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ABSTRACT

DOCTORATE THESIS

DETERMINATION OF PHYSICOCHEMICAL PROPERTIES AND HYDROGELLING
ABILITY OF AVOCADO SEED PROTEINS DRIED WITH DIFFERENT METHODS

BAKHTIYAR AZAD ABDULLAH ABDULLAH

HARRAN UNIVERSITY
Thesis Supervisor: Prof. Dr. MEHMET KARAASLAN
Year:2024, Page : 121

A significant proportion of the avocado (Persea americana Mill.) cultivated globally is used for
consumption following various processing methods to create different products. During fruit
processing, remove unwanted materials, such as stems, leaves, fruit peels, and seeds, from the final
product. Seeds, which constitute a large part of the fruit and contain different macromolecules in their
structure, have the potential for evaluation among these wastes. However, it was not yet conducted a
commercial evaluation of avocado seed. Within the scope of this study, protein was extracted from
avocado seed, and the extracted protein was evaluated based on the hydrogel system. This current
study focused on extraction of proteins by using alkali isoelectric precipitation techniques from
avocado seed and used extracted protein based on the natural fabricated hydrogel. Avocado seed
protein was dried into powder by using various drying techniques including spray, freeze, vacuum,
oven and ambient drying methods. Different dried avocado seed protein isolate (ASPI) powder was
evaluated based on the comparing functional and physiochemical properties such as water activity,
protein content, fluidity (carr index and hausner ratio), scanning electron microscopy, secondary
structure, amino acid and nutritional parameters, thermal stability. The results demonstrated that
drying techniques significantly altered the protein structure and conformation of ASPI, resulting in
different physical, chemical, and functional characteristics. The spray drying technique showed the
best functional characteristics, such as solubility, water holding capacity, oil holding capacity
solubility, foaming capacity and foaming stability, and emulsion activity and stability. Moreover, the
capacity of hydrogel models was determined by fabricating hydrogel in the presence of a mixture of
protein and locust bean gum in order to assess the influence of different drying techniques. To achieve
thus, the results clearly showed that spray dried techniques based on the hydrogel system had the
highest protein leachability, swelling ratio and water holding capacity. According to their textural
properties, hydrogel models made from freeze-dried and spray-dried proteins produced the best
results. Hydrogel models displayed elastic characteristics instead of viscous features. Nevertheless,
the degrees of elasticity differed. Incorporating spray-dried protein and locust bean gum into hydrogel
models significantly improved the bioactive component delivery method's efficiency compared to
using only protein models.

KEYWORDS: Avocado seed protein isolate; Drying techniques, Fabricate natural hydrogel; Release
behavior



OZET

DOKTORA TEZi

FARKLI YONTEMLERLE KURUTULMUS AVOKADO CEKIiRDEGi PROTEINLERININ
FiZIKOKIMYASAL OZELLIKLERININ VE HIDROJEL OLUSTURMA YETENEGININ
BELIRLENMESI

BAKHTIYAR AZAD ABDULLAH ABDULLAH

HARRAN UNIVERSITESI
Tez Damismani:Prof. Dr. MEHMET KARAASLAN
Y11:2024, Sayfa : 121

Son yillarda diinya genelinde gittikge artan iiretimi ve tiiketimi ile bilinen avokado (Persea americana
mill) biyiik bir kismi islendikten sonra tiiketiciye sunulmaktadir. Meyve isleme sirasinda gida
sanayinde sap, yaprak, meyve kabuklari ve tohumlar gibi istenmeyen malzemeleri nihai {iriinden
cikartilir. Meyvelerin biiyiik bir kismini olusturan ve yapisinda farkli makromolekiiller bulunduran
tohumlar (¢ekirdek), bu atiklar arasinda degerlendirilme potansiyeline sahiptir. Ancak avokado
cekirdeginin ticari degerlendirmesi heniiz yapilmamistir. Bu c¢alisma kapsaminda avokado
¢ekirdeginden protein ekstrakte edilmis ve elde edilen protein hidrojel sistemlerine dahil edilerek
degerlendirilmistir. Alkali-izoelektrik c¢okeltme yontemleriyle avokado ¢ekirdeginden protein
ekstraksiyonuna odaklanilmis. Avokado ¢ekirdeginden elde edilen proteinler, ilk olarak oda
sartlarinda kurutma, etiiv kurutma, vakum etiiv kurutma, dondurarak kurutma ve piiskiirterek kurutma
gibi ¢esitli kurutma teknikleri kullanilarak toz haline getirilmistir. Farkli teknikler ile kurutulmus
avokado ¢ekirdegi protein (ASPI) tozu, protein igerigi, su aktivitesi, akiskanlik (carr indeksi ve
hausner orani), SEM, FTIR, TGA, amino asit ve beslenme parametreleri gibi fonksiyonel ve
fizyokimyasal ozelliklerin karsilastirilmasina dayali olarak degerlendirilmistir. Sonuclar, ASPI'nin
protein yapisinin ve konformasyonunun kurutma tekniklerinden biiylik dlgiide etkilendigini, farkl
fiziko-kimyasal ve fonksiyonel 6zelliklere yol actigini gostermistir. Piiskiirterek kurutma teknigi ile
elde edilen avokado c¢ekirdegi proteinleri, ¢oOziiniirlik, su tutma kapasitesi, emiilsiyon
aktivitesi/stabilitesi ve koOpilik olusturma kapasitesi/stabilitesi gibi en iyi fonksiyonel o6zellikleri
gostermistir. Ayrica kurutma yontemlerinin hidrojel tieritimi iizerindeki etkilerini belirlemek amaciyla
avokado cekirdegi proteini kegiboynuzu zamki varliginda dogal hidrojel sistemlerine dahil edilmistir.
Sonuglar, piskiirtmeli kurutma teknigi ile kurutulan avokado ¢ekirdegi proteinin olusturdugu
hidrojellerin en yiiksek su tutma kapasitesine, sisme oranina ve protein siiziilebilirligine sahip
oldugunu acgikga gostermistir. Plskiirterek kurutma teknigi ve dondurularak kurutma teknigi
kullanilarak elde edilen avokado cekirdegi proteinlerini igeren dogal hidrojel sistemleri, dokusal
Ozelliklerine gore en iyi sonuclar1 sergilemistir. Bu hidrojeller viskoz ozellikler yerine elastik
ozellikler sergilemistir. Ancak esneklik dereceleri arasinda farkliliklar tespit edilmistir. Piiskiirterek
kurutma teknigi kullanilarak kurutulmus avokado g¢ekirdegi proteini, ke¢iboynuzu zamki ile birlikte
dogal hidrojel sistemlerine dahil edilmesi kullanilmasi, biyoaktif bilesik dagitim sisteminde tek bagina
protein hidrojel sistemlerinin olusturulmasindan ¢ok daha iyi sonu¢ vermistir.

ANAHTAR KELIMELER: Avokado g¢ekirdegi proteini; Kurutma yontemleri, Dogal hidrojel
sistemleri; Salinim davranisi

i
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1. INTRODUCTION

Due to the rising global population and a progressive decline in protein
resources, there is a growing demand for alternative sources of protein. Proteins are
crucial nutrients that are necessary on a daily basis to facilitate the body's
development, growth, and repair, as well as to maintain overall health. In recent
years, people have become more conscious of the value of eating foods that are
healthier and more natural. This has resulted in a shift towards dietary preferences
such as veganism and vegetarianism. The factors including the high cost and limited
availability of animal protein for individuals with limited financial means, as well as
the negative health effects associated with excessive consumption of animal protein
leading to cardiovascular diseases, have prompted humanity to explore alternative
protein source. Currently, plant proteins are considered the optimal source for
research and consumption. Plant proteins are highly nutritious, cost-effective, readily
available, environmentally sustainable, and possess numerous functional attributes.
Consequently, they are widely regarded as a viable substitute for animal protein. An
inexpensive and readily available protein source holds the potential to significantly

address the 1ssue of malnutrition.

Studies have demonstrated that fruit proteins possess diverse functional
properties that make them suitable substitutes for additives commonly employed in
food manufacturing. Previously, products such as fruit and vegetables, including
seeds, peels, stems, and leaves, which are considered food waste, were typically
discarded and allowed to naturally decompose, resulting in environmental
contamination. Studies have demonstrated that the by-products generated in the food
business include a significant amount of nutrition such as protein, fat, and minerals,
and possess various functional qualities. As a result, there has been an increase in
studies and research aimed at evaluating plant by-products and utilizing their

constituents, such as protein, as primary materials and additives in the food industry.

Persea americana Mill., known as avocado, belongs to the Lauraceae family
of dicotyledonous plants. It is a flowering plant native to Central America and
Mexico. Avocado fruits are highly popular and extensively consumed worldwide
(Bangar et al., 2022b). Avocado farming has experienced substantial growth in the
last ten years, leading to a doubling of production from 4 to 8 million metric tons, as
reported by the 2020 data from the Food and Agriculture Organization (FAOSAT,
2022). Avocado seeds are deemed a superfluous by-product and subsequently

disposed of throughout the process of industrial manufacturing. Using these by-
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products may reduce or eliminate environmental contamination (Figueroa et al.,
2018). Effective management of waste by-products has the potential to benefit both
the environment and the economy. This is because the avocado seed contains a
substantial portion (13 to 17 %) of whole fruit and contain a wide range of bioactive
compounds including lipid, vitamins, proteins, polysaccharides, fiber and mineral
(Melgar et al., 2018; Lightfoot et al., 2018). Protein is the most significant
component of the many macromolecules found in the avocado seeds. Proteins are
complex compounds composed of amino acids that perform essential functions in
various biological processes such as growth, cell signaling, enzyme regulation, and
catalyzing biochemical reactions (C Egbuonu, 2018). The increasing need for
nutritionally superior food has sparked a heightened interest in plant-derived
nutrients, including protein. As a result, researchers focused extensively on
investigating sustainable alternatives for food sources that are rich in nutrients. The
protein content in avocado seeds has been determined to be approximately 2.64 % (C
Egbuonu, 2018), 7.75 % (Mahawan et al., 2015), 15.55 % (Ejiofor et al., 2018),
17.94 % (Arukwe et al., 2012) and 23 % (Ifesan et al., 2015).

On a global scale, the prevalence of protein insufficiency has increased
significantly, affecting countries at various stages of development. The primary
factors contributing to this issue are population expansion and the increasing need for
protein in industrial applications, feeding production, and agriculture sectors. While
animals, plants, and microbes can serve as sources of protein, their production
capacities are insufficient to fulfill the growing protein demand (Qin et al., 2018).
Therefore, it is considered a feasible, beneficial, cost-effective, and repeatable
method to enhance protein availability by extracting protein from these waste
materials or by-products. An essential obstacle in the extracting protein from the
waste materials is effectively removing impurities while also improving protein
output, lowering extraction time, and maintaining the functional characteristics of the
proteins (Li et al., 2021).

In the present day, protein is obtained from various seeds by diverse
extraction procedures and then dried using a variety of drying techniques. Proteins
obtained from various plants have variations in their functional characteristics, such
as emulsion activity and stability, solubility, water holding capacity, foam capacity
and stability and oil absorption capacity. The heterogeneous structure and
composition of proteins can be the cause of the variances. Protein extraction methods
and drying techniques are the major factors that influence the functional quality of

proteins. Shen et al., (2021) indicated that vacuum, oven, freeze, and spray drying are

2
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the most frequently employed technologies in drying protein. The fluctuations in
temperature and drying duration may result in modifications to proteins'
physicochemical attributes and functional attributes (Li et al., 2021). As a result,
these alterations might lead to various functional characteristics in the final dried
products. Prior research has indicated that the drying methods used for fenugreek
(Feyzi et al., 2018), chia (Shen et al., 2021), quinoa (Shen et al., 2021), hempseed
(Lin et al., 2021), and mung bean (Brishti et al., 2020) have a significant impact on

their physiochemical and functional characteristics of protein.

Hydrogels have a distinct physical state that displays the properties of both
liquids and solids, making them neither completely liquid nor completely solid.
Hydrogels are both flexible and elastic, functioning as a middle ground between
these two states. Hydrocolloids, like proteins and polysaccharides, play a crucial role
in the production of these hydrogels (Nazir et al., 2017; Yang et al., 2021b). Foods in
the form of hydrogels may be classified as soft, solid substances, where the water
phase makes up more than 80 % of their total structure (Zuniga and Aguilera, 2008).
Examples of hydrogels in this category include desserts, jam, quick-set gels, jelly and
confectionery goods. Recently, there has been a noticeable trend toward using these
distinct architectures. These characteristics can be linked to their high-water content,
ability to decompose naturally, pleasant flavor, affordability, low calorie content,
compatibility with living organisms, and ability to enhance feelings of fullness (
Yang et al., 2021a; Cao and Mezzenga, 2020; Nazir et al., 2017).

The primary purpose of this thesis is to evaluate the suitable processes for
protein extraction and production of dried avocado protein powder. The specific

goals to be achieved are:

J Optimizing production conditions for the extraction of protein from
avocado seeds.

J Drying avocado seed protein isolates (ASPI) into powder with
different drying techniques, including spray drying (SD), freeze drying (FD),
vacuum drying (VD), oven drying (OD) and ambient drying (AD).

J The functional characteristics of ASPI, including foaming capacity,
solubility, foaming stability, water holding capacity, emulsion activity, oil
holding capacity and emulsion stability were analyzed.

J This study also evaluated the physicochemical characteristics of ASPI,

3
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including amino acid content, secondary structure, and morphology.

J Choosing suitable drying techniques will help the industry enhance the
functional characteristics of protein for specific food uses.

J The second goal of this study is to assess the impact of drying protein
by of various techniques on the hydrogel systems. For this purpose, hydrogel
samples were prepared from the mixture of dried ASPI, including AD, OD,
VD, FD and SD with locust bean gum (LBG).

J Evaluated the functional properties of hydrogel samples, including
protein leachability, water holding capacity, and swelling ratio.

J Determined the physiochemical properties of hydrogel samples such
as rheological behavior, scanning electronic microscope (SEM) images,
texture profile and Fourier transform infrared spectroscopy (FTIR).

J Determine the efficacy of the hydrogel systems in terms of bioactive

compound delivery.
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2. PREVIOUS STUDIES
2.1. Avocado

The avocado (Persea americana Mill.) belongs to the Lauraceae family and
the genus Persea. It is the only species in its genus that has commercial value. The
fruit is tropical and subtropical, originally native to Mexico and Central America.
However, it is currently cultivated in various places all over the world. Cultivating
avocados requires a substantial amount of resources, as it takes approximately three
to five years for an avocado tree to start producing fruit (Rodriguez-Martinez et al.,
2022). The fruit comprises the peel for 11-15 %, the pulp for 65-73 %, and the seed
for 16-20 %. The genotype determines the characteristics of the endocarp, including

its size, structure, color, and phytochemical content (Calderén-Oliver et al., 2016).

The weight of an avocado can range from 120 g to 2 kg. The surface may be
smooth or rough, the skin may be thin or thick, and the berry may be pyriform,
obovate, or globose (Abraham et al., 2018). The avocado fruit exhibits significant
heterogeneity and undergoes an extended period of immaturity, primarily attributed
to the limited incidence of self-fertilization. Litz et al., (2005) classify avocado
cultivars into two types, A and B, based on their blossoming patterns, where the
blooms are either functionally male or female. Nevertheless, type A exhibits
functional female bloom properties during the morning. On the other hand, type B
exhibits female bloom properties throughout the afternoon. Avocado ripening differs
from most other fruits because it occurs immediately after the fruit is harvested, not
on the tree. Avocados may spend many months on the tree, undergoing physiological
ripening before harvest. (Yahia and Woolf, 2011; Blakey et al., 2009).

The proportion of dry matter that governs the tree's maturation is inversely
related to the proportion of moisture that governs the tree's maturation. This
relationship has been found to strongly correspond with the avocado's ability to ripen
after being harvested. Researchers Cowan and Wolstenholme, (2016) and Zafar and
Sidhu, (2010) have shown that this method is universally accepted for assessing the

ripeness of avocados and is employed on a global scale.

The avocado fruit is distributed throughout the world in tropical and
subtropical climates. Avocado cultivars vary significantly over the globe, adapting to
different climates and exhibiting diverse properties such as flavor, texture,

color, form, and aroma (Litz et al., 2005).
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2.1.1. Production, harvesting, and yield of avocados in various countries

In 2020, the world's avocado acreage totaled 807,469 hectares, growing at an
average annual rate of 29 % from 2016 to 2020. Undoubtedly, the high global
demand for avocados, as well as the favorable price for growers and marketing firms,
is driving up avocado production. Global avocado output surpassed 8 million tons in
2020, a 41 % increase from the previous year. The primary producers of avocados,
accounting for 71.2 % of global output, are Mexico, Colombia, the Dominican
Republic, Peru, and Indonesia, with a value of 2,394,000, 877,000, 676,000, 660,000,
and 609,000 tones, respectively (Rodriguez et al, 2023).

The avocado is a very adaptable crop that thrives in tropical and subtropical
climates. This adaptability allows for successful production in locations with a
typical Mediterranean environment. In these regions, water scarcity is common
during the summer months, and there is a significant risk of excessive salt in
irrigation water. Coastal communities often grapple with this challenge, which
complicates agriculture in the face of climate change. In the Mediterranean basin,
water scarcity is the primary constraint on agricultural output (Rodriguez et al,
2023).

Figure 2.1 displays avocado production in the USA, Asia, and the European
Union from 2010 to 2022. In 2010, the USA had the highest production output of
avocados, at about 2.6 million tones, followed by the EU and Asia, with values of
about 1 million and 440 thousand tones, respectively. Between 2010 and 2022,
avocado production in the USA increased from 2.6 million to 6.5 million tons. Also,
from 2010 to 2022, avocado production in Asia rose from 440 thousand to 1 million
tons. In contrast, the production of avocados in the EU had stabilized (FAOSTAT,
2023).
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Figure 2.1. Avocado production in the USA, European Union and Asia from
2010-2022 (FAOSAT, 2023)

Figure 2.2 depicts the land area dedicated to avocado cultivation in the USA,
Asia, and the EU. From 2010 to 2022, the USA achieved the highest production
output and utilized more land for avocado production than any other country.
Although avocado yield strongly correlates with production area, production in the
USA is considered to have increased, whereas it fluctuates over the years in Asia and
the EU (FAOSTAT, 2023). According to FAOSAT data, the area of avocado
harvesting in the USA increased to double from 2010 to 2022, with a value of
285,104 hectares and 597,460 hectares, respectively. In addition, from 2015 to 2016,
there was a favorable change in the area harvested, from 384915 hectares to 462609
hectares. In Asia and EU between 2010 and 2022, the area of harvesting avocados
rose from 49685 to 87934 and 11384 to 25176, respectively.



PREVIOUS STUDIES B. A. Abdullah ABDULLAH

700000 -

600000 -
. 500000 - —&—TUnited States of
g America
35 400000 - ~— Asia
I-*]
-
o e

. European Union

2300000 - P
]
-5
|
Z 200000 |

2010201120122013201420152016201720182019202020212022

Figure 2.2. Avocado area harvesting in the USA, Asia, and European Union from
2010-2022. (FAOSAT, 2023).

Figure 2.3 depicts the amount of avocado produced per hectare of land.
Throughout the years, the USA and Asia consistently achieved the best output per
hectare, whereas the yield of avocados in Asia increased from 2019 to 2022.
Conversely, avocado yields in the EU have decreased in recent years, from 2010 to
2022.

The yield of avocados in Asia fluctuated from 2010 to 2018. However, after
2019, the yield of avocados increased and then remained relatively unchanged until
2022. In the USA, the yield of avocados fluctuated from 2010 to 2019, after which it
increased until 2022. In EU, the yield of avocados declined significantly from 2010
to 2013, with a value of 89415 to 26002 hg/ha. In contrast, the yield of avocados
increased from 2014 to 2018, reaching a value of 68702 to 74205 hg/ha in 2019.
However, in 2019, the yield of avocados declined for the second time until 2022
(FAOSTAT, 2023).
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Figure 2.3. Yield of avocado in USA, Asia and European Union from 2010-2022
(FAOSAT, 2023).

2.1.2. Economically important avocado varieties

The weight, shape, and size of an avocado fruits may differ depending on
factors such as climatic conditions, fruit varieties and agricultural practices used
during growth (Cruz de la Cruz and Vera Ramirez, 2020, Cheikhyoussef and
Cheikhyoussef, 2022). According to Yahia and Woolf (2011), around 500 different
types of avocado have been recognized, but only a few are grown for commercial
purposes as show in Table 2.1., such as Reed, Bacon, Fuerte, Pinkerton, Lula and
Ettinger due to several issues. These issues include long production times, inadequate
protein and fat levels, susceptibility to diseases, and susceptibility to damage during
transport. Due to its extended shelf life and exceptional nutritional quality, the Hass
cultivar is particularly notable for its dominant presence in the international market.
The varieties of avocado are different from each other in terms of size, form, flavor,
and weight, but the most noticeable distinction is the skin color as it ripens (Yahia
and Woolf, 2011). Botanically, avocado can be divided into three groups, which are
Persea americana var. americana recognized as a West Indian, Persea americana var.
drymifolia recognized as a Mexican, and Persea nubigena var. guatemalensis
recognized as a Guatemalan. Researchers Zafar and Sidhu (2010) reported that these
names derive from the distinct origins, growth conditions, and qualities of the fruit.
Guatemalan-Mexican and Guatemalan hybrid cultivars currently dominate the
commercial avocado market. Additional, cultivars including Ettinger, Bacon, Reed,
Pinkerton, Hass and Fuerte, are presently available for commercial distribution as
illustrated in Table 2.1. (Dabas et al., 2013; Cowan and Wolstenholme, 2016).

9
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Table 2.1. Varieties of avocado (Araujo et al., 2018)

Variety Parentage
Hass Hybnd
Bacon Mexican

Ettinger Mexican
Pinkerton Hybrid

Reed
Fuerte

Guatemalan
Hybnid

Lam Hass Hybnd
Williams Guatemalan

Zutanno Mexican
Stewart Mexican

MecDonal Guatemalan
d

Lula Hybnd
Gwen Hybnid
Nabal Guatemalan

Mexicola Mexican
Mexicola Mexican
grande

Dickinson Guatemalan

General West India
Bureau

Gil Hybrid
Dickey Guatemalan
Lewis West India
Puebla  Mexican

Seed size Skin

Medmm
Large
Large

Small

Large
Large

Medium
Medium

Medmm
Small
Medum

Large

Medinm
Large

Large
Large

Small
Large
Large
Small

Medium
Large

texture

Pebbly

Smooth
Smooth

Rough-
pebbly
Medium
Medmm

Pebbly
Medium

Smooth
Smooth
Rough

Almost

smooth
Pebbly
Smooth

Smooth
Smooth

Pebbly

Mostly
smooth
Pebbly

Rough
Smooth
Smooth

Blossom Fruit Shape

Type

A

N/A

Narrowly
obovate to
obovate
Obovate
Narrowly
obovate
Pyriform

Spheroid
Obovate

Obovate
High
spheroid
Obovate
Obovate
Spheroid

Pyriform

Obovate
Spheroid

Obovate
Obovate

Narrowly
obovate
Pyriform

Narrowly
obovate
Pyriform
Pyriform
Obovate

Skin
Colour
Unripe

Green

Green
Green

Green

Green
Green

Black
Green

Green
Black
Green/Bl
ack
Green

Green

Green

Black
Black

Black

Light
green
Green/Bl
ack
Green
Green
Black

Skin
colour
ripe

Black

Green
Green

Green

Green
Green

Black
Black

Green
Black
Black

Green

Green
Green

Black
Black

Black

Light
green

Black

Green
Black
Black

Skin Average

Thickn ess Fruit
weight (oz)

Medmm 140-340
Thin 170-510
Thin 255-570
Medium 255-510
Medium 480-680
Medmm 255455
Medmm 280-510
Medium 225
Thin 310-400
Thin 170-370
Thick 340-450
N/A 450-680
Medum 170425
Medmm 450-850
Thin 110-185
Thin 170-200
Thick 170-340
Medmm 200-510
Thick 255-400
N/A 340-680
N/A 595
Thick 170-450

Origin

California

California
Israel

California

California
Puebla,
Mexico
California
California

California
California
Hawaii

Florida

California
Guatemal
a

California
California

California

Morocco

Ismael

Mexico
Hawaii
Mexico

2.1.3. Nutritional composition of avocado fruit

The fruit's flesh, being the sole consumable constituent, garners attention from

industries that employ it in condiment and oil manufacturing. Avocado is a rich

source of fiber, proteins, minerals, carbohydrates, lipids, and vitamins C, E, and K as

show in Table 2.2. Avocado fruit processing generates a significant amount of by-

product, which consists of peel and seeds. The discarded avocado peel accounts for

seventeen percent of the fruit's overall weight (Araujo et al., 2021).

Avocado has abundant nutritional value, and its health advantages are mainly

due to its phytochemical content and fat soluble nutrients (Alvarez et al., 2020).

Avocado pulp contains high amount of fiber, including 30 % soluble and 70 %

insoluble, and, compared to other fruits, contains more proteins. Furthermore,
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avocado pulp contains sugars such as 7-carbon carbohydrates and sucrose, tannins,
polyphenols, perseitol, phytoestrogens, and pigments (Zafar and Sidhu, 2011).
Avocado pulp's nutritional composition includes ash (0.8-1.5 %), moisture (67-78
%), protein(1.0-3.0 %), fat (12-24 %), carbohydrate (0.8-4.8 %), and fiber (1.4-3.0
%) (Duarte et al., 2016; Cowan and Wolstenholme, 2016; Rodriguez-Carpena et al.,
2011). Maturation stages, varieties, climate, soil composition, and fertilizers

influence the composition of avocados and other fruits (Alvarez et al., 2020).

Avocados contain numerous minerals, including phosphorus, calcium,
sodium, potassium, and magnesium. Avocados also contain small amounts of iron
and zinc, with concentrations below 1 mg/g of fresh avocado. This product's high
potassium and low salt levels provide benefits for people following low sodium diets
and provide protection for cardiovascular ailments ( Cowan and Wolstenholme,
2016; Alvarez et al., 2020).

11
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Table 2.2. Avocado fruit nutritional value (USDA, 2011)

Nutrient/phytochemical Unity Value per 1 fruit 1 serving
100 g 136 g 30 g
Proximate
Water (2 72.3 08.4 21.7
Energy (kcal) 167 227 50
Energy (insoluble fiber (kcal) 148 201 44
adjusted)
Protein (2) 1.96 2.67 0.59
Total lipid (fat) (2) 15.4 21 4.62
Ash (2 1.66 2.26 0.5
Carbohydrate (2) 8.64 11.8 2.59
Fiber (2) 6.8 9.2 2
Sugars (2) 0.3 041 0.09
Starch (2) 0.11 0.15 0.03
Minerals
Calcium (mg) 13 18 4
Iron (mg) 0.61 0.83 0.18
Magnesium (mg) 29 39 9
Phosphorus (mg) 54 73 16
Potassium (mg) 507 690 152
Sodium (mg) 8 11 2
Zinc (mg) 0.68 0.92 0.2
Copper (mg) 0.17 0.23 0.05
Manganese (mg) 0.15 0.2 0.05
Selenium (ug) 0.4 0.5 0.1
Vitamins and
Phytochemicals
Vitamin C (mg) 8.8 12 2.6
Thiamine (mg) 0.08 0.1 0.02
Riboflavin (mg) 0.14 0.19 0.04
Niacin (mg) 1.91 2.6 0.57
Pantothenic acid (mg) 1.46 2 0.44
Vitamin B-6 (mg) 0.29 0.39 0.09
Folate food (ng) 89 121 27
Choline total (mg) 14.2 19.3 4.3
Betaine (mg) 0.7 1 0.2
Vitamin B-12 (ng) 0 0 0
Vitamin A (ng) 7 10 2
Carotene beta (ug) 63 86 19
Carotene alpha (ug) 24 33 7
Cryptoxanthin beta (ng) 27 37 8
Lutein + zeaxanthin (ug) 271 369 81
Vitamin E (alpha- (mg) 1.97 2.68 0.59
tocopherol)
Tocopherol beta (mg) 0.04 0.05 0.01
Tocopherol gamma (mg) 032 0.44 0.1
Tocopherol delta (mg) 0.02 0.03 0.01
Vitamin k1 (ng) 21 28.6 6.3
(phylloquinone)

2.1.4. Avocado seed nutritional composition

Avocado processing companies frequently dispose of avocado seeds as waste
by-products. The by-product has not been used to a large extent and may lead to
contamination of the environment (Figueroa et al., 2018). Efficient waste by-product

management would be advantageous when considering both environmental and
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economic factors (Aratjo et al.,, 2020). Avocado seeds make up a significant
proportion (13-17 %) of the whole fruit. The avocado seed contains a wide range of
nutritious and functional substances, including lipids, carbohydrates, proteins,
minerals, vitamins, various phytochemicals and fiber (Tremocoldi et al., 2018;
Melgar et al., 2018).

The avocado seed contains a wide variety of bioactive compounds, including
tannins, flavonoids, and phenolics, as shown in Table 2.3. The bioactivities of these
extracts have been analyzed, including their anti-microbial (Villarreal-Lara et al.,
2019, anti-oxidant (Soledad et al., 2021), anti-cancer (Lara-Marquez et al., 2020),
anti-hyperglycemic (Tremocoldi et al., 2018), anti-inflammatory (Dabas et al., 2019)
and anti-hypercholesterolemic (Uchenna, Shori, and Baba, 2017). Furthermore, these
extracts have a long history of being used in traditional dermatological applications.
Due to the absence of poisonous or hazardous substances, they serve as an excellent
natural reservoir of biological activity components for the cosmetic, pharmaceutical,
and food industries. Due to their significant antioxidant capacity, they effectively
inhibit food oxidation, which is a breakdown process in which lipid, carbohydrate,
proteins, and vitamins, react with nitrogen as well as oxygen compounds, resulting in
alterations to the nutritional and sensory characteristics of food items ( Tremocoldi et
al., 2018; Saavedra et al., 2017).

The avocado seed contains a significant amount of protein, which is one of
the main types of macromolecules (C Egbuonu, 2018). Comprising of amino acids,
proteins are complex macromolecules that play a crucial role for development,
enzyme control, growth, cell signaling and acting as biocatalysts. Researchers have

extensively studied sustainable alternative food sources that are rich in nutrients.

Carbohydrates constitute a substantial amount (64.9 %) of the
macromolecules present in avocado seeds. Avocado seeds have 91.2 % starch in their
total carbohydrate content (Tesfaye et al., 2018). Bangar et al., (2022a) discovered
that fractions of plant-based polysaccharides demonstrate diverse biological
functions. Avocado seeds had high levels of two C7 sugars namely perseitol and D-
mannoheptulose with the value 88.3 mg/g and 63.8 mg/g, respectively. The
prevalence of these C7 sugars in avocado seed suggests that they have significance in
these tissues. These kinds of sugars could potentially serve as a means of
transporting and storing sugars in avocados (Liu et al., 2002). The composition of
carbohydrate in avocado seed as follows: sucrose (18.5 mg/g), perseitol (88.3 mg/g),
starch (246.1 mg/g), D-mannoheptulose (63.8 mg/g) and hexose (1.9 mg/g). The
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proportion of C7 sugars in the avocado seed's total sugar content was 36.3 % (Liu et
al., (2002); Tesfay et al., (2012)).

In terms of nutrition and vitamins, avocado seeds include a diverse range of
minerals, including potassium, iron, calcium, phosphorus, sodium, lead, copper,
cobalt, and zinc, as well as vitamins including vitamin C, E, and A, thiamine,
riboflavin, and niacin (B1, B2, and B3), respectively. In their study, Ifesan and
Olorunsola (2015) determined the levels of different minerals, specifically calcium,
potassium, zinc, and sodium, in the avocado seed. They found the concentrations to
be 0.09, 4.16, 0.18, and 0.82 mg per 100 g, respectively. Avocado seeds include
minerals that make them an excellent option for human nutrition, particularly for

addressing micronutrient deficiencies.
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Table 2.3. Nutritional value of avocado seed (Bangar et al. 2022b)

Group ComP osition
Proximate analysis

Moisture Content 13.09 %
Drv Matter 86.91 %
Crude Fibre 2.87 %
Ash 3.82%
Sugar components (mg/g of DW)

Hexose 1.9
Glucose 5.62
Fructose 12.93
Sucrose 7.86-18.5
d-Mannuheptulose 10.51-63.8
Perseitol 12.54-88.3
Carbohydrate (%) 64.9
Protein in different studies 25

Crude protein content (AQAC, 1990 method) 2

Protein content 23
Protein content 17.94
Protein content 7.75
Protein content 15.55
Lipid’s profile

Long-chain fatty acids (ng/'g)

T etracosanoic acid 4.29
Nervonic acid 2.88
Behenic acid 3.63
Erucic acid 2.44
Arachidic acid 2.39
Stearic acid 3.06
Oleic acid 5.32
Linoleic acid 4.06
Palmitic acid 7.1
Myristic acid 2.49
Fatty acid derivatives (aliphatic acetogenins)

Avocatins 32.28
Polyhvdroxy fatty acids 24.26
Pahuatins 4.26
Persins 10.12
Minerals mg/100 g
Calcium 0.82
Potassium 4.16
Phophorus 0.09

Zinc 0.18
Soduum 1.41

Iron 0.31
Copper 0.98
Vitamins mg/100 g
Vitamin A 10
Thiamin 0.33
Riboflavin 0.29
Niacin 0.06
Ascorbic acid 97.8
Vitamin E 0.12
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2.1.5. Recent studies on the avocado seed.

Avocado seeds contain abundant phytochemicals used in herbal medicine.
This study is focused on investigating the extraction of phenolic, flavonoid, and
antioxidant compounds from avocado seed extract. The extraction process from
avocado seed was achieved by maceration and reflux with a 70 % ethanol solvent.
Using a 70 % ethanol solvent, yield productivity was 43.07 % for maceration and
39.58 % for reflux. This study looked at the phytochemicals in avocado seeds by
screening them for phytochemicals, testing their antioxidant activity, and doing a
total phenolic analysis and a total flavonoid analysis. Phytochemical analysis
revealed that avocado seeds include phenols, flavonoids, tannins, saponins, quinones,
and alkaloids. The 70 % ethanol extract of avocado seeds exhibited an antioxidant
activity of 77.298 g/mL through maceration and 98.626 g/mL through reflux. In
comparison, the IC50 value of vitamin C was 12.883 g/mL. Phenolics and flavonoids
were extracted from avocado seeds using a 70 % ethanol extract through maceration
and reflux. Both extractions had phenolic values of 276.96 mg GAE/g and 294.96
mg GAE/g, as well as flavonoid values of 1.73 mg QE/g and 12.70 mg QE/g,
respectively. The 70 % ethanolic extracts from the avocado seed produced during

maceration and reflux exhibit strong antioxidant activity (Munthe et al., 2023).

Del-Castillo-Llamosas et al., (2023) discussed the use of avocado seed in a
green biorefinery approach based on microwave-assisted autohydrolysis. This study
analyzed the solids and liquids produced during the treatment, conducted at
temperatures ranging from 150 to 230 °C for 5 min. At 220° C, the liquor exhibits
optimal levels of phenolic and flavonoids with the value 42.15 mg GAE/g and 31.89
RE/g, respectively, in addition to 38.8 g/L of glucose and glucooligosaccharides.
Using ethyl acetate for extraction facilitated bioactive component retrieval while
preserving the polysaccharides in the solution. The extract included a high
concentration of vanillin (99.02 mg/g AS) and also contained numerous flavonoids
and phenolic acids. During the treatment, the solid phase contained glucose
concentrations of 9.93 g/L, while the phenolic-free fluid had concentrations of 105
g/L. This study exhibits how microwave assist autohydrolysis in biorefinery process
can convert avocado seeds into fermentable sugars and antioxidants known as

phenolic compounds (Del-Castillo-Llamosas et al., 2023).

This study examined and contrasted the physicochemical, molecular, and
digestibility properties of starches in three types of avocado seed, namely Hass,

Fuerte, and Criolla. Researchers analyzed the thermal properties, size distribution,
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morphology, pasting properties, FTIR, and digestibility. The average size of starch
extracted from Criolla was 24.55 pum, which was larger than the average sizes of
Hass and Fuerte starches, which were 21.37 um. Compared to gelation among the
three types of avocado, starch extracted from fuerte had the superior 75.57 °C
pasting temperature, 75.28 °C gelation temperature, and 8.55 J/g gelation enthalpy.
When compared to the extracted starch from Fuerte and Criolla, the starches
extracted from Hass avocado showed greater viscosities, with breakdown at 17.68
mPa.s., setback at 588.78 mPa.s., final at 1407.37 mPa.s., and maximum at 836.27
mPa.s.. Furthermore, the tested avocado starches showed a significant concentration
of resistant starch ranging from 60.06 % to 68.90 %. Variations in avocado starch
structure and chemical composition can have an impact on the digestion of
unmodified starch (Salazar-Irrazabal et al., 2023).

Research has shown that avocado seeds contain beneficial bioactive
components. This study examined how roasting impacts fermented avocado seeds'
metabolites and anti-cancer properties. Fermenting avocado seeds at lower
temperatures for shorter durations improved their anti-cancer properties. Suppression
was most effective against Hep G2 cancer cells, with the MDA-MB-231 and MCF-7
cell lines following. Through untargeted metabolite profiling, gas chromatography-
mass spectrometry identified 208 metabolites. PLS-R discovered a total of 41
metabolites with values greater than 1 that were associated with anticancer activity.
Sugars and amino acids were more abundant at lower roasting temperatures and
showed a favorable correlation with anticancer properties. The ideal roasting settings
for maximum anticancer and antioxidant effects were found. Fermented avocado
seed was show potential as a functional ingredient in food with favorable bioactive
qualities (Zhao et al., 2023).

The avocado seed is a by-product rich in extractable polyphenols, which have
garnered interest from the food and cosmetic industries for their strong antioxidant
properties. This characteristic makes it a favorable option for the cost-effective and
environmentally friendly extraction of these substances. The purpose of research was
to extract the total polyphenols from avocado seed utilizing water as a sustainable
solvent by ultrasonic power (ranging from 0 to 104 W) and temperature (ranging
from 20 to 60 °C). Various mathematical models, including film theory, Peleg’s,
Fick’s law, and empirical were employed to determine the most suitable model for
describing the extraction kinetics. The experimental findings indicated that
temperature and ultrasonic power had a notable impact on the polyphenol extracted

from the avocado seed. Higher temperatures and ultrasonic power led to extracts with
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increased polyphenol content and antioxidant capacity. Moreover, there is a direct
correlation between the total polyphenol and antioxidant capability. Mathematical
models improved the understanding of the extraction process, which involved two
stages: fast and slow. Ultrasound-assisted extractions were more effective than
classical extractions. Avocado seeds could serve as an economical and sustainable
source of polyphenols in industry through solid-liquid extraction (Segovia et al.,
2016).

2.2. Protein Extraction from Plant Seeds

Generally, protein extraction from seeds is not a difficult process. However,
in order to achieve success, the initial stage of proteomic analysis necessitates
meticulous attention due to the fact that the seed is not a uniform tissue (Gadalkar et
al., 2017). The composition and structure of seeds and tissues can significantly differ
among different species. Various components in seeds can significantly reduce
protein extraction or change the types of proteins, as observed during two-
dimensional electrophoresis (2-DE). Polyphenols such as hemicellulose,
arabinoxylans, and lignans often comprise the outer layers of the seeds. The cell wall
substance in several species consists of arabinoxylans and arabinogalactans. The seed
frequently serves as a storage site for many substances, with certain tissues
containing vast amounts of polysaccharides, lipids, and several secondary

metabolites.

The main proteins found in seeds are storage proteins, which are supplied by
amino acids during seed germination. Based on the solubility, storage proteins can be
categorized into four classes. The first class is albumins, which consist of water-
soluble proteins. The second class is globulins, which are soluble in salt solutions.
The third class is prolamin, which includes proteins that are soluble in
hydroalcoholic solutions. The fourth and final class is glutelins, which are soluble in

either alkali or acid solutions (Givonetti et al., 2021).
2.2.1. Protein extraction techniques

2.2.1.1. Alkaline isoelectric precipitation

It is the most widely used and important method for purifying and isolating
proteins from complicated biological mixtures. This method utilizes the phenomenon
of protein solubility at isoelectric point, which a protein has no overall charge,

causing it to precipitate from the solution. The method commences with choosing a
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suitable buffer system to uphold a consistent pH environment. Next, the pH of
solution is adjusted by salt (NaOH) or acid (HCI) to the acceptable level. The
isoelectric precipitation extraction procedure effectively retrieves protein of excellent
nutritional quality and functional qualities from challenging sources such as plant
seed, poultry, fish, krill, and beef processing by-products (Sebii et al., 2021). Salcedo-
Chavez et al., (2002) and Sethi et al., (2021) indicated that recent developments for
extracting protein have concentrated on optimizing different factors, including
temperature, pH, buffer composition, the presence of salt in the extraction medium,

and duration, to improve the effectiveness and quantity of protein extraction.

2.2.1.2. Enzymatic extraction

Enzymes are spherical proteins found in individuals, organisms, plants, and
animals. Enzymes are used extensively in manufacturing processes like bread, dairy
products, and meat tenderization (Raveendran et al., 2018). Food-grade enzymes,
including amylase, proteases, and lipases are currently easily accessible on the
market (Ramos and Malcata, 2011). Cellulases and pectinases are examples of
carbohydrates that break down the outer cell wall. Proteolytic enzymes, on the other

hand, break down proteins inside the cytoplasm (Ravindran and Jaiswal, 2016).

The enzymatic extraction method is a noninvasive, environmentally friendly
technology that uses enzymes instead of chemicals or physical conditions for
extraction (Poji¢ et al., 2018; Rommi, 2016). Furthermore, it allows for the effective
extraction of amino acids that are quickly degraded due to acid and alkali hydrolysis,
such as asparagine and glutamine (Lowenson et al., 2016). Therefore, manufacturers
often design the final goods for direct human consumption. Several factors influence
the application of enzymatic extraction, including the specific temperature and pH,
the ratios of substrate and enzyme, and the extraction duration. The type of enzyme

used leads to an increase in crude protein production (Sair et al., 2013).

Any number of enzymes, whether single or multiple, can aid in the extraction
of superior-quality proteins with excellent emulsification properties by breaking
down cell walls using cellulases and alcalases. Consequently, the separated proteins
exhibit low fluidity, strong resistance to heat, and low susceptibility to oxidative
breakdown. Protein products undergo changes through enzyme extraction, leading to
improved biological and functional qualities such as solubility, improved foaming
activity and stability, and improved emulsification activity and stability. In

conjunction with enzyme extraction, mechanical methods such as ultrasound,
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sonication, and microwave therapy can yield a greater quantity and superior quality
of protein extract (Nadar et al., 2018).

Enzyme-based protein extraction provides a significant protein yield while
causing no harm to the environment. However, it has some disadvantages, such as
being time-consuming, costly to operate, challenging to scale up, resulting in uneven
yields, and needing a procedure that consumes a significant amount of energy. The
extraction procedure produces food items of the utmost quality that are appropriate

for human consumption (Kumar et al., 2021).

2.2.1.3. Ultrasonic extraction

The application of ultrasonic extraction in food manufacturing technologies is
intriguing due to its ability to optimize the separation of components from both plant
and animal sources (Vilkhu et al., 2008). In 1982, resecarchers first used
ultrasonication to enhance the extraction of proteins from soy flakes. However, it has
recently garnered increased study interest over the past decade (Rahman and Lamsal,
2021). Ultrasound is a type of mechanical wave that exhibits pressure or density
fluctuations at frequencies beyond human hearing, typically exceeding 18 kHz.
Ultrasonic extraction can be categorized into two main types: high-intensity, which
involves high power and low frequency, and low-intensity, which involves low
power and high frequency. Low-intensity ultrasound is distinguished by the use of
relatively small power levels, often below 1 W/cm2, and operates within a frequency
range of 5-10 MHz. On the other hand, High-intensity ultrasonic extraction utilizes
power levels that are notably higher, often ranging from 10 to 1000 W/cm2, and
operates within a frequency range of 20-100 kHz. In ultrasonic extraction systems, a
variety of factors influence the extraction of target compounds, such as proteins.
These factors include the shape of the probe (stepped, linear taper, or exponential
taper), its diameter, the depth at which it is immersed in the sample solution, and the

position of the container holding the solution within the bath (Das et al., 2022).

2.2.1.4. Microwave extraction

Since its introduction in the late 1980s, microwave extraction has gained
popularity due to its energy efficiency, time-saving capabilities, and ability to
preserve the nutritional and sensory qualities of food (Kamal et al., 2021;Khan et al.,
2011). Non-ionizing electromagnetic pulses with frequencies between 300 MHz and
300 GHz are used in microwave extraction (Gomez et al., 2020). The matrix sample

receives these waves, which disrupt or modify the cell structure. Microwave-induced
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dipole rotation and ion migration break the cell wall, facilitating solvent penetration
into the matrix. This results in the disruption of the cell membrane and an abrupt
discharge of cellular constituents into the adjacent liquid. When microwave radiation
is combined with enzymes, it accelerates the enzymatic degradation of proteins. This
process expedites the degradation of cell membranes, decreases the extraction time
from hours to minutes, and additionally aids in the release of minerals that are bound
to the protein (Florez et al., 2015).

2.2.2. Extraction of proteins from various plant seeds

Deng et al, (2019) showed that alkaline extraction and isoelectric
precipitation could be utilized to separate a protein from Chinese quince seeds.
Researchers studied the functional and physicochemical characteristics of protein
isolate from Chinese quince seed (CPI). According to the WHO and FAO protein
isolate from Chinese quince seed contains all necessary amino acids except for
methionine, meeting the minimum requirements for adults. The examination using
differential scanning calorimetry revealed that the denaturation protein isolate from
Chinese quince seed was at temperature 103.4 °C. Researchers measured the protein
isolate from Chinese quince seed surface hydrophobicity at 932.80. The results were
shown that protein isolate from Chinese quince seed had the best emulsifying, water
holding capacity, foaming stability and oil holding capacity.

In their study Yu et al., (2017) discussed the extracted proteins from two types
of cultivation of Torreya grandis seeds: Shengzhou and Dazinaiyou. Protein
extraction from both varieties had comparable protein levels and balanced amino
acid profiles, with around 41 % essential amino acids. The seed protein fractions had
molecular weights that ranged predominantly from 31 to 37 kDa and 20 to 21 kDa.
Protein isolate from Shengzhou and Dazinaiyou seed exhibited comparable
denaturation temperatures of at 93.7 °C, with small variations in disulfide bond and
free sulthydryl group. The protein isolated from Dazinaiyou exhibited a surface
hydrophobicity of 982, which was considerably higher (p < 0.05) compared to the
protein isolated from Shengzhou, which had a hydrophobicity of 649. Despite their
low in vitro digestibility, both proteins displayed good solubility with favorable
emulsifying, foaming, and oil-holding capacity characteristics. Thus, the seed
proteins have the potential to be excellent sources of nutrition and functional
additives in the food industry.

Gundogan and Can Karaca, (2020), extracted protein from five indigenous of
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Turkish beans at pH 9.0 for extracting protein then pH 4.5 for precipitation. Protein
extractes were examined for their amino acid content, physicochemical and
functional properties. The results were show a little change in the composition of
amino acid of the protein isolates from bean. The protein extractes had high levels of
critical amino acids, including lysine, phenylalanine, and leucine, but the content of
methionine was insufficient The temperature of the denaturation protein isolate
varied from 90 to 152 °C, with the B-layer structure identified as the primary
secondary structure. At pH 9.0, it was detected the highest solubility of over 97 %,
with a net surface charge of approximately -23 mV. The bean protein isolate's
emulsion capacity index with the value ranged from 402.7 to 468.5 g oil/g and
emulsifying activity index ranged from 15.6 to 22 m2/g. The emulsifying and
foaming properties of protein isolate with a higher solubility and net surface charge

were better than those in the other studies.

Wu et al., (2021) investigated the impact of protein extraction at different pHs
(7.0, 8.0, 9.0, 10.0, 11.0, 12.0, and 13.0) on tartary buckwheat. After the protein
extraction, the study examined tartary buckwheat protein isolate (TBPI) and how
varying extraction pH levels affected Osborne-type protein fractions, functional
qualities, structural properties, and in vitro GI digestion. The findings indicated that
alkaline extraction successfully boosted the yield of TBPI. As the extraction pH
increased, the albumin level in TBPI reduced steadily, whereas the glutenin content
increased. Extracting TBPIs at a pH over 12 dramatically reduced their solubility
while significantly increasing emulsion stability, which was linked to a notable rise
in surface hydrophobicity. TBPIs exhibited elevated digestion rates at pH 7 and 8.
When the pH increased from 8 to 10, TBPI digestion rates decreased. TBPIs'
compact structure exhibited higher amounts of a-helixes, more disulfide bonds, and
lower intrinsic fluorescence intensity. As pH increased continuously, the digestion
rate of TBPIs also increased. The TBPIs exhibited unfolded and denatured structures
at pH levels equal to or greater than 12. This was demonstrated by the disruption of
disulfide connections, reduced a-helix structure, a shift towards longer wavelengths
in intrinsic fluorescence, and the separation of subunits. The pH during protein

extraction has a significant impact on TPBIs.

This study examined the physical, chemical and functional characteristics of
protein isolate from three various source of red lentil including the USA, Nepal, and
Turkey. The red lentil protein isolate was separated using alkaline-isoelectric
precipitation. The isolated protein from red lentils had a water holding capacity of

3.1 to 3.5 g/g and oil holding capacity of 5.8 to 7.3 g/g., and showed significant
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variations (p < 0.05). The red lentil protein isolate was contain vicilin and legumin,
with a high glutamic acid and glutamine content with the value from 8.72 g/100 g to
10.55 g/100 g. At pH 5.2, solubility, emulsifying, the surface charge, and foaming
capabilities of red lentil protein isolates were the the lowest quality. RLP's favorable
functional qualities allow it to imitate several types of meat in both highly acidic and

alkaline environments (Lee et al., 2021).

Das et al., (2021) found that extracting proteins at various pH levels and
treating them with different pH levels changes the physical, chemical, and thermal
properties of protein isolate from amaranth seed. Protein was isolated from amaranth
seed at different pH values, including 9.0, 10.0, 11.0, and 12.0, namely P1, P2, P3,
and P4, respectively. These four protein isolate samples underwent further treatment
at pH levels ranging from 3 to 9. P1 samples exhibited increased total protein
concentration and purity compared to the other samples. P1 had a particle size of
299.68 um, which was substantially greater than the other samples with a p-value of
< 0.05. The P1 sample treated at pH 9 exhibited improved emulsifying capacity and
stability, solubility, water/oil binding capabilities and foaming qualities. Compared
to the other three samples, the amaranth seed protein extracted at pH 9.0 exhibited

superior thermal characteristics.

Stone et al., (2015) studied the protein extraction from three different
cultivations of pea using three different extraction techniques, including salt
extraction, alkalin-isoelectric precipitation, and micellar precipitation. Researchers
evaluated the functional characteristics of protein isolate from pea, such as their
ability to dissolve, emulsion stability, water/oil holding capacity, and foaming. They
also examined the surface properties, such as charge and hydrophobicity. Salt
extraction yielded the highest isolate, followed by alkali-isoelectric precipitation, and
finally micellar precipitation. The surface charge was consistent among all samples,
but hydrophobicity was highest in the protein samples extracted with alkali
extraction/isoelectric precipitation. Overall, when using a specific extraction method,
there were slight variations in functioning across different cultivars. The maximum
protein solubility was determined by Salt-extracted method, while micellar
precipitation method had the lowest. Moreover, the salt-extracted method exhibited
the minimum water holding capacities, whereas, the superior oil holding capacities.
The foaming qualities were influenced by the extraction process and cultivar.
Generally, salt-extracted isolates exhibited superior foaming capacity, while
extracted/isoelectric precipitation isolates generated more stable foams. Salt-

extracted have a higher emulsion capacity compared to extracted/isoelectric

23



PREVIOUS STUDIES B. A. Abdullah ABDULLAH

precipitation isolates. All extraction methods showed a high level of emulsion

stability.

2.3. Drying Techniques for Extracting Protein
2.3.1. Different drying techniques used for protein

Dehydration, or drying, is the process of extracting water from a moist
substance or liquid to obtain a dry substance with a very little moisture content.
Researchers have prioritized stabilizing plant proteins by decreasing water activity to
a level below 0.6, as these proteins are highly vulnerable to stressors such as
denaturation, aggregation, and proteolysis (Kapoor et al., 2024). Traditionally,
researchers used dehydration to prolong the life of proteins, often resulting in the
creation of powders. Eliminating water and reducing water activity greatly improves
the stability of protein. This phenomenon occurs due to the reduction of protein
mobility and the elimination of specialized breakdown mechanisms that depend on
water (Vargas et al., 2022).

Proteins obtained from various seed plant and display differences in their
functional attributes, such as emulsion stability, solubility, water holding capacity,
foam stability, oil holding capacity. These differences result from the various protein
structures and compositions. The functional characteristics of plant protein are
largely responsible for its effective integration into food processing, which are highly
effected by the protein extraction process and drying methods. Different drying
processes applied to a protein obtained from the same source will result in proteins
with distinct functional characteristics (Brishte et al., 2020).

The drying methods are essential in the process of preparing protein to
obtained powder. Drying can improve a substance's storage stability, but it also
causes the formation of irreversible and insoluble protein clumps due to partial
denaturation of the proteins, which alters their functional capabilities (Rudra et al.,
2016). The protein drying processes widely employed include oven, freeze and spray
drying. The drying process by freeze drying is frequently employed to assess
functionality of protein, whereas drying process by spray drying is generally applied
for large quantity commercial protein manufacturing. One cost-effective method is
oven drying, which allows for the regulation of the drying temperature below the
point at which proteins denature. However, the drying process takes a longer time
(Brishti et al., 2020)
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The drying process's goal is to improve storage stability and protect the
nutritional value of the protein. Various drying techniques will greatly influence the
ultimate functional properties of those proteins. Vacuum, spray, and freeze drying
are the most common and extensively employed methods for drying food proteins.
However, during the drying process, changes in temperature and duration can alter
the physicochemical characteristics of proteins, which in turn might affect the
functional capabilities of the drying products (Li et al., 2022). For instance, different
drying processes resulted in notable variations in the physical, chemical and
functional qualities of protein isolate from quinoa (Shen et al., 2021), protein isolate
from mung bean (Brishti et al., 2020), and protein isolate from hemp seed (Lin et al.,
2021).

Alinejad et al. (2017) and Pratap Singh et al., (2020), reported that each
drying technique has advantages and disadvantages. The most important reasons for
using freeze drying techniques are that they inhibit the majority of protein
degradation and reduce microbial activity, while also being a costlier and more time-
consuming method of drying. Also, freeze drying can be used for materials that are
heat-sensitive because the mechanism of freeze drying is ice sublimation under low
temperature and pressure. Spray drying is a highly effective and widely utilized
method in the food business. This is due to its ability to establish a continuous
process with a large output, as well as its capacity to produce desirable powder by
adjusting particle characteristics. However, this process has the potential to cause
some degradation in the quality of protein. Vacuum drying is widely recognized as a
straightforward and widely used method. On the other hand, it may be costly for
large-scale manufacturing and may result in the degradation of certain heat-sensitive
(Lin et al., 2020). According to Feyzi et al. (2018), oven drying is a cost-effective
method that allows for control over the drying temperature below the point at which

proteins lose their structure. However, this method requires a longer residence time.

2.3.2. Impact of drying methods on the functional and physicochemical

characteristics protein isolate from plant seeds

Shen et al., (2021) isolated protein from quinoa and dried it into powder by
various drying techniques, including vacuum, freeze, and spray drying. The primary
aim of this research was to investigate how various drying methods impact the
functional and physicochemical characteristics of quinoa proteins. This includes
things like morphology, secondary structure, SDS-PAGE, amino acid, surface
hydrophobicity, thermal stability, and sulfhydryl/disulfide content. The freeze drying
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showed superior emulsification capacity, stability, and oil-holding capability due to
increase the surface hydrophobicity. In contrast, the spray drying demonstrated the
maximum water holding capacity and solubility at pH 7.0. The freeze dried proteins
had the maximum temperature of denaturation, but the minimum enthalpy due to its
increased random coil content and decreased regular B-sheet and a-helix. Protein
isolate from quinoa was dried into powder through various drying techniques and

exhibited various functional characteristics between drying methods.

Researchers extracted protein from Antarctic krill using alkaline-isoelectric
precipitation technique, followed by phosphorylation with sodium tripolyphosphate.
The study examined the impact of freeze, spray, and hot air drying on the structural
and functional characteristics of phosphorylation protein isolated from Antarctic
krill. The phosphorylation protein isolate from Antarctic krill dehydrated using spray
drying and exhibited superior sensory characteristics and had a much smaller particle
size compared to dried protein by hot air and freeze drying. The scanning electron
microscope (SEM) revealed a consistent particle size and even distribution of
particles in the spray dried powder. X-ray diffraction examination indicated that the
spray drying sample had more crystallinity compared to the freeze and hot air drying
sample. A differential scanning calorimeter test showed that the spray-dried sample
was the most thermally stable and had the least amount of protein denaturation (AH
= 210.80 J/g). This was followed by the freeze-dried sample (AH = 80.48 J/g) and
the air-dried sample (AH = 73.94 J/g; P < 0.05). The FTIR analysis indicated that the
spray dried sample had a higher concentration of protein secondary structure.
Compared to the standard deviation, the phosphorylated group in freeze and air dried
showed partial disruption of chemical bonds. The functional properties, including oil
holding capacity, solubility, emulsifying, and foaming activities, of the spray dried
were significantly higher than those of the freeze and air dried (P < 0.05). Freeze
dried samples had the largest water holding capacity. However, samples made with
air drying had the poorest functional performance. As a result, various drying
techniques used to prepare P-AKP can have an impact on its physical and chemical
properties, and spray drying may be a suitable technique and can used for a large

scale production with improved functions (Lin et al., 2020).

Brishti et al., (2020) investigated that mung beans are a cost-effective and eco-
friendly protein source. This study examined the impact of drying methods namely
oven drying, spray drying, and freeze drying on the mung bean protein isolate. All
samples exhibited intact protein subunits and demonstrated thermal stability. Based

on morphological research, freeze drying produced a porous protein, while spray
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drying and oven drying produced wrinkled and compact crystals, respectively.
Freeze drying demonstrated remarkable protein solubility and water/oil holding
capacity. Spray drying showed the lowest particle size, a high emulsion activity and
stability index with the value of 29.21 m2/g and 351.90 min, respectively, and the
highest quantity of B-sheet at 37.61 %. The FTIR spectra of all samples displayed
distinct peaks that aligned well with the secondary structure of legume proteins. The
study discussed how different drying procedures can customize the varied final
properties of mung bean protein isolate for various food systems. Researchers
recommend freeze-drying for meat extenders, consider spray-drying suitable for

meat emulsions, and find oven-drying effective for protein-based applications.

Timilsena et al., (2016a) studied on the extraction protein from Australian
chia seed. The extracted protein is dried into powder using three different methods:
spray, freeze, and vacuum drying. Following that, this study investigated how drying
methods affect the physical, chemical, and functional properties of isolated protein
derived from chia seeds. The proximate composition showed no significant
difference. Vacuum dried chia seed protein isolate had the maximum oil holding
capacity and bulk density, while spray dried chia seed protein isolate showed the
superior water holding capacity and solubility, and minimum surface hydrophobicity.
All drying methods increased protein solubility with higher temperatures and
alkaline pH. The foaming capability and stability of chia seed protein isolate
increased as the pH and protein concentration increased. Spray dried chia seed
protein isolate exhibited the lowest level of denaturation, while vacuum drying chia
seed protein isolate showed the highest level of denaturation, indicating the worse
solubility and foaming characteristics of the latter. The results will help in choosing a

drying method to produce chia seed protein with improved functionality.

Lin et al., (2021) studied on the extraction protein from by-products derived
from hempseed. The goal was to analyze and assess the impact of drying methods on
hempseed protein isolate. Oven, vacuum and freeze drying were used to dry
hempseed protein isolates into powder. The hempseed protein isolate had a protein
content above 70 % and contained essential amino acids at levels equal to or greater
than the recommended values for adult humans. Osborne fractionation showed that
glutelin was the predominant portion in hempseed proteins. Freeze dried Hempseed
protein has a lower surface hydrophobicity and higher in vitro protein digestibility
compared to oven drying and vacuum oven drying. Freeze dried Hempseed protein
exhibited superior functional characteristics compared to those of dried in oven and

vacuum oven. This study presents the initial findings on the characterization of
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hempseed protein, a by-product of hempseed processing. Hempseed protein has the
potential to be a new dietary protein element that could lead to a greater use of

hempseed.

Joshi et al., (2011) in their study, focused on the drying protein into powder
by spray, freeze and vacuum drying methods. Protein isolate from lentils through
alkaline extraction at pH 8 and isoelectric precipitation at pH 4.5. Researchers noted
variations in color, protein component composition, particle size distribution, and
surface morphology among the three drying techniques. Spray and freeze dried lentil
protein isolate powders had greater solubility with the value 81 % and 78 %,
respectively, in comparison to vacuum dried, which had a solubility rate of 50 %.
The spray dried samples exhibited a lower water holding capacity with the value 0.43
g/g, in comparison to freeze dried with the value 0.48 g/g and vacuum dried with the
value 0.47 g/g lentil protein isolate powders. Overall, this study noted that the drying
procedures used to prepare lentil protein isolate can impact their physicochemical

and functional properties

2.4. Hydrogel
2.4.1. Hydrogel and application in the food industry

In the field of food sciences, the word "hydrogel" refers to structures made up
of cross-linked polymer networks. A polymer network may serve as an effective
delivery method for a variety of active chemicals. Natural and/or synthetic polymers
form hydrogels, intricate three-dimensional structures capable of absorbing

significant quantities of water (Corkovic et al., 2021).

The term hydrogel was first used in the literature in 1894. Hydrogel advances
throughout history may be categorized into three primary phases. The first phase
involved creating a material with significant expansion and favorable mechanical
characteristics while maintaining a simple composition. Subsequently, in the 1970s, a
new hypothesis emerged: hydrogels demonstrated the ability to react to variations in
environmental factors such as concentration, pH, or temperature by triggering the
substance's polymerization process. The last phase of hydrogel advancements
focused on exploring and creating intricate materials. The advancement in this field
has sparked a growing fascination with the creation of "smart hydrogels," which are
polymeric structures capable of effectively retaining, releasing, and loading fluids

with diverse characteristics (Chirani et al., 2015).
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According to Yang et al. (2021), consumers and academics increasingly
prefer gels because of their high nutritional value, enjoyable flavor, ability to
enhance satiety, low calorie content, and safe biological features. Yemenicioglu et al.
(2020) indicated that hydrogels are becoming more often used in the food industry to
enhance the nutritional value of meals and provide health advantages. Many food
products use them to enhance their nutritional content, safety, functional
characteristics, and stability. Moreover, hydrogels derived from edible natural
polymers have considerable promise in several food-related uses, including nutrition
delivery systems for nutrition, satiety, freshness detection, food packaging, and
safety monitoring in food products. Technology can help retain food contents during
packaging and processing, which are essential for maintaining health and sustaining
life. Additionally, delivery mechanisms safeguard these nutrients in various settings
until they reach the specific organs in the body for their intended purpose (Galland
2013).

Hydrogels have extensive use throughout several industries, including
agriculture, cosmetics, medicine, textiles, and, more recently, the food industry.
Researchers have been exploring hydrogels for years because of their wide range of
potential applications. The pharmaceutical and biomedical sectors mostly use
hydrogels to deliver substances, support cell growth, and advance tissue engineering
(Hila, Florowska and Wroniak, 2023). Nevertheless, the food industry has limitations
when using hydrogels due to regulations that restrict the use of certain materials that
must meet food-grade standards. Based on their source, food-grade biopolymers are
categorized into polysaccharides and proteins. These biopolymers provide significant
potential to effectively tackle current problems about consumer health and
environmental sustainability. They can be renewable, cost-effective, compatible with
living organisms, and capable of breaking down naturally. Additionally, they offer a

diverse array of capabilities and methods for forming hydrogels (Cao et al., 2020).

Several food items are either in the form of hydrogels or play a crucial role as
hydrogels in the food business (Yang et al., 2021). Food hydrogels may be a source
of biocompatible, renewable, biodegradable, inexpensive, and edible biopolymers.
These biopolymers have a wide range of nutritional activities, and their qualities are
becoming more and more equivalent to, and sometimes even better than, natural
foods (Cao and Mezzenga 2020). Hydrogels made from edible ingredients are crucial
in a range of food-related uses, such as substituting fat, delivering nutrients,
yoghurts, dairy hydrogels, packaging food, and creating customised foods (Krop et
al. 2019; Devezeaux de Lavergne, van de Velde, and Stieger 2017; Capuano 2017).
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Depending on their intended use, hydrogels can transform into various forms, such as
emulsions, coatings, nanoparticles, films, and more. These suitable designs have the

potential to optimize the nutritional value and quality of food.

2.4.2. Natural polymers utilized for the production of hydrogels in the food

industry

Functionally uniform and too delicate to meet customer and market demands.
In this context, hydrogels with many components become relevant. Proteins and
polysaccharides, the most common binary food hydrogels, form food hydrogels. The
interactions between these polymers determine the structure of the hydrogels in these
mixes (Yang et al., 2021). The synthesis process divides the significant techniques
for preparing food hydrogels into biological processes cross-linking, chemical cross-

linking, and physical cross-linking.

Hydrogel production using proteins and polysaccharides is highly desirable
because it has many benefits, including biocompatibility and human safety. Proteins
are essential in the human diet due to their composition of bioactive peptide amino
acids, which can also serve as a source of additional nutrients. Additionally, they
possess functional groups that are capable of interacting with other molecules (Xie,
Zhu and Liu 2017).

The unfolding of protein molecules, which expose hydrophilic and thiol
groups, creates protein-based hydrogels. Factors such as pH change, or salt
concentration adjustments can trigger the denaturation process, which involves the
unfolding of the structure. Denaturation makes it easier for chains to connect via
covalent contacts, such as hydrogen bond formation, electrostatic or hydrophobic
interactions, and sometimes disulfide bond formation. The polymer chains aggregate
and create a 3-D hydrogel structure due to the covalent contact between molecules
(Klein et al., 2020; Zhu et al., 2021). Among the widely used plant proteins based on
hydrogel are pea (Moreni et al., 2020), zein (Gagliardi et al., 2020), soya (Liu et al
2018), and wheat (Wang et al., 2019; Zhang et al., 2022).

The process of creating polysaccharides based on hydrogels is simpler than
that of creating proteins based on hydrogels. Several techniques, including but not
limited to pH change, temperature, salt concentration, as well as freeze-thaw cycles,
and sucrose, can trigger the production of hydrogel-based polysaccharides (Manzoor

et al., 2022). Commonly used polysaccharides with gelling properties in the food
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sector include gum Arabic (Makar et al., 2022), starch (Zeng et al., 2021), chitosan
(Ma et al., 2022), gellan gum (Das and Giri 2020), carrageenan (Berton et al., 2020),
alginate (Florowska et al., 2022), cellulose (Hu et al., 2021), and inulin (Michalska-
Ciechanowska et al., 2020).

2.4.3. Classification of formation hydrogel

Hydrogels are classified according to their ionic charge, configuration,
crosslinking, source, composition, and environmental stimulation. Polymer chains
are cross-linked to generate hydrogels (Zhang et al., 2021; Li et al., 2015). Three
different types of polymers can yield hydrogels: natural, synthetic, and semi-
synthetic. Hydrogels are classified into three groups, including natural, synthetic, or
semi-polymer, based on the source of the polymer. Natural hydrogels formed from
natural sources include a variety of substances such as collagen, gelatin, chitosan,
agarose, cellulose, fibrin, alginate, and hyaluronic acid (Benwood et al., 2021). Their
mechanical strength and stability are very modest, but they possess intrinsic
bioactivity, biocompatibility, and biodegradability. While most people may safely
use natural hydrogels, there are a few rare instances when certain components in
them might cause allergies (Wan et al., 2021; Eshraghi et al., 2021). Therefore,
administering natural hydrogels to immunocompromised patients may raise
immunological concerns. Synthetic hydrogels are formed using artificial polymers.
Polymerization of a monomer, such as polyethylene glycol, polyacrylic acid,
polyethylene oxide, polyacrylamide, polyvinyl alcohol, poly-N-isopropyl
acrylamide, and poly-N-isopropyl acrylamide, creates these synthetic polymers
(Zhang et al, 2021; Bashir et al, 2020). While certain materials, like
polyacrylamide, are biocompatible, they also possess stability and mechanical
strength. Chemically altered from their original form, semi-synthetic polymers are a
blend of natural and synthetic polymers. They are used as materials to create semi-
hydrogels. Chemically modified polymers from natural sources include acrylate-
modified hyaluronic acid and methacryloyl-modified gelatin (Dienes et al., 2021).
Furthermore, it may consist of both natural and manufactured polymers, such as
albumin and gelatin or PEG-conjugated fibrinogen (Berkovitch and Seliktar, 2017).
These hydrogels exhibit the bioactivity characteristics of natural hydrogen and allow
for numerous adjustments through their diverse chemical parameters (Park and Park,
2016).

2.4.4. Various methodologies for crosslinking in the fabrication of hydrogels
Various methodologies are available for the fabrication of hydrogels. A
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distinct mechanism and set of circumstances distinguish each approach. The
physical, chemical and biological characteristics of polymers are a crucial component

in determining the suitability of particular procedures for creating hydrogels.

Hydrogels that are cross-linked typically exhibit a variety of cross-linking
types. Multiple cross-linked networks, which combine biological, chemical, and
physical cross-linking methods, make up the majority of modern food hydrogel
networks. Each type of cross-linking contributes its own unique characteristics and

improves different mechanisms for hydrogel food creation.

2.4.4.1. Crosslinking via physical

The majority of food hydrogels belong to the physical hydrogels category,
where non-covalent bonds primarily drive the gelation process. Under certain
conditions, intra- or intermolecular forces, such as electrostatic complication,
hydrogen bonding, intermolecular entanglement, or ionic contact, create food
hydrogels through a process known as "physical crosslinking". Physical activation of
these cross-links creates a 3-D network structure between the molecules, eliminating
the need for cross-linking chemicals or external pressures (Khalesi et al., 2021). This
hydrogel has a delicate network structure because there is no cross-linking agent
used in the gelling process. Instead, the food-based polymers only connect with each
other at the molecular and intermolecular levels. This allows for a smooth transition
from a liquid to a hydrogel state. Food hydrogels, especially those derived from
gelatin and polysaccharides, stand out for their reversible nature (Yang et al., 2021).

Cross-linking via physical can be divided into three groups:

Crosslinking via hydrogen bonds: Cross-linking with hydrogen bonds is
used to make food hydrogels. The joining of hydrogen and oxygen atoms in the
chemical groups of polymers creates hydrogels. Hydrogels for food preservation use
a variety of polysaccharides, including picten, black sodium alginate, pullulan, and
others (Yan et al., 2020; Fan et al., 2021). Bueno et al. (2021) and Rajesha Shetty
and Lakshmeesha Rao (2022) reported that cross-linking with hydrogen bonds in
polyvinyl alcohol for food packaging made the film work better.

Crosslinking via Ionic: The process involves matching the polymer
molecules of cations and anions, or between metal cations and the polymers' anions.
Usually, the process may start at ambient temperature, and the sodium alginate,

which has a carboxyl group, can be ionically cross-linked with the calcium ions. It is
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a widely used technique due to its easy and safe preparation, as well as physiological
pH (Liet al., 2021).

Crosslinking via hydrophobic association: According to Madaghiele et al.
(2021), hydrophobic associations form hydrogels by clustering hydrophobic groups
on the molecular chains of hydrophilic compounds due to hydrophobic interactions.
This leads to the creation of food hydrogels through the bonding of macromolecular
chains, either inside or between molecules. A hydrophobic interaction creates an

example of a satiating hydrogel using carboxymethyl cellulose, unsubstituted block.

2.4.4.2. Crosslinking via chemical substance

According to Khalesi et al., (2021); Zha, Rao, and Chen, (2021), the
formation of chemically cross-linked hydrogel foods requires the use of disulfide
bonds between molecules, food-grade cross-linking chemicals, or Maillard reactions.
In food hydrogels, the cross-linking method creates more stable molecular structures
than physical cross-linking. Additionally, this approach allows for the fabrication of
hydrogel meals with varying mechanical strengths and cross-linking densities. Also,
because the cross-linking agent is safe for food, these chemically cross-linked gels
don't need to have the reactants removed after they have formed. Chemical

crosslinking can be classified into four groups:

Crosslinking via reactions: Polymers that are soluble in water can form
hydrogels by inducing cross-linking processes between the molecules and using
various chemical cross-linking agents. For instance, researchers Madaghiele et al.,
(2021) and Zhang, Meng, et al., (2021) found that citric acid can crosslink sodium,
while carbodiimide can crosslink compounds with amide groups. However, during
the preparation phase, this hydrogel must be cross-linked with either a food-grade or

natural cross-linking agent.

Group reactions: Group reactions are used to synthesize hydrogels based on
the covalent interactions among distinct functional groups of various polymers. For
example, Schiff base reactions may be used to generate molecules containing amino
groups into food hydrogels, and amide reactions between amines and carboxylic
acids or their derivatives can produce food hydrogels (Li, Xu, et al., 2021;
Thongsrikhem et al., 2022; Liu, Wang, et al., 2022).

Initiators polymerization reaction: One method for creating hydrogels is to
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use initiators to facilitate monomer polymerization. Free radical initiators are a group
of substances that break down easily into free radicals, like primary radicals, when
heated. They can also start the polymerization of alkene and diene monomers. These
cross-linking processes often prevent the formation of food hydrogels due to
concerns about initiator biosafety (Rezaeisadat, Bordbar, and Omidyan, 2021; Qin et
al., 2021).

Crosslinking via radiation: High-energy radiation is mostly used in radiation
crosslinking to make covalent or chemical connections between the chains of
macromolecular. This creates a network of links between the chains. This approach
typically operates at inert gas protection, pH that is physiological, and ambient
temperature, eliminating the need for cross-linking agents (Sivaselvam et al., 2021).
Assemand, Lacroix, Mateescu (2004) and Sommer et al. (2010) say that y-irradiation
may speed up the cross-linking reactions between nearby protein molecules by
turning tyrosine and phenylalanine residues into free radicals. However, the radiation
cross-linking process can create free radicals that could damage the food hydrogel's

bioactive compounds.

2.4.4.3. Crosslinking via biological

The researchers Robert, Chenthamara, and Subramaniam (2022) reported that
biological crosslinking involves the enzymatic catalysis of natural substances,
resulting in the development of crosslinks. This process may occur between the
molecules of protein and sugars and the molecules of protein, leading to the
formation of a hydrogel. Enzymatic crosslinking is a gentle and precise method of
crosslinking, making it very intriguing. The most commonly used enzymes for the
production of food hydrogels are tyrosinase, horseradish peroxidase,
transglutaminase, and laccase. Researchers favour these enzymes for their
specificity, exceptional effectiveness, and ability to function under gentle reaction
circumstances (Zhang, Fan, et al., 2015; Du et al., 2021; Chen et al., 2019). The
enzymatic reaction occurs in conditions of moderate temperature, reasonable pH, and
water presence. This eliminates the impact of initiators and crosslinkers, ensuring the

biological functionality of food hydrogels.

2.4.5. Recent studies on the fabricated hydrogel

In their study He et al., (2021a) looked at how different amounts of pectin and
degrees of esterification (DE) affect the formation of hydrogel from ginkgo seed
protein isolate (GSPI) and pectin mixed together. The fabricated hydrogels were
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made by heating a mixture with 12 % GSPI and different amounts of pectin such as
0, 0.1, 0.5, and 1.0 % w/v) with DE values of 38 %, 60 %, and 76 % at 90 °C and pH
6.0 for 30 minutes. The addition of pectin resulted in an increase in the apparent
thickness and electrical charge of the sols while simultaneously decreasing the size
of the particles. Adding 0.1 % and 0.5 % pectin improved the rheological and
textural properties of the hydrogels, while the addition of 1.0 % pectin resulted in a
deterioration of these properties, leading to reduced water retention capacity. Adding
pectin causes alterations in the gel microstructure. Hydrogen bonding was critical to
the hydrogel's formation. Incorporating low-methoxyl pectin (DE = 38 %) with a
high charge density improved the hydrogel characteristics. Managing the
concentrations of pectin and DE can help to adjust the physical and textural

characteristics of the fabricated hydrogel containing GSPI and pectin.

Researchers did an experiment to see what happened when different amounts
of Lycium barbarum polysaccharides (LBP) were added to whey protein hydrogels
that were made at different pH levels (3.0, 5.2, and 7.0). The LBP concentrations
used were 0, 0.1, 0.5, and 1 % w/v. After forming the hydrogel, we evaluated its
texture, flow properties, hydration characteristics, and microscopic structure. The
study found that the composite hydrogel with 0.1 % (w/v) LBP had the highest
functional value. However, when higher concentrations of LBP (1 % w/v) were used,
hydrogels with more holes were made, which was confirmed by SEM. Additionally,
whey protein created white particle hydrogels and transparent fibrillar hydrogels at
pH levels close to and distant from the isoelectric point. Regarding hydration
characteristics, there was no variation in water retention capacity and swelling ratio
across all pH levels. This study replicated real-world manufacturing settings to
establish a theoretical foundation for utilizing LBP in composite gels and creating
customized hydrogel-type food products to cater to various consumer tastes (He et
al., 2021b).

Demirkiran et al., (2022) said that their study looked into whether adding
microbial transglutaminase (MTG) to sour cherry seed protein (SCSP) could make it
better at its technological functions of hydrogel properties. In hydrogel models, MTG-
SCSP was integrated. Three distinct contents were used to create the hydrogels:
SCSP alone, a mixture of SCSP and pectin, and a mixture of microbial
transglutaminase and pectin as control groups. Researchers used SEM pictures to
analyze the microstructure of hydrogels. When MTG-SCSP and pectin were present
together, they had a big effect on how well hydrogels worked, affecting things like
their ability to hold water (WHC), their ability to swell, and their volume gel index
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(VGI). The textural and rheological characteristics showed similar results.

Amino acids including histidine, lysine, and arginine were studied for their
impact on the hydrogel characteristics of whey protein isolate hydrogels heated at
different pH levels (2.0, 5.2, 7.59, 9.74, and 10.76). Simple amino acids alter whey
protein isolate hydrogels based on pH and the specific amino acids present. Arginine
improved the hardness and gumminess of the WPI gel at pH 7.59, while histidine
boosted springiness at pHs 7.59 and 9.74, and lysine did so at pH 7.59 (P < 0.05).
Whey protein isolate created a weak hydrogel at pH 2.0. At pH 2.0, lysine and
arginine helped B-lactoglobulin cross-linking and stopped protein from leaking out of
the hydrogel (P < 0.05). At a pH of 5.2, whey protein isolate created a particulate
hydrogel with low water holding capacity (WHC). By changing the structure of the
hydrogel network, lysine made the whey protein isolate gel better at holding water at
pH 5.2. Basic amino acid added at pH levels other than 5.2 improved the hydrogel
structure's consistency and permeability, as well as significantly enhanced its water
retention ability (P < 0.05). Depending on the pH and desired characteristics of the
product, researchers can use various basic amino acids as enhancers for whey protein
isolate hydrogels (Wang et al., 2020c¢).

Bagyigit et al., (2024), in their study, aimed to produce pea protein-based
natural hydrogels without a poly/cross linker via cryogenic application. The process
consisted of three steps: cryogenic treatment was applied to the pea protein isolate
before hydrogelation (PHB), then after hydrogel formation (PHA), and finally to
both the pea protein and the formed hydrogel (PHD). Hydrogels with non-cryogenic
treated pea protein alone as a negative control (NC) and a mixture of untreated
protein and locust bean gum as a positive control (PC). In comparison to NC, the
FTIR spectra showed losses and shortenings in bonds. SEM images showed more
porous structures. The cryogenic process was resulted in a higher water-holding
capacity and swelling ratio. The process also improved protein leachability. PHB and
PHD hydrogels demonstrated elasticity, but elasticity levels varied. The study
indicates that cryogenic applications, which are sustainable and environmentally

friendly technologies, have great promise in this particular area.
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3. MATERIALS AND METHODS
3.1. Material

Avocado seeds were sourced from local businesses in Mersin province,
Turkey. Locust bean gum (CAS number: 9000-40-2) was purchased from Oz Yildiz,
Chemical Industry Trade Ltd., Co., based in Istanbul, Turkey. Chemicals including
sodium chloride (NaCl) (CAS number: 7647-14-5), sodium hydroxide (NaOH) (CAS
number: 1310-73-2), hydrochloric acid (HCI) (37 % w/w, CAS number: 7647-01-0),
sodium hydrogen phosphate (Na2HPO4) (CAS number: 7558-79-4), sodium
dihydrogen phosphate (NaH2PO4) (CAS number: 7558-80-7), and hexane (CAS
number: 110-54-3) were purchased from Sigma (St. Louis, MO, USA). All solvents
and chemicals wused were of high quality and met analytical testing
standards.Avocado seeds were sourced from local businesses in Mersin province,
Turkey. Locust bean gum (CAS number: 9000-40-2) was purchased from Oz Yildiz,
Chemical Industry Trade Ltd., Co., based in Istanbul, Turkey. Chemicals including
sodium chloride (NaCl) (CAS number: 7647-14-5), sodium hydroxide (NaOH) (CAS
number: 1310-73-2), hydrochloric acid (HCI) (37 % w/w, CAS number: 7647-01-0),
sodium hydrogen phosphate (Na2HPO4) (CAS number: 7558-79-4), sodium
dihydrogen phosphate (NaH2PO4) (CAS number: 7558-80-7), and hexane (CAS
number: 110-54-3) were purchased from Sigma (St. Louis, MO, USA). All solvents

and chemicals used were of high quality and met analytical testing standards.

3.2. Methods

This thesis consists of five main stages. Figure 3.1. displays each individual
stage. The initial phase of the study involved analyzing the amount of moisture, ash,
fat, protein, and carbohydrate of avocado seed. Then, Soxhlet extraction was used to
remove oil from the avocado seeds during the defatting process. After that, alkali-
isoelectric precipitation method was used for extraction protein from defatted
avocado seed powder and then dried into powder by using various drying techniques,
namely spray, freeze, vacuum, oven, and ambient drying. Next, hydrogels were
prepared from five different dried portions with locust bean gum. Finally, analysis

was carried out for all the different dried protein extractions and hydrogels.
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Figure 3.1. The flow chart of the operations carried out within the scope of the
study

3.2.1. Defatting process of avocado seed

The technique of removing fat from avocado seed were carried out based on
earlier investigations (Gan et al., 2020; Timilsena et al., 2016a) with some
adjustments. First of all, a DMS 253 laboratory grinder (Demsan, Turkey) was used
to crush the avocado seeds to make powder. Following that, avocado seed powders
were dried for 24+2 h at 45 °C by using oven Niive EN120 (Niive, Turkey). The
soxhlet extraction method was employed to remove the fat from avocado seed
powders. For this purpose, 20 g of powder were added to 200 mL of hexane and then
placed in the chamber of the extractor. To reach the solvent's boiling point, the
temperature was raised to 65 °C, and the extraction process was maintained under
reflux conditions for 2 h. Once the procedure was complete, hexane was removed by
evaporation at a temperature of 110 °C. Then, the seed powders that had been
defatted were gathered and placed oven at 50 °C for 60 min to ensure the complete

removal of hexane. Finally, the defatted avocado seed powders were placed in a
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polyethylene bag with the dimensions (width x high x thickness (20 cm x 30 cm x
0.05 mm)). The sample was storage at 4 °C in the refrigerator to make analysis easier
in the future.

3.2.2. Protein extraction by alkali extraction and isoelectric precipitation

The alkali extraction and isoelectric precipitation method was used to extract
proteins from defatted avocado seed powders, following the methodology outlined in
a prior study (Dia et al., 2019) with slide modifications. The process of protein
extraction and drying into powder were illustrated in figure 3.2. Two hundred mL of
0.12 M NaOH was added to the 20 g of defatted avocado seed powder. The
extraction process of protein was started by shaking the mixture at 250 rpm for 1 h at
ambient temperature. At the end of extraction process, the mixture was centrifuged
for 15 min at 4000 rpm under 4 °C by Niive NF 615 (Ankara, Turkey) to separate the
precipitation from supernatant. After discarding the precipitation, the supernatants
were gathered and the pH adjusted by a Hanna Instruments (HI2202-02 pH meter,
RI, USA) to 4.5 using 1 M HCI. Then, keep the supernatant in the refrigerator at 4 °C
overnight. Finally, the precipitation of protein was centrifuged at 4000 rpm for 25
min at 4 °C, and the supernatant was removed. At the end of extraction protein
process, the precipitated protein was dried into powder by using different drying

techniques.
3.2.3. Drying of extracted protein

3.2.3.1. Ambient drying (AD)

After transferring the protein precipitate into a plastic plate with a depth of
approximately 5 mm, the precipitated protein was left for 5 days at room temperature
(~ 25 °C) in order to achieve protein drying.

3.2.3.2. Oven drying (OD)

After transferring the protein precipitate into a plastic plate with a thickness of
around 5 mm, and then kept the sample into hot air oven for drying by using cabinet
dryer EN120 (Niive, Turkey) after adjusted temperature of 50 °C for 48 h (Lin et al.,
2021).

3.2.3.3. Vacuum drying (VD)

After pouring protein precipitate into a plastic plate, it was placed in the
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vacuum drying oven (BINDER, New York, USA), and then adjusted the temperature
and pressure to 50 °C under 85 Kpa (Feyzi et al., 2018).

3.2.3.4. Freeze drying (FD)

Initially, the protein precipitate was froze under -18 °C for duration 18 h.
Subsequently, it was transferred to a freeze dryer (Coolormed, Turkey) and exposed
to a compressor temperature of -55 °C for a period of 1 day while maintaining a

vacuum pressure of 20 Pa (Agarwal et al., 2023).

3.2.3.5. Spray drying (SD)

The protein precipitate was mixed with deionized water in a ratio of 1:2 v/v.
the mixture was mixed for 2 min at 10000 rpm. The diluted solutions were
subsequently fed into a spray dryer utilizing the Unopex B15 model (Izmir, Turkey),
with adjustments made to set the inlet temperature at 140 °C and the feeding rate at 6
mL/min. (Haque et al., 2015).

After drying avocado seed protein isolate into powder, all dried proteins were
kept in the plastic bag with the dimension (width % high X thickness (20 cm % 30 cm
x 0.05 mm)). To facilitate future analyses, stored the protein samples in the

refrigerator at 4 °C.
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Figure 3.2. The production flow chart for extracting protein from avocado seeds and
drying them into powder.

3.2.4. Hydrogel preparation

The hydrogel was synthesized using protein and locust bean gum, following
the methodology outlined in the earlier study conducted by (He et al., 2021b), with
slight adjustments. First of all, prepare two solutions: the first one was protein
solution (24 % w/v) and the second one was locust bean solution (2 % w/v) by using
distilled water and shaking them for 5 hours at 250 rpm at (~25 °C). Then, the

solutions were maintained at 4 °C in the refrigerator overnight to provide completely
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hydration. Following that, protein and locust bean solutions were mixed together at
concentration (1:1, v/v). The mixture was carried out in a shaker for 2 h at 150 rpm
after adjusted the pH of final solution to 7.0. For preparing hydrogel heat-induced
techniques was used, The mixture was immersed in a water bath (Niive, Ankara,
Turkey) and heated at 90°C for 50 min. Lastly, the hydrogel samples were allowed to
cool to ambient temperature (~25 °C) and stored in the refrigerator for future

analysis.

3.3. Analysis of Avocado Seed, Protein Isolated and Fabricated Hydrogel

The analysis was carried out for avocado seed, avocado seed protein isolate,
and hydrogels prepared from different dried avocado seed protein isolate, as shown
in the Table 3.1.
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Table 3.1. Specific analyses conducted within the study's scope

Materials Analysis

¢ Total moisture content
Avocado seed e Total mineral matter content
¢ Total fat content
» Total protein content

¢ Total carbohydrate content

¢ Color analysis

¢ Water activity (a,,)

¢ Carr index and Hausner ratio

¢ Amino acid analysis

¢ Fourier Transforms infrared (FTIR) spectroscopy
Avocado seed protein isolate ¢ Scanning electronic microscope (SEM)

¢ Thermal behavior (TGA)

¢ Solubility

o Water holding capacity

¢ il holding capacity

* Emulsion activity and stability

¢ Foaming capacity and stability

e Color

¢ Water holding capacity

¢ Swelling ratio

¢ Hydrogel leachability

¢ Fourier Transforms infrared (FTIR) spectroscopy
¢ Scanning electronic microscope (SEM)

¢ Texture profile analysis

¢ Rheological analysis

* Release analysis

Hydrogel

3.3.1. Chemical composition of avocado seed and peotein
3.3.1.1. Total moisture content

To measure the total amount of moisture content in the avocado seed,
initially, the avocado seeds were ground to obtain a powder. A petri dish was used as
a drying container. In order to obtain more accurate results, the petri dish was
brought to a constant weight by placing it in oven for 3h at 105 °C. After cooling the
petri dish in a desiccator, the containers were ready for the next step. One gram of
powder sample was weighed into cooled petri dishes and placed in a hot air oven
after the temperature was adjusted to 105 °C. After 24 h, the petri dishes containing

the samples were cooled in the desiccator. The following formula was used to
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determine the moisture content

Total moisture content (%) =(x —y) /w x 100

x = Weight of sample (g) + weight of petri dish (g)

y = Dehydrated sample (g) + weight of petri dish (g)

w = Weighted sample (g)

3.3.1.2. Total mineral matter content

To measure the amount of mineral matter in powder sample, the porcelain
crucibles were initially brought to a constant weight by placing them in oven for 3 h
at 105 °C. The porcelain crucibles were left in a desiccator until cooled. Tow grams
of sample into the crucibles and then place in furnace for 2 h at 550 °C. After cooling
the crucibles containing the sample in the desiccator, the total amount of mineral
matter was determined by using the following equation and expressing the result as a

percentage.

Total mineral matter content (%) = (x —y) /w x 100

x = Final weighing (remaining sample amount by mass + crucible weight (g)

y = Crucible weight (g)

w = Mass weight of the weighed sample (g)

3.3.1.3. Total fat content

Ten grams of the sample were placed in a flat-bottomed flask, followed by the
addition of 200 mL of hexane. The extraction process for fat was carried out for 8
hours at room temperature. Following that, a flat-bottomed flask was connected to
the relevant part of the rotary evaporator to evaporate hexane. To remove the
smallest amount of hexane, a flat-bottomed flask was kept in oven at 105 °C (AOAC,

1998). The following formula was used to get the total quantity of fat.
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Total fat content = (x —y) / w x 100

x = Final weighing (weight of remaining oil+weight of flat bottomed flask(g))
y = Weigh of flat bottomed flask (g)

w = Initial weigh of sample (g)

3.3.1.4. Total protein content

The protein content of sample was measured by using an elemental analyzer
(FlashSmart Elemental, ThermoFisher Scientific, USA). The protein content of the
samples was calculated by multiplying the nitrogen value by 6.25. The device

settings were adjusted manually based on Table 3.2 for protein analysis.

Table 3.2. Elemental analyzer operating conditions

Parameters Devise condition
Temperature of reaction CHNS 950 °C
Temperature of GC/MS 65 °C

Flow of helium 145 ml/min
Flow references of helium 105 ml/min
Flow of oxygen 240 ml/min
Time of injection oxygen 5 sec

Delay in the sample 12 sec

Total working time 600 less than sec

3.3.1.5. Total carbohydrate content
Total carbohydrate content was calculated by subtracting the sum of protein,

fat, moisture, ash, and fiber percentages from 100. The equation used is as follows

Total carbohydrate (%) = 100 — (total Ash+ total protein + total fat + total
moisture)
3.3.2. Protein Analysis
3.3.2.1. Color

The protein samples' color was assessed by Hunter Lab device (Color Quest®
XE, USA) based on the parameters L*, a*, and b*. The equipment was initially
calibrated using three parameters: L* = 96.90, a* = 1.21, and b* = 1.93. L* was
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associated with lightness, and the value was recorded from black to white (0 to 100).
The value of a* corresponds to green to red, and the value was recorded from (-100
to +100), while the value of b* corresponds to blue to yellow, and the value was
recorded from (-100 to +100) (Duangmal et al., 2008).

3.3.2.2. Water activity (aw)

Water activity (aw) values of sample were determined using the Pre Aqua
LAB (METER Group, Inc., USA). Approximately 3 g of sample were added to the
device's sample container and allowed to sit at ambient temperature until the
equilibrium moisture value was reached. The aw values that reached equilibrium

were read from the digital display and recorded (Tatar et al., 2014).

3.3.2.3. Hausner ratio and carr index

Hausner ratio and carr index value of sample were measured by tapped
density and bulk density. Five grams of the sample were added to a 25 mL cylinder,
and the volume was noted. Bulk density was found by dividing the sample's weight
by its volume. For tapped density determination, the graduated cylinder containing
the sample was placed on a flat surface and tapped 200 times. After tapping, the
volume of the sample was measured. To calculate the tap density, divide the weight
of the sample by the volume measured after tapping 200 times (Turchiuli et al.,
2005). Using the equation provided below, the hausner ratio and carr index were

computed.

Hausner ratio = Tapped density / Bulk density

Carr index = (Tapped density — Bulk density / Tapped density) x 100

3.3.2.4. Amino acid analysis

The amino acid content of the protein samples was determined by an acid
hydrolysis method based on Zhao et al. (2018) with slight adjustments. Initially, 50
mg of samples were added into 10 mL of 6 M HCI and the mixture was maintained
in oven for 1 day at 110 °C to facilitate acid hydrolysis. After cooling the mixtures to
room temperature, they were centrifuged at 4500 rpm for 20 min. The supernatant
was obtained by passing through membrane filters with 0.45 um pores. The resulting
filtrate was diluted with 100-time with ultra-distilled water. Then, 50 pL of the

diluted samples, 50 pL of internal standard, and 700 pL of reagent were mixed in
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vials and then placed in the device injection block. The final solutions obtained were
injected into the LCMS - 8040 device (Shimadzu, Japan) and the device was adjusted
according to the Table 3.4 (Saglik et al., 2019). The protein efficiency rate of the

samples was assessed using the following equations.

Protein efficiency rate -1 =— 0.684 + Leucine (0.456) — Proline (0.047)

Protein efficiency rate -2 = — 0.468 + Leucine (0.454) — Tryptophan (0.105)

Protein efficiency rate -3 = —1.816 + Methionine (0.435) + Leucine(0.780) +
Histidine(0.211) —Tryptophan(0.944)

Table 3.3. LC-MS device operating conditions for amino acid analysis

Parameters Device condition
Column temperature 30°C

Mobile system Gradient

Phase of mobile (A) 0.05% formic acid prepared with water
Phase mobile (B) acetonitrile
Phase mobile (A) / (B) 30% / 70%

Flow rate 0.07 uL / min
Desolvation line 300 °C

Injection volume 40 uL.

Heat 500 °C
Nebulizing gas 3L /min

Drying gas 20 L/ min

3.3.2.5. Fourier transform infrared spectra (FTIR)

An FTIR analysis was utilized to determine the secondary structure of protein
using FTIR spectroscopy IRTracer100 (EN230V) (Shimadzu Corporation, Koyta,
Japan). The spectrum scans were obtained between wavelength ranges of 400 to
4000 with the resolution 1 cm-1 at room temperature (Lopez-Monterrubio et al.,
2020).

3.3.2.6. Scanning electronic microscopy (SEM)

SEM images were utilized to examine the morphology and microstructure of
protein samples. The scanning electronic microscope Zeiss Sigma300 (Oberkochen,
Germany) was employed to capture SEM images. First, the samples were covered
with gold-palladium as a coat material for high conductivity. The samples coated

with a layer were positioned in the appropriate instrument components and subjected
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to a high vacuum, and images were taken by scanning electron microscopy at 30 kV
at different sizes (Molina Ortiz et al., 2009).

3.3.2.7. Thermogravimetric analysis (TGA)

The protein's thermal characteristics were analyzed using the DTG-60H
Thermogravimetric Analyzer from Shimadzu Corporation, based in Kyoto, Japan.
The heating process consisted of applying 5 g of samples with a heating rate of 10
°C/min, ranging from 30 °C to 1000 °C in a nitrogen gas (N2) atmosphere (Piletti et
al., 2019).

3.3.2.8. Solubility

The solubility of samples were analyzed by making some modifications on a
method previously noted in the literature (Shevkani et al., 2015). Five milliliters of
distilled water were used to dissolve 50 mg of protein sample, and the pH of the
mixture was adjusted to 7.0 using 0.12 M HCI or NaOH. The mixtures were shaken
at room tempreature at 200 rpm for 1 h and the pH remained constant during this
period. After this period, centrifuge the mixtures for 15 min at 4500 rpm at 4 °C and
then filtered through 0.45um filter paper at 45° angle for 30 min. Finally, the
solubility of the samples was assessed using the Bradford method (Bradford, 1976).

The following formula was used to get the solubility percentage:

Solubility (%) = (Weight of solubile / Proteinweight of protein) x 100

3.3.2.9. Water holding capacity (WHC)

The WHC of protein samples were measured following the methods described
by Aydemir and Yemenicioglu (2013) with minor modifications. Five milliliters of
distilled water was added to the 1 g of protein samples in 50 mL of centrifuged tube.
The prepared mixtures were vortexed every 5 minutes for duration 10 sec and this
process was repeated for 30 minutes at ambient temperature. After this period,
centrifuge the mixtures for 15 min at 4500 rpm under 4 °C. The precipitation was
separated from supernatant by placing the centrifuge tubes on the filter paper at a 45°
for 40 min, and finally the weighted precipitation was recorded. The water holding
capacities of proteins were evaluated as a percentage according to the following

equations.

48



MATERIALS AND METHODS B. A. Abdullah ABDULLAH

WHC (%) = (W3 — W2) - W1/ WI) x100

W1: Weight of protein powder sample (g)

W2: Centrifuge tube (g)

W3: Defined as final weighing (g)

3.3.2.10. Oil holding capacity (OHC)

The percentage of OHC was performed similarly to the WHC analysis. In 50
mL of centrifuged tube, 1000 mg of protein samples were dissolved in 5 mL of oil
(sunflower). The prepared mixtures were vortexed every 5 minutes for duration 10
sec and this process was repeated for 30 minutes at ambient temperature. After this
period, centrifuge the mixtures for 15 min at 4500 rpm under 4 °C. The precipitation
was separated from supernatant by placing the centrifuge tubes on the filter paper at
a 45° for 40 min , and finally the weighted precipitation was recorded (Cho et al.,
2004). OHC of samples was calculated as a percentage using the following

equations.

OHC (%) = (W3 —W2) — W1/ W1) x 100

W1: Weight of protein powder sample (g)

W2: Centrifuge tube (g)

W3: Defined as final weighing (g)

3.3.2.11. Emulsion properties

Emulsion properties including emulsion activity and stability index were
measured in a previously conducted study with some modifications (Karaca et al.,
2011). To achieve this, fresh emulsions were prepared by mixing 500 mg of protein
samples into 100 mL potassium phosphate buffer (10 mM, pH 7.0). A water-in-oil
emulsion was formed by blending 25 mL of corn oil with 75 mL of protein
dispersion and homogenizing the mixture with an Ultra-Turrax at 10,000 rpm for 2

min.
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To determine emulsion activity (EA), 50 uL from fresh prepared emulsion
and 5 mL SDS (1% w/v) were mixed. Subsequently, the absorbance was read by UV-
Vis spectrophotoscopy (Model UV-1280, Shimadzu, Japan) at a wavelength 500 nm.
In order to assess the emulsion stability (ES), the same procedure of EAI was applied
to the mixture after keeping for 10 and 30 min at room tempreature (EAI10 and
EAI30) and the absorbance was read. The formulae provided were used to calculate
EAI and ESI (Lee et al., 2021).

EA (m’g) =2x2.303xA0xD / FCx@x0x1000

ES (min) = (A0 /A0 - At) x t

AQO : the absorbance of emulsion immediately after homogenization
DF: Dilution factor

C : Sample concentration

® : Path of Optical

O : Fraction volume of fat

At : the a bsorbance of fresh prepared emulsion after kept for 10 and 30 min

after homogenization process
t = Time for absorbance reading after emulsion preparation

3.3.2.12. Foaming properties

The foaming properties, specifically foaming capacity (FC) and stability (FS),
were assessed by preparing a 1% w/v protein solution. The solution was stirred with
a magnetic stirrer for 5 min to dissolve the protein. Subsequently, the protein solution
was homogenized at 12,000 rpm for 1 min using an Ultra-Turrax homogenizer (IKA-
T18 Basic, Japan) (Jarpa-Parra et al., 2014). Based on the equations provided below,
foaming capacity and stability were computed.

50



MATERIALS AND METHODS B. A. Abdullah ABDULLAH

FC (%) =(V2-V1/V1)x 100

FS 10 min (%) = Vt / V2 x 100

V1: Initial volume of the solution prior to the homogenization process (mL)

V2: Volume of solution following the homogenization process (mL)

Vt: Volume of solution after kept for 10 and 30 min after homogenization

process (mL).

3.3.3. Hydrogel analysis
3.3.3.1. Color

The color of the hydrogel samples was evaluated using a Hunter Lab device
(Color Quest® XE, USA) based on the parameters L*, a*, and b*.The equipment
was initially calibrated using three parameters: L* = 96.90, a* = 1.21, and b* = 1.93.
L* was associated with lightness, and the value was recorded from black to white (0
to 100). The value of a* corresponds to green to red, and the value was recorded
from (-100 to +100), while the value of b* corresponds to blue to yellow, and the
value was recorded from (-100 to +100) (Duangmal et al., 2008).

3.3.3.2. Water holding capacity

The water holding capacity of the hydrogel samples was assessed following
the method outlined by (Wu et al., 2009) with certain adjustments. In summary, one
gram of hydrogel samples were deposited in a centrifuge tube. Following that,
subjected to centrifugation for 15 min at 4500 rpm. After that, the centrifuged tube
was inverted for 45 min at a 45° for 45 min to separate water, and the weight was
measured and recorded. The provided equation quantifies the water-retaining

capacity as a percentage.

WHC (%) = W / W1 x 100

W : Weigh of hydrogel sample after centrifugation

W1 : Initial weigh of hydrogel sample
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3.3.3.3. Swelling ratio

The hydrogel sample's swelling ratio was determined by cutting it into a cubic
shape with dimensions of 8 mm x 10 mm (diameter x length). After weighting, place
the hydrogel samples in a 250 mL beaker. Subsequently, immerse a beaker contain a
cube-shaped hydrogel sample in a water bath after set temperature to 50 °C for 30
min. A cubic hydrogel specimen was removed from a water bath and dried using
filter paper. Finally, a hydrogel sample in the shape of a cube was measured in terms
of its weight. The swelling ratio was quantified as a percentage using the given
equation (Chang et al., 2020).

Swelling ratio (%) = (W1 —-W)/W x 100
W1: Final weigh of a cubic shape hydrogel (swollen)
W : Weigh of a cubic hydrogel.

3.3.3.4. Protein leachability

The percentage of protein leaching from the hydrogels were determined as a
measure of protein leachability, following the methodology reported in a previous
study with minor adjustments (Wang et al., 2013). To do this, the hydrogel samples,
weighing a total of 2 g were mixed with 8 mL (0.05M) sodium phosphate buffer
solution (The buffer was prepared by mixed two mixtures including NaH,PO4 and
Na,HPO4). The mixture was then kept at a pH of 7 and maintained at ambient
temperature for duration of 3 h. After centrifuged the mixture for 15 min at 4500
rpm, the supernatant was collected. The ability of leaching proteins from hydrogels

was assessed using Bradford techniques.

3.3.3.5. Fourier transforms infrared (FTIR)

An FTIR spectrum was employed to analyze the hydrogel's secondary
structure using FTIR spectroscopy IRTracer100 (EN230V) (Shimadzu Corporation,
Koyta, Japan). The spectrum scans were obtained between wavelength ranges of 500
to 4000 with the resolution 1 cm™ at room temperature (Lopez-Monterrubio et al.,
2020).

3.3.3.6. Scanning electronic microscope (SEM)
SEM images were utilized to examine the morphology and microstructure of
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hydrogel samples. The scanning electronic microscope Zeiss Sigma300
(Oberkochen, Germany) was employed to capture SEM images. First, the samples
were covered with gold-palladium as a coat material for high conductivity. The
samples coated with a layer were positioned in the appropriate instrument
components and subjected to a high vacuum, and images were taken by scanning

electron microscopy at 30 kV at different sizes (Molina Ortiz et al., 2009).

3.3.3.7. Texture analysis

The TA-XT Plus texture analyzer (Surrey, UK) was used to access the texture
of hydrogel samples. Initially, the hydrogel sample was prepared in a cylindrical
container with a dimension of 35 mm x 30 mm (diameter x height). Following that
placed the hydrogel samples in a relevant part of the instrument. The texture of
hydrogel sample was measured under compression along a single axis with a metal
compression plate with a diameter of 3.5 inches at a pre-test speed and compression
speed with 1 mm/s and 2 mm/s, respectively, 7mm of compression distance, and 5g
of trigger force. Five texture parameters for each hydrogel sample were determined
including hardness, chewiness, gumminess, springiness and resilience (Cheng et al.,
2019).

3.3.3.8. Rheological behavior

The rheology analysis was conducted using the rheometer Haake MARS I
(Karlsruhe, Germany) to determine the further characterize the hydrogel sample. The
rheometer was used for rheology investigation and assessment of the viscoelastic
structure of the hydrogel sample. The rheometer used parallel plate geometry,
including a 0.5 mm gap and a 20 mm diameter. An oscillatory test was conducted to
measure the storage modulus (G') and loss modulus (G"”) of the hydrogel samples.
The hydrogel sample underwent a heating and cooling cycle with a temperature
increase at a constant rate of 5 °C/min, beginning at 20 °C and reaching 60 °C. It was
then lowered at the same rate, going back from 60 °C to 20 °C. After completing the
temperature cycle, the resulting hydrogel underwent at 20 °C of frequency sweep test

and spanning frequencies starting from 1.00Hz (Demirkiran et al., 2022).
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3.3.3.9. Release behavior

This study used ascorbic acid as an example of a bioactive compound to
assess how well hydrogels made from avocado seed protein delivered a bioactive
ingredient. The release behavior was conducted following the fabricated hydrogel
from avocado seed protein isolate and dried by spray with locust bean, as described
in a previous research (Liu et al., 2018) with some minor adjustments. To accomplish
this, prepared a 1.5 mL ascorbic acid solution and injected 2 mL of ascorbic acid into
the hydrogel sample. The specimen was moved into three distinct solutions with
varying pH levels (2.0, 6.0, and 10.0), NaCl with three different environments (0.5,
1.0, and 1.5 M), and diverse temperatures (25 °C, 50 °C, and 75 °C). Subsequently, a
pipette transferred 2 mL of the release solution every hour for a total of 9 hours.
After each pipetting session, from the buffer add 2 mL to the release solution.
Ultimately, the absorbance of solutions were read by UV-Vis spectrophotoscopy
(Model UV-1280, Shimadzu, Japan) at a wavelength of 518 nm (Tabakoglu and
Karaca, 2018).

3.4. Statistical Analysis

The thesis study carried out all production and analysis in three repetitions
and two parallels. The results were reported as a mean values and standard
deviations. The data obtained were analyzed using one-way analysis of variance
ANOVA (Duncan’s) (p<0.05), with the statistical package SPSS 22 for Windows
(SPSS Inc., Chicago, IL, USA). All graphs were obtained with OriginPro 2021b
(Origin Lab Inc.) and Microsoft Excel (Microsoft Excel 2010 Inc.).
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4. FINDINGS
4.1. Chemical Composition of Avocado Seed

The total moisture, total ash, total fat, total carbohydrate and total protein
amounts of avocado seed were determined and the results obtained are given in Table
4.1. The total moisture and total ash amounts of avocado seed were determined to be
13.57+0.6 % and 1.53+0.8 %, respectively. In terms of total carbohydrate and total
fat in avocado seed, these values were measured as 58.74+0.3 % and 13.53+0.4 %,
respectively. The amount of total protein in avocado seed that forms the basis of the
thesis study was determined to be 12.63+0.2 %.

Table 4.1. Chemical composition of avocado seed powder

Components Unite Avocado Seed
Moisture % 13.57+0.6
Ash % 1.53+0.8
Fat % 13.53+0.4
Protein % 12.63+0.2
Carbohydrate % 58.74+0.3

4.2. Avocado Seed Protein Isolate

4.2.1. Proximate composition of ASPI powder obtained by various drying

techniques

The proximate composition of ASPI was prepared by various drying
techniques: spray, freeze, vacuum, oven and ambient drying, as presented in Table
4.2. The percentage of protein content of various dried methods of avocado seed
protein isolate was varied significantly (p < 0.05). The superior protein content was
FD with a value of 67.3 % compared to the other methods with values of 65.9 %,
64.8 %, 62.3 %, and 62.1 % for SD, AD, OD and VD, respectively. The SD had the
minimum moisture content (4.22 %) compared to the other techniques with values of
4.69, 4.88, 5.35 and 5.35 % for FD, VD, OD and AD, respectively. VD and OD of
ASPI exhibited slightly lower ash and lipid content compared to SD, FD and AD.
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Table 4.2. Proximate composition of ASPI powder was prepared by various dried
methods.

AD oD VD FD SD
Protein 64.8+0.17° 62.3+0.26° 62.140.53° 67.3+0.61° 65.9+0.17°
Moisture 5.35+0.07 5.35+0.08" 4.88+0.04° 4.69+0.08° 4.22+0.04¢
Lipid 2.4+0.14% 2.25+0.07° 2.15+0.07° 2.6+0.14° 2.7+0.15°
Ash 8.7+0.14° 8.7+0.32° 8.55+0.35° 8.8+0.21° 8.8+0.28"
Carbohydrate 18.73+0.24° 21.22+0.63 22.140.93 16.63+1.0°  18.59+0.36°

The results presented as a mean (n=3) (= Standard Division). The different latters ®¥ at the same line
illustrated the significant different between samples (p < 0.05).
Avocado seed protein isolate (ASPI) dried in to powder by different drying techniques, namely AD, OD,

VD, FD and SD for ambient, oven, vacuum, freeze and spray drying, respectively.

4.2.2. Physicochemical properties of ASPI powder

The physicochemical properties of dried ASPI including SD, FD, VD, OD
and AD were evaluate in terms of color, water activity (aw), Carr's index and

Hausner ratio

The color properties of dried avocado seed protein isolate are presented in
Table 4.3. The findings noted a significant variation (p < 0.05) among various
methods of ASPI for the parameters L*, a*, and b*. Among the five dried
techniques, SD had the maximum L* value of 55.57 and the minimum a* and b*
values of 5.40 and 7.40, respectively, compared to the other dried methods. In
contrast, OD and VD had the lowest L* values of 40.03 and 40.56, respectively, and
the highest a* values of 9.22 and 8.91, and b* values of 15.57 and 15.13,
respectively. In other words, VD and OD were the darkest methods of drying ASPI.

Water activity values of dried ASPI by various drying techniques, including
AD, OD, VD, FD and SD were display in Table 4.4. The value of water activity of
different dried ASPI was 0.38, 0.27, 0.35, 0.34 and 0.32 for AD, OD, VD, FD and
SD, respectively. The results indicate a statistically significant difference (p < 0.05)
out of the five techniques of drying, OD exhibited minimum water activity. On the
other hand, AD had the highest value of water activity.
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The findings indicated a notable difference (p < 0.05) in the Carr's index and
Hausner ratio among various methods of dried avocado seed protein isolate, as
shown in Table 4.4. Carr index value of different dried ASPI was with the value
9.71, 14.84, 15.9, 33.1 and 38.77 % for OD, AD, VD, FD and SD, respectively.
Hausner ratio of different dried ASPI was with the range 1.11, 1.17, 1.18, 1.5 and
1.63 for OD, AD, VD, FD and SD, respectively.
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Table 4.2. The color analysis of the dried ASPI powder.

Color
Protein samples L* a¥ b*
AD 42.21+0.41¢ 7.23£0.75% 12.22+0.19%
oD 40.03+0.534 9.22+0.082 15.57+0.217
VD 40.56=0.404 8.91+0.322 15.13+£0.24=
FD 45.52+0.06° 6.38+0.09% 9.74+0.65¢
SD 55.57+0.432 5.40+£0.17¢ 7.40+0,759

The results presented as a mean (n=3) (+ Standard Division). The different latters @9 at the same line
illustrated the significant different between samples (p < 0.05).

Avocado seed protein isolate (ASPI) dried in to powder by different drying techniques, namely AD, OD,
VD, FD and SD for ambient, oven, vacuum, freeze and spray drying, respectively.

The letter L* represents the attribute of lightness, whereas the letter a* represents the attribute of redness

to greenness, and the letter b* represents the attribute of yellowness to blueness.

Table 4.2. Water activity (aw), Carr index and Hausner ratio of different dried
techniques of ASPI powder.

‘Water activity Carr index Hausner ratio
(aw)
AD 0.38+0.0022 14.84+0.78¢ 1.17+0.01¢
OoDb 0.27+0.005¢ 9.71+0.89¢ 1.11=0.01¢
VD 0.35+0.002° 15.9+0.73¢ 1.18+0.01¢
FD 0.34+0.001¢ 33.1+0.33% 1.5+0.01°
SD 0.32+0.002¢ 38.77+0.892 1.63+0.02°

The results presented as a mean (n=3) (+ Standard Division). The different latters &< at the same line
illustrated the significant different between samples (p < 0.05). Avocado seed protein isolate (ASPT) dried
in to powder by different drying techniques, namely AD, OD, VD, FD and SD for ambient, oven, vacuum,

freeze and spray drying, respectively.
4.2.3. Amino acid composition and nutrition parameter of ASPI powders

In this present study, the composition of amino acid profile of five various
dried avocado seed protein isolate were determined as shown in Table 4.5. Nine
crucial amino acids were identified in ASPI through different drying techniques

including histidine, lysine, threonine, methionine, valine, isoleucine, phenylalanine,
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leucine, and Tryptophan. The dominant essential amino acids of ASPI are isoleucine
(AD: 5.86 %, OD: 5.39 %, VD: 5.54 %, FD:5.59 % and SD: 5.47 %), leucine (AD:
6.24 %, OD: 6.33 %, VD: 6.39 % FD: 6.56 % and SD: 6.27 %), lysine (AD: 5.58 %,
OD: 5.57 %, VD: 5.79 %, FD: 5.95 % and SD: 6.05 %), threonine (AD: 5.71 %, OD:
5.39 %, VD: 5.33 %, FD: 4.83 % and SD: 5.18 %) and valine (AD: 6.19 %, OD: 6.02
%, VD: 6.02 %, FD: 5.89 % and SD: 6.29 %). The total amino acid content in
proteins and the essential amino acids in FD, SD, AD, VD and OD were 38.11 % and
37.81 %, 35.89 %, 34.99 %, 34.72 %, respectively. The PER-1 values for AD (1.8
%), OD (1.8 %), VD (1.9 %), FD (1.99 %), and SD (1.9 %). The value of PER-2 and
PER-3 for FD (3.4 and 3.8 %), SD (3.2 and 3.5 %), VD (3.3 and 3.2 %), OD (3.2 and
2.8%) and AD (3.2 and 2.6 %), respectively.
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Table 4.2. Composition of amino acid and protein efficiency ratio of ASPI powders

(g/100 g)
Amino acid profile AD (%)  OD (%) VD (%) FD (%0) 5D (%0)
"Histidine 249 208 219 474 343

Isoleucine 5.56 5.39 5.54 5.59 547
Leucine 6.24 6.33 6.30 6.56 627
Lysine 5.58 5.57 5.79 593 6.05
Methionine 0.67 0.76 0.78 1.27 1.67
Phenylalanine 3.13 3.17 293 322 341
Threonine 31N 5.30 3.33 4.83 518
Tryptophan 0.02 0.02 0.02 0.04 0.03
Valine 6.19 6.02 6.02 5.82 6.29
Total-EASA 35.89 34.92 3499 38.1 37.8
Aspartic acid 11.97 11.5% 12.31 10.40 11.36
Glutamic acid 10.96 11.61 12.10 11.561 11.13
Serine 5.74 g.78 870 3.90 8.78
Glycine 8.40 863 8.01 7.85 125
Cystine 0.3 0.3 0.3 0.4 0.4
Tyrosine 13 13 1.1 11 1.1
Arginine 6.2 6.9 71 6.3 15
Alanine 18 76 16 74 1.6
Proline 13 73 6.5 73 6.9
Asparagine 0.03 0.10 0.01 0.04 0.04
Glutamine 0.03 0.10 0.01 0.01 0.03
Total non-EAA 64.11 65.28 65.01 61.39 62.18
PER-1 18 1.8 19 1.99 1.9
PER-2 32 32 33 34 32
PER-3 2.6 2.5 32 3.5 35

SD,FD, VD, OD and AD for zpray, freeze, vacuum, oven and ambient, respectively.

EAA : eszential amino acid

Mon- EAA - non-ezsential amino acid

PER. : portion efficiency ratio

4.2.4. Fourier transform infrared spectra (FTIR) of ASPI powders

Special groups naturally found in the structures of isolation protein from

avocado seed and dried into powder by various dried techniques, including AD, OD,
VD, FD and SD were investigated at the wavelengths between 500 to 4000 cm™ as
shown in Figure 4.1. The amide I, II and III were identifying at (1600 -1700cm™),
(1470-1570cm™) and (1250-1350cm™). Also, amide A and B were determined in the
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wavelength range of (3300-3500cm™) and (2850-2980 cm™).
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Figure 4.1. FTIR spectra analysis of dried avocado seed protein. AD, OD, VD, FD
and SD for ambient, oven, vacuum, freeze and spray drying, respectively.

4.2.5. Scanning electronic microscopy (SEM) images of ASPI powders

The surface morphologies of dried proteins were visualized using a scanning
electron microscope, and corresponding images are provided in Figure 4.2. SEM
analysis was employed to observe and assess the impact of drying methods on the
surface pattern of avocado seed protein. The result shows that the microscopic
morphology of all dried methods revealed distinct surface structures. When
compared to other drying methods, SD protein had a uniform particle size
distribution and round shape, and also the particles' surface had a smooth, spherical

structure. Furthermore, some particles of SD protein appeared wrinkled or folded.
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Figure 4.2. Scanning electronic microscope (SEM) of dried avocado seed protein.
AD, OD, VD, FD and SD for ambient, oven, vacuum, freeze and spray drying,
respectively.

4.2.6. Thermogravimetric analysis (TGA) of ASPI powders

TGA indicates the maximum weight loss or gain experienced by the material
with varying temperatures. Figure 4.3. shown the TGA weight loss curves for
different drying methods of ASPI. Overall, all drying techniques for ASPI had
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comparable thermal characteristics, with the curves indicating a three-stage weight
reduction. The initial weight loss occurred at a temperature lower than 200 °C. The
evaporation of water may be the first heat event in polymeric materials that is
associated with the evaporation of water. The maximum weight loss occurred within
the temperature range of 170 to 500 °C. The following sequence shows the minimal
weight reduction during this stage: SD, VD, AD, FD, and AD, with respective
weight reductions of 39, 40, 42, 43, and 45 %.

100
80
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2 60
=
=
=
2
= 40
20
0

0 200 400 600 800 1000
Temperature (°C)

Figure 4.3. Thermogravimetric (TGA) analysis of dried avocado seed protein. AD,
OD, VD, FD and SD for ambient, oven, vacuum, freeze and spray drying,
respectively.

4.2.7. Solubility of ASPI powder

This section was determined that how different drying techniques affected the
solubility of ASPI powder, as presented in Figure 4.4. Drying techniques namely SD,
FD, VD, OD and AD significantly (p < 0.05) affected the solubility of ASPI powder.
The value of solubility of ASPI powder obtained by SD technique was the highest,
with a value of 82.52 %. The solubility levels of protein powders obtained by FD,
VD, AD, and OD techniques were 75.22 %, 68.77 %, 60.24 %, and 53.8 %,
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respectively. The powders obtained using SD exhibited superior solubility values that

were consistent with literature findings.
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Figure 4.4. Solubility of avocado seed protein isolate, AD, OD, VD, FD and SD for
ambient, oven, vacuum, freeze and spray drying, respectively. The results presented
as a mean (n=3) (£ Standard Division). The different latters (a-¢) illustrated the
significant different between samples (p < 0.05).

4.2.8. Water holding capacity (WHC) of ASPI powder

The data obtained in this study show that dried techniques including, SD, FD,
VD, OD and VD significantly affected the WHC of ASPI powder (p < 0.05), as
illustrated in figure 4.5. WHC of different dried ASPI powder were 393.33, 330.43,
201.21, 174.42, and 173.2 for SD, FD, AD, OD, and VD, respectively. SD protein
was showed the maximum WHC among the other dried methods. While AD protein
was given the lowest WHC compared to the other dried methods. In general, SD
protein had superior WHC compared to proteins obtained using the other dried

methods.
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Figure 4.5. Water holding capacity (WHC) of avocado seed protein isolate, AD,
OD, VD, FD and SD for ambient, oven, vacuum, freeze and spray drying,
respectively. The results presented as a mean (n=3) (+ Standard Division). The
different latters (a-d) illustrated the significant different between samples (p < 0.05).

4.2.9. Oil holding capacity (OHC) of ASPI powder

Figure 4.6 was shown the OHC of different dried ASPI powder. The data
showed that statistically OHC of different dried ASPI powder including AD, OD,
VD, FD and SD differed significantly (p < 0.05). The value of OHC of dried
techniques was varied from 300.92 % to 85.92 %. Among the other dried techniques,
SD technique had the superior OHC with the value 300.92 %. In contrast, the lowest
OHC was noted in AD technique with the value 85.92 % following that OD and VD
techniques with the value 89.89 % and 98.33 %, respectively.
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Figure 4.6. Oil holding capacity (OHC) of avocado seed protein isolate, AD, OD,
VD, FD and SD for ambient, oven, vacuum, freeze and spray drying, respectively.
The results presented as a mean (n=3) (+ Standard Division). The different latters (a-
d) illustrated the significant different between samples (p < 0.05).

4.2.10. Emulsion activity and stability of ASPI powder

The value of emulsion activity (EA) and stability (ES) of dried ASPI powder
using SD, FD, VD, OD, and AD techniques are presented in Table 4.6. The EA
values ranged from 20.4 m%/g to 49.8 m?/g. SD technique exhibited the superior EA
value (49.8 m?/g) compared to the other drying techniques. FD technique had a value
of 37.2 m*/g, AD technique had a value of 30.9 m*/g, VD technique had a value of
26.8 m’/g, and OD technique had a value of 20.4 m’/g. Statistical evaluation
determined that different drying techniques significantly affected the EA (P < 0.05).
The ES indices after 10 min kept at room temperature were determined to be 71.6,
66.2, 50.3, 37.3, and 32.3 min for SD, FD, AD, VD, and OD techniques,
respectively. Moreover, the SD technique used in dried ASPI into powder was
showed a higher ES than other dried techniques. This section of the study measured
the ES after maintaining it at ambient temperature for 30 min. The SD technique
exhibited the maximum ES with a value of 112.7 min, surpassing the FD, AD, VD,
and OD techniques, which had values of 102.8, 93.2, 85.3, and 63.1 min,

respectively.
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Table 4.4. Emulsion activity and stability of dried ASPI powder obtained by
different dried techniques.

Functional

properties AD oD VD FD SD
EA 30.9+0.56¢  20.4+0.56° 26.8+0.74¢  37.2+0.56° 49.8+0.56*
ES (10 min) 50.3£5.69°  32.343.36° 373+2.59° 66.2+4.8272 71.6+3.38%
ES (30 min) 93.2+4.8b¢ 63.1+4.18¢ 85.3+4.39°¢ 102.8+5.52¢ 112,774,992

The results presented as a mean (n=3) (+ Standard Division). The different latters *® at the same line
illustrated the significant different between samples (p < 0.05). Avocado seed protein isolate (ASPT) dried
in to powder by different drying techniques, namely AD, OD, VD, FD and SD for ambient, oven, vacuum,
freeze and spray drying, respectively.

EA: emulsion activity, ES: emulsion stability after kept for 10 and 30 min at ambient temperature.

4.2.11. Foaming capacity and stability of ASPI powder

The results of this study indicate that the drying methodsnamely, SD, FD,
VD, OD, and VD had a significant impact on the foaming capacity (FC) of ASPI
powder (p < 0.05), as demonstrated in Figure 4.7. The range was from 81.73 to 66 %.
The super FC was FD and SD with the values of 81.73 % and 79.33 %, respectively,
followed by AD, VD, and VD with the values of 72.66 %, 66.6 %, and 66 %,
respectively. Among the various dried techniques of ASPI, freeze and spray dried
had the best FS after 10 min at room temperature (46.49 % and 45.93 %),
respectively, compared to the VD (35.87 %), OD (32.17 %), and AD (23.87 %).
Additionally, the results were noted that among the dried techniques FS after 10 min
of storage at room temperature show a significant variation (p < 0.05), as illustrated
in Figure 4.8. Among the various dried techniques of ASPI there was statistically no
difference (p > 0.05) in terms of FS after 30 min of storage at room temperature.
Figure 4.9. showed the FS during 30 min, and the lowest value was AD (20.22 %),
followed by OD, VD, SD, and FD, with values of 22.69 %, 24.03 %, 25.27 %, and
26.27 %, respectively
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Figure 4.7. Foaming capacity (FC) of avocado seed protein isolate, AD, OD, VD,
FD and SD for ambient, oven, vacuum, freeze and spray drying, respectively. The
results presented as a mean (n=3) (+ Standard Division). The different latters (a-c)
illustrated the significant different between samples (p < 0.05).
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Figure 4.8. Foaming stability (FS) of avocado seed protein isolate, AD, OD, VD,
FD and SD for ambient, oven, vacuum, freeze and spray drying, respectively. The
results presented as a mean (n=3) (+ Standard Division). The different latters (a-c)
illustrated the significant different between samples (p < 0.05).

68



FINDINGS B. A. Abdullah ABDULLAH

20

15

10

AD | OD VD FD SD |
ES30min| 2022 | 22.69 24.03 26.27 2527 |

0_

Figure 4.9. Foaming stability (FS) of avocado seed protein isolate, AD, OD, VD,
FD and SD for ambient, oven, vacuum, freeze and spray drying, respectively. The
results presented as a mean (n=3) (+ Standard Division). The same latters (a)
illustrated no significant different between samples (p > 0.05).

4.3. Hydrogel analysis

This section of research specifically examines the utilization of avocado seed
protein isolation in hydrogel systems. Hydrogels were synthesized, including SD-
ASPI+LBG, FD-ASPI+LBG, VD-ASPI+LBG, OV-ASPI+LBG and AD-ASPI+LBG
by using a mixture of each dried technique of ASPI and locust bean gum (LBG) as
the main component. This part of the study aimed to assess how various drying
techniques affected the fabrication hydrogels. To achieve this objective, a
comparative analysis was conducted to assess how different drying methods for
avocado seed protein isolation affect hydrogel formation. The study investigated
hydrogel's color, FTIR, SEM, texture, rheological behavior, and release behavior, as
well as functional characteristics like swelling ratio, water holding capacity, and

protein leachability.

4.3.1. Color analysis of hydrogels

The color characteristics of the hydrogel samples, namely SD-ASPI+LBG,
FD-ASPI+LBG, VD-ASPI+LBG, OD-ASPI+LBG, and AD-ASPI+LBG, were
determined based on the value of L*, a*, and b*. Table 4.7 displays the results of the
analyses. All hydrogel samples exhibited significant variations (p < 0.05) in relation

to the parameters L*, a*, and b*.
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Table 4.6. Color analysis of fabricated hydrogel.

Color
Hydrogel samples L* a* b*
AD-ASPI+LBG 29.09+0.05° 2.17£0.22" 1.34=0.13"
OD-ASPI+LBG 26.62+0.23¢ 2.63+0.31° 1.88=0.02°
VD-ASPI+LBG 28.12+0.33" 2.61=0.1° 1.57=0.02°
FDASPI+LBG 26.77+0.99° 2.38+0.23° 1.78+0.44°
SD-ASPI+LBG 31.78+0.042 3.81+0.152 2.98+0.05°

The results presented as a mean (n=3) (= Standard Division). The different latters ) at the same line
illustrated the significant different (p < 0.05).

Fabricated hydrogel samples were prepared from dried avocado seed protein isolation (ASPI), namely SD,
FD, VD, OD and AD for spray, freeze, vacuum, oven and ambient drying, respectively, with locust bean
gum (LBG)

The letter L* represents the attribute of lightness, whereas the letter a* represents the attribute of redness
to greenness, and the letter b* represents the attribute of yellowness to blueness.

4.3.2. Functional properties of hydrogels
4.3.2.1. Water holding capacity of hydrogels

Table 4.8 provides the WHC values in ASPI-based hydrogel systems. The
study showed that the WHC of the hydrogels made with different dried methods of
ASPI with LBG namely, SD-ASPI+LBG, FD-ASPI+LBG, VD-ASPI+LBG, OD-
ASPI+LBG, and AD-ASPI+LBG had significant differences (p < 0.05). In other
words, drying techniques of ASPI had a significant impact on the hydrogel system by
using the same amount of LBG. Hydrogel prepared from SD-ASPI+LBG
demonstrated a superior water-holding capacity, with a value of 93.79 %. The
hydrogel prepared from AD-ASPI+LBG exhibited the lowest WHC value, measuring
at 64.8 %. The WHC of FD-ASPI+LBG had a value of 86.83 %. The WHC of VD-
ASPI+LBG had a value of 76.17 %. The WHC of OD-ASPI+LBG had a value of
72.29 %.

4.3.2.2. Swelling ratio of hydrogels

This section specifically examined swelling characteristics of hydrogels, and
the corresponding findings are presented in Table 4.8. AD-ASPI+ LBG demonstrated
the lowest swelling behavior, with a value of 14.4 %. FD-ASPI+LBG and SD-
ASPI+LBG exhibited the highest swelling ratios, with values of 34.2 % and 33.5 %,
respectively, followed by VD-ASPI+LBG with a value of 23.1 % and OD-
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ASPI+LBG with a value of 18.9 %. It is evident that the hydrogel's swelling ratio
varies significantly (p < 0.05) depending on the dried methods of ASPI used by

containing locust bean gum.

4.3.2.3. Protein leachability of hydrogels

The AD-ASPI+LBG had the highest percentage of protein diffusing into the
surrounding fluid (sodium phosphate buffer), at 24 %. The SD-ASPI+LBG had the
lowest percentage, at 7.99 %. VD-ASPI+LBG, OD-ASPI+LBG, and FD-ASPI+LBG
released 19.2 %, 17.7 %, and 12.2 % of the protein from the hydrogel, respectively.
The Various dried avocado seed protein significantly affected the protein

leachability, similar to other functional properties (p < 0.05).

Table 4.8. Functional properties of hydrogel samples

WHC (%0) Swelling ratio (%) Hydrogel
Leachability (%)
AD-ASP+LBG 64.8=0.72¢ 14.4+0.15¢ 24 £0.55°
OD-ASP+LBG 72.29 = 0.48¢ 18.9£0.21°¢ 17.7£0.13¢
VD-ASP+LBG 76.17 +£2.33¢ 23.1+£0.11° 19.2 +0.25¢
FD-ASP+ LBG 86.83 £0.18° 34.2+1.862 12.2+0.13°
SD-ASP+LBG 93,79 £ 0.96 33.5+£ 0422 7.99=0.672

The results presented as a mean (n=3) (= Standard Division). The different latters = at the same line
illustrated the significant different (p < 0.05).

Fabricated hydrogel samples were prepared from dried avocado seed protein isolate (ASPI), namely SD,
FD, VD, OD and ASD for spray, freeze, vacuum, oven and ambient drying, respectively, with locust bean

gum (LBG)

4.3.3. Fourier transform infrared (FTIR) spectrum of hydrogels

FTIR analysis was carried out on fabricated hydrogels, including SD-
ASPI+LBG, FD-ASPI+LBG, VD-ASPI+LBG, OD-ASPI+LBG, and AD-
ASPI+LBG, after drying the hydrogel in a freeze dryer as shown in Figure 4.10.
Overall, locust bean gum did not result in the appearance of new peaks in the
spectrum of the different dried ASPI based on the hydrogel. It indicates that the
composite hydrogels did not form any new covalent bonds, as indicated by the

absence of new peaks in the spectrum of the different dried ASPI hydrogel samples.

71



FINDINGS B. A. Abdullah ABDULLAH

260 SD-ASPI-LBG
,"'\/
240 " WM
r \ {
\ ’I,-‘\A,_V\’/\// Il'j /‘
220 /M \ / o b wmideB 4 £ ASPI-LBG
= . : amide I amide A
amide II
200
2 180 . wmideB 7 yp ASPI-LBG
= amide I amide A
&
Z 160 A
E / ::\HQI amide B / OD-ASPI-LBG
E amid e I1 amide A
= 140
120
100 /
amideB ¥
80 amide]] *midel it

500 1000 1500 2000 2500 3000 3500 4000

Wavenumber (cm™)

Figure 4.10. FTIR analysis for fabricating hydrogel from the mixture of dried
avocado seed protein isolate (ASPI), including spray dried (SD), freeze dried (FD),
vacuum dried (VD), oven dried (OD) and ambient dried (AD) with locust bean gum
(LBG).

4.3.4. Scanning Electron Microscopy (SEM) images of hydrogel

The purpose of this section was to introduce the visual and structural features
of hydrogel models. Figure 4.11 displayed the corresponding photographic and SEM
images of fabricated hydrogel. The structures of VD-ASPI + LBG, OD-ASPI +
LBG, and AD-ASPI + LBG displayed a non-homogeneous porous structure.
Whereas, similar structures in SD-ASPI + LBG and FD-ASPI + LBG were
disappear. The most important point in SEM analysis for hydrogel samples was to

show the denser (more compact).
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Figure 4.11. Scanning electronic microscopy (SEM) analysis for fabricating
hydrogel prepared from the dried avocado seed protein isolate (ASPI) by various
dried techniques namely AD, OD, VD, FD and SD for ambient, oven, vacuum,
freeze and spray drying, respectively, with locust bean gum (LBG).

4.3.5. Texture analysis of hydrogels

Figure 4.12. presented the texture of fabricate hydrogel. The result of this
study indicated that various dried methods of protein utilization in hydrogel
formation have a significant impact on the textural qualities of hydrogels (p < 0.05).
The hydrogel sample SD-ASPI + LBG had the highest hardness value, subsequently
FD-ASPI + LBG, VD-ASPI + LBG, OD-ASPI + LBG, and AD-ASPI + LBG.
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Hydrogels exhibit notable variations in hardness, as indicated by a statistically
difference between hydrogel samples (p < 0.05).
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Figure 4.12. The textural behavior for fabricating hydrogel prepared from the dried
avocado seed protein isolate (ASPI) by various dried techniques namely AD, OD,

VD, FD and SD for ambient, oven, vacuum, freeze and spray drying, respectively,
with locust bean gum (LBG).
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4.3.6. Rheological behavior of hydrogels

The drying methods of ASPI significantly impacted the rheological behavior
when measuring the values of G’ and G" as illustrated in figure4.13. SD-ASPI+LBG
exhibited the highest value of G’, followed by FD-ASPI+LBG, OD-ASPI+LBG, VD-

ASPI+LBG, and AD-ASPI+LBG.
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Figure 4.13. Rheological behavior for fabricating hydrogel were prepared from the

dried avocado seed protein isolate (ASPI) by various dried techniques namely AD,
OD, VD, FD and SD for ambient, oven, vacuum, freeze and spray drying,
respectively, with locust bean gum (LBG).
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4.3.7. Release behavior of hydrogels

Ascorbic acid was incorporated into a synthetic hydrogel composed of spray
dried avocado seed protein isolate and locust bean gum. The research investigated
how bioactive chemicals diffused from the hydrogel matrix into the surrounding
environment over a period ranging from 60 to 540 minutes at room temperature. The
surrounding environment included variations in pH value, molarity of NaCl, and
temperature. The control hydrogel system contained only spray-dried ASPI. The
result of leaching out bioactive compounds from the interior of a three-dimensional
hydrogel system was presented in Figure 4.14. Based on the pH value shown in
Figure 4.14 a and b, the least amount of ascorbic acid that leaked out of SD-
ASPI+LBG at pH 6.0 was 1.1 %. This was compared to 5.96 % and 3.13 % of
ascorbic acid that leaked out of the same hydrogel sample at pH 2.0 and 10.0,
respectively. In contrast, during the first 60 min, the value of release of ascorbic acid
for the control at pH 2.0, 6.0, and 10.0 was 12.69 %, 12.95 %, and 13.48 %,
respectively. Furthermore, during the 120 to 240-min period, the release of ascorbic
acid sharply increased in all pHs for both hydrogel samples. Consequently, the best
pH for avoiding leaking out ascorbic acid in hydrogel models was 6.0. Figure 4.14 d
and ¢, shown the bioactive compounds were released into the environment at
different concentrations of NaCl. The value of released ascorbic acid in the hydrogel
was 6.41 in 1.5 M NaCl, 6.14 in 1.5 M NaCl and 4.02 in 0.5 M NaCl. Compared to
the control sample, the rate of diffusion of ascorbic acid in the 0.5, 1, and 1.5M NaCl
was 12.86, 13.13, and 13.04 %, respectively, during the first 60 min. The maximum
diffusion rate of ascorbic acid in both samples was between 180 and 300 min for all
molarities of NaCl. It was noted that the best molarity for decreasing the rate of
leaking out bioactive compounds was 0.5M NaCl. Figures 4.14 e and f clearly show
that the lowest amount of ascorbic acid released inside the hydrogels was at 25 °C,
followed by 50 °C and 75 °C for both hydrogel samples.
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Figure 4.14. Release behavior of fabricating hydrogel from spray dried avocado
seed protein isolate with locust bean gum (a, c, e) and fabricated hydrogel from spray
dried avocado seed protein isolate alone (b, d, f). The rate of diffusion ascorbic acid
from the hydrogel matrix into the surrounding habitats over a time period of 60 to
540 min at room temperature. The surrounding environment included variations in
pH value (a, b), molarity of NaCl (c, d), and temperature (e, f).
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5. DISCUSSION

This amount of protein content in avocado seed constitutes the answer to the
question of why avocado seed should be considered the source of these
macrostructures. According to the previous study, researchers determined the
amounts of protein contents in different fruit seeds including apricot seed
(23.60-26.20 %) (Sharma, Tilakratne and Gupta, 2010), apple seed (27.50-28 %) (Yu
et al., 2007), orange seed (16.29 %) (Hussain et al., 2023), pomegranate seed (13.60
%) (Talekar et al., 2018), wheat flour (11.02 %) (Hussain et al., 2023). During fruit
processing, all by-products are removed and considered waste materials. Upon
comparing the obtained results with market-available equivalents from various
studies, it becomes evident that evaluating avocado seed as a protein source is a

positive approach

Li et al., (2022) and Brishti et al., (2020) reported that the heating during the
drying process is responsible for the differences in protein content between different
protein drying techniques. Freeze drying techniques are used to dry protein under
cold conditions at -50 °C and pressure without any heat treatment. On the other hand,
different drying techniques like spray, vacuum, and oven use different heating
conditions to dry protein, with the degree of heating varying depending on the
technique. Akpan and Umoh, (2004) found that heat exposure in the presence of
moisture during AD, OD, VD and SD facilitated the process of thermal denaturation
of proteins. This occurred because water molecules caused the protein to expand,
enhancing its ability to move and eventually leading to the formation of
combinations that were no longer similar to molecules based on nitrogen. These
changes made it difficult to detect the protein using Kjeldahl analysis. AD, VD and
OD of avocado seed protein isolate slightly had the lowest protein content. When
proteins are heated for an extended period, amino acids and carbohydrates undergo a
Maillard reaction, which decreases the protein content (Agoreyo et al., 2011).
Furthermore, Bawa et al., (2020) say that lower protein content might be because
tannins and proteins combine when proteins are dried out by heating processes. VD
and OD of ASPI exhibited slightly lower ash and lipid content compared to SD, FD
and AD due to the use of different drying techniques at varying temperatures and
durations. Furthermore, compared to freeze drying, Ghribi et al., (2015) investigated
that drying protein from chickpeas at 40 °C for 60 h and 50 °C for 48 h reduced the

amount of ash and oil. This is due to the long drying process.

According to the L* values, the SD had the highest lightness, whereas the OD
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and VD had the lowest lightness. This finding was consistent with a prior
investigation of chia seed protein, quinoa protein, lentil protein and antarctic krill
protein (Timilsena et al., 2016a; Shen et al., 2021; Joshi et al., 2011; Lin et al., 2020),
respectively. The darkness of the dried sample suggests that the protein was likely
exposed to increased oxygen throughout the ambient drying process, causing certain
components to undergo oxidation, resulting in discoloration and an unsatisfactory
visual appearance. The findings indicate that the colors of the ASPI can be effected
by various factors, including the drying process, drying temperature, and oxidation
(Lin et al., 2020). According to Ghribi et al., (2015) the formation of dark pigments,
specifically melanoidins, can be attributed to the creation of these compounds
through the Maillard reaction when the drying process occurs at high temperatures
and long drying process in the OD and VD. According to Shaviklo et al., (2010)
before dried protein by the spray drying method, high-speed homogenizing is used
for mixing protein solutions, which may destroy the protein tissue and remove some
protein pigments. The color qualities were dictated by the inherent attributes of
proteins, the degree of protein purity, the presence of pigment contamination, particle

sizes of protein, so on (Li et al., 2022).

Water activity (aw) is measured of the amount of available water that is
involved in the chemical processes that occur in foods (Quek et al., 2007). A high
water activity number indicates a significant amount of free water that is accessible
for metabolic activities, which in turn impacts the duration for which foods can be
stored without spoiling (Vardin and Yasar, 2011). Generally, all drying techniques
had a favorable aw range of 0.27 % to 0.38 % and none of dried methods of avocado

seed protein was sensitive to biochemical reaction and microbial growth.

Carr's index and the Hausner ratio typically evaluate the flow characteristics
of dry protein by measuring the powder's compressibility as a percentage. The
threshold at which a substance transitions from being able to flow freely as granules
to being non free flowing as a powder is approximately 20-25 % compressibility
(Goyal et al.,, 2015). The Hausner ratio provides information on the adhesive
properties of powder samples, whilst the Carr index value allows for observations on
the unrestricted flow characteristics of powder samples (Karrar et al., 2021). In the
literature, powder products are categorized based on their stickiness and flow
characteristics using specific parameters. This classification assigns the following
Hausner ratio ranges to different levels of quality: 1.00-1.11 is considered excellent,
1.12-1.18 is good, 1.19-1.25 is moderate, 1.26-1.34 is valid, 1.35-1.45 is weak,

1.46-1.59 is very weak, and above 1.60 is very poor. Similarly, Carr index values are
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categorized as 0-10 for excellent, 11-15 for good, 16-20 for moderate, 21-25 for
valid, 26-31 for weak, 32-37 for very weak, and above 38 for very poor (Turchiuli et
al., 2005). Powder flow is a complex process affected by the physical and chemical
properties of the system as well as the inherent characteristics of the powder itself.
The flowability of the powder depends on its bulk properties, such as particle size
distribution, moisture content, composition, density, and shape. These properties can
change due to factors like handling, variations in storage conditions, temperature
shifts, and relative humidity. Although there has been considerable research in this
field, it is important to note that the reported flowability values are highly dependent
on the specific properties of the powder, the experimental conditions used, and the
particular methods and equipment employed. In addition to factors like particle size
powder, powder composition, and moisture content, flowability is also affected by
surface and material properties of powder, as well as the shape, roughness, and
hardness of the particles powder (Juliano and Barbosa-Céanovas, 2010; Ganesan et
al,2008; Suhag et al. 2024). However, the effect of various dried protein isolates on

the characteristics of protein powder flow has not been extensively studied.

An amino acid is the fundamental constituent of proteins and serves as a
foundational component for protein synthesis. The amino acid content directly
influences the protein's quality. Since the nutritional value of proteins is closely
linked to their essential amino acid profile, it is crucial to investigate whether
different drying techniques affect this profile. As seen in the result, the composition
of amino acid of various dried ASPI powder was the same but different in the
content. This can be linked to the presence of free amino acids in the ASPI, which
leads to variations in the amino acid composition across different drying techniques.
Furthermore, while undergoing the drying process, the protein may experience
different levels of denaturation, leading to uneven levels of amino acids. The FAO
suggested that essential amino acids should constitute more than 36% of the total
amino acid content in proteins and the essential amino acids in FD and SD-ASPI
were 38.11 % and 37.81 %, respectively, exceeding the 36 % threshold. According to
the FAO, ASPI is the superior source of essential amino acids because its content
surpasses the recommended threshold of 36 %. Out of all amino acids, lysine is
sensitive to heat and often considered an indicator of the Maillard reaction. The
analysis showed that OD, AD and VD-ASPI had the least amount of lysine, with
5.57 %, 5.58 % and 5.79 %, respectively. This suggests that the heating process in
the OD, AD and VD methods started the Maillard reaction (Bhandari et al., 2013;
Feyzi et al., 2018). Aspartic acid ranked first among the non-essential amino acids in

all different dried ASPI in terms of ratio, followed by glutamic acid, glycine, serine,
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alanine, arginine, and proline. The protein efficiency ratio (PER) is the primary
metric for assessing the nutritional value of protein in a diet. It quantifies the amount
of weight gained per gram of protein. The quantity of PER-1, PER-2 and PER-3 are
determined by the levels of leucine and proline, leucine and tyrosine, and
methionine, leucine, histidine, and tyrosine, respectively. Typically, a PER number
below 1.5 is seen as substandard. Conversely, a PER number over two is said to be of
superior quality. ASPI was considered a dependable protein source with excellent
nutritional value. The results shown that all ASPI drying techniques yielded higher
PER values, with the FD method exhibiting the highest PER value in comparison to
other drying techniques (Li et al., 2022; Shahidi et al., 1992). Among all the drying
methods, freeze-dried (FD) samples retained the highest levels of essential amino
acids, while oven-dried (OD) and vacuum-dried (VD) samples had the lowest
amounts. This difference may be attributed to the dehydration stress that causes
amino acids to be released during protein solubilization, which in turn promotes the
Maillard reaction and the formation of carbonyl compounds at high temperatures.
The Maillard reaction particularly affects essential amino acids, which are key
reactants, resulting in their reduced presence in ambient-dried (AD) and spray-dried
(SD) samples. The Maillard reaction likely also contributes to the increased loss of
free amino acids. Additionally, OD and VD methods resulted in the lowest total
amino acid content, likely due to extended heating times that promote the
decomposition of heat-sensitive essential amino acids. Additionally, the majority of
amino acids are found in the outer layer of the pollen membrane. This layer is rich in
proteins and lipids, so it may undergo lipolysis, proteolysis, or enzymatic oxidation
when exposed to heat, oxygen, or enzymes. This can trigger Maillard reactions and
Strecker degradation, leading to the development of unique flavor compounds.
Proteases break down proteins into large peptides, which further degrade into smaller

peptides and free amino acids.

Secondary structure of protein is widely determined by FTIR spectrum, as it is
sensitive to variations in the peptide chain's conformation. FTIR spectroscopy
generates a spectrum characterized by changes in the vibrational motion of molecules
caused by infrared radiation is absorbed by bonds within chemical functional groups,
causing them to vibrate by bending and contracting (Du et al., 2018). This section
analyzed the bands in the amide A, B, I, II, and III, areas to identify the unique
characteristics of proteins. Carbonaro et al., (2008) found that the wavelength range
of 1600-1700 cm-1 is associated with the amide I region. Approximately 80 % of the
amide I region is composed of C-O strain vibrations, with the remaining 20 %
attributed to N-H bending in the peptide bond. The Amide I band of proteins is a
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complex structure composed of various elements such as a-helix, B-sheet, random
coil, or B-turn (Liu et al., 2009). The studies conducted by Kudre et al. (2013) and
Liu et al. (2009) have demonstrated the presence of the following secondary
structures in the amide I region: a-helix, which can be seen at around 1648-1658
cm-1; B-sheet, which can be seen at 1610-1640 cm-1; random coil, which can be
seen at 1640-1648 cm-1; and B-turn, which can be seen at 1660-1688 cm-1.
Generally, all drying techniques of ASPI were shown to have FTIR spectra at the
wavenumbers 1656.41 cm-1, which corresponds to amide I (1700-1600 cm-1). These
reports indicate that the a-helix structure is important in all dried methods of ASPI.
The amide II band of ASPI prepared by different dried techniques exhibited a peak at
around 1527.89 cm-1. The amide II region represents N-H bending and C-N
stretching vibrations with values of 40-60 % and 18-40 %, respectively, occurring
within the wavelength range of 1500-1550 cm-1. The major peaks that indicate the
presence of proteins in the structure are referred to as the amide I and II bands
(Withana-Gamage et al., 2011). The amide III band is indicated in the wavelength
between 1220 and 1330 cm-1, exhibited peaks at a wavelength of approximately
1313 cm-1 for all different dried methods of ASPI. Examining the Amide III region
allows for the detection of protein interactions with other macromolecules like
carbohydrates (de la Rosa Millan et al., 2018). According to the Feyzi et al. (2018),
the bands in the spectrum from 3200 to 3500 cm-1 are known as the amide A area,
and they represent the O-H bond stretching vibration in proteins or nearby water
molecules. The occurrence of a peak at approximately 3221 cm-1 in the FTIR
spectrum indicates an interaction between protein and water molecules, associated
with the stretching vibration of the O-H bond. The amide B area is observed at
wavelengths (2850-2980 cm-1) and it is associated with the asymmetric stretching
vibration of C-H, influenced by the presence of proteins, neutral lipids and
carbohydrates. The detected wavelength of approximately 2932 cm-1 in the FTIR
spectrum corresponds to the amide B area. Pietrzak and Miller, (2005) attributed the
peaks detected at a wavelength of 1000-1200 cm-1 to the stretching vibration of C-H
bonds, which arise from carbohydrates like cellulose and starch. The study examined
the carbohydrate content of different dried methods of ASPI, which varied from
16.63 to 22.1 grams per 100 grams, as shown in Table 4.2. The FTIR spectrum
exhibited peaks around 1030 cm-1, indicating the presence of carbohydrates in the
protein isolate. According to the study conducted by Rahman et al. (2019), several
factors can lead to the denaturation of the secondary structure of proteins. These
factors include exposure to high temperatures, prolonged drying periods, and
utilization of organic solvents. The proteins underwent denaturation due to the

sustained elevated temperature employed in the oven drying techniques. Lin et al.
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(2020) found that freeze drying can cause proteins to unfold and aggregate, leading
to a decrease in their secondary structures. Rahman et al. (2019) noted that slight
shifts in wavenumbers during the extraction protein could be influenced by pre-
processing factors such as extraction oil by hexane, cold-press extraction oil and
supercritical CO2 pressure. Generally, the sample dried by SD demonstrated higher
intensity at the amide I, II, and III bands compared to other drying methods of ASPI.
Additionally, proteins dried via spray drying exhibited a higher degree of
phosphorylated chemical linkages.

The scanning electron microscope (SEM) is commonly employed for
analyzing the microstructure of proteins. According to Lin et al., (2020) ), SEM has
many benefits, including the need for only a small amount of protein for analysis,
high tool resolution, and good visualization of the shape of rough protein surfaces.
The composition of this structure primarily consists of protein powders that have
been water soluble. The asymmetrical spherical shape could potentially be attributed
to the uneven dispersion of protein and water (Osthoff et al., 2010). The dried
methods, including FD, VD, FD and AD had large particle sizes. The surface
morphology of various drying methods applied to ASPI was in line with prior
research conducted by Brishti et al. (2020) and Joshi et al. (2011). These studies
explored drying methods such as oven, spray, and freeze drying for mung bean
protein, as well as vacuum, freeze and spray drying for lentil protein. Wang et al.,
(2020a) reported that when a protein solution is dried using a spray drying, it is
dispersed into tiny droplets and loses moisture rapidly. This causes the particles to
take on a spherical shape. Additionally, the water evaporates unevenly throughout
the drying process, resulting in wrinkled particles. The freeze dried avocado seed
protein exhibited larger particle size and featured a thin layer with a flake-like
structure when compared to SD avocado seed protein. The sublimation process in FD
may result in bigger particles and a flake like structure his is because of the low
temperature and the lack of disruptive forces that would typically fragment the
frozen liquid into droplets (Lin et al., 2020). In contrast, an extended period of drying
at an elevated temperature of 50 °C for 24 h in OD and VD causes water molecules
to migrate from within the sample and evaporate quickly from its surface, resulting
in the presence of a crystalline structure (Rudra et al., 2016). These findings indicate

that various drying techniques can yield distinct microstructures in protein samples.

The thermal properties of ASPI obtained by using five various dried
techniques, including SD, FD, VD, OD and AD were analyzed based on the TGA

curve. This curve illustrates the thermal characteristics of the material. The initial
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weight loss occurred at a temperature lower than 200 °C. The evaporation of water
may be the first heat event in polymeric materials that is associated with the
evaporation of water. With rising temperature, the water contained within the
proteins evaporates, causing a reduction in weight (da Costa Neto et al., 2019). The
degradation or decomposition temperature of the protein's polymer chains begins
after the full elimination of water and reaches 165 °C (Bagyigit et al., 2020). The
weight loss continued until around 500 °C, at which point a noticeable and swift
mass decline signaled the start of the second stage. This phase, characterized by
protein decomposition, results in the most substantial decrease in weight. The results
were similar to the previous studied by (Basyigit et al., 2020), they investigated that
he maximum weight loss occurred within the temperature range of 170 to 500 °C.
The following sequence shows the minimal weight reduction during this stage. The
first noticeable degradation and the highest rate of decomposition occurred around
170 °C. Polysaccharides' characteristic behavior aligns with this thermal degradation
profile. Depolymerization is the process of breaking down macromolecules by heat

breakdown, resulting in their eventual volatilization.

The solubility of proteins is an essential characteristic in the food system, as it
directly influences the other functional qualities like emulsions and foaming. Protein
solubility is dependent on the denaturation process and the specific arrangement of
amino acids inside the proteins. Moreover, a significant degree of solubility in
proteins acts as a dependable indicator of a native protein (dos Santos et al., 2009; Ye
et al., 2024). Proteins must be in a water-soluble state, just like any other powdered
substance. High resolution also enables easy integration of proteins into various
applications while adding functional properties to them. Researchers have conducted
various studies to enhance protein solubility and identify the factors influencing
solubility. Studies have emphasized that proteins dissolve better in alkaline
conditions when investigating the effect of pH change on protein solubility (Ghribi et
al., 2015; Li et al.,, 2022). Moreover, these investigations noted that solubility
increased as proteins moved farther away from their isoelectric point. This thesis
study investigated how various drying methods affect the solubility of protein
extracted from avocado seed using alkaline extraction followed by isoelectric
precipitation techniques. Joshi et al., (2011) converted the protein extraction obtained
from lentils into powder by using vacuum, spray and freeze drying techniques and
compared the solubility behavior and the result show that the solubility of dried
protein by spray was 81.19 %. The solubility value of dried protein obtained by the
freeze was noted at 78.39 %. However, this study on lentil protein isolate found that

the vacuum dried technique had no reasonable solubility for obtaining protein
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powder (50.34 %). In another study, Ghribi et al., (2015) found that the FD technique
gave better results than the ventilated dryer technique 40 °C and 50 °C in terms of
the solubility of protein concentrates extracted from chickpeas. According to Hu et
al., (2009) obtaining protein from soy and dried into powder by spray drying was
more suitable in terms of solubility than FD and VD techniques. Moreover, they
were determined that the solubility of protein from soy and dried into powder at pH 7
was 70.20 % for SD, 40.80 % for FD, and 37.60 % for VD. The superior solubility
behavior of dried powders by the SD techniques can be attributed to their small and
consistent particle size distribution, as well as the minimal protein denaturation
occurring during the process. The reason why the solubility of proteins obtained by
FD is lower than that obtained by SD can be explained by the drying time. Similarly,
in the other two drying processes, the long processing time and the application of
heat in the OD may have caused a decrease in the solubility (Joshi et al., 2011;
Ghribi et al., 2015). The drying process may result in reduced protein solubility as a
moisture-resistant film forms. Proteins unfold at the particle-air interface to form this
film (Brishti et al., 2020). The factors influencing the alteration in protein solubility
include repulsion, increased charge, decreased hydrophobic residues, electrostatic
and as well as ionic hydration at varying pH levels influence the change in protein
solubility (Ye et al., 2024). Considering the data collected and information from the
literature, it can be concluded that drying ASPI powder with the SD technique is a
more reasonable approach compared to other drying methods for achieving the

desired targets in terms of solubility within the scope of this study.

The presence of additives in food alters the sensory and physical aspects of
the final product, including its viscosity and characteristic structure, due to the water
they retain. While this is a favorable quality for development in certain foods, it may
also be an undesirable situation in other foods (Ghribi et al., 2015). In the dough,
soup, milk dessert, and pastry products industries, water retention capacity is a
desirable functional characteristic, especially when high viscosity values are
required. When there is a need to retain water, it is necessary to have protein
structures that can retain water without dissolving. This increases the thickness of the
liquid and gives the finished product a thick and sticky consistency. The ability of
proteins to retain water is a fundamental functional characteristic in the food
production sector (Brishti et al., 2020). The protein's ability to retain water depends
on its structure, size, and interactions between hydrophobic and hydrophilic
components. The presence of fat and carbohydrates in the environment, as well as the
quality of amino acids in the environment, also affect WHC. These factors could

explain the superior WHC of SD protein, including its smaller particle size and
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increased surface area. The results of this present study correspond with those
reported in the previous research conducted by Shen et al., (2021), who founded that
protein was extracted from quinoa and dried into powder using SD, FD, and VD. SD
quinoa protein had significantly different WHC values between freeze and vacuum
drying, with values of 2.76, 1.84, and 1.46 g/g, respectively. However, Timilsena et
al. (2016a) found that statistically, the WHC of chia seed protein powder obtained
through spray and vacuum drying methods showed no significant difference. Some
factors including the sources of protein isolated, protein structure, pH changes, and
the presence of polysaccharides in proteins, can influence the WHC ( Steffolani et
al., 2016).

OHC is the interactions between fat and protein. OHC is the most crucial
factors that impact the sensory and physical characteristics of food products. The
nature of these interactions can be impacted by several factors including temperature,
pH and other environmental conditions. Research on proteins has revealed that
protein molecules exhibiting elevated hydrophobicity has a greater capability for
binding oil. Research has shown that protein powder forms with low density and
small particle size have a greater capacity to bind oil compared to forms with high
density (Brishti et al., 2020). Our findings, similar to those of Lin et al., (2020),
revealed that SD technique of Antarctic krill protein had the maximum OHC with the
value 2.65 mL/g compared to the FD and OD techniques with the value 1.71 and
1.49 mL/g, respectively. Brishti et al., (2020) reported that various factors affect the
OHC, including sources of extracted protein, the size and concentration of the
protein, the quantity of nonpolar amino acids, manner of processing, and interactions

between protein and lipids.

The emulsion activity (EA) refers to the protein molecule's capacity to adhere
to the interface during the formation of an emulsion containing two or more
immiscible liquids, such as oil and water. The emulsion stability (ES) serves as a
measure of the long-lasting nature of the emulsion. The term refers to the duration
for which the produced emulsion maintains its stability without experiencing any
phase separation. The emulsion activity and stability index quantifies proteins'
emulsifying properties. The emulsion activity refers to the proteins' capability to
create emulsions and their capacity to absorb oil and water in the interface region.
Also, the stability of emulsions is determined by their ability to remain stable over a
specified period and the term describes how long an emulsion remains stable without
separating into phases (Karaca et al., 2011; Ye et al., 2024). The emulsion properties

of proteins are primarily identified by several factors including the concentration of
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protein and surface hydrophobicity. Apart from these factors, several other criteria
such as the sources of protein isolated, concentration, solubility of protein,
temperature, environmental pH, and the method and equipment used also influence
the ability of proteins to form emulsions (Wang et al., 2022). Studies on the emulsion
activity index of protein molecules have concluded that it is parallel to solubility,
conformation stability, and hydrophobicity. When it comes to the emulsion stability
index, proteins with more surface charge and better solubility do better. On the other
hand, when surface charges interact with hydrophobicity, it makes emulsion stability
worse (Li et al., 2021). Similar phenomenon was also observed with Lin et al.,
(2020), Brishti et al., (2020) and Feyzi et al., (2018), they were extracted protein
from Antarctic krill, mung bean and fenugreek, and drying isolated protein into
powder by spray, freeze and oven drying. Moreover, the EA and ES of spray drying

method were superior to freeze and oven drying methods.

Research indicates that there is a direct relationship between emulsion
properties and solubility (Zhao et al., 2012). This approach showed that the SD
technique's emulsion properties were superior to those of the other dried techniques,
depending on the solubility as shown in figure 4.5 SD methods had the best
solubility. The thermal effects of spray drying, where the outlet temperature reaches
90 °C, contribute to the elevated EA and ES values of SD, as found by (Brishti et al.,
2020). This heat causes the globular proteins to undergo partial unfolding, which
leads to hydrophobic amino acid residues being exposed to the surrounding
environment. Consequently, this exposure enhances the adsorption at the oil in water
interface. However, emulsifying activities decreased as a result of prolonged and
extensive heating during the AD, OD, and VD methods. This is because heat-induced
aggregation reduces protein solubility and surface hydrophobicity (Lin et al., 2020).

Foaming is a system where air cells are separated from the liquid layer by a
thin film. This system is not very stable. Swiftly lowering the tension between the air
and water phases enhances the stability of the foam layer. Surfactants improve the
stability of the foam layer by quickly reducing the tension between the air and water
phases. Protein hydrophobicity is the most essential physicochemical property of
protein, along with its interfacial property and foam retention ability (Dakhili et al.,
2019). The main factor for foaming capacity is the rapid reduction of the tension at
the interface between water and air during the whisking or air injection process
(Amagliani et al., 2021). Protein type, preparation method, solubility, composition,
and concentration, as well as the pH of the environment, hydrophobic interactions

and the presence of salt in the environment, affect foam capacity and stability. At the
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same time, some reactions and changes in molecules that occur with different
applications affect foam capacity. There are also things like net charge, molecular
flexibility, charge distribution, surface hydrophobicity, and hydrodynamic properties
that affect foam capacity and stability (Zhao et al., 2021). When proteins are soluble
and have a positive charge on the surface and there is an ideal balance of
hydrophobic amino acids and hydrophilic, they can make more foam (Shevkani et
al., 2015; Lafarga et al., 2018).

The increase in foaming stability depends on the dissolution of proteins that
can be dissolved in the continuous liquid phase and their surface-active properties.
An increase in protein interaction in the food leads to higher viscosity and improved
foam stability of the film layer formed at the interface (Ye et al., 2024).

Li et al. (2022) discovered that dried protein isolate from Rana chensinensis
ovum into powder by spray drying resulted in enhanced foaming capacity, attributed
to its smaller particle size. Also, the rapid absorption of tiny particles into the gas-
liquid interface during the stirring phase leads to an increase in foam volume. The
investigation yielded consistent results, indicating that the gelatin derived from goat
skin using the SD drying process exhibited superior foaming capabilities compared
to other drying methods (Mad-Ali et al., 2016). According to Shavkani et al., (2015),
several factors affect a substance's ability to foam and its stability. These include the
protein's high solubility, tendency to become denaturated, and tendency to make the
surface less water-repellent. The reason vacuum, oven, and ambient drying methods
don't work as well at foaming and staying stable is because their surfaces are less

hydrophobic and don't dissolve as easily.

According to Caballero and Davidov-Pardo, (2021), the color properties of
food products are among their most crucial characteristics. Consumers typically first
accept food products based on their color and appearance. The L* parameter is
related to lightness with the values from 0 to 100, black to white, respectively.
Regarding L* values, the SD-ASPI+LBG sample was lighter with a value of 31.78
than AD-ASPI+LBG, VD-ASPI+LBG, FD-ASPI+LBG, and OD-ASPI+LBG with
values of 29.09, 28.12, 26.77, and 26.62, respectively. In terms of a* parameter, it
was found that the value of a* was between 2.17 and 3.81, and the minimum a*
value was AD-ASPI+LBG (2.17), while the maximum was SD-ASPI+LBG with the
value of 3.81. Protein drying methods influenced the variation of the b* parameter.
SD-ASPI+LBG had the superior b* with the value of 2.98, following OV-
ASPI+LBG, FD-ASPI+LBG, VD-ASPI+LBG, and AD-ASPI+LBG with the values
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of 1.88, 1.78, 1.57, and 1.34, respectively. Moreover, the a* and b* parameters are
represented reddish to yellowish, and the value of yellowness of SD-ASPI +LBG
was the highest compared to other hydrogel samples. The findings indicate that the
methods used to dry proteins significantly affect the color of the hydrogel system.
SD-ASPI+LB exhibited higher values for all of these parameters. The hydrogel
samples had a low L* value, indicating a pale black color. The observed behaviors
are attributed to the Maillard reaction, which takes place between protein and

carbohydrates during hydrogel formation at elevated temperatures.

A crucial functional feature of three-dimensional networks is their water
holding capacity (WHC), which indicates the hydrogel's ability to retain water
(Wang et al., 2019). Lu et al. (2020) reported that three-dimensional networks
possess a greater capacity for water absorption. These findings were consistent with
hydrogels' mechanical characteristics and SEM images. SD-ASPI+LBG produced
the highest quality hydrogel among the various drying methods used to fabricate the
hydrogel networks, followed by FD-ASPI+LBG, VD-ASPI+LBG, OD-ASPI+LBG,
and AD-ASPI+LBG. These results were noted after the morphological structure was
analyzed for each hydrogel sample. The study findings indicate that ASPI, when
dried using spray and freeze dryer methods, exhibited a higher level of tolerance to
centrifugal force (Rahman et al., 2019). The rise in the quantity of intermolecular
linkages inside the hydrogel may contribute to the increase WHC in the hydrogel
(Cui et al., 2020). Furthermore, According to the earlier research, hardness and WHC
are positively correlated (Caballero and Davidov-Pardo, 2021). As mentioned earlier,
SD-ASPI+LBG and AD-ASPI+LBG exhibited the superior and minimum hardness
values, respectively. Additionally, WHC can serve as a reliable indicator of stability
and strength in hydrogels. An increase in WHC suggests that hydrogels are likely to
exhibit greater stability and strength (Yang et al., 2021a).

One of the most essential functional properties of hydrogel is its swelling
ratio. This is because swelling properties display the cell adhesion of hydrogel, as
adhesion plays a vital role in the oxygenation and uptake of nutrients by cells (Zhang
et al., 2021). Gunasekaran et al., (2005) define the swelling ratio in other words; the
swelling ratio is the most useful functional property of hydrogels, especially when it
is utilized as a delivery system for bioactive compounds. The structure of the
hydrogel samples (FD-ASPI+LBG and SD-ASPI+LBG) was more compact, as seen
in the SEM image. This made the swelling ratio higher (Khubber et al., 2021).
Gunasekaran et al., (2007) found that the swelling ratio is balanced by two

conflicting forces: the solvent attracts polar and ionic groups, causing expansion of
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the hydrogel matrix, while the cross-linked hydrogel structure system exerts a
contraction force. According to earlier studies, various factors influence the swelling
properties. The incorporation of both protein and carbohydrates in the preparation of
hydrogel results in a higher swelling ratio compared to using protein alone (Zhang et
al., 2021). Another possible cause for the swelling ratio could be the electrostatic
repulsive force between two polymers (Maltais et al., 2009). The final aspect might
involve the presence of numerous hydrophilic groups within the hydrogel (Netanel
Liberman et al., 2021). The AD techniques of ASPI based on the fabrication
hydrogel had a much lower swelling value than the other hydrogel samples because
they partially broke down inside them (Maltais et al., 2009).

The term "protein leachability" describes the movement or release of proteins
from a hydrogel's three-dimensional structure (He et al., 2021b). The mechanism of
hydrogel proteins' release significantly impacts their stability, functionality, and
capacity to interact with their surroundings (Basyigit et al., 2024). The research
discovered that protein leachability means the ability of proteins to move from
hydrogel systems into surrounding environment (pH 7.0, 0.05M) sodium phosphate
buffer. High-quality hydrogels minimize the rate of protein leaching from hydrogels.
Various dried avocado seed proteins in the presence of locust bean gum are used to
make hydrogel system, and this section investigates the proportion of protein leached
from these hydrogels. Table 4.8. showed the results of protein leachability in
hydrogel samples. Our study's findings on protein leachability closely resembled
those reported in a prior study by (He et al., 2021b). That study also looked at whey
protein isolate hydrogels with different amounts of Lycium barbarum
polysaccharides and found similar levels of protein leachability. Also, Demirkiran et
al., (2022) used microbial transglutaminase modification to check how easily the
proteins could be leached from hydrogels made by adding pectin to the protein from
sour cherry seeds. As stated in the literature, this modification enhances the
leachability of proteins. Rising the number of covalent bonds were formed in the
presence of polysaccharides may contribute to the low leachability observed in the
SD-ASPI+LBG hydrogel system. This results in proteins being bound more firmly to
the structure (Wang et al., 2020c).

The FTIR spectrum was used to find out how the chemicals in each hydrogel
made from different dried methods of ASPI and locust bean gum (LBG) interacted
with each other. Furthermore, The transmission range of 4000-500 cm-1 utilized to
examine the FTIR spectra of the ASPI samples based on the hydrogel (Rahman et al.,
2019). FTIR spectra for various dried techniques of ASPI powder were discussed in
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the earlier part of the study. The primary absorption peaks of the hydrogel sample are
observed at 3215 cm-1 and 2921 cm-1 corresponding to the stretching vibration O-H
bonds and C-H bonds, respectively. The absorption peaks seen at 1639, 1529, and
1377 cm-1 were identified as the amide I, II, and III bands of CH, respectively
(Ebrahimi et al., 2016). When compared the wavelength of amide A between
hydrogel samples, the bands of SD-ASPI+LBG had the maximum wavelength (3215
cm-1) following by FD-ASPI+LBG (3220 cm-1), VD-ASPI+LBG (3234 cm-1), OD-
ASPI+LBG (3228 cm-1), and AD-ASPI+LBG (3230 cm-1). Barth, (2007) and Wang
et al., (2020b) reported that upon the addition of carbohydrate, it is important to
observe that the absorption band (~3300 cm-1), which is related to the -OH
stretching vibrations and changed to a lower wavenumber. This shift indicates a
strengthening of the interactions between the hydroxyl groups of the protein and
carbohydrate molecules. This finding is consistent with our hypothesis that the
formation of hydrogel is significantly influenced by the enhanced hydrogen bonds
between locust bean gum and protein molecules. He et al. (2021) reported that
adding pectin to the ginkgo seed protein did not create new peaks in the spectrum of
hydrogel. Also, Basyigit et al., (2023) studied the fabricate hydrogel from soy protein
and different carbohydrates such as gum arabic, maltodextrin, pectin, and locust bean
gum, and they found that the composition of the hydrogels did not display any new
covalent bands which means that did not create a new peak in the spectrum. These
findings indicated the existence of electrostatic interactions among the carboxyl
groups in different drying methods of ASPI and LBG. One more thing is that the
peak area of O-H and N-H in SD-ASPI+LBG was the lowest compared to the other
hydrogel samples. This means that hydrogen bonding probably played a part in
making SD-ASPI+LBG hydrogels. Lastly, locust bean had no influence on the amide
I, II, or III regions, according to the FTIR analysis of the dried hydrogel. Extracted
protein was dried into powder by different methods of drying; particularly, the spray
drying method raised awareness about the functional properties, mechanical
properties, and delivery of bioactive substances in comparison to other drying

methods.

The hydrogel-based fabrication process demonstrated a three-dimensional
polymer network for all drying techniques. Nevertheless, the degree of contact
between polymer chains varied while analyzing SEM image. Significant alterations
were noted in the physical forms of different dried ASPI based on the hydrogels
system, contingent upon the particular methods of drying employed. The observed
behaviors can be ascribed to an increase in hydrogen bonding and stronger

interactions electrostatic between carbohydrate and proteins inside the hydrogel
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(Bagyigit et al., 2023). The presence of additional bonds of hydrogen and increased
electrostatic interactions inside fabricated hydrogel result in the creation of larger and
more rigid structures (Basyigit et al., 2023). To achieve a suitable three-dimensional
structure, it is crucial for the polymers in the hydrogel system to have strong
interactions (Slavutsky and Bertuzzi, 2019). According to Demirkiran et al., (2022),
the hydrogel system has a strong structure that has superior functional characteristics.
Reviewing all the findings from the current investigation, including the data in Table
4.8 and Figure 4.10, further confirmed this phenomenon. The results of various
fabricated hydrogels, including functional properties, textural profile, and rheological
behavior for SD-ASPI + LBG and FD-ASPI + LBG, were in line with what was seen

when pictures and scanning electron microscopy images were looked at.

The hydrogel's texture profile was evaluated based on characteristics like
hardness, chewiness, gumminess, springiness and resilience, and hydrogel samples
were prepared from various dried methods of ASPI with LBG, namely SD-
ASPI+LBG, FD-ASPI+LBG, VD-ASPI+LBG, OD-ASPI+LBG and AD-
ASPI+LBG. The hardness of the hydrogel was assessed by measuring its resistance
to compression from the initial stage to the point of maximum force. The
measurement of the springiness of hydrogel samples was calculated by the ratio of
the distance between the input force during the second compression and the initial
compression. Resilience is measured by the ratio of the upward force during the
compression phase to the downward force during the decompression phase (Wang et
al., 2019). Gumminess can be employed as an indicator to demonstrate the condition
of a semisolid sample, and it is determined through the computation of hardness
multiplied by cohesiveness (Wang et al., 2017). Chewiness is a characteristic that
may be used to evaluate the state of a solid sample. The value is derived by the
multiplication of hardness, cohesiveness, and springiness, (Yuan et al., 2016). Ikeda
and Morris (2002), found that the structure of the protein network is mostly set by
the balance between the forces that pull and push the molecules of proteins together,
and this is based on the hydrogel that was made by heating the proteins. Zhang et al.,
(2021) discovered that there are two main factors that might increase the hydrogel's
hardness. The first is that increasing the pH value of hydrogel beyond its isoelectric
point enhances its hardness. Furthermore, increasing the quantity of protein or
carbohydrate during hydrogel fabrication can enhance its solid content. There are
many studies that supported the texture result of this study. According to Zhou et al.,
(2014); Guo et al., (2015); Lei et al., (2016); Lei et al., (2017) the researchers
investigate the impact of basic amino acids on hydrogel. They observe that these

amino acids form strong bonds with protein-charged residues via electrostatic
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interactions, resulting in alterations to the thermal properties and structure of
proteins. The attributes of springiness, chewiness, gumminess, and resilience
exhibited similar trends with hardness. Furthermore, FD-ASPI + LBG and SD-ASPI
+ LBG exhibit superior values for gumminess, chewiness, resilience, and springiness
compared to other hydrogel (p < 0.05). The dataset supports all the observations

made about the appearance, functionality, SEM image, and rheological of hydrogels.

The rheological properties associated with the mechanical characteristics were
examined by assessing the oscillation moduli at different temperatures, ranging from
approximately 20 to 60 °C. The rheological properties of the fabricated hydrogel
were determined by measuring the storage modulus (G’) and loss modulus (G")
values. These values give information about the elastic and viscous properties,
respectively. The curves had similar patterns in terms of the values G' and G”, and as
the temperature went up, the G’ and G" values of plant protein-based natural
hydrogels slowly went down. This demonstrated how the hydrogel's three-
dimensional structure gradually changes from a solid-like gel to a liquid-like solution
during the carving process. However, the rheological behavior of hydrogels was
tremendously dependent on the various drying techniques utilized in fabricated
hydrogel. It seems that using different dried forms of ASPI, such as AD, OD, VD,
FD, and SD, to the hydrogel matrices caused the rheological features to rise, but they
was motion at vary level (Demirkiran et al., 2022; Bagyigit et al., 2024). The results
confirmed that the spray drying technique was the most rigid method for constructing
the internal structure of three-dimensional networks. The amount increased of
electrostatic complexes and H-bonding between the drying protein by the spray dryer
and LBG may explain the presence of more junction zones, as mentioned in the
section FTIR analysis. Moreover, According to the results, G’ exceeds G" for all
hydrogel samples, suggesting that hydrogels with a three-dimensional structure are
successfully forming (Netanel Liberman et al., 2021). In addition, the differences in
the values of G’ and G" indicated the presence of hydrogel models characterized by
dominance of elasticity rather than viscosity. The aim of this test in the current
investigation was to examine whether different protein drying methods had a notable
effect on the creation of a three-dimensional hydrogel involving carbohydrate
involvement. The findings indicated that spray drying and freeze drying were
effective methods for protein drying and hydrogel formation, as shown by the elastic
modulus G' and the viscous modulus G". In addition, these drying techniques
including spray and freeze outperformed other dryers in terms of hydrogel formation.
Ruiz et al. (2016) found that proteins with high solubility could form well-structured

hydrogels. In this context, SD techniques for avocado seed protein isolate
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demonstrated superior solubility compared to other drying methods, including
ambient drying, oven drying, vacuum drying, and freeze drying, as detailed earlier.
The processing of the SD-ASPI+LBG hydrogel samples was less denatured than
those made with AD-ASPI+LBG, OD-ASPI+LBG, VD-ASPI+LBG, and FD-
ASPI+LBG. So, it kept most of its natural properties and was easier to dissolve,
which improved protein interactions and aggregation when heated, making it easier
for hydrogel networks to form. This finding aligns with the observations of Joshi et
al. (2011) and Shen et al. (2021), who reported that lentil proteins dried by vacuum
and freeze drying could hardly form hydrogels as quickly as spray-dried lentil
proteins due to poorer solubility, thus requiring higher concentrations or longer

heating times to achieve hydrogel formation.

Ascorbic acid, also referred to as vitamin C, is a molecule that readily
dissolves in water. This substance is an organic compound that possesses a
crystalline structure and a white color. Fresh fruit can be the best source for
extracting this structure. Ascorbic acid, a bioactive substance, exerts beneficial
effects on human health. Its primary purpose in the human body is to stimulate
several enzymes in the liver that are involved in hormone regulation, nervous system
function, and drug detoxification. Moreover, this chemical demonstrates both anti-
inflammatory and antioxidant properties and it plays a vital role in the treatment of a
variety of illnesses, including cancer, neurological disorders, and cardiovascular
diseases (Figueroa et al., 2018). Before being used in the described systems, it is
necessary to encapsulate ascorbic acid into different matrices in order to enhance its
stability and bioavailability. Achieving this condition involves integrating these
substances into the hydrogel matrix through either physical entrapment or chemical
cross-linking techniques, which are carried out during the formation of three-
dimensional polymeric networks (Ciolacu et al.,, 2012). Bioactive molecules are
released rapidly and cumulatively from the hydrogel via a burst release mechanism.
This approach may result in a rapid exhaustion of the molecule and a subsequent
decline in effectiveness over time, rendering it unfavorable for use in delivery
systems (Chen et al., 2023). Consequently, these systems can be avoided in several
applications, including cosmetics, medications, and food preservation (Lupu et al.,
2023). Out of the five various dried methods used to dry avocado seed protein, the
spray drying method was selected to study release behavior. This choice was based
on the observed correlation between the size of pores (swelling ratio) and the rate of
release. Ascorbic acid solution added to a sample with a low swelling ratio caused
the hydrogel matrix to break down, which physically disrupted the three-dimensional
hydrogel network. This was found by Basyigit et al., (2024) the textural and
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rheological findings of ASPI-based natural hydrogels also supported this approach.
Actually, it is possible to make hydrogels from plant-based proteins and LBG works
better in bioactive compound delivery applications compared to ASPI alone. To put
it another way, the datasets made it clear that drying ASPI in a spray dryer with LBG
was good for the hydrogels. Consequently, these hydrogel matrices have the potential

to enable precise administration of drugs to specific targets.
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6. CONCLUSION

In recent years, consumer interest in functional and ready-to-eat foods has
been increasing. As ready-made food consumption increases, waste in food
processing stages has also begun to increase. Recently, there has been a significant
increase in the importance of utilizing these resources, known as waste but
possessing high functional value as biotransformation. Bioconversion not only
reduces environmental pollution caused by waste but also makes significant

contributions to companies and the country's economy.

The avocado seed protein isolate was subjected to several drying techniques,
including spray, freeze, vacuum, oven and ambient drying. The investigations
identified alterations in many functional, chemical, and physical characteristics of
different dried avocado seed proteins powder and established the most effective
drying methods. The results indicate that the drying techniques can enhance and
maintain the functional characteristics of avocado seed protein. The data indicate that
protein extracted from plant seeds has the potential to improve the quality and
stability of food products during production stages. The study's findings are

described below based on the collected data.

The physicochemical characteristic of the ASPI powder obtained by various
drying techniques were determined by analyzing protein content, moisture
determination, water activity, and fluidity (Carr index and Hausner ratio). The FD
technique had the highest protein content of 67.3 % among the various drying
techniques used for ASPI, followed by the SD, AD, OD, and VD techniques with
protein contents of 65.9 %, 64.8 %, 62.3 %, and 62.1 %, respectively. In the moisture
content of dried ASPI powder, the SD technique had a value of 4.22 %, which is the
highest value compared to the other dried techniques. The lowest value of water
activity of dried ASPI powder was 0.27 for the OD technique, while the highest
value was 0.38 for the AD technique. SD techniques exhibited the highest carr index
with the value 38.77 and hausner ratio with the valuel.63 for dried ASPI powder. It

can be said that the fluidity is lower than in other dried techniques.

The amino acid composition of different dried avocado seed protein powders
contains total essential amino acids with the value 38.11, 37.81, 35.89, 34.99, 34.72
% for freeze, spray, ambient, vacuum and oven dried, respectively. The values of
essential amino acids in spray-dried and freeze-dried avocado seed protein powder
were similar isoleucine (SD: 5.47 % and FD: 5.59 %), leucine (SD: 6.27 % and FD:
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6.56 %), lysine (SD: 6.05 % and FD: 5.95 %), threonine (SD: 5.18 % and FD: 4.83
%), and valine (SD: 6.29 % and FD: 5.89 %). The total amount of non-essential
amino acids for spray, freeze, vacuum, oven and ambient dried were 62.18, 61.89,
65.01, 65.28 and 64.11%, respectively.

The physical and quality properties of different dried avocado seed proteins
were determined by scanning electron microscopy (SEM). The protein that
underwent spray drying had a consistent distribution of particle sizes and a circular
shape. Additionally, the particles had a smooth surface and a spherical structure.
FTIR analysis indicate that all drying methods can be used for drying proteins, as
they clearly show the presence of amide groups with minor variations. The thermal
properties of various dried ASPI powders were analyzed according to TGA curves.
All dried techniques exhibited similar thermogravimetric stability. These values are
considered reasonable levels in light of the sterilization processes applied in the food

industry.

The functional properties of dried ASPI powders were determined among five
drying techniques. The solubility of the different dried ASPI powders was examined;
the maximum solubility was observed as (82.52 %) in the SD technique, while the
lowest was observed as (53.8 %) in the OD technique. The solubility values in FD,
VD, and AD techniques were 75.22 %, 68.77 %, and 60.24 %, respectively.

The water holding capacity of the SD dried techniques of ASPI was
determined to be 393.33 %, and it is noted that the maximum WHC among the other
dried techniques of ASPI. The SD method exhibited the highest oil holding capacity
among the various drying techniques used for ASPI, with values of 300.92 % (FD:
225.22 %), (VD: 98.32 %), (OD: 89.89 %), and (AD: 85.95 %). The drying

techniques significantly affected the water and oil holding capacity.

The emulsion activity index of the SD technique of ASPI was the highest,
with values of 49.84 m2/g compared to the other dried techniques. The emulsion
stability index of the SD method of ASPI was 71.62 and 112.67 after 10 and 30 min,
respectively. The emulsion activity and stability values for dried ASPI were the
highest with the SD method than with the FD, VD, OD, and AD methods.

Foam capacity was measured for all dried techniques of ASPI powder. In
general, comparing the results, it was concluded that the foaming capacity and
foaming stability of the FD and SD techniques of ASPI powder were better than the
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AD, OD, and VD techniques. The values of the foaming capacity of FD and SD were
81.73 % and 79.33 %, respectively, while after 10 and 30 min kept at ambient
temperature, the foaming stability for FD was 46.49 % and 26.27 %, respectively,
and for SD it was 45.93 % and 25.27 %, respectively.

In the second section of this study, various dried ASPI were used based on the
hydrogel system. To achieve this, hydrogel was fabricated by combining different
dried ASPI powders and LBG. The study looked at the function properties of
fabricated hydrogel samples and found that spray dried protein based on a hydrogel
system had the best WHC (93.79 %), swelling ratio (33.51 %), and protein
leachability (7.99 %), in that order.

The FTIR spectra of SD-ASPI+LBG among the other hydrogel samples
indicate a strengthening of the interactions between the hydroxyl groups of the
protein and carbohydrate molecules, as evidenced by the shift to a lower
wavenumber. Our hypothesis suggests that the enhanced hydrogen bonds between
locust bean gum and protein molecules significantly influence the formation of
hydrogel, which is consistent with this finding. The physical properties of hydrogel
samples were analyzed by SEM; the structures of SD-ASPI + LBG and FD-ASPI +
LBG were found to be denser (more compact). While other hydrogel samples
showed a non-homogeneous porous structure. Based on the texture, SD-ASPI+LBG
had the spurious properties of texture in terms of hardness, chewiness, gumminess,

springiness and resilience.

The drying methods of ASPI significantly impacted the rheological behavior
when measuring the values of G’ and G". SD-ASPI+LBG exhibited the highest value
of G', followed by FD-ASPI+LBG, OD-ASPI+LBG, VD-ASPI+LBG, and AD-
ASPI+LBG. The findings indicate that all hydrogel samples form hydrogels with a
satisfactory three-dimensional arrangement, as the magnitude of G’ is greater than
G".

For release analysis, spray dried ASPI powder alone (as a control) and spray
dried ASPI powder with LBG was used based on the hydrogel system. Ascorbic acid
was administered into the hydrogel system by using injection. Over a period of 60 to
540 min at ambient temperature, the diffusion rate of bioactive chemicals from the
hydrogel matrix into the surrounding habitats was measured. The surrounding
environment included variations in pH value, molarity of NaCl, and temperature. The

findings show that plant-based proteins and LBG enable the production of hydrogels

98



CONCLUSION B. A. Abdullah ABDULLAH

that deliver bioactive compounds more effectively in various environments compared
to ASPI alone.
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7. RECOMMENDATIONS

In this thesis study, protein was extracted from avocado seeds and dried into
powder using different drying methods. The results show that drying techniques
significantly affect the properties of proteins. Experts believe that the new products
obtained will lead to the development of new employment areas in the food industry
and nutrition. Experts expect that waste utilization will greatly contribute to the

country's economy.

In the next stages,

J Researchers can evaluate the functional properties of drying avocado
seed protein in a spray dryer by varying the temperatures, flow rates, and feed
rates.

J It is possible to see how the functional and physicochemical
characteristics of avocado seed protein improve by using different
modification methods, such as ultrasonic and microwave pretreatments.

J Researchers can combine avocado seed protein with different oils to
create a coating material for microencapsulation applications.

J Adding modified proteins to food products allows for the investigation
of their functional properties.

J Research can be conducted to enhance the properties of avocado seed
isolate and avocado seed protein based on hydrogels by various applications.

J Avocado seed protein can be blended with other proteins, and
microencapsulation methods can be employed for applications like coating

materials or various types of oil coatings.
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