder form by means of spray drying
or freeze drying for application in food, nutraceutical, and
pharmaceutical applications, it is important to determine the
thermal behavior (especially for spray drying as the sample
has to pass through hot air currents) of NS and PS which
was assessed by differential scanning calorimetry (DSC)
(Fig. 6). Thermal behavior is also important with respect to
storage stability (Laura, Gomez-Mascaraque et al., 2017).
As can be seen, notable differences were observed between
the thermograms of NS and PS. The onset temperature (To),
peak temperature (Tp), and conclusion temperature (Tc)
are given in Table 4 and a delayed gelatinization of NS is
observed as in the case of previous reports. Gelatinization is
the breaking of intermolecular and intramolecular hydrogen
bonds of starch due to excess water and heat. As a result,
water is absorbed in an irreversible manner leading to swell-
ing of starch granules. Water can freely enter through amor-
phous region but in crystalline region, it happens only due to
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Fig.5 XRD diffractograms of native and porous starch (a). Deconvolution plots of native and porous starch (b) and ¢ respectively

increased temperature and excess water (Yu et al., 2018). So
gelatinization of starch granules is closely related to the pro-
portion of crystalline regions, and more crystallinity results
in a higher gelatinization temperature (Zieba et al., 2011).
The XRD studies indicated that enzyme hydrolysis results
in more crystalline region in PS and therefore, they are more
resistant to gelatinization. Therefore, the PS obtained through
enzymatic hydrolysis are more thermally resistant and thus
can be used for further food applications (Yu et al., 2018).

FTIR The IR spectra of NS and PS are shown in the (Fig. 7).
As it is evident from the figure, there is no obvious change
in the positions of characteristic absorption peak of NS and
PS. This is because the molecular structure of starch did not
change after the enzymatic reaction and so the functional
groups were also the same (Zhang et al., 2012). The FTIR
spectra contain the characteristic peaks for NS in the finger-
print region at 3400 cm™' (~OH stretching) which indicates
the free O—H stretching vibration of OH groups in polysaccha-

@ Springer

ride molecule, 1152 cm™! (C-C, C-O stretching), 1080 cm”!
(C-O-H bonding), 928 cm™!, skeletal mode vibrations of
a-1,4 glycosidic linkage (C—-O—C), 859 cm™! (C (1)-H, -CH2
deformation), 764 cm™! (C—C stretching) (Wang et al., 2016a,
b). PS also shows similar peaks with respect to NS confirm-
ing that there is no modification in chemical structure of PS
and can be used for further applications.

Preparation of Emulsion

Above studies suggested that PS thus prepared could be
employed as an emulsifier/stabilizer for O/W emulsions.
Therefore, we conducted preliminary studies to evalu-
ate the efficacy of the PS in stabilizing the emulsions.
The stability of the emulsion was assessed in terms of
creaming index which was measured in terms of height
of total emulsion and aqueous layer (Hong et al., 2018;
Konar et al., 2019). O/W emulsion was prepared using
NS and PS with 10% flax seed oil and 80% water and
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was observed for 48 h of storage. It was found that the
creaming index of NS and that of PS after 24 h of storage
was 16.6 and 5.0%, respectively, which did not change on
further storage (Fig. 8). As can be seen, for emulsion pre-
pared using NS, the oil layer was clearly visible at the top
after 30 min itself. However, the PS-stabilized emulsion
exhibited significantly higher stability as compared to NS.
The characterization studies in the previous sections
suggested better emulsion stabilizing properties of PS as
compared to NS. Thus, PS can be more effectively used as
Pickering particle in emulsion as compared to NS.

Fluorescence Microscopy
It was understood from the previous studies that PS forms

a stable emulsion by acting as a Pickering particle. In order
to confirm this, fluorescence microscopy of the freshly

L] l L] I L]
70 80 20

Temperature

prepared emulsion was performed. The emulsion was
stained with safranin and nile red for staining the starch
Fig. 9PS (A) and oil Fig. 9PS (B) respectively. Images
clearly demonstrate that PS adsorb onto interface between
two phases (green color) with inner oil phase (red) and the
merged image Fig. 9PS (C) clearly depicts the entrapment
of oil by the PS particles, thus acting as Pickering parti-
cle. Whereas, in NS-stabilized Pickering emulsion, there
was no distinguished layer separation observed. The starch

Table 4 Gelatinization temperature of native and porous starch

To (°C) Tp (°C) Te (°C)
Native starch 61.76+0.09 69.42+0.09 73.56+0.7
Porous starch 65.94+04 72.79+0.07 76.78+0.8

To onset temperature, Tp peak temperature, Tc conclusion tempera-
ture
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Fig.7 FTIR spectrum of NS and PS

particles were also found in the core portion of emulsion.
Images also demonstrate the presence of oil on the outer
surface of starch particles thus leading to the destabiliza-
tion of the emulsion Fig. 9 NS (A), NS (B), and NS (C).
This suggests that PS as Pickering particle can protect
nutritionally and biologically active substances by pro-
viding a protecting layer surrounding them.

Evaluation of Efficacy of Porous Starch as Carrier
of Bioactives

PS is reported to be employed for delivery of flavor, antho-
cyanins, doxorubicin, and controlled release of insulin for

il
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Fig. 8 Emulsion of NS and PS after 30 min, 24 h and 48 h

@ Springer

’

10ROSILICATE
GLAS

S

2400 2800 3200 3500 4000

Wave Number {cm-1)

food and pharmaceutical applications (Belingheri et al.,
2015a, b; Ji, 2021; Zhu et al., 2018; Chen et al., 2021). In
order to understand the use of PS for delivery applications,
we carried out experiments using curcumin as bioactive
model system. Both NS and PS were mixed with curcumin
for a predetermined time. The slurry was centrifuged so
that the un-interacted curcumin (free curcumin) is left
behind in the supernatant. The residue was extracted and
analyzed for curcumin using HPLC (Dallarmellina et al.,
2021; Patil et al., 2017). The typical HPLC chromatograms
and quantifications of curcumin, NS and PS samples are
shown in Supplementary Fig. 4. The curcumin content of
NS and PS were found to 61.03 +1.43% and 82.24 + 1.07%,
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Fig.9 Fluorescence images of porous (PS) and native starch (NS) stained with A safranin B nile red individually and C merged image of A and

B

respectively, suggesting that PS can hold significantly
higher amount of curcumin than NS. Native starch granules
do not have pores on their surface, in general, and there-
fore cannot accommodate other moieties by adsorption and
encapsulation (Choy et al., 2016). These properties can be
introduced to the native starch by imparting porosity, e.g.,
enzymatic treatment as observed in the present study. This
confirms that PS could be effectively used as a carrier of
nutritional compounds and bioactive for various food and
nutraceutical applications.

Conclusion

In the present study, PS was produced from corn starch enzy-
matically using amylase and amyloglucosidase. Based on
statistical analysis, corn starch treated with 300 U amylase
and 250 U amyloglucosidase for 6 h incubation yielded PS
with optimum surface area and pore size. PS was further
characterized in terms of particle size, contact angle, XRD,
DSC, FTIR, and rheological studies. PS showed decreased
particle size, more hydrophilic and crystalline nature, and
better thermal stability compared to native starch indicat-
ing its application in O/W emulsions. Rheological stud-
ies showed the viscoelastic nature of PS. Further studies
were carried out to explore the possible application of PS

as Pickering particle in stabilizing emulsion and found that
PS prepared emulsion showed better stability. Fluorescence
microscopy confirmed the ability of PS as Pickering particle
by adsorbing into interface of water and oil in the emulsion.
Finally, the efficiency of PS as bioactive carrier was ratified
using curcumin as a model. Thus, the results from the pre-
sent study demonstrated that porous starch can act as Picker-
ing particle for emulsion stabilization and active substance
delivery application. Porous starch can act as vehicles for
carrying nutritionally important compounds (e.g., vitamins,
minerals, probiotics) in formulation of nutritional supple-
ments/health foods/functional foods, etc. It can also be fine-
tuned as a carrier for bioactive phytochemicals and active
molecules for nutraceutical and pharmaceutical applications.
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