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Comprehensive Characterization of Sargassum thunbergii 

Extracts Using Subcritical Water for Biopolymer Application 

Ji-Min Han 

Department of Food Science and Technology, Graduate School 

Pukyong National University 

 

Abstract 

This study explores the utilization of the marine brown seaweed, 

Sargassum thunbergii, to develop eco-friendly and multifunctional biopolymer 

applications, aiming to establish sustainable strategies for marine biomass 

valorization. Specifically, subcritical water extract (SWE) was employed to 

extract various bioactive compounds from S. thunbergii, which were then 

evaluated for their potential in biorefinery processes and biopolymer film 

development. 

The first study analyzed the physicochemical and biofunctional properties 

of S. thunbergii extracts prepared using SWE and conventional solvent 

extraction. The SWE demonstrated superior properties, with maximum 

phlorotannin content (13.57 ± 0.19 mg PGE/g), total sugar content (61.95 ± 0.75 

�P�J���J�O�X�F�R�V�H���J�������D�Q�G���D�Q�W�L�R�[�L�G�D�Q�W���D�F�W�L�Y�L�W�\�����$�%�7�6�p�����'�3�3�+�����)RAP assays: 17.99 ± 

0.02, 56.72 ± 0.09, and 29.79 ± 0.11 mg TE/g, respectively) observed at 180�• . 

Antimicrobial tests revealed the strongest inhibitory effects against Escherichia 

coli and Bacillus cereus. These results highlight SWE as a green and effective 

process for extracting bioactive compounds from S. thunbergii, surpassing the 

performance of traditional solvent extraction methods. 

The second study optimized the subcritical water extraction conditions of 

S. thunbergii to establish a sustainable biorefinery process and comprehensively 
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evaluated the bioactive and structural properties of the optimized extract (OSE). 

Using response surface methodology, the optimal conditions (195.43�• , 18.82 

min, solid-to-liquid ratio of 0.032 g/mL) yielded maximum total phenolic 

content (29.01 ± 0.28 mg PGE/g). The OSE exhibited potent antioxidants, 

�D�Q�W�L�G�L�D�E�H�W�L�F�� ���.-glucosidase inhibition, IC50 1.87 ± 0.09 mg/mL), 

antihypertensive (ACE inhibition, IC50 0.24 ± 0.01 mg/mL), antimicrobial, anti-

inflammatory, and anti-aging properties. Structural analyses (NMR, FT-IR, 

XRD, and FE-SEM) also demonstrated the potential for repurposing residual 

biomass as biofuel. These findings validate SWE as an eco-friendly, zero-waste 

strategy for the comprehensive utilization of S. thunbergii. 

The third study developed functional biopolymer-based packaging materials by 

incorporating OSE into chitosan/polyvinyl alcohol-gelatin (CS/PVA-GE) 

composite films. By varying OSE concentrations (0%-5%), significant 

improvements were observed in the films' mechanical (tensile strength: 20.91 ± 

2.03 MPa at 5% OSE), physicochemical (contact angle: 94.9°), and moisture 

resistance properties. Packaging trials with strawberries revealed that the films 

effectively maintained fruit quality for up to 7 days, supported by the 

�D�Q�W�L�R�[�L�G�D�W�L�Y�H�� �D�Q�G�� �D�Q�W�L�P�L�F�U�R�E�L�D�O�� �S�U�R�S�H�U�W�L�H�V�� �R�I�� �2�6�(�¶�V�� �S�K�H�Q�R�O�L�F�� �D�Q�G�� �I�O�D�Y�R�Q�R�L�G��

compounds. These findings demonstrate that OSE-based biopolymer films can 

effectively support the storage stability and quality retention of food products 

as functional packaging materials. 

This research demonstrates the potential of S. thunbergii for 

multifunctional applications in biopolymer development, highlighting its 

utilization in food, pharmaceutical, and cosmetic industries. Furthermore, the 

SWE-based biorefinery process contributes to zero-waste strategies and 

sustainable development goals, offering an eco-friendly solution for marine 

biomass valorization while addressing global challenges in environmental 

preservation. 
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Chapter 1 

General Introduction 

 

1.1. Biopolymer film  

Packaging plays a pivotal role in the food industry, with petroleum-based 

polymers dominating due to their affordability, strength, and durability, making 

them indispensable in various applications, particularly food packaging. 

However, their non-biodegradable nature has led to profound environmental 

consequences. Most petroleum-derived films are either incinerated or disposed 

of in landfills, where their chemical and biological stability inhibits 

decomposition, resulting in the accumulation of microplastics, soil 

contamination, and air pollution (Khalil et al., 2017). These persistent pollutants 

have made petroleum-based polymers a significant contributor to ecosystem 

degradation, necessitating the urgent development of innovative, sustainable 

packaging solutions. Biodegradable biofilms have emerged as a promising 

alternative, with active research focused on incorporating functional materials 

to preserve food quality and extend shelf life (Stark et al., 2021). Biopolymers 

derived from renewable natural resources are gaining attention due to their 

biodegradability and environmental compatibility. Beyond food packaging, 
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these materials have diverse applications, such as protective coatings and 

functional product solutions (Díaz-Montes et al., 2021). A notable application 

includes the preservation of perishable food products like fresh produce, meat, 

and dairy, where biodegradable films demonstrate excellent antibacterial and 

moisture-retention properties, effectively inhibiting microbial growth and 

maintaining freshness. By regulating oxygen and moisture permeability, these 

films significantly extend the shelf life of packaged foods (Romanazzi et al., 

2017). 

Recent advancements have also led to the development of edible films, 

which serve as coatings for snacks, chocolates, and powdered products such as 

soup concentrates (Pavlath et al., 2009). These edible materials not only address 

environmental concerns but also enhance consumer convenience. Beyond the 

food sector, biodegradable films find applications in pharmaceuticals and 

medicine, where their antimicrobial and biocompatible properties make them 

suitable for wound-healing films and biomedical devices (Shariatinia, 2019). In 

the cosmetics industry, they are utilized in face masks and skin patches, 

delivering active ingredients and offering moisturizing benefits (Kulka et al., 

2023).  

Research in this field predominantly focuses on biopolymers derived from 

renewable sources, such as agricultural by-products. Commonly studied 

biopolymers include chitosan, gelatin, fucoidan, alginate, and starch. 
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Among these, chitosan, a linear cationic polysaccharide obtained through 

the deacetylation of chitin found in crustacean shells (e.g., crab, shrimp, 

crawfish), stands out for its biodegradability, excellent film-forming properties, 

and environmental friendliness (Kim et al., 2011). In the food industry, chitosan 

films are particularly valued as active packaging materials due to their 

antimicrobial activity, non-toxicity, and low oxygen permeability (Balti et al., 

2017). However, chitosan films face limitations such as fragility, low 

mechanical strength, and rapid degradation under acidic conditions or in the 

presence of lysozyme (Moura et al., 2011). To address these challenges, 

researchers have explored blending chitosan with synthetic polymers (Chang et 

al., 2009). 

Polyvinyl alcohol (PVA), one of the oldest and most versatile synthetic 

polymers, is frequently used for this purpose due to its high biocompatibility, 

excellent film-forming properties, and ability to create cross-linked structures 

without toxic agents (Kamoun et al., 2015; Timofejeva et al., 2017). The 

compatibility of chitosan and PVA, facilitated by hydrogen bonding between 

hydroxyl and amine groups, enables the development of composite films with 

enhanced mechanical and thermal properties (Peter et al., 2010). 

Gelatin, derived from the hydrolysis of collagen from sources such as pig 

skin, bovine skin, and fish, is another widely used biopolymer in food and 

pharmaceutical industries due to its exceptional gelling properties, 
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biocompatibility, and biodegradability (Díaz-Calderón et al., 2014; Duconseille 

et al., 2015). However, gelatin-based films are prone to instability, particularly 

at physiological temperatures, which necessitates blending with synthetic 

polymers to improve mechanical strength and thermal stability (Xing et al., 

2014). 

Blending natural and synthetic polymers is a key strategy for tailoring 

materials with improved physical and mechanical properties while optimizing 

costs. Composite films, such as those incorporating chitosan and PVA, have 

demonstrated enhanced mechanical properties (Chen et al., 2008). Furthermore, 

integrating active agents, including natural antimicrobial compounds, into 

biopolymer films has been shown to improve strawberry quality (Choi et al., 

2022). Seaweed-based films, often reinforced with nanoparticles or enriched 

with seaweed extracts, exhibit superior mechanical strength and potent 

inhibitory effects against foodborne pathogens (Sonchaeng et al., 2023; Wang 

et al., 2024). Seaweed extracts, rich in phenolic compounds with strong 

antioxidant properties, further enhance the functional attributes of 

biodegradable films (Martins et al., 2013; Rhim, 2011). 

This study focuses on the development of advanced biopolymer-based 

packaging materials, emphasizing the synergistic effects of polymer blending 

and seaweed extract incorporation to achieve superior functionality, 

environmental sustainability, and broader application potential 
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1.2. Sargassum thunbergii 

Sargassum thunbergii, a perennial marine brown seaweed, belongs to the 

class Phaeophyceae, order Fucales, family Sargassaceae, and genus Sargassum 

(Table 1.1). This species predominantly inhabits rocky substrates and is widely 

distributed along the coasts of East Asia, particularly Korea, where it forms 

extensive colonies in the middle and lower intertidal zones. S. thunbergii 

exhibits a distinct seasonal growth pattern, characterized by vigorous 

proliferation from spring to early summer. By autumn, its foliage appendages 

are shed, leaving only small juvenile branches (<10 cm) of the primary stem 

(Chu et al., 2011). Unique among its genus, S. thunbergii develops all primary 

branches from a single main axis, conferring a distinctive morphology that has 

earned it the colloquial moniker "earthworm" in Korea (Koh et al., 1993). The 

morphology of S. thunbergii exhibits significant plasticity, influenced by 

seasonal, locational, and environmental variables, including water temperature, 

tidal regimes, and wave intensity (Umezaki, 1974). Ecologically, this species 

plays a pivotal role in coastal ecosystems by providing habitat, shelter, and 

nursery grounds for diverse marine organisms. Historically, its young shoots 

have been utilized as both a food source and an anthelmintic fertilizer (Seo et 

al., 2023). Notably, S. thunbergii demonstrates robust photoprotective 

mechanisms and possesses unique functional genes that confer resilience to 

environmental stressors (Kim et al., 2022). These adaptations render it 
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exceptionally tolerant to high temperatures, intense sunlight, and dedication, 

underscoring its ecological significance in sustaining coastal productivity and 

biomass. In marine aquaculture, S. thunbergii has been employed since the early 

2000s as a natural feedstock for sea cucumbers (Stichopus japonicus) and 

abalones, particularly in China. Studies have shown that juvenile sea cucumbers 

fed with S. thunbergii exhibit superior growth rates, enhanced survival, and 

improved disease resistance compared to those fed alternative macroalgae (Seo 

et al., 2011). Nutritionally, S. thunbergii is a rich source of proteins, vitamins, 

minerals, and umami amino acids. It also contains bioactive compounds such as 

polysaccharides, antioxidants, fucoxanthin, and polyunsaturated fatty acids, 

which hold significant potential for applications in the pharmaceutical and food 

industries (Liu et al., 2021). Recent studies have demonstrated the biological 

activities of S. thunbergii, including antioxidant and anticancer properties, 

positioning it as a promising source of functional substances (Han et al., 2024). 

Its bioactive components offer diverse benefits, including blood sugar and lipid 

regulation, immune modulation, scavenging of superoxide anions (O2�Ø������

thrombus prevention, and antibacterial activity. Furthermore, the bioactive 

compounds of S. thunbergii have attracted significant attention in the 

development of functional foods, cosmetics, and pharmaceuticals. Notably, this 

research has also explored its application in films, highlighting its potential in 

diverse industrial sectors. 
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Despite its versatile utility, the large-scale commercial exploitation of S. 

thunbergii remains underdeveloped. Efficient and cost-effective extraction 

methodologies have yet to be fully established, and the processing and storage 

technologies for S. thunbergii are less advanced compared to those for other 

macroalgae, thereby limiting its widespread industrial applications. While 

previous studies have identified the bioactive compounds of S. thunbergii, 

research focusing on their efficient extraction, processing, and 

commercialization remains insufficient (Kang et al., 2008). Additionally, 

investigations into their practical applications across various fields are still 

lacking. To address these gaps, this study aimed to enhance extraction 

techniques and expand the application potential of S. thunbergii. 
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Table 1.1. Classification of S. thunbergii 

Scientific classification of S. thunbergii 

Kingdom Protista 

Phylum Ochrophyta 

Class Phaeophyceae 

Order Fucales 

Family Sargassaceae 

Genus Sargassum 

Species S. thunbergii 

Binomial name Sargassum thunbergii 
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Figure 1.1. A picture of S. thunbergii.  
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1.3. Subcritical water extraction 

Extraction technology significantly influences yield, purity, efficacy, 

production costs, and biological activity. It plays a crucial role in isolating 

various bioactive compounds from natural products, where selecting an 

appropriate extraction method is essential to efficiently obtain the target 

�F�R�P�S�R�X�Q�G�V�����3�D�X�O�L�N�L�H�Q�¡���H�W���D�O���������������������2�Y�H�U���W�L�P�H�����D���Y�D�U�L�H�W�\���R�I���H�[�W�U�D�F�W�L�R�Q���P�H�W�K�R�G�V��

have been employed, ranging from traditional techniques such as hot water 

extraction, solvent extraction, and enzyme-assisted methods to advanced 

techniques like microextraction, ultrasonic extraction, Soxhlet extraction, 

subcritical water extraction, and supercritical fluid extraction (Mlyuka et al., 

2016). However, traditional hot water extraction is associated with low yields 

and the risk of thermal degradation of heat-sensitive compounds. Similarly, 

organic solvent extraction using methanol, ethanol, or hexane involves high 

production costs and poses potential health risks due to residual solvents (Deng 

et al., 2022). Ultrasonic extraction, while widely used in modern food 

applications, suffers from limitations such as restricted penetration into sample 

matrices, degradation of compounds, product inconsistency, high energy costs, 

and noise pollution (Kadam et al., 2015). 

In contrast, subcritical water extraction (SWE) is an eco-friendly 

technology that utilizes water, the safest solvent for food applications, to safely 

and efficiently extract bioactive compounds from various natural resources 
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under high temperature and high pressure conditions. This method achieves 

high selectivity and extraction efficiency while delivering higher yields in 

shorter extraction times (Park et al., 2024).  

Subcritical water refers to water in its liquid state between its boiling point 

(0.1 MPa, 100�• ) and critical point (22.1 MPa, 374�• ), maintained as a liquid 

due to sufficient pressure at elevated temperatures (Figure 1.2) (Ju et al., 2005). 

Under these conditions, water dissolves compounds that are typically water-

insoluble, enhancing extraction efficiency. Two key properties influencing 

SWE are the dielectric constant and the ionic product of water. The dielectric 

constant represents the ability of a medium to store charge while suppressing an 

electric field. As temperature and pressure increase, the dielectric constant of 

�Z�D�W�H�U���G�H�F�U�H�D�V�H�V�����D�S�S�U�R�[�L�P�D�W�L�Q�J���W�K�H���Y�D�O�X�H�V���R�I���P�H�W�K�D�Q�R�O�����0��� �����������D�Q�G���H�W�K�D�Q�R�O�����0��

= 24) at 25�•  (Zhang et al., 2020). Consequently, subcritical water exhibits 

extraction capabilities akin to organic solvents, effectively isolating compounds 

with low and intermediate polarity. The ion product of water (Kw), defined as 

�W�K�H�� �S�U�R�G�X�F�W�� �R�I�� �K�\�G�U�R�J�H�Q�� �L�R�Q�� ���+�p���� �D�Q�G�� �K�\�G�U�R�[�L�G�H�� �L�R�Q�� ���2�+�q���� �F�R�Q�F�H�Q�W�U�D�W�L�R�Q�V��

resulti�Q�J���I�U�R�P���Z�D�W�H�U�¶�V���D�X�W�R-ionization, is 1.0×10�í14 at room temperature (25�• ). 

This parameter is a critical chemical indicator for water's acidity and alkalinity. 

As water temperature increases in its subcritical state, Kw rises, resulting in a 

�K�L�J�K�H�U�� �F�R�Q�F�H�Q�W�U�D�W�L�R�Q�� �R�I�� �+�p�� �D�Q�G�� �2�+�q�� �L�R�Q�V���� �7�K�L�V�� �H�Q�K�D�Q�F�H�G�� �L�R�Q�L�]�D�W�L�R�Q�� �E�R�R�V�W�V��

water's reactivity, enabling it to act as an active solvent with improved capability 
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to extract diverse compounds. Consequently, subcritical water is often referred 

to as a selective extraction medium, capable of isolating polar, medium-polar, 

low-polar, and non-polar compounds (Ko et al., 2014; Park et al., 2023). In SWE, 

various parameters such as temperature, reaction time, solid-to-liquid (S/L) ratio, 

and pressure critically influence extraction efficiency and selectivity. Among 

these, temperature is the most significant factor, as demonstrated in studies 

investigating the extraction of functional compounds, including amino acids, 

from blue mussels and comb pen shell(Jeong et al., 2021; Lee et al., 2021). 

Optimizing these parameters individually, however, can be labor-intensive and 

time-consuming. To address this challenge, response surface methodology 

(RSM) is employed as a robust mathematical and statistical tool to optimize 

experimental responses by systematically analyzing the factors influencing the 

process. RSM minimizes experimental runs, enhances accuracy and efficiency, 

and conserves resources, thereby enabling efficient extraction under optimized 

conditions (Bezerra et al., 2008). 

Recent studies have leveraged subcritical water extraction to isolate 

bioactive compounds from brown seaweed and biofilms for applications such 

as detecting fish spoilage in food packaging (Ali et al., 2024). Additionally, it 

has been utilized in pharmaceutical applications, including the production of 

microspheres by modulating gelatin's molecular weight under subcritical water 

conditions (Ho et al., 2023).  
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Figure 1.2. Phase diagram of a substance with critical temperature and pressure. 
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1.4. Objectives of the thesis 

The widespread use of conventional plastic-based packaging materials is 

attributed to their low cost and high durability; however, their non-

biodegradable nature has led to severe environmental challenges. Biodegradable 

biofilms have emerged as a promising alternative to mitigate environmental 

pollution. Nevertheless, the limited moisture resistance and mechanical strength 

of traditional biopolymer films pose significant barriers to their industrial 

applicability.  

S. thunbergii represents a valuable marine resource, abundant in unique 

bioactive compounds. In this study, the functional constituents of S. thunbergii 

were extracted using subcritical water extraction a clean, environmentally 

friendly process that employs water as the sole solvent. This method is 

recognized for its safety and efficiency, enabling the rapid and high yield 

extraction of diverse bioactive compounds. To optimize the extraction 

conditions and maximize the yield of functional components, RSM was 

employed.  

The extracted S. thunbergii bioactives were subsequently incorporated into 

biodegradable bio-polymer matrices to address the inherent mechanical and 

functional deficiencies of conventional biopolymers. The incorporation of 

subcritical water extracted S. thunbergii compounds significantly enhanced the 

mechanical properties and moisture resistance of the biopolymer films, offering 
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a novel solution to extend the shelf life of packaged foods while achieving a 

harmonious balance between functionality and environmental sustainability.  

This study not only underscores the potential of S. thunbergii extracts 

(SSEs) as a value-added enhancement for biopolymers but also contributes to 

advancing the field of sustainable packaging by elucidating the relationship 

between the bioactive components and the improved performance of the 

biopolymer film. By integrating advanced extraction techniques and functional 

material development, this research aims to address critical environmental 

challenges while providing innovative and sustainable solutions for the 

packaging industry. 

 

To achieve the primary objectives, this study defines the following specific aims: 

- Conduct a comparative analysis of the functional components in SSEs 

obtained through subcritical water extraction and conventional solvent 

extraction methods. 

- Optimize the conditions for subcritical water extraction of S. thunbergii 

using RSM and perform a comprehensive analysis of the extracted 

components. 

- Develop a biopolymer film incorporating the optimized S. thunbergii 

extract derived from subcritical water extraction. 
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Chapter 2 

Physicochemical and biofunctional properties of 

Sargassum thunbergii extracts obtained from subcritical 

water extraction and conventional solvent extraction 1 

 

Abstract 

The aim of this study was to analyze Sargassum thunbergii extracts (SSEs) 

prepared via subcritical water extraction (SWE). The total maximum contents 

of phlorotannin, total sugars, and reducing sugars of the SSEs were (13.57 ± 

0.19) mg phloroglucinol equivalent (PGE)/g of dry sample, (61.95 ± 0.75) mg 

glucose/g of dry sample, and (48.51±1.40) mg glucose/g of dry sample in 

extracts prepared at 180�• , 150�• , and 180�• , respectively. The antioxidant 

activity of SSEs in the ABTS+, DPPH, and FRAP assays was the highest at 

extraction temperature of 180�• , with values of (17.99 ± 0.02, 56.72 ± 0.09, and 

29.79 ± 0.11) mg Trolox equivalent (TE)/g of dry sample, respectively. In the 

extract prepared at 180�• , the largest range of phenolic compounds was 

identified, and the antibacterial activity was strongest. In the agar well diffusion 

 
1 This work has been published in The Journal of Supercritical Fluids  

(DOI: https://doi.org/10.1016/j.supflu.2022.105535) 
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assay, 50 mg/mL SSE obtained at 180�•  resulted in the largest zones of 

clearance for Escherichia coli and Bacillus cereus and the minimum inhibitory 

concentration (MIC) and minimum bactericidal concentration (MBC) were 

higher for E. coli than for B. cereus.  
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2.1. Introduction  

�5�H�F�H�Q�W�O�\�����W�K�H���L�G�H�Q�W�L�I�L�F�D�W�L�R�Q���R�I���E�L�R�O�R�J�L�F�D�O�O�\���D�F�W�L�Y�H���F�R�P�S�R�X�Q�G�V���I�U�R�P���Q�D�W�X�U�D�O��

�U�H�V�R�X�U�F�H�V�� �K�D�V�� �H�P�H�U�J�H�G�� �D�V�� �R�I�� �J�U�H�D�W�� �L�P�S�R�U�W�D�Q�F�H���� �)�R�U���H�[�D�P�S�O�H���� �P�D�U�L�Q�H�� �V�S�H�F�L�H�V��

�F�R�Q�W�D�L�Q���D�Q���D�E�X�Q�G�D�Q�F�H���R�I���E�L�R�D�F�W�L�Y�H���F�R�P�S�R�X�Q�G�V�����L�Q�F�O�X�G�L�Q�J���W�H�U�S�H�Q�R�L�G�V�����S�R�O�\�H�W�K�H�U�V����

�S�R�O�\�N�H�W�L�G�H�V���� �S�R�O�\�S�K�H�Q�R�O�L�F�� �F�R�P�S�R�X�Q�G�V���� �O�L�S�R�S�U�R�W�H�L�Q�V���� �D�Q�G�� �S�H�S�W�L�G�H�V���� �D�Q�G�� �R�W�K�H�U��

�S�R�W�H�Q�W�L�D�O�� �E�L�R�W�H�F�K�Q�R�O�R�J�L�F�D�O�� �F�R�P�S�R�Q�H�Q�W�V���� �V�X�F�K�� �D�V�� �S�U�R�W�H�L�Q�V���� �J�O�\�F�R�S�U�R�W�H�L�Q�V���� �D�Q�G��

�S�R�O�\�V�D�F�F�K�D�U�L�G�H�V���� �Z�K�L�F�K�� �D�U�H�� �G�L�I�I�H�U�H�Q�W���W�K�D�Q���W�K�R�V�H�� �I�R�X�Q�G�� �L�Q�� �W�H�U�U�H�V�W�U�L�D�O�� �R�U�J�D�Q�L�V�P�V��

���/�R�U�G�D�Q�� �H�W�� �D�O������ �������������� �6�H�D�Z�H�H�G�� �L�V�� �N�Q�R�Z�Q�� �W�R�� �S�U�R�G�X�F�H�� �S�K�\�V�L�R�O�R�J�L�F�D�O�O�\�� �D�F�W�L�Y�H��

�P�H�W�D�E�R�O�L�W�H�V���D�E�O�H���W�R���V�X�U�Y�L�Y�H���L�Q���D���F�R�P�S�H�W�L�W�L�Y�H���H�Q�Y�L�U�R�Q�P�H�Q�W�����Q�R�W���R�Q�O�\���E�H�F�D�X�V�H���W�K�H�\��

�O�L�Y�H�� �X�Q�G�H�U�� �V�S�H�F�L�D�O�� �F�R�Q�G�L�W�L�R�Q�V���� �V�X�F�K�� �D�V�� �K�L�J�K�� �L�Q�W�H�U�Q�D�O�� �S�U�H�V�V�X�U�H���� �K�L�J�K�� �V�D�O�W��

�F�R�Q�F�H�Q�W�U�D�W�L�R�Q���� �D�Q�G�� �O�R�Z�� �W�H�P�S�H�U�D�W�X�U�H���� �E�X�W�� �D�O�V�R�� �R�Z�L�Q�J�� �W�R�� �W�K�H�L�U�� �O�D�F�N�� �R�I�� �S�K�\�V�L�F�D�O��

�G�H�I�H�Q�V�H�V���F�R�P�S�D�U�H�G���Z�L�W�K���R�W�K�H�U���P�D�U�L�Q�H���R�U�J�D�Q�L�V�P�V�����&�K�R�L���H�W���D�O������������������ 

�1�D�W�X�U�D�O�� �S�K�H�Q�R�O�L�F�� �F�R�P�S�R�X�Q�G�V�� �D�U�H�� �P�D�L�Q�O�\�� �F�R�P�S�R�V�H�G�� �R�I�� �I�X�Q�F�W�L�R�Q�D�O�� �J�U�R�X�S�V��

�D�O�R�Q�J�� �Z�L�W�K�� �R�Q�H�� �D�U�R�P�D�W�L�F�� �U�L�Q�J�� �Z�L�W�K�� �W�Z�R�� �R�U�� �P�R�U�H�� �K�\�G�U�R�[�\�O�� �J�U�R�X�S�V���� �W�K�H�V�H��

�F�R�P�S�R�X�Q�G�V���D�U�H���N�Q�R�Z�Q���W�R���K�D�Y�H���Y�D�U�L�R�X�V���E�L�R�O�R�J�L�F�D�O���D�F�W�L�Y�L�W�L�H�V���D�Q�G���P�D�\���W�K�H�U�H�I�R�U�H��

�H�[�H�U�W���S�R�V�L�W�L�Y�H���H�I�I�H�F�W�V���R�Q���K�X�P�D�Q���K�H�D�O�W�K�����%�D�O�D�V�X�Q�G�U�D�P���H�W���D�O������������������ �'�L�Q�K���H�W���D�O������

�������������� �0�R�V�W���V�H�D�Z�H�H�G�V�� �S�U�R�G�X�F�H�� �S�K�H�Q�R�O�L�F�� �F�R�P�S�R�X�Q�G�V�� �D�V�� �D�� �G�H�I�H�Q�V�H�� �P�H�F�K�D�Q�L�V�P��

�D�I�W�H�U���H�[�S�R�V�X�U�H���W�R���H�Q�Y�L�U�R�Q�P�H�Q�W�D�O���V�W�U�H�V�V�H�V�����V�X�F�K���D�V���X�O�W�U�D�Y�L�R�O�H�W���O�L�J�K�W�����K�L�J�K���S�U�H�V�V�X�U�H����

�O�R�Z���W�H�P�S�H�U�D�W�X�U�H�����D�Q�G���V�D�O�W�����:�L�M�H�V�L�Q�J�K�H���H�W���D�O���������������������D�V���Z�H�O�O���D�V���F�R�Q�W�U�L�E�X�W�L�Q�J���W�R��

�W�K�H���F�R�O�R�U���R�I���W�K�H���V�H�D�Z�H�H�G�����$�U�Q�R�O�G���H�W���D�O���������������������,�Q���D�G�G�L�W�L�R�Q�����V�H�D�Z�H�H�G���L�V���N�Q�R�Z�Q���W�R��

�U�H�G�X�F�H���G�L�V�H�D�V�H���D�Q�G���S�U�R�W�H�F�W���K�H�U�E�L�Y�R�U�H�V���D�J�D�L�Q�V�W���V�W�U�H�V�V�I�X�O���F�R�Q�G�L�W�L�R�Q�V�����7�R�W�K���H�W���D�O������

������������ 
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�%�U�R�Z�Q�� �V�H�D�Z�H�H�G�� �J�H�Q�H�U�D�O�O�\�� �K�D�V�� �D�� �K�L�J�K�H�U�� �F�R�Q�W�H�Q�W�� �R�I�� �S�K�\�V�L�R�O�R�J�L�F�D�O�O�\�� �D�F�W�L�Y�H��

�P�H�W�D�E�R�O�L�W�H�V���W�K�D�Q���J�U�H�H�Q���R�U���U�H�G���V�H�D�Z�H�H�G�����$�P�R�Q�J���E�U�R�Z�Q���V�H�D�Z�H�H�G�V�����'�L�F�W�\�R�W�D�F�H�D�H��

�D�Q�G���6�D�U�J�D�V�V�D�F�H�D�H���D�U�H���F�R�Q�V�L�G�H�U�H�G���U�H�S�U�H�V�H�Q�W�D�W�L�Y�H���V�H�F�R�Q�G�D�U�\���P�H�W�D�E�R�O�L�W�H���S�U�R�G�X�F�L�Q�J��

�V�H�D�Z�H�H�G�V�����6�D�O�H�P���H�W���D�O���������������������6�����W�K�X�Q�E�H�U�J�L�L���L�V���D���E�U�R�Z�Q���V�H�D�Z�H�H�G���E�H�O�R�Q�J�L�Q�J���W�R��

�W�K�H���6�D�U�J�D�V�V�D�F�H�D�H���I�D�P�L�O�\���Z�L�W�K���G�L�X�U�H�W�L�F���D�F�W�L�Y�L�W�\���D�Q�G���P�X�V�F�O�H���U�H�O�D�[�D�Q�W���D�F�W�L�Y�L�W�\�����R�W�K�H�U��

�E�L�R�O�R�J�L�F�D�O���D�F�W�L�Y�L�W�L�H�V���K�D�Y�H���E�H�H�Q���U�H�F�H�Q�W�O�\���U�H�S�R�U�W�H�G�����L�Q�F�O�X�G�L�Q�J���D�Q�W�L�R�[�L�G�D�Q�W���D�F�W�L�Y�L�W�\����

�D�Q�W�L���L�Q�I�O�D�P�P�D�W�R�U�\���D�F�W�L�Y�L�W�\�����D�Q�G���D�Q�W�L�F�R�D�J�X�O�D�Q�W���D�F�W�L�Y�L�W�\�����<�X�D�Q���H�W���D�O������������������ 

�9�D�U�L�R�X�V���I�X�Q�F�W�L�R�Q�D�O���V�X�E�V�W�D�Q�F�H�V���D�U�H���S�U�H�V�H�Q�W���L�Q���6�����W�K�X�Q�E�H�U�J�L�L�����D�Q�G���U�H�V�H�D�U�F�K���L�Q�W�R��

�S�R�W�H�Q�W�L�D�O�� �L�Q�G�X�V�W�U�L�D�O�� �D�S�S�O�L�F�D�W�L�R�Q�V���� �V�X�F�K�� �D�V�� �S�K�D�U�P�D�F�H�X�W�L�F�D�O�V���� �F�R�V�P�H�W�L�F�V���� �D�Q�G��

�I�X�Q�F�W�L�R�Q�D�O�� �I�R�R�G�V���� �L�V�� �Q�H�H�G�H�G�� �W�R�� �L�Q�F�U�H�D�V�H�� �W�K�H�� �Y�D�O�X�H�� �R�I�� �W�K�H�� �P�D�W�H�U�L�D�O���� �+�R�Z�H�Y�H�U����

�F�R�Q�Y�H�Q�W�L�R�Q�D�O�� �W�U�H�D�W�P�H�Q�W�� �P�H�W�K�R�G�V�� �D�U�H�� �X�Q�H�F�R�Q�R�P�L�F�D�O�� �D�Q�G�� �L�Q�H�I�I�L�F�L�H�Q�W�� �E�H�F�D�X�V�H��

�K�\�G�U�R�O�\�V�L�V���U�H�T�X�L�U�H�V���F�R�P�S�O�H�[���R�U���K�D�U�V�K���F�R�Q�G�L�W�L�R�Q�V�����)�R�U���H�[�D�P�S�O�H�����K�\�G�U�R�O�\�V�L�V���Z�L�W�K��

�D�F�L�G�V���R�U���E�D�V�H�V���K�D�V���D���O�R�Z���\�L�H�O�G���D�Q�G���I�R�U�P�V���F�R�P�S�R�X�Q�G�V���W�K�D�W���D�U�H���K�D�U�P�I�X�O���W�R���K�X�P�D�Q�V��

�D�Q�G�� �W�K�H�� �H�Q�Y�L�U�R�Q�P�H�Q�W���� �0�R�U�H�R�Y�H�U���� �H�Q�]�\�P�D�W�L�F�� �K�\�G�U�R�O�\�V�L�V�� �L�V���H�[�S�H�Q�V�L�Y�H���� �D�Q�G�� �W�K�H��

�H�Q�]�\�P�H���D�F�W�L�Y�D�W�L�R�Q���F�R�Q�G�L�W�L�R�Q�V���D�U�H���G�L�I�I�L�F�X�O�W���W�R���F�R�Q�W�U�R�O�����3�D�U�N���H�W���D�O���������������������7�R���V�R�O�Y�H��

�W�K�H�V�H�� �S�U�R�E�O�H�P�V�� �D�Q�G�� �L�Q�F�U�H�D�V�H�� �H�I�I�L�F�L�H�Q�F�\���� �V�X�E�F�U�L�W�L�F�D�O�� �Z�D�W�H�U�� �H�[�W�U�D�F�W�L�R�Q�� ���6�:�(������

�Z�K�L�F�K���L�V���D�Q���H�F�R���I�U�L�H�Q�G�O�\���H�[�W�U�D�F�W�L�R�Q���S�U�R�F�H�V�V�����P�D�\���E�H���X�V�H�I�X�O�� 

�:�D�W�H�U�� �L�V�� �W�K�H�� �V�D�I�H�V�W�� �V�R�O�Y�H�Q�W�� �I�R�U�� �I�R�R�G�� �S�U�R�F�H�V�V�L�Q�J���� �+�L�J�K�� �W�H�P�S�H�U�D�W�X�U�H���� �K�L�J�K��

�S�U�H�V�V�X�U�H�� �Z�D�W�H�U���� �Z�K�L�F�K�� �H�[�L�V�W�V�� �E�H�W�Z�H�H�Q�� �W�K�H�� �F�U�L�W�L�F�D�O�� �S�R�L�Q�W�� ���W�H�P�S�H�U�D�W�X�U�H�� �������• ����

�S�U�H�V�V�X�U�H���������0�3�D�����D�Q�G���W�K�H���E�R�L�O�L�Q�J���S�R�L�Q�W���L�V���F�D�O�O�H�G���V�X�E�F�U�L�W�L�F�D�O���Z�D�W�H�U�����6�X�E�F�U�L�W�L�F�D�O��

�Z�D�W�H�U�� �F�D�Q�� �G�L�V�V�R�O�Y�H�� �R�U�J�D�Q�L�F�� �V�X�E�V�W�D�Q�F�H�V�� �W�K�D�W�� �D�U�H�� �L�Q�V�R�O�X�E�O�H�� �L�Q�� �Q�R�U�P�D�O�� �Z�D�W�H�U�� �E�\��
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�G�H�F�U�H�D�V�L�Q�J�� �W�K�H�� �G�L�H�O�H�F�W�U�L�F�� �F�R�Q�V�W�D�Q�W�� �D�Q�G�� �U�H�J�D�L�Q�V�� �L�W�V�� �R�U�L�J�L�Q�D�O���S�U�R�S�H�U�W�L�H�V�� �Z�K�H�Q�� �L�W��

�U�H�W�X�U�Q�V���W�R���D���Q�R�U�P�D�O���W�H�P�S�H�U�D�W�X�U�H�����P�D�N�L�Q�J���L�W���D�Q���L�G�H�D�O���³�J�U�H�H�Q�´���H�[�W�U�D�F�W�L�R�Q���P�H�W�K�R�G��

�I�R�U�� �W�K�H�� �S�K�H�Q�R�O�L�F���U�L�F�K�� �K�\�G�U�R�O�\�V�D�W�H�V�� �F�R�P�S�R�X�Q�G�V�� �W�K�D�W�� �F�D�Q�� �E�H�� �X�V�H�G�� �W�R�� �S�U�H�S�D�U�H��

�I�X�Q�F�W�L�R�Q�D�O���E�L�R�P�D�W�H�U�L�D�O�V�����5�H�F�H�Q�W���V�W�X�G�L�H�V���K�D�Y�H���U�H�S�R�U�W�H�G���W�K�D�W���W�K�H���6�:�(���R�I���S�K�H�Q�R�O�L�F��

�F�R�P�S�R�X�Q�G�V���� �S�H�S�W�L�G�H�V���� �D�Q�G�� �D�P�L�Q�R�� �D�F�L�G�V�� �K�D�V�� �E�H�Q�H�I�L�W�V�� �R�Y�H�U�� �W�K�H�� �F�K�H�P�L�F�D�O�� �D�Q�G��

�H�Q�]�\�P�D�W�L�F�� �W�H�F�K�Q�L�T�X�H�V�� �R�Z�L�Q�J�� �W�R�� �L�W�V�� �K�L�J�K�H�U�� �H�I�I�L�F�L�H�Q�F�\�� �Z�L�W�K�R�X�W�� �W�K�H�� �X�V�H�� �R�I�� �D�Q�\��

�D�G�G�L�W�L�R�Q�D�O���U�H�D�J�H�Q�W�V�����*�H�W�D�F�K�H�Z���H�W���D�O������������������ 

�,�Q�� �W�K�L�V�� �V�W�X�G�\���� �6�:�(���� �D�� �V�D�I�H���� �H�F�R�Q�R�P�L�F�D�O���� �D�Q�G�� �H�Q�Y�L�U�R�Q�P�H�Q�W�D�O�O�\�� �I�U�L�H�Q�G�O�\��

�P�H�W�K�R�G�����Z�D�V���X�V�H�G���W�R���H�[�W�U�D�F�W���Y�D�U�L�R�X�V���I�X�Q�F�W�L�R�Q�D�O���V�X�E�V�W�D�Q�F�H�V�����L�Q�F�O�X�G�L�Q�J���S�K�H�Q�R�O�L�F��

�F�R�P�S�R�X�Q�G�V�����I�U�R�P���6�����W�K�X�Q�E�H�U�J�L�L�����7�R���V�W�X�G�\���W�K�H���F�K�D�Q�J�H���L�Q���W�K�H���K�\�G�U�R�O�\�V�L�V���U�D�W�H���D�Q�G��

�S�U�R�G�X�F�W���T�X�D�O�L�W�\���E�D�V�H�G���R�Q���W�K�H���H�[�W�U�D�F�W�L�R�Q���W�H�P�S�H�U�D�W�X�U�H���I�U�R�P���������• ���W�R���������• �����W�K�H��

�S�U�R�G�X�F�W�V�� �Z�H�U�H�� �F�R�P�S�D�U�H�G�� �Z�L�W�K�� �W�K�R�V�H�� �R�E�W�D�L�Q�H�G�� �Y�L�D�� �F�R�Q�Y�H�Q�W�L�R�Q�D�O�� �P�H�W�K�D�Q�R�O��

�H�[�W�U�D�F�W�L�R�Q�� 

 

2.2. Materials and methods 

2.2.1. Materials and chemicals 

�7�K�H���6�����W�K�X�Q�E�H�U�J�L�L���X�V�H�G���L�Q���W�K�L�V���H�[�S�H�U�L�P�H�Q�W���Z�D�V���S�X�U�F�K�D�V�H�G���I�U�R�P���3�$�5�$���-�(�-�8��

���-�H�M�X�����5�H�S�X�E�O�L�F���R�I���.�R�U�H�D�������%�H�I�R�U�H���V�D�O�H�����W�K�H���6�����W�K�X�Q�E�H�U�J�L�L���Z�D�V���F�R�O�O�H�F�W�H�G���I�U�R�P���-�H�M�X��

�,�V�O�D�Q�G�����5�H�S�X�E�O�L�F���R�I���.�R�U�H�D�����Z�D�V�K�H�G���F�O�H�D�Q���Z�L�W�K���I�U�H�V�K���Z�D�W�H�U�����D�Q�G���G�U�L�H�G�����$�I�W�H�U���W�K�H��
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�P�D�W�H�U�L�D�O���Z�D�V���S�D�V�V�H�G���W�K�U�R�X�J�K���D�������������P���V�L�H�Y�H���W�R���R�E�W�D�L�Q���D���X�Q�L�I�R�U�P���S�D�U�W�L�F�O�H���V�L�]�H�����L�W��

�Z�D�V���V�W�R�U�H�G���D�W���í�����• ���L�Q���W�K�H���G�D�U�N�� 

�/�L�V�W���R�I���J�D�V���D�Q�G���F�K�H�P�L�F�D�O�V���X�V�H�G���I�R�U���W�K�H���H�[�S�H�U�L�P�H�Q�W�V�����1�L�W�U�R�J�H�Q���J�D�V������������������

�.�2�5�(�$���,�1�'�8�6�7�5�,�$�/���*�$�6�(�6���/�7�'�����%�X�V�D�Q�����5�H�S�X�E�O�L�F���R�I���.�R�U�H�D�����Z�D�V���X�V�H�G���W�R��

�F�R�Q�W�U�R�O�� �W�K�H�� �K�\�G�U�R�O�\�V�L�V�� �S�U�H�V�V�X�U�H���� �Q���K�H�[�D�Q�H�� �������������� �P�H�W�K�D�Q�R�O�� ������������������ �H�W�K�D�Q�R�O��

���+�3�/�&���J�U�D�G�H���������������������Z�D�W�H�U�����+�3�/�&���J�U�D�G�H���������������������D�F�H�W�R�Q�L�W�U�L�O�H�����+�3�/�&���J�U�D�G�H����

�����������������D�Q�G���V�X�O�I�X�U�L�F���D�F�L�G���������������Z�H�U�H���S�X�U�F�K�D�V�H�G���I�U�R�P���6�D�P�F�K�X�Q���&�K�H�P�L�F�D�O���&�R������

�/�W�G�������5�H�S�X�E�O�L�F���R�I���.�R�U�H�D���������+�\�G�U�R�[�\�������������������W�H�W�U�D�P�H�W�K�\�O�F�K�U�R�P�D�Q�H�������F�D�U�E�R�[�\�O�L�F��

�D�F�L�G�� ���7�U�R�O�R�[���� ������������ ���������G�L�S�K�H�Q�\�O�������S�L�F�U�\�O�K�\�G�U�D�]�\�O�� ���'�3�3�+������ �>���������D�]�L�Q�R�E�L�V��������

�H�W�K�\�O���E�H�Q�]�R�W�K�L�D�]�R�O�L�Q�H�������V�X�O�I�R�Q�L�F���D�F�L�G���@�����$�%�7�6���������S�K�O�R�U�R�J�O�X�F�L�Q�R�O�������������������� �D�Q�G��

�' �����������*�O�X�F�R�V�H�� ���������������� �Z�H�U�H�� �S�X�U�F�K�D�V�H�G�� �I�U�R�P�� �6�L�J�P�D���$�O�G�U�L�F�K�� �&�K�H�P�L�F�D�O�� �&�R������

�8�6�$���� �*�D�O�O�L�F�� �D�F�L�G�� �������������� �S�\�U�R�J�D�O�O�R�O�� �������������� �S�U�R�W�R�F�D�W�H�F�K�X�L�F�� �D�F�L�G�� ��������������

�F�K�O�R�U�R�J�H�Q�L�F���D�F�L�G�����������������V�\�U�L�Q�J�L�F���D�F�L�G�����������������D�Q�G���S���F�R�X�P�D�U�L�F���D�F�L�G���������������Z�H�U�H��

�E�R�X�J�K�W�� �I�U�R�P���$�O�I�D���$�H�V�D�U���� �8�6�$�����$�O�O���R�W�K�H�U�� �U�H�D�J�H�Q�W�V�� �D�Q�G�� �V�W�D�Q�G�D�U�G�V�� �X�V�H�G�� �L�Q�� �W�K�L�V��

�V�W�X�G�\�� �Z�H�U�H���R�I���D�Q�D�O�\�W�L�F�D�O�� �R�U���K�L�J�K���S�H�U�I�R�U�P�D�Q�F�H�� �O�L�T�X�L�G�� �F�K�U�R�P�D�W�R�J�U�D�S�K�\�� ���+�3�/�&����

�J�U�D�G�H�� 

 

2.2.2. Proximate composition analysis 

�7�K�H���S�U�R�[�L�P�D�W�H���F�R�P�S�R�V�L�W�L�R�Q���R�I���6�����W�K�X�Q�E�H�U�J�L�L���Z�D�V���D�Q�D�O�\�]�H�G���Z�L�W�K���U�H�I�H�U�H�Q�F�H��

�W�R�� �W�K�H���$�2�$�&�� �������������� �V�W�D�Q�G�D�U�G�� �P�H�W�K�R�G����AOAC official, 2000)�����7�K�H�� �P�R�L�V�W�X�U�H��

�F�R�Q�W�H�Q�W�� �Z�D�V�� �G�H�W�H�U�P�L�Q�H�G���D�I�W�H�U�� �G�U�\�L�Q�J���D�W�� �������• ���X�Q�W�L�O���D�� �F�R�Q�V�W�D�Q�W�� �Z�H�L�J�K�W���Z�D�V��
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�R�E�W�D�L�Q�H�G�����7�K�H���F�U�X�G�H���S�U�R�W�H�L�Q���Z�D�V���F�D�O�F�X�O�D�W�H�G���E�\���P�H�D�V�X�U�L�Q�J���W�K�H���W�R�W�D�O���Q�L�W�U�R�J�H�Q���X�V�L�Q�J��

�D���.�M�H�O�G�D�K�O�� �G�L�J�H�V�W�H�U�� �D�Q�G���W�K�H�Q���P�X�O�W�L�S�O�\�L�Q�J���L�W�� �E�\�� �W�K�H���Q�L�W�U�R�J�H�Q�� �F�R�Q�Y�H�U�V�L�R�Q�� �I�D�F�W�R�U��

�����������������7�K�H���F�U�X�G�H���O�L�S�L�G���F�R�Q�W�H�Q�W���Z�D�V���P�H�D�V�X�U�H�G���X�V�L�Q�J���D���6�R�[�K�O�H�W���H�[�W�U�D�F�W�R�U���Z�L�W�K���Q��

�K�H�[�D�Q�H���D�V���V�R�O�Y�H�Q�W���������J���R�I���J�U�R�X�Q�G���V�D�P�S�O�H���Z�D�V���O�R�D�G�H�G���L�Q�W�R���W�K�H���W�K�L�P�E�O�H�����Z�K�L�F�K���L�V��

�S�O�D�F�H�G���L�Q�V�L�G�H���W�K�H���6�R�[�K�O�H�W���H�[�W�U�D�F�W�R�U�����7�K�H�Q�������������P�/���R�I���Q���K�H�[�D�Q�H���Z�D�V���D�G�G�H�G���L�Q�W�R���D��

�U�R�X�Q�G���E�R�W�W�R�P���H�[�W�U�D�F�W�L�R�Q���I�O�D�V�N���D�Q�G���K�H�D�W�H�G���D�W�������• ���I�R�U���������K�����$�I�W�H�U���W�K�H���H�[�W�U�D�F�W�L�R�Q��

�S�U�R�F�H�V�V���Z�D�V���F�R�P�S�O�H�W�H�G�����W�K�H���V�R�O�Y�H�Q�W���Z�D�V���U�H�P�R�Y�H�G���X�V�L�Q�J���D���U�R�W�D�U�\���H�Y�D�S�R�U�D�W�R�U���D�W��

�����• ���D�Q�G�� �W�K�H�Q�� �S�O�D�F�H�G�� �L�Q�� �D�Q�� �R�Y�H�Q�� �D�W�� �����• ���I�R�U�� ���� �K���� �$�V�K�� �Z�D�V�� �G�H�W�H�U�P�L�Q�H�G���E�\��

�F�D�O�F�L�Q�D�W�L�R�Q���L�Q���D���P�X�I�I�O�H���I�X�U�Q�D�F�H���D�W���������• ���I�R�U�������K�����7�K�H���F�D�U�E�R�K�\�G�U�D�W�H���F�R�Q�W�H�Q�W���Z�D�V��

�F�D�O�F�X�O�D�W�H�G���E�\���V�X�E�W�U�D�F�W�L�Q�J���W�K�H���V�X�P���R�I���W�K�H���P�R�L�V�W�X�U�H�����F�U�X�G�H���S�U�R�W�H�L�Q�����F�U�X�G�H���O�L�S�L�G�����D�Q�G��

�D�V�K���F�R�Q�W�H�Q�W�V���I�U�R�P���W�K�H���W�R�W�D�O���Z�H�L�J�K�W�� 

 

2.2.3. Subcritical water and methanol extraction 

�7�R�� �R�E�W�D�L�Q���6���� �W�K�X�Q�E�H�U�J�L�L���V�X�E�F�U�L�W�L�F�D�O�� �Z�D�W�H�U�� �H�[�W�U�D�F�W�V�� ���6�6�(�V������ �6�:�(�� �Z�D�V��

�S�H�U�I�R�U�P�H�G�� �X�V�L�Q�J�� �D�� ���������� �F�P�����E�D�W�F�K���W�\�S�H�� �V�X�E�F�U�L�W�L�F�D�O�� �Z�D�W�H�U�� �U�H�D�F�W�R�U�����)�L�J�X�U�H�� ����������

�P�D�G�H���R�I�����������+�D�V�W�H�O�O�R�\�����3�K�R�V�H�Q�W�H�F�K�����'�D�H�M�H�R�Q�����5�H�S�X�E�O�L�F���R�I���.�R�U�H�D�������D�V���G�H�V�F�U�L�E�H�G��

�E�\�� ���3�D�U�N�� �H�W�� �D�O������ �������������� �%�U�L�H�I�O�\���� ������ �J���R�I���6���� �W�K�X�Q�E�H�U�J�L�L�� �S�R�Z�G�H�U�� �D�Q�G�� �������� �P�/�� �R�I��

�G�L�V�W�L�O�O�H�G���Z�D�W�H�U�����������������Z���Y�����Z�H�U�H���O�R�D�G�H�G���L�Q�W�R���W�K�H���U�H�D�F�W�R�U�����7�K�H���U�H�D�F�W�R�U���W�H�P�S�H�U�D�W�X�U�H��

�D�S�S�O�L�H�G���Z�D�V���E�H�W�Z�H�H�Q���������• ���W�R���������• �����Z�L�W�K���W�K�H���S�U�H�V�V�X�U�H���D�Q�G���U�H�D�F�W�L�R�Q���W�L�P�H���I�L�[�H�G��

�D�W�������0�3�D���D�Q�G���������P�L�Q�����U�H�V�S�H�F�W�L�Y�H�O�\�����D�Q�G���Q�L�W�U�R�J�H�Q���Z�D�V���X�V�H�G���D�V���W�K�H���S�U�H�V�V�X�U�H���F�R�Q�W�U�R�O��

�J�D�V���� �:�K�H�Q�� �W�K�H�� �G�H�V�L�U�H�G�� �W�H�P�S�H�U�D�W�X�U�H�� �Z�D�V�� �U�H�D�F�K�H�G�� �X�V�L�Q�J�� �D�Q�� �H�O�H�F�W�U�L�F�� �K�H�D�W�H�U���� �W�K�H��
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�U�H�D�F�W�L�R�Q���Z�D�V���V�W�D�U�W�H�G�����D�Q�G���W�K�H���V�D�P�S�O�H���Z�D�V���V�W�L�U�U�H�G���D�W�����������U�S�P���X�V�L�Q�J���D���G�R�X�E�O�H���I�R�X�U��

�E�O�D�G�H���L�P�S�H�O�O�H�U�����$�I�W�H�U���W�K�H���U�H�D�F�W�L�R�Q���Z�D�V���F�R�P�S�O�H�W�H�G�����W�K�H���6�6�(���Z�D�V���F�R�O�O�H�F�W�H�G�����I�L�O�W�H�U�H�G��

�X�V�L�Q�J�� �I�L�O�W�H�U�� �S�D�S�H�U�� ���&�+�0�/�$�%�� �*�5�2�8�3���� �)���������������������� �D�Q�G�� �V�W�R�U�H�G�� �D�W�� ���• ���R�U��

�O�\�R�S�K�L�O�L�]�H�G�� �I�R�U�� �I�X�U�W�K�H�U�� �H�[�S�H�U�L�P�H�Q�W�V���� �7�R�� �P�H�D�V�X�U�H�� �W�K�H�� �H�[�W�U�D�F�W�L�R�Q�� �H�I�I�L�F�L�H�Q�F�\���� �W�K�H��

�V�R�O�L�G�� �U�H�V�L�G�X�H�� �R�Q�� �W�K�H�� �I�L�O�W�H�U�� �Z�D�V�� �G�U�L�H�G�� �D�W�� �����• ���I�R�U�� ������ �K�� �D�Q�G�� �W�K�H�Q�� �Z�H�L�J�K�H�G�����7�K�H��

�H�[�W�U�D�F�W�L�R�Q���H�I�I�L�F�L�H�Q�F�\���Z�D�V���F�D�O�F�X�O�D�W�H�G���I�U�R�P���W�K�H���I�R�O�O�R�Z�L�Q�J���I�R�U�P�X�O�D�� 

�(�[�W�U�D�F�W�L�R�Q���H�I�I�L�F�L�H�Q�F�\�����(�(����������� �����6�±�6�����6�����î������������������ 

�Z�K�H�U�H���6���L�V���W�K�H���Z�H�L�J�K�W���R�I���W�K�H���V�D�P�S�O�H���X�V�H�G���I�R�U���K�\�G�U�R�O�\�V�L�V���D�Q�G���6�����L�V���W�K�H���Z�H�L�J�K�W��

�R�I���W�K�H���G�U�L�H�G���V�R�O�L�G���U�H�V�L�G�X�H���R�E�W�D�L�Q�H�G���D�I�W�H�U���K�\�G�U�R�O�\�V�L�V�����$���P�H�W�K�D�Q�R�O���H�[�W�U�D�F�W�L�R�Q���Z�D�V��

�S�H�U�I�R�U�P�H�G���I�R�U���F�R�P�S�D�U�L�V�R�Q�����7�R���R�E�W�D�L�Q���6�����W�K�X�Q�E�H�U�J�L�L���P�H�W�K�D�Q�R�O���H�[�W�U�D�F�W�����6�0�(��������������

�P�/���R�I���������������P�H�W�K�D�Q�R�O���Z�D�V���D�G�G�H�G���W�R���������J���R�I���6�����W�K�X�Q�E�H�U�J�L�L���S�R�Z�G�H�U�����������������Z���Y����

�D�Q�G���V�W�L�U�U�H�G���D�W�����������U�S�P���D�Q�G�������• ���I�R�U���������K�����7�K�H���6�0�(���Z�D�V���I�L�O�W�H�U�H�G���D�Q�G���V�W�R�U�H�G���D�W��

���• ���R�U���O�\�R�S�K�L�O�L�]�H�G���I�R�U���I�X�U�W�K�H�U���H�[�S�H�U�L�P�H�Q�W�V�� 
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Figure 2.1. Schematic diagram of laboratory scale subcritical water extraction 

apparatus.  
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2.2.4. Physical properties 

2.2.4.1. pH 

�7�K�H���S�+���R�I���W�K�H���H�[�W�U�D�F�W�V���Z�D�V���P�H�D�V�X�U�H�G���D�W���U�R�R�P���W�H�P�S�H�U�D�W�X�U�H���X�V�L�Q�J���D���S�+���P�H�W�H�U��

���7�K�H�U�P�R���6�F�L�H�Q�W�L�I�L�F�����2�5�,�2�1���6�7�$�5���$�������������%�H�I�R�U�H���P�H�D�V�X�U�H�P�H�Q�W�����W�K�H���S�+���P�H�W�H�U��

�Z�D�V���F�D�O�L�E�U�D�W�H�G���X�V�L�Q�J���E�X�I�I�H�U���V�R�O�X�W�L�R�Q�V���R�I���S�+���������������������D�Q�G�������� 

 

2.2.4.2. Color 

�7�K�H���F�R�O�R�U���R�I���W�K�H���H�[�W�U�D�F�W�V���Z�D�V���G�H�W�H�U�P�L�Q�H�G���L�Q���W�K�H���&�,�(�/�$�%���F�R�O�R�U���V�S�D�F�H���X�V�L�Q�J��

�D���F�R�O�R�U�L�P�H�W�H�U�����/�R�Y�L�E�R�Q�G���5�7���V�H�U�L�H�V�����7�K�H���7�L�Q�W�R�P�H�W�H�U���/�W�G�����$�P�H�V�E�X�U�\���� �8�.�������7�K�H��

�I�R�O�O�R�Z�L�Q�J���F�R�O�R�U���F�R�R�U�G�L�Q�D�W�H�V���Z�H�U�H���P�H�D�V�X�U�H�G�����O�L�J�K�W�Q�H�V�V�����/�
�������±�������������U�H�G�Q�H�V�V�����D�
����

�“���U�H�G���W�R���J�U�H�H�Q�������D�Q�G���\�H�O�O�R�Z�Q�H�V�V�����E�
�����“���\�H�O�O�R�Z���W�R���E�O�X�H�������7�K�H���Y�D�O�X�H�V���R�I���W�K�H���V�W�D�Q�G�D�U�G��

�S�O�D�W�H�� �Z�H�U�H�� �/�� � �� �������������� �D�
�� � �� �í������������ �D�Q�G�� �E�
�� � �� ������������ �7�K�H�� �P�H�D�V�X�U�H�P�H�Q�W�V�� �Z�H�U�H��

�U�H�S�H�D�W�H�G���W�K�U�H�H���W�L�P�H�V�����D�Q�G���W�K�H���D�Y�H�U�D�J�H���Y�D�O�X�H���Z�D�V���F�D�O�F�X�O�D�W�H�G�� 

 

2.2.5. Antioxidant activity  

2.2.5.1. DPPH, ABTS+ and FRAP assay 

�:�H�� �P�H�D�V�X�U�H�G�� �W�K�H�� ���������G�L�S�K�H�Q�\�O�������S�L�F�U�\�O�K�\�G�U�D�]�\�O�� ���'�3�3�+���� �D�Q�G�� �������•���D�]�L�Q�R��

�E�L�V�� �������H�W�K�\�O�E�H�Q�]�R�W�K�L�D�]�R�O�L�Q�H�������V�X�O�S�K�R�Q�L�F�� �D�F�L�G���� ���$�%�7�6������ �U�D�G�L�F�D�O�� �V�F�D�Y�H�Q�J�L�Q�J��

�D�F�W�L�Y�L�W�L�H�V���R�I���W�K�H���H�[�W�U�D�F�W�V���X�V�L�Q�J���R�X�U���S�U�H�Y�L�R�X�V�O�\���U�H�S�R�U�W�H�G���P�H�W�K�R�G�V�����E�X�W���Z�L�W�K���V�O�L�J�K�W��

�P�R�G�L�I�L�F�D�W�L�R�Q�� ���&�K�R�� �H�W�� �D�O������ �������������� �7�K�H�� �U�H�G�X�F�L�Q�J�� �S�R�Z�H�U�� ���)�5�$�3���� �D�V�V�D�\�� �Z�D�V��
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�S�H�U�I�R�U�P�H�G���X�V�L�Q�J���S�U�H�Y�L�R�X�V�O�\���U�H�S�R�U�W�H�G���W�K�H���P�H�W�K�R�G���G�H�V�F�U�L�E�H�G���E�\�����%�H�O�Z�D�O�������������H�W��

�D�O���������������������7�K�H���D�E�V�R�U�E�D�Q�F�H���R�I���W�K�H���U�H�D�F�W�L�R�Q���V�R�O�X�W�L�R�Q���Z�D�V���P�H�D�V�X�U�H�G���W�K�U�H�H���W�L�P�H�V���D�W��

���������Q�P�����I�R�U���W�K�H���'�3�3�+���D�V�V�D�\���������������Q�P�����I�R�U���W�K�H���$�%�7�6�����D�V�V�D�\�������D�Q�G�����������Q�P�����I�R�U��

�W�K�H���)�5�$�3���D�V�V�D�\�����X�V�L�Q�J���D���6�\�Q�H�U�J�\���+�7���P�L�F�U�R�S�O�D�W�H���U�H�D�G�H�U�����%�L�R�7�H�N���,�Q�V�W�U�X�P�H�Q�W�V����

�:�L�Q�R�R�V�N�L���� �9�7���� �8�6�$������ �7�U�R�O�R�[�� �Z�D�V�� �X�V�H�G�� �D�V�� �D�� �V�W�D�Q�G�D�U�G�� �D�Q�W�L�R�[�L�G�D�Q�W�� �D�Q�G�� �W�K�H��

�D�Q�W�L�R�[�L�G�D�Q�W�� �D�F�W�L�Y�L�W�\�� �Z�D�V�� �H�[�S�U�H�V�V�H�G�� �D�V�� �P�J�� �7�U�R�O�R�[�� �H�T�X�L�Y�D�O�H�Q�W�� ���7�(�����J�� �R�I�� �G�U�\��

�V�D�P�S�O�H�� 

2.2.5.2. Total phenolic contents 

�7�K�H�� �W�R�W�D�O�� �S�K�H�Q�R�O�L�F���F�R�Q�W�H�Q�W�V�����7�3�&���� �R�I�� �W�K�H�� �H�[�W�U�D�F�W�V�� �Z�D�V�� �D�Q�D�O�\�]�H�G�� �X�V�L�Q�J�� �D��

�S�U�H�Y�L�R�X�V�O�\���G�H�V�F�U�L�E�H�G���P�H�W�K�R�G�����Z�L�W�K���V�O�L�J�K�W���P�R�G�L�I�L�F�D�W�L�R�Q�V�����6�D�U�D�Y�D�Q�D���H�W���D�O��������������������

�%�U�L�H�I�O�\�����W�K�H���\�H�O�O�R�Z���)�R�O�L�Q�±�&�L�R�F�D�O�W�H�X�����)�&�����U�H�D�J�H�Q�W���L�V���U�H�G�X�F�H�G���E�\���W�K�H���S�R�O�\�S�K�H�Q�R�O�L�F��

�F�R�P�S�R�X�Q�G�V���L�Q���W�K�H���H�[�W�U�D�F�W���X�Q�G�H�U���D�O�N�D�O�L�Q�H���F�R�Q�G�L�W�L�R�Q�V���W�R���S�U�R�G�X�F�H���D���E�O�X�H���S�U�R�G�X�F�W����

�)�L�U�V�W�������������P�/���R�I�����������)�R�O�L�Q�±�&�L�R�F�D�O�W�H�X���S�K�H�Q�R�O���U�H�D�J�H�Q�W���Z�D�V���D�G�G�H�G���W�R�����������P�/���R�I��

�W�K�H���H�[�W�U�D�F�W�����$�I�W�H�U�������P�L�Q�������������P�/���R�I�����������1�D���&�2�����Z�D�V���D�G�G�H�G���W�R���W�K�H���V�R�O�X�W�L�R�Q�����7�K�H��

�V�R�O�X�W�L�R�Q�� �Z�D�V�� �W�K�H�Q�� �Y�R�U�W�H�[�H�G�� �I�R�U�� ������ �V�� �D�Q�G�� �V�W�R�U�H�G�� �L�Q���W�K�H�� �G�D�U�N�� �I�R�U�� ������ �P�L�Q���� �7�K�H��

�D�E�V�R�U�E�D�Q�F�H�� �D�W�� �������� �Q�P�� �Z�D�V�� �P�H�D�V�X�U�H�G�� �D�Q�G�� �F�R�P�S�D�U�H�G�� �Z�L�W�K�� �S�K�O�R�U�R�J�O�X�F�L�Q�R�O�� �D�V�� �D��

�V�W�D�Q�G�D�U�G�� �U�H�D�J�H�Q�W���� �7�K�H�� �7�3�&�� �Z�D�V�� �H�[�S�U�H�V�V�H�G�� �D�V�� �P�L�O�O�L�J�U�D�P�V�� �R�I�� �S�K�O�R�U�R�J�O�X�F�L�Q�R�O��

�H�T�X�L�Y�D�O�H�Q�W���S�H�U���J�U�D�P���R�I���G�U�\���V�D�P�S�O�H�����P�J���3�*�(���J���R�I���G�U�\���V�D�P�S�O�H���� 
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2.2.6. Total sugar content 

The total sugar content (TSC) of the extracts was determined using (Park 

et al., 2019). Briefly, 0.75 mL of the extract was mixed with 2.25 mL of sulfuric 

acid, to which 0.45 mL of 40% phenol solution was added and mixed well. The 

solution was reacted in boiling water for 5 min and then cooled. The absorbance 

of the sample at 490 nm was measured using a microplate reader and compared 

with glucose as a standard reagent. The results were expressed as mg glucose/g 

of dry sample. 

 

2.2.7. Reducing sugar content 

The reducing sugar content (RSC) of the extracts was measured using the 

3,5-dinitrosalicylic (DNS) colorimetric assay in accordance with the method of 

Park (Park et al., 2019). To prepare the DNS solution, 1 g of DNS and 30 g of 

sodium potassium-tartrate were dissolved in 80 mL 0.5 N sodium hydroxide 

solution, and distilled water was used to adjust the final volume to 100 mL. Next, 

1 mL of extract was mixed with 4 mL of DNS solution, reacted in boiling water 

for 5 min, and cooled to room temperature. The absorbance at 540 nm was 

measured using a microplate reader and compared with glucose as a standard 

reagent. The results were expressed as mg glucose/g of dry sample. 
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2.2.8. HPLC analysis of phenolic compounds 

2.2.8.1. Preparation of samples 

One milligram of each standard was dissolved in 1 mL of HPLC ethanol 

and injected into the HPLC apparatus. All samples were analyzed in triplicate. 

The standards of phenolic compounds used in the analysis were gallic acid, 

pyrogallol, protocatechuic acid, chlorogenic acid, syringic acid, and p-coumaric 

acid. The calibration curves of the standards were linear, with regression 

coefficients greater than 0.99. The concentration of each component in SSE was 

calculated using the regression equation of the best adjustment line drawn using 

Microsoft Excel Office 365. The extracts were diluted 10 times with HPLC-

grade water and filtered through a 0.2-���P�� �K�\�G�U�R�S�K�L�O�L�F�� �P�H�P�E�U�D�Q�H�� �E�H�I�R�U�H��

injection into HPLC. The results were expressed as mg/100 g of dry sample 

 

2.2.8.2. HPLC method 

The phenolic compounds were analyzed using a JASCO HPLC apparatus 

(Jasco Inc, Tokyo, Japan) with a Jasco PU-2089 pump, Jasco UV-2075 UV/VIS 

detector, Jasco CO-2060 column oven, and Jasco ChromNAV software. The 

analytical column was a YMC-Triart C18, ���������P�P���î�����������P�P�����������P���&18 reverse-

phase column with a Triart C18 4 mm × 3.0 mm guard column (YMC Co. Ltd, 

Kyoto, Japan). The composition of mobile phase and the HPLC analysis 

conditions were described in the method of Belguidoum (Belguidoum et al., 
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2014). A binary gradient elution at a constant flow rate of 0.8 mL/min was used 

to elute the phenolic compounds (Table 2.1). The mobile phase used was 1% 

phosphoric acid in water (solvent A) and 1% phosphoric acid in acetonitrile 

(solvent B). The detection of phenolic compounds was performed at 280 nm. 
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Table 2.1. Analytical HPLC gradient 

Time (min) % A  % B 

0 85 15 

7 63 37 

14 20 80 

16 0 100 

18 0 100 

20 85 15 
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2.2.9. Antimicrobial activity  

The antibacterial activity of the extracts processed at different temperatures 

(120, 150, 180, 210, and 240)�•  was analyzed against Gram-negative 

Escherichia coli KCTC 2314 and Gram-positive Bacillus cereus ATCC 14579 

using the agar well diffusion method. First, 20 mL of Muller Hinton agar was 

poured into sterile Petri dishes and left to solidify. A well was then made using 

a sterile pipette tip, and bacterial cultures were transferred onto the surface of 

the media for growth using sterile cotton swab. Approximately 50 µL of extract 

at different concentrations (10, 20, 30, 40, and 50) mg/mL was dissolved in 10% 

DMSO, transferred into the well, and incubated at 37�•  for 24 h. After 

incubation, the zone of inhibition (in mm) was recorded and the largest zone 

was subsequently used to determine the minimum inhibitory concentration 

(MIC) and minimum bactericidal concentration (MBC), as described by 

(Chandrasekaran et al., 2014); using microtiter plate technique. Resazurin dye 

was used as an indicator. 

 

2.2.10.  Statistical analysis 

All statistical data for the mean values were analyzed using one-way 

�D�Q�D�O�\�V�L�V���R�I���Y�D�U�L�D�Q�F�H���L�Q���6�3�6�6���V�R�I�W�Z�D�U�H�����Y�H�U�V�L�R�Q���������I�R�U���:�L�Q�G�R�Z�V�¶���,�%�0�����&�K�L�F�D�J�R����

IL, USA). The values were expressed as the mean ± standard deviation (SD) (n 

= 3 replicates). Statistical anal�\�V�L�V���Z�D�V���D�O�V�R���S�H�U�I�R�U�P�H�G���X�V�L�Q�J���'�X�Q�F�D�Q�¶�V���W�H�V�W�����Z�L�W�K��
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a p value of <0.05 considered statistically significant. Correlation was 

�G�H�W�H�U�P�L�Q�H�G���X�V�L�Q�J���3�H�D�U�V�R�Q�¶�V���F�R�U�U�H�O�D�W�L�R�Q���D�Q�D�O�\�V�L�V�� 

 

2.3. Results and discussion 

2.3.1. Proximate composition 

The proximate composition of the S. thunbergii raw material is presented 

in Table 2.2. Carbohydrates were the most abundant component, at 49.58% ± 

0.02%, followed by ash 26.0% ± 0.34%. In general, the ash content is related to 

the mineral content of the ingredient. Seaweed is known to have a higher ash 

(mineral) content than other marine organisms, as the absorption of mineral 

nutrients in seaweed occurs through the entire surface of the talus, not through 

the roots, which increases the absorption efficiency (Winarni et al., 2021). 
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Table 2.2. Proximate compositions of S. thunbergii 

Compositions Raw material (%) 

Moisture 9.75 ± 0.17d 

Ash 26.02 ± 0.34b 

Crude Lipid 13.64 ± 0.13c 

Crude Protein 1.01 ± 0.15e 

Carbohydrate 49.58 ± 0.02a 

- Values are expressed as mean±SD. 

- Different letters indicate significant differences (p �����������������D�F�F�R�U�G�L�Q�J���W�R���'�X�Q�F�D�Q�¶�V��

multiple range test. 
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2.3.2. Extraction efficiency 

The EE of SSE obtained at different extraction temperatures is shown 

Table 2.3. The EE increased significantly as the temperature increased. The EE 

of SSE was the lowest at 120�• , 41.86% ± 0.47% and the highest at 210�• , 

79.23% ± 0.14%. No further increase in efficiency was observed at 240�• , 78.76% 

± 0.38%. This trend was similar to a previous study of the subcritical water 

extract of seaweed (Park et al., 2019). During extraction, temperature is an 

important factor influencing the EE. At high temperatures, water can destroy 

�W�K�H�� �V�W�U�X�F�W�X�U�H�� �R�I�� �W�K�H�� �V�D�P�S�O�H�� �R�Z�L�Q�J�� �W�R�� �I�H�D�W�X�U�H�V�� �V�X�F�K�� �D�V�� �Y�D�Q�� �G�H�U�� �:�D�D�O�V�¶�� �I�R�U�F�H�V����

hydrogen bonding, and dipole attraction, which enhances the EE. The use of 

high pressure also helps to increase surface contact with the sample by reducing 

the surface tension (Mustafa et al., 2011). 

 

2.3.3. Color and pH 

The color and pH of the extracts were measured after different extraction 

conditions (Table 2.3, Figure 2.2). Color is one of the important quality-related 

factors in attracting consumers. In this study, the lightness (L*  value) of the 

extracts was between 31.01 ± 0.07 and 34.56 ± 0.20, depending on the extraction 

conditions. The lightness of these extracts was dependent on the pigments and 

hydroscopic substances, whereas the darkness depends on the low 

molecularization of large molecules and the formation of Maillard reaction 
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products (Getachew & Chun, 2017). The a* (red to green) value ranged from 

�í���������� �“�� ���������� �W�R�� ���������� �“�� ������������ �)�R�U�� �6�0�(���� �J�U�H�H�Q�Q�H�V�V�� �Z�D�V�� �K�L�J�K�H�U�� �W�K�D�Q�� �W�K�H�� �R�W�K�H�U��

factors, suggesting that more chlorophyll-based pigments were extracted than 

carotenoid-based pigment (Aryee et al., 2018). There is a need to study the color 

extraction further in different solvent conditions. 

The pH value decreased from 6.38 ± 0.16 in SSE prepared at 120�•  to 5.50 

± 0.08 in SSE prepared at 210�•  and then increased to 7.03 ± 0.17 in SSE 

prepared at 240�• . For SME, the pH was found to be 5.93 ± 0.06 in a previous 

study. In previous seaweed studies, it was shown that the decrease in pH by heat 

treatment was caused by the formation of carbonyl compounds and organic 

acids owing to the non-enzymatic browning of sugar, and an increase in acidity 

resulting from autocatalysis (Sasaki et al., 1998). In a similar previous study, it 

was observed that the pH of the hydrolysates during hydrolysis decreased with 

an increase in temperature and slightly increased when the temperature 

exceeded 230�•  ���3�D�U�N���H�W���D�O�������������������3�L���N�R�Z�V�N�D���H�W���D�O����������������.
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Table 2.3. Extraction efficiency, color properties and pH of SSEs obtained at different conditions 

Conditions EE (%) L*  a* b*  pH 

SSE 
���•��  

120 41.86 ± 0.47d 32.49 ± 0.38
b
 5.77 ± 0.36

a
 3.09 ± 0.35

b
 6.38 ± 0.16b 

150 61.58 ± 0.16c 31.01 ± 0.07
f
 3.26 ± 0.11

b
 0.77 ± 0.02

d
 5.71 ± 0.23d 

180 70.33 ± 0.11b 31.33 ± 0.12
d
 2.86 ± 0.02

c
 0.45 ± 0.01

e
 5.42 ± 0.15e 

210 79.23 ± 0.14a 32.12 ± 0.14
c
 3.55 ± 0.06

b
 1.00 ± 0.04

c
 5.50 ± 0.08f 

240 78.76 ± 0.38ab 31.15 ± 0.69
e
 2.24 ± 0.17

d
 0.14 ± 0.04

f
 7.03 ± 0.17a 

SME -  34.56 ± 0.20
a
 -0.89 ± 0.01

e
 4.06 ± 0.09

a
 5.93 ± 0.06c 

- Values are expressed as mean±SD. 

- Different letters indicate significant differences (p �����������������D�F�F�R�U�G�L�Q�J���W�R���'�X�Q�F�D�Q�¶�V���P�X�O�W�L�S�O�H���U�D�Q�J�H���W�H�V�W. 

- SSE: S. thunbergii subcritical water extracts, SME: S. thunbergii methanol extracts. 
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Figure 2.2. Visual appearance of SSEs obtained at different extraction methods. 

(a) SWE, (b) SME
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2.3.4. Anti oxidant activity 

2.3.4.1. Total phenolic contents 

The TPC of the extracts obtained using different extraction conditions is 

shown in Table 2.4. The TPC of SSE increased continuously as the subcritical 

water temperature was increased from 120ºC, reaching a maximum of (13.57 ± 

0.19) mg PGE/g of dry sample at 180�• , and then decreased significantly as the 

temperature increased, to (9.61 ± 0.11) mg PGE/g of dry sample at 240�• . SME 

had the lowest TPC value among extracts, of (1.16 ± 0.01) mg PGE/g of dry 

sample. Temperature is one of the most important factors affecting the TPC 

recovered in SWE processes. The solubility of phenolic compounds is increased 

by the breakdown of chemical bonds at high temperatures, the rate of mass 

transfer, and molecular diffusion (Lachos-Perez et al., 2018). However, beyond 

a certain temperature, the compounds are decomposed (Ho & Chun, 2019). 

 

2.3.4.2. Antioxidant activity  

The antioxidant activity of the extracts was evaluated using three different 

assays (ABTS+, DPPH, and FRAP), and the results are shown in Table 2.4. In 

the evaluation of ABTS+, DPPH radical scavenging ability and FRAP reducing 

power, SSE prepared at 180�•  had the strongest activities, of (56.72 ± 0.10, 

17.99 ± 0.03, and 29.79 ± 0.11) mg TE/g of dry sample, respectively. In contrast, 

SME showed the weakest activities, of (1.53 ± 0.05, 0.18 ± 0.07, and 1.34 ± 
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0.34) mg TE/g of dry sample, respectively. Compared with the conventional 

organic solvent extraction method, the antioxidant activity was 8 to 100 times 

higher in the SSEs. This was confirmed in various previous studies (Park et al., 

2019, Ho & Chun, 2019, Aliakbarian et al., 2012). 

 

2.3.4.3. Correlation between TPC and radical scavenging 

Many studies have shown that antioxidant activity is related to phenolics 

content and pigment components; moreover, phenolic compounds are known to 

have radical scavenging ability owing to their ability to donate hydrogen and 

form stable radical intermediates (Bors & Michel, 2002). Pearson correlation 

analysis was applied to detect a possible correlation between TPC and the 

antioxidant activity of the extracts (Table 2.5). The correlation coefficient (R2) 

of antioxidant activity with TPC in the ABTS+, DPPH, and FRAP assays were 

0.968, 0.965, and 0.984, respectively (all p<0.01), indicating a strong 

correlation. These results were similar to those measured for the correlation 

between TPC and antioxidant activity in seaweed hydrolyzate, Salvia officinalis 

leaf extract, and Maca (Lepidium meyenii) extract (Park et al., 2019, Gan et al., 

2017, Khiya et al., 2021). 
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2.3.5. Total sugar contents and reducing sugar contents 

In this study, the total sugar and reducing sugar contents of SSE and SME 

were studied, and it was confirmed that there were significant differences 

depending on the extraction temperature (Table 2.4). For the SSEs, the TSC was 

highest at 150ºC, at (61.95 ± 0.75) mg glucose/g of dry sample, and lowest at 

240ºC, at (4.62 ± 0.99) mg glucose/g of dry sample; the RSC was highest at 

180ºC, at (44.51 ± 1.04) mg glucose/g of dry sample, and lowest at 120ºC, at 

(13.25 ± 0.42) mg glucose/g of dry sample. For the SME, the TSC and the RSC 

were (0.34 ± 0.27 and 15.24±0.46) mg glucose/g of dry sample, respectively, 

which were lower than those of the SSEs. It is known that changes in the TSC 

and RSC are dependent on temperature, as the sugars decompose into other 

products, such as aldehydes, ketones, or organic acids of carbohydrates, owing 

to browning reactions that increase with an increase in extraction temperature, 

such as caramelization and the Maillard reaction (Jang & Moon, 2005). It is 

necessary to adjust the extraction temperature to meet the desired content of the 

target product. 
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Table 2.4. Antioxidant activities and chemical properties of SSEs obtained at different conditions 

Conditions 

Antioxidant activities Chemical properties 

ABTS+ radical 
scavenging 
(mg TE/g of 
dry sample.) 

DPPH radical 
scavenging 
(mg TE/g of 
dry sample) 

FRAP assays 
(mg TE/g of 
dry sample) 

TPC 
(mg PGE/g of 
dry sample) 

TSC 
(mg glucose/g 
of dry sample) 

RSC 
(mg glucose/g 
of dry sample) 

SSE 
���•��  

120 18.61 ± 0.92d 3.78 ± 0.13e 8.12 ± 0.57e 6.39 ± 0.04d 46.18 ± 1.30b 13.25 ± 0.42e 

150 41.50 ± 0.44c 9.57 ± 0.15d 19.51 ± 0.12c 9.72 ± 0.13c 61.95 ± 0.75a 42.58 ± 0.20b 

180 56.72 ± 0.10a 17.99 ± 0.03a 29.79 ± 0.12a 13.57 ± 0.19a 35.54 ± 0.59c 48.51 ± 1.40a 

210 55.17 ± 0.76a 14.13 ± 0.07b 27.84 ± 0.35b 13.43 ± 0.16a 11.19 ± 0.45d 32.51 ± 0.64c 

240 50.22 ± 0.10b 10.89 ± 0.07c 18.03 ± 0.07d 9.61 ± 0.11c 4.62 ± 1.00e 21.78 ± 0.20d 

SME 1.53±0.05e 0.18±0.07f 1.34±0.04f 1.16±0.01e 0.34±0.27f 15.25±0.46f 

- Values are expressed as mean±SD. 

- Different letters indicate significant differences (p < 0.05) �D�F�F�R�U�G�L�Q�J���W�R���'�X�Q�F�D�Q�¶�V���P�X�O�W�L�S�O�H���U�D�Q�J�H���W�H�V�W. 

- SSE: S. thunbergii subcritical water extracts, SME: S. thunbergii methanol extract.
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Table 2.5. �3�H�D�U�V�R�Q�¶�V���F�R�U�U�H�O�D�W�L�R�Q���F�R�H�I�I�L�F�L�H�Q�W�V���R�I���7�3�&���D�Q�G���$�Q�W�L�R�[�L�G�D�Q�W�� 

Trait  TPC ABTS+ DPPH FRAP 

TPC 1 0.968* 0.965* 0.984* 

ABTS+ - 1 0.961* 0.962* 

DPPH - - 1 0.985* 

FRAP - - - 1 

- *Correlation is significant at the 0.01 level.
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2.3.6. Recovery of phenolic compounds 

The analysis of in phenolic compounds in SSE is shown in Figure 2.3 and 

Table 2.6. For the SSE prepared at 120�• , peak quality was poorly determined. 

Above 150�• , the major phenolic compounds were identified, with the largest 

number of phenolic compounds was detected at 180�• ; however, the number of 

peaks decreased beyond 210�• . These results followed a similar pattern to the 

TPC. This was thought to be attributable to the destructive effective of high 

temperatures on the cell wall structure. Overall, pyrogallol was the most 

abundant compound, at (1158.33 ± 8.36) mg/100 g of dry sample, which was 

found in SSE prepared at 180�• . Gallic acid was detected in SSE prepared at all 

temperatures, and its concentration increased as the temperature increased, 

reaching a maximum of (66.99 ± 7.39) mg/100 g of dry sample at 180�• , 

decreasing slightly above 210�• , and then reaching a minimum of (26.13 ± 1.07) 

mg/100 g of dry sample at 240�• . In addition, p-coumaric acid only was 

detected from 150�•  to 210�• , at concentrations of (23.09 ± 4.71) mg/100 g of 

dry sample to (196.09 ± 9.05) mg/100 g of dry sample. In previous studies, 

temperatures above 150�•  were shown to increase the concentration of 

insoluble phenols such as p-coumaric acid (Lou et al., 2014). However, at 240�• , 

gallic acid and pyrogallol were obtained at (26.13 ± 1.07 and 184.17 ± 2.07) 

mg/100 g of dry sample, respectively and it is believed that such results were 

caused by the longer preheating time and the unnecessary reaction or 
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decomposition of specific phenol compounds at a high temperature (Dinh et al., 

2018). (Khuwijitjaru et al., 2014); analyzed the decomposition kinetics of 

several phenolic acids in subcritical water extracts prepared at 100�•  to 250�•  

for 30 min to 120 min. They reported that subcritical water extract of phenolic 

compounds at 250�•  for 30 min degraded all the tested phenolic compounds. 

Therefore, the extraction of phenolic compounds at high temperatures is not 

recommended (Khuwijitjaru et al., 2014). Through these results, it was found 

that 180�•  was the most suitable temperature to obtain a variety of phenolic 

compounds, and that the phenolic compounds affect various biological activities, 

including antioxidants and antibacterial activity. Further study of the 

purification and utilization of phenolic compounds is necessary. 
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Table 2.6. Phenolic compounds (mg/100 g of dry sample) profiles of SSEs obtained at different conditions 

Phenolic compounds 
(Retention time) 

Gallic acid 
(4.9 min) 

Pyrogallol 
(6.9 min) 

Protocatechuic 
acid 

(8.1 min) 

Chlorogenic 
acid 

(8.7 min) 

Syringic acid 
(10.3 min) 

p-Coumaric 
acid 

(13.1 min) 

SSE 
���•��  

120 49.46 ± 1.34 N.D. N.D. N.D. 42.45 ± 1.01 N.D. 

150 51.94 ± 5.75c 57.51 ± 3.80b N.D. N.D. 70.22 ± 5.36a 23.09 ± 4.71d 

180 66.99 ± 7.39d 1158.33 ± 8.36a 74.28 ± 1.20c 75.72 ± 2.03c 20.01 ± 1.09b 196.09 ± 9.05bc 

210 62.09 ± 3.61d 222.85 ± 1.96a N.D. 102.61 ± 5.44c 1.03 ± 0.05b 105.55 ± 5.46b 

240 26.13 ± 1.07 184.17 ± 2.07 N.D. N.D. N.D. N.D. 

- Values are expressed as mean±SD. 

- Different letters indicate significant differences (p���������������D�F�F�R�U�G�L�Q�J���W�R���'�X�Q�F�D�Q�¶�V���P�X�O�W�L�S�O�H���U�D�Q�J�H���W�H�V�W. 

- SSE: S. thunbergii subcritical water extracts. 
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Figure 2.3. Chromatograms of individual phenolic compounds in SSEs. 

1: Gallic acid 2: Pyrogallol 3: Protocatechuic acid 4: Chlorogenic acid 5: Syringic acid 6: p-coumaric acid
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2.3.7. Antimicrobial activities  

The analysis of in antimicrobial activities in SSE is shown in Tables 2.7 

and 2.8. The SSE prepared at 180�•  had the strongest antibacterial activity. The 

highest concentration of 50 mg/mL resulted in the largest zones of clearance for 

E. coli and B. cereus, of 17 mm and 16 mm, respectively. The MIC and the 

MBC for E. coli 0.625 mg/mL and 1.25 mg/mL, respectively. were higher than 

those for B. cereus 0.312 mg/mL and 0.625 mg/mL, respectively. The mode of 

action of the phytochemicals in the extract against bacterial cells was thought to 

be the alteration of cell wall permeability (Zawadzka et al., 2018). Gram-

negative bacteria are more resistant to antimicrobial agents than Gram-positive 

bacteria as their cell wall is more complex. The distinctive cell wall structure 

decreases the ability of the antibacterial compounds to penetrate the cell 

(Bouarab-Chibane et al., 2019). Resistance to antimicrobial agents occurs 

owing to the presence of hydrophobic lipopolysaccharides and hydrophilic 

porins (Ebbensgaard et al., 2018, Choi & Lee, 2019). Hydrophilic metabolites 

can attack the targets by passing through the porins, whereas hydrophobic 

phytochemicals can attack the bacterial cells through diffusion pathways via the 

outer membrane. If any changes occur in the outer membrane of Gram-negative 

bacteria, such as mutations in porin structures or alterations in the 

hydrophobicity, resistance might be increased. The absence of this unique outer 

membrane sensitizes Gram-positive bacteria to traditional and conventional 
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drug molecules (Breijyeh et al., 2020). Overall, the tested Gram-positive 

bacterium was more sensitive than the Gram-negative bacterium to the SSEs. 
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Table 2.7. In vitro antimicrobial (Well diffusion method) of SSEs against E. coli / B. cereus 

Conditions 
Concentration (mg/mL) (E. coli / B. cereus) 

10 20 30 40 50 

SSE 
���•��  

120 - - - - - 

150 - - 12 / - 13 / 11 15 / 11 

180 11 / 11 12 / 11 15 / 14 15 / 15 17 / 16 

210 - 13 / 12 15 / 13 15 / 13 17 / 15 

240 - 12 / 12 13 / 13 15 / 14 15 / 17 

- SSE: S. thunbergii subcritical water extracts.  
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Table 2.8. Comparison of MIC and MBC antimicrobial activity of SSEs ���������•�����D�J�D�L�Q�V�W��E. coli / B. cereus 

Microorganism 

Concentration of SSEs 

MIC (mg/mL)  MBC (mg/mL)  

E. coli 0.625 1.25 

B. cereus 0.312 0.625 

- MIC: Minimum Inhibitory Concentration. 

- MBC: Minimum Bactericidal Concentration.
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2.4. Conclusion 

In this study, organic solvent extraction and clean extraction process of S. 

thunbergii were compared. S. thunbergii is rich in functional polysaccharides 

and phenolic compounds. The SSEs had higher activities than the SME. The 

temperature of the SWE process strongly affected the physicochemical and 

biofunctional properties of the SSEs. The TPC, TSC, and RSC had maximum 

values in the SSEs prepared at 180�• , 150�• , and 180�• , respectively, and 

antioxidant activity was highest in the SSE prepared at 180�• . The largest range 

of phenolic compounds and the highest phenolics content were found in the SSE 

prepared at 180�• . In antimicrobial tests, the strongest effect was found in the 

SSE prepared at 180�• . Collectively, the SSE prepared at 180�•  had the best 

properties, and SWE was found to be an effective method for retaining the 

functionality of S. thunbergii. Therefore, the SSEs prepared using SWE, which 

is a green process, may be a promising material for the preparation of functional 

biofilms.  
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Chapter 3 

Optimization of eco-friendly biorefinery process from 

Sargassum thunbergii: characterization of phenolic and 

bioactive compounds3

 

Abstract 

This study presents a comprehensive investigation into the eco-friendly 

extraction, characterization, and potential applications of bioactive compounds 

derived from Sargassum thunbergii using subcritical water extract (SWE). The 

research aims to establish a sustainable, zero-waste biorefinery process by 

achieving complete valorization of S. thunbergii biomass. Response surface 

methodology was employed to determine optimal extraction conditions, 

yielding a maximum total phenolic content at a temperature of 195.43�• , 

reaction time of 18.82 min, and solid/liquid ratio of 0.032 g/mL. Under these 

conditions, the optimized S. thunbergii extract (OSE) demonstrated high 

phenolic content (29.01 ± 0.28 mg phloroglucinol equivalent/g) and flavonoid 

content (10.33 ± 0.48 mg quercetin equivalent/g). Characterization of the OSE 

through advanced analytical techniques, including ultra-performance liquid 

 
3  Part of this work has been published in Journal of Industrial and Engineering 
Chemistry (DOI: https://doi.org/10.1016/j.jiec.2024.08.008) 
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chromatography�±electrospray ionization quadrupole time-of-flight mass 

spectrometry, confirmed the presence of 64 phenolic compounds, such as 

phenolic acids, flavonoids, and other polyphenols. Nuclear magnetic resonance 

spectroscopy further validated the co-existence of polysaccharides, while 

additional analysis identified biofuel potential from the remaining biomass, 

supporting the zero-waste goal. OSE exhibited antioxidant activities, with IC50 

values of 2.30 ± 0.07, 3.93 ± 0.03, and 3.19 ± 0.11 mg/mL in the ABTS+, DPPH, 

�D�Q�G���)�5�$�3���D�V�V�D�\�V�����U�H�V�S�H�F�W�L�Y�H�O�\�����,�W���D�O�V�R���G�L�V�S�O�D�\�H�G���V�L�J�Q�L�I�L�F�D�Q�W���.-glucosidase (IC50 

1.87 ± 0.09 mg/mL) and ACE inhibitory activities (IC50 0.24 ± 0.01 mg/mL), 

suggesting antidiabetic and antihypertensive potential. The extract 

demonstrated tyrosinase inhibition (48.69 ± 2.45%) and collagenase inhibition 

(35.35 ± 0.59%), indicating potential applications in anti-aging and whitening 

cosmetic formulations. Moreover, the OSE provided photoprotective effects, 

with a critical wavelength of 374.85 nm and SPF 33.38, offering effective UVA 

and UVB protection. OSE also exhibited antimicrobial activity against Gram-

positive and Gram-negative bacteria, as well as yeast, and demonstrated anti-

inflammatory potential in LPS-stimulated RAW 264.7 macrophages. The 

findings of this study underscore the versatility of OSE, highlighting its 

applicability across pharmaceutical, functional food, and cosmetic industries. 

Furthermore, the use of SWE demonstrates the importance of sustainable 

extraction methods, reinforcing eco-friendly biorefinery strategies for the 

comprehensive utilization of marine biomass. This study establishes a 
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theoretical foundation and provides practical guidelines for the efficient 

extraction and processing of phenolic compounds from S. thunbergii, indicating 

the feasibility of a sustainable biorefinery process using SWE. 

 

3.1. Introduction  

�0�D�U�L�Q�H�� �R�U�J�D�Q�L�V�P�V���� �X�Q�O�L�N�H�� �W�K�H�L�U�� �W�H�U�U�H�V�W�U�L�D�O�� �F�R�X�Q�W�H�U�S�D�U�W�V���� �V�H�U�Y�H�� �D�V�� �U�L�F�K��

�U�H�V�H�U�Y�R�L�U�V�� �R�I�� �X�Q�L�T�X�H�� �E�L�R�F�K�H�P�L�F�D�O�� �F�R�P�S�R�X�Q�G�V���� �P�D�N�L�Q�J�� �W�K�H�P�� �L�Q�Y�D�O�X�D�E�O�H��

�U�H�V�R�X�U�F�H�V�� �L�Q�� �W�K�H�� �S�K�D�U�P�D�F�H�X�W�L�F�D�O���� �I�X�Q�F�W�L�R�Q�D�O�� �I�R�R�G���� �D�Q�G�� �F�R�V�P�H�W�L�F�� �L�Q�G�X�V�W�U�L�H�V����

�%�L�R�D�F�W�L�Y�H�� �F�R�P�S�R�X�Q�G�V�� �G�H�U�L�Y�H�G�� �I�U�R�P�� �P�D�U�L�Q�H�� �R�U�J�D�Q�L�V�P�V�� �S�O�D�\�� �Y�L�W�D�O�� �U�R�O�H�V�� �L�Q��

�S�U�R�P�R�W�L�Q�J���K�H�D�O�W�K���D�Q�G���S�U�H�Y�H�Q�W�L�Q�J���G�L�V�H�D�V�H�V�����H�[�K�L�E�L�W�L�Q�J���G�L�Y�H�U�V�H���E�L�R�D�F�W�L�Y�L�W�L�H�V���V�X�F�K��

�D�V�� �D�Q�W�L�R�[�L�G�D�Q�W�V���� �D�Q�W�L���L�Q�I�O�D�P�P�D�W�R�U�\���� �D�Q�W�L�E�D�F�W�H�U�L�D�O���� �D�Q�W�L�K�\�S�H�U�W�H�Q�V�L�Y�H���� �D�Q�G��

�D�Q�W�L�G�L�D�E�H�W�L�F�� �H�I�I�H�F�W�V�� ���/�R�U�G�D�Q�� �H�W�� �D�O������ �������������� �3�D�U�W�L�F�X�O�D�U�O�\���� �V�H�D�Z�H�H�G�� �K�D�V�� �J�D�U�Q�H�U�H�G��

�D�W�W�H�Q�W�L�R�Q���I�R�U���W�K�H�L�U���G�L�Y�H�U�V�H���E�L�R�D�F�W�L�Y�H���P�R�O�H�F�X�O�H�V�����L�Q�F�O�X�G�L�Q�J���S�U�R�W�H�L�Q�V�����J�O�\�F�R�S�U�R�W�H�L�Q�V����

�S�R�O�\�V�D�F�F�K�D�U�L�G�H�V�����W�H�U�S�H�Q�R�L�G�V�����S�R�O�\�H�W�K�H�U�V�����D�Q�G���S�R�O�\�S�K�H�Q�R�O�L�F���F�R�P�S�R�X�Q�G�V�����6�X�E�E�L�D�K��

�H�W���D�O������ �������������� �%�U�R�Z�Q���V�H�D�Z�H�H�G�V���D�U�H���H�V�S�H�F�L�D�O�O�\�� �U�L�F�K���L�Q���S�K�H�Q�R�O�L�F���F�R�P�S�R�X�Q�G�V���D�Q�G��

�D�Q�W�L�R�[�L�G�D�Q�W�V�����F�R�Q�W�U�L�E�X�W�L�Q�J���W�R���D�Q�W�L�K�\�S�H�U�W�H�Q�V�L�Y�H���D�Q�G���D�Q�W�L�G�L�D�E�H�W�L�F���H�I�I�H�F�W�V�����P�D�N�L�Q�J��

�W�K�H�P�� �S�U�R�P�L�V�L�Q�J�� �F�D�Q�G�L�G�D�W�H�V�� �I�R�U�� �I�X�Q�F�W�L�R�Q�D�O�� �I�R�R�G�� �V�X�S�S�O�H�P�H�Q�W�� �G�H�Y�H�O�R�S�P�H�Q�W��

���%�H�J�X�P���H�W���D�O�������������������&�K�R���H�W���D�O�������������������+�R�O�G�W���H�W���D�O���������������������7�K�H�V�H���F�R�P�S�R�X�Q�G�V���D�U�H��

�I�X�U�W�K�H�U�� �H�Q�U�L�F�K�H�G�� �E�\�� �V�H�D�Z�H�H�G�V�¶�� �X�Q�L�T�X�H�� �D�G�D�S�W�D�W�L�R�Q�� �P�H�F�K�D�Q�L�V�P�V���� �Z�K�L�F�K�� �H�Q�D�E�O�H��

�W�K�H�P�� �W�R�� �D�F�F�X�P�X�O�D�W�H�� �V�H�F�R�Q�G�D�U�\�� �P�H�W�D�E�R�O�L�W�H�V�� �X�Q�G�H�U�� �H�Q�Y�L�U�R�Q�P�H�Q�W�D�O�� �V�W�U�H�V�V��

�F�R�Q�G�L�W�L�R�Q�V�� ���/�R�P�D�U�W�L�U�H�� �H�W�� �D�O������ �������������� �$�P�R�Q�J�� �E�U�R�Z�Q�� �V�H�D�Z�H�H�G�V�����6�����W�K�X�Q�E�H�U�J�L�L��
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�V�W�D�Q�G�V���R�X�W���I�R�U���L�W�V���K�L�J�K���F�R�Q�W�H�Q�W���R�I���S�K�H�Q�R�O�L�F���D�F�L�G�V�����I�O�D�Y�R�Q�R�L�G�V�����D�Q�G���S�K�O�R�U�R�W�D�Q�Q�L�Q�V����

�H�[�K�L�E�L�W�L�Q�J�� �S�R�W�H�Q�W�� �D�Q�W�L�R�[�L�G�D�Q�W���� �D�Q�W�L�E�D�F�W�H�U�L�D�O���� �D�Q�W�L�K�\�S�H�U�W�H�Q�V�L�Y�H���� �D�Q�G�� �D�Q�W�L�G�L�D�E�H�W�L�F��

�S�U�R�S�H�U�W�L�H�V�����&�X�L���H�W���D�O�������������������3�D�U�N���H�W���D�O�������������������3�D�U�N���H�W���D�O���������������������7�K�H�V�H���S�U�R�S�H�U�W�L�H�V��

�K�L�J�K�O�L�J�K�W���L�W�V���V�L�J�Q�L�I�L�F�D�Q�W���S�R�W�H�Q�W�L�D�O���I�R�U���D�S�S�O�L�F�D�W�L�R�Q�V���L�Q���S�K�D�U�P�D�F�H�X�W�L�F�D�O�V�����I�X�Q�F�W�L�R�Q�D�O��

�I�R�R�G�V���� �D�Q�G�� �F�R�V�P�H�W�L�F�V���� �H�P�S�K�D�V�L�]�L�Q�J�� �W�K�H�� �Q�H�F�H�V�V�L�W�\�� �R�I�� �H�[�S�O�R�U�L�Q�J�� �H�I�I�L�F�L�H�Q�W��

�H�[�W�U�D�F�W�L�R�Q���D�Q�G���X�W�L�O�L�]�D�W�L�R�Q���V�W�U�D�W�H�J�L�H�V���I�R�U���L�W�V���E�L�R�D�F�W�L�Y�H���F�R�P�S�R�X�Q�G�V�����%�H�J�X�P���H�W���D�O������

�������������&�D�U�S�H�Q�D���H�W���D�O������������������ 

�9�D�U�L�R�X�V���H�[�W�U�D�F�W�L�R�Q���W�H�F�K�Q�R�O�R�J�L�H�V���K�D�Y�H���E�H�H�Q���G�H�Y�H�O�R�S�H�G���W�R���H�I�I�L�F�L�H�Q�W�O�\���U�H�F�R�Y�H�U��

�E�L�R�D�F�W�L�Y�H�� �F�R�P�S�R�X�Q�G�V���� �7�U�D�G�L�W�L�R�Q�D�O�� �P�H�W�K�R�G�V���� �V�X�F�K�� �D�V�� �X�O�W�U�D�V�R�X�Q�G���D�V�V�L�V�W�H�G��

�H�[�W�U�D�F�W�L�R�Q���� �V�X�S�H�U�F�U�L�W�L�F�D�O�� �&�2�����H�[�W�U�D�F�W�L�R�Q���� �D�Q�G�� �P�L�F�U�R�Z�D�Y�H���D�V�V�L�V�W�H�G�� �H�[�W�U�D�F�W�L�R�Q����

�R�I�I�H�U�� �G�L�V�W�L�Q�F�W�� �D�G�Y�D�Q�W�D�J�H�V�� �E�X�W�� �D�O�V�R�� �K�D�Y�H�� �L�Q�K�H�U�H�Q�W�� �O�L�P�L�W�D�W�L�R�Q�V���� �8�O�W�U�D�V�R�X�Q�G��

�H�[�W�U�D�F�W�L�R�Q�� �L�V�� �Q�R�W�D�E�O�H�� �I�R�U�� �L�W�V�� �V�K�R�U�W�� �H�[�W�U�D�F�W�L�R�Q�� �W�L�P�H�� �D�Q�G�� �U�H�G�X�F�H�G�� �V�R�O�Y�H�Q�W��

�F�R�Q�V�X�P�S�W�L�R�Q���E�X�W���I�D�F�H�V���F�K�D�O�O�H�Q�J�H�V���V�X�F�K���D�V���O�L�P�L�W�H�G���P�D�W�U�L�[���S�H�Q�H�W�U�D�W�L�R�Q���D�Q�G���K�L�J�K��

�H�Q�H�U�J�\���F�R�V�W�V���D�F�F�R�P�S�D�Q�L�H�G���E�\���Q�R�L�V�H���S�R�O�O�X�W�L�R�Q�����'�H�Q�J���H�W���D�O���������������������6�X�S�H�U�F�U�L�W�L�F�D�O��

�&�2�����H�[�W�U�D�F�W�L�R�Q���D�F�K�L�H�Y�H�V���K�L�J�K���S�X�U�L�W�\���D�Q�G���H�I�I�L�F�L�H�Q�F�\���I�R�U���Q�R�Q���S�R�O�D�U���F�R�P�S�R�X�Q�G�V���E�X�W��

�U�H�T�X�L�U�H�V�� �F�R���V�R�O�Y�H�Q�W�V�� �I�R�U�� �S�R�O�D�U�� �F�R�P�S�R�X�Q�G�V�� �D�Q�G�� �H�Q�W�D�L�O�V�� �K�L�J�K�� �L�Q�L�W�L�D�O�� �H�T�X�L�S�P�H�Q�W��

�F�R�V�W�V�� ���/�H�R�Q�H�� �H�W�� �D�O������ �������������� �0�L�F�U�R�Z�D�Y�H���D�V�V�L�V�W�H�G�� �H�[�W�U�D�F�W�L�R�Q�� �D�F�F�H�O�H�U�D�W�H�V�� �K�H�D�W��

�W�U�D�Q�V�I�H�U�� �D�Q�G�� �H�Q�K�D�Q�F�H�V�� �H�[�W�U�D�F�W�L�R�Q�� �H�I�I�L�F�L�H�Q�F�\�� �E�X�W�� �S�R�V�H�V�� �W�K�H�� �U�L�V�N�� �R�I�� �F�R�P�S�R�X�Q�G��

�G�H�J�U�D�G�D�W�L�R�Q���D�W���H�O�H�Y�D�W�H�G���W�H�P�S�H�U�D�W�X�U�H�V�����<�X�D�Q���H�W���D�O���������������������5�H�F�H�Q�W�O�\�����V�X�E�F�U�L�W�L�F�D�O��

�Z�D�W�H�U���H�[�W�U�D�F�W�����6�:�(�����K�D�V���H�P�H�U�J�H�G���D�V���D�Q���H�F�R���I�U�L�H�Q�G�O�\���D�Q�G���H�I�I�L�F�L�H�Q�W���W�H�F�K�Q�R�O�R�J�\����

�6�:�(���R�S�H�U�D�W�H�V�� �X�Q�G�H�U�� �W�H�P�S�H�U�D�W�X�U�H�V�� �D�Q�G�� �S�U�H�V�V�X�U�H�V�� �E�H�O�R�Z�� �Z�D�W�H�U�¶�V�� �F�U�L�W�L�F�D�O�� �S�R�L�Q�W��

���������• �����������0�3�D�������U�H�G�X�F�L�Q�J���Z�D�W�H�U�¶�V���G�L�H�O�H�F�W�U�L�F���F�R�Q�V�W�D�Q�W���W�R���L�Q�F�U�H�D�V�H���W�K�H���V�R�O�X�E�L�O�L�W�\��
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�R�I���R�U�J�D�Q�L�F���F�R�P�S�R�X�Q�G�V���W�\�S�L�F�D�O�O�\���L�Q�V�R�O�X�E�O�H���L�Q���Z�D�W�H�U�����<�����6�����3�D�U�N���H�W���D�O���������������������7�K�L�V��

�P�H�W�K�R�G�� �H�O�L�P�L�Q�D�W�H�V�� �W�K�H�� �Q�H�H�G�� �I�R�U�� �R�U�J�D�Q�L�F�� �V�R�O�Y�H�Q�W�V���� �P�L�Q�L�P�L�]�L�Q�J�� �H�Q�Y�L�U�R�Q�P�H�Q�W�D�O��

�L�P�S�D�F�W�� �Z�K�L�O�H�� �V�L�J�Q�L�I�L�F�D�Q�W�O�\�� �H�Q�K�D�Q�F�L�Q�J�� �W�K�H�� �H�[�W�U�D�F�W�L�R�Q�� �H�I�I�L�F�L�H�Q�F�\�� �R�I�� �E�L�R�D�F�W�L�Y�H��

�F�R�P�S�R�X�Q�G�V�� �V�X�F�K�� �D�V�� �S�K�H�Q�R�O�L�F�V�����6�:�(���D�O�V�R�� �R�I�I�H�U�V�� �K�L�J�K�� �H�[�W�U�D�F�W�L�R�Q�� �\�L�H�O�G�V���� �U�D�S�L�G��

�U�H�D�F�W�L�R�Q�� �U�D�W�H�V���� �D�Q�G�� �U�H�V�W�R�U�D�W�L�R�Q�� �R�I�� �Z�D�W�H�U�� �W�R�� �L�W�V�� �R�U�L�J�L�Q�D�O�� �V�W�D�W�H�� �S�R�V�W���H�[�W�U�D�F�W�L�R�Q����

�W�K�H�U�H�E�\���D�Y�R�L�G�L�Q�J���U�H�V�L�G�X�D�O���V�R�O�Y�H�Q�W���L�V�V�X�H�V�����-�����6�����3�D�U�N���H�W���D�O���������������������7�K�L�V���D�S�S�U�R�D�F�K��

�Q�R�W���R�Q�O�\���D�G�G�U�H�V�V�H�V���W�K�H���O�L�P�L�W�D�W�L�R�Q�V���R�I���W�U�D�G�L�W�L�R�Q�D�O���P�H�W�K�R�G�V���E�X�W���D�O�V�R���S�O�D�\�V���D���F�U�X�F�L�D�O��

�U�R�O�H���L�Q���D�G�Y�D�Q�F�L�Q�J���H�Q�Y�L�U�R�Q�P�H�Q�W�D�O���V�X�V�W�D�L�Q�D�E�L�O�L�W�\�� 

�3�U�H�Y�L�R�X�V�� �V�W�X�G�L�H�V�� �F�R�P�S�D�U�H�G�� �W�K�H�� �T�X�D�O�L�W�\�� �R�I���6�6�(�V���R�E�W�D�L�Q�H�G�� �Y�L�D�� �P�H�W�K�D�Q�R�O��

�H�[�W�U�D�F�W�L�R�Q�� �D�Q�G���6�:�( ���� �G�H�P�R�Q�V�W�U�D�W�L�Q�J�� �W�K�D�W���6�:�(�� �S�U�R�Y�L�G�H�V�� �V�X�S�H�U�L�R�U�� �H�[�W�U�D�F�W�L�R�Q��

�H�I�I�L�F�L�H�Q�F�\���D�Q�G���T�X�D�O�L�W�\�����3�D�U�N���H�W���D�O���������������������+�R�Z�H�Y�H�U�����I�X�U�W�K�H�U���U�H�V�H�D�U�F�K���L�V���Q�H�H�G�H�G��

�W�R�� �H�V�W�D�E�O�L�V�K�� �W�K�H�� �R�S�W�L�P�D�O�� �F�R�Q�G�L�W�L�R�Q�V�� �I�R�U�� �S�K�H�Q�R�O�L�F�� �F�R�P�S�R�X�Q�G�� �H�[�W�U�D�F�W�L�R�Q���� �.�H�\��

�S�D�U�D�P�H�W�H�U�V���V�X�F�K���D�V���U�H�D�F�W�L�R�Q���W�H�P�S�H�U�D�W�X�U�H�����U�H�D�F�W�L�R�Q���W�L�P�H�����D�Q�G���V�R�O�L�G���W�R���O�L�T�X�L�G�����6���/����

�U�D�W�L�R�� �P�X�V�W�� �E�H�� �R�S�W�L�P�L�]�H�G�� �W�R�� �P�D�[�L�P�L�]�H���6�:�( �¶�V���H�I�I�L�F�L�H�Q�F�\�� ���=�K�D�Q�J�� �H�W�� �D�O������ ��������������

�*�L�Y�H�Q���W�K�H���W�L�P�H���D�Q�G���F�R�V�W���F�R�Q�V�W�U�D�L�Q�W�V���R�I���R�S�W�L�P�L�]�L�Q�J���W�K�H�V�H���S�D�U�D�P�H�W�H�U�V���L�Q�G�L�Y�L�G�X�D�O�O�\����

�U�H�V�S�R�Q�V�H�� �V�X�U�I�D�F�H�� �P�H�W�K�R�G�R�O�R�J�\�� ���5�6�0���� �R�I�I�H�U�V�� �D�Q�� �H�I�I�H�F�W�L�Y�H�� �V�R�O�X�W�L�R�Q�� �E�\��

�V�L�P�X�O�W�D�Q�H�R�X�V�O�\�� �D�Q�D�O�\�]�L�Q�J�� �D�Q�G�� �R�S�W�L�P�L�]�L�Q�J�� �Y�D�U�L�D�E�O�H�V���� �H�O�X�F�L�G�D�W�L�Q�J�� �F�R�P�S�O�H�[��

�L�Q�W�H�U�D�F�W�L�R�Q�V�����D�Q�G���H�Q�K�D�Q�F�L�Q�J���W�K�H���H�[�W�U�D�F�W�L�R�Q���S�U�R�F�H�V�V�����5�L�V�Z�D�Q�W�R���H�W���D�O���������������������7�K�L�V��

�V�W�X�G�\���E�X�L�O�G�V���R�Q���W�K�H���G�H�P�R�Q�V�W�U�D�W�H�G���D�G�Y�D�Q�W�D�J�H�V���R�I���6�:�(���R�Y�H�U���P�H�W�K�D�Q�R�O���H�[�W�U�D�F�W�L�R�Q��

�W�R���R�S�W�L�P�L�]�H���W�K�H�V�H���S�D�U�D�P�H�W�H�U�V���D�Q�G���W�K�R�U�R�X�J�K�O�\���D�Q�D�O�\�]�H���W�K�H���E�L�R�D�F�W�L�Y�H���F�R�P�S�R�Q�H�Q�W�V��

�D�Q�G���V�W�U�X�F�W�X�U�D�O���S�U�R�S�H�U�W�L�H�V���R�I���H�[�W�U�D�F�W�V���R�E�W�D�L�Q�H�G���X�Q�G�H�U���R�S�W�L�P�D�O���F�R�Q�G�L�W�L�R�Q�V�� 

�7�R���H�Y�D�O�X�D�W�H���W�K�H���E�L�R�D�F�W�L�Y�H���F�R�P�S�R�Q�H�Q�W�V���R�I���W�K�H���R�S�W�L�P�L�]�H�G���6�����W�K�X�Q�E�H�U�J�L�L���H�[�W�U�D�F�W��
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���2�6�(�������F�K�H�P�L�F�D�O���D�Q�G���V�W�U�X�F�W�X�U�D�O���D�Q�D�O�\�V�H�V���Z�H�U�H���F�R�Q�G�X�F�W�H�G�����L�Q�F�O�X�G�L�Q�J���D�V�V�H�V�V�P�H�Q�W�V��

�R�I�� �W�R�W�D�O�� �S�K�H�Q�R�O�L�F�� �F�R�Q�W�H�Q�W�� ���7�3�&������ �W�R�W�D�O�� �I�O�D�Y�R�Q�R�L�G�� �F�R�Q�W�H�Q�W�� ���7�)�&������ �W�R�W�D�O�� �V�X�J�D�U��

�F�R�Q�W�H�Q�W�� ���7�6�&������ �D�Q�G�� �U�H�G�X�F�L�Q�J�� �V�X�J�D�U�� �F�R�Q�W�H�Q�W�� ���5�6�&������ �,�Q�G�L�Y�L�G�X�D�O�� �S�K�H�Q�R�O�L�F��

�F�R�P�S�R�X�Q�G�V�� �Z�H�U�H�� �L�G�H�Q�W�L�I�L�H�G�� �X�V�L�Q�J�� �8�3�/�&�±�(�6�,�±�4�7�2�)���0�6���0�6�� �D�Q�G�� �1�0�5����

�)�X�U�W�K�H�U�P�R�U�H���� �V�W�U�X�F�W�X�U�D�O�� �F�K�D�U�D�F�W�H�U�L�V�W�L�F�V�� �R�I�� �2�6�(�� �D�Q�G�� �L�W�V�� �U�H�V�L�G�X�H�V�� �Z�H�U�H�� �D�Q�D�O�\�]�H�G��

�X�V�L�Q�J�� �)�7���,�5���� �;�5�'���� �7�*�$���� �D�Q�G�� �)�(���6�(�0�� �W�R�� �D�V�V�H�V�V�� �W�K�H�L�U�� �S�R�W�H�Q�W�L�D�O�� �I�R�U�� �E�L�R�P�D�V�V��

�X�W�L�O�L�]�D�W�L�R�Q�����7�K�L�V���V�W�X�G�\���D�L�P�V���W�R���H�O�X�F�L�G�D�W�H���W�K�H���U�H�O�D�W�L�R�Q�V�K�L�S���E�H�W�Z�H�H�Q���W�K�H���E�L�R�D�F�W�L�Y�H��

�P�H�F�K�D�Q�L�V�P�V�� �D�Q�G�� �V�W�U�X�F�W�X�U�D�O�� �S�U�R�S�H�U�W�L�H�V�� �R�I�� �W�K�H�� �H�[�W�U�D�F�W�V���� �S�U�R�Y�L�G�L�Q�J�� �I�R�X�Q�G�D�W�L�R�Q�D�O��

�G�D�W�D�� �I�R�U�� �G�H�Y�H�O�R�S�L�Q�J�� �K�L�J�K���Y�D�O�X�H�� �S�U�R�G�X�F�W�V�� �I�R�U�� �K�H�D�O�W�K�� �S�U�R�P�R�W�L�R�Q�� �D�Q�G�� �G�L�V�H�D�V�H��

�S�U�H�Y�H�Q�W�L�R�Q���� �7�K�L�V�� �U�H�V�H�D�U�F�K�� �D�O�V�R�� �H�[�S�D�Q�G�V�� �W�K�H�� �S�R�W�H�Q�W�L�D�O�� �D�S�S�O�L�F�D�W�L�R�Q�V�� �R�I���6�6�(�V���W�R��

�I�X�Q�F�W�L�R�Q�D�O�� �S�D�F�N�D�J�L�Q�J�� �P�D�W�H�U�L�D�O�V���� �/�H�Y�H�U�D�J�L�Q�J�� �W�K�H�� �D�Q�W�L�R�[�L�G�D�Q�W�� �D�Q�G�� �D�Q�W�L�E�D�F�W�H�U�L�D�O��

�S�U�R�S�H�U�W�L�H�V�� �R�I���6���� �W�K�X�Q�E�H�U�J�L�L���� �E�L�R�S�R�O�\�P�H�U���E�D�V�H�G�� �S�D�F�N�D�J�L�Q�J�� �F�D�Q�� �R�I�I�H�U�� �Q�R�Y�H�O��

�V�R�O�X�W�L�R�Q�V���I�R�U���P�D�L�Q�W�D�L�Q�L�Q�J���I�R�R�G���T�X�D�O�L�W�\���D�Q�G���H�[�W�H�Q�G�L�Q�J���V�K�H�O�I���O�L�I�H�� 

�7�K�H���E�L�R�D�F�W�L�Y�H���F�R�P�S�R�X�Q�G�V���H�[�W�U�D�F�W�H�G���I�U�R�P���6���� �W�K�X�Q�E�H�U�J�L�L���S�U�H�V�H�Q�W���H�[�W�H�Q�V�L�Y�H��

�D�S�S�O�L�F�D�E�L�O�L�W�\�� �L�Q�� �W�K�H�� �I�X�Q�F�W�L�R�Q�D�O�� �I�R�R�G���� �S�K�D�U�P�D�F�H�X�W�L�F�D�O���� �D�Q�G�� �F�R�V�P�H�W�L�F�� �L�Q�G�X�V�W�U�L�H�V����

�7�K�H�L�U���D�Q�W�L�R�[�L�G�D�Q�W�����D�Q�W�L�E�D�F�W�H�U�L�D�O�����D�Q�W�L�K�\�S�H�U�W�H�Q�V�L�Y�H�����D�Q�G���D�Q�W�L�G�L�D�E�H�W�L�F���H�I�I�H�F�W�V���G�U�L�Y�H��

�W�K�H�� �G�H�Y�H�O�R�S�P�H�Q�W�� �R�I�� �K�L�J�K���Y�D�O�X�H�� �S�U�R�G�X�F�W�V���� �V�H�U�Y�L�Q�J�� �D�V�� �Q�D�W�X�U�D�O�� �D�Q�W�L�R�[�L�G�D�Q�W�V�� �D�Q�G��

�D�Q�W�L���L�Q�I�O�D�P�P�D�W�R�U�\�� �D�J�H�Q�W�V�� �L�Q�� �S�K�D�U�P�D�F�H�X�W�L�F�D�O�V���� �G�L�V�H�D�V�H���S�U�H�Y�H�Q�W�L�Y�H�� �D�G�G�L�W�L�Y�H�V�� �L�Q��

�I�X�Q�F�W�L�R�Q�D�O���I�R�R�G�V�����D�Q�G���S�K�R�W�R���S�U�R�W�H�F�W�L�Y�H���D�Q�G���D�Q�W�L���D�J�L�Q�J���L�Q�J�U�H�G�L�H�Q�W�V���L�Q���F�R�V�P�H�W�L�F�V����

�$�G�G�L�W�L�R�Q�D�O�O�\�����W�K�L�V���V�W�X�G�\���F�R�Q�W�U�L�E�X�W�H�V���W�R���W�K�H���U�H�D�O�L�]�D�W�L�R�Q���R�I���D���]�H�U�R���Z�D�V�W�H���E�L�R�U�H�I�L�Q�H�U�\��

�P�R�G�H�O�� �D�L�P�H�G�� �D�W�� �H�Q�Y�L�U�R�Q�P�H�Q�W�D�O�� �V�X�V�W�D�L�Q�D�E�L�O�L�W�\���� �)�X�Q�F�W�L�R�Q�D�O�� �E�L�R�S�R�O�\�P�H�U���E�D�V�H�G��

�S�D�F�N�D�J�L�Q�J���P�D�W�H�U�L�D�O�V���L�Q�F�R�U�S�R�U�D�W�L�Q�J���6�6�(�V���F�R�X�O�G���V�L�J�Q�L�I�L�F�D�Q�W�O�\���U�H�G�X�F�H���I�R�R�G���Z�D�V�W�H��
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�D�Q�G���S�U�R�P�R�W�H���H�Q�Y�L�U�R�Q�P�H�Q�W�D�O���F�R�Q�V�H�U�Y�D�W�L�R�Q�����7�K�L�V���D�S�S�U�R�D�F�K���S�U�R�Y�L�G�H�V���V�X�V�W�D�L�Q�D�E�O�H����

�P�X�O�W�L�G�L�P�H�Q�V�L�R�Q�D�O���V�R�O�X�W�L�R�Q�V���W�R���S�U�H�V�V�L�Q�J���J�O�R�E�D�O���F�K�D�O�O�H�Q�J�H�V�����D�G�Y�D�Q�F�L�Q�J���W�K�H���I�X�W�X�U�H��

�R�I���I�R�R�G���S�D�F�N�D�J�L�Q�J���W�H�F�K�Q�R�O�R�J�\�� 

 

3.2. Materials and methods 

3.2.1. Materials and chemicals 

�6���� �W�K�X�Q�E�H�U�J�L�L���Z�D�V�� �V�R�X�U�F�H�G�� �I�U�R�P�� �3�$�5�$�-�(�-�8�� ���-�H�M�X���� �.�R�U�H�D������ �7�K�H�� �V�H�D�Z�H�H�G��

�Z�D�V�� �K�D�U�Y�H�V�W�H�G�� �I�U�R�P�� �-�H�M�X�� �,�V�O�D�Q�G���� �6�R�X�W�K�� �.�R�U�H�D���� �W�K�R�U�R�X�J�K�O�\�� �Z�D�V�K�H�G�� �Z�L�W�K�� �F�O�H�D�Q��

�Z�D�W�H�U�����D�Q�G���V�X�E�V�H�T�X�H�Q�W�O�\���G�U�L�H�G�����7�K�H���G�U�L�H�G���V�H�D�Z�H�H�G���Z�D�V���W�K�H�Q���V�L�H�Y�H�G���W�R���D�F�K�L�H�Y�H���D��

�X�Q�L�I�R�U�P���S�D�U�W�L�F�O�H���V�L�]�H���R�I�������������P���D�Q�G���V�W�R�U�H�G���D�W���í�����• ���X�Q�W�L�O���I�X�U�W�K�H�U���X�V�H�����1�L�W�U�R�J�H�Q��

�J�D�V�� ���1������ �Z�L�W�K�� �D�� �S�X�U�L�W�\�� �R�I�� �������������� �Z�D�V�� �V�X�S�S�O�L�H�G�� �E�\�� �.�R�U�H�D�� �,�Q�G�X�V�W�U�L�D�O�� �*�D�V�� �/�W�G����

���%�X�V�D�Q�����6�R�X�W�K���.�R�U�H�D�����W�R���P�D�L�Q�W�D�L�Q���W�K�H���G�H�V�L�U�H�G���S�U�H�V�V�X�U�H���G�X�U�L�Q�J���6�:�( �����6�W�D�Q�G�D�U�G�V��

�Z�H�U�H���R�E�W�D�L�Q�H�G���I�U�R�P���6�L�J�P�D���$�O�G�U�L�F�K�����6�W�����/�R�X�L�V�����0�2�����8�6�$�������D�O�O���R�W�K�H�U���F�K�H�P�L�F�D�O�V��

�D�Q�G���U�H�D�J�H�Q�W�V���Z�H�U�H���S�X�U�F�K�D�V�H�G���I�U�R�P���6�D�P�F�K�X�Q���3�X�U�H���&�K�H�P�L�F�D�O���&�R�������/�W�G�������*�\�H�R�Q�J�J�L����

�6�R�X�W�K���.�R�U�H�D���� 

 

3.2.2. Subcritical water extraction  

�$�V�� �S�U�H�Y�L�R�X�V�O�\�� �U�H�S�R�U�W�H�G���� �6�:�(���E�D�V�H�G���6���� �W�K�X�Q�E�H�U�J�L�L���H�[�W�U�D�F�W�� �Z�D�V�� �S�U�H�S�D�U�H�G��

�X�V�L�Q�J�� �D�� �E�D�W�F�K���W�\�S�H�� �V�W�D�L�Q�O�H�V�V�� �V�W�H�H�O�� �U�H�D�F�W�R�U�� ���3�K�R�V�H�Q�W�H�F�K���� �'�D�H�M�H�R�Q���� �5�H�S�X�E�O�L�F�� �R�I��

�.�R�U�H�D������ �Z�L�W�K�� �P�L�Q�R�U�� �P�R�G�L�I�L�F�D�W�L�R�Q�V�� ���3�D�U�N�� �H�W�� �D�O������ �������������� �7�K�H�� �U�H�D�F�W�L�R�Q�� �W�L�P�H����

�W�H�P�S�H�U�D�W�X�U�H���� �D�Q�G�� �V�D�P�S�O�H���W�R���G�H�L�R�Q�L�]�H�G�� �Z�D�W�H�U�� ���6���/���� �U�D�W�L�R�� �X�V�H�G�� �I�R�U���6�:�(�� �D�U�H��
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�G�H�V�F�U�L�E�H�G���L�Q���W�K�H���H�[�S�H�U�L�P�H�Q�W�D�O���G�H�V�L�J�Q�����7�D�E�O�H���������������7�K�H���S�U�H�V�V�X�U�H���Z�D�V���N�H�S�W���F�R�Q�V�W�D�Q�W��

�������0�3�D�����X�V�L�Q�J���1�����J�D�V�����7�K�H���U�H�D�F�W�L�R�Q���W�L�P�H���V�W�D�U�W�H�G���Z�K�H�Q���W�K�H���G�H�V�L�U�H�G���W�H�P�S�H�U�D�W�X�U�H��

�Z�D�V���U�H�D�F�K�H�G���X�V�L�Q�J���D�Q���H�O�H�F�W�U�L�F���K�H�D�W�H�U�����D�Q�G���W�K�H���V�D�P�S�O�H���Z�D�V���V�W�L�U�U�H�G���D�W�����������U�S�P���X�V�L�Q�J��

�D�� �G�R�X�E�O�H�� �I�R�X�U���E�O�D�G�H�� �L�P�S�H�O�O�H�U���� �$�I�W�H�U�� �W�K�H�� �U�H�D�F�W�L�R�Q�����6���� �W�K�X�Q�E�H�U�J�L�L���H�[�W�U�D�F�W�� �Z�D�V��

�F�R�O�O�H�F�W�H�G���� �I�L�O�W�H�U�H�G�� �X�V�L�Q�J�� �I�L�O�W�H�U�� �S�D�S�H�U�� ���&�+�0�/�$�%�� �*�5�2�8�3���� �)���������������������� �D�Q�G��

�V�W�R�U�H�G���D�W�����• ���R�U���O�\�R�S�K�L�O�L�]�H�G���I�R�U���V�X�E�V�H�T�X�H�Q�W���H�[�S�H�U�L�P�H�Q�W�V�����7�K�H���V�R�O�L�G���U�H�V�L�G�X�H���Z�D�V��

�D�O�V�R���I�U�H�H�]�H���G�U�L�H�G���D�Q�G���X�V�H�G���L�Q���V�X�E�V�H�T�X�H�Q�W���H�[�S�H�U�L�P�H�Q�W�V���� 

 

3.2.3. RSM and data analysis 

�7�R�� �L�G�H�Q�W�L�I�\�� �D�Q�G�� �V�H�W�� �W�K�H�� �U�D�Q�J�H�� �R�I�� �H�[�W�U�D�F�W�L�R�Q�� �Y�D�U�L�D�E�O�H�V�� �W�R�� �R�S�W�L�P�L�]�H�� �W�K�H��

�H�[�W�U�D�F�W�L�R�Q���S�U�R�F�H�V�V���X�V�L�Q�J���5�6�0�����P�X�O�W�L�S�O�H���H�[�W�U�D�F�W�L�R�Q�V���Z�H�U�H���S�H�U�I�R�U�P�H�G���E�\���Y�D�U�\�L�Q�J��

�R�Q�H���Y�D�U�L�D�E�O�H���D�W���D���W�L�P�H���Z�K�L�O�H���I�L�[�L�Q�J���W�K�H���R�W�K�H�U�V�����7�K�H���H�[�S�H�U�L�P�H�Q�W�D�O���Y�D�U�L�D�E�O�H�V���Z�H�U�H��

�W�H�P�S�H�U�D�W�X�U�H�����������• �±�������• �������U�H�D�F�W�L�R�Q���W�L�P�H���������±�������P�L�Q�������D�Q�G���6���/���U�D�W�L�R�������������±��������

�J���P�/������ �$�I�W�H�U�� �L�G�H�Q�W�L�I�\�L�Q�J�� �W�K�H�� �R�S�W�L�P�D�O�� �U�D�Q�J�H�V�� �R�I�� �W�K�H�� �H�[�W�U�D�F�W�L�R�Q�� �Y�D�U�L�D�E�O�H�V�²

�W�H�P�S�H�U�D�W�X�U�H�����7�����• �������U�H�D�F�W�L�R�Q���W�L�P�H�����W�����P�L�Q�������D�Q�G���6���/���U�D�W�L�R�����6���/�����J���P�/���² �W�K�U�R�X�J�K��

�D���V�L�Q�J�O�H���I�D�F�W�R�U���D�Q�D�O�\�V�L�V�����W�K�H���H�I�I�H�F�W�V���R�I���H�D�F�K���Y�D�U�L�D�E�O�H���D�Q�G���W�K�H�L�U���L�Q�W�H�U�D�F�W�L�R�Q���H�I�I�H�F�W�V��

�R�Q�� �W�K�H�� �7�3�&�V�� �R�I�� �W�K�H�� �H�[�W�U�D�F�W�V�� �Z�H�U�H�� �G�H�W�H�U�P�L�Q�H�G�� �X�V�L�Q�J�� �5�6�0���� �7�K�H�� �H�[�S�H�U�L�P�H�Q�W�D�O��

�G�H�V�L�J�Q�� �Z�D�V�� �E�D�V�H�G�� �R�Q�� �W�K�H�� �F�H�Q�W�U�D�O�� �F�R�P�S�R�V�L�W�H�� �G�H�V�L�J�Q�� �D�Q�G�� �F�R�P�S�U�L�V�H�G�� ������

�H�[�S�H�U�L�P�H�Q�W�D�O�� �S�R�L�Q�W�V���� �Z�L�W�K�� �I�L�Y�H�� �U�H�S�O�L�F�D�W�H�V�� �D�W�� �W�K�H�� �F�H�Q�W�H�U�� �S�R�L�Q�W���� �,�Q�� �W�K�H�� �H�[�W�U�D�F�W�L�R�Q��

�S�U�R�F�H�V�V���G�H�V�L�J�Q�����'�H�V�L�J�Q���(�[�S�H�U�W���V�W�D�W�L�V�W�L�F�D�O���V�R�I�W�Z�D�U�H�����9�H�U�V�L�R�Q���������������6�W�D�W���(�D�V�H���D�Q�G��

�0�L�Q�Q�H�D�S�R�O�L�V���� �0�1���� �8�6�$���� �Z�D�V�� �X�V�H�G�� �W�R�� �G�H�V�F�U�L�E�H�� �W�K�H�� �U�H�O�D�W�L�R�Q�V�K�L�S�� �E�H�W�Z�H�H�Q�� �W�K�H��
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�L�Q�G�H�S�H�Q�G�H�Q�W���Y�D�U�L�D�E�O�H�V���D�Q�G���W�K�H�L�U���U�H�V�S�R�Q�V�H�V�����7�D�E�O�H���������������7�K�H���H�[�S�H�U�L�P�H�Q�W�D�O���U�H�V�X�O�W�V��

�Z�H�U�H�� �D�Q�D�O�\�]�H�G�� �X�V�L�Q�J�� �W�K�H�� �T�X�D�G�U�D�W�L�F�� �P�R�G�H�O�� �G�H�V�F�U�L�E�H�G�� �L�Q�� �(�T���� ���������� �D�Q�G�� �R�Q�H���Z�D�\��

�D�Q�D�O�\�V�L�V�� �R�I�� �Y�D�U�L�D�Q�F�H�� ���$�1�2�9�$���� �Z�D�V�� �S�H�U�I�R�U�P�H�G�� �W�R�� �G�H�W�H�U�P�L�Q�H�� �W�K�H�� �P�R�G�H�O�¶�V��

�V�W�D�W�L�V�W�L�F�D�O���V�L�J�Q�L�I�L�F�D�Q�F�H�����O�D�F�N���R�I���I�L�W�����D�Q�G���U�H�J�U�H�V�V�L�R�Q���F�R�H�I�I�L�F�L�H�Q�W�V���I�R�U���H�D�F�K���W�H�U�P�����S������

�������������� 

�<��� ������������
Í ���L�; �L

��

�L��� ����
����
Í ���L�L

��

�L��� ����
�; �L

��������
Í 
Í ���L�L�; �L�; �M

��

�L�������M��� ����
������������ 

�Z�K�H�U�H�� �<�� �U�H�S�U�H�V�H�Q�W�V�� �W�K�H�� �U�H�V�S�R�Q�V�H�� �I�D�F�W�R�U���� �;�L�� �D�Q�G�� �;�M�� �U�H�S�U�H�V�H�Q�W�� �W�K�H��

�L�Q�G�H�S�H�Q�G�H�Q�W�� �I�D�F�W�R�U�V���� �D�Q�G���������� ���L�������L�L���� �D�Q�G�������E���D�U�H�� �F�R�H�I�I�L�F�L�H�Q�W�V�� �U�H�S�U�H�V�H�Q�W�L�Q�J�� �H�D�F�K��

�W�H�U�P���L�Q���W�K�H���P�R�G�H�O�� 
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Table 3.1. Central composite design with SWE conditions and experimentally obtained values of TPC 

Run �$�����7�H�P�S�H�U�D�W�X�U�H�����•�� B: Reaction time (min) C: S/L Ratio (g/mL) 
TPC (mg PGE/g) 

Predicted Actual 

1 150 40 0.025 13.1267 12.5198 
2 180 30 0.0375 26.3513 25.9218 
3 180 30 0.0375 26.3513 27.0582 
4 210 40 0.025 26.0972 25.4439 
5 150 40 0.05 15.2074 14.8759 
6 150 20 0.025 10.4872 10.5705 
7 210 40 0.05 24.4786 23.9139 
8 180 30 0.0375 26.3513 25.3817 
9 180 30 0.0375 26.3513 25.0104 
10 180 30 0.0375 263513 27.4210 
11 150 20 0.05 10.8854 11.0574 
12 210 20 0.025 26.7309 26.5810 
13 210 20 0.05 23.4298 23.5553 
14 222.42 30 0.0375 25.9669 26.6461 
15 180 15.86 0.0375 21.8576 21.4949 
16 180 30 0.019825 24.2893 25.0282 
17 180 30 0.055175 23.4265 23.6505 
18 137.58 30 0.0375 7.9278 8.2115 
19 180 44.14 0.0375 24.4653 25.7910 
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3.2.4. Pysicochemical properties 

3.2.4.1. Color and maillard reaction products 

�7�R���G�H�W�H�U�P�L�Q�H���W�K�H���F�R�O�R�U���R�I���2�6�(�����W�K�H���S�D�U�D�P�H�W�H�U�V���/�
�����D�
�����D�Q�G���E�
���Z�H�U�H���P�H�D�V�X�U�H�G��

�X�V�L�Q�J���D���F�R�O�R�U�L�P�H�W�H�U�����/�R�Y�L�E�R�Q�G���5�7���V�H�U�L�H�V�����7�K�H���7�L�Q�W�R�P�H�W�H�U���/�W�G�������$�P�H�V�E�X�U�\�����8�.������

�7�K�H���/�
���Y�D�O�X�H���U�D�Q�J�H�G���I�U�R�P�������W�R�������������L�Q�G�L�F�D�W�L�Q�J���W�K�H���O�L�J�K�W�Q�H�V�V���R�I���W�K�H���H�[�W�U�D�F�W�V�����Z�K�H�U�H��

�D�
���U�H�S�U�H�V�H�Q�W�V���U�H�G���W�R���J�U�H�H�Q���D�Q�G���E�
���U�H�S�U�H�V�H�Q�W�V���\�H�O�O�R�Z���W�R���E�O�X�H�����7�K�H���V�W�D�Q�G�D�U�G���S�O�D�W�H��

�Y�D�O�X�H�V���Z�H�U�H���I�R�X�Q�G���W�R���E�H���/�
��� �����������������D�
��� ���í�������������D�Q�G���E�
��� ���������������)�U�R�P���W�K�H�V�H�����W�K�H��

�F�K�U�R�P�D�� ���&�
�� � �� ������������ �D�Q�G�� �K�X�H�� �D�Q�J�O�H�� ���K�
�� � �� �������������ƒ���� �Z�H�U�H�� �F�D�O�F�X�O�D�W�H�G���� �$�O�O��

�P�H�D�V�X�U�H�P�H�Q�W�V���Z�H�U�H���F�R�Q�G�X�F�W�H�G���W�K�U�H�H���W�L�P�H�V�����D�Q�G���W�K�H���D�Y�H�U�D�J�H���Y�D�O�X�H���Z�D�V���U�H�S�R�U�W�H�G�� 

�7�K�H���8�9���D�E�V�R�U�E�D�Q�F�H���D�Q�G���E�U�R�Z�Q�L�Q�J���R�I���W�K�H���P�D�L�O�O�D�U�G���U�H�D�F�W�L�R�Q���S�U�R�G�X�F�W�V�����0�5�3�V����

�V�D�P�S�O�H�V�� �Z�H�U�H�� �G�H�W�H�U�P�L�Q�H�G�� �X�V�L�Q�J�� �S�U�H�Y�L�R�X�V�O�\�� �H�V�W�D�E�O�L�V�K�H�G�� �P�H�W�K�R�G�V�����3�D�U�N�� �H�W�� �D�O������

�������������� �(�D�F�K�� �K�\�G�U�R�O�\�V�D�W�H�� �Z�D�V�� �G�L�O�X�W�H�G�� �������I�R�O�G�� �Z�L�W�K�� �G�L�V�W�L�O�O�H�G�� �Z�D�W�H�U���� �D�Q�G��

�D�E�V�R�U�E�D�Q�F�H���Z�D�V���P�H�D�V�X�U�H�G���D�W�����������D�Q�G�����������Q�P���X�V�L�Q�J���D���6�\�Q�H�U�J�\���+�7���P�L�F�U�R�S�O�D�W�H��

�U�H�D�G�H�U�� ���%�L�R�7�H�N�� �,�Q�V�W�U�X�P�H�Q�W�V���� �:�L�Q�R�R�V�N�L���� �9�7���� �8�6�$������ �7�K�H�� �D�E�V�R�U�E�D�Q�F�H�� �U�D�W�L�R��

���$���������$���������� �Z�D�V�� �F�D�O�F�X�O�D�W�H�G�� �W�R�� �P�R�Q�L�W�R�U�� �W�K�H�� �F�R�Q�Y�H�U�V�L�R�Q�� �R�I�� �8�9���D�E�V�R�U�E�L�Q�J��

�F�R�P�S�R�X�Q�G�V���L�Q�W�R���E�U�R�Z�Q���S�R�O�\�P�H�U�V�� 

 

3.2.4.2. Monosaccharide analysis 

�7�K�H�� �P�R�Q�R�V�D�F�F�K�D�U�L�G�H�� �F�R�P�S�R�V�L�W�L�R�Q�� �R�I�� �2�6�(�� �Z�D�V�� �D�Q�D�O�\�]�H�G�� �X�V�L�Q�J�� �D�Q�� �L�R�Q��

�F�K�U�R�P�D�W�R�J�U�D�S�K�����,�&�6���������������'�L�R�Q�H�[�����8�6�$�����Z�L�W�K���S�X�O�V�H�G���D�P�S�H�U�R�P�H�W�U�L�F���G�H�W�H�F�W�L�R�Q��



- 78 - 

�H�T�X�L�S�S�H�G���Z�L�W�K���D���&�D�U�E�R�3�D�F���6�$�����*���F�R�O�X�P�Q���������P�P���î���������P�P�����'�L�R�Q�H�[�����8�6�$�������7�K�H��

�2�6�(���V�D�P�S�O�H�����������P�J�����Z�D�V���S�U�H�S�D�U�H�G���E�\���G�L�V�V�R�O�Y�L�Q�J�������P�/���R�I���������0���V�X�O�I�X�U�L�F���D�F�L�G��

�D�O�R�Q�J�� �Z�L�W�K�� ������ �P�/�� �R�I�� �Z�D�W�H�U���� �I�R�O�O�R�Z�H�G�� �E�\�� �K�\�G�U�R�O�\�V�L�V�� �D�W�� �������• ���I�R�U�� ���� �K���� �7�K�H��

�K�\�G�U�R�O�\�V�D�W�H�� �Z�D�V�� �W�K�H�Q�� �I�L�O�W�H�U�H�G�� �W�K�U�R�X�J�K�� �D�� ���������—�P�� �V�\�U�L�Q�J�H�� �I�L�O�W�H�U�� �E�H�I�R�U�H�� �+�3�/�&��

�D�Q�D�O�\�V�L�V���� �7�K�H�� �I�R�O�O�R�Z�L�Q�J�� �K�L�J�K�� �S�H�U�I�R�U�P�D�Q�F�H�� �O�L�T�X�L�G�� �F�K�U�R�P�D�W�R�J�U�D�S�K�\�� ���+�3�/�&����

�F�R�Q�G�L�W�L�R�Q�V���Z�H�U�H���X�V�H�G�����V�R�O�Y�H�Q�W���$�����G�H�L�R�Q�L�]�H�G���Z�D�W�H�U�������V�R�O�Y�H�Q�W���%�������������P�0���1�D�2�+������

���±�������P�L�Q�����������%�����������±�������P�L�Q���������±�����������%�����������±�������P�L�Q���������������%�����������±�������P�L�Q��

���������� �±�������%�����������±�������P�L�Q�����������%�������I�O�R�Z���U�D�W�H�������������P�/���P�L�Q�����L�Q�M�H�F�W�L�R�Q���Y�R�O�X�P�H����������

���/�� 

 

3.2.4.3. Sulfate content 

�7�K�H�� �V�X�O�I�D�W�H�� �F�R�Q�W�H�Q�W�� �R�I�� �2�6�(�� �Z�D�V�� �G�H�W�H�U�P�L�Q�H�G�� �W�X�U�E�L�G�L�P�H�W�U�L�F�D�O�O�\�� �X�V�L�Q�J�� �W�K�H��

�%�D�&�O�����J�H�O�D�W�L�Q�� �P�H�W�K�R�G�� �I�R�O�O�R�Z�L�Q�J�� �K�\�G�U�R�O�\�V�L�V�� �L�Q�� �������� �0�� �+�&�O���� �Z�L�W�K�� �V�O�L�J�K�W��

�P�R�G�L�I�L�F�D�W�L�R�Q�V���W�R���D���S�U�H�Y�L�R�X�V�O�\���H�V�W�D�E�O�L�V�K�H�G���S�U�R�F�H�G�X�U�H�����0�D�U�W�t�Q�H�]���6�D�Q�]���H�W���D�O������������������

�/�\�R�S�K�L�O�L�]�H�G���2�6�(���������P�J�����Z�D�V���K�\�G�U�R�O�\�]�H�G���L�Q�������P�/���R�I�������0���+�&�O���D�W���������• ���I�R�U�������K����

�$�I�W�H�U�� �F�R�R�O�L�Q�J���� �W�K�H�� �V�R�O�X�W�L�R�Q�� �Z�D�V�� �W�K�R�U�R�X�J�K�O�\�� �P�L�[�H�G�� �D�Q�G�� �I�L�O�W�H�U�H�G�� �W�K�U�R�X�J�K�� �I�L�O�W�H�U��

�S�D�S�H�U�� ���&�+�0�/�$�%�� �*�5�2�8�3���� �)�����������������������$�� �������� �P�/�� �S�R�U�W�L�R�Q�� �R�I�� �W�K�H�� �I�L�O�W�U�D�W�H�� �Z�D�V��

�W�U�D�Q�V�I�H�U�U�H�G���W�R���D���������P�/���W�X�E�H���F�R�Q�W�D�L�Q�L�Q�J�����������P�/���R�I���������W�U�L�F�K�O�R�U�R�D�F�H�W�L�F���D�F�L�G���D�Q�G������

�P�/�� �R�I�� �%�D�&�O�����J�H�O�D�W�L�Q�� �U�H�D�J�H�Q�W���� �7�K�H�� �P�L�[�W�X�U�H�� �Z�D�V�� �W�K�H�Q�� �Y�L�J�R�U�R�X�V�O�\�� �V�K�D�N�H�Q�� �D�Q�G��

�L�Q�F�X�E�D�W�H�G���D�W���U�R�R�P���W�H�P�S�H�U�D�W�X�U�H���I�R�U���������P�L�Q�����$�E�V�R�U�E�D�Q�F�H���Z�D�V���P�H�D�V�X�U�H�G���D�W�����������Q�P����

�$�� �E�O�D�Q�N�� �Z�D�V�� �S�U�H�S�D�U�H�G�� �X�V�L�Q�J�� �G�L�V�W�L�O�O�H�G�� �Z�D�W�H�U�� �I�R�O�O�R�Z�L�Q�J�� �W�K�H�� �V�D�P�H���S�U�R�F�H�G�X�U�H�����$��
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�F�D�O�L�E�U�D�W�L�R�Q�� �F�X�U�Y�H�� �Z�D�V�� �J�H�Q�H�U�D�W�H�G�� �X�V�L�Q�J�� �.���6�2���� �V�R�O�X�W�L�R�Q�V�� �D�W�� �F�R�Q�F�H�Q�W�U�D�W�L�R�Q�V��

�U�D�Q�J�L�Q�J���I�U�R�P�������������W�R�����������P�J���P�/�����D�S�S�U�R�[�L�P�D�W�H�O�\���������������±�������������P�J���6�2���ð�q���P�/������

�7�K�H���V�X�O�I�D�W�H���F�R�Q�W�H�Q�W���Z�D�V���F�D�O�F�X�O�D�W�H�G���D�Q�G���H�[�S�U�H�V�V�H�G���D�V���D���S�H�U�F�H�Q�W�D�J�H���U�H�O�D�W�L�Y�H���W�R���W�K�H��

�G�U�\���Z�H�L�J�K�W������ 

 

3.2.4.4. Molecular weight analysis 

�7�K�H�� �P�R�O�H�F�X�O�D�U�� �Z�H�L�J�K�W�� �R�I�� �2�6�(�� �Z�D�V�� �G�H�W�H�U�P�L�Q�H�G�� �X�V�L�Q�J�� �J�H�O�� �S�H�U�P�H�D�W�L�R�Q��

�F�K�U�R�P�D�W�R�J�U�D�S�K�\�����*�3�&�����+�3�/�&���8�O�W�L�P�D�W�H�����������5�,���6�\�V�W�H�P�����7�K�H�U�P�R���'�L�R�Q�H�[�����8�6�$������

�/�\�R�S�K�L�O�L�]�H�G���2�6�(���Z�D�V���G�L�V�V�R�O�Y�H�G���L�Q���G�H�L�R�Q�L�]�H�G���Z�D�W�H�U���D�W���������P�J���P�/�����7�K�H���V�R�O�X�W�L�R�Q��

�Z�D�V�� �W�K�H�Q���I�L�O�W�H�U�H�G�� �W�K�U�R�X�J�K�� �D�� �������������P�� �S�R�U�H�� �V�L�]�H�� �3�7�)�(���+�� �V�\�U�L�Q�J�H�� �I�L�O�W�H�U�� �D�Q�G��

�G�H�J�D�V�V�H�G���� �,�Q�� �W�K�H�� �*�3�&�� �S�U�R�J�U�D�P���� �W�K�H�� �L�Q�M�H�F�W�L�R�Q�� �Y�R�O�X�P�H�� �Z�D�V�� �V�H�W�� �W�R�� ���������/���� �D�Q�G�� �D��

�G�H�Y�H�O�R�S�P�H�Q�W���V�R�O�Y�H�Q�W���R�I�����������0���1�D�1�����L�Q���Z�D�W�H�U���D�W���D���I�O�R�Z���U�D�W�H���R�I�������P�/���P�L�Q���Z�D�V��

�X�V�H�G�����:�D�W�H�U���X�O�W�U�D�K�\�G�U�R�J�H�O���F�R�O�X�P�Q�V�����������������������D�Q�G�������������Z�H�U�H���F�R�Q�Q�H�F�W�H�G���L�Q���V�H�U�L�H�V����

�0�R�O�H�F�X�O�D�U���Z�H�L�J�K�W���Z�D�V���P�H�D�V�X�U�H�G���E�D�V�H�G���R�Q���W�K�H���F�D�O�L�E�U�D�W�L�R�Q���F�X�U�Y�H���R�I���W�K�H���S�X�O�O�X�O�D�Q��

�V�W�D�Q�G�D�U�G�� ������������ �î�� �������±���������� �î�� ���������J���P�R�O������ �7�K�H�� �U�H�V�X�O�W�V�� �Z�H�U�H�� �D�Q�D�O�\�]�H�G�� �X�V�L�Q�J��

�&�K�U�R�P�H�O�H�R�Q�����������H�[�S�D�Q�V�L�R�Q���S�D�F�N���V�R�I�W�Z�D�U�H�����7�K�H�U�P�R�����8�6�$���� 

 

3.2.4.5. Total phenolic contents and total flavonoids contents 

�7�K�H���W�R�W�D�O���S�K�H�Q�R�O�L�F���F�R�Q�W�H�Q�W�V�����7�3�&�����D�Q�G���W�R�W�D�O���I�O�D�Y�R�Q�R�L�G�V���F�R�Q�W�H�Q�W�V�����7�)�&�����R�I��

�2�6�(���Z�H�U�H���H�Y�D�O�X�D�W�H�G���X�V�L�Q�J���S�U�H�Y�L�R�X�V�O�\���U�H�S�R�U�W�H�G���P�H�W�K�R�G�V�����3�D�U�N���H�W���D�O�������������������Z�L�W�K��
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�V�R�P�H�� �P�R�G�L�I�L�F�D�W�L�R�Q�V���� �3�K�O�R�U�R�J�O�X�F�L�Q�R�O�� �D�Q�G�� �T�X�H�U�F�H�W�L�Q�� �Z�H�U�H�� �X�V�H�G�� �D�V���U�H�I�H�U�H�Q�F�H��

�U�H�D�J�H�Q�W�V���� �D�Q�G�� �7�3�&�� �D�Q�G�� �7�)�&�� �Z�H�U�H�� �H�[�S�U�H�V�V�H�G�� �D�V�� �P�L�O�O�L�J�U�D�P�V�� �R�I�� �S�K�O�R�U�R�J�O�X�F�L�Q�R�O��

�H�T�X�L�Y�D�O�H�Q�W�V���S�H�U���J�U�D�P���R�I���G�U�L�H�G���V�D�P�S�O�H�����P�J���3�*�(���J�����D�Q�G���P�L�O�O�L�J�U�D�P�V���R�I���T�X�H�U�F�H�W�L�Q��

�H�T�X�L�Y�D�O�H�Q�W�V���S�H�U���J�U�D�P���R�I���G�U�L�H�G���V�D�P�S�O�H�����P�J���4�(���J�������U�H�V�S�H�F�W�L�Y�H�O�\�� 

 

3.2.4.6. Total sugar contents and reducins sugar contents 

�7�K�H���W�R�W�D�O���V�X�J�D�U���F�R�Q�W�H�Q�W�V�����7�6�&�����D�Q�G���U�H�G�X�F�L�Q�J���V�X�J�D�U���F�R�Q�W�H�Q�W�V�����5�6�&�����R�I���2�6�(��

�Z�H�U�H���D�V�V�H�V�V�H�G���X�V�L�Q�J���S�U�H�Y�L�R�X�V�O�\���U�H�S�R�U�W�H�G���P�H�W�K�R�G�V�����3�D�U�N���H�W���D�O���������������������*�O�X�F�R�V�H��

�V�H�U�Y�H�G�� �D�V�� �W�K�H�� �V�W�D�Q�G�D�U�G�� �U�H�D�J�H�Q�W���� �W�K�H�� �U�H�V�X�O�W�V�� �Z�H�U�H�� �H�[�S�U�H�V�V�H�G�� �D�V�� �P�L�O�O�L�J�U�D�P�V�� �R�I��

�J�O�X�F�R�V�H���S�H�U���J�U�D�P���R�I���G�U�L�H�G���V�D�P�S�O�H�����P�J���J�O�X�F�R�V�H���J���� 

 

3.2.4.7. GC-MS 

3.2.4.7.1. ���6�D�P�S�O�H���S�U�H�S�D�U�D�W�L�R�Q 

�)�R�U�� �*�&�±�0�6�� �D�Q�D�O�\�V�L�V���� ���� �P�J���P�/�� �2�6�(�� �Z�D�V�� �G�L�V�V�R�O�Y�H�G�� �L�Q�� �+�3�/�&���J�U�D�G�H��

�P�H�W�K�D�Q�R�O�����7�K�H���V�R�O�X�W�L�R�Q���Z�D�V���Y�R�U�W�H�[�H�G���I�R�U�������P�L�Q�����D�Q�G���W�K�H���H�[�W�U�D�F�W���Z�D�V���I�L�O�W�H�U�H�G��

�W�K�U�R�X�J�K���D�������������/���I�L�O�W�H�U�����6�X�E�V�H�T�X�H�Q�W�O�\���������P�/���R�I���W�K�H���H�[�W�U�D�F�W�������������J���P�/�����Z�D�V��

�S�O�D�F�H�G�� �L�Q�� �W�K�H�� �F�R�U�U�H�V�S�R�Q�G�L�Q�J�� �*�&�� �Y�L�D�O�� �I�R�U�� �D�Q�D�O�\�V�L�V���� �0�H�W�K�D�Q�R�O�� �Z�D�V�� �W�K�H�Q��

�F�R�P�S�O�H�W�H�O�\���H�Y�D�S�R�U�D�W�H�G���X�V�L�Q�J���1�����J�D�V�����7�K�H���V�D�P�S�O�H���X�Q�G�H�U�Z�H�Q�W���G�H�U�L�Y�D�W�L�]�D�W�L�R�Q��

�Z�L�W�K�����������/���S�\�U�L�G�L�Q�H���D�Q�G�����������/���%�6�7�)�$�����7�0�&�6�����������������D�Q�G���Z�D�V���L�Q�F�X�E�D�W�H�G���D�W��

�����• ���I�R�U���������P�L�Q�����D�Q�G���������/���R�I���W�K�H���G�H�U�L�Y�D�W�L�]�H�G���V�D�P�S�O�H���Z�D�V���X�V�H�G���I�R�U���*�&�±�0�6��

�D�Q�D�O�\�V�L�V�� 
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3.2.4.7.2. ���$�Q�D�O�\�V�L�V 

�7�K�H���*�&�±�0�6���P�H�D�V�X�U�H�P�H�Q�W���Z�D�V���D�F�F�R�P�S�O�L�V�K�H�G���E�\���D���6�K�L�P�D�G�]�X���H�T�X�L�S�P�H�Q�W��

�I�X�U�Q�L�V�K�H�G�� �Z�L�W�K�� �6�K�L�P�D�G�]�X�� ���*�&�0�6���4�3������������ �1�;���� �6�K�L�P�D�G�]�X�� �&�R�U�S�R�U�D�W�L�R�Q����

�.�\�R�W�R�����-�D�S�D�Q�������H�O�H�F�W�U�R�Q���L�P�S�D�F�W���L�R�Q�L�]�D�W�L�R�Q�����D�Q�G���V�L�Q�J�O�H���T�X�D�G�U�X�S�O�H���P�D�V�V�����D�Q�G��

�G�D�W�D���Z�H�U�H���D�F�T�X�L�U�H�G���E�\���*�&�0�6���V�R�O�X�W�L�R�Q�����Y�������������V�R�I�W�Z�D�U�H�����F�R�O�X�P�Q�����'�%�����0�6����

�G�L�P�H�Q�V�L�R�Q�V�����������P���O�H�Q�J�W�K���î�������������P�P���,�'���î���������������P���I�L�O�P���W�K�L�F�N�Q�H�V�V�����������• ��

�L�Q�M�H�F�W�L�R�Q���W�H�P�S�H�U�D�W�X�U�H�����������&���S�U�L�P�D�U�\���W�H�P�S�H�U�D�W�X�U�H���I�R�U�������P�L�Q���K�R�O�G���W�L�P�H�����������±��

�������• ���U�D�P�S���W�H�P�S�H�U�D�W�X�U�H���I�R�U�������P�L�Q���K�R�O�G���W�L�P�H�����D�Q�G�����±�������• ���U�D�P���W�H�P�S�H�U�D�W�X�U�H��

�I�R�U�������P�L�Q���K�R�O�G���W�L�P�H�����������P�L�Q���W�R�W�D�O���U�X�Q���W�L�P�H�������+�H�O�L�X�P���Z�D�V���X�V�H�G���D�V���W�K�H���F�D�U�U�L�H�U��

�J�D�V���� �W�K�H�� �I�O�R�Z�� �U�D�W�H���Z�D�V�� �������� �P�/���P�L�Q���� �W�K�H�� �V�S�O�L�W�� �U�D�W�L�R�� �Z�D�V�� ������ �R�U������������ �D�� �������/��

�V�D�P�S�O�H�� �Z�D�V�� �L�Q�M�H�F�W�H�G���� �D�Q�G�� �W�K�H�� �V�F�D�Q�� �P�D�V�V�� �U�D�Q�J�H�� �Z�D�V�� �P���]�� �����±���������� �Z�L�W�K��

�S�R�V�L�W�L�Y�H���S�R�O�D�U�L�W�\�����7�K�H���U�H�V�X�O�W�L�Q�J���V�S�H�F�W�U�D���Z�H�U�H���F�R�P�S�D�U�H�G���Z�L�W�K���W�K�R�V�H���R�I���N�Q�R�Z�Q��

�F�R�P�S�R�X�Q�G�V���L�Q���W�K�H���:�L�O�H�\���5�H�J�L�V�W�U�\�Š�������W�K���(�G�L�W�L�R�Q���1�,�6�7�������������0�D�V�V���6�S�H�F�W�U�D�O��

�/�L�E�U�D�U�\�������������������1�,�6�7���������������������� 

 

3.2.4.8. UPLC-ESI-QTOF-MS/MS analysis 

�7�R���P�D�S���W�K�H���F�R�P�S�U�H�K�H�Q�V�L�Y�H���S�K�H�Q�R�O�L�F���S�U�R�I�L�O�L�Q�J���R�I���2�6�(�����8�3�/�&�±�(�6�,�±�4�7�2�)��

�0�6���0�6���D�Q�D�O�\�V�L�V���Z�D�V���S�H�U�I�R�U�P�H�G���X�V�L�Q�J���D�Q���$�&�4�8�,�7�<���,���&�/�$�6�6���8�3�/�&���H�T�X�L�S�S�H�G��

�Z�L�W�K�� �D�� �6�\�Q�D�S�W���;�6�� �4�7�2�)���0�6���0�6�� ���:�D�W�H�U�V�� �&�R�U�S�R�U�D�W�L�R�Q���� �0�L�O�I�R�U�G���� �0�$���� �8�Q�L�W�H�G��

�6�W�D�W�H�V������ �6�H�S�D�U�D�W�L�R�Q�� �Z�D�V�� �D�F�K�L�H�Y�H�G�� �X�V�L�Q�J�� �D�� �:�D�W�H�U�V�� �%�(�+�� �&�������F�K�U�R�P�D�W�R�J�U�D�S�K�\��

�F�R�O�X�P�Q�� ���������×�P�P�×�î�×�������×�P�P�� �,�'���� �������� ���P�� �S�D�U�W�L�F�O�H�� �V�L�]�H���� �:�D�W�H�U�V�� �&�R�U�S�R�U�D�W�L�R�Q����
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�0�L�O�I�R�U�G�����0�$�����8�Q�L�W�H�G���6�W�D�W�H�V�������$�O�L�T�X�R�W�V�������×���/�����R�I���H�D�F�K���V�D�P�S�O�H���Z�H�U�H���L�Q�M�H�F�W�H�G���D�W���D��

�������×�P�/���P�L�Q���I�O�R�Z���U�D�W�H�����7�K�H���P�R�E�L�O�H���S�K�D�V�H�V���Z�H�U�H�����$���������������I�R�U�P�L�F���D�F�L�G���L�Q���Z�D�W�H�U��

�D�Q�G�� ���%���� ���������� �I�R�U�P�L�F�� �D�F�L�G�� �L�Q�� �D�F�H�W�R�Q�L�W�U�L�O�H���� �D�Q�G�� �D�� �J�U�D�G�L�H�Q�W�� �S�U�R�I�L�O�H�� �Z�D�V�� �X�V�H�G�� �D�V��

�I�R�O�O�R�Z�V���������±���������%�������±�������P�L�Q�������������±�����������%���������±�������P�L�Q�����������������%���������±������

�P�L�Q���������������±�������%���������±�������������P�L�Q�������D�Q�G���������%���������������±�������P�L�Q�������'�H�W�H�F�W�L�R�Q���Z�D�V��

�S�H�U�I�R�U�P�H�G���X�V�L�Q�J���D���6�\�Q�D�S�W���;�6���4�7�2�)���0�6���V�\�V�W�H�P�����:�D�W�H�U�V���&�R�U�S�R�U�D�W�L�R�Q�����0�L�O�I�R�U�G����

�0�$���� �8�Q�L�W�H�G�� �6�W�D�W�H�V������ �(�O�H�F�W�U�R�V�S�U�D�\�� �L�R�Q�L�]�D�W�L�R�Q�� �Z�D�V�� �S�H�U�I�R�U�P�H�G�� �L�Q�� �Q�H�J�D�W�L�Y�H��

�L�R�Q�L�]�D�W�L�R�Q���P�R�G�H���Z�L�W�K���W�K�H���I�R�O�O�R�Z�L�Q�J���S�D�U�D�P�H�W�H�U�V�����������• ���V�R�X�U�F�H���W�H�P�S�H�U�D�W�X�U�H�����������• ��

�G�H�V�R�O�Y�D�W�L�R�Q���W�H�P�S�H�U�D�W�X�U�H���� ���������N�9���F�D�S�L�O�O�D�U�\�� �Y�R�O�W�D�J�H���� ������ �V�D�P�S�O�L�Q�J���F�R�Q�H�V���� �������/���K��

�F�R�Q�H���J�D�V���I�O�R�Z���U�D�W�H�����D�Q�G�����������/���K���G�H�V�R�O�Y�D�W�L�R�Q���J�D�V�����1�������I�O�R�Z���U�D�W�H�����$�U�J�R�Q���Z�D�V���X�V�H�G��

�D�V���F�R�O�O�L�V�L�R�Q���J�D�V���� �D�Q�G�� �1�����Z�D�V�� �X�V�H�G�� �D�V�� �W�K�H�� �Q�H�E�X�O�L�]�H�U�� �D�Q�G�� �G�H�V�R�O�Y�D�W�L�R�Q�� �J�D�V���� �'�D�W�D��

�Z�H�U�H�� �D�F�T�X�L�U�H�G�� �I�R�U�� �D�� �P�D�V�V�� �V�F�D�Q�� �U�D�Q�J�H�� �R�I�� �P���]�� �����±�����������×�'�D�� �L�Q�� �U�H�V�R�O�X�W�L�R�Q�� �P�R�G�H��

�Z�L�W�K�� �D�� ���������V�� �V�F�D�Q�� �W�L�P�H���� �3�D�U�W�L�F�X�O�D�U�O�\���� �W�K�H�� �G�D�W�D���Z�H�U�H�� �D�F�T�X�L�U�H�G�� �L�Q�� �0�6�(�� �P�R�G�H���� �L�Q��

�Z�K�L�F�K���W�K�H���L�Q�V�W�U�X�P�H�Q�W���V�Z�L�W�F�K�H�V���E�H�W�Z�H�H�Q���W�Z�R���H�Q�H�U�J�\���F�K�D�Q�Q�H�O�V�² �D�W���O�R�Z���F�R�O�O�L�V�L�R�Q��

�H�Q�H�U�J�\���Z�L�W�K�������H�9���D�Q�G���K�L�J�K���H�Q�H�U�J�\���Z�L�W�K���U�D�P�S�������±�������H�9�² �I�R�U���D���P�D�V�V���U�D�Q�J�H���R�I��

�P���]�� �����±������������ �'�D���W�R���R�E�W�D�L�Q���S�U�H�F�X�U�V�R�U���D�Q�G���S�U�R�G�X�F�W���L�R�Q���L�Q�I�R�U�P�D�W�L�R�Q���L�Q���V�H�S�D�U�D�W�H��

�V�S�H�F�W�U�D�� �E�X�W�� �Z�L�W�K�L�Q�� �D�� �V�L�Q�J�O�H�� �D�F�T�X�L�V�L�W�L�R�Q���� �$�Q�� �H�[�W�H�U�Q�D�O�� �U�H�I�H�U�H�Q�F�H�² �O�H�X�F�L�Q�H�±

�H�Q�N�H�S�K�D�O�L�Q�² �D�W�� �D�� �F�R�Q�F�H�Q�W�U�D�W�L�R�Q�� �R�I�� �������×�S�J�������/�� �L�Q�� �D�F�H�W�R�Q�L�W�U�L�O�H���� �Z�D�W�H�U�� ������������

�Y���Y���×���×�����������I�R�U�P�L�F���D�F�L�G���Z�D�V���D�X�W�R�P�D�W�L�F�D�O�O�\���L�Q�I�X�V�H�G���D�W���D���U�D�W�H���R�I�������×���/���P�L�Q���Y�L�D���D��

�/�R�F�N�6�S�U�D�\�� �F�K�D�Q�Q�H�O�� �W�K�U�R�X�J�K�� �W�K�H�� �U�H�I�H�U�H�Q�F�H�� �O�R�F�N�� �P�D�V�V�� �V�S�U�D�\�H�U�� ���>�0�í�+�@�í���� �P���]��

���������������������� �$�F�F�X�U�D�W�H�� �P�D�V�V�� �D�Q�G�� �H�O�H�P�H�Q�W�D�O�� �F�R�P�S�R�V�L�W�L�R�Q�� �Z�H�U�H�� �F�D�O�F�X�O�D�W�H�G�� �X�V�L�Q�J��

�0�D�V�V�/�\�Q�[�� �V�R�I�W�Z�D�U�H�� ���:�D�W�H�U�V�� �&�R�U�S�R�U�D�W�L�R�Q���� �0�L�O�I�R�U�G���� �0�$���� �8�Q�L�W�H�G�� �6�W�D�W�H�V����
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�L�Q�F�R�U�S�R�U�D�W�H�G���L�Q���W�K�H���L�Q�V�W�U�X�P�H�Q�W�����0�6���0�6���D�Q�D�O�\�V�L�V���Z�D�V���S�H�U�I�R�U�P�H�G���E�\���W�U�D�Q�V�I�H�U�U�L�Q�J��

�W�K�H�� �G�D�W�D�E�D�V�H�� �I�U�R�P�� �S�K�H�Q�R�O���H�[�S�O�R�U�H�U�� �Y�H�U�V�L�R�Q�� �����������3�K�H�Q�R�O���(�[�S�O�R�U�H�U�����������������W�R��

�8�1�,�)�,���Y�����������6�F�L�H�Q�W�L�I�L�F���,�Q�I�R�U�P�D�W�L�R�Q���6�\�V�W�H�P�V�����:�D�W�H�U�V���&�R�U�S�R�U�D�W�L�R�Q�����0�L�O�I�R�U�G�����0�$����

�8�Q�L�W�H�G�� �6�W�D�W�H�V������ �'�D�W�D�� �D�F�T�X�L�V�L�W�L�R�Q�� �D�Q�G�� �S�U�R�F�H�V�V�L�Q�J�� �Z�H�U�H�� �S�H�U�I�R�U�P�H�G�� �X�V�L�Q�J��

�0�D�V�V�/�\�Q�[�����������V�R�I�W�Z�D�U�H�� 

 

3.2.4.9. NMR spectroscopy 

���+�� �1�0�5�� �V�S�H�F�W�U�R�V�F�R�S�\�� �Z�D�V�� �F�R�Q�G�X�F�W�H�G���X�V�L�Q�J�� �D�� �)�R�X�U�L�H�U���W�U�D�Q�V�I�R�U�P�� �Q�X�F�O�H�D�U��

�P�D�J�Q�H�W�L�F���U�H�V�R�Q�D�Q�F�H���V�S�H�F�W�U�R�P�H�W�H�U�����)�7���1�0�5�����������0�+�]�����-�1�0���(�&�3�������������-�(�2�/����

�-�D�S�D�Q�������)�R�U���1�0�5���D�Q�D�O�\�V�L�V�����V�D�P�S�O�H�V���Z�H�U�H���S�U�H�S�D�U�H�G���E�\���G�L�V�V�R�O�Y�L�Q�J���������P�J���R�I���2�6�(��

�L�Q�������P�/���R�I���G�L�P�H�W�K�\�O���V�X�O�I�R�[�L�G�H���G���� 

 

3.2.5. Biological activities 

3.2.5.1. Antioxidant activity  

�7�K�H���D�Q�W�L�R�[�L�G�D�Q�W���D�F�W�L�Y�L�W�L�H�V���R�I���W�K�H���2�6�(���Z�H�U�H���H�Y�D�O�X�D�W�H�G���X�V�L�Q�J���$�%�7�6�������'�3�3�+��

�D�Q�G���)�5�$�3���D�V�V�D�\�V���Z�L�W�K���V�O�L�J�K�W���P�R�G�L�I�L�F�D�W�L�R�Q�V���W�R���S�U�H�Y�L�R�X�V�O�\���H�V�W�D�E�O�L�V�K�H�G���P�H�W�K�R�G�V��

���3�D�U�N���H�W���D�O���������������������)�R�U���W�K�H���$�%�7�6�����D�V�V�D�\�����D�E�V�R�U�E�D�Q�F�H���Z�D�V���P�H�D�V�X�U�H�G���D�W�����������Q�P����

�Z�K�L�O�H���I�R�U���W�K�H���'�3�3�+���D�Q�G���)�5�$�3���D�V�V�D�\�V�����P�H�D�V�X�U�H�P�H�Q�W�V���Z�H�U�H���W�D�N�H�Q���D�W�����������Q�P���D�Q�G��

�������� �Q�P���� �U�H�V�S�H�F�W�L�Y�H�O�\�� �X�V�L�Q�J�� �D�� �6�\�Q�H�U�J�\�� �+�7�� �P�L�F�U�R�S�O�D�W�H�� �U�H�D�G�H�U�� ���%�L�R�7�H�N��

�,�Q�V�W�U�X�P�H�Q�W�V�����:�L�Q�R�R�V�N�L�����9�7�����8�6�$�������7�U�R�O�R�[���Z�D�V���X�V�H�G���D�V���W�K�H���U�H�I�H�U�H�Q�F�H���V�W�D�Q�G�D�U�G����

�D�Q�G�� �W�K�H�� �U�H�V�X�O�W�V�� �Z�H�U�H�� �H�[�S�U�H�V�V�H�G�� �D�V�� �,�&�������Y�D�O�X�H�V���� �U�H�S�U�H�V�H�Q�W�L�Q�J�� �W�K�H�� �F�R�Q�F�H�Q�W�U�D�W�L�R�Q��
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�U�H�T�X�L�U�H�G�� �W�R�� �L�Q�K�L�E�L�W�� �������� �R�I�� �W�K�H�� �U�D�G�L�F�D�O�V���� �7�K�H�� �,�&�������Y�D�O�X�H�V�� �I�R�U�� �H�D�F�K�� �D�V�V�D�\�� �Z�H�U�H��

�G�H�W�H�U�P�L�Q�H�G���X�V�L�Q�J���W�K�H���I�R�O�O�R�Z�L�Q�J���I�R�U�P�X�O�D�� 

�$�Q�W�L�R�[�L�G�D�Q�W���D�F�W�L�Y�L�W�\����������� �����$�E�O�D�Q�N���í�����$�V�D�P�S�O�H���í���$�E�D�F�N�J�U�R�X�Q�G�������$�E�O�D�Q�N���î������������������������ 

�Z�K�H�U�H���$�E�O�D�Q�N�����$�E�D�F�N�J�U�R�X�Q�G���� �D�Q�G���$�V�D�P�S�O�H���F�R�U�U�H�V�S�R�Q�G�� �W�R�� �W�K�H�� �D�E�V�R�U�E�D�Q�F�H�� �R�I�� �W�K�H��

�E�O�D�Q�N���F�R�Q�W�U�R�O�����E�D�F�N�J�U�R�X�Q�G���F�R�Q�W�U�R�O�����D�Q�G���V�D�P�S�O�H�����U�H�V�S�H�F�W�L�Y�H�O�\�� 

 

3.2.5.2. Antihypertensive activity 

�7�K�H���$�&�(�� �L�Q�K�L�E�L�W�R�U�\�� �D�F�W�L�Y�L�W�\�� �R�I�� �2�6�(�� �Z�D�V�� �G�H�W�H�U�P�L�Q�H�G�� �X�V�L�Q�J�� �W�K�H���$�&�(�� �N�L�W��

�:�6�7�� ���'�R�M�L�Q�G�R�� �0�R�O�H�F�X�O�D�U�� �7�H�F�K�Q�R�O�R�J�L�H�V���� �,�Q�F������ �7�R�N�\�R���� �-�D�S�D�Q���� ���'�R�M�L�Q�G�R��

�/�D�E�R�U�D�W�R�U�L�H�V�� �&�2������ ���������������7�R�� �S�H�U�I�R�U�P�� �W�K�H�� �D�V�V�D�\���� ������ �—�/�� �R�I�� �W�K�H�� �V�D�P�S�O�H���V�R�O�X�W�L�R�Q��

�Z�D�V�� �D�G�G�H�G�� �W�R�� �G�H�V�L�J�Q�D�W�H�G�� �Z�H�O�O�V�� �L�Q�� �D�� ������ �Z�H�O�O�� �P�L�F�U�R�S�O�D�W�H���� �)�R�U�� �W�K�H�� �E�O�D�Q�N���� �D�Q�G��

�E�O�D�Q�N�����F�R�Q�W�U�R�O�V���� ������ �—�/���R�I���G�H�L�R�Q�L�]�H�G���Z�D�W�H�U���Z�D�V�� �D�G�G�H�G���W�R���W�K�H���U�H�V�S�H�F�W�L�Y�H�� �Z�H�O�O�V����

�6�X�E�V�H�T�X�H�Q�W�O�\�����������—�/���R�I���V�X�E�V�W�U�D�W�H���E�X�I�I�H�U���Z�D�V���D�G�G�H�G���W�R���H�D�F�K���V�D�P�S�O�H���Z�H�O�O���D�Q�G���W�R��

�W�K�H���E�O�D�Q�N�����D�Q�G���E�O�D�Q�N�����Z�H�O�O�V�����:�H���D�O�V�R���D�G�G�H�G���D�Q���D�G�G�L�W�L�R�Q�D�O���������—�/���R�I���G�H�L�R�Q�L�]�H�G��

�Z�D�W�H�U���W�R���W�K�H���E�O�D�Q�N�����Z�H�O�O�V�����$�I�W�H�U�Z�D�U�G�����������—�/���R�I���W�K�H���H�Q�]�\�P�H���Z�R�U�N�L�Q�J���V�R�O�X�W�L�R�Q���Z�D�V��

�D�G�G�H�G���W�R���D�O�O���V�D�P�S�O�H���D�Q�G���E�O�D�Q�N�����Z�H�O�O�V�����D�Q�G���W�K�H���S�O�D�W�H���Z�D�V���L�Q�F�X�E�D�W�H�G���D�W�������• ���I�R�U������

�K�����)�R�O�O�R�Z�L�Q�J���L�Q�F�X�E�D�W�L�R�Q�������������—�/���R�I���W�K�H���L�Q�G�L�F�D�W�R�U���Z�R�U�N�L�Q�J���V�R�O�X�W�L�R�Q���Z�D�V���D�G�G�H�G���W�R��

�H�D�F�K�� �Z�H�O�O���� �D�Q�G�� �W�K�H�� �S�O�D�W�H�� �Z�D�V�� �L�Q�F�X�E�D�W�H�G�� �D�W�� �U�R�R�P�� �W�H�P�S�H�U�D�W�X�U�H�� �I�R�U�� ������ �P�L�Q���� �7�K�H��

�D�E�V�R�U�E�D�Q�F�H�� �Z�D�V�� �P�H�D�V�X�U�H�G�� �D�W�� �������� �Q�P�� �X�V�L�Q�J�� �D�� �P�L�F�U�R�S�O�D�W�H�� �U�H�D�G�H�U�� ���%�L�R�7�H�N��

�,�Q�V�W�U�X�P�H�Q�W�V�����:�L�Q�R�R�V�N�L�����9�7�����8�6�$�������7�K�H���$�&�(���L�Q�K�L�E�L�W�R�U�\���D�F�W�L�Y�L�W�\���Z�D�V���F�D�O�F�X�O�D�W�H�G��

�D�Q�G���H�[�S�U�H�V�V�H�G���D�V���,�&�������Y�D�O�X�H�V�����U�H�S�U�H�V�H�Q�W�L�Q�J���W�K�H���F�R�Q�F�H�Q�W�U�D�W�L�R�Q���U�H�T�X�L�U�H�G���W�R���L�Q�K�L�E�L�W��
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���������R�I���$�&�(���D�F�W�L�Y�L�W�\�����X�V�L�Q�J���W�K�H���I�R�O�O�R�Z�L�Q�J���I�R�U�P�X�O�D�� 

�$�&�(���L�Q�K�L�E�L�W�R�U�\���D�F�W�L�Y�L�W�\����������� �����$�E�O�D�Q�N�����í�����$�V�D�P�S�O�H���í���$�E�D�F�N�J�U�R�X�Q�G���������$�E�O�D�Q�N�����í���$�E�O�D�Q�N������

�î�������������������� 

�Z�K�H�U�H�� �$�E�O�D�Q�N�����L�V�� �W�K�H�� �D�E�V�R�U�E�D�Q�F�H�� �R�I�� �W�K�H�� �S�R�V�L�W�L�Y�H�� �F�R�Q�W�U�R�O�� �Z�L�W�K�R�X�W�� �$�&�(��

�L�Q�K�L�E�L�W�L�R�Q���� �$�E�O�D�Q�N���� �L�V�� �W�K�H�� �D�E�V�R�U�E�D�Q�F�H�� �R�I�� �W�K�H�� �U�H�D�J�H�Q�W�� �E�O�D�Q�N���� �$�E�D�F�N�J�U�R�X�Q�G�� �W�K�H��

�D�E�V�R�U�E�D�Q�F�H���X�V�L�Q�J���G�L�V�W�L�O�O�H�G���Z�D�W�H�U���L�Q�V�W�H�D�G���R�I���H�Q�]�\�P�H���D�Q�G���L�Q�G�L�F�D�W�R�U���L�Q���W�K�H���V�D�P�S�O�H����

�D�Q�G���$�����L�V���W�K�H���V�D�P�S�O�H���D�E�V�R�U�E�D�Q�F�H�� 

 

3.2.5.3. �.-Glucosidase inhibitory activity 

�7�K�H���.���J�O�X�F�R�V�L�G�D�V�H�� �L�Q�K�L�E�L�W�R�U�\�� �D�F�W�L�Y�L�W�\�� �R�I�� �2�6�(�� �Z�D�V�� �H�Y�D�O�X�D�W�H�G�� �I�R�O�O�R�Z�L�Q�J�� �D��

�S�U�H�Y�L�R�X�V�O�\�� �G�H�V�F�U�L�E�H�G�� �P�H�W�K�R�G�� �Z�L�W�K�� �V�O�L�J�K�W�� �P�R�G�L�I�L�F�D�W�L�R�Q�V�����3�D�U�N�� �H�W�� �D�O������ ��������������

�9�D�U�L�R�X�V���F�R�Q�F�H�Q�W�U�D�W�L�R�Q�V���R�I���W�K�H���2�6�(���V�D�P�S�O�H���V�R�O�X�W�L�R�Q�������±�������P�J���P�/�����Z�H�U�H���P�L�[�H�G��

�Z�L�W�K���������—�/���R�I���S�R�W�D�V�V�L�X�P���S�K�R�V�S�K�D�W�H���E�X�I�I�H�U�������������P�0�����S�+�������������D�Q�G���������—�/���R�I���.��

�J�O�X�F�R�V�L�G�D�V�H���H�Q�]�\�P�H���V�R�O�X�W�L�R�Q������������ �8���P�/���� �L�Q���D���������Z�H�O�O���S�O�D�W�H�����7�K�H���P�L�[�W�X�U�H�� �Z�D�V��

�S�U�H���L�Q�F�X�E�D�W�H�G�� �D�W�� �����• ���I�R�U�� ������ �P�L�Q���� �$�I�W�H�U�� �S�U�H���L�Q�F�X�E�D�W�L�R�Q���� �������� �—�/�� �R�I�� �S�1�3�*��

�V�R�O�X�W�L�R�Q���������P�0�����Z�D�V���D�G�G�H�G�����D�Q�G���W�K�H���U�H�D�F�W�L�R�Q���S�U�R�F�H�H�G�H�G���I�R�U���D�Q�R�W�K�H�U���������P�L�Q�����7�K�H��

�U�H�D�F�W�L�R�Q���Z�D�V���W�K�H�Q���V�W�R�S�S�H�G���E�\���D�G�G�L�Q�J�����������—�/���R�I���1�D���&�2�����V�R�O�X�W�L�R�Q�������������0�������7�K�H��

�D�E�V�R�U�E�D�Q�F�H���Z�D�V���P�H�D�V�X�U�H�G���D�W�����������Q�P���X�V�L�Q�J���D�F�D�U�E�R�V�H���D�V���W�K�H���U�H�I�H�U�H�Q�F�H���V�W�D�Q�G�D�U�G����

�$�O�O���U�H�D�J�H�Q�W�V���D�Q�G���V�D�P�S�O�H�V���Z�H�U�H���S�U�H�S�D�U�H�G���X�V�L�Q�J���S�R�W�D�V�V�L�X�P���S�K�R�V�S�K�D�W�H���E�X�I�I�H�U������������

�P�0�����S�+���������������%�O�D�Q�N�V�����Z�L�W�K�R�X�W���H�Q�]�\�P�H�����D�Q�G���E�D�F�N�J�U�R�X�Q�G���F�R�Q�W�U�R�O�V���Z�H�U�H���L�Q�F�O�X�G�H�G��

�L�Q�� �W�K�H�� �D�Q�D�O�\�V�L�V���� �7�K�H���.���J�O�X�F�R�V�L�G�D�V�H�� �L�Q�K�L�E�L�W�R�U�\�� �D�F�W�L�Y�L�W�\�� �Z�D�V�� �H�[�S�U�H�V�V�H�G�� �D�V�� �,�&������
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�Y�D�O�X�H�V���� �U�H�S�U�H�V�H�Q�W�L�Q�J�� �W�K�H�� �F�R�Q�F�H�Q�W�U�D�W�L�R�Q�� �R�I�� �2�6�(�� �U�H�T�X�L�U�H�G�� �W�R�� �L�Q�K�L�E�L�W�� �������� �R�I�� �W�K�H��

�H�Q�]�\�P�H���D�F�W�L�Y�L�W�\�� 

�.���*�O�X�F�R�V�L�G�D�V�H���L�Q�K�L�E�L�W�L�R�Q���U�D�W�H����������� �������±�����$�V�D�P�S�O�H���±���$�E�D�F�N�J�U�R�X�Q�G�����$�E�O�D�Q�N�����[������������������������ 

�,�Q�� �W�K�L�V�� �D�V�V�D�\�����$�V�D�P�S�O�H���U�H�S�U�H�V�H�Q�W�V�� �W�K�H�� �D�E�V�R�U�E�D�Q�F�H�� �R�I�� �W�K�H�� �V�D�P�S�O�H�����$�E�D�F�N�J�U�R�X�Q�G��

�U�H�S�U�H�V�H�Q�W�V�� �W�K�H�� �D�E�V�R�U�E�D�Q�F�H�� �R�I�� �W�K�H�� �U�H�D�J�H�Q�W�V�� �D�O�R�Q�H���� �D�Q�G�� �$�E�O�D�Q�N���U�H�S�U�H�V�H�Q�W�V�� �W�K�H��

�D�E�V�R�U�E�D�Q�F�H���R�I���W�K�H���D�E�V�H�Q�F�H���R�I���E�R�W�K���W�K�H���V�D�P�S�O�H���D�Q�G���W�K�H���L�Q�K�L�E�L�W�R�U�� 

 

3.2.5.4. Anti microbial  activity  

�7�K�H�� �D�Q�W�L�P�L�F�U�R�E�L�D�O�� �D�F�W�L�Y�L�W�\�� �R�I�� �2�6�(�� �Z�D�V�� �D�V�V�H�V�V�H�G�� �X�V�L�Q�J�� �W�K�H�� �D�J�D�U�� �Z�H�O�O��

�G�L�I�I�X�V�L�R�Q�� �P�H�W�K�R�G�� �D�J�D�L�Q�V�W�� �*�U�D�P���Q�H�J�D�W�L�Y�H���(�V�F�K�H�U�L�F�K�L�D�� �F�R�O�L�� �.�&�7�&�� ������������

�6�D�O�P�R�Q�H�O�O�D���H�Q�W�H�U�L�F�D���.�&�7�&���������������*�U�D�P���S�R�V�L�W�L�Y�H���%�D�F�L�O�O�X�V���F�H�U�H�X�V���.�&�7�&��������������

�6�W�D�S�K�\�O�R�F�R�F�F�X�V�� �D�X�U�H�X�V���.�&�7�&�� ������������ �D�Q�G�� �W�K�H�� �\�H�D�V�W���&�D�Q�G�L�G�D�� �W�U�R�S�L�F�D�O�L�V���.�&�7�&��

�������������)�L�U�V�W�����0�X�H�O�O�H�U���+�L�Q�W�R�Q���D�J�D�U�����0�+�$�������������P�/�����Z�D�V���S�R�X�U�H�G���L�Q�W�R���V�W�H�U�L�O�H���3�H�W�U�L��

�G�L�V�K�H�V�� �I�R�U�� �E�D�F�W�H�U�L�D�O�� �V�W�U�D�L�Q�V�� ���(���� �F�R�O�L�����6���� �H�Q�W�H�U�L�F�D�����%���� �F�H�U�H�X�V���� �D�Q�G���6���� �D�X�U�H�X�V���� �D�Q�G��

�D�O�O�R�Z�H�G���W�R���V�R�O�L�G�L�I�\�����)�R�U���&�����W�U�R�S�L�F�D�O�L�V�����6�D�E�R�X�U�D�X�G���'�H�[�W�U�R�V�H���$�J�D�U�����6�'�$�������������P�/����

�Z�D�V�� �X�V�H�G�� �L�Q�V�W�H�D�G�� �R�I�� �0�+�$���� �:�H�O�O�V�� �Z�H�U�H�� �F�U�H�D�W�H�G�� �L�Q�� �W�K�H�� �V�R�O�L�G�L�I�L�H�G�� �D�J�D�U�� �X�V�L�Q�J�� �D��

�V�W�H�U�L�O�H���S�L�S�H�W�W�H���W�L�S�����D�Q�G���E�D�F�W�H�U�L�D�O���R�U���\�H�D�V�W���F�X�O�W�X�U�H�V���Z�H�U�H���V�Z�D�E�E�H�G���R�Q�W�R���W�K�H���P�H�G�L�D��

�V�X�U�I�D�F�H���X�V�L�Q�J���D���V�W�H�U�L�O�H���F�R�W�W�R�Q���V�Z�D�E�����2�6�(���V�D�P�S�O�H�V���D�W���G�L�I�I�H�U�H�Q�W���F�R�Q�F�H�Q�W�U�D�W�L�R�Q�V������������

�������������������������D�Q�G���������P�J���P�/�����Z�H�U�H���S�U�H�S�D�U�H�G���E�\���G�L�V�V�R�O�Y�L�Q�J���W�K�H���O�\�R�S�K�L�O�L�]�H�G���S�R�Z�G�H�U��

�L�Q���G�H�L�R�Q�L�]�H�G���Z�D�W�H�U���D�Q�G���I�L�O�W�H�U�L�Q�J���W�K�H���V�R�O�X�W�L�R�Q���W�K�U�R�X�J�K���D�������������—�P���V�W�H�U�L�O�H���I�L�O�W�H�U�����7�K�H��

�I�L�O�W�H�U�H�G���V�R�O�X�W�L�R�Q�V���Z�H�U�H���W�U�D�Q�V�I�H�U�U�H�G���L�Q�W�R���W�K�H���Z�H�O�O�V���D�Q�G���L�Q�F�X�E�D�W�H�G���D�W�������• ���I�R�U���������K����
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�7�K�H�� �]�R�Q�H�� �R�I�� �L�Q�K�L�E�L�W�L�R�Q�� ���L�Q�� �P�P���� �Z�D�V�� �P�H�D�V�X�U�H�G�� �D�I�W�H�U�� �W�K�H�� �L�Q�F�X�E�D�W�L�R�Q�� �S�H�U�L�R�G�� �W�R��

�D�V�V�H�V�V���W�K�H���D�Q�W�L�P�L�F�U�R�E�L�D�O���D�F�W�L�Y�L�W�\�� 

 

3.2.5.5. Cytotoxicity and anti-inflammatory activities 

3.2.5.5.1. ���&�H�O�O���F�X�O�W�X�U�H 

�$�� �P�X�U�L�Q�H�� �P�D�F�U�R�S�K�D�J�H�� �F�H�O�O�� �O�L�Q�H���� �5�$�:�� ������������ �Z�D�V�� �S�X�U�F�K�D�V�H�G�� �I�U�R�P�� �W�K�H��

�.�R�U�H�D�Q���&�H�O�O���/�L�Q�H���%�D�Q�N�����6�H�R�X�O�����5�H�S�X�E�O�L�F���R�I���.�R�U�H�D�������7�K�H���F�H�O�O�V���Z�H�U�H���F�X�O�W�X�U�H�G���L�Q��

�'�X�O�E�H�F�F�R�¶�V�� �0�L�Q�L�P�X�P�� �(�D�J�O�H�¶�V�� �0�H�G�L�X�P�� ���'�0�(�0���� �&�R�U�Q�L�Q�J���� �1�<���� �8�6�$����

�V�X�S�S�O�H�P�H�Q�W�H�G���Z�L�W�K�������������I�H�W�D�O���E�R�Y�L�Q�H���V�H�U�X�P�����)�%�6�����&�R�U�Q�L�Q�J�����D�Q�G�����������D�Q�W�L�E�L�R�W�L�F��

�D�Q�W�L�P�\�F�R�W�L�F�����*�L�E�F�R�����1�<�����8�6�$�����D�W�������• ���Z�L�W�K�����������&�2�����L�Q���D���K�X�P�L�G�L�I�L�H�U�� 

 

3.2.5.5.2. ���&�H�O�O���Y�L�D�E�L�O�L�W�\���D�V�V�D�\ 

�&�H�O�O���Y�L�D�E�L�O�L�W�\���D�I�W�H�U���W�U�H�D�W�H�G���Z�L�W�K���2�6�(���E�\���F�R�Q�F�H�Q�W�U�D�W�L�R�Q���Z�D�V���G�H�W�H�U�P�L�Q�H�G���E�\��

�X�V�L�Q�J�� �0�7�7�� �D�V�V�D�\���� �5�$�:�� ������������ �F�H�O�O�V�� �Z�H�U�H�� �V�H�H�G�H�G�� �L�Q�W�R�� ������ �Z�H�O�O���S�O�D�W�H�V�� ����������

�F�H�O�O�V���Z�H�O�O�����Z�L�W�K�����������—�O���R�I���P�H�G�L�X�P�����������K���D�I�W�H�U���F�H�O�O���V�H�H�G�L�Q�J�����2�6�(���D�W���F�R�Q�F�H�Q�W�U�D�W�L�R�Q�V��

�R�I���������F�R�Q�W�U�R�O�������������������������������D�Q�G�������������—�J���P�O���Z�H�U�H���D�G�G�H�G���W�R���W�K�H���F�H�O�O�V�����$�I�W�H�U���F�X�O�W�X�U�L�Q�J��

�I�R�U�� ������ �K���� ������ �—�O�� �R�I�� �����������������'�L�P�H�W�K�\�O�W�K�L�D�]�R�O�������\�O�������������'�L�S�K�H�Q�\�O�W�H�W�U�D�]�R�O�L�X�P��

�%�U�R�P�L�G�H�������0�7�7���� �6�L�J�P�D���$�O�G�U�L�F�K���� �6�W���� �/�R�X�L�V���� �0�2�����8�6�$���� �V�R�O�X�W�L�R�Q���Z�D�V���D�G�G�H�G���W�R��

�H�D�F�K���Z�H�O�O���D�Q�G���L�Q�F�X�E�D�W�H�G���I�R�U�������K���X�Q�G�H�U�������• ���D�Q�G�����������&�2�������7�K�H���P�H�G�L�X�P���Z�D�V���W�K�H�Q��

�U�H�P�R�Y�H�G���� �������� �—�O�� �R�I�� �G�L�P�H�W�K�\�O�� �V�X�O�I�R�[�L�G�H�� �Z�D�V�� �D�G�G�H�G�� �W�R�� �W�K�H�� �Z�H�O�O�� �W�R�� �G�L�V�V�R�O�Y�H�� �W�K�H��
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�I�R�U�P�D�]�D�Q�����6�X�E�V�H�T�X�H�Q�W�O�\�����W�K�H���D�E�V�R�U�E�D�Q�F�H���Z�D�V���P�H�D�V�X�U�H�G���D�W�����������Q�P���D�Q�G���W�K�H���Y�D�O�X�H�V��

�Z�H�U�H���H�[�S�U�H�V�V�H�G���D�V���S�H�U�F�H�Q�W�D�J�H�V�����Q�R�U�P�D�O�L�]�H�G���W�R���W�K�H���F�R�Q�W�U�R�O���J�U�R�X�S�� 

 

3.2.5.5.3. ���1�L�W�U�L�F���R�[�L�G�H���D�V�V�D�\ 

�5�$�:�� ������������ �F�H�O�O�V�� �Z�H�U�H�� �V�H�H�G�H�G�� �L�Q�W�R�� �������Z�H�O�O�� �S�O�D�W�H�V�� �����������F�H�O�O�V���Z�H�O�O���� �Z�L�W�K��

�P�H�G�L�X�P���D�Q�G���F�X�O�W�X�U�H�G���I�R�U���������K�����7�K�H���P�H�G�L�X�P���Z�D�V���U�H�S�O�D�F�H�G���E�\���W�K�H���I�U�H�V�K���P�H�G�L�X�P��

�F�R�Q�W�D�L�Q�L�Q�J�� ���� ���F�R�Q�W�U�R�O������ ������ �������� ���������� �D�Q�G�� ���������� �—�J���P�O�� �R�I�� �2�6�(�� �D�Q�G�� �F�H�O�O�V�� �Z�H�U�H��

�V�W�L�P�X�O�D�W�H�G���Z�L�W�K�� ���� �—�J���P�O���R�I�� �/�3�6�� ���/�L�S�R�S�R�O�\�V�D�F�F�K�D�U�L�G�H���� �I�U�R�P�� �D�Q���(���� �F�R�O�L���V�W�U�D�L�Q������

�$�I�W�H�U�� �L�Q�F�X�E�D�W�L�R�Q�� �I�R�U�� ������ �K���� �W�K�H�� �Q�L�W�U�L�F�� �R�[�L�G�H�� ���1�2���� �F�R�Q�W�H�Q�W�� �L�Q�� �W�K�H�� �F�H�O�O�� �F�X�O�W�X�U�H��

�P�H�G�L�X�P���V�X�S�H�U�Q�D�W�D�Q�W���L�Q���H�D�F�K���Z�H�O�O���Z�D�V���X�V�H�G���I�R�U���1�2���D�V�V�D�\�����7�K�H���F�R�Q�F�H�Q�W�U�D�W�L�R�Q���R�I��

�1�2���Z�D�V���G�H�W�H�U�P�L�Q�H�G���X�V�L�Q�J���W�K�H���*�U�L�H�V�V���P�H�W�K�R�G���D�F�F�R�U�G�L�Q�J���W�R���W�K�H���1�2���G�H�W�H�F�W�L�R�Q���N�L�W��

�L�Q�V�W�U�X�F�W�L�R�Q�V�����L�1�W�5�2�1���� 

 

3.2.5.5.4. ���:�H�V�W�H�U�Q���E�O�R�W���D�Q�D�O�\�V�L�V 

�5�$�:���������������F�H�O�O�V���Z�H�U�H���F�X�O�W�X�U�H�G���L�Q�W�R�������Z�H�O�O���S�O�D�W�H���������î�����������F�H�O�O���Z�H�O�O�����Z�L�W�K������

�P�O���R�I���F�X�O�W�X�U�H���P�H�G�L�X�P���D�Q�G���W�U�H�D�W�H�G���Z�L�W�K���������F�R�Q�W�U�R�O�������������������������������D�Q�G�������������—�J���P�O��

�R�I���2�6�(���D�Q�G�������—�J���P�O���R�I���/�3�6�����7�K�H���W�U�H�D�W�H�G���F�H�O�O�V���Z�H�U�H���Z�D�V�K�H�G���Z�L�W�K���F�R�O�G���3�%�6���D�Q�G��

�F�R�O�O�H�F�W�H�G���I�R�U���S�U�R�W�H�L�Q���H�[�W�U�D�F�W�L�R�Q�����7�K�H���Z�K�R�O�H���S�U�R�W�H�L�Q�V���L�Q���F�H�O�O���Z�H�U�H���O�\�V�H�G���E�\���X�V�L�Q�J��

�O�\�V�L�V�� �E�X�I�I�H�U�� ���5�,�3�$�� �E�X�I�I�H�U�� ���������� �P�0�� �1�D�&�O���� ������ �7�U�L�W�R�Q�� �;������������ ������ �V�R�G�L�X�P��

�G�H�R�[�\�F�K�R�O�D�W�H���� ���������� �6�'�6���� ������ �P�0�� �7�U�L�V���+�&�O�� �S�+�� ���������� �D�Q�G�� ���� �P�0�� �(�'�7�$������ ������

�S�K�R�V�S�K�D�W�D�V�H�� �L�Q�K�L�E�L�W�R�U���� �D�Q�G�� ������ �S�U�R�W�H�D�V�H�� �L�Q�K�L�E�L�W�R�U���� �$�� �%�&�$�� �S�U�R�W�H�L�Q�� �D�V�V�D�\�� �N�L�W��
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���7�K�H�U�P�R�� �)�L�V�K�H�U�� �6�F�L�H�Q�W�L�I�L�F���� �:�D�O�W�K�D�P���� �3�$���� �8�6�$���� �Z�D�V�� �X�V�H�G�� �W�R�� �T�X�D�Q�W�L�I�\���S�U�R�W�H�L�Q��

�F�R�Q�F�H�Q�W�U�D�W�L�R�Q�V�����������—�J���R�I���S�U�R�W�H�L�Q���Z�D�V���O�R�D�G�H�G���R�Q���6�'�6���3�$�*�(���J�H�O���D�Q�G���W�U�D�Q�V�I�H�U�U�H�G��

�R�Q�W�R���D���Q�L�W�U�R�F�H�O�O�X�O�R�V�H���P�H�P�E�U�D�Q�H�����$�I�W�H�U���E�O�R�F�N�L�Q�J���Z�L�W�K�����������E�R�Y�L�Q�H���V�H�U�X�P���D�O�E�X�P�L�Q��

���%�6�$�������W�K�H���P�H�P�E�U�D�Q�H���Z�D�V���L�Q�F�X�E�D�W�H�G���Z�L�W�K���G�L�O�X�W�H�G���S�U�L�P�D�U�\���D�Q�W�L�E�R�G�\���D�J�D�L�Q�V�W���,�/��

�������������������������$�E�F�D�P�����D�W�����• ���I�R�U���R�Y�H�U�Q�L�J�K�W�����$���W�U�L�V���E�X�I�I�H�U�H�G���V�D�O�L�Q�H���Z�L�W�K���W�Z�H�H�Q��������

���7�%�6�7�����Z�D�V���X�V�H�G���W�R���Z�D�V�K���W�K�H���P�H�P�E�U�D�Q�H���D�Q�G���G�L�O�X�W�H�G���+�5�3���F�R�Q�M�X�J�D�W�H�G���V�H�F�R�Q�G�D�U�\��

�D�Q�W�L�E�R�G�\�� ���D�Q�W�L���P�R�X�V�H���� ���������������� �,�Q�Y�L�W�U�R�J�H�Q���� �Z�D�V�� �D�G�G�H�G�� �W�R�� �P�H�P�E�U�D�Q�H�� �D�Q�G��

�L�Q�F�X�E�D�W�H�G�� �I�R�U�� ���� �K�����7�K�H�� �P�H�P�E�U�D�Q�H�� �Z�D�V�� �D�Q�D�O�\�]�H�G�� �X�V�L�Q�J�� �(�&�/�� �V�X�E�V�W�U�D�W�H�� �Z�L�W�K�� �D�Q��

�L�P�D�J�L�Q�J�� �V�\�V�W�H�P�� ���L�%�U�L�J�K�W���)�/�������������7�K�H�U�P�R�� �)�L�V�K�H�U�� �6�F�L�H�Q�W�L�I�L�F�������7�K�H�� �O�H�Y�H�O�� �R�I�� �W�K�H��

�Z�H�V�W�H�U�Q�� �E�O�R�W�� �S�U�R�W�H�L�Q�� �E�D�Q�G�V�� �Z�D�V�� �T�X�D�Q�W�L�I�L�H�G�� �E�\�� �X�V�L�Q�J�� �J�H�O�� �D�Q�D�O�\�V�L�V�� �L�Q�� �,�P�D�J�H�-��

�V�R�I�W�Z�D�U�H�� 

 

3.2.5.6. Skin care activities 

3.2.5.6.1. �7�\�U�R�V�L�Q�D�V�H���L�Q�K�L�E�L�W�R�U�\���D�F�W�L�Y�L�W�\ 

�7�K�H�� �W�\�U�R�V�L�Q�D�V�H�� �L�Q�K�L�E�L�W�R�U�\�� �D�F�W�L�Y�L�W�\�� �Z�D�V�� �D�V�V�H�V�V�H�G�� �X�V�L�Q�J�� �D�� �P�R�G�L�I�L�H�G��

�G�R�S�D�F�K�U�R�P�H���P�H�W�K�R�G���L�Q���D���������Z�H�O�O���P�L�F�U�R�S�O�D�W�H�����/�L�\�D�Q�D�D�U�D�F�K�F�K�L���H�W���D�O���������������������)�R�U��

�W�K�H�� �S�U�H�S�D�U�D�W�L�R�Q���� ������ �P�0�� �S�K�R�V�S�K�D�W�H�� �E�X�I�I�H�U�� ���S�+�� ���������� �Z�D�V�� �X�V�H�G�� �W�R�� �G�L�V�V�R�O�Y�H�� �W�K�H��

�V�D�P�S�O�H���H�[�W�U�D�F�W�V���D�W���D���I�L�Q�D�O���F�R�Q�F�H�Q�W�U�D�W�L�R�Q���R�I���������P�J���P�/�����$���W�\�U�R�V�L�Q�D�V�H���H�Q�]�\�P�H���V�W�R�F�N��

�V�R�O�X�W�L�R�Q�� �������� �8���P�/���� �Z�D�V�� �G�L�O�X�W�H�G�� �I�U�R�P�� ���������� �8�� �V�W�R�U�H�G�� �R�Q�� �L�F�H���� �/���'�2�3�$�� ����������

�'�L�K�\�G�U�R�[�\���/ ���S�K�H�Q�\�O�D�O�D�Q�L�Q�H�����V�R�O�X�W�L�R�Q���Z�D�V���I�U�H�V�K�O�\���S�U�H�S�D���U�H�G���D�W���D���F�R�Q�F�H�Q�W�U�D�W�L�R�Q��

�R�I�� ���� �P�J���P�/�� �L�Q�� �G�L�V�W�L�O�O�H�G�� �Z�D�W�H�U���� �.�R�M�L�F�� �D�F�L�G���� �X�V�H�G�� �D�V�� �W�K�H�� �S�R�V�L�W�L�Y�H�� �F�R�Q�W�U�R�O���� �Z�D�V��
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�S�U�H�S�D�U�H�G���D�W���D���F�R�Q�F�H�Q�W�U�D�W�L�R�Q���R�I�������P�J���P�/���L�Q���Z�D�W�H�U�����)�R�U���W�K�H���D�Q�D�O�\�V�L�V�������������/���R�I���W�K�H��

�V�D�P�S�O�H���V�R�O�X�W�L�R�Q�������������/���R�I���W�K�H���W�\�U�R�V�L�Q�D�V�H���H�Q�]�\�P�H�����D�Q�G�����������/���R�I���S�K�R�V�S�K�D�W�H���E�X�I�I�H�U��

�Z�H�U�H���D�G�G�H�G���W�R���D���������Z�H�O�O���S�O�D�W�H�����7�K�H���P�L�[�W�X�U�H���Z�D�V���S�U�H���L�Q�F�X�E�D�W�H�G���D�W�������• ���I�R�U�������P�L�Q����

�)�R�O�O�R�Z�L�Q�J���W�K�L�V�������������/���R�I���W�K�H���/���'�2�3�$���V�R�O�X�W�L�R�Q���Z�D�V���D�G�G�H�G���X�V�L�Q�J���D���P�X�O�W�L���F�K�D�Q�Q�H�O��

�S�L�S�H�W�W�H���X�Q�G�H�U���G�D�U�N���F�R�Q�G�L�W�L�R�Q�V���W�R���V�W�D�U�W���W�K�H���U�H�D�F�W�L�R�Q�����7�K�H���S�O�D�W�H���Z�D�V���W�K�H�Q���L�Q�F�X�E�D�W�H�G��

�D�W�������• ���I�R�U���D�Q���D�G�G�L�W�L�R�Q�D�O���������P�L�Q�����7�K�H���D�E�V�R�U�E�D�Q�F�H���Z�D�V���P�H�D�V�X�U�H�G���D�W�����������Q�P���X�V�L�Q�J��

�D���P�L�F�U�R�S�O�D�W�H���U�H�D�G�H�U�����%�L�R�7�H�N���,�Q�V�W�U�X�P�H�Q�W�V�����:�L�Q�R�R�V�N�L�����9�7�����8�6�$�����W�R���P�R�Q�L�W�R�U���W�K�H��

�I�R�U�P�D�W�L�R�Q�� �R�I�� �G�R�S�D�F�K�U�R�P�H���� �7�K�H�� �S�H�U�F�H�Q�W�D�J�H�� �R�I�� �W�\�U�R�V�L�Q�D�V�H�� �L�Q�K�L�E�L�W�L�R�Q�� �Z�D�V��

�F�D�O�F�X�O�D�W�H�G���X�V�L�Q�J���W�K�H���I�R�O�O�R�Z�L�Q�J���H�T�X�D�W�L�R�Q���� 

�7�\�U�R�V�L�Q�D�V�H���L�Q�K�L�E�L�W�L�R�Q����������� ���>�$�F�R�Q�W�U�R�O���±�����$�V�D�P�S�O�H���$�E�D�F�N�J�U�R�X�Q�G�����$�F�R�Q�W�U�R�O�@���[���������������������� 

�:�K�H�U�H�����$�V�D�P�S�O�H���L�V���W�K�H���D�E�V�R�U�E�D�Q�F�H���R�I���W�K�H���V�D�P�S�O�H���H�[�W�U�D�F�W�V���D�Q�G���$�F�R�Q�W�U�R�O���L�V���W�K�H��

�D�E�V�R�U�E�D�Q�F�H�� �R�I�� �W�K�H�� �D�V�V�D�\�� �X�V�L�Q�J�� �W�K�H�� �E�X�I�I�H�U�� �L�Q�V�W�H�D�G�� �R�I�� �L�Q�K�L�E�L�W�R�U����������������������������������������������������������������������������������������������������������������������������

���V�D�P�S�O�H�������$�E�D�F�N�U�R�X�Q�G���L�V���P�H�D�V�X�U�H�G���X�V�L�Q�J���W�K�H���V�D�P�S�O�H���P�L�[�W�X�U�H���Z�L�W�K�R�X�W���W�K�H���H�Q�]�\�P�H���W�R��

�D�F�F�R�X�Q�W���I�R�U���V�D�P�S�O�H���F�R�O�R�U���L�Q�W�H�U�I�H�U�H�Q�F�H�����7�K�H���D�V�V�D�\���Z�D�V���S�H�U�I�R�U�P�H�G���L�Q���W�U�L�S�O�L�F�D�W�H�� 

 

3.2.5.6.2. ���&�R�O�O�D�J�H�Q�D�V�H���L�Q�K�L�E�L�W�R�U�\���D�F�W�L�Y�L�W�\ 

�7�K�H���F�R�O�O�D�J�H�Q�D�V�H���L�Q�K�L�E�L�W�R�U�\���D�F�W�L�Y�L�W�\���Z�D�V���D�V�V�H�V�V�H�G���X�V�L�Q�J���D���P�R�G�L�I�L�H�G���P�H�W�K�R�G��

�G�H�V�F�U�L�E�H�G���L�Q���W�K�H���S�U�H�Y�L�R�X�V���O�L�W�H�U�D�W�X�U�H�����/�H�H���H�W���D�O���������������������7�K�H���U�H�D�F�W�L�R�Q���E�X�I�I�H�U���Z�D�V��

�S�U�H�S�D�U�H�G���Z�L�W�K�����������0���7�U�L�V�±�+�&�O�����S�+�����������������������P�0���V�R�G�L�X�P���F�K�O�R�U�L�G�H�����1�D�&�O�������D�Q�G��

������ �P�0�� �F�D�O�F�L�X�P�� �F�K�O�R�U�L�G�H�� ���&�D�&�O���������7�K�H�� �F�R�O�O�D�J�H�Q�D�V�H�� �H�Q�]�\�P�H�� �Z�D�V�� �D�G�M�X�V�W�H�G�� �W�R�� �D��

�F�R�Q�F�H�Q�W�U�D�W�L�R�Q�� �R�I�� �������� �P�J���P�/�� �L�Q�� �W�K�H�� �U�H�D�F�W�L�R�Q�� �E�X�I�I�H�U���� �Z�K�L�O�H�� �W�K�H�� �V�X�E�V�W�U�D�W�H���� ����
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�S�K�H�Q�\�O�D�]�R�� �E�H�Q�]�\�O�� �R�[�\�F�D�U�E�R�Q�\�O���3�U�R���/�H�X���*�O�\���3�U�R���' ���$�U�J���� �Z�D�V�� �G�L�V�V�R�O�Y�H�G�� �D�W�� �D��

�F�R�Q�F�H�Q�W�U�D�W�L�R�Q�� �R�I�� �������� �P�J���P�/�� �L�Q�� �Z�D�W�H�U���� �7�K�H�� �W�H�V�W�� �V�D�P�S�O�H�� �Z�D�V�� �S�U�H�S�D�U�H�G�� �D�W�� �D��

�F�R�Q�F�H�Q�W�U�D�W�L�R�Q�� �R�I�� ���� �P�J���P�/�� �L�Q�� �W�K�H�� �U�H�D�F�W�L�R�Q�� �E�X�I�I�H�U���� �D�Q�G�� �W�K�H�� �V�W�D�Q�G�D�U�G�� �L�Q�K�L�E�L�W�R�U��

���H�S�L�J�D�O�O�R�F�D�W�H�F�K�L�Q���J�D�O�O�D�W�H�����(�*�&�*�����Z�D�V���S�U�H�S�D�U�H�G���D�W���D���I�L�Q�D�O���F�R�Q�F�H�Q�W�U�D�W�L�R�Q���R�I����������

�P�J���P�/�� �L�Q�� �W�K�H�� �V�D�P�H�� �E�X�I�I�H�U���� �)�R�U�� �W�K�H�� �D�V�V�D�\���� �����������/�� �R�I�� �W�K�H�� �V�D�P�S�O�H�� �V�R�O�X�W�L�R�Q�� �Z�D�V��

�F�R�P�E�L�Q�H�G���Z�L�W�K�������������/���R�I���W�K�H���F�R�O�O�D�J�H�Q�D�V�H���H�Q�]�\�P�H���V�R�O�X�W�L�R�Q���D�Q�G�������������/���R�I���W�K�H��

�V�X�E�V�W�U�D�W�H���V�R�O�X�W�L�R�Q���L�Q���D���F�R�Q�L�F�D�O���W�X�E�H�����7�K�H���P�L�[�W�X�U�H���Z�D�V���Y�R�U�W�H�[�H�G���D�Q�G���L�Q�F�X�E�D�W�H�G���D�W��

�����• ���I�R�U���������P�L�Q�����7�R���W�H�U�P�L�Q�D�W�H���W�K�H���U�H�D�F�W�L�R�Q���������������/���R�I���������F�L�W�U�L�F���D�F�L�G���D�Q�G�����������P�/��

�R�I���H�W�K�\�O���D�F�H�W�D�W�H���Z�H�U�H���D�G�G�H�G�����I�R�O�O�R�Z�H�G���E�\���L�Q�F�X�E�D�W�L�R�Q���D�W���U�R�R�P���W�H�P�S�H�U�D�W�X�U�H���I�R�U��������

�P�L�Q�����7�K�H���U�H�D�F�W�L�R�Q���P�L�[�W�X�U�H���Z�D�V���W�K�H�Q���F�H�Q�W�U�L�I�X�J�H�G�� �D�W�������������� �î�� �J���I�R�U������ �P�L�Q�����$�I�W�H�U��

�F�H�Q�W�U�L�I�X�J�D�W�L�R�Q���� �����������/�� �R�I�� �W�K�H�� �H�W�K�\�O�� �D�F�H�W�D�W�H�� �O�D�\�H�U�� �Z�D�V�� �F�D�U�H�I�X�O�O�\�� �F�R�O�O�H�F�W�H�G�� �D�Q�G��

�W�U�D�Q�V�I�H�U�U�H�G���W�R���D���T�X�D�U�W�]���F�X�Y�H�W�W�H�����$�Q���D�G�G�L�W�L�R�Q�D�O�������������/���R�I���H�W�K�\�O���D�F�H�W�D�W�H���Z�D�V���D�G�G�H�G��

�W�R�� �W�K�H�� �F�X�Y�H�W�W�H���� �D�Q�G�� �W�K�H�� �P�L�[�W�X�U�H�� �Z�D�V�� �J�H�Q�W�O�\�� �V�K�D�N�H�Q�� �S�U�L�R�U�� �W�R�� �P�H�D�V�X�U�L�Q�J�� �W�K�H��

�D�E�V�R�U�E�D�Q�F�H���D�W�����������Q�P���X�V�L�Q�J���D���8�9���V�S�H�F�W�U�R�S�K�R�W�R�P�H�W�H�U�����8�9���P�L�Q�L���������������6�K�L�P�D�G�]�X����

�.�\�R�W�R���� �-�D�S�D�Q������ �7�K�H�� �F�R�O�O�D�J�H�Q�D�V�H�� �L�Q�K�L�E�L�W�R�U�\�� �D�F�W�L�Y�L�W�\�� �Z�D�V�� �F�D�O�F�X�O�D�W�H�G�� �X�V�L�Q�J�� �W�K�H��

�I�R�O�O�R�Z�L�Q�J���H�T�X�D�W�L�R�Q�� 

�&�R�O�O�D�J�H�Q�D�V�H���L�Q�K�L�E�L�W�L�R�Q�����������  

�>�$�V�D�P�S�O�H���±���$�E�D�F�N�J�U�R�X�Q�G���$�S�R�V�L�W�L�Y�H���F�R�Q�W�U�R�O���±���$�Q�H�J�D�W�L�Y�H���F�R�Q�W�U�R�O�@���[������������������ 

�:�K�H�U�H���$�V�D�P�S�O�H���L�V���W�K�H���D�E�V�R�U�E�D�Q�F�H���R�I���W�K�H���U�H�D�F�W�L�R�Q���P�L�[�W�X�U�H���F�R�Q�W�D�L�Q�L�Q�J���E�R�W�K���W�K�H��

�H�Q�]�\�P�H���D�Q�G���W�K�H���V�D�P�S�O�H�����R�U���V�W�D�Q�G�D�U�G�������$�E�D�F�N�J�U�R�X�Q�G���U�H�S�U�H�V�H�Q�W�V���W�K�H���D�E�V�R�U�E�D�Q�F�H���R�I���W�K�H��

�P�L�[�W�X�U�H���Z�L�W�K�R�X�W���W�K�H���H�Q�]�\�P�H�����E�D�F�N�J�U�R�X�Q�G���F�R�Q�W�U�R�O�����W�R���D�F�F�R�X�Q�W���I�R�U���V�D�P�S�O�H���F�R�O�R�U��

�L�Q�W�H�U�I�H�U�H�Q�F�H�����$�S�R�V�L�W�L�Y�H���F�R�Q�W�U�R�O���G�H�Q�R�W�H�V�� �W�K�H�� �D�E�V�R�U�E�D�Q�F�H�� �R�I�� �W�K�H�� �U�H�D�F�W�L�R�Q�� �P�L�[�W�X�U�H��
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�F�R�Q�W�D�L�Q�L�Q�J���R�Q�O�\���W�K�H���H�Q�]�\�P�H�����Z�L�W�K�R�X�W���W�K�H���L�Q�K�L�E�L�W�R�U�������$�Q�H�J�D�W�L�Y�H���F�R�Q�W�U�R�O���L�Q�G�L�F�D�W�H�V���W�K�H��

�D�E�V�R�U�E�D�Q�F�H���R�I���W�K�H���P�L�[�W�X�U�H���Z�L�W�K�R�X�W���E�R�W�K���W�K�H���H�Q�]�\�P�H���D�Q�G���W�K�H���V�D�P�S�O�H�����Q�H�J�D�W�L�Y�H��

�F�R�Q�W�U�R�O������ 

 

3.2.5.6.3. ���3�K�R�W�R�S�U�R�W�H�F�W�L�R�Q���D�E�L�O�L�W�\ 

�7�K�H���D�E�V�R�U�S�W�L�R�Q���V�S�H�F�W�U�D���L�Q���W�K�H���8�9���U�H�J�L�R�Q�����������±���������Q�P�����R�I���W�K�H���V�D�P�S�O�H�V���Z�H�U�H��

�P�H�D�V�X�U�H�G�� �X�V�L�Q�J�� �D�� �8�9���Y�L�V�L�E�O�H�� �V�S�H�F�W�U�R�S�K�R�W�R�P�H�W�H�U�� ���8�9�� �P�L�Q�L�������������� �6�K�L�P�D�G�]�X����

�.�\�R�W�R�����-�D�S�D�Q�������7�K�H���V�D�P�S�O�H�V���Z�H�U�H���G�L�V�V�R�O�Y�H�G���L�Q���P�H�W�K�D�Q�R�O���D�W���D���I�L�Q�D�O���F�R�Q�F�H�Q�W�U�D�W�L�R�Q��

�R�I�� ���� �P�J���P�/���� �7�K�H�� �R�U�J�D�Q�L�F�� �8�9�� �I�L�O�W�H�U�V�� �������+�\�G�U�R�[�\�������P�H�W�K�R�[�\�E�H�Q�]�R�S�K�H�Q�R�Q�H����

�$�Y�R�E�H�Q�]�R�Q�H�����D�Q�G���L�Q�R�U�J�D�Q�L�F���8�9���I�L�O�W�H�U�V�����=�L�Q�F���2�[�L�G�H�����7�L�W�D�Q�L�X�P���,�9�����2�[�L�G�H�����Z�H�U�H��

�D�O�V�R�� �S�U�H�S�D�U�H�G�� �L�Q�� �P�H�W�K�D�Q�R�O�� �D�W�� �D�� �F�R�Q�F�H�Q�W�U�D�W�L�R�Q�� �R�I�� �������� �P�J���P�/���� �$�E�V�R�U�E�D�Q�F�H��

�U�H�D�G�L�Q�J�V�� �Z�H�U�H�� �U�H�F�R�U�G�H�G�� �D�W�� ���� �Q�P�� �L�Q�W�H�U�Y�D�O�V�� �D�F�U�R�V�V�� �W�K�H�� �������±�������� �Q�P�� �U�D�Q�J�H���� �7�K�H��

�F�U�L�W�L�F�D�O���Z�D�Y�H�O�H�Q�J�W�K�������F�����Z�D�V���G�H�I�L�Q�H�G���D�V���W�K�H���Z�D�Y�H�O�H�Q�J�W�K���Z�K�H�U�H���W�K�H���D�U�H�D���X�Q�G�H�U���W�K�H��

�D�E�V�R�U�E�D�Q�F�H���F�X�U�Y�H���F�R�U�U�H�V�S�R�Q�G�V���W�R�����������R�I���W�K�H���W�R�W�D�O���D�U�H�D���E�H�W�Z�H�H�Q�����������D�Q�G�����������Q�P����

�D�V���G�H�V�F�U�L�E�H�G���E�\���W�K�H���I�R�O�O�R�Z�L�Q�J���H�T�X�D�W�L�R�Q�� 


± �$�:���;���G��� ������
���F

������

± �$�:���;���G��

������

������
 

�Z�K�H�U�H���#���ã���� �L�V�� �W�K�H�� �D�E�V�R�U�E�D�Q�F�H�� �D�W�� �H�D�F�K�� �Z�D�Y�H�O�H�Q�J�W�K���� �7�K�H�� �F�O�D�V�V�L�I�L�F�D�W�L�R�Q�� �R�I��

�8�9�$�� �S�U�R�W�H�F�W�L�R�Q�� �O�H�Y�H�O�� �Z�D�V�� �G�H�W�H�U�P�L�Q�H�G�� �E�D�V�H�G�� �R�Q�� �W�K�H�����F�� �Y�D�O�X�H�V���� �L�Q�W�H�U�P�H�G�L�D�W�H��

�S�U�R�W�H�F�W�L�R�Q���I�R�U�����������”���ã�?���������������Q�P���D�Q�G���E�U�R�D�G���V�S�H�F�W�U�X�P���S�U�R�W�H�F�W�L�R�Q���Z�K�H�Q���ã�?���•����������

�Q�P���� �$�O�O�� �P�H�D�V�X�U�H�P�H�Q�W�V�� �Z�H�U�H�� �S�H�U�I�R�U�P�H�G�� �L�Q�� �W�U�L�S�O�L�F�D�W�H�� �W�R�� �H�Q�V�X�U�H�� �D�F�F�X�U�D�F�\�� �D�Q�G��
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�U�H�S�U�R�G�X�F�L�E�L�O�L�W�\�� 

�7�K�H�� �L�Q�� �Y�L�W�U�R�� �6�3�)�� �R�I�� �W�K�H�� �V�D�P�S�O�H�V�� �Z�D�V�� �G�H�W�H�U�P�L�Q�H�G�� �X�V�L�Q�J�� �D�� �8�9���Y�L�V�L�E�O�H��

�V�S�H�F�W�U�R�S�K�R�W�R�P�H�W�H�U�� ���8�9�� �P�L�Q�L�������������� �6�K�L�P�D�G�]�X���� �.�\�R�W�R���� �-�D�S�D�Q������ �7�K�H�� �V�D�P�S�O�H�V��

�Z�H�U�H���G�L�V�V�R�O�Y�H�G���L�Q���P�H�W�K�D�Q�R�O���W�R���D���I�L�Q�D�O���F�R�Q�F�H�Q�W�U�D�W�L�R�Q���R�I�����������P�J���P�/�����2�U�J�D�Q�L�F���8�9��

�I�L�O�W�H�U�V�� �������+�\�G�U�R�[�\�������P�H�W�K�R�[�\�E�H�Q�]�R�S�K�H�Q�R�Q�H�����$�Y�R�E�H�Q�]�R�Q�H���� �D�Q�G�� �L�Q�R�U�J�D�Q�L�F�� �8�9��

�I�L�O�W�H�U�V�� ���=�L�Q�F�� �2�[�L�G�H���� �7�L�W�D�Q�L�X�P���,�9���� �2�[�L�G�H���� �Z�H�U�H�� �S�U�H�S�D�U�H�G�� �L�Q�� �P�H�W�K�D�Q�R�O�� �D�W�� �D��

�F�R�Q�F�H�Q�W�U�D�W�L�R�Q�� �R�I�� �������� �P�J���P�/�� �D�V�� �U�H�I�H�U�H�Q�F�H�� �V�W�D�Q�G�D�U�G�V���� �)�R�U�� �W�K�H�� �D�Q�D�O�\�V�L�V���� �W�K�H��

�D�E�V�R�U�E�D�Q�F�H�� �R�I�� �H�D�F�K�� �V�D�P�S�O�H�� �Z�D�V�� �P�H�D�V�X�U�H�G�� �L�Q�� �W�K�H�� �������±�������� �Q�P�� �U�D�Q�J�H�� �D�W�� ���� �Q�P��

�L�Q�W�H�U�Y�D�O�V�����7�K�H���6�3�)���Z�D�V���F�D�O�F�X�O�D�W�H�G���X�V�L�Q�J���W�K�H���0�D�Q�V�X�U���H�T�X�D�W�L�R�Q�� 

SPF=CF �Ã �(�(�:���;���,������
������ �:���;���$�E�V������  (6) 

�:�K�H�U�H���&�)���L�V���W�K�H���F�R�U�U�H�F�W�L�R�Q���I�D�F�W�R�U�����V�H�W���D�V�������������(�(���������L�V���W�K�H���H�U�\�W�K�H�P�R�J�H�Q�L�F��

�H�I�I�H�F�W���R�I���U�D�G�L�D�W�L�R�Q���D�W���Z�D�Y�H�O�H�Q�J�W�K���������,���������L�V���W�K�H���V�R�O�D�U���L�Q�W�H�Q�V�L�W�\���D�W���Z�D�Y�H�O�H�Q�J�W�K��������

�D�Q�G���$�E�V���������L�V���W�K�H���D�E�V�R�U�E�D�Q�F�H���R�I���W�K�H���V�D�P�S�O�H���D�W���Z�D�Y�H�O�H�Q�J�W�K���������7�K�H���Y�D�O�X�H�V���R�I���(�(��������

�î���,���������I�R�U���H�D�F�K���Z�D�Y�H�O�H�Q�J�W�K���Z�H�U�H���R�E�W�D�L�Q�H�G���I�U�R�P���S�U�H�Y�L�R�X�V�O�\���H�V�W�D�E�O�L�V�K�H�G���G�D�W�D�����$�O�O��

�P�H�D�V�X�U�H�P�H�Q�W�V�� �Z�H�U�H�� �S�H�U�I�R�U�P�H�G�� �L�Q�� �W�U�L�S�O�L�F�D�W�H�� �W�R�� �H�Q�V�X�U�H�� �D�F�F�X�U�D�F�\�� �D�Q�G��

�U�H�S�U�R�G�X�F�L�E�L�O�L�W�\���� 

 

3.2.6. Analysis of the RAW, OSE, and OSE-R properties 

3.2.6.1. FT-IR 

�5�$�:���� �2�6�(���� �D�Q�G�� �2�6�(���5�� �)�7���,�5�� �V�S�H�F�W�U�D�� �Z�H�U�H�� �D�Q�D�O�\�]�H�G�� �I�U�R�P�� ���������W�R�� ����������

�F�P�í�����X�V�L�Q�J���D�Q���L�Q�I�U�D�U�H�G���V�S�H�F�W�U�R�S�K�R�W�R�P�H�W�H�U�����3�H�U�N�L�Q���(�O�P�H�U���,�Q�F�������0�$�����8�6�$�����D�W���D��
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�G�D�W�D���D�F�T�X�L�V�L�W�L�R�Q���U�D�W�H���R�I�������F�P�í�����S�H�U���S�R�L�Q�W�����7�K�H���)�7���,�5���V�S�H�F�W�U�D���D�Y�H�U�D�J�H�G���������V�F�D�Q�V�� 

 

3.2.6.2. XRD 

�7�K�H���F�U�\�V�W�D�O�O�L�Q�L�W�\���R�I���5�$�:�����2�6�(�����D�Q�G���2�6�(���5���Z�D�V���G�H�W�H�U�P�L�Q�H�G���E�\���;�5�'���X�V�L�Q�J��

�D�Q���;�
�3�H�U�W���0�3�'���V�\�V�W�H�P�����3�+�,�/�,�3�6�����7�K�H���1�H�W�K�H�U�O�D�Q�G�V�������;�5�'���Z�D�V���S�H�U�I�R�U�P�H�G���Z�L�W�K��

�D���V�F�D�W�W�H�U�L�Q�J���D�Q�J�O�H���U�D�Q�J�H���R�I���������ƒ�±�����ƒ�������������D�Q�G���V�W�H�S���V�L�]�H���D�Q�G���D�Q���H�[�S�R�V�X�U�H���W�L�P�H���R�I��

�����������D�Q�G�������V�����U�H�V�S�H�F�W�L�Y�H�O�\�����7�K�H���F�U�\�V�W�D�O�O�L�Q�L�W�\���L�Q�G�H�[�����&�,�����R�I���V�D�P�S�O�H�V���Z�D�V���F�D�O�F�X�O�D�W�H�G��

�E�D�V�H�G���R�Q���W�K�H���G�L�I�I�U�D�F�W�L�R�Q���L�Q�W�H�Q�V�L�W�L�H�V���R�I���W�K�H���F�U�\�V�W�D�O�O�L�Q�H���D�Q�G���D�P�R�U�S�K�R�X�V���U�H�J�L�R�Q�V���R�I��

�F�H�O�O�X�O�R�V�H�����5�R�W�D�U�X���H�W���D�O������������������ 

�&�,����������� �����6�F���6�W���î���������������������� 

�:�K�H�U�H�����6�F���D�Q�G���6�W���G�H�Q�R�W�H���W�K�H���F�U�\�V�W�D�O�O�L�Q�H���D�Q�G���W�R�W�D�O���G�R�P�D�L�Q���D�U�H�D�V�����U�H�V�S�H�F�W�L�Y�H�O�\�� 

 

3.2.6.3. Elemental analysis 

�$���&�+�2�1�6���D�Q�D�O�\�]�H�U�����$�Q�D�O�\�]�H�U���V�H�U�L�H�V���,�,�����P�R�G�H�O�������������������6�K�L�P�D�G�]�X�����-�D�S�D�Q����

�Z�D�V���X�V�H�G���W�R���P�H�D�V�X�U�H���W�K�H���F�D�U�E�R�Q�����&�������K�\�G�U�R�J�H�Q�����+�������R�[�\�J�H�Q�����2�������Q�L�W�U�R�J�H�Q�����1������

�D�Q�G���V�X�O�I�X�U�����6�����F�R�Q�W�H�Q�W�V���R�I���5�$�:�����2�6�(�����D�Q�G���2�6�(���5�����)�R�U���W�K�H���K�L�J�K�H�U���K�H�D�W�L�Q�J���Y�D�O�X�H��

���+�+�9���� �H�V�W�L�P�D�W�L�R�Q�� �R�I�� �V�D�P�S�O�H�V���� �W�K�H�� �I�R�O�O�R�Z�L�Q�J�� �I�R�U�P�X�O�D�� �Z�D�V�� �X�V�H�G�����0�D�V�R�Q�� �	��

�*�D�Q�G�K�L���������������� 

�+�+�9�����0�-���N�J����� ���������������&�������������������+���������������6���±�����������2���������������1�����î���������������î�������í������������ 
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3.2.6.4. TGA 

�$���'�L�V�F�R�Y�H�U�\���7�*�$�������G�H�Y�L�F�H�����7�$���,�Q�V�W�U�X�P�H�Q�W�V�����8�6�$�����Z�D�V���X�V�H�G���W�R���L�Q�Y�H�V�W�L�J�D�W�H��

�W�K�H���W�K�H�U�P�D�O���E�H�K�D�Y�L�R�U���R�I���5�$�:�����2�6�(�����D�Q�G���2�6�(���5���Z�L�W�K�L�Q���W�K�H���W�H�P�S�H�U�D�W�X�U�H���U�D�Q�J�H��

�R�I�������• �±�������• ���D�W���D���K�H�D�W�L�Q�J���U�D�W�H���R�I�������• ���P�L�Q���X�Q�G�H�U���D���Q�L�W�U�R�J�H�Q���D�W�P�R�V�S�K�H�U�H����������

�P�/���P�L�Q���� 

3.2.6.5. FE-SEM 

�5�$�:�����2�6�(�����D�Q�G���2�6�(���5���P�L�F�U�R�V�W�U�X�F�W�X�U�H���L�P�D�J�H�V���Z�H�U�H���R�E�W�D�L�Q�H�G���Y�L�D���)�(���6�(�0��

���0�,�5�$�� ���� �/�0�+���� �7�(�6�&�$�1���� �&�]�H�F�K�� �5�H�S�X�E�O�L�F������ �7�K�H�� �V�D�P�S�O�H�V�� �Z�H�U�H�� �J�R�O�G���F�R�D�W�H�G��

�E�H�I�R�U�H���G�H�W�H�F�W�L�R�Q�����)�(���6�(�0���L�P�D�J�H�V���Z�H�U�H���W�D�N�H�Q���D�W�������N�9���D�F�F�H�O�H�U�D�W�L�Q�J���L�P�D�J�H�V�� 

 

3.2.7. Statistical analysis 

�7�K�H�� �Y�D�O�X�H�V�� �D�U�H�� �H�[�S�U�H�V�V�H�G�� �D�V�� �W�K�H�� �P�H�D�Q�� �“�� �V�W�D�Q�G�D�U�G�� �G�H�Y�L�D�W�L�R�Q�� �R�I�� �W�U�L�S�O�L�F�D�W�H��

�G�H�W�H�U�P�L�Q�D�W�L�R�Q�V���� �6�W�D�W�L�V�W�L�F�D�O�� �D�Q�D�O�\�V�H�V�� ���R�Q�H���Z�D�\�� �D�Q�D�O�\�V�L�V�� �R�I�� �Y�D�U�L�D�Q�F�H���� �3�H�D�U�V�R�Q�¶�V��

�F�R�U�U�H�O�D�W�L�R�Q���D�Q�D�O�\�V�L�V�����D�Q�G���S�U�L�Q�F�L�S�D�O���F�R�P�S�R�Q�H�Q�W���D�Q�D�O�\�V�L�V�����Z�H�U�H���S�H�U�I�R�U�P�H�G���X�V�L�Q�J��

�W�K�H���6�3�6�6���V�R�I�W�Z�D�U�H�����Y�H�U�V�L�R�Q�����������6�3�6�6���,�Q�F�������&�K�L�F�D�J�R�����,�/�����8�6�$�����D�Q�G���6�W�D�W���(�D�V�H����������

�V�R�I�W�Z�D�U�H�����6�W�D�W���(�D�V�H���,�Q�F�������0�L�Q�Q�H�V�R�W�D�����8�6�$����  
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3.3. Results and discussion 

3.3.1. Single-factor analysis 

3.3.1.1. Effect of temperature on TPC 

�)�L�J�X�U�H�����������V�K�R�Z�V���W�K�H���V�L�Q�J�O�H���I�D�F�W�R�U���D�Q�D�O�\�V�L�V���U�H�V�X�O�W�V���R�I���7�3�&�����7�H�P�S�H�U�D�W�X�U�H���L�V��

�D�� �N�H�\�� �I�D�F�W�R�U�� �L�Q�I�O�X�H�Q�F�L�Q�J�� �W�K�H�� �7�3�&�� �R�I�� �V�X�E�F�U�L�W�L�F�D�O�� �Z�D�W�H�U�� �W�U�H�D�W�H�G���6�6�(���� �D�Q�G�� �L�W�� �L�V��

�Q�H�F�H�V�V�D�U�\���W�R���V�H�O�H�F�W���W�K�H���R�S�W�L�P�D�O���W�H�P�S�H�U�D�W�X�U�H���W�R���H�[�W�U�D�F�W���W�K�H���P�D�[�L�P�X�P���7�3�&�����7�K�H��

�H�I�I�H�F�W���R�I���W�H�P�S�H�U�D�W�X�U�H�����������• �±�������• �����R�Q���7�3�&���Z�D�V���L�Q�Y�H�V�W�L�J�D�W�H�G���Z�L�W�K���D���I�L�[�H�G���6���/��

�U�D�W�L�R���R�I�������������� �J���P�/�� �D�Q�G�� �D���I�L�[�H�G�� �U�H�D�F�W�L�R�Q���W�L�P�H���R�I�� ������ �P�L�Q�����$�V���V�K�R�Z�Q���L�Q���)�L�J�X�U�H��

���������$������ �7�3�&�� �L�Q�F�U�H�D�V�H�V�� �Z�L�W�K�� �W�H�P�S�H�U�D�W�X�U�H���� �D�Q�G�� �W�K�H�� �V�R�O�X�E�L�O�L�W�\�� �R�I�� �W�K�H�� �S�K�H�Q�R�O�L�F��

�F�R�P�S�R�X�Q�G�V�� �L�Q�F�U�H�D�V�H�V�� �Z�L�W�K�� �F�K�H�P�L�F�D�O�� �E�R�Q�G�� �E�U�H�D�N�L�Q�J���� �P�D�V�V�� �W�U�D�Q�V�I�H�U�� �U�D�W�H���� �D�Q�G��

�P�R�O�H�F�X�O�D�U���G�L�I�I�X�V�L�R�Q���D�W���K�L�J�K���W�H�P�S�H�U�D�W�X�U�H�V�����/�D�F�K�R�V���3�H�U�H�]���H�W���D�O���������������������+�R�Z�H�Y�H�U����

�D���V�O�L�J�K�W���G�H�F�U�H�D�V�H���L�Q���7�3�&���Z�D�V���R�E�V�H�U�Y�H�G���D�W���W�H�P�S�H�U�D�W�X�U�H�V���D�E�R�Y�H���������• �����S�K�H�Q�R�O�L�F��

�F�R�P�S�R�X�Q�G�V���G�H�J�U�D�G�H���D�E�R�Y�H���D���F�H�U�W�D�L�Q���W�H�P�S�H�U�D�W�X�U�H�����3�D�U�N���H�W���D�O���������������������7�K�H�U�H�I�R�U�H����

�W�K�L�V���V�W�X�G�\���F�R�Q�V�L�G�H�U�H�G���D���W�H�P�S�H�U�D�W�X�U�H���U�D�Q�J�H���R�I���������• �±�������• �� 

 

3.3.1.2. Effect of reaction time on TPC 

�7�R���G�H�W�H�U�P�L�Q�H���W�K�H���H�I�I�H�F�W���R�I���U�H�D�F�W�L�R�Q���W�L�P�H�����������W�R���������P�L�Q�����R�Q���W�K�H���P�D�[�L�P�X�P��

�7�3�&���R�I���6�6�(�����W�K�H���6���/���U�D�W�L�R���D�Q�G���W�H�P�S�H�U�D�W�X�U�H���Z�H�U�H���I�L�[�H�G���D�W���������������J���P�/���D�Q�G���������• ����

�U�H�V�S�H�F�W�L�Y�H�O�\�����)�L�J�X�U�H�����������%�����V�K�R�Z�V���W�K�D�W���7�3�&���L�Q�F�U�H�D�V�H�V���U�D�S�L�G�O�\���D�V���W�K�H���U�H�D�F�W�L�R�Q���W�L�P�H��

�L�Q�F�U�H�D�V�H�V���I�U�R�P�������� �W�R�������� �P�L�Q���� �J�U�D�G�X�D�O�O�\�� �G�H�F�U�H�D�V�L�Q�J���D�I�W�H�U�������� �P�L�Q�����7�K�H�V�H���W�U�H�Q�G�V��

�V�K�R�Z�H�G�� �W�K�D�W�� �H�[�W�H�Q�G�L�Q�J�� �W�K�H�� �U�H�D�F�W�L�R�Q�� �W�L�P�H�� �G�L�G�� �Q�R�W�� �Q�H�F�H�V�V�D�U�L�O�\�� �L�Q�F�U�H�D�V�H�G�� �W�K�H��
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�H�[�W�U�D�F�W�L�R�Q�� �H�I�I�L�F�L�H�Q�F�\���� �,�Q�D�G�H�T�X�D�W�H�� �U�H�D�F�W�L�R�Q�� �W�L�P�H�� �P�D�\�� �U�H�V�X�O�W�� �L�Q�� �L�Q�V�X�I�I�L�F�L�H�Q�W��

�V�R�O�X�E�L�O�L�]�D�W�L�R�Q���R�I���W�K�H���S�K�H�Q�R�O�L�F���F�R�P�S�R�X�Q�G�V�����Z�K�H�U�H�D�V���W�R�R���O�R�Q�J���D���U�H�D�F�W�L�R�Q���W�L�P�H���P�D�\��

�F�D�X�V�H�� �G�H�F�R�P�S�R�V�L�W�L�R�Q�� �R�U�� �P�X�W�X�D�O�� �S�K�H�Q�R�O�L�F�� �F�R�P�S�R�X�Q�G�� �U�H�D�F�W�L�R�Q�V���� �,�Q�� �D�G�G�L�W�L�R�Q����

�H�[�W�U�D�F�W�L�R�Q�� �H�T�X�L�O�L�E�U�D�W�L�R�Q�� �W�L�P�H�V���P�D�\�� �Y�D�U�\�� �E�H�F�D�X�V�H�� �R�I�� �G�L�I�I�H�U�H�Q�F�H�V�� �L�Q�� �S�K�H�Q�R�O��

�S�R�O�\�P�H�U�L�]�D�W�L�R�Q�����V�R�O�X�E�L�O�L�W�\�����D�Q�G���S�K�H�Q�R�O���L�Q�W�H�U�D�F�W�L�R�Q���Z�L�W�K���R�W�K�H�U���F�R�P�S�R�Q�H�Q�W�V�����<�D�Q��

�	���&�D�R�������������������7�K�H�U�H�I�R�U�H�����Z�H���F�R�Q�V�L�G�H�U�H�G���D���U�H�D�F�W�L�R�Q���W�L�P�H���U�D�Q�J�H���R�I�������±�������P�L�Q���L�Q��

�W�K�L�V���V�W�X�G�\���� 

 

3.3.1.3. Effect of S/L on TPC 

�7�R���G�H�W�H�U�P�L�Q�H���W�K�H���H�I�I�H�F�W���R�I���W�K�H���6���/���U�D�W�L�R���R�Q���W�K�H���7�3�&���R�I���6�6�(�����G�L�I�I�H�U�H�Q�W���6���/��

�U�D�W�L�R�V�������������±���������J���P�/�����Z�H�U�H���L�Q�Y�H�V�W�L�J�D�W�H�G�����7�K�H���W�H�P�S�H�U�D�W�X�U�H���Z�D�V���I�L�[�H�G���D�W���������• ����

�D�Q�G���W�K�H���U�H�D�F�W�L�R�Q���W�L�P�H���Z�D�V���������P�L�Q�����$�V���V�K�R�Z�Q���L�Q���)�L�J�X�U�H�����������&�������7�3�&���L�Q�F�U�H�D�V�H�G���D�V��

�W�K�H���6���/���U�D�W�L�R���L�Q�F�U�H�D�V�H�G���I�U�R�P�������������W�R�������������J���P�/�����K�R�Z�H�Y�H�U�����D�V���W�K�H���6���/���U�D�W�L�R���I�X�U�W�K�H�U��

�L�Q�F�U�H�D�V�H�G���W�R���������������7�3�&���G�H�F�U�H�D�V�H�G���E�H�F�D�X�V�H���R�I���V�R�O�Y�D�W�L�R�Q���D�Q�G���G�L�O�X�W�L�R�Q���H�I�I�H�F�W�V�����/�R�Z��

�6���/���U�D�W�L�R�V���U�H�V�X�O�W���L�Q���I�H�Z���V�R�O�Y�H�Q�W���L�P�S�L�Q�J�H�P�H�Q�W�V���R�Q���W�K�H���V�D�P�S�O�H���P�D�W�U�L�[�����U�H�V�X�O�W�L�Q�J���L�Q��

�O�R�Q�J���U�H�D�F�W�L�R�Q���W�L�P�H�V���D�Q�G���O�R�Z���H�[�W�U�D�F�W�L�R�Q���\�L�H�O�G�V�����,�Q���F�R�Q�W�U�D�V�W�����K�L�J�K���6���/���U�D�W�L�R�V���U�H�V�X�O�W��

�L�Q�� �J�U�H�D�W�H�U�� �F�R�Q�F�H�Q�W�U�D�W�L�R�Q�� �J�U�D�G�L�H�Q�W�V�� �E�H�W�Z�H�H�Q�� �W�K�H�� �V�R�O�Y�H�Q�W�� �D�Q�G�� �V�D�P�S�O�H�� �P�D�W�U�L�[����

�U�H�V�X�O�W�L�Q�J�� �L�Q�� �K�L�J�K�� �H�[�W�U�D�F�W�L�R�Q�� �\�L�H�O�G�V�����<�L�Q�J�� �H�W�� �D�O������ �������������� �+�R�Z�H�Y�H�U���� �V�W�X�G�L�H�V�� �K�D�Y�H��

�V�K�R�Z�Q���W�K�D�W���G�U�D�P�D�W�L�F�D�O�O�\���O�R�Z���R�U���K�L�J�K���6���/���U�D�W�L�R�V���Z�H�U�H���X�Q�V�X�L�W�D�E�O�H���I�R�U���H�[�W�U�D�F�W�L�Q�J���D��

�W�D�U�J�H�W���F�R�P�S�R�X�Q�G���I�U�R�P���D���V�D�P�S�O�H���P�D�W�U�L�[�����*�H�W�D�F�K�H�Z���H�W���D�O������������������ 
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Figure 3.1. Influence of different extraction factors on TPC: 

Temperature (B) Reaction time (C) S/L ratio 
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3.3.2. Optimization of extraction parameters 

3.3.2.1. Statistical analysis and model fitting 

�5�6�0���D�Q�D�O�\�V�L�V���Z�D�V���S�H�U�I�R�U�P�H�G���W�R���P�D�[�L�P�L�]�H���W�K�H���7�3�&���R�I���6�6�(�����7�K�U�R�X�J�K���V�L�Q�J�O�H��

�I�D�F�W�R�U���D�Q�D�O�\�V�L�V�����W�H�P�S�H�U�D�W�X�U�H�����U�H�D�F�W�L�R�Q���W�L�P�H�����D�Q�G���6���/���U�D�W�L�R���Z�H�U�H���V�H�W���D�V���L�Q�G�H�S�H�Q�G�H�Q�W��

�Y�D�U�L�D�E�O�H�V�����D�Q�G���7�3�&���Z�D�V���V�H�O�H�F�W�H�G���D�V���W�K�H���G�H�S�H�Q�G�H�Q�W���Y�D�U�L�D�E�O�H�����$�V���D���U�H�V�X�O�W���R�I���S�H�U�I�R�U�P�L�Q�J��

�P�X�O�W�L�S�O�H���U�H�J�U�H�V�V�L�R�Q���D�Q�D�O�\�V�L�V���R�Q���W�K�H���L�Q�I�O�X�H�Q�F�H���R�I���W�K�H���L�Q�G�H�S�H�Q�G�H�Q�W���Y�D�U�L�D�E�O�H�V���R�Q���7�3�&����

�W�K�H���I�R�O�O�R�Z�L�Q�J���U�H�J�U�H�V�V�L�R�Q���P�R�G�H�O���Z�D�V���R�E�W�D�L�Q�H�G���� 

�7�3�&�����P�J���3�*�(���J����� ���������������������������$���������������%���í�����������&���í�����������$�%���í�����������$�&������

�����������%�&���í�����������$�����í�����������%�����í�����������&������������ 

�$�1�2�9�$�� �Z�D�V�� �S�H�U�I�R�U�P�H�G�� �W�R�� �F�R�Q�I�L�U�P�� �W�K�H�� �P�R�G�H�O�¶�V�� �S�U�H�G�L�F�W�L�Y�H�� �S�U�R�S�H�U�W�L�H�V����

�V�L�J�Q�L�I�L�F�D�Q�F�H���O�H�Y�H�O���R�I���H�D�F�K���Y�D�U�L�D�E�O�H�����D�Q�G���L�Q�W�H�U�D�F�W�L�R�Q���H�I�I�H�F�W���� 

�$�V���V�K�R�Z�Q���L�Q���7�D�E�O�H�������������W�K�H���S���Y�D�O�X�H���R�I���W�K�H���P�R�G�H�O���L�V���O�H�V�V���W�K�D�Q�������������������L�Q�G�L�F�D�W�L�Q�J��

�W�K�D�W���W�K�H���P�R�G�H�O���L�V���V�L�J�Q�L�I�L�F�D�Q�W�����7�K�H���)���Y�D�O�X�H���L�V�����������������L�Q�G�L�F�D�W�L�Q�J���W�K�D�W���W�K�H���H�I�I�H�F�W���R�I���Q�R�L�V�H��

�L�V�� �O�H�V�V�� �W�K�D�Q�� ���������������7�K�H�� �O�D�F�N�� �R�I�� �I�L�W�� �L�V�� �L�Q�V�L�J�Q�L�I�L�F�D�Q�W�� �F�R�P�S�D�U�H�G�� �Z�L�W�K�� �W�K�H�� �S�X�U�H�� �H�U�U�R�U����

�L�Q�G�L�F�D�W�L�Q�J�� �W�K�D�W�� �W�K�H�� �P�R�G�H�O���F�D�Q�� �S�U�H�G�L�F�W�� �W�K�H�� �H�[�W�U�D�F�W�L�R�Q�� �S�U�R�F�H�V�V�
�V�� �F�K�D�U�D�F�W�H�U�L�V�W�L�F�V���� �,�Q��

�D�G�G�L�W�L�R�Q���� �W�K�H�� �F�R�H�I�I�L�F�L�H�Q�W�� �R�I�� �G�H�W�H�U�P�L�Q�D�W�L�R�Q�� ���5������ �Y�D�O�X�H�� �R�I�� �������������� �I�R�U���7�3�&�� �L�Q�G�L�F�D�W�H�V��

�W�K�D�W���W�K�H���I�L�W�W�H�G���P�R�G�H�O���F�D�Q���H�[�S�O�D�L�Q���������������R�I���W�K�H���Y�D�U�L�D�W�L�R�Q�����7�K�H���D�G�M�X�V�W�H�G���F�R�H�I�I�L�F�L�H�Q�W���R�I��

�G�H�W�H�U�P�L�Q�D�W�L�R�Q�����$�G�M���5�������Y�D�O�X�H���L�V�������������������F�R�Q�I�L�U�P�L�Q�J���W�K�D�W���W�K�H���P�R�G�H�O���L�V���V�L�J�Q�L�I�L�F�D�Q�W���D�Q�G��

�D�G�H�T�X�D�W�H���I�R�U���S�U�H�G�L�F�W�L�Q�J���W�K�H���S�U�R�F�H�V�V���R�S�H�U�D�W�L�R�Q�����7�K�H�U�H�I�R�U�H�����W�K�L�V���V�W�X�G�\���F�R�Q�I�L�U�P�V���W�K�D�W��
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�7�3�&�� �F�D�Q�� �E�H�� �D�S�S�U�R�S�U�L�D�W�H�O�\�� �H�[�S�O�D�L�Q�H�G�� �D�Q�G�� �S�U�H�G�L�F�W�H�G�� �E�\�� �W�K�H�� �5�6�0�� �P�R�G�H�O�� �G�H�V�L�J�Q�H�G��

�X�V�L�Q�J���W�K�U�H�H���L�Q�G�H�S�H�Q�G�H�Q�W���Y�D�U�L�D�E�O�H�V�����W�H�P�S�H�U�D�W�X�U�H�����U�H�D�F�W�L�R�Q���W�L�P�H�����D�Q�G���6���/���U�D�W�L�R���� 

 

3.3.2.2. Model validation and optimization  

�7�K�H���L�Q�I�O�X�H�Q�F�H���R�I���W�H�P�S�H�U�D�W�X�U�H�����$�������U�H�D�F�W�L�R�Q���W�L�P�H�����%�������D�Q�G���6���/���U�D�W�L�R�����&�����R�Q���W�K�H��

�7�3�&���R�I���6�6�(���L�V���V�K�R�Z�Q���L�Q���)�L�J�X�U�H�������������Z�K�L�F�K���L�V���D���W�K�U�H�H���G�L�P�H�Q�V�L�R�Q�D�O���U�H�V�S�R�Q�V�H���V�X�U�I�D�F�H��

�S�O�R�W���V�K�R�Z�L�Q�J���W�K�H���L�Q�W�H�U�D�F�W�L�R�Q���H�I�I�H�F�W���R�I���H�D�F�K���Y�D�U�L�D�E�O�H���R�Q���W�K�H���U�H�V�S�R�Q�V�H�����7�K�H���L�Q�W�H�U�D�F�W�L�R�Q�V��

�R�I���W�H�P�S�H�U�D�W�X�U�H���Z�L�W�K���U�H�D�F�W�L�R�Q���W�L�P�H�����$�%�����D�Q�G���W�H�P�S�H�U�D�W�X�U�H���Z�L�W�K���6���/���U�D�W�L�R�����$�&�����K�D�Y�H��

�V�L�J�Q�L�I�L�F�D�Q�W���S�R�V�L�W�L�Y�H���U�H�J�U�H�V�V�L�R�Q���F�R�H�I�I�L�F�L�H�Q�W�V�����S��� �����������������D�Q�G�������������������U�H�V�S�H�F�W�L�Y�H�O�\������

�L�Q�G�L�F�D�W�L�Q�J�� �D�� �S�R�V�L�W�L�Y�H�� �L�Q�W�H�U�D�F�W�L�R�Q�� �H�I�I�H�F�W�� �E�H�W�Z�H�H�Q�� �W�K�H�V�H�� �Y�D�U�L�D�E�O�H�V���� �+�R�Z�H�Y�H�U���� �W�K�H��

�L�Q�W�H�U�D�F�W�L�R�Q�� �E�H�W�Z�H�H�Q�� �U�H�D�F�W�L�R�Q�� �W�L�P�H�� �D�Q�G�� �6���/�� �U�D�W�L�R�� �K�D�V���S��� �� ���������������� �L�Q�G�L�F�D�W�L�Q�J�� �Q�R��

�V�L�J�Q�L�I�L�F�D�Q�W�� �H�I�I�H�F�W�� �R�Q�� �H�[�W�U�D�F�W�L�Q�J�� �7�3�&�� �I�U�R�P���6���� �W�K�X�Q�E�H�U�J�L�L���� �7�K�H�� �R�S�W�L�P�D�O�� �H�[�W�U�D�F�W�L�R�Q��

�F�R�Q�G�L�W�L�R�Q�V�� �S�U�H�G�L�F�W�H�G�� �E�\�� �5�6�0�� �D�U�H�� �D�� �W�H�P�S�H�U�D�W�X�U�H�� �R�I�� �������������• ���� �D�� �U�H�D�F�W�L�R�Q�� �W�L�P�H�� �R�I��

�������������P�L�Q�����D�Q�G���D�Q���6���/���U�D�W�L�R���R�I���������������J���P�/�����7�K�H���S�U�H�G�L�F�W�H�G���7�3�&���R�I���2�6�(���Z�D�V���I�R�X�Q�G��

�W�R�� �E�H�� ������������ �P�J�� �3�*�(���J���� �D�Q�G�� �W�K�U�H�H�� �H�[�W�U�D�F�W�L�R�Q�V�� �Z�H�U�H�� �S�H�U�I�R�U�P�H�G�� �W�R�� �H�Q�V�X�U�H�� �W�K�D�W�� �W�K�H��

�S�U�H�G�L�F�W�H�G���Y�D�O�X�H�V���G�L�G���Q�R�W���G�H�Y�L�D�W�H���I�U�R�P���W�K�H���D�F�W�X�D�O���H�[�S�H�U�L�P�H�Q�W�D�O���Y�D�O�X�H�V�����������������“������������

�P�J�� �3�*�(���J���� �7�K�H�� �H�[�S�H�U�L�P�H�Q�W�D�O�� �Y�D�O�X�H�V�� �D�J�U�H�H�G�� �Z�H�O�O�� �Z�L�W�K�� �W�K�H�� �P�R�G�H�O�� �S�U�H�G�L�F�W�L�R�Q�V����

�L�Q�G�L�F�D�W�L�Q�J�� �W�K�D�W�� �W�K�H�� �P�R�G�H�O�� �F�D�Q�� �R�S�W�L�P�L�]�H�� �W�K�H�� �7�3�&�� �R�I���6���� �W�K�X�Q�E�H�U�J�L�L���� �+�R�Z�H�Y�H�U���� �W�K�H��

�H�[�W�U�D�F�W�L�R�Q���F�R�Q�G�L�W�L�R�Q�V���D�U�H���E�L�R�P�D�V�V���V�S�H�F�L�I�L�F���E�H�F�D�X�V�H���W�K�H���H�I�I�H�F�W�V���R�I���Y�D�U�L�R�X�V���S�D�U�D�P�H�W�H�U�V��
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�L�Q���6�:�(���G�H�S�H�Q�G���R�Q���W�K�H���V�H�D�Z�H�H�G�
�V���F�H�O�O���Z�D�O�O���V�W�U�X�F�W�X�U�H���D�Q�G�� �F�R�P�S�R�V�L�W�L�R�Q���� �0�R�U�H�R�Y�H�U����

�W�K�H���S�D�U�D�P�H�W�H�U�V���I�R�U���H�[�W�U�D�F�W�L�R�Q���D�U�H���G�L�F�W�D�W�H�G���E�\���W�K�H���W�D�U�J�H�W�H�G���V�S�H�F�L�I�L�F���F�R�P�S�R�X�Q�G�V�����V�X�F�K��

�D�V���S�R�O�\�V�D�F�F�K�D�U�L�G�H�V�����S�R�O�\�S�K�H�Q�R�O�V�����S�U�R�W�H�L�Q�V�����S�L�J�P�H�Q�W�V�����H�W�F�����7�K�H���H�[�W�U�D�F�W�L�R�Q���H�I�I�L�F�L�H�Q�F�\��

�R�I���W�K�H���R�S�W�L�P�L�]�H�G���6�:�(���Z�D�V���F�D�O�F�X�O�D�W�H�G���W�R���E�H�������������������X�V�L�Q�J���W�K�H���I�R�U�P�X�O�D���G�H�V�F�U�L�E�H�G���L�Q��

�W�K�H���³�0�D�W�H�U�L�D�O�V���D�Q�G���0�H�W�K�R�G�V�´���V�H�F�W�L�R�Q�����7�K�L�V���K�L�J�K���H�[�W�U�D�F�W�L�R�Q���H�I�I�L�F�L�H�Q�F�\���G�H�P�R�Q�V�W�U�D�W�H�V��

�W�K�H���H�I�I�H�F�W�L�Y�H�Q�H�V�V���R�I���6�:�(���L�Q���H�[�W�U�D�F�W�L�Q�J���S�K�H�Q�R�O�L�F���F�R�P�S�R�X�Q�G�V���I�U�R�P���6�����W�K�X�Q�E�H�U�J�L�L�����)�R�U��

�F�R�P�S�D�U�D�W�L�Y�H�� �D�Q�D�O�\�V�L�V���� �H�[�W�U�D�F�W�L�R�Q�� �H�I�I�L�F�L�H�Q�F�L�H�V�� �R�I�� �F�R�Q�Y�H�Q�W�L�R�Q�D�O�� �P�H�W�K�R�G�V�� �Z�H�U�H�� �D�O�V�R��

�H�Y�D�O�X�D�W�H�G���� �0�H�W�K�D�Q�R�O�� �H�[�W�U�D�F�W�L�R�Q�� �U�H�V�X�O�W�H�G�� �L�Q�� �D�� �\�L�H�O�G�� �R�I�� ������������ ������ �D�Q�G�� �K�R�W�� �Z�D�W�H�U��

�H�[�W�U�D�F�W�L�R�Q�� �U�H�V�X�O�W�H�G�� �L�Q�� �D�� �\�L�H�O�G�� �R�I�� ������������ ������ �7�K�H�V�H�� �U�H�V�X�O�W�V�� �L�Q�G�L�F�D�W�H�� �W�K�D�W���6�:�(�� �L�V��

�V�L�J�Q�L�I�L�F�D�Q�W�O�\�� �P�R�U�H�� �H�I�I�L�F�L�H�Q�W�� �L�Q�� �H�[�W�U�D�F�W�L�Q�J�� �S�K�H�Q�R�O�L�F�� �F�R�P�S�R�X�Q�G�V�� �W�K�D�Q�� �F�R�Q�Y�H�Q�W�L�R�Q�D�O��

�P�H�W�K�R�G�V�����7�K�H���K�L�J�K�H�U���H�I�I�L�F�L�H�Q�F�\���R�I���6�:�(���F�D�Q���E�H���D�W�W�U�L�E�X�W�H�G���W�R���L�W�V���D�E�L�O�L�W�\���W�R���G�L�V�U�X�S�W���W�K�H��

�F�H�O�O�� �Z�D�O�O�V�� �P�R�U�H�� �H�I�I�H�F�W�L�Y�H�O�\�� �D�Q�G�� �V�R�O�X�E�L�O�L�]�H�� �S�K�H�Q�R�O�L�F�� �F�R�P�S�R�X�Q�G�V�� �X�Q�G�H�U�� �V�X�E�F�U�L�W�L�F�D�O��

�F�R�Q�G�L�W�L�R�Q�V�����3�D�U�N���H�W���D�O������������������ 
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Figure 3.2.  Three-dimensional response surface plot showing the interaction effect of each variable on the TPC. 

(A) Temperature and Reaction time, (B) Temperature and S/L Ratio, and (C) Reaction time and S/L Ratio 
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Table 3.2. ANOVA analysis for RSM model 

Source Sum of Squares Degree of 
freedom Mean of square F-value Prob > F  

Model 748.86 9 82.98 83.99 <0.0001 Significant 

A-Temperature 488.21 1 488.21 494.11 <0.0001  

B-Reaction time 10.20 1 10.20 10.33 0.0106  

C-Ratio 1.12 1 1.12 1.13 0.3154  

AB 5.36 1 5.36 5.42 0.0449  

AC 6.84 1 6.84 6.93 0.0273  

BC 1.42 1 1.42 1.43 0.2619  

A2 185.33 1 185.33 187.57 <0.0001  

B2 21.32 1 21.32 21.58 0.0012  

C2 13.03 1 13.03 13.19 0.0055  

Residual 8.89 9 0.99    

Lack of Fit  4.51 5 0.90 0.82 0.5909 Not significant 

Pure Error  4.38 4 1.10    

Cor Total 755.75 18     

- R2=0.9882, Adjusted R2=0.9765, Predicted R2=0.9488, Adeq Precision=26.074. 

- p-value and R2 value suggests that the model was acceptable. 

- ANOVA suggest that the model was significant.
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3.3.3. Pysicochemical properties 

3.3.3.1. Color and MRPs 

�5�6�0���7�K�H�� �F�R�O�R�U�� �D�Q�D�O�\�V�L�V�� �G�H�P�R�Q�V�W�U�D�W�H�G�� �W�K�D�W�� �W�K�H�� �H�[�W�U�D�F�W�� �H�[�K�L�E�L�W�V�� �G�D�U�N�H�U�� �K�X�H�V��

�Z�L�W�K�� �U�H�O�D�W�L�Y�H�O�\�� �O�R�Z�� �F�K�U�R�P�D�� �D�Q�G�� �D�� �K�X�H�� �D�Q�J�O�H�� �O�H�D�Q�L�Q�J�� �W�R�Z�D�U�G�� �W�K�H�� �\�H�O�O�R�Z�� �V�S�H�F�W�U�X�P��

���7�D�E�O�H�������������� �6�S�H�F�L�I�L�F�D�O�O�\���� �W�K�H�� �/�
�����O�L�J�K�W�Q�H�V�V���� �Y�D�O�X�H�� �Z�D�V�� �P�H�D�V�X�U�H�G�� �D�V�� ������������ �“�� ������������

�L�Q�G�L�F�D�W�L�Q�J���D���U�H�O�D�W�L�Y�H�O�\�� �G�D�U�N���H�[�W�U�D�F�W�����7�K�H���D�
�� �Y�D�O�X�H�� ���U�H�G���W�R���J�U�H�H�Q���� �Z�D�V������������ �“�� ������������

�Z�K�L�O�H�� �W�K�H�� �E�
���Y�D�O�X�H�� ���\�H�O�O�R�Z�� �W�R�� �E�O�X�H���� �Z�D�V�� ���������� �“�� ������������ �7�K�H�V�H�� �F�R�O�R�U�� �Y�D�U�L�D�W�L�R�Q�V�� �D�U�H��

�O�D�U�J�H�O�\���L�Q�I�O�X�H�Q�F�H�G���E�\���W�K�H���H�[�W�U�D�F�W�L�R�Q���F�R�Q�G�L�W�L�R�Q�V���D�Q�G���F�R�P�S�R�V�L�W�L�R�Q�D�O���G�L�I�I�H�U�H�Q�F�H�V�����&�H�V�D��

�H�W���D�O���������������������7�K�H���F�K�U�R�P�D�����&�
�����Y�D�O�X�H���R�I���W�K�H���H�[�W�U�D�F�W���Z�D�V���F�D�O�F�X�O�D�W�H�G���D�V�������������“��������������

�V�X�J�J�H�V�W�L�Q�J���D���U�H�O�D�W�L�Y�H�O�\���O�R�Z���V�D�W�X�U�D�W�L�R�Q���R�I���F�R�O�R�U�����0�H�D�Q�Z�K�L�O�H�����W�K�H���K�X�H���D�Q�J�O�H�����+�ƒ�����Z�D�V��

�P�H�D�V�X�U�H�G���D�W���������������“���������������L�Q�G�L�F�D�W�L�Q�J���W�K�D�W���W�K�H���H�[�W�U�D�F�W���H�[�K�L�E�L�W�V���D���F�R�O�R�U���O�H�D�Q�L�Q�J���W�R�Z�D�U�G��

�W�K�H���\�H�O�O�R�Z���V�S�H�F�W�U�X�P�����7�K�H�V�H���F�R�O�R�U���F�K�D�Q�J�H�V���F�D�Q���E�H���L�Q�W�H�U�S�U�H�W�H�G���D�V���W�K�H���U�H�V�X�O�W���R�I���S�L�J�P�H�Q�W��

�I�R�U�P�D�W�L�R�Q�� �D�Q�G�� �S�R�O�\�P�H�U�L�]�D�W�L�R�Q�� �L�Q�G�X�F�H�G�� �E�\�� �0�D�L�O�O�D�U�G�� �U�H�D�F�W�L�R�Q�� �S�U�R�G�X�F�W�V�� �D�Q�G�� �W�K�H�L�U��

�F�R�Q�V�W�L�W�X�H�Q�W�V�����6�W�D�U�R�Z�L�F�]���	���=�L�H�O�L���V�N���������������� 

�7�K�H���0�D�L�O�O�D�U�G���U�H�D�F�W�L�R�Q���F�D�Q���E�H���D�V�V�H�V�V�H�G���E�\���P�H�D�V�X�U�L�Q�J���D�E�V�R�U�E�D�Q�F�H���D�W�����������Q�P���D�Q�G��

���������Q�P�����Z�K�L�F�K���L�Q�G�L�F�D�W�H���W�K�H���G�H�J�U�H�H���R�I���E�U�R�Z�Q�L�Q�J���D�Q�G���W�K�H���I�R�U�P�D�W�L�R�Q���R�I���L�Q�W�H�U�P�H�G�L�D�W�H��

�F�R�P�S�R�X�Q�G�V���L�Q���W�K�H���H�[�W�U�D�F�W�����1�R�R�V�K�N�D�P���	���9�D�U�L�G�L�������������������7�K�H���D�E�V�R�U�E�D�Q�F�H���D�W�����������Q�P��

���������������“�����������������U�H�I�O�H�F�W�V���W�K�H���S�U�H�V�H�Q�F�H���R�I���L�Q�W�H�U�P�H�G�L�D�W�H���F�R�P�S�R�X�Q�G�V���I�R�U�P�H�G���G�X�U�L�Q�J���W�K�H��

�H�D�U�O�\���V�W�D�J�H�V���R�I���W�K�H���0�D�L�O�O�D�U�G���U�H�D�F�W�L�R�Q�����Z�K�L�O�H���W�K�H���D�E�V�R�U�E�D�Q�F�H���D�W�����������Q�P�����������������“����������������
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�V�X�J�J�H�V�W�V���W�K�H���I�R�U�P�D�W�L�R�Q���R�I���K�L�J�K���P�R�O�H�F�X�O�D�U���Z�H�L�J�K�W���F�R�P�S�R�X�Q�G�V�����V�X�F�K���D�V���P�H�O�D�Q�R�L�G�L�Q�V����

�Z�K�L�F�K�� �D�U�H�� �U�H�V�S�R�Q�V�L�E�O�H�� �I�R�U�� �E�U�R�Z�Q�L�Q�J���� �7�K�H�� �D�E�V�R�U�E�D�Q�F�H�� �U�D�W�L�R�� �E�H�W�Z�H�H�Q�� �W�K�H�V�H�� �W�Z�R��

�Z�D�Y�H�O�H�Q�J�W�K�V�����$���������$�����������Z�D�V���F�D�O�F�X�O�D�W�H�G���D�V�����������������“�����������������L�Q�G�L�F�D�W�L�Q�J���W�K�H���H�I�I�L�F�L�H�Q�F�\��

�Z�L�W�K�� �Z�K�L�F�K�� �8�9���D�E�V�R�U�E�L�Q�J�� �F�R�P�S�R�X�Q�G�V�� �D�U�H�� �F�R�Q�Y�H�U�W�H�G�� �L�Q�W�R�� �K�L�J�K���P�R�O�H�F�X�O�D�U���Z�H�L�J�K�W��

�V�X�E�V�W�D�Q�F�H�V���� �$�� �K�L�J�K�H�U�� �U�D�W�L�R�� �V�X�J�J�H�V�W�V�� �W�K�D�W�� �8�9���D�E�V�R�U�E�L�Q�J�� �F�R�P�S�R�X�Q�G�V�� �K�D�Y�H�� �E�H�H�Q��

�H�I�I�H�F�W�L�Y�H�O�\�� �W�U�D�Q�V�I�R�U�P�H�G�� �L�Q�W�R�� �S�R�O�\�P�H�U�L�F�� �P�D�W�H�U�L�D�O�V���� �L�Q�G�L�F�D�W�L�Q�J�� �D�� �P�R�U�H�� �D�G�Y�D�Q�F�H�G��

�E�U�R�Z�Q�L�Q�J�� �S�U�R�F�H�V�V���� �0�D�L�O�O�D�U�G�� �U�H�D�F�W�L�R�Q�� �S�U�R�G�X�F�W�V�� �V�L�J�Q�L�I�L�F�D�Q�W�O�\�� �D�O�W�H�U�� �W�K�H�� �I�X�Q�F�W�L�R�Q�D�O��

�S�U�R�S�H�U�W�L�H�V�� �R�I�� �W�K�H�� �H�[�W�U�D�F�W���� �H�V�S�H�F�L�D�O�O�\�� �Z�L�W�K�� �U�H�V�S�H�F�W�� �W�R�� �D�Q�W�L�R�[�L�G�D�Q�W�� �D�F�W�L�Y�L�W�\����

�D�Q�W�L�P�L�F�U�R�E�L�D�O���D�F�W�L�Y�L�W�\�����D�Q�G���H�P�X�O�V�L�R�Q���V�W�D�E�L�O�L�W�\�����1�R�R�V�K�N�D�P���H�W���D�O�������������������� 

�,�Q�� �D�� �S�U�H�Y�L�R�X�V�� �V�W�X�G�\���� �W�K�H�� �F�R�O�R�U�� �R�I�� �H�[�W�U�D�F�W�V�� �R�E�W�D�L�Q�H�G�� �I�U�R�P���6���� �W�K�X�Q�E�H�U�J�L�L���X�V�L�Q�J��

�V�X�E�F�U�L�W�L�F�D�O���Z�D�W�H�U���H�[�W�U�D�F�W�L�R�Q�����W�H�P�S�H�U�D�W�X�U�H���������• �����H�[�W�U�D�F�W�L�R�Q���W�L�P�H���������P�L�Q�����V�R�O�L�G���W�R��

�O�L�T�X�L�G���U�D�W�L�R�������������J���P�/�����Z�D�V���D�Q�D�O�\�]�H�G�����D�Q�G���F�R�P�S�D�U�H�G���W�R���W�K�R�V�H���U�H�V�X�O�W�V�����W�K�H���/�
���Y�D�O�X�H��

�V�K�R�Z�H�G�� �P�L�Q�L�P�D�O�� �F�K�D�Q�J�H�����:�K�L�O�H�� �E�R�W�K�� �W�K�H�� �D�
�� �D�Q�G�� �E�
�� �Y�D�O�X�H�V�� �H�[�K�L�E�L�W�H�G�� �D�� �V�O�L�J�K�W�� �E�X�W��

�Q�R�W�L�F�H�D�E�O�H���L�Q�F�U�H�D�V�H�����3�D�U�N���H�W���D�O���������������������&�R�P�S�D�U�H�G���W�R���S�U�H�Y�L�R�X�V���V�W�X�G�L�H�V�����W�K�H���L�Q�F�U�H�D�V�H�G��

�D�� �D�Q�G�� �E�� �Y�D�O�X�H�V�� �R�E�V�H�U�Y�H�G�� �L�Q�� �W�K�L�V�� �V�W�X�G�\�� �P�D�\�� �E�H�� �P�R�U�H�� �F�O�R�V�H�O�\�� �U�H�O�D�W�H�G�� �W�R�� �W�K�H�� �K�L�J�K�H�U��

�W�H�P�S�H�U�D�W�X�U�H�V���X�V�H�G�����Z�K�L�F�K���H�Q�K�D�Q�F�H�G���W�K�H���E�U�R�Z�Q�L�Q�J���U�H�D�F�W�L�R�Q�V���D�Q�G���S�L�J�P�H�Q�W���I�R�U�P�D�W�L�R�Q����

�7�K�H�� �L�Q�F�U�H�D�V�H�G�� �D�E�V�R�U�E�D�Q�F�H�� �D�W�� �������� �Q�P�� �I�R�U�� �0�5�3�V�� �V�X�J�J�H�V�W�V�� �W�K�D�W�� �P�R�U�H�� �L�Q�W�H�U�P�H�G�L�D�W�H��

�F�R�P�S�R�X�Q�G�V���Z�H�U�H���I�R�U�P�H�G���G�X�U�L�Q�J���W�K�H���H�D�U�O�\���V�W�D�J�H�V���R�I���W�K�H���U�H�D�F�W�L�R�Q�����7�K�L�V���L�V���O�L�N�H�O�\���G�X�H��

�W�R�� �W�K�H�� �H�O�H�Y�D�W�H�G�� �H�[�W�U�D�F�W�L�R�Q�� �W�H�P�S�H�U�D�W�X�U�H���� �Z�K�L�F�K�� �D�F�F�H�O�H�U�D�W�H�V�� �W�K�H�� �U�H�D�F�W�L�R�Q�� �E�H�W�Z�H�H�Q��
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�U�H�G�X�F�L�Q�J���V�X�J�D�U�V���D�Q�G���D�P�L�Q�R���D�F�L�G�V�����U�H�V�X�O�W�L�Q�J���L�Q���W�K�H���J�H�Q�H�U�D�W�L�R�Q���R�I���D���J�U�H�D�W�H�U���T�X�D�Q�W�L�W�\��

�R�I���L�Q�W�H�U�P�H�G�L�D�W�H���F�R�P�S�R�X�Q�G�V�����0�H�D�Q�Z�K�L�O�H�����W�K�H���V�O�L�J�K�W�O�\���O�R�Z�H�U���D�E�V�R�U�E�D�Q�F�H���D�W�����������Q�P��

�P�D�\�� �L�Q�G�L�F�D�W�H�� �D�� �U�H�O�D�W�L�Y�H�� �G�H�F�U�H�D�V�H�� �L�Q�� �W�K�H�� �I�R�U�P�D�W�L�R�Q�� �R�I�� �K�L�J�K���P�R�O�H�F�X�O�D�U���Z�H�L�J�K�W��

�F�R�P�S�R�X�Q�G�V�����V�X�F�K���D�V���P�H�O�D�Q�R�L�G�L�Q�V�����7�K�L�V���G�L�I�I�H�U�H�Q�F�H���P�D�\���E�H���G�X�H���W�R���W�K�H���O�R�Z�H�U���V�R�O�L�G���W�R��

�O�L�T�X�L�G�� �U�D�W�L�R���� �S�R�W�H�Q�W�L�D�O�O�\�� �U�H�V�W�U�L�F�W�L�Q�J�� �W�K�H�� �S�R�O�\�P�H�U�L�]�D�W�L�R�Q�� �R�I�� �W�K�H�� �F�R�P�S�R�X�Q�G�V�� �I�R�U�P�H�G��

�G�X�U�L�Q�J���H�[�W�U�D�F�W�L�R�Q�� 

�7�K�H�V�H���I�L�Q�G�L�Q�J�V���V�X�J�J�H�V�W���W�K�D�W���0�5�3�V���K�D�Y�H���W�K�H���S�R�W�H�Q�W�L�D�O���W�R���V�L�J�Q�L�I�L�F�D�Q�W�O�\���H�Q�K�D�Q�F�H��

�W�K�H���I�X�Q�F�W�L�R�Q�D�O���S�U�R�S�H�U�W�L�H�V���R�I���H�[�W�U�D�F�W�V�����Z�L�W�K���S�U�R�P�L�V�L�Q�J���D�S�S�O�L�F�D�W�L�R�Q�V���L�Q���D�U�H�D�V���V�X�F�K���D�V��

�I�R�R�G�� �S�U�H�V�H�U�Y�D�W�L�R�Q���� �F�R�V�P�H�W�L�F�� �I�R�U�P�X�O�D�W�L�R�Q�V���� �D�Q�G�� �P�H�G�L�F�L�Q�D�O�� �S�U�R�G�X�F�W�V���� �Z�K�H�U�H��

�D�Q�W�L�R�[�L�G�D�Q�W�V���D�Q�G���D�Q�W�L�P�L�F�U�R�E�L�D�O���S�U�R�S�H�U�W�L�H�V���D�U�H���K�L�J�K�O�\���Y�D�O�X�H�G���� 
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Table 3.3. Color properties and MRPs of OSE. 

�&�R�Q�G�L�W�L�R�Q�V 
�&�R�O�R�U �0�5�3�V 

�/�
  �D�
 �E�
 �&�
 �+�ƒ ���������Q�P ���������Q�P �������������� 

�2�6�( �������������“���������� �����������“���������� �����������“���������� �����������“���������� �������������“���������� �������������“������������ �������������“������������ ���������������“������������ 

- Values are expressed as mean±SD. 
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3.3.3.2. Monosaccharide composition 

�,�Q���J�H�Q�H�U�D�O�����E�U�R�Z�Q���V�H�D�Z�H�H�G���F�R�Q�W�D�L�Q�V���V�H�Y�H�U�D�O���S�R�O�\�V�D�F�F�K�D�U�L�G�H�V�����V�X�F�K���D�V���I�X�F�R�L�G�D�Q����

�0�R�U�H�R�Y�H�U���� �P�R�Q�R�V�D�F�F�K�D�U�L�G�H�V�� �V�X�F�K�� �D�V�� �I�X�F�R�V�H���� �J�D�O�D�F�W�R�V�H���� �J�O�X�F�R�V�H���� �[�\�O�R�V�H���� �D�Q�G��

�P�D�Q�Q�R�V�H���F�R�P�E�L�Q�H���W�R���I�R�U�P���Y�D�U�L�R�X�V���S�R�O�\�V�D�F�F�K�D�U�L�G�H�V�����7�K�L�V���V�W�U�X�F�W�X�U�D�O���K�H�W�H�U�R�J�H�Q�H�L�W�\���L�V��

�G�X�H�� �W�R�� �F�K�D�Q�J�H�V�� �L�Q�� �V�X�O�I�D�W�H�� �F�R�Q�W�H�Q�W���� �F�R�Q�V�W�L�W�X�H�Q�W�� �P�R�Q�R�V�D�F�F�K�D�U�L�G�H�V���� �D�Q�G�� �P�R�O�H�F�X�O�D�U��

�Z�H�L�J�K�W���� �Z�K�L�F�K�� �Y�D�U�\�� �G�H�S�H�Q�G�L�Q�J�� �R�Q�� �W�K�H�� �E�L�R�O�R�J�L�F�D�O�� �V�R�X�U�F�H�� �R�I�� �I�X�F�R�L�G�D�Q�� �D�Q�G�� �W�K�H��

�H�[�W�U�D�F�W�L�R�Q���P�H�W�K�R�G�����*�D�U�F�t�D���9�D�T�X�H�U�R���H�W���D�O���������������������$�V���D���U�H�V�X�O�W���R�I���W�K�H���P�R�Q�R�V�D�F�F�K�D�U�L�G�H��

�F�R�P�S�R�V�L�W�L�R�Q���R�I���2�6�(�����7�D�E�O�H�������������)�L�J�X�U�H���������������W�K�H���P�D�L�Q���P�R�Q�R�V�D�F�F�K�D�U�L�G�H�V���Z�H�U�H���I�X�F�R�V�H��

���������������������J�D�O�D�F�W�R�V�H�����������������������[�\�O�R�V�H�����������������������D�Q�G���J�O�X�F�R�V�H�����������������������7�K�L�V���U�H�V�X�O�W��

�L�V���V�L�P�L�O�D�U���W�R���W�K�H���P�R�Q�R�V�D�F�F�K�D�U�L�G�H���F�R�P�S�R�V�L�W�L�R�Q���R�I���6�����W�K�X�Q�E�H�U�J�L�L���H�[�W�U�D�F�W�H�G���X�V�L�Q�J���6�:�(��

�D�W���������•���L�Q�����3�D�U�N���H�W���D�O���������������������,�Q���6�D�F�F�K�D�U�L�Q�D���M�D�S�R�Q�L�F�D�����D���W�\�S�L�F�D�O���V�R�X�U�F�H���R�I���I�X�F�R�L�G�D�Q����

�I�X�F�R�V�H���D�Q�G���J�D�O�D�F�W�R�V�H���F�R�Q�V�W�L�W�X�W�H�G���������������D�Q�G�����������������U�H�V�S�H�F�W�L�Y�H�O�\�����6�D�U�D�Y�D�Q�D���H�W���D�O������

������������ 
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Figure 3.3. Monosaccharides chromatogram of OSE.
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3.3.3.3. Sulfate content 

�6�X�O�I�D�W�H���L�V���D���F�U�L�W�L�F�D�O���I�X�Q�F�W�L�R�Q�D�O���F�R�P�S�R�Q�H�Q�W���R�I���P�D�U�L�Q�H���S�R�O�\�V�D�F�F�K�D�U�L�G�H�V���V�X�F�K���D�V��

�I�X�F�R�L�G�D�Q�����F�D�U�U�D�J�H�H�Q�D�Q�����D�Q�G���X�O�Y�D�Q���D�Q�G���L�V���F�O�R�V�H�O�\���D�V�V�R�F�L�D�W�H�G���Z�L�W�K���Y�D�U�L�R�X�V���E�L�R�O�R�J�L�F�D�O��

�D�F�W�L�Y�L�W�L�H�V���� �L�Q�F�O�X�G�L�Q�J�� �D�Q�W�L�R�[�L�G�D�Q�W���� �D�Q�W�L�F�R�D�J�X�O�D�Q�W���� �D�Q�W�L�Y�L�U�D�O���� �D�Q�G�� �D�Q�W�L���L�Q�I�O�D�P�P�D�W�R�U�\��

�H�I�I�H�F�W�V�����*�D�U�F�t�D���9�D�T�X�H�U�R���H�W���D�O���������������������1�R�W�D�E�O�\�����K�L�J�K�H�U���V�X�O�I�D�W�H���F�R�Q�W�H�Q�W���S�O�D�\�V���D���S�L�Y�R�W�D�O��

�U�R�O�H���L�Q���H�Q�K�D�Q�F�L�Q�J���W�K�H���E�L�R�D�F�W�L�Y�L�W�\���R�I���W�K�H�V�H���S�R�O�\�V�D�F�F�K�D�U�L�G�H�V�����7�K�L�V���V�W�X�G�\���G�H�W�H�U�P�L�Q�H�G��

�W�K�H���V�X�O�I�D�W�H���F�R�Q�W�H�Q�W���R�I���W�K�H���2�6�(���Z�D�V�������������“�����������������7�D�E�O�H���������������,�Q���S�U�H�Y�L�R�X�V���V�W�X�G�L�H�V��

�X�V�L�Q�J�� �V�L�P�L�O�D�U���6�:�(�� �F�R�Q�G�L�W�L�R�Q�V�� ���������• ���I�R�U�� ������������ �P�L�Q������ �W�K�H�� �V�X�O�I�D�W�H�� �F�R�Q�W�H�Q�W�� �R�I��

�(�F�N�O�R�Q�L�D���P�D�[�L�P�D���Z�D�V���I�R�X�Q�G���W�R���E�H���������������“�������������P�J���6�2�y�ð�q���J�����%�R�U�G�R�O�R�L���H�W���D�O��������������������

�$�G�G�L�W�L�R�Q�D�O�O�\�����L�Q���Y�D�U�L�R�X�V���S�D�U�W�V���R�I���8�Q�G�D�U�L�D���S�L�Q�Q�D�W�L�I�L�G�D�����E�O�D�G�H�����V�S�R�U�R�S�K�\�O�O�����D�Q�G���U�R�R�W������

�6�:�( ���U�H�V�X�O�W�H�G���L�Q���V�X�O�I�D�W�H���F�R�Q�W�H�Q�W���U�D�Q�J�L�Q�J���I�U�R�P�������������“���������������W�R�������������“�����������������3�D�U�N��

�H�W���D�O���������������������7�K�H���V�X�O�I�D�W�H���F�R�Q�W�H�Q�W���R�E�V�H�U�Y�H�G���L�Q���2�6�(�����Z�K�L�F�K���L�V���U�H�O�D�W�L�Y�H�O�\���K�L�J�K���Z�L�W�K�L�Q��

�W�K�L�V���U�D�Q�J�H�����V�X�J�J�H�V�W�V���W�K�D�W���2�6�(���K�D�V���V�L�J�Q�L�I�L�F�D�Q�W���S�R�W�H�Q�W�L�D�O���D�V���D���I�X�Q�F�W�L�R�Q�D�O���P�D�W�H�U�L�D�O���G�X�H��

�W�R���L�W�V���H�Q�U�L�F�K�H�G���V�X�O�I�D�W�H���F�R�P�S�R�V�L�W�L�R�Q�����7�K�H���K�L�J�K���V�X�O�I�D�W�H���F�R�Q�W�H�Q�W���R�E�V�H�U�Y�H�G���L�Q���2�6�(���P�D�\��

�E�H���D�W�W�U�L�E�X�W�H�G���W�R���W�K�H���R�S�W�L�P�L�]�H�G���V�X�E�F�U�L�W�L�F�D�O���Z�D�W�H�U���H�[�W�U�D�F�W�L�R�Q���F�R�Q�G�L�W�L�R�Q�V�����Z�K�L�F�K���O�L�N�H�O�\��

�F�R�Q�W�U�L�E�X�W�H�G���W�R���P�D�L�Q�W�D�L�Q�L�Q�J���D�Q���H�I�I�H�F�W�L�Y�H���V�X�O�I�D�W�H���O�H�Y�H�O���Z�K�L�O�H���P�D�[�L�P�L�]�L�Q�J���E�L�R�D�F�W�L�Y�L�W�\����

�)�R�U���L�Q�V�W�D�Q�F�H�����F�H�U�W�D�L�Q���V�W�X�G�L�H�V���K�D�Y�H���L�Q�G�L�F�D�W�H�G���W�K�D�W���P�R�U�H���S�R�W�H�Q�W���E�L�R�D�F�W�L�Y�L�W�\���L�V���R�E�V�H�U�Y�H�G��

�L�Q�� �D�Q�W�L�F�R�D�J�X�O�D�Q�W�� �D�Q�G�� �D�Q�W�L�Y�L�U�D�O�� �D�F�W�L�Y�L�W�L�H�V�� �Z�K�H�Q�� �V�X�O�I�D�W�H�� �J�U�R�X�S�V�� �D�U�H�� �S�R�V�L�W�L�R�Q�H�G�� �D�W��

�V�S�H�F�L�I�L�F�� �V�L�W�H�V�� �Z�L�W�K�L�Q�� �W�K�H�� �S�R�O�\�V�D�F�F�K�D�U�L�G�H�� �V�W�U�X�F�W�X�U�H�����0�X�O�O�R�\�� �H�W�� �D�O������ �������������� �)�X�U�W�K�H�U��

�L�Q�Y�H�V�W�L�J�D�W�L�R�Q�V�� �D�U�H�� �Z�D�U�U�D�Q�W�H�G�� �W�R�� �J�D�L�Q�� �D�� �G�H�H�S�H�U�� �X�Q�G�H�U�V�W�D�Q�G�L�Q�J�� �R�I�� �W�K�H�� �U�H�O�D�W�L�R�Q�V�K�L�S��
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�E�H�W�Z�H�H�Q�� �W�K�H�� �S�R�V�L�W�L�R�Q�� �R�I�� �V�X�O�I�D�W�H�� �J�U�R�X�S�V�� �L�Q�� �2�6�(�� �D�Q�G�� �L�W�V�� �E�L�R�O�R�J�L�F�D�O�� �D�F�W�L�Y�L�W�L�H�V���� �,�Q��

�F�R�Q�F�O�X�V�L�R�Q���� �W�K�H�� �K�L�J�K�� �V�X�O�I�D�W�H�� �F�R�Q�W�H�Q�W�� �R�I�� �2�6�(�� �L�Q�G�L�F�D�W�H�V�� �W�K�D�W�� �L�W�� �F�R�X�O�G�� �V�X�U�S�D�V�V�� �W�K�H��

�E�L�R�D�F�W�L�Y�L�W�\���R�I���F�R�Q�Y�H�Q�W�L�R�Q�D�O���V�H�D�Z�H�H�G���S�R�O�\�V�D�F�F�K�D�U�L�G�H�V�����X�Q�G�H�U�V�F�R�U�L�Q�J���W�K�H���V�L�J�Q�L�I�L�F�D�Q�F�H��

�R�I���R�S�W�L�P�L�]�H�G���V�X�E�F�U�L�W�L�F�D�O���Z�D�W�H�U���H�[�W�U�D�F�W�L�R�Q���D�V���D���N�H�\�� �V�W�U�D�W�H�J�\���L�Q���W�K�H���G�H�Y�H�O�R�S�P�H�Q�W���R�I��

�I�X�Q�F�W�L�R�Q�D�O���P�D�W�H�U�L�D�O�V������ 

 

3.3.3.4. Molecular weight analysis 

�7�K�H�� �P�R�O�H�F�X�O�D�U�� �Z�H�L�J�K�W�� �R�I�� �2�6�(�� �Z�D�V�� �G�H�W�H�U�P�L�Q�H�G�� �X�V�L�Q�J�� �*�3�&�� �D�Q�G�� �I�R�X�Q�G�� �W�R��

�F�R�P�S�U�L�V�H���W�K�U�H�H���P�D�L�Q���S�H�D�N�V�����7�D�E�O�H�������������)�L�J�X�U�H���������������7�K�H���Q�X�P�E�H�U���D�Y�H�U�D�J�H���P�R�O�H�F�X�O�D�U��

�Z�H�L�J�K�W�� ���0�Q������ �Z�H�L�J�K�W���D�Y�H�U�D�J�H�� �P�R�O�H�F�X�O�D�U�� �Z�H�L�J�K�W�� ���0�Z������ �D�Q�G�� �S�R�O�\�G�L�V�S�H�U�V�L�W�\�� �L�Q�G�H�[��

���0�Z���0�Q�����Z�H�U�H���������������������������D�Q�G�������������D�W���S�H�D�N�����������������������������D�Q�G�������������D�W���S�H�D�N���������D�Q�G��

���������������������D�Q�G�������������D�W���S�H�D�N���������U�H�V�S�H�F�W�L�Y�H�O�\�����3�H�D�N�V���R�I���Y�D�U�L�R�X�V���P�R�O�H�F�X�O�D�U���Z�H�L�J�K�W�V���H�[�L�V�W����

�0�D�U�L�Q�H���E�L�R�P�D�V�V���Z�L�W�K���O�R�Z���P�R�O�H�F�X�O�D�U���Z�H�L�J�K�W���L�V���X�V�H�I�X�O���I�R�U���L�P�S�U�R�Y�L�Q�J���S�K�\�V�L�F�D�O���D�Q�G��

�I�X�Q�F�W�L�R�Q�D�O���S�U�R�S�H�U�W�L�H�V�����,�W���K�D�V���E�H�H�Q���U�H�S�R�U�W�H�G���W�K�D�W���D�S�S�O�\�L�Q�J���6�:�(���W�R���S�R�O�\�P�H�U�V���G�H�U�L�Y�H�G��

�I�U�R�P���P�D�U�L�Q�H���R�U�J�D�Q�L�V�P�V���W�R���F�R�Q�W�U�R�O���W�K�H�L�U���P�R�O�H�F�X�O�D�U���Z�H�L�J�K�W���D�I�I�H�F�W�V���F�R�O�O�D�J�H�Q���D�O�J�L�Q�D�W�H�
�V��

�V�F�D�I�I�R�O�G�L�Q�J���D�E�L�O�L�W�\���D�Q�G���D�Q�W�L�R�[�L�G�D�Q�W���D�Q�G���D�Q�W�L�F�R�D�J�X�O�D�Q�W���H�I�I�H�F�W�V�����+�R���H�W���D�O������������������ 
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Figure 3.4. GPC chromatogram and calibration plot for determination of molecular 

weight of OSE.
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Table 3.4. Monosaccharide composition, sulfate content, and molecular weight analysis of OSE 

�&�R�Q�G�L�W�L�R�Q�V 
�0�R�Q�R�V�D�F�F�K�D�U�L�G�H���&�R�P�S�R�V�L�W�L�R�Q�������� 

�6�X�O�I�D�W�H��
�&�R�Q�W�H�Q�W��

������  
�0�R�O�H�F�X�O�D�U���:�H�L�J�K�W�����'�D�� 

�)�X�F�R�V�H Arabinose �*�D�O�D�F�W�R�V�H Rhamnose �*�O�X�F�R�V�H �;�\�O�R�V�H �0�D�Q�Q�R�V�H  �3�H�D�N��
�1�R�� �0�Q �0�Z �3�, 

�2�6�( 35.29 �“���������� 0.67 �“���������� 24.04 ± 0.04 0.95 ± 0.01 16.65 ± 0.70 17.71 ± 0.74 4.70 ± 0.41 �����������“������������ 

�� �������� �������� �������� 

�� ������ ������ �������� 

�� ������ ������ �������� 

- Values are expressed as mean±SD.
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3.3.3.5. Total phenolic contents and total flavonoids contents 

�6�����W�K�X�Q�E�H�U�J�L�L���F�R�Q�W�D�L�Q�V���Y�D�U�L�R�X�V���V�X�E�V�W�D�Q�F�H�V�����L�Q�F�O�X�G�L�Q�J���S�K�H�Q�R�O�L�F���F�R�P�S�R�X�Q�G�V���Z�L�W�K��

�Y�D�U�L�R�X�V���S�K�\�V�L�R�O�R�J�L�F�D�O���H�I�I�H�F�W�V�����V�X�F�K���D�V���D�Q�W�L�R�[�L�G�D�Q�W�����D�Q�W�L�K�\�S�H�U�W�H�Q�V�L�Y�H�����D�Q�W�L�F�R�D�J�X�O�D�Q�W����

�D�Q�G���D�Q�W�L�E�D�F�W�H�U�L�D�O���S�U�R�S�H�U�W�L�H�V�����7�K�X�V�����L�W���L�V���S�R�W�H�Q�W�L�D�O�O�\���D���K�L�J�K���Y�D�O�X�H���H�[�W�U�D�F�W�����3�D�U�N���H�W���D�O������

�������������&�D�L�M�L�D�R���H�W���D�O���������������������)�R�U���2�6�(�����W�K�H���7�3�&���D�Q�G���7�)�&���Y�D�O�X�H�V���Z�H�U�H���������������“������������

�P�J���3�*�(���J���D�Q�G���������������“�������������P�J���4�(���J�����U�H�V�S�H�F�W�L�Y�H�O�\�����7�D�E�O�H���������������7�H�P�S�H�U�D�W�X�U�H���L�V���W�K�H��

�P�D�L�Q���L�Q�I�O�X�H�Q�F�L�Q�J���I�D�F�W�R�U���L�Q���W�K�H���H�[�W�U�D�F�W�L�R�Q���R�I���S�K�H�Q�R�O�L�F���F�R�P�S�R�X�Q�G�V�����7�K�L�V���L�V���E�H�F�D�X�V�H��

�W�K�H�� �G�L�H�O�H�F�W�U�L�F�� �F�R�Q�V�W�D�Q�W�� �R�I�� �Z�D�W�H�U�� �G�H�F�U�H�D�V�H�V�� �D�W�� �K�L�J�K�� �W�H�P�S�H�U�D�W�X�U�H�V�� �D�Q�G�� �W�K�H�� �V�R�O�Y�D�W�L�R�Q��

�D�E�L�O�L�W�\���R�I���Z�D�W�H�U���L�V���V�L�P�L�O�D�U���W�R���W�K�D�W���R�I���R�U�J�D�Q�L�F���V�R�O�Y�H�Q�W�V�����Z�K�L�F�K���L�Q�F�U�H�D�V�H�V���W�K�H���D�T�X�H�R�X�V��

�V�R�O�X�E�L�O�L�W�\���R�I���R�U�J�D�Q�L�F���V�X�E�V�W�D�Q�F�H�V���V�X�F�K���D�V���S�K�H�Q�R�O�L�F���F�R�P�S�R�X�Q�G�V�����*�X�R���H�W���D�O���������������������,�Q��

�D�G�G�L�W�L�R�Q���� �Z�D�W�H�U�� �E�H�F�R�P�H�V�� �P�R�U�H�� �F�K�H�P�L�F�D�O�O�\�� �D�J�J�U�H�V�V�L�Y�H�� �D�V�� �W�H�P�S�H�U�D�W�X�U�H�� �L�Q�F�U�H�D�V�H�V����

�Z�K�L�F�K�� �E�U�H�D�N�V�� �G�R�Z�Q�� �W�K�H�� �E�L�R�P�D�V�V�� �V�W�U�X�F�W�X�U�H�� �D�Q�G�� �L�P�S�U�R�Y�H�V�� �S�K�H�Q�R�O�� �H�[�W�U�D�F�W�L�R�Q��

�S�H�U�I�R�U�P�D�Q�F�H���� �+�R�Z�H�Y�H�U���� �D�V�� �S�K�H�Q�R�O�L�F�� �F�R�P�S�R�X�Q�G�V�� �G�H�F�R�P�S�R�V�H�� �I�D�V�W�H�U�� �D�W�� �K�L�J�K��

�W�H�P�S�H�U�D�W�X�U�H�V���G�X�H���W�R���K�L�J�K���H�Q�H�U�J�\�����W�K�H���7�3�&���\�L�H�O�G���D�S�S�H�D�U�V���W�R���G�H�F�U�H�D�V�H���D�E�R�Y�H���D���F�H�U�W�D�L�Q��

�W�H�P�S�H�U�D�W�X�U�H�����0�D�\�D�Q�J�D���7�R�U�U�H�V���H�W���D�O������������������ 

�,�Q���W�K�L�V���V�W�X�G�\�����L�W���Z�D�V���I�R�X�Q�G���W�K�D�W���W�K�H���7�)�&���R�I���2�6�(���F�R�Q�V�W�L�W�X�W�H�G���D�S�S�U�R�[�L�P�D�W�H�O�\����������

�R�I�� �7�3�&���� �+�R�Z�H�Y�H�U���� �I�O�D�Y�R�Q�R�L�G�V�� �D�U�H�� �N�Q�R�Z�Q�� �W�R�� �K�D�Y�H�� �O�R�Z�H�U�� �K�H�D�W�� �V�W�D�E�L�O�L�W�\�� �W�K�D�Q�� �R�W�K�H�U��

�S�K�H�Q�R�O�L�F�� �F�R�P�S�R�X�Q�G�V���� �7�3�&�� �V�K�R�Z�V�� �W�K�H�� �K�L�J�K�H�V�W�� �H�[�W�U�D�F�W�L�R�Q�� �\�L�H�O�G�� �D�W�� �������•�±�������•����

�Z�K�H�U�H�D�V���7�)�&���G�H�F�U�H�D�V�H�V���D�I�W�H�U���D�S�S�U�R�[�L�P�D�W�H�O�\���������•�����3�O�D�]�D���H�W���D�O���������������������)�O�D�Y�R�Q�R�L�G��
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�L�V���D���S�K�H�Q�R�O�L�F���F�R�P�S�R�X�Q�G���D�Q�G���F�R�Q�V�W�L�W�X�W�H�V���D�S�S�U�R�[�L�P�D�W�H�O�\���������í���������R�I���7�3�&���L�Q���6�:�(��

�H�[�W�U�D�F�W�V���R�I���E�U�R�Z�Q���V�H�D�Z�H�H�G���L�Q���W�K�H���W�H�P�S�H�U�D�W�X�U�H���U�D�Q�J�H���R�I���������•�±�������•�� ���3�D�U�N���H�W���D�O������

�������������� 

 

3.3.3.6. Total sugar contents and reducing sugar contents 

�9�D�U�L�R�X�V���V�W�X�G�L�H�V���K�D�Y�H���E�H�H�Q���F�R�Q�G�X�F�W�H�G���W�R���U�H�S�O�D�F�H���F�K�H�P�L�F�D�O�V���R�E�W�D�L�Q�H�G���I�U�R�P���I�R�V�V�L�O��

�U�H�V�R�X�U�F�H�V�����L�Q���S�D�U�W�L�F�X�O�D�U�����V�X�J�D�U���L�V���E�H�F�R�P�L�Q�J���P�R�U�H���L�P�S�R�U�W�D�Q�W���E�H�F�D�X�V�H���L�W���F�D�Q���S�U�R�G�X�F�H��

�E�L�R�I�X�H�O�V�� ���E�L�R�H�W�K�D�Q�R�O���� �E�L�R�E�X�W�D�Q�R�O���� �E�L�R�P�H�W�K�D�Q�H���� �H�W�F������ �D�Q�G�� �Y�D�U�L�R�X�V�� �F�K�H�P�L�F�D�O�V��

���6�X�G�K�D�N�D�U���H�W���D�O���������������������,�Q���W�K�L�V���V�W�X�G�\�����W�K�H���7�6�&���D�Q�G���5�6�&���R�I���2�6�(���Z�H�U�H���D�Q�D�O�\�]�H�G���D�Q�G��

�I�R�X�Q�G���W�R���E�H���������������“�������������D�Q�G���������������“�������������P�J���J�O�X�F�R�V�H���J�����U�H�V�S�H�F�W�L�Y�H�O�\�����7�D�E�O�H��������������

�5�H�G�X�F�L�Q�J���V�X�J�D�U�V�����F�R�Q�V�L�G�H�U�H�G���I�H�U�P�H�Q�W�D�E�O�H���V�X�J�D�U�V�����F�R�Q�V�W�L�W�X�W�H���D�S�S�U�R�[�L�P�D�W�H�O�\����������������

�R�I���7�6�&�����+�R�Z�H�Y�H�U�����D�F�F�R�U�G�L�Q�J���W�R���S�U�H�Y�L�R�X�V���U�H�V�H�D�U�F�K�����V�D�F�F�K�D�U�L�G�H�V���W�H�Q�G���W�R���U�H�D�F�K���W�K�H�L�U��

�P�D�[�L�P�X�P���F�R�Q�W�H�Q�W���D�W���D���W�H�P�S�H�U�D�W�X�U�H���R�I���D�S�S�U�R�[�L�P�D�W�H�O�\�� �������• ���D�Q�G���W�K�H�Q���G�H�F�R�P�S�R�V�H��

���3�D�U�N���H�W���D�O�������������������0�D�\�D�Q�J�D���7�R�U�U�H�V���H�W���D�O���������������������Z�K�L�F�K���L�V���J�H�Q�H�U�D�O�O�\���F�D�X�V�H�G���E�\���W�K�H��

�0�D�L�O�O�D�U�G���U�H�D�F�W�L�R�Q�����*�D�Q���	���%�D�U�R�X�W�L�D�Q�������������������7�K�L�V���V�X�J�J�H�V�W�V���W�K�D�W���I�X�U�W�K�H�U���U�H�V�H�D�U�F�K���L�V��

�Q�H�H�G�H�G���W�R���R�S�W�L�P�L�]�H���W�K�H���S�U�R�F�H�V�V���W�R���R�E�W�D�L�Q���W�K�H���P�D�[�L�P�X�P���7�6�&�����6�H�D�Z�H�H�G�V�����L�Q�F�O�X�G�L�Q�J��

�6���� �W�K�X�Q�E�H�U�J�L�L���� �F�R�Q�W�D�L�Q�� �X�Q�L�T�X�H�� �S�R�O�\�V�D�F�F�K�D�U�L�G�H�V���� �7�K�X�V���� �W�K�H�\�� �D�U�H�� �F�R�Q�V�L�G�H�U�H�G�� �W�K�L�U�G��

�J�H�Q�H�U�D�W�L�R�Q���E�L�R�P�D�V�V���W�K�D�W���F�D�Q���F�R�P�S�O�H�P�H�Q�W���W�K�H���V�K�R�U�W�F�R�P�L�Q�J�V���R�I���W�K�H���I�L�U�V�W���J�H�Q�H�U�D�W�L�R�Q��

�E�L�R�P�D�V�V�� �R�I�� �W�K�H�� �J�U�D�L�Q�� �I�D�P�L�O�\���� �V�X�F�K�� �D�V�� �V�W�D�U�F�K���� �D�Q�G�� �W�K�H�� �V�H�F�R�Q�G���J�H�Q�H�U�D�W�L�R�Q�� �E�L�R�P�D�V�V����
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�V�X�F�K���D�V���O�L�J�Q�R�F�H�O�O�X�O�R�V�H�����7�R���J�H�Q�H�U�D�W�H���E�L�R�I�X�H�O���I�U�R�P���V�H�D�Z�H�H�G���G�H�U�L�Y�H�G���S�R�O�\�V�D�F�F�K�D�U�L�G�H�V����

�D�Q���D�S�S�U�R�S�U�L�D�W�H���S�U�H�W�U�H�D�W�P�H�Q�W���P�H�W�K�R�G���L�V���U�H�T�X�L�U�H�G���W�R���G�H�F�R�P�S�R�V�H���S�R�O�\�V�D�F�F�K�D�U�L�G�H�V�����&�K�R��

�H�W���D�O���������������������6�:�(���F�D�Q���H�D�V�L�O�\���D�Q�G���T�X�L�F�N�O�\���F�R�Q�Y�H�U�W���S�R�O�\�V�D�F�F�K�D�U�L�G�H�V���L�Q�W�R���I�H�U�P�H�Q�W�D�E�O�H��

�V�X�J�D�U�V�����/�H�H���H�W���D�O������������������ 
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Table 3.5. Chemical properties of OSE 

Conditions 

Chemical properties 

TPC 
(mg PGE/g) 

TFC 
(mg QE/g) 

TSC  
(mg glucose/g) 

RSC  
(mg glucose/g) 

OSE 29.01 ± 0.28 10.33 ± 0.48 35.54 ± 0.58 24.25 ± 1.40 

- Values are expressed as mean±SD. 
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3.3.3.7. Identification of chemical compounds in OSE by GC�±MS 

�*�&�±�0�6���D�Q�D�O�\�V�L�V���W�H�Q�W�D�W�L�Y�H�O�\���L�G�H�Q�W�L�I�L�H�G���Y�D�U�L�R�X�V���F�R�P�S�R�X�Q�G�V���L�Q���W�K�H���2�6�(�����7�D�E�O�H��

���������� �)�L�J�X�U�H�������������� �7�K�H�� �*�&�±�0�6�� �D�Q�D�O�\�V�L�V�� �G�H�W�H�F�W�H�G�� ������ �S�H�D�N�V���� �R�X�W�� �R�I�� �Z�K�L�F�K�� ������

�F�R�P�S�R�X�Q�G�V�� �Z�H�U�H�� �L�G�H�Q�W�L�I�L�H�G���� �7�K�H�� �L�G�H�Q�W�L�I�L�H�G�� �F�R�P�S�R�X�Q�G�V�� �L�Q�F�O�X�G�H�� �V�X�J�D�U�� �D�O�F�R�K�R�O�V����

�P�R�Q�R�V�D�F�F�K�D�U�L�G�H�V���� �I�D�W�W�\�� �D�F�L�G�V���� �I�D�W�W�\�� �D�P�L�G�H�V���� �D�P�L�Q�R�� �D�F�L�G�V���� �J�O�\�F�R�V�L�G�H�V���� �D�Q�G��

�P�R�Q�R�J�O�\�F�H�U�L�G�H�V���� �7�K�H�V�H�� �F�R�P�S�R�X�Q�G�V�� �S�R�V�V�H�V�V�� �G�L�V�W�L�Q�F�W�� �E�L�R�D�F�W�L�Y�L�W�L�H�V�� �D�Q�G�� �D�S�S�O�L�F�D�W�L�R�Q��

�S�R�W�H�Q�W�L�D�O�V�����S�R�V�L�W�L�R�Q�L�Q�J���W�K�L�V���H�[�W�U�D�F�W���D�V���D���Y�D�O�X�D�E�O�H���U�H�V�R�X�U�F�H���I�R�U���W�K�H���Y�D�O�R�U�L�]�D�W�L�R�Q���R�I���6����

�W�K�X�Q�E�H�U�J�L�L�����7�K�H�L�U���E�L�R�D�F�W�L�Y�L�W�\���D�Q�G���S�R�W�H�Q�W�L�D�O���D�S�S�O�L�F�D�W�L�R�Q�V���D�U�H���G�H�V�F�U�L�E�H�G���E�H�O�R�Z���� 

 

3.3.3.7.1. ���6�X�J�D�U���D�O�F�R�K�R�O�V���D�Q�G���P�R�Q�R�V�D�F�F�K�D�U�L�G�H�V 

�7�K�H�� �P�R�V�W�� �D�E�X�Q�G�D�Q�W�� �F�R�P�S�R�X�Q�G�� �L�G�H�Q�W�L�I�L�H�G�� �E�\�� �*�&�±�0�6�� �Z�D�V�� �'���V�R�U�E�L�W�R�O���� �Z�K�L�F�K��

�F�R�P�S�U�L�V�H�G�� �������������� �R�I�� �2�6�(���� �'���V�R�U�E�L�W�R�O�� �L�V�� �D�� �V�Z�H�H�W���W�D�V�W�L�Q�J�� �V�X�J�D�U�� �D�O�F�R�K�R�O�� �W�K�D�W�� �L�V��

�P�H�W�D�E�R�O�L�]�H�G�� �V�O�R�Z�O�\�� �L�Q�� �W�K�H�� �E�R�G�\�� �D�Q�G�� �L�V�� �R�I�W�H�Q�� �X�V�H�G�� �D�V�� �D�� �V�X�J�D�U���V�X�E�V�W�L�W�X�W�H���� �,�W���L�V�� �D�O�V�R��

�X�V�H�G���D�V���D���V�Z�H�H�W�H�Q�L�Q�J���D�J�H�Q�W���L�Q���W�K�U�R�D�W���O�R�]�H�Q�J�H�V�����'���V�R�U�E�L�W�R�O���L�V���S�D�U�W�L�F�X�O�D�U�O�\���L�P�S�R�U�W�D�Q�W��

�I�R�U�� �G�L�D�E�H�W�L�F�V�� �G�X�H�� �W�R�� �L�W�V�� �O�R�Z�� �F�D�O�R�U�L�F�� �F�R�Q�W�H�Q�W�� �D�Q�G�� �J�O�\�F�H�P�L�F�� �L�Q�G�H�[���� �D�Q�G�� �L�W�� �G�R�H�V�� �Q�R�W��

�F�R�Q�W�U�L�E�X�W�H���W�R���W�R�R�W�K���G�H�F�D�\�����6�D�U�D�L�Y�D���H�W���D�O���������������������/���I�X�F�R�V�H�������������������S�O�D�\�V���D���V�L�J�Q�L�I�L�F�D�Q�W��

�U�R�O�H�� �L�Q�� �L�P�P�X�Q�H�� �U�H�V�S�R�Q�V�H�� �D�Q�G�� �D�Q�W�L���L�Q�I�O�D�P�P�D�W�R�U�\�� �U�H�D�F�W�L�R�Q�V���� �Z�K�L�O�H�� �D�O�V�R�� �S�U�R�P�R�W�L�Q�J��

�V�N�L�Q���K�\�G�U�D�W�L�R�Q���D�Q�G���F�R�O�O�D�J�H�Q���S�U�R�G�X�F�W�L�R�Q�����P�D�N�L�Q�J���L�W���D���F�R�P�P�R�Q���L�Q�J�U�H�G�L�H�Q�W���L�Q���F�R�V�P�H�W�L�F��

�I�R�U�P�X�O�D�W�L�R�Q�V�����:�D�Q�J���H�W���D�O���������������������*�O�\�F�H�U�R�O�����D�O�V�R���N�Q�R�Z�Q���D�V���J�O�\�F�H�U�L�Q�����F�R�Q�V�W�L�W�X�W�H�V��������������
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�R�I���W�K�H���H�[�W�U�D�F�W�����7�K�L�V���Z�H�O�O���N�Q�R�Z�Q���V�X�J�D�U���D�O�F�R�K�R�O���L�V���Z�L�G�H�O�\���X�V�H�G���L�Q���W�K�H���F�R�V�P�H�W�L�F���D�Q�G��

�S�K�D�U�P�D�F�H�X�W�L�F�D�O�� �L�Q�G�X�V�W�U�L�H�V�� �G�X�H�� �W�R�� �L�W�V�� �H�[�F�H�O�O�H�Q�W�� �P�R�L�V�W�X�U�L�]�L�Q�J�� �S�U�R�S�H�U�W�L�H�V���� �%�H�\�R�Q�G��

�F�R�V�P�H�W�L�F���D�S�S�O�L�F�D�W�L�R�Q�V�����J�O�\�F�H�U�R�O���L�V���D�O�V�R���H�P�S�O�R�\�H�G���D�V���D���V�R�O�Y�H�Q�W�����V�Z�H�H�W�H�Q�H�U�����D�Q�G���V�N�L�Q��

�S�U�R�W�H�F�W�D�Q�W���L�Q���I�R�R�G���D�Q�G���S�K�D�U�P�D�F�H�X�W�L�F�D�O�V�����)�O�X�K�U���H�W���D�O���������������������7�K�H���P�R�Q�R�V�D�F�F�K�D�U�L�G�H�V��

�D�Q�G�� �V�X�J�D�U�� �D�O�F�R�K�R�O�V�� �L�G�H�Q�W�L�I�L�H�G�� �L�Q�� �2�6�(�� �S�U�H�V�H�Q�W�� �Y�D�U�L�R�X�V�� �I�X�Q�F�W�L�R�Q�D�O�� �S�R�W�H�Q�W�L�D�O�V����

�&�R�P�S�R�X�Q�G�V�� �V�X�F�K�� �D�V�� �'���V�R�U�E�L�W�R�O���� �/���I�X�F�R�V�H���� �D�Q�G�� �J�O�\�F�H�U�R�O�� �V�X�J�J�H�V�W�� �W�K�D�W�� �W�K�H�� �H�[�W�U�D�F�W��

�K�R�O�G�V���V�L�J�Q�L�I�L�F�D�Q�W���L�Q�G�X�V�W�U�L�D�O���Y�D�O�X�H���I�R�U���W�K�H���G�H�Y�H�O�R�S�P�H�Q�W���R�I���K�H�D�O�W�K���S�U�R�P�R�W�L�Q�J���S�U�R�G�X�F�W�V��

�D�Q�G���F�R�V�P�H�W�L�F�V���� 

 

3.3.3.7.2. ���$�P�L�Q�R���D�F�L�G���D�Q�G���G�H�U�L�Y�D�W�L�Y�H�V 

�/ �������R�[�R�S�U�R�O�L�Q�H���� �F�D�O�O�H�G�� �S�\�U�R�J�O�X�W�D�P�L�F�� �D�F�L�G�� ���3�&�$������ �Z�D�V�� �D�O�V�R�� �G�H�W�H�F�W�H�G���� �L�W��

�F�R�Q�V�W�L�W�X�W�H�G�� ������������ �R�I�� �2�6�(���� �3�&�$�� �L�V�� �D�� �Q�D�W�X�U�D�O�� �D�P�L�Q�R�� �D�F�L�G�� �G�H�U�L�Y�D�W�L�Y�H�� �I�R�U�P�H�G��

�H�Q�]�\�P�D�W�L�F�D�O�O�\���R�U���Q�R�Q�H�Q�]�\�P�D�W�L�F�D�O�O�\�����6�R�G�L�X�P���3�&�$���L�V���D���P�R�L�V�W�X�U�L�]�H�U���F�R�P�P�R�Q�O�\���X�V�H�G��

�L�Q���S�U�R�G�X�F�W�V���I�R�U���G�U�\���V�N�L�Q���D�Q�G���K�D�L�U�����'�X�H���W�R���L�W�V���O�R�Z���W�R�[�L�F�L�W�\���D�Q�G���Q�R�Q�L�U�U�L�W�D�W�L�Q�J���S�U�R�S�H�U�W�L�H�V����

�L�W���L�V���R�I�W�H�Q���S�U�H�I�H�U�U�H�G���R�Y�H�U���J�O�\�F�H�U�L�Q�����P�D�N�L�Q�J���L�W���D���K�L�J�K���Y�D�O�X�H���L�Q�J�U�H�G�L�H�Q�W���L�Q���W�K�H���F�R�V�P�H�W�L�F�V��

�L�Q�G�X�V�W�U�\�����-�X�Q�J�H�U�P�D�Q�Q�� �H�W�� �D�O������ �������������� �,�Q�� �D�G�G�L�W�L�R�Q���� �Y�D�U�L�R�X�V�� �U�H�F�H�Q�W�� �V�W�X�G�L�H�V�� �K�D�Y�H��

�F�R�Q�I�L�U�P�H�G�� �W�K�D�W�� �3�&�$�� �L�Q�G�X�F�H�V�� �V�L�J�Q�L�I�L�F�D�Q�W���L�Q�K�L�E�L�W�R�U�\�� �S�U�R�S�H�U�W�L�H�V�� �D�J�D�L�Q�V�W��

�S�K�R�V�S�K�R�G�L�H�V�W�H�U�D�V�H�����$�������D���N�H�\���H�Q�]�\�P�H���L�Q�Y�R�O�Y�H�G���L�Q���W�K�H�� 

���R�I���H�U�H�F�W�L�O�H���G�\�V�I�X�Q�F�W�L�R�Q���D�Q�G���S�X�O�P�R�Q�D�U�\���K�\�S�H�U�W�H�Q�V�L�R�Q���D�Q�G���L�V���D���K�L�J�K�O�\���H�I�I�H�F�W�L�Y�H��
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�L�Q�J�U�H�G�L�H�Q�W���W�K�D�W���F�D�Q���U�H�G�X�F�H���V�H�Y�H�U�H���V�L�G�H���H�I�I�H�F�W�V���D�V�V�R�F�L�D�W�H�G���Z�L�W�K���W�K�H���F�R�P�P�H�U�F�L�D�O���G�U�X�J��

�V�L�O�G�H�Q�D�I�L�O���� �V�X�F�K�� �D�V�� �Y�L�V�L�R�Q�� �L�P�S�D�L�U�P�H�Q�W���� �K�H�D�U�L�Q�J�� �O�R�V�V���� �D�Q�G�� �K�H�D�G�D�F�K�H�V���� �)�X�U�W�K�H�U���� �L�W��

�H�I�I�H�F�W�L�Y�H�O�\�� �L�Q�D�F�W�L�Y�D�W�H�V�� �W�K�H�� �D�Q�J�L�R�W�H�Q�V�L�Q���F�R�Q�Y�H�U�W�L�Q�J�� �H�Q�]�\�P�H���� �Z�K�L�F�K�� �D�O�W�H�U�V�� �Y�D�U�L�R�X�V��

�S�K�\�V�L�R�O�R�J�L�F�D�O���I�X�Q�F�W�L�R�Q�V���� �V�X�F�K�� �D�V�� �E�O�R�R�G�� �S�U�H�V�V�X�U�H�� �U�H�J�X�O�D�W�L�R�Q���� �N�L�G�Q�H�\�� �G�H�Y�H�O�R�S�P�H�Q�W����

�P�D�O�H�� �U�H�S�U�R�G�X�F�W�L�R�Q���� �D�Q�G�� �X�U�H�D�V�H���� �Z�K�L�F�K�� �F�D�X�V�H�V�� �S�\�H�O�R�Q�H�S�K�U�L�W�L�V���� �X�U�L�Q�D�U�\�� �V�W�R�Q�H�V���� �D�Q�G��

�K�H�S�D�W�L�F�� �H�Q�F�H�S�K�D�O�R�S�D�W�K�\���� �,�Q�� �V�X�P�P�D�U�\���� �3�&�$�� �K�D�V�� �D�Q�� �H�[�F�H�O�O�H�Q�W�� �H�I�I�H�F�W�� �R�Q�� �P�D�O�H��

�U�H�S�U�R�G�X�F�W�L�R�Q���D�Q�G���V�H�[�X�D�O���I�X�Q�F�W�L�R�Q�����â�X�G�R�P�R�Y�i���H�W���D�O�������������������� 

 

3.3.3.7.3. ���)�D�W�W�\���D�F�L�G�V���D�Q�G���I�D�W�W�\���D�P�L�G�H�V 

�3�D�O�P�L�W�L�F�� �D�F�L�G���� �V�W�H�D�U�L�F�� �D�F�L�G���� �D�Q�G�� �����R�F�W�D�G�H�F�H�Q�D�P�L�G�H�� �Z�H�U�H�� �L�G�H�Q�W�L�I�L�H�G�� �D�V�� �W�K�H��

�S�U�L�P�D�U�\�� �I�D�W�W�\�� �D�F�L�G�V�� �D�Q�G�� �I�D�W�W�\�� �D�P�L�G�H�� �L�Q�� �2�6�(���� �$�� �G�H�W�D�L�O�H�G�� �G�H�V�F�U�L�S�W�L�R�Q�� �R�I�� �W�K�H�V�H��

�F�R�P�S�R�X�Q�G�V���L�V���D�V���I�R�O�O�R�Z�V�����3�D�O�P�L�W�L�F���D�F�L�G�����D���V�D�W�X�U�D�W�H�G���I�D�W�W�\���D�F�L�G���F�R�P�P�R�Q�O�\���I�R�X�Q�G���L�Q��

�E�R�W�K���D�Q�L�P�D�O�V���D�Q�G���S�O�D�Q�W�V�����D�F�F�R�X�Q�W�H�G���I�R�U���������������R�I���2�6�(�����Z�K�L�O�H���V�W�H�D�U�L�F���D�F�L�G���P�D�G�H���X�S��

���������������7�K�H�V�H���W�Z�R���I�D�W�W�\���D�F�L�G�V���D�U�H���N�H�\���F�R�P�S�R�Q�H�Q�W�V���R�I���K�X�P�D�Q���V�N�L�Q���O�L�S�L�G�V�����S�O�D�\�L�Q�J���D��

�F�U�X�F�L�D�O�� �U�R�O�H�� �L�Q�� �P�D�L�Q�W�D�L�Q�L�Q�J�� �W�K�H�� �V�N�L�Q�� �E�D�U�U�L�H�U�� �I�X�Q�F�W�L�R�Q�� �D�Q�G�� �K�\�G�U�D�W�L�R�Q���� �,�Q�� �F�R�V�P�H�W�L�F�V����

�W�K�H�\���V�H�U�Y�H���D�V���P�R�L�V�W�X�U�L�]�H�U�V�����S�U�R�P�R�W�L�Q�J���N�H�U�D�W�L�Q�R�F�\�W�H���S�U�R�O�L�I�H�U�D�W�L�R�Q���D�Q�G���D�L�G�L�Q�J���Z�R�X�Q�G��

�K�H�D�O�L�Q�J���� �Z�L�W�K�� �G�H�P�R�Q�V�W�U�D�W�H�G�� �D�Q�W�L���L�Q�I�O�D�P�P�D�W�R�U�\�� �D�Q�G�� �D�Q�W�L�P�L�F�U�R�E�L�D�O�� �H�I�I�H�F�W�V���� �P�D�N�L�Q�J��

�W�K�H�P���H�V�V�H�Q�W�L�D�O���I�R�U���V�N�L�Q���K�H�D�O�W�K�����0�R�R�U�H���H�W���D�O���������������������3�U�H�Y�L�R�X�V���V�W�X�G�L�H�V���K�D�Y�H���U�H�S�R�U�W�H�G��

�W�K�D�W���S�D�O�P�L�W�L�F���D�F�L�G���F�R�Q�V�W�L�W�X�W�H�V���������������������������D�Q�G���V�W�H�D�U�L�F���D�F�L�G�������������������������L�Q���H�[�W�U�D�F�W�V��
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�R�E�W�D�L�Q�H�G�� �X�V�L�Q�J�� �V�X�E�F�U�L�W�L�F�D�O�� �Z�D�W�H�U�� �I�U�R�P�� �Y�D�U�L�R�X�V�� �S�D�U�W�V�� �R�I���8���� �S�L�Q�Q�D�W�L�I�L�G�D�����E�O�D�G�H����

�V�S�R�U�R�S�K�\�O�O�����D�Q�G���U�R�R�W�������F�R�Q�I�L�U�P�L�Q�J���W�K�H���D�E�X�Q�G�D�Q�F�H���R�I���W�K�H�V�H���I�D�W�W�\���D�F�L�G�V���L�Q���6�����W�K�X�Q�E�H�U�J�L�L��

�D�Q�G�� �V�L�P�L�O�D�U�� �E�U�R�Z�Q�� �V�H�D�Z�H�H�G�V�����3�D�U�N�� �H�W�� �D�O������ �������������� �����R�F�W�D�G�H�F�H�Q�D�P�L�G�H�� ���2�O�H�D�P�L�G�H����

���������������L�V���D���I�D�W�W�\���D�F�L�G���D�P�L�G�H���Z�L�W�K���V�H�Y�H�U�D�O���E�L�R�D�F�W�L�Y�H���S�U�R�S�H�U�W�L�H�V�����S�D�U�W�L�F�X�O�D�U�O�\���N�Q�R�Z�Q��

�I�R�U���L�W�V���U�R�O�H���L�Q���L�Q�G�X�F�L�Q�J���V�O�H�H�S���L�Q���W�K�H���F�H�Q�W�U�D�O���Q�H�U�Y�R�X�V���V�\�V�W�H�P�����,�W���L�Q�W�H�U�D�F�W�V���Z�L�W�K���V�H�U�R�W�R�Q�L�Q��

�D�Q�G�� �H�Q�G�R�F�D�Q�Q�D�E�L�Q�R�L�G�� �U�H�F�H�S�W�R�U�V���� �L�Q�I�O�X�H�Q�F�L�Q�J�� �V�O�H�H�S���� �P�R�R�G���� �D�Q�G�� �F�R�J�Q�L�W�L�R�Q�����)�R�Z�O�H�U����

�������������� �$�G�G�L�W�L�R�Q�D�O�O�\���� �R�O�H�D�P�L�G�H�� �H�[�K�L�E�L�W�V�� �P�R�L�V�W�X�U�L�]�L�Q�J�� �D�Q�G�� �D�Q�W�L���L�Q�I�O�D�P�P�D�W�R�U�\��

�S�U�R�S�H�U�W�L�H�V���� �P�D�N�L�Q�J�� �L�W�� �D�� �Y�D�O�X�D�E�O�H�� �L�Q�J�U�H�G�L�H�Q�W�� �L�Q�� �F�R�V�P�H�W�L�F�V���� �,�W�V�� �D�E�L�O�L�W�\�� �W�R�� �U�H�G�X�F�H��

�R�[�L�G�D�W�L�Y�H���V�W�U�H�V�V���D�Q�G���L�Q�I�O�D�P�P�D�W�L�R�Q���L�Q���W�K�H���V�N�L�Q���V�X�J�J�H�V�W�V���S�R�W�H�Q�W�L�D�O���X�V�H���L�Q���D�Q�W�L���D�J�L�Q�J��

�S�U�R�G�X�F�W�V�����$�P�H�D�P�V�U�L���H�W���D�O������������������ 

 

3.3.3.7.4. ���*�O�\�F�R�V�L�G�H�V���D�Q�G���P�R�Q�R�J�O�\�F�H�U�L�G�H�V 

�*�O�\�F�H�U�\�O���J�O�\�F�R�V�L�G�H�����D���J�O�\�F�R�V�L�G�H���F�R�P�S�R�V�H�G���R�I���J�O�\�F�H�U�R�O���D�Q�G���J�O�X�F�R�V�H�����Z�D�V���I�R�X�Q�G��

�W�R���F�R�Q�V�W�L�W�X�W�H���������������R�I���2�6�(�����7�K�L�V���F�R�P�S�R�X�Q�G���L�V���F�R�P�P�R�Q�O�\���X�V�H�G���L�Q���V�N�L�Q�F�D�U�H���S�U�R�G�X�F�W�V��

�G�X�H�� �W�R�� �L�W�V�� �D�E�L�O�L�W�\�� �W�R�� �U�H�W�D�L�Q�� �P�R�L�V�W�X�U�H�� �D�Q�G�� �V�W�U�H�Q�J�W�K�H�Q�� �W�K�H�� �V�N�L�Q�� �E�D�U�U�L�H�U���� �R�I�I�H�U�L�Q�J��

�S�U�R�W�H�F�W�L�R�Q���I�U�R�P���H�[�W�H�U�Q�D�O���L�U�U�L�W�D�Q�W�V�����6�F�K�U�D�G�H�U���H�W���D�O������ �������������������0�R�Q�R�S�D�O�P�L�W�L�Q���S�O�D�\�V���D��

�N�H�\���U�R�O�H���L�Q���L�Q�K�L�E�L�W�L�Q�J���3���J�O�\�F�R�S�U�R�W�H�L�Q�����3���J�S�������D���P�D�M�R�U���S�U�R�W�H�L�Q���U�H�V�S�R�Q�V�L�E�O�H���I�R�U���G�U�X�J��

�H�I�I�O�X�[���L�Q���G�U�X�J���U�H�V�L�V�W�D�Q�W���W�X�P�R�U���F�H�O�O�V�����7�K�L�V���L�Q�K�L�E�L�W�L�R�Q���L�V���F�U�X�F�L�D�O���I�R�U���U�H�G�X�F�L�Q�J���P�X�O�W�L�G�U�X�J��

�U�H�V�L�V�W�D�Q�F�H���L�Q���F�D�Q�F�H�U���F�H�O�O�V���D�Q�G���H�Q�K�D�Q�F�L�Q�J���G�U�X�J���E�L�R�D�Y�D�L�O�D�E�L�O�L�W�\�����$�F�F�R�U�G�L�Q�J���W�R���.�R�Q�L�V�K�L��
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�H�W�� �D�O���� ���������������� �����0�R�Q�R�S�D�O�P�L�W�L�Q�� �L�Q�F�U�H�D�V�H�V�� �L�Q�W�U�D�F�H�O�O�X�O�D�U�� �D�F�F�X�P�X�O�D�W�L�R�Q�� �R�I�� �D�Q�W�L�F�D�Q�F�H�U��

�G�U�X�J�V���V�X�F�K���D�V���G�D�X�Q�R�P�\�F�L�Q���E�\���L�Q�K�L�E�L�W�L�Q�J���3���J�S�����Z�K�L�F�K���P�D�\���F�R�Q�W�U�L�E�X�W�H���W�R���R�Y�H�U�F�R�P�L�Q�J��

�U�H�V�L�V�W�D�Q�F�H���L�Q���W�X�P�R�U���W�U�H�D�W�P�H�Q�W�����.�R�Q�L�V�K�L���H�W���D�O���������������������)�X�U�W�K�H�U�P�R�U�H�����D���V�W�X�G�\���E�\���1�L�X���H�W��

�D�O���� �������������� �U�H�S�R�U�W�H�G�� �W�K�D�W�� �����0�R�Q�R�S�D�O�P�L�W�L�Q�� �L�Q�G�X�F�H�V�� �D�S�R�S�W�R�V�L�V�� �L�Q�� �O�X�Q�J�� �F�D�Q�F�H�U�� �F�H�O�O�V��

�W�K�U�R�X�J�K���W�K�H���3�,���.���$�N�W���S�D�W�K�Z�D�\�����W�K�H�U�H�E�\���H�Q�K�D�Q�F�L�Q�J���L�W�V���D�Q�W�L�F�D�Q�F�H�U���H�I�I�H�F�W�V�����1�L�X���H�W���D�O������

�������������� 

 

3.3.3.7.5. ���2�W�K�H�U���F�R�P�S�R�X�Q�G�V 

�&�\�F�O�R�K�H�[�D�V�L�O�R�[�D�Q�H�����G�R�G�H�F�D�P�H�W�K�\�O�������D�Q�G���F�\�F�O�R�K�H�S�W�D�V�L�O�R�[�D�Q�H�����W�H�W�U�D�G�H�F�D�P�H�W�K�\�O����

���R�U�J�D�Q�R�V�L�O�L�F�R�Q�� �F�R�P�S�R�X�Q�G�V���� �Z�H�U�H�� �I�R�X�Q�G�� �W�R�� �F�R�Q�V�W�L�W�X�W�H�� ������������ �D�Q�G�� ������������ �R�I�� �2�6�(����

�U�H�V�S�H�F�W�L�Y�H�O�\���� �%�R�W�K�� �F�R�P�S�R�X�Q�G�V�� �D�U�H�� �Y�R�O�D�W�L�O�H�� �V�L�O�L�F�R�Q�H�V�� �N�Q�R�Z�Q�� �I�R�U�� �W�K�H�L�U�� �H�[�F�H�O�O�H�Q�W��

�V�S�U�H�D�G�D�E�L�O�L�W�\���D�Q�G���P�R�L�V�W�X�U�L�]�L�Q�J���S�U�R�S�H�U�W�L�H�V���R�Q���W�K�H���V�N�L�Q���D�Q�G���K�D�L�U�����'�X�H���W�R���W�K�H�L�U���Y�R�O�D�W�L�O�L�W�\��

�D�Q�G�� �O�D�F�N�� �R�I�� �U�H�V�L�G�X�H���� �W�K�H�\�� �D�U�H�� �G�L�I�I�H�U�H�Q�W�L�D�W�H�G�� �I�U�R�P�� �V�L�P�L�O�D�U�� �V�L�O�L�F�R�Q�H�� �F�R�P�S�R�X�Q�G�V����

�P�D�N�L�Q�J���W�K�H�P���Z�L�G�H�O�\���X�V�H�G���L�Q���F�R�V�P�H�W�L�F�V���D�Q�G���K�D�L�U���F�D�U�H���S�U�R�G�X�F�W�V�����,�Y�D�Q�R�Y�D���H�W���D�O��������������������

�����+�\�G�U�R�[�\�E�X�W�\�U�L�F�� �D�F�L�G�� �D�Q�G�� �P�D�O�L�F�� �D�F�L�G���� �E�H�O�R�Q�J�L�Q�J�� �W�R�� �W�K�H�� �F�D�W�H�J�R�U�L�H�V�� �R�I�������K�\�G�U�R�[�\��

�D�F�L�G���D�Q�G���.���K�\�G�U�R�[�\���D�F�L�G�����U�H�V�S�H�F�W�L�Y�H�O�\�����Z�H�U�H���G�H�W�H�F�W�H�G���L�Q���2�6�(���D�W���F�R�Q�F�H�Q�W�U�D�W�L�R�Q�V���R�I��

�������������D�Q�G�����������������:�K�L�O�H���E�R�W�K���F�R�P�S�R�X�Q�G�V���D�U�H���N�H�\���L�Q�J�U�H�G�L�H�Q�W�V���I�R�U���V�N�L�Q���K�H�D�O�W�K�����W�K�H�L�U��

�P�H�F�K�D�Q�L�V�P�V���R�I���D�F�W�L�R�Q���G�L�I�I�H�U���������K�\�G�U�R�[�\�E�X�W�\�U�L�F���D�F�L�G���L�V���O�L�S�L�G���V�R�O�X�E�O�H�����Z�R�U�N�L�Q�J���Z�L�W�K�L�Q��

�S�R�U�H�V���W�R���U�H�P�R�Y�H���V�H�E�X�P���D�Q�G���U�H�G�X�F�H���V�N�L�Q���L�V�V�X�H�V���W�K�U�R�X�J�K���D�Q�W�L���L�Q�I�O�D�P�P�D�W�R�U�\���H�I�I�H�F�W�V����
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�Z�K�H�U�H�D�V���P�D�O�L�F���D�F�L�G���L�V���Z�D�W�H�U���V�R�O�X�E�O�H���D�Q�G���D�F�W�V���R�Q���W�K�H���V�N�L�Q�
�V���V�X�U�I�D�F�H�����S�U�L�P�D�U�L�O�\���D�L�G�L�Q�J��

�L�Q�� �H�[�I�R�O�L�D�W�L�R�Q�� �D�Q�G�� �P�R�L�V�W�X�U�L�]�L�Q�J���� �'�X�H�� �W�R�� �W�K�H�V�H�� �G�L�I�I�H�U�H�Q�F�H�V���� �W�K�H�� �W�Z�R�� �D�F�L�G�V�� �F�D�Q�� �S�O�D�\��

�F�R�P�S�O�H�P�H�Q�W�D�U�\�� �U�R�O�H�V�� �D�Q�G�� �P�D�\�� �E�H�� �V�H�O�H�F�W�L�Y�H�O�\�� �X�V�H�G�� �G�H�S�H�Q�G�L�Q�J�� �R�Q�� �V�N�L�Q�� �W�\�S�H�� �D�Q�G��

�F�R�Q�G�L�W�L�R�Q�����.�R�U�Q�K�D�X�V�H�U�� �H�W�� �D�O������ �������������� �1�R�W�D�E�O�\���� �V�L�P�L�O�D�U�� �H�[�W�U�D�F�W�V�� �R�E�W�D�L�Q�H�G�� �W�K�U�R�X�J�K��

�V�X�E�F�U�L�W�L�F�D�O���Z�D�W�H�U���H�[�W�U�D�F�W�L�R�Q���I�U�R�P���Y�D�U�L�R�X�V���S�D�U�W�V���R�I���8�����S�L�Q�Q�D�W�L�I�L�G�D�����E�O�D�G�H�����V�S�R�U�R�S�K�\�O�O����

�D�Q�G���U�R�R�W�����G�L�G���Q�R�W���G�H�W�H�F�W���W�K�H�V�H���F�R�P�S�R�X�Q�G�V�����3�D�U�N���H�W���D�O���������������������V�X�J�J�H�V�W�L�Q�J���W�K�D�W���W�K�H�\��

�P�D�\���E�H���X�Q�L�T�X�H���W�R���6�����W�K�X�Q�E�H�U�J�L�L�����S�R�W�H�Q�W�L�D�O�O�\���F�R�Q�W�U�L�E�X�W�L�Q�J���W�R���L�W�V���V�X�S�H�U�L�R�U���E�L�R�D�F�W�L�Y�L�W�\����

�7�K�U�R�X�J�K�� �*�&�±�0�6�� �D�Q�D�O�\�V�L�V���� �D�� �F�O�H�D�U���X�Q�G�H�U�V�W�D�Q�G�L�Q�J�� �R�I�� �W�K�H�� �F�K�H�P�L�F�D�O�� �S�U�R�I�L�O�H�� �R�I�� �2�6�(��

�Z�D�V���R�E�W�D�L�Q�H�G�����Z�K�L�F�K���Z�L�O�O���E�H���D���J�U�H�D�W���U�H�I�H�U�H�Q�F�H���I�R�U���I�X�W�X�U�H���E�L�R�O�R�J�L�F�D�O���D�F�W�L�Y�L�W�\���U�H�V�H�D�U�F�K���� 
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Table 3.6. Identification of chemical compounds in OSE by GC�±MS 

Peak Area 
(%) Name Classification 

1 0.59 Lactic acid �.-Hydroxy acid 

2 1.27 Glycolic acid �.-Hydroxy acid 

3 0.20 2-Hydroxybutyric acid �.-hydroxy acid 

4 0.32 3-Pyridinol Pyridine 

5 3.05 Glycerol Sugar alcohol 

6 0.88 Cyclohexasiloxane, dodecamethyl- Organosilicon 

7 1.70 Butanedioic acid Dicarboxylic acid 

8 0.19 2-Butenedioic acid Dicarboxylic acid 

9 0.19 Butanoic acid Fatty acids 

10 0.87 Cycloheptasiloxane, tetradecamethyl- Organosilicon 

11 0.43 Malic acid ��-hydroxy acid 

12 7.64 L-5-Oxoproline �.-Amino acid 

13 0.33 Pentanedioic acid Dicarboxylic acid 

14 0.48 L-Fucose Monosaccharide 

15 0.87 ��-Hexalactone Sugar Acids 

16 0.47 1,2,3-Propanetricarboxylic acid Tricarboxylic acids 

17 0.20 D-Talose Monosaccharide 

18 39.51 D-Sorbitol Sugar alcohol 

19 4.96 Palmitic acid Fatty acids 

20 3.68 Stearic acid Fatty acid 

21 0.60 Glyceryl-glycoside Glycoside 

22 0.23 9-Octadecenamide Fatty amide 

23 3.62 1-Monopalmitin Monoacylglycerol 

24 2.13 Glycerol monostearate Monoacylglycerol 
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Figure 3.5. GC�±MS chromatogram of chemical compounds.
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3.3.3.8. Phenolic compound profiling of OSE by UPLC�±ESI�±QTOF-

MS/MS  

�7�R���R�E�W�D�L�Q���D�F�F�X�U�D�W�H���S�U�H�F�X�U�V�R�U���D�Q�G���S�U�R�G�X�F�W���L�R�Q���L�Q�I�R�U�P�D�W�L�R�Q�����T�X�D�O�L�W�D�W�L�Y�H���D�Q�D�O�\�V�L�V��

�R�I���S�K�H�Q�R�O�L�F���F�R�P�S�R�X�Q�G�V���L�Q���2�6�(���Z�D�V���S�H�U�I�R�U�P�H�G���Y�L�D���8�3�/�&�±�(�6�,�±�4�7�2�)���0�6���0�6���L�Q��

�Q�H�J�D�W�L�Y�H�� �L�R�Q�� �P�R�G�H�����)�L�J�X�U�H�� ������������ �3�K�H�Q�R�O�L�F�� �F�R�P�S�R�X�Q�G�V�� �Z�H�U�H�� �W�H�Q�W�D�W�L�Y�H�O�\�� �L�G�H�Q�W�L�I�L�H�G��

�X�V�L�Q�J���W�K�H���I�R�O�O�R�Z�L�Q�J���S�D�U�D�P�H�W�H�U�V�����S�U�R�S�R�V�H�G���F�R�P�S�R�X�Q�G�V�����P�R�O�H�F�X�O�D�U���I�R�U�P�X�O�D�����U�H�W�H�Q�W�L�R�Q��

�W�L�P�H���� �Q�H�X�W�U�D�O�� �P�D�V�V���� �R�E�V�H�U�Y�H�G�� �Q�H�X�W�U�D�O�� �P�D�V�V���� �R�E�V�H�U�Y�H�G�� �P���]���� �P�D�V�V�� �H�U�U�R�U�� ���S�S�P������ �D�Q�G��

�P�R�V�W���F�K�D�U�D�F�W�H�U�L�V�W�L�F���0�6���0�6���S�U�R�G�X�F�W���L�R�Q�V�����&�R�P�S�R�X�Q�G�V���Z�L�W�K���D���U�H�V�S�R�Q�V�H���K�L�J�K�H�U���W�K�D�Q��

�������������D�Q�G���P�D�V�V���H�U�U�R�U���O�H�V�V���W�K�D�Q���“�������S�S�P���Z�H�U�H���V�H�O�H�F�W�H�G�����7�D�E�O�H���������������7�K�H���E�D�V�H���S�H�D�N��

�L�Q�W�H�Q�V�L�W�\�� �F�K�U�R�P�D�W�R�J�U�D�P�� �R�I�� �2�6�(�� �L�V�� �V�K�R�Z�Q���L�Q�� �)�L�J�X�U�H�������������$�V�� �D�� �U�H�V�X�O�W���� ������ �S�K�H�Q�R�O�L�F��

�F�R�P�S�R�X�Q�G�V�� �Z�H�U�H�� �W�H�Q�W�D�W�L�Y�H�O�\�� �L�G�H�Q�W�L�I�L�H�G�� �L�Q�� �2�6�(���� �L�Q�F�O�X�G�L�Q�J�� ������ �S�K�H�Q�R�O�L�F�� �D�F�L�G�V���� ������

�I�O�D�Y�R�Q�R�L�G�V���� �D�Q�G�� ������ �R�W�K�H�U�� �S�R�O�\�S�K�H�Q�R�O�V�� ������ �K�\�G�U�R�[�\�F�R�X�P�D�U�L�Q�V���� ���� �W�\�U�R�V�R�O�V���� ����

�S�K�O�R�U�R�W�D�Q�Q�L�Q�V�����H�W�F�������� 

 

3.3.3.8.1. ���3�K�H�Q�R�O�L�F���D�F�L�G�V���D�Q�G���W�K�H�L�U���J�O�\�F�R�V�L�G�H���G�H�U�L�Y�D�W�L�Y�H�V�� 

�3�K�H�Q�R�O�L�F���D�F�L�G�V���D�U�H���W�K�H���P�R�V�W���D�E�X�Q�G�D�Q�W���S�K�H�Q�R�O�L�F���F�R�P�S�R�X�Q�G�V���L�Q���V�H�D�Z�H�H�G�V�����)�D�U�Y�L�Q��

�	���-�D�F�R�E�V�H�Q�������������������$�P�R�Q�J���W�K�H���G�H�W�H�F�W�H�G���S�K�H�Q�R�O�L�F���D�F�L�G�V�����W�K�H�U�H���D�U�H���I�L�Y�H���V�X�E�J�U�R�X�S�V����

�W�K�H�\���D�U�H���P�D�L�Q�O�\���G�H�U�L�Y�D�W�L�Y�H�V���R�I���K�\�G�U�R�[�\�E�H�Q�]�R�L�F���D�F�L�G�V���������������K�\�G�U�R�[�\�F�L�Q�Q�D�P�L�F���D�F�L�G�V��

������������ �K�\�G�U�R�[�\�S�K�H�Q�\�O�D�F�H�W�L�F�� �D�F�L�G�V�� ���������� �K�\�G�U�R�[�\�S�K�H�Q�\�O�S�H�Q�W�D�Q�R�L�F�� �D�F�L�G�V�� ���������� �D�Q�G��
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�K�\�G�U�R�[�\�S�K�H�Q�\�O�S�U�R�S�D�Q�R�L�F���D�F�L�G�V���������� 

�&�R�P�S�R�X�Q�G�������Z�D�V���W�H�Q�W�D�W�L�Y�H�O�\���L�G�H�Q�W�L�I�L�H�G���D�V���Y�D�Q�L�O�O�L�F���D�F�L�G�����D���K�\�G�U�R�[�\�E�H�Q�]�R�L�F���D�F�L�G��

�G�H�U�L�Y�D�W�L�Y�H�����E�D�V�H�G���R�Q���L�W�V���S�U�H�F�X�U�V�R�U���L�R�Q���S�H�D�N���R�I���>�0�í�+�@�í���D�W���P���]�������������������Z�L�W�K���S�U�R�G�X�F�W��

�L�R�Q�V���D�W���P���]�����������������������D�Q�G�����������D�W�W�U�L�E�X�W�D�E�O�H���W�R���W�K�H���O�R�V�V�H�V���R�I���&�+�����������'�D�������&�2�������������'�D����

�D�Q�G���&�2�����&�+�������������'�D�������U�H�V�S�H�F�W�L�Y�H�O�\�����9�D�Q�L�O�O�L�F���D�F�L�G���L�V���F�R�P�P�R�Q�O�\���L�G�H�Q�W�L�I�L�H�G���L�Q���E�U�R�Z�Q��

�V�H�D�Z�H�H�G���V�X�F�K�� �D�V�� �6�D�U�J�D�V�V�X�P�� �V�S������ �D�Q�G�� �L�W���K�D�V�� �Y�D�U�L�R�X�V�� �E�L�R�O�R�J�L�F�D�O�� �S�U�R�S�H�U�W�L�H�V���� �V�X�F�K�� �D�V��

�D�Q�W�L�R�[�L�G�D�Q�W�����D�Q�W�L���L�Q�I�O�D�P�P�D�W�R�U�\�����D�Q�G���Q�H�X�U�R�S�U�R�W�H�F�W�L�Y�H���H�I�I�H�F�W�V�����8�O�O�D�K���H�W���D�O������������������ 

�&�R�P�S�R�X�Q�G�� ���� �Z�D�V�� �W�H�Q�W�D�W�L�Y�H�O�\�� �L�G�H�Q�W�L�I�L�H�G�� �D�V�� �V�L�Q�D�S�L�F�� �D�F�L�G���� �D�� �K�\�G�U�R�[�\�F�L�Q�Q�D�P�L�F��

�D�F�L�G�� �G�H�U�L�Y�D�W�L�Y�H���� �Z�L�W�K�� �W�K�H�� �S�U�H�F�X�U�V�R�U�� �L�R�Q�� �S�H�D�N�� �R�I�� �>�0�í�+�@�í���D�W�� �P���]�� �������������������� �7�K�H��

�S�U�R�G�X�F�W���L�R�Q�V���D�W���P���]�����������������������D�Q�G�����������D�U�H���D�W�W�U�L�E�X�W�H�G���W�R���W�K�H���O�R�V�V�H�V���R�I���&�+�������������'�D������

�&�+�����2�+�� �������� �'�D������ �D�Q�G�� �&�+�����&�2�2�+�� �������� �'�D������ �U�H�V�S�H�F�W�L�Y�H�O�\���� �I�U�R�P�� �W�K�H�� �S�D�U�H�Q�W�� �L�R�Q����

�&�L�Q�Q�D�P�L�F���D�F�L�G���L�V���D���S�R�W�H�Q�W���S�H�U�R�[�\�Q�L�W�U�L�W�H�����2�1�2�2�±�����R�[�L�G�D�Q�W���V�F�D�Y�H�Q�J�H�U���W�K�D�W���F�D�Q���S�U�R�W�H�F�W��

�F�H�O�O�X�O�D�U���F�R�P�S�R�Q�H�Q�W�V���I�U�R�P���S�H�U�R�[�\�Q�L�W�U�L�W�H���L�Q�G�X�F�H�G���F�\�W�R�W�R�[�L�F���V�S�H�F�L�H�V�����=�R�X���H�W���D�O������������������ 

�&�R�P�S�R�X�Q�G���������Z�D�V���W�H�Q�W�D�W�L�Y�H�O�\���L�G�H�Q�W�L�I�L�H�G���D�V���F�D�I�I�H�L�F���D�F�L�G�����Z�L�W�K���W�K�H���S�U�H�F�X�U�V�R�U���L�R�Q��

�S�H�D�N���R�I���>�0�í�+�@�í���D�W���P���]�����������������������W�K�H���S�U�R�G�X�F�W���L�R�Q�V���L�G�H�Q�W�L�I�L�H�G���D�W���P���]�����������D�Q�G����������

�D�U�H�� �D�V�V�R�F�L�D�W�H�G�� �Z�L�W�K�� �W�K�H�� �O�R�V�V�H�V�� �R�I�� �2�+�� �������� �'�D���� �D�Q�G�� �&�2������������ �'�D������ �U�H�V�S�H�F�W�L�Y�H�O�\�����$��

�S�U�H�Y�L�R�X�V���V�W�X�G�\�����=�K�R�Q�J���H�W���D�O�������������������D�O�V�R���W�H�Q�W�D�W�L�Y�H�O�\���L�G�H�Q�W�L�I�L�H�G���F�D�I�I�H�L�F���D�F�L�G���L�Q���Y�D�U�L�R�X�V��

�E�U�R�Z�Q���V�H�D�Z�H�H�G�����V�X�F�K���D�V���&�D�X�O�H�U�S�D���V�S�����D�Q�G���+�L�P�D�Q�W�K�D�O�L�D���H�O�R�Q�J�D�W�D�����&�D�I�I�H�L�F���D�F�L�G���K�D�V��

�V�H�Y�H�U�D�O���E�H�Q�H�I�L�W�V�����L�Q�F�O�X�G�L�Q�J���F�D�U�F�L�Q�R�J�H�Q���L�Q�K�L�E�L�W�L�R�Q�����D�Q�W�L�R�[�L�G�D�W�L�R�Q�����D�Q�W�L�P�L�F�U�R�E�L�D�O���H�I�I�H�F�W����
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�D�W�K�H�U�R�V�F�O�H�U�R�V�L�V�����D�Q�G���F�D�U�G�L�R�Y�D�V�F�X�O�D�U���G�L�V�H�D�V�H���S�U�H�Y�H�Q�W�L�R�Q�����2�O�W�K�R�I���H�W���D�O������������������ 

�&�R�P�S�R�X�Q�G�� ������ �L�V���G�L�K�\�G�U�R�I�H�U�X�O�L�F�� �D�F�L�G���� �D�� �K�\�G�U�R�[�\�S�K�H�Q�\�O�S�U�R�S�D�Q�R�L�F�� �D�F�L�G��

�G�H�U�L�Y�D�W�L�Y�H���Z�L�W�K���D���K�\�G�U�R�[�\�S�K�H�Q�\�O���J�U�R�X�S���D�W�W�D�F�K�H�G���W�R���W�K�H���S�U�R�S�L�R�Q�L�F���D�F�L�G�����Z�K�L�F�K���L�V���D��

�P�H�W�D�E�R�O�L�W�H�� �S�U�R�G�X�F�H�G�� �E�\�� �U�H�G�X�F�W�D�V�H�� �I�U�R�P�� �I�H�U�X�O�L�F�� �D�F�L�G���� �,�W�� �Z�D�V�� �R�E�V�H�U�Y�H�G�� �Z�L�W�K�� �W�K�H��

�S�U�H�F�X�U�V�R�U���L�R�Q���S�H�D�N���R�I���>�0�í�+�@�í���D�W���P���]�����������������������7�K�H���S�U�R�G�X�F�W���L�R�Q���G�H�W�H�F�W�H�G���D�W���P���]����������

�L�V�� �D�W�W�U�L�E�X�W�D�E�O�H�� �W�R�� �W�K�H�� �O�R�V�V�� �R�I�� �2�+�� �������� �'�D�������+�H�� �H�W�� �D�O������ �������������� �'�L�K�\�G�U�R�I�H�U�X�O�L�F�� �D�F�L�G����

�S�U�R�G�X�F�H�G�� �E�\�� �P�H�W�D�E�R�O�L�V�P�� �L�Q�� �D�� �F�R�O�R�Q�� �I�U�R�P�� �W�K�H�� �S�K�H�Q�R�O�L�F�� �S�U�H�F�X�U�V�R�U�� �R�I�� �F�R�I�I�H�H����

�H�I�I�H�F�W�L�Y�H�O�\���S�U�R�W�H�F�W�V���O�L�Y�H�U���F�H�O�O�V���I�U�R�P���S�O�D�W�H�O�H�W���D�F�W�L�Y�D�W�L�R�Q�����%�H�Q�]�D���H�W���D�O������������������ 

 

3.3.3.8.2. ���)�O�D�Y�R�Q�R�L�G�V���D�Q�G���W�K�H�L�U���J�O�\�F�R�V�L�G�H���G�H�U�L�Y�D�W�L�Y�H�V�� 

�)�O�D�Y�R�Q�R�L�G�V���D�U�H���W�K�H���P�D�L�Q���S�K�H�Q�R�O�L�F���F�R�P�S�R�X�Q�G�V���U�H�V�S�R�Q�V�L�E�O�H���I�R�U���W�K�H���D�Q�W�L�R�[�L�G�D�Q�W��

�D�Q�G���I�U�H�H���U�D�G�L�F�D�O���V�F�D�Y�H�Q�J�L�Q�J���S�U�R�S�H�U�W�L�H�V���R�I���V�H�D�Z�H�H�G�����&�R�[���H�W���D�O���������������������7�K�H���L�G�H�Q�W�L�I�L�H�G��

�I�O�D�Y�R�Q�R�L�G�V�� �L�Q�F�O�X�G�H�G�� �Y�D�U�L�R�X�V�� �V�X�E�F�O�D�V�V�H�V���� �V�X�F�K�� �D�V�� �I�O�D�Y�D�Q�R�O�V�� ���������� �I�O�D�Y�R�Q�R�O�V�� ����������

�I�O�D�Y�D�Q�R�Q�H�V�� ���������� �I�O�D�Y�R�Q�H�V�� ���������� �L�V�R�I�O�D�Y�R�Q�R�L�G�V�� ���������� �D�Q�W�K�R�F�\�D�Q�L�Q�� ���������� �D�Q�G��

�G�L�K�\�G�U�R�I�O�D�Y�R�Q�R�O�V�� ���������� �7�K�H�V�H�� �F�R�P�S�R�X�Q�G�V�� �K�D�Y�H�� �G�H�P�R�Q�V�W�U�D�W�H�G�� �Y�D�O�X�D�E�O�H�� �S�R�W�H�Q�W�L�D�O�� �L�Q��

�S�K�D�U�P�D�F�R�O�R�J�\���D�Q�G�� �F�O�L�Q�L�F�D�O�� �Q�X�W�U�L�W�L�R�Q�� �W�K�U�R�X�J�K�� �W�K�H�L�U�� �D�Q�W�L�R�[�L�G�D�Q�W�� �H�I�I�H�F�W���� �I�U�H�H�� �U�D�G�L�F�D�O��

�V�F�D�Y�H�Q�J�L�Q�J�� �F�D�S�D�F�L�W�\���� �F�R�U�R�Q�D�U�\�� �K�H�D�U�W�� �G�L�V�H�D�V�H���S�U�H�Y�H�Q�W�L�R�Q�� �F�D�S�D�F�L�W�\���� �D�Q�G�� �D�Q�W�L�F�D�Q�F�H�U��

�H�I�I�H�F�W�����0�D�K�H�U���������������� 

�&�R�P�S�R�X�Q�G���������Z�D�V���W�H�Q�W�D�W�L�Y�H�O�\���L�G�H�Q�W�L�I�L�H�G���D�V�����
���2���P�H�W�K�\�O�H�S�L�J�D�O�O�R�F�D�W�H�F�K�L�Q���Z�L�W�K��
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�W�K�H���S�U�H�F�X�U�V�R�U���L�R�Q���S�H�D�N���R�I���>�0�í�+�@�í���D�W���P���]���������������������D�Q�G���D���F�K�D�U�D�F�W�H�U�L�V�W�L�F���S�U�R�G�X�F�W���L�R�Q��

�D�W���P���]�����������D�Q�G���������������
���2���P�H�W�K�\�O�H�S�L�J�D�O�O�R�F�D�W�H�F�K�L�Q���L�V���D���P�H�W�D�E�R�O�L�W�H���R�I���F�D�W�H�F�K�L�Q�V�����Z�K�L�F�K��

�D�U�H�� �Z�H�O�O�� �N�Q�R�Z�Q�� �I�R�U�� �W�K�H�L�U�� �D�Q�W�L�R�[�L�G�D�Q�W�� �H�I�I�H�F�W���� �,�W�� �S�U�R�W�H�F�W�V�� �F�H�O�O�V�� �D�Q�G�� �P�R�O�H�F�X�O�H�V�� �I�U�R�P��

�G�D�P�D�J�H���E�\���U�H�G�X�F�L�Q�J���W�K�H���I�R�U�P�D�W�L�R�Q���R�I���I�U�H�H���U�D�G�L�F�D�O�V���L�Q���W�K�H���E�R�G�\�����'�L���0�H�R���H�W���D�O��������������������

�$�� �S�U�H�Y�L�R�X�V�� �V�W�X�G�\�����-�H�Q�Q�L�I�H�U�� �H�W�� �D�O������ ������������ �U�H�S�R�U�W�H�G�� �W�K�H�� �S�U�H�V�H�Q�F�H�� �R�I�� ���
���2��

�P�H�W�K�\�O�H�S�L�J�D�O�O�R�F�D�W�H�F�K�L�Q�� �S�O�D�Q�W�V�� �V�X�F�K�� �D�V�� �)�O�H�P�L�Q�J�L�D�� �P�D�F�U�R�S�K�\�O�O�D�� �D�Q�G�� �(�O�D�H�R�G�H�Q�G�U�R�Q��

�F�U�R�F�H�X�P�����L�Q���W�K�L�V���V�W�X�G�\�������
���2���P�H�W�K�\�O�H�S�L�J�D�O�O�R�F�D�W�H�F�K�L�Q���Z�D�V���D�O�V�R���G�H�W�H�F�W�H�G���L�Q���V�H�D�Z�H�H�G�V�� 

�7�K�H�� �I�O�D�Y�R�Q�R�O�V�� �L�Q�� �2�6�(�� �Z�H�U�H�� �W�H�Q�W�D�W�L�Y�H�O�\�� �L�G�H�Q�W�L�I�L�H�G�� �D�V�� �����P�H�W�K�R�[�\�V�L�Q�H�Q�V�H�W�L�Q����

�N�D�H�P�S�I�H�U�R�O�������2���J�O�X�F�R�V�L�G�H�����D�Q�G���T�X�H�U�F�H�W�L�Q�����
���2���J�O�X�F�R�V�L�G�H���Z�L�W�K���S�U�H�F�X�U�V�R�U���L�R�Q���S�H�D�N�V��

�R�I���>�0�í�+�@�í���D�W���P���]�������������������������������������������D�Q�G�����������������������U�H�V�S�H�F�W�L�Y�H�O�\�����&�R�P�S�R�X�Q�G����������

�����P�H�W�K�R�[�\�V�L�Q�H�Q�V�H�W�L�Q���� �L�V�� �D�� �I�O�D�Y�R�Q�R�O�� �Z�L�W�K�� �D�� �P�H�W�K�R�[�\�� �J�U�R�X�S�� �D�W�W�D�F�K�H�G�� �W�R�� �W�K�H�� �W�K�L�U�G��

�F�D�U�E�R�Q���R�I���V�L�Q�H�Q�V�H�W�L�Q���D�Q�G���K�D�V���D���Z�L�G�H���U�D�Q�J�H���R�I���S�K�D�U�P�D�F�R�O�R�J�L�F�D�O���H�I�I�H�F�W�V�����V�X�F�K���D�V���V�W�U�R�Q�J��

�D�Q�W�L�F�D�Q�F�H�U���� �D�Q�W�L���L�Q�I�O�D�P�P�D�W�R�U�\���� �D�Q�W�L�R�[�L�G�D�Q�W���� �D�Q�W�L�E�D�F�W�H�U�L�D�O���� �D�Q�W�L�R�E�H�V�L�W�\���� �D�Q�G��

�D�Q�W�L�G�H�P�H�Q�W�L�D�� �H�I�I�H�F�W�V�����+�D�Q�� �-�L�H�� �H�W�� �D�O������ ���������������$�� �S�U�H�Y�L�R�X�V�� �V�W�X�G�\�����'�X�D�Q�� �H�W�� �D�O������������������

�U�H�S�R�U�W�H�G���W�K�H���H�[�W�U�D�F�W�L�R�Q���R�I���S�K�H�Q�R�O�L�F���F�R�P�S�R�X�Q�G�V���I�U�R�P���6�D�U�J�D�V�V�X�P���V�S�����X�V�L�Q�J���Y�D�U�L�R�X�V��

�V�R�O�Y�H�Q�W�V�����V�X�F�K���D�V���P�H�W�K�D�Q�R�O�����Z�D�W�H�U�����D�F�H�W�R�Q�H�����D�Q�G���H�W�K�\�O���D�F�H�W�D�W�H�����&�R�P�S�R�X�Q�G�V���������D�Q�G��

�������� �N�D�H�P�S�I�H�U�R�O�� �����2���J�O�X�F�R�V�L�G�H�� �D�Q�G�� �T�X�H�U�F�H�W�L�Q�� ���
���2���J�O�X�F�R�V�L�G�H���� �U�H�V�S�H�F�W�L�Y�H�O�\���� �D�U�H��

�I�O�D�Y�R�Q�R�L�G���2���J�O�\�F�R�V�L�G�H�V�����Z�K�L�F�K���D�U�H���F�K�D�U�D�F�W�H�U�L�]�H�G���E�\���D���I�O�D�Y�R�Q�R�L�G���P�R�L�H�W�\���F�R�Q�Q�H�F�W�H�G��

�W�R���F�D�U�E�R�Q���D�W���D���V�S�H�F�L�I�L�F���S�R�V�L�W�L�R�Q���L�Q���D�Q���2���J�O�\�F�R�V�L�G�H���P�D�Q�Q�H�U�����2���J�O�\�F�R�V�L�G�H���I�R�U�P�D�W�L�R�Q��

�R�F�F�X�U�V���E�\���D�W�W�D�F�K�L�Q�J���D���V�X�J�D�U���P�R�O�H�F�X�O�H���W�R���K�\�G�U�R�[�\�O���R�[�\�J�H�Q�����U�H�V�X�O�W�L�Q�J���L�Q���D���Q�D�W�X�U�D�O�O�\��
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�R�F�F�X�U�U�L�Q�J�� �I�R�U�P�� �R�I�� �D�� �I�O�D�Y�R�Q�R�L�G�� �Z�L�W�K�� �D�� �&���J�O�X�F�R�V�L�G�H�� �E�R�Q�G�����0�D�U�F�K�� �H�W�� �D�O������ �������������� �,�Q��

�J�H�Q�H�U�D�O�����I�O�D�Y�R�Q�R�L�G���2���J�O�\�F�R�V�L�G�H�V���H�[�K�L�E�L�W���K�L�J�K�H�U���D�Q�W�L�R�[�L�G�D�Q�W���D�F�W�L�Y�L�W�\���L�Q���W�K�H���E�R�G�\���W�K�D�Q��

�I�O�D�Y�R�Q�R�L�G���&���J�O�\�F�R�V�L�G�H�V�����+�R�Z�H�Y�H�U�����W�K�H���X�U�L�Q�D�U�\���H�[�F�U�H�W�L�R�Q���Z�D�V���K�L�J�K�H�U���W�K�D�Q���W�K�D�W���R�I���2��

�J�O�\�F�R�V�L�G�H�V�����D�W�W�U�L�E�X�W�D�E�O�H���W�R���W�K�H���K�L�J�K�H�U���K�\�G�U�R�O�\�W�L�F���V�W�D�E�L�O�L�W�\���R�I���&�±�&���E�R�Q�G�V���W�K�D�Q���&�±�2��

�E�R�Q�G�V�����;�L�H�� �H�W�� �D�O������ �������������� �8�Q�G�H�U�V�W�D�Q�G�L�Q�J�� �W�K�H�� �V�W�U�X�F�W�X�U�H�±�D�F�W�L�Y�L�W�\�� �U�H�O�D�W�L�R�Q�V�K�L�S�� �D�Q�G��

�P�H�W�D�E�R�O�L�V�P���R�I���D�J�O�\�F�R�Q�H�V���L�V���F�U�X�F�L�D�O���Z�K�H�Q���H�Y�D�O�X�D�W�L�Q�J���W�K�H���K�H�D�O�W�K���E�H�Q�H�I�L�W�V���R�I���S�K�H�Q�R�O�L�F��

�F�R�P�S�R�X�Q�G�V���U�H�F�R�Y�H�U�H�G���I�U�R�P���6�����W�K�X�Q�E�H�U�J�L�L���X�V�L�Q�J���6�:�( �� 

�&�R�P�S�R�X�Q�G�� ������ �Z�D�V���W�H�Q�W�D�W�L�Y�H�O�\�� �L�G�H�Q�W�L�I�L�H�G�� �D�V�� �I�R�U�P�R�Q�R�Q�H�W�L�Q�� �����2���J�O�X�F�X�U�R�Q�L�G�H��

�Z�L�W�K���W�K�H���S�U�H�F�X�U�V�R�U���L�R�Q���S�H�D�N���R�I���>�0�í�+�@�í���D�W���P���]�����������������������7�K�H���S�U�R�G�X�F�W���L�R�Q�V���R�E�V�H�U�Y�H�G��

�D�W�� �P���]�� ���������� ���������� �D�Q�G�� �������� �D�U�H�� �G�X�H�� �W�R�� �W�K�H�� �O�R�V�V�� �R�I���&�2������������ �'�D������ �I�R�U�P�R�Q�R�Q�H�W�L�Q���� �D�Q�G��

�J�O�X�F�X�U�R�Q�L�F�� �D�F�L�G���� �U�H�V�S�H�F�W�L�Y�H�O�\���� �)�R�U�P�R�Q�R�Q�H�W�L�Q�� �K�D�V�� �E�L�R�O�R�J�L�F�D�O�� �S�U�R�S�H�U�W�L�H�V���� �V�X�F�K�� �D�V��

�D�Q�W�L�R�[�L�G�D�Q�W�����D�Q�W�L�F�D�Q�F�H�U�����D�Q�W�L���L�Q�I�O�D�P�P�D�W�R�U�\�����D�Q�G���Q�H�X�U�R�S�U�R�W�H�F�W�L�Y�H���H�I�I�H�F�W�V�����'�X�W�U�D���H�W���D�O������

���������������,�Q���S�D�U�W�L�F�X�O�D�U�����D�V���D���F�O�D�V�V���R�I���L�V�R�I�O�D�Y�R�Q�R�L�G�V���Z�L�W�K���D���V�W�U�X�F�W�X�U�H���V�L�P�L�O�D�U���W�R���W�K�D�W���R�I��

�H�V�W�U�R�J�H�Q���� �D�� �I�H�P�D�O�H�� �K�R�U�P�R�Q�H���� �W�K�H�� �X�V�H�� �R�I�� �I�R�U�P�R�Q�R�Q�H�W�L�Q�� �D�V�� �D�� �K�R�U�P�R�Q�H�� �U�H�S�O�D�F�H�P�H�Q�W��

�W�K�H�U�D�S�\���K�D�V���V�K�R�Z�Q���S�R�V�L�W�L�Y�H���U�H�V�X�O�W�V���L�Q���W�K�H���W�U�H�D�W�P�H�Q�W���R�I���P�H�Q�R�S�D�X�V�D�O���V�\�P�S�W�R�P�V�����K�R�W��

�I�O�D�V�K�H�V���� �R�V�W�H�R�S�R�U�R�V�L�V���� �E�U�H�D�V�W�� �F�D�Q�F�H�U���� �D�Q�G�� �R�W�K�H�U�� �F�R�Q�G�L�W�L�R�Q�V�� �F�R�P�P�R�Q�O�\�� �H�[�S�H�U�L�H�Q�F�H�G��

�E�\���Z�R�P�H�Q���H�Q�W�H�U�L�Q�J���P�H�Q�R�S�D�X�V�H�����'�R�U�Q�V�W�D�X�G�H�U���H�W���D�O���������������������$�P�R�Q�J���E�U�R�Z�Q���V�H�D�Z�H�H�G�V����

�I�R�U�P�R�Q�R�Q�H�W�L�Q�������2���J�O�X�F�X�U�R�Q�L�G�H���Z�D�V���L�G�H�Q�W�L�I�L�H�G���L�Q���)�X�F�X�V���V�S���D�Q�G���(�F�N�O�R�Q�L�D���V�S�����'�X�D�Q��

�H�W���D�O������������������ 
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3.3.3.8.3. ���2�W�K�H�U���S�R�O�\�S�K�H�Q�R�O�V�� 

�7�Z�H�Q�W�\���R�Q�H�� �R�W�K�H�U�� �G�H�W�H�F�W�H�G�� �S�R�O�\�S�K�H�Q�R�O�V�� �Z�H�U�H�� �F�O�D�V�V�L�I�L�H�G�� �D�V��

�D�O�N�\�O�P�H�W�K�R�[�\�S�K�H�Q�R�O�� ���������� �K�\�G�U�R�[�\�E�H�Q�]�D�O�G�H�K�\�G�H�V�� �����������K�\�G�U�R�[�\�E�H�Q�]�R�N�H�W�R�Q�H�V�� ����������

�K�\�G�U�R�[�\�F�L�Q�Q�D�P�D�O�G�H�K�\�G�H�������������K�\�G�U�R�[�\�F�R�X�P�D�U�L�Q�V�������������S�K�H�Q�R�O�L�F���W�H�U�S�H�Q�H�������������W�\�U�R�V�R�O�V��

�����������E�H�Q�]�H�Q�G�L�R�O�������������O�L�J�Q�D�Q�������������V�W�L�O�E�H�Q�H�V�������������D�Q�G���S�K�O�R�U�R�W�D�Q�Q�L�Q�V���������� 

�&�R�P�S�R�X�Q�G�� ������ �Z�D�V�� �W�H�Q�W�D�W�L�Y�H�O�\�� �L�G�H�Q�W�L�I�L�H�G�� �D�V�� �����H�W�K�\�O�J�X�D�L�D�F�R�O���� �D�Q��

�D�O�N�\�O�P�H�W�K�R�[�\�S�K�H�Q�R�O�����Z�L�W�K���W�K�H���S�U�H�F�X�U�V�R�U���L�R�Q���S�H�D�N���R�I���>�0�í�+�@�í���D�W���P���]�����������������������,�Q��

�W�K�H�� �E�L�R�U�H�I�L�Q�H�U�\�� �S�U�R�F�H�V�V���� �D�O�N�\�O�P�H�W�K�R�[�\�S�K�H�Q�R�O�� �F�D�Q�� �E�H�� �S�U�R�G�X�F�H�G�� �E�\�� �W�K�H�� �W�K�H�U�P�D�O��

�G�H�F�R�P�S�R�V�L�W�L�R�Q�� �R�I�� �O�L�J�Q�R�F�H�O�O�X�O�R�V�H�� �E�L�R�P�D�V�V���� �D�Q�G�� �����H�W�K�\�O�J�X�D�L�D�F�R�O�� �L�V�� �S�U�R�G�X�F�H�G�� �I�U�R�P��

�O�L�J�Q�L�Q���J�X�D�L�D�F�\�O�����/�\�X���H�W���D�O������������������ 

�&�R�P�S�R�X�Q�G�� ������ �Z�D�V�� �W�H�Q�W�D�W�L�Y�H�O�\�� �L�G�H�Q�W�L�I�L�H�G�� �D�V�� �S�D�H�R�Q�R�O���� �Z�L�W�K�� �W�K�H�� �S�U�H�F�X�U�V�R�U�� �L�R�Q��

�S�H�D�N���R�I���>�0�í�+�@�í���D�W���P���]�����������������������3�D�H�R�Q�R�O���L�V���D���P�D�M�R�U���F�R�P�S�R�Q�H�Q�W���L�V�R�O�D�W�H�G���I�U�R�P���W�K�H��

�U�R�R�W�� �E�D�U�N�� �R�I�� �3�D�H�R�Q�L�D�� �V�X�I�I�U�X�W�L�F�R�V�D���� �,�W�� �K�D�V�� �E�H�H�Q�� �X�V�H�G�� �D�V�� �D�� �P�D�M�R�U�� �D�Q�W�L���L�Q�I�O�D�P�P�D�W�R�U�\��

�D�J�H�Q�W�� �L�Q�� �W�U�D�G�L�W�L�R�Q�D�O�� �&�K�L�Q�H�V�H�� �P�H�G�L�F�L�Q�H�� �I�R�U�� �W�K�R�X�V�D�Q�G�V�� �R�I�� �\�H�D�U�V���� �5�H�F�H�Q�W�O�\���� �V�H�Y�H�U�D�O��

�V�W�X�G�L�H�V���K�D�Y�H���E�H�H�Q���F�R�Q�G�X�F�W�H�G���R�Q���S�D�H�R�Q�R�O�¶�V���S�K�D�U�P�D�F�R�O�R�J�L�F�D�O���H�I�I�H�F�W�V���D�Q�G���P�H�F�K�D�Q�L�V�P�V��

�R�I���D�Q�W�L�W�X�P�R�U���� �D�Q�W�L�F�D�U�G�L�R�Y�D�V�F�X�O�D�U���G�L�V�H�D�V�H���� �D�Q�G���Q�H�X�U�R�S�U�R�W�H�F�W�L�R�Q���D�F�W�L�Y�L�W�L�H�V�����=�K�D�Q�J���H�W��

�D�O������������������ 

�7�K�U�H�H�� �W�\�U�R�V�R�O�V�� �Z�H�U�H�� �W�H�Q�W�D�W�L�Y�H�O�\�� �L�G�H�Q�W�L�I�L�H�G�� �E�\�� �2�6�(���� �)�L�U�V�W���� �S���+�3�(�$���$�&�� �Z�D�V��

�R�E�V�H�U�Y�H�G���Z�L�W�K���D���S�U�H�F�X�U�V�R�U���L�R�Q���D�W���P���]���������������������D�Q�G���S�U�R�G�X�F�W���L�R�Q�V���D�W���P���]�����������D�Q�G������������
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�D�W�W�U�L�E�X�W�D�E�O�H�� �W�R�� �O�R�V�V�H�V�� �R�I�� �W�K�H�� �2�+�� �J�U�R�X�S�� �������� �'�D���� �D�Q�G�� �&�2������������ �'�D������ �U�H�V�S�H�F�W�L�Y�H�O�\����

�6�H�F�R�Q�G�����K�\�G�U�R�[�\�W�\�U�R�V�R�O���Z�D�V���R�E�V�H�U�Y�H�G���Z�L�W�K���W�K�H���S�U�H�F�X�U�V�R�U���L�R�Q���D�W���P���]�����������������������D�Q�G��

�W�K�H�� �S�U�R�G�X�F�W�� �L�R�Q�V�� �D�W�� �P���]�� �������� �G�X�H�� �W�R�� �O�R�V�V�� �R�I�� �&�+���2�+�� �������� �'�D���� �D�Q�G�� �P���]�� �������� �G�X�H�� �W�R��

�D�G�G�L�W�L�R�Q�D�O�� �O�R�V�V�� �R�I�� �&�+������������ �'�D���� �Z�H�U�H�� �G�H�W�H�F�W�H�G���� �)�L�Q�D�O�O�\���� ���������'�+�3�(�$���$�&�� �Z�D�V��

�G�H�W�H�F�W�H�G���Z�L�W�K���D���S�U�H�F�X�U�V�R�U���L�R�Q���D�W���P���]���������������������D�Q�G���D���S�U�R�G�X�F�W���L�R�Q���D�W���P���]�����������G�X�H���W�R��

�W�K�H�� �O�R�V�V�� �R�I�� �&�+������������ �'�D������ �*�H�Q�H�U�D�O�O�\���� �W�\�U�R�V�R�O�� �L�V�� �D�� �W�\�S�H�� �R�I�� �S�K�H�Q�R�O�L�F�� �S�K�\�W�R�F�K�H�P�L�F�D�O��

�I�R�X�Q�G�� �L�Q�� �R�O�L�Y�H�� �R�L�O���� �E�X�W�� �W�\�U�R�V�R�O�� �G�H�U�L�Y�D�W�L�Y�H�V���K�D�Y�H�� �D�O�V�R�� �E�H�H�Q�� �F�R�Q�I�L�U�P�H�G�� �W�R�� �H�[�L�V�W�� �L�Q��

�V�H�D�Z�H�H�G�V�����/�D�Q�G�D���&�D�Q�V�L�J�Q�R���H�W���D�O������������������ 

�/�L�J�Q�D�Q�V���D�Q�G���V�W�L�O�E�H�Q�H�V���D�U�H���S�K�H�Q�R�O�L�F���F�R�P�S�R�X�Q�G�V���W�K�D�W���H�[�L�V�W���L�Q���W�U�D�F�H���D�P�R�X�Q�W�V���L�Q��

�V�H�D�Z�H�H�G�V���� �L�Q�� �W�K�L�V�� �V�W�X�G�\���� �����R�[�R�P�D�W�D�L�U�H�V�L�Q�R�O���� �S�L�F�H�D�W�D�Q�Q�R�O���� �D�Q�G�� ���
���K�\�G�U�R�[�\�����������������
��

�W�H�W�U�D�P�H�W�K�R�[�\�V�W�L�O�E�H�Q�H�� �Z�H�U�H�� �L�G�H�Q�W�L�I�L�H�G���� �/�L�J�Q�D�Q�V�� �D�Q�G�� �V�W�L�O�E�H�Q�H�V�� �K�D�Y�H�� �H�Q�R�U�P�R�X�V��

�V�W�U�X�F�W�X�U�D�O���G�L�Y�H�U�V�L�W�\���E�H�F�D�X�V�H���R�I���W�K�H�L�U���G�L�Y�H�U�V�H���O�L�Q�N�D�J�H���S�D�W�W�H�U�Q�V�����5�H�F�H�Q�W�O�\�����O�L�J�Q�D�Q�V���D�Q�G��

�V�W�L�O�E�H�Q�H�V���L�Q���V�H�D�Z�H�H�G�V���K�D�Y�H���D�W�W�U�D�F�W�H�G���F�R�Q�V�L�G�H�U�D�E�O�H���U�H�V�H�D�U�F�K���L�Q�W�H�U�H�V�W���E�H�F�D�X�V�H���R�I���W�K�H�L�U��

�V�W�U�X�F�W�X�U�D�O�� �G�L�Y�H�U�V�L�W�\�� �D�Q�G�� �E�L�R�O�R�J�L�F�D�O�� �I�X�Q�F�W�L�R�Q�V���� �S�D�U�W�L�F�X�O�D�U�O�\�� �W�K�H�L�U�� �D�Q�W�L�F�D�Q�F�H�U����

�D�Q�W�L�S�O�D�V�P�R�G�L�D�O�����D�Q�G���D�Q�W�L�E�D�F�W�H�U�L�D�O���S�U�R�S�H�U�W�L�H�V�����7�V�R�S�P�R���H�W���D�O������������������ 

�&�R�P�S�R�X�Q�G�V�� ������ �D�Q�G�� ������ �D�U�H�� �S�K�O�R�U�R�W�D�Q�Q�L�Q�V���� �Z�L�W�K�� �E�L�I�X�K�D�O�R�O�� �D�Q�G��

�W�U�L�P�H�W�K�R�[�\�E�H�Q�]�H�Q�H���W�H�Q�W�D�W�L�Y�H�O�\���L�G�H�Q�W�L�I�L�H�G���Z�L�W�K���S�U�H�F�X�U�V�R�U���L�R�Q�V���D�W���P���]���������������������D�Q�G��

�������������������� �U�H�V�S�H�F�W�L�Y�H�O�\���� �7�K�H�� �S�U�R�G�X�F�W�� �L�R�Q�V�� �R�I�� �E�L�I�X�K�D�O�R�O�� �Z�H�U�H�� �L�G�H�Q�W�L�I�L�H�G�� �D�W�� �P���]�� ��������

�D�Q�G������������ �D�W�W�U�L�E�X�W�D�E�O�H���W�R���W�K�H���O�R�V�V�H�V���R�I���2�+�����������'�D�����D�Q�G���&�2������������ �'�D�������U�H�V�S�H�F�W�L�Y�H�O�\����
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�7�K�H���S�U�R�G�X�F�W���L�R�Q�V���R�I���W�U�L�P�H�W�K�R�[�\�E�H�Q�]�H�Q�H���Z�H�U�H���L�G�H�Q�W�L�I�L�H�G���D�W���P���]�����������������������D�Q�G������������

�D�W�W�U�L�E�X�W�D�E�O�H�� �W�R�� �W�K�H�� �V�X�F�F�H�V�V�L�Y�H�� �O�R�V�V�� �R�I�� �&�+������������ �'�D������ �3�K�O�R�U�R�W�D�Q�Q�L�Q�V�� �D�U�H�� �D�E�X�Q�G�D�Q�W�O�\��

�G�H�W�H�F�W�H�G�� �L�Q�� �E�U�R�Z�Q���V�H�D�Z�H�H�G���V�X�F�K�� �D�V���6�D�U�J�D�V�V�X�P�� �U�L�Q�J�J�R�O�G�L�D�Q�X�P���� �7�K�H�\�� �H�[�K�L�E�L�W��

�D�S�S�U�R�[�L�P�D�W�H�O�\���I�L�Y�H���W�L�P�H�V���P�R�U�H���S�R�Z�H�U�I�X�O���D�Q�W�L�R�[�L�G�D�Q�W���D�F�W�L�Y�L�W�\���W�K�D�Q���F�D�W�H�F�K�L�Q�V�����1�D�N�D�L��

�H�W���D�O������������������ 
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Table 3.7. Characterization of phenolic compounds in OSE by UPLC-ESI-QTOF-MS/MS 

NO. Proposed Compounds Molecular 
Formula 

RT 
(min) 

Neutral 
mass (Da) 

Observed 
neutral 

mass (Da) 

Observed 
(m/z) 

Mass 
Error 
(ppm) 

Productive ion (m/z) 

Phenolic acids 

Hydroxybenzoic acids 

1 3-O-Methylgallic acid C8H8O5 5.66 184.0372 184.0367 183.0294 -2.6 124, 168 

2 4-Hydroxybenzoic acid 4-O-
glucoside C13H16O8 6.21 300.0845 300.0839 299.0766 -2.2 137, 255 

3 Vanillic acid C8H8O4 7.47 168.0423 168.0418 167.0345 -2.8 108, 123, 152 

4 Gallic acid 3-O-gallate C14H10O9 8.74 322.0325 322.0315 321.0243 -2.9 169 
Hydroxycinnamic acids 

5 p-Coumaroyl tartaric acid C13H12O8 5.06 296.0532 296.054 295.0467 2.7 149, 163 

6 Isoferulic acid 3-O-glucuronide C16H18O10 5.3 370.0900 370.089 369.0817 -2.7 113, 178, 193 

7 p-Coumaroyl malic acid C13H12O7 5.43 280.0583 280.0579 279.0506 -1.5 133, 179 

8 Sinapic acid C11H12O5 5.67 224.0685 224.0679 223.0606 -2.8 163, 191, 208 

9 Feruloyl tartaric acid C14H14O9 5.71 326.0638 326.0631 325.0558 -2.1 149, 191, 253 

10 Hydroxycaffeic acid C9H8O5 6.43 196.0372 196.0366 195.0293 -2.8 135, 151, 163, 179 

11 Rosmarinic acid C18H16O8 6.85 360.0845 360.0844 359.0771 -0.4 179, 197 

12 Ferulic acid C10H10O4 8.06 194.0579 194.0573 193.0501 -3 134, 149, 178 
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13 p-Coumaric acid 4-O-glucoside C15H18O8 9.52 326.1002 326.0993 325.0920 -2.8 163 

14 Caffeic acid C9H8O4 10.14 180.0423 180.0417 179.0345 -2.9 135, 163 

15 3-O-Methylrosmarinic acid C19H18O8 10.53 374.1002 374.0994 373.0921 -2.2 359 

16 p-Coumaric acid C9H8O3 13.22 164.0473 164.0469 163.0397 -2.6 119,  

Hydroxyphenylacetic acids 

17 3,4-Dihydroxyphenylacetic acid  C8H8O4 4.29 168.0423 168.0418 167.0345 -2.8 122 

18 3-Hydroxyphenylacetic acid C8H8O3 7.56 152.0473 152.0471 151.0399 -1.4 107, 135 

19 2-Hydroxy-2-phenylacetic acid C8H8O3 7.99 152.0473 152.0469 151.0397 -2.7 107, 135 

20 Homoveratric acid C10H12O4 9.53 196.0736 196.0731 195.0658 -2.3 121, 151 

21 Methoxyphenylacetic acid C9H10O3 11.94 166.0630 166.0626 165.0553 -2.5 106, 121 

Hydroxyphenylpentanoic acids 

22 5-�����•�����•-dihydroxyphenyl)-
valeric acid C11H14O4 10.20 210.0892 210.0889 209.0816 -1.5 149, 165 

23 5-(3'-Methoxy-4'-
hydroxyphenyl)-��-valerolactone C12H14O4 10.97 222.0892 222.0887 221.0814 -2.5 161, 177, 205 

Hydroxyphenylpropanoic acids 

24 Dihydroferuloylglycine C12H15NO5 3.79 253.0950 253.0945 252.0872 -2.1 135, 177, 208 

25 Dihydroferulic acid C10H12O4 11.61 196.0730 195.0657 195.0657 -2.7 136, 151, 180 

26 Dihydrosinapic acid C11H14O5 11.90 226.0836 225.0763 225.0763 -2.2 165, 193, 210 
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27 4-Hydroxyphenyl-2-
propionic acid C9H10O3 12.25 166.0630 166.0626 165.0553 -2.6 121, 149 

Flavonoids 

Flavanols 

28 4'-O-Methylepigallocatechin C16H16O7 10.75 320.0896 320.0899 319.0826 0.8 287, 305 

Flavonols 

29 3-Methoxysinensetin C21H22O8 1.30 402.1315 402.1318 401.1245 0.7 371 

30 Kaempferol 7-O-glucoside C21H19O11 2.96 447.0927 447.0939 446.0867 2.7 255, 285 

31 Quercetin 4'-O-glucoside C21H20O12 6.69 464.0955 464.0945 463.0886 -2.1 151, 301 

Flavanones 

32 Naringenin 4'-O-glucuronide C21H20O11 12.31 448.1006 448.0993 447.0920 -2.9 151, 271 

33 Homoeriodictyol C16H14O6 12.61 302.0790 302.0783 301.0711 -2.3 134, 285 

34 6-Geranylnaringenin C25H28O5 23.56 408.1937 408.1933 407.186 -1.0 119, 243, 287 

Flavones 

35 Jaceosidin C17H14O7 10.03 330.0740 330.0731 329.0658 -2.7 241, 297 

36 Cirsilineol C18H16O7 10.97 344.0896 344.089 343.0817 -1.8 282, 310, 328 

Isoflavonoids 

37 Formononetin 7-O-glucuronide C22H20O10 8.68 444.1056 444.1055 443.0982 -0.3 193, 252, 267, 399 

38 Dihydroformononetin C16H14O4 11.23 270.0892 270.0887 269.0814 -1.8 211, 250 
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39 3',4',5,7-
Tetrahydroxyisoflavanone C15H12O6 11.31 288.0634 288.0629 287.0557 -1.6 177, 179, 259, 269 

40 4'-Methoxy-2',3,7-
trihydroxyisoflavanone C16H14O6 11.77 302.0790 302.0782 301.0709 -2.8 179, 269 

41 Dihydrodaidzein 7-O-
glucuronide C21H20O10 13.14 432.1056 432.1048 431.0975 -2.0 177,255 

Anthocyanins  

42 Cyanidin 3-O-(6''-dioxalyl-
glucoside) C25H20O17 2.83 592.0700 592.0713 591.0640 2.1 285 

Dihydroflavonols 

43 Dihydroquercetin C15H12O7 14.4 304.0583 304.0576 303.0503 -2.5 273, 285 

Other polyphenols 

Alkylmethoxyphenol 

44 4-Ethylguaiacol C9H12O2 9.97 152.0837 152.0833 151.0760 -2.9 135 

Hydroxybenzaldehydes 

45 p-Anisaldehyde C8H8O2 9.31 136.0524 136.0520 135.0447 -3.0 109, 122 

46 Vanillin C8H8O3 9.33 152.0473 152.0470 151.0397 -2.2 92, 135 

Hydroxybenzoketones 

47 2,3-Dihydroxy-1-
guaiacylpropanone C10H12O5 6.54 212.0685 212.0680 211.0607 -2.3 93, 165, 181 

48 Paeonol C9H10O3 11.30 166.0630 166.0626 165.0553 -2.5 123 

Hydroxycinnamaldehyde 
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49 Ferulaldehyde C10H10O3 10.46 178.0630 178.0627 177.0554 -1.8 91, 162 

Hydroxycoumarins 

50 Esculin C15H16O9 5.10 340.0794 340.0786 339.0713 -2.4 133, 179 

51 Esculetin C9H6O4 5.96 178.0266 178.0266 177.0194 0.2 123, 133 

52 Umbelliferone C9H6O3 8.47 162.0317 162.0313 161.0241 -2.3 117, 133 

53 Scopoletin C10H8O4 9.71 192.0423 192.0418 191.0345 -2.3 120, 148, 176 

54 Mellein C10H10O3 14.51 178.0630 178.0625 177.0553 -2.6 103, 159 

Phenolic terpene 

55 Carnosic acid C20H28O4 15.30 332.1988 332.1979 331.1907 -2.5 243, 269, 287 

Tyrosols 

56 p-HPEA-AC C10H12O3 9.00 180.0786 180.0782 179.0709 -2.7 135, 161 

57 Hydroxytyrosol C8H10O3 9.68 154.0630 154.0626 153.0554 -2.3 108, 123, 137 

58 3,4-DHPEA-AC C10H12O4 9.71 196.0736 196.0733 195.0660 -1.2 108, 137, 181 

Benzendiol 

59 
Isopropyl 3-(3,4-

dihydroxyphenyl)-2-
hydroxypropanoate 

C12H16O5 8.26 240.0998 240.0995 239.0922 -1.3 99, 123, 150 

Lignan 

60 7-Oxomatairesinol C20H20O7 4.96 372.1209 372.1210 371.1137 0.2 149, 233, 355 

Stilbenes 
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61 Piceatannol C14H12O4 12.45 244.0736 244.0731 243.0658 -2.1 159, 225 

62 3'-Hydroxy-3,4,5,4'-
tetramethoxystilbene C17H18O5 15.00 302.1154 302.1150 301.1078 -1.3 255,283 

Phlorotannins 

63 Bifuhalol C12H10O7 6.63 266.0427 266.0420 265.0347 -2.6 221, 248 

64 1,3,5-Trimethoxybenzene C9H12O3 6.92 168.0786 168.0782 167.0710 -2.4 122, 137, 152 
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Figure 3.6. UPLC�±ESI�±QTOF�±MS/MS base peak intensity (BPI) chromatogram. 
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3.3.3.9. Structural analysis by NMR 

�1�0�5�� �V�S�H�F�W�U�R�V�F�R�S�\�� �L�Q�� �D�Q�D�O�\�W�L�F�D�O�� �F�K�H�P�L�V�W�U�\�� �K�D�V�� �X�Q�L�T�X�H�� �D�G�Y�D�Q�W�D�J�H�V���� �V�X�F�K�� �D�V��

�R�E�V�H�U�Y�L�Q�J���F�R�P�S�R�X�Q�G�V���S�U�H�V�H�Q�W���L�Q���D���V�D�P�S�O�H���L�Q���D���V�L�Q�J�O�H���P�H�D�V�X�U�H�P�H�Q�W���D�Q�G���S�H�U�I�R�U�P�L�Q�J��

�P�L�Q�L�P�D�O���V�D�P�S�O�H���S�U�H�W�U�H�D�W�P�H�Q�W�����1�H�U�D�Q�W�]�D�N�L���H�W���D�O���������������������7�K�H���V�W�U�X�F�W�X�U�H���R�I���2�6�(���Z�D�V��

�D�Q�D�O�\�]�H�G���X�V�L�Q�J�����+���1�0�5�����W�K�H���U�H�V�X�O�W�V���D�U�H���V�K�R�Z�Q���L�Q���)�L�J�X�U�H�������������7�K�H���P�D�L�Q���S�H�D�N�V���Z�H�U�H��

�L�G�H�Q�W�L�I�L�H�G���D�W���/��� �����������±���������������������±���������������������±���������������������±�������������D�Q�G�����������±�����������S�S�P�����1�R�W�D�E�O�\����

�/��� �������S�S�P���D�Q�G���/��� �����������S�S�P���Z�H�U�H���L�G�H�Q�W�L�I�L�H�G���D�V���W�K�H���S�H�D�N�V���R�I���7�0�6���D�Q�G���'�0�6�2�)�G������

�U�H�V�S�H�F�W�L�Y�H�O�\���� �,�Q�� �D�� �V�W�X�G�\�� �E�\�����+�D�Q�V�� �H�W�� �D�O�������������������H�[�W�U�D�F�W�L�Q�J�� �I�X�F�R�L�G�D�Q�� �I�U�R�P�� �E�U�R�Z�Q��

�V�H�D�Z�H�H�G�V�����S�H�D�N�V���D�W���������������������������������D�Q�G�����������S�S�P���Z�H�U�H���D�V�F�U�L�E�H�G���W�R���W�K�H���í���&�+�����J�U�R�X�S���R�I��

�/ ���I�X�F�R�V�H���X�Q�L�W�����S�U�R�W�R�Q���D�V�V�R�F�L�D�W�H�G���Z�L�W�K���D�F�H�W�\�O���R�U���V�X�O�I�R�Q�D�W�H���J�U�R�X�S�V�����V�L�Q�J�O�H���E�R�Q�G���2�+��

�J�U�R�X�S�V�����D�Q�G���U�L�Q�J���S�U�R�W�R�Q�V�����U�H�V�S�H�F�W�L�Y�H�O�\�����,�Q���W�K�H���F�D�V�H���R�I���S�K�H�Q�R�O�L�F���F�R�P�S�R�X�Q�G�V�����V�H�Y�H�U�D�O��

�S�H�D�N�V�� �R�F�F�X�U�� �D�W���/�� � �� ���������±�����������S�S�P���� �D�W�W�U�L�E�X�W�D�E�O�H�� �W�R�� �W�K�H�� �S�U�R�W�R�Q�V�� �R�I�� �W�K�H�� �D�U�R�P�D�W�L�F��

�K�\�G�U�R�F�D�U�E�R�Q���J�U�R�X�S�����.�D�X�V�K�D�O�\�D���	���*�X�Q�D�W�K�L�O�D�N�H�������������������7�K�H���U�H�V�X�O�W�V���D�O�V�R���V�K�R�Z���W�K�D�W��

�W�K�H���S�H�D�N�V���D�W���/��� �����������±�����������S�S�P���D�U�H���G�X�H���W�R���D�U�R�P�D�W�L�F���K�\�G�U�R�J�H�Q���I�U�R�P���S�K�O�R�U�R�W�D�Q�Q�L�Q�V���L�Q��

�W�K�H�� �V�H�D�Z�H�H�G�� �H�[�W�U�D�F�W���� �,�Q�� �S�D�U�W�L�F�X�O�D�U���� �W�K�H�� �S�H�D�N�� �D�W���/�� � �� �����������S�S�P�� �L�V�� �F�K�D�U�D�F�W�H�U�L�V�W�L�F�� �R�I��

�S�K�O�R�U�R�J�O�X�F�L�Q�R�O�����D���P�R�Q�R�P�H�U���R�I���S�K�O�R�U�R�W�D�Q�Q�L�Q�����-�p�J�R�X���H�W���D�O���������������������3�H�D�N�V���D�S�S�H�D�U�L�Q�J��

�D�E�R�Y�H���/�� � �� ���������S�S�P�� �D�U�H�� �F�R�P�P�R�Q�O�\�� �D�V�F�U�L�E�H�G�� �W�R�� �S�K�H�Q�R�O�L�F�� �K�\�G�U�R�[�\�O�� �S�U�R�W�R�Q�V���� �D�Q�G��

�S�U�H�Y�L�R�X�V���V�W�X�G�L�H�V���K�D�Y�H���X�V�H�G���W�K�H���L�Q�W�H�Q�V�L�W�\���R�I���S�H�D�N�V���D�S�S�H�D�U�L�Q�J���D�W���/��� �����������±�������������S�S�P��

�W�R���T�X�D�Q�W�L�I�\���7�3�&�����1�H�U�D�Q�W�]�D�N�L���H�W���D�O������������������ 
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Figure 3.7. 1H NMR spectra of OSE.
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3.3.4. Biological activities 

3.3.4.1. Antioxidant activity  

�3�U�H�Y�L�R�X�V���V�W�X�G�L�H�V���K�D�Y�H���G�H�P�R�Q�V�W�U�D�W�H�G���D���V�W�U�R�Q�J���F�R�U�U�H�O�D�W�L�R�Q���E�H�W�Z�H�H�Q���7�3�&���D�Q�G��

�D�Q�W�L�R�[�L�G�D�Q�W�� �D�F�W�L�Y�L�W�\���� �F�R�Q�I�L�U�P�L�Q�J�� �W�K�D�W�� �H�[�W�U�D�F�W�V�� �Z�L�W�K�� �K�L�J�K�H�U�� �S�K�H�Q�R�O�L�F��

�F�R�Q�F�H�Q�W�U�D�W�L�R�Q�V���W�H�Q�G���W�R���H�[�K�L�E�L�W���J�U�H�D�W�H�U���D�Q�W�L�R�[�L�G�D�Q�W���F�D�S�D�F�L�W�L�H�V�����3�D�U�N���H�W���D�O������������������������

�%�D�V�H�G���R�Q���W�K�L�V���E�D�F�N�J�U�R�X�Q�G�����W�K�H���F�X�U�U�H�Q�W���V�W�X�G�\���R�S�W�L�P�L�]�H�G���H�[�W�U�D�F�W�L�R�Q���F�R�Q�G�L�W�L�R�Q�V���W�R��

�P�D�[�L�P�L�]�H���7�3�&�����Z�K�L�F�K���Z�D�V���H�[�S�H�F�W�H�G���W�R���U�H�V�X�O�W���L�Q���H�Q�K�D�Q�F�H�G���D�Q�W�L�R�[�L�G�D�Q�W���D�F�W�L�Y�L�W�\����

�,�Q�G�H�H�G�����W�K�H���2�6�(���V�K�R�Z�H�G���V�L�J�Q�L�I�L�F�D�Q�W���D�Q�W�L�R�[�L�G�D�Q�W���S�R�W�H�Q�W�L�D�O���D�V���H�Y�L�G�H�Q�F�H�G���E�\�� �W�K�H��

�U�H�V�X�O�W�V���R�I���W�K�H���$�%�7�6������ �'�3�3�+�����D�Q�G���)�5�$�3���D�V�V�D�\�V�����7�D�E�O�H���������������:�K�H�Q���F�R�P�S�D�U�L�Q�J��

�W�K�H���D�Q�W�L�R�[�L�G�D�Q�W���D�F�W�L�Y�L�W�\���R�I���2�6�(���Z�L�W�K���W�K�H���V�W�D�Q�G�D�U�G���U�H�I�H�U�H�Q�F�H���F�R�P�S�R�X�Q�G�����7�U�R�O�R�[����

�W�K�H���,�&�������Y�D�O�X�H�V���I�R�U���W�K�H���$�%�7�6�����D�Q�G���'�3�3�+���D�V�V�D�\�V���Z�H�U�H�������������“�������������P�J���P�/���D�Q�G��

���������� �“�� ���������� �P�J���P�/���� �U�H�V�S�H�F�W�L�Y�H�O�\�����7�K�H�V�H�� �Y�D�O�X�H�V�� �V�X�J�J�H�V�W�� �W�K�D�W�� �Z�K�L�O�H�� �W�K�H�� �H�[�W�U�D�F�W��

�H�[�K�L�E�L�W�V�� �V�X�E�V�W�D�Q�W�L�D�O�� �D�Q�W�L�R�[�L�G�D�Q�W�� �D�F�W�L�Y�L�W�\���� �L�W�� �L�V�� �O�H�V�V�� �S�R�W�H�Q�W�� �F�R�P�S�D�U�H�G�� �W�R�� �7�U�R�O�R�[����

�Z�K�L�F�K���U�H�F�R�U�G�H�G���,�&�������Y�D�O�X�H�V���R�I�������������“�������������P�J���P�/���D�Q�G�������������“�������������P�J���P�/���I�R�U��

�W�K�H���$�%�7�6�����D�Q�G���'�3�3�+���D�V�V�D�\�V�����U�H�V�S�H�F�W�L�Y�H�O�\�����,�Q���W�K�H���)�5�$�3���D�V�V�D�\�����2�6�(���K�D�G���D�Q���(�&������

�Y�D�O�X�H�� �R�I�� ���������� �“�� ���������� �P�J���P�/���� �O�R�Z�H�U�� �W�K�D�Q���7�U�R�O�R�[�
�V�� ���������� �“�� ���������� �P�J���P�/���� �7�K�H�V�H��

�U�H�V�X�O�W�V�� �L�Q�G�L�F�D�W�H�� �W�K�D�W�� �Z�K�L�O�H�� �W�K�H�� �H�[�W�U�D�F�W�� �K�R�O�G�V�� �S�U�R�P�L�V�H�� �D�V�� �D�� �Q�D�W�X�U�D�O�� �D�Q�W�L�R�[�L�G�D�Q�W����

�I�X�U�W�K�H�U�� �U�H�I�L�Q�H�P�H�Q�W�� �L�V�� �Q�H�F�H�V�V�D�U�\�� �W�R�� �H�Q�K�D�Q�F�H�� �L�W�V�� �H�I�I�L�F�D�F�\�� �I�R�U�� �F�R�P�P�H�U�F�L�D�O��

�D�S�S�O�L�F�D�W�L�R�Q�V���� �7�R�� �I�X�U�W�K�H�U�� �H�Q�K�D�Q�F�H�� �W�K�H�� �D�Q�W�L�R�[�L�G�D�Q�W�� �S�R�W�H�Q�W�L�D�O�� �R�I�� �2�6�(���� �D�G�G�L�W�L�R�Q�D�O��

�V�W�H�S�V�� �V�X�F�K�� �D�V�� �S�K�H�Q�R�O�L�F�� �F�R�P�S�R�X�Q�G�� �S�X�U�L�I�L�F�D�W�L�R�Q�� �F�R�X�O�G�� �E�H�� �H�P�S�O�R�\�H�G���� �3�U�H�Y�L�R�X�V��

�V�W�X�G�L�H�V���K�D�Y�H���V�X�F�F�H�V�V�I�X�O�O�\���L�P�S�O�H�P�H�Q�W�H�G���V�L�P�L�O�D�U���V�W�U�D�W�H�J�L�H�V�����U�H�V�X�O�W�L�Q�J���L�Q���V�L�J�Q�L�I�L�F�D�Q�W��
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�L�Q�F�U�H�D�V�H�V�� �L�Q�� �E�R�W�K���7�3�&�� �D�Q�G�� �D�Q�W�L�R�[�L�G�D�Q�W�� �D�F�W�L�Y�L�W�\�����$�L�P�R�Q�H�� �H�W�� �D�O������ �������������� �)�X�W�X�U�H��

�U�H�V�H�D�U�F�K�� �V�K�R�X�O�G�� �I�R�F�X�V�� �R�Q�� �U�H�I�L�Q�L�Q�J�� �W�K�H�� �H�[�W�U�D�F�W�L�R�Q�� �S�U�R�F�H�V�V�� �D�Q�G�� �H�[�S�O�R�U�L�Q�J��

�S�X�U�L�I�L�F�D�W�L�R�Q�� �W�H�F�K�Q�L�T�X�H�V�� �W�R�� �L�V�R�O�D�W�H�� �D�Q�G�� �F�R�Q�F�H�Q�W�U�D�W�H�� �S�K�H�Q�R�O�L�F�� �F�R�P�S�R�X�Q�G�V����

�0�R�U�H�R�Y�H�U���� �W�K�H�� �L�P�S�D�F�W�� �R�I�� �W�K�H�� �Y�D�U�L�R�X�V�� �E�L�R�D�F�W�L�Y�H�� �F�R�P�S�R�X�Q�G�V�� �L�G�H�Q�W�L�I�L�H�G�� �W�K�U�R�X�J�K��

�*�&���0�6�� �R�Q�� �D�Q�W�L�R�[�L�G�D�Q�W�� �D�F�W�L�Y�L�W�\���V�K�R�X�O�G�� �E�H�� �I�X�U�W�K�H�U�� �H�[�S�O�R�U�H�G�� �W�R�� �R�S�W�L�P�L�]�H�� �D�Q�G��

�P�D�[�L�P�L�]�H���W�K�H���H�[�W�U�D�F�W�
�V���H�I�I�L�F�D�F�\������ 

 

3.3.4.2. Antihypertensive activity 

�+�\�S�H�U�W�H�Q�V�L�R�Q���L�V���D���P�D�M�R�U���U�L�V�N���I�D�F�W�R�U���I�R�U���F�D�U�G�L�R�Y�D�V�F�X�O�D�U���G�L�V�H�D�V�H�V���D�Q�G���V�W�U�R�N�H����

�D�Q�G���$�&�(�� �L�Q�K�L�E�L�W�L�R�Q�� �K�D�V�� �E�H�H�Q�� �L�G�H�Q�W�L�I�L�H�G�� �D�V�� �D�Q�� �H�I�I�H�F�W�L�Y�H�� �V�W�U�D�W�H�J�\�� �I�R�U�� �P�D�Q�D�J�L�Q�J��

�K�L�J�K�� �E�O�R�R�G�� �S�U�H�V�V�X�U�H���� �:�K�L�O�H�� �F�R�Q�Y�H�Q�W�L�R�Q�D�O�� �V�\�Q�W�K�H�W�L�F���$�&�(�� �L�Q�K�L�E�L�W�R�U�V�� �D�U�H�� �K�L�J�K�O�\��

�H�I�I�H�F�W�L�Y�H�����W�K�H�L�U���O�R�Q�J���W�H�U�P���X�V�H���F�D�Q���O�H�D�G���W�R���V�L�G�H���H�I�I�H�F�W�V�����L�Q�F�U�H�D�V�L�Q�J���W�K�H���G�H�P�D�Q�G���I�R�U��

�Q�D�W�X�U�D�O�� �$�&�(�� �L�Q�K�L�E�L�W�R�U�V���� �1�X�P�H�U�R�X�V�� �V�W�X�G�L�H�V�� �K�D�Y�H�� �F�R�Q�I�L�U�P�H�G�� �W�K�D�W�� �E�L�R�D�F�W�L�Y�H��

�F�R�P�S�R�X�Q�G�V�����V�X�F�K���D�V���S�K�H�Q�R�O�L�F���F�R�P�S�R�X�Q�G�V���D�Q�G���S�H�S�W�L�G�H�V�����H�[�H�U�W���D�Q�W�L�K�\�S�H�U�W�H�Q�V�L�Y�H��

�H�I�I�H�F�W�V���E�\�� �L�Q�K�L�E�L�W�L�Q�J���$�&�(�����7�K�H�V�H�� �F�R�P�S�R�X�Q�G�V���D�U�H���S�U�H�G�R�P�L�Q�D�Q�W�O�\���G�H�U�L�Y�H�G���I�U�R�P��

�E�U�R�Z�Q�� �V�H�D�Z�H�H�G�V�� �D�Q�G�� �K�D�Y�H�� �J�D�U�Q�H�U�H�G�� �D�W�W�H�Q�W�L�R�Q�� �I�R�U�� �W�K�H�L�U�� �S�R�W�H�Q�W�L�D�O�� �D�V�� �Q�D�W�X�U�D�O��

�D�Q�W�L�K�\�S�H�U�W�H�Q�V�L�Y�H�� �D�J�H�Q�W�V�����$�P�D�U�R�� �H�W�� �D�O������ �������������� �,�Q�� �W�K�L�V�� �V�W�X�G�\���� �W�K�H�� �2�6�(��

�G�H�P�R�Q�V�W�U�D�W�H�G���V�L�J�Q�L�I�L�F�D�Q�W���$�&�(���L�Q�K�L�E�L�W�R�U�\���D�F�W�L�Y�L�W�\�����K�L�J�K�O�L�J�K�W�L�Q�J���L�W�V���S�R�W�H�Q�W�L�D�O���D�V���D��

�Q�D�W�X�U�D�O�� �D�Q�W�L�K�\�S�H�U�W�H�Q�V�L�Y�H�� �D�J�H�Q�W���� �7�K�H�� �,�&�������Y�D�O�X�H�� �R�I�� �2�6�(�� �Z�D�V�� �G�H�W�H�U�P�L�Q�H�G�� �W�R�� �E�H��

���������� �“�� ���������� �P�J���P�/���� �Z�K�L�F�K���� �Z�K�L�O�H�� �K�L�J�K�H�U�� �W�K�D�Q�� �W�K�H�� �V�W�D�Q�G�D�U�G�� �$�&�(�� �L�Q�K�L�E�L�W�R�U��

�F�D�S�W�R�S�U�L�O�����,�&������� �������������î�������q�k���“�������������P�J���P�/�������V�W�L�O�O���U�H�S�U�H�V�H�Q�W�V���D���P�H�D�Q�L�Q�J�I�X�O���O�H�Y�H�O��

�R�I�� �D�F�W�L�Y�L�W�\�� �I�R�U�� �D�� �Q�D�W�X�U�D�O�� �H�[�W�U�D�F�W�� ���7�D�E�O�H���������������7�K�H�V�H�� �U�H�V�X�O�W�V�� �D�O�L�J�Q�� �Z�L�W�K�� �S�U�H�Y�L�R�X�V��
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�V�W�X�G�L�H�V�����V�X�J�J�H�V�W���W�K�D�W�� �E�L�R�D�F�W�L�Y�H�� �F�R�P�S�R�X�Q�G�V�� �I�U�R�P�� �V�H�D�Z�H�H�G�� �P�D�\�� �F�R�Q�W�U�L�E�X�W�H�� �W�R��

�K�\�S�H�U�W�H�Q�V�L�R�Q�� �P�D�Q�D�J�H�P�H�Q�W�� �W�K�U�R�X�J�K�� �$�&�(�� �L�Q�K�L�E�L�W�L�R�Q���� �7�K�H�� �V�X�S�H�U�L�R�U��

�D�Q�W�L�K�\�S�H�U�W�H�Q�V�L�Y�H�� �D�F�W�L�Y�L�W�\�� �R�I���6���� �W�K�X�Q�E�H�U�J�L�L�� �Z�D�V�� �I�X�U�W�K�H�U�� �F�R�Q�I�L�U�P�H�G�� �W�K�U�R�X�J�K��

�F�R�P�S�D�U�D�W�L�Y�H�� �V�W�X�G�L�H�V���� �,�Q�� �S�U�H�Y�L�R�X�V�� �U�H�V�H�D�U�F�K���� �W�K�H�� �,�&�������Y�D�O�X�H�� �R�I�� �W�K�H�� �E�O�D�G�H�� �H�[�W�U�D�F�W��

�I�U�R�P���8���� �S�L�Q�Q�D�W�L�I�L�G�D���Z�D�V�� �U�H�S�R�U�W�H�G�� �W�R�� �E�H�� ���������� �“�� ���������� �P�J���P�/���� �Z�K�H�U�H�D�V�� �W�K�H���6����

�W�K�X�Q�E�H�U�J�L�L���H�[�W�U�D�F�W���L�Q���W�K�L�V���V�W�X�G�\���H�[�K�L�E�L�W�H�G���D���O�R�Z�H�U���,�&�������Y�D�O�X�H�����L�Q�G�L�F�D�W�L�Q�J���V�W�U�R�Q�J�H�U��

�$�&�(�� �L�Q�K�L�E�L�W�R�U�\�� �D�F�W�L�Y�L�W�\�����3�D�U�N�� �H�W�� �D�O������ �������������� �7�K�L�V�� �I�L�Q�G�L�Q�J�� �V�X�J�J�H�V�W�V�� �W�K�D�W���6����

�W�K�X�Q�E�H�U�J�L�L���S�R�V�V�H�V�V�H�V�� �P�R�U�H�� �S�R�W�H�Q�W�� �D�Q�W�L�K�\�S�H�U�W�H�Q�V�L�Y�H�� �S�U�R�S�H�U�W�L�H�V�� �F�R�P�S�D�U�H�G�� �W�R���8����

�S�L�Q�Q�D�W�L�I�L�G�D���� �I�X�U�W�K�H�U�� �H�Q�K�D�Q�F�L�Q�J�� �W�K�H�� �S�R�W�H�Q�W�L�D�O�� �I�R�U�� �G�H�Y�H�O�R�S�L�Q�J�� �Q�D�W�X�U�D�O�� �$�&�(��

�L�Q�K�L�E�L�W�R�U�V�� �I�U�R�P�� �W�K�L�V�� �V�H�D�Z�H�H�G���� �0�R�U�H�R�Y�H�U���� �*�&���0�6�� �D�Q�D�O�\�V�L�V�� �U�H�Y�H�D�O�H�G�� �W�K�D�W�� �/������

�R�[�R�S�U�R�O�L�Q�H�����S�\�U�R�J�O�X�W�D�P�L�F���D�F�L�G�����3�&�$�����D�F�F�R�X�Q�W�H�G���I�R�U���������������R�I���W�K�H���H�[�W�U�D�F�W�����3�&�$��

�K�D�V���E�H�H�Q���V�K�R�Z�Q���L�Q���Y�D�U�L�R�X�V���V�W�X�G�L�H�V���W�R���L�Q�K�L�E�L�W���$�&�(�����D�Q�G���W�K�L�V���P�D�\���F�R�Q�W�U�L�E�X�W�H���W�R���W�K�H��

�D�Q�W�L�K�\�S�H�U�W�H�Q�V�L�Y�H�� �H�I�I�H�F�W�V�� �R�E�V�H�U�Y�H�G�� �L�Q�� �W�K�H�� �2�6�(���� �,�Q���D�G�G�L�W�L�R�Q�� �W�R�� �E�O�R�R�G�� �S�U�H�V�V�X�U�H��

�U�H�J�X�O�D�W�L�R�Q�����3�&�$���K�D�V���E�H�H�Q���U�H�S�R�U�W�H�G���W�R���K�D�Y�H���S�R�V�L�W�L�Y�H���H�I�I�H�F�W�V���R�Q���P�D�O�H���U�H�S�U�R�G�X�F�W�L�Y�H��

�K�H�D�O�W�K�� �D�Q�G�� �V�H�[�X�D�O�� �I�X�Q�F�W�L�R�Q�����â�X�G�R�P�R�Y�i�� �H�W�� �D�O������ �������������� �V�X�J�J�H�V�W�L�Q�J�� �W�K�D�W�� �L�W�� �P�D�\��

�I�X�U�W�K�H�U�� �H�Q�K�D�Q�F�H�� �W�K�H�� �E�L�R�D�F�W�L�Y�L�W�\�� �R�I�� �W�K�H�� �2�6�(���� �)�X�U�W�K�H�U�� �U�H�V�H�D�U�F�K�� �L�V�� �Q�H�H�G�H�G�� �W�R��

�H�Q�K�D�Q�F�H���W�K�H���D�Q�W�L�K�\�S�H�U�W�H�Q�V�L�Y�H���H�I�I�H�F�W�V���R�I���2�6�(���E�\���S�X�U�L�I�\�L�Q�J���D�Q�G���F�R�Q�F�H�Q�W�U�D�W�L�Q�J���L�W�V��

�E�L�R�D�F�W�L�Y�H���F�R�P�S�R�X�Q�G�V�����&�R�P�S�R�X�Q�G�V���O�L�N�H���3�&�$���F�R�X�O�G���E�H���U�H�I�L�Q�H�G���W�R���G�H�Y�H�O�R�S���Q�D�W�X�U�D�O��

�D�O�W�H�U�Q�D�W�L�Y�H�V�� �R�U�� �F�R�P�S�O�H�P�H�Q�W�D�U�\�� �W�U�H�D�W�P�H�Q�W�V�� �W�R�� �F�R�Q�Y�H�Q�W�L�R�Q�D�O�� �D�Q�W�L�K�\�S�H�U�W�H�Q�V�L�Y�H��

�G�U�X�J�V���� �)�X�W�X�U�H�� �V�W�X�G�L�H�V�� �V�K�R�X�O�G�� �D�O�V�R�� �D�G�G�U�H�V�V�� �F�K�D�O�O�H�Q�J�H�V�� �V�X�F�K�� �D�V�� �L�P�S�U�R�Y�L�Q�J��

�E�L�R�D�Y�D�L�O�D�E�L�O�L�W�\���D�Q�G���H�Q�V�X�U�L�Q�J���F�R�P�S�R�X�Q�G���V�W�D�E�L�O�L�W�\���G�X�U�L�Q�J���I�R�U�P�X�O�D�W�L�R�Q���W�R���D�G�Y�D�Q�F�H��

�W�K�H���G�H�Y�H�O�R�S�P�H�Q�W���R�I���H�I�I�H�F�W�L�Y�H���Q�D�W�X�U�D�O���D�Q�W�L�K�\�S�H�U�W�H�Q�V�L�Y�H���D�J�H�Q�W�V���� 
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3.3.4.3. �.-Glucosidase inhibitory activity 

�'�L�D�E�H�W�H�V���P�H�O�O�L�W�X�V���L�V���D���P�H�W�D�E�R�O�L�F���G�L�V�R�U�G�H�U���F�K�D�U�D�F�W�H�U�L�]�H�G���E�\���S�U�R�O�R�Q�J�H�G���K�L�J�K��

�E�O�R�R�G�� �J�O�X�F�R�V�H�� �O�H�Y�H�O�V���� �Z�K�L�F�K�� �F�D�Q�� �O�H�D�G�� �W�R�� �F�R�P�S�O�L�F�D�W�L�R�Q�V�� �V�X�F�K�� �D�V�� �F�D�U�G�L�R�Y�D�V�F�X�O�D�U��

�G�L�V�H�D�V�H���D�Q�G���D�W�K�H�U�R�V�F�O�H�U�R�V�L�V�����7�\�S�H�������G�L�D�E�H�W�H�V�����L�Q���S�D�U�W�L�F�X�O�D�U�����L�V���F�O�R�V�H�O�\���D�V�V�R�F�L�D�W�H�G��

�Z�L�W�K���Y�D�U�L�R�X�V���O�L�I�H�V�W�\�O�H���U�H�O�D�W�H�G���I�D�F�W�R�U�V�����L�Q�F�O�X�G�L�Q�J���R�E�H�V�L�W�\�����V�P�R�N�L�Q�J�����S�R�R�U���G�L�H�W�����D�Q�G��

�O�D�F�N���R�I���S�K�\�V�L�F�D�O���D�F�W�L�Y�L�W�\�����7�K�H���P�D�Q�D�J�H�P�H�Q�W���R�I���W�K�L�V���F�R�Q�G�L�W�L�R�Q���R�I�W�H�Q���L�Q�Y�R�O�Y�H�V���W�K�H��

�L�Q�K�L�E�L�W�L�R�Q�� �R�I�� �G�L�J�H�V�W�L�Y�H�� �H�Q�]�\�P�H�V���� �V�X�F�K�� �D�V���.���D�P�\�O�D�V�H�� �D�Q�G���.���J�O�X�F�R�V�L�G�D�V�H���� �Z�K�L�F�K��

�F�D�Q�� �G�H�O�D�\�� �J�O�X�F�R�V�H�� �D�E�V�R�U�S�W�L�R�Q�� �I�U�R�P�� �P�H�D�O�V�����&�R�P�P�R�Q�O�\�� �X�V�H�G�� �H�Q�]�\�P�H�� �L�Q�K�L�E�L�W�R�U�V��

�L�Q�F�O�X�G�H���P�L�J�O�L�W�R�O�����Y�R�J�O�L�E�R�V�H�����D�Q�G���D�F�D�U�E�R�V�H�����+�R�Z�H�Y�H�U�����W�K�H�V�H���S�K�D�U�P�D�F�H�X�W�L�F�D�O���G�U�X�J�V��

�D�U�H�� �D�V�V�R�F�L�D�W�H�G�� �Z�L�W�K�� �V�L�G�H�� �H�I�I�H�F�W�V���� �V�X�F�K�� �D�V�� �D�E�G�R�P�L�Q�D�O�� �G�L�V�F�R�P�I�R�U�W�� �D�Q�G�� �E�O�R�D�W�L�Q�J����

�Z�K�L�F�K���P�D�\���U�H�G�X�F�H���S�D�W�L�H�Q�W���F�R�P�S�O�L�D�Q�F�H�����$�V���V�X�F�K�����W�K�H�U�H���L�V���D�Q���L�Q�F�U�H�D�V�L�Q�J���Q�H�H�G���W�R��

�H�[�S�O�R�U�H���Q�D�W�X�U�D�O���H�Q�]�\�P�H���L�Q�K�L�E�L�W�R�U�V���D�V���D�O�W�H�U�Q�D�W�L�Y�H���W�U�H�D�W�P�H�Q�W�V���I�R�U���G�L�D�E�H�W�H�V�����.�X�P�D�U��

�H�W�� �D�O������ �������������� �,�Q�� �W�K�L�V�� �V�W�X�G�\���� �W�K�H�� �2�6�(�� �H�[�K�L�E�L�W�H�G�� �Q�R�W�D�E�O�H�� �D�Q�W�L�G�L�D�E�H�W�L�F�� �H�I�I�H�F�W�V����

�S�D�U�W�L�F�X�O�D�U�O�\���W�K�U�R�X�J�K���L�W�V���V�W�U�R�Q�J���.���J�O�X�F�R�V�L�G�D�V�H���L�Q�K�L�E�L�W�R�U�\���D�F�W�L�Y�L�W�\�����7�D�E�O�H���������������2�6�(��

�G�H�P�R�Q�V�W�U�D�W�H�G���D�Q���,�&�������Y�D�O�X�H���R�I�������������“�������������P�J���P�/�����Z�K�L�F�K�����Z�K�L�O�H���K�L�J�K�H�U���W�K�D�Q���W�K�H��

�,�&�������R�I���W�K�H���V�W�D�Q�G�D�U�G���D�F�D�U�E�R�V�H���������������“�������������P�J���P�/�������V�W�L�O�O���U�H�S�U�H�V�H�Q�W�V���D���V�L�J�Q�L�I�L�F�D�Q�W��

�L�Q�K�L�E�L�W�R�U�\�� �H�I�I�H�F�W�� �I�R�U�� �D�� �Q�D�W�X�U�D�O�� �H�[�W�U�D�F�W���� �7�K�H�V�H�� �I�L�Q�G�L�Q�J�V�� �D�U�H�� �F�R�Q�V�L�V�W�H�Q�W�� �Z�L�W�K��

�S�U�H�Y�L�R�X�V���U�H�V�H�D�U�F�K�����Z�K�L�F�K���G�H�P�R�Q�V�W�U�D�W�H�G���W�K�D�W���6�����W�K�X�Q�E�H�U�J�L�L���H�[�K�L�E�L�W�H�G���W�K�H���V�W�U�R�Q�J�H�V�W��

�D�Q�W�L�G�L�D�E�H�W�L�F�� �D�F�W�L�Y�L�W�\�� �D�P�R�Q�J�� �V�X�E�F�U�L�W�L�F�D�O�� �Z�D�W�H�U�� �H�[�W�U�D�F�W�V�� �R�I���8���� �S�L�Q�Q�D�W�L�I�L�G�D���D�Q�G���6����

�M�D�S�R�Q�L�F�D�����3�D�U�N���H�W���D�O���������������������)�X�U�W�K�H�U�P�R�U�H�����*�&���0�6���D�Q�D�O�\�V�L�V���L�Q���W�K�H���S�U�H�V�H�Q�W���V�W�X�G�\��

�L�G�H�Q�W�L�I�L�H�G�� �V�H�Y�H�U�D�O�� �V�X�J�D�U�� �D�O�F�R�K�R�O�V�� �D�Q�G�� �P�R�Q�R�V�D�F�F�K�D�U�L�G�H�V�� �W�K�D�W�� �P�D�\�� �K�D�Y�H��

�F�R�Q�W�U�L�E�X�W�H�G���W�R���W�K�H���D�Q�W�L�G�L�D�E�H�W�L�F���D�F�W�L�Y�L�W�\���R�I���W�K�H���H�[�W�U�D�F�W���� �)�R�U���H�[�D�P�S�O�H���� �'���V�R�U�E�L�W�R�O��
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�������������������D�Q�G���/���I�X�F�R�V�H�������������������Z�H�U�H���I�R�X�Q�G���L�Q���W�K�H���H�[�W�U�D�F�W�����E�R�W�K���R�I���Z�K�L�F�K���K�D�Y�H��

�E�H�H�Q�� �U�H�S�R�U�W�H�G�� �W�R�� �H�Q�K�D�Q�F�H�� �E�O�R�R�G�� �J�O�X�F�R�V�H�� �U�H�J�X�O�D�W�L�R�Q�� �D�Q�G�� �L�Q�V�X�O�L�Q�� �V�H�Q�V�L�W�L�Y�L�W�\���� �'��

�V�R�U�E�L�W�R�O���L�V���N�Q�R�Z�Q���W�R���U�H�G�X�F�H���L�Q�V�X�O�L�Q���U�H�V�L�V�W�D�Q�F�H���D�Q�G���V�W�D�E�L�O�L�]�H���E�O�R�R�G���J�O�X�F�R�V�H���O�H�Y�H�O�V����

�Z�K�L�O�H���/���I�X�F�R�V�H���L�V���U�H�F�R�J�Q�L�]�H�G���I�R�U���L�W�V���D�Q�W�L�G�L�D�E�H�W�L�F���E�L�R�D�F�W�L�Y�L�W�\�����7�K�H�V�H���F�R�P�S�R�X�Q�G�V��

�D�U�H���O�L�N�H�O�\���W�R���K�D�Y�H���S�O�D�\�H�G���D���U�R�O�H���L�Q���H�Q�K�D�Q�F�L�Q�J���W�K�H���D�Q�W�L�G�L�D�E�H�W�L�F���S�U�R�S�H�U�W�L�H�V���R�I���W�K�H��

�2�6�(�����$�G�G�L�W�L�R�Q�D�O�O�\�����S�K�H�Q�R�O�L�F���F�R�P�S�R�X�Q�G�V���H�[�W�U�D�F�W�H�G���I�U�R�P���E�U�R�Z�Q���V�H�D�Z�H�H�G�V���K�D�Y�H��

�E�H�H�Q�� �L�G�H�Q�W�L�I�L�H�G�� �D�V�� �N�H�\�� �E�L�R�D�F�W�L�Y�H�� �D�J�H�Q�W�V�� �L�Q���S�U�R�P�R�W�L�Q�J�� �D�Q�W�L�G�L�D�E�H�W�L�F�� �H�I�I�H�F�W�V����

�3�U�H�Y�L�R�X�V���V�W�X�G�L�H�V���K�D�Y�H���V�K�R�Z�Q���W�K�D�W���S�K�H�Q�R�O�L�F���F�R�P�S�R�X�Q�G�V���H�[�W�U�D�F�W�H�G���I�U�R�P���Y�D�U�L�R�X�V��

�V�H�D�Z�H�H�G�V�� �H�[�H�U�W�H�G�� �D�Q�W�L�G�L�D�E�H�W�L�F�� �H�I�I�H�F�W�V�� �W�K�U�R�X�J�K�� �W�K�H�� �L�Q�K�L�E�L�W�L�R�Q�� �R�I�� �G�L�J�H�V�W�L�Y�H��

�H�Q�]�\�P�H�V���V�X�F�K���D�V���.���J�O�X�F�R�V�L�G�D�V�H���D�Q�G���.���D�P�\�O�D�V�H�����7�K�L�V���S�U�R�Y�L�G�H�V���I�X�U�W�K�H�U���V�X�S�S�R�U�W���I�R�U��

�W�K�H���H�I�I�L�F�D�F�\���R�I���2�6�(���L�Q���W�K�H���F�X�U�U�H�Q�W���V�W�X�G�\�����<�X�D�Q���H�W���D�O���������������������)�X�U�W�K�H�U�P�R�U�H�����L�W���K�D�V��

�E�H�H�Q���U�H�S�R�U�W�H�G���W�K�D�W���S�X�U�L�I�L�H�G���S�K�H�Q�R�O�L�F���F�R�P�S�R�X�Q�G�V���I�U�R�P���V�H�D�Z�H�H�G�V���H�[�K�L�E�L�W���V�W�U�R�Q�J�H�U��

�.���J�O�X�F�R�V�L�G�D�V�H�� �L�Q�K�L�E�L�W�R�U�\�� �D�F�W�L�Y�L�W�\�� �W�K�D�Q�� �S�K�D�U�P�D�F�H�X�W�L�F�D�O�� �G�U�X�J�V�� �O�L�N�H�� �D�F�D�U�E�R�V�H��

���3�D�Q�W�L�G�R�V���H�W���D�O���������������������7�K�H�V�H���I�L�Q�G�L�Q�J�V���V�X�J�J�H�V�W���W�K�D�W���W�K�H���2�6�(���L�Q���W�K�L�V���V�W�X�G�\���K�R�O�G�V��

�V�L�J�Q�L�I�L�F�D�Q�W���S�R�W�H�Q�W�L�D�O���D�V���D���Q�D�W�X�U�D�O���L�Q�K�L�E�L�W�R�U�����,�Q���S�D�U�W�L�F�X�O�D�U�����Q�R�W���R�Q�O�\���G�R�H�V���W�K�H���H�[�W�U�D�F�W��

�K�D�Y�H���D���K�L�J�K���7�3�&�����E�X�W���W�K�H���Y�D�U�L�R�X�V���V�X�J�D�U���D�O�F�R�K�R�O�V���D�Q�G���P�R�Q�R�V�D�F�F�K�D�U�L�G�H�V���L�G�H�Q�W�L�I�L�H�G��

�W�K�U�R�X�J�K�� �*�&���0�6�� �P�D�\�� �D�O�V�R�� �K�D�Y�H�� �F�R�Q�W�U�L�E�X�W�H�G�� �W�R�� �L�W�V�� �D�Q�W�L�G�L�D�E�H�W�L�F�� �D�F�W�L�Y�L�W�\���� �)�X�W�X�U�H��

�U�H�V�H�D�U�F�K�� �V�K�R�X�O�G�� �I�R�F�X�V�� �R�Q�� �W�K�H�� �I�X�U�W�K�H�U�� �S�X�U�L�I�L�F�D�W�L�R�Q�� �D�Q�G�� �F�R�Q�F�H�Q�W�U�D�W�L�R�Q�� �R�I�� �W�K�H�V�H��

�E�L�R�D�F�W�L�Y�H���F�R�P�S�R�X�Q�G�V���W�R���P�D�[�L�P�L�]�H���W�K�H���H�[�W�U�D�F�W�¶�V���D�Q�W�L�G�L�D�E�H�W�L�F���H�I�I�H�F�W�V�����6�X�F�K���V�W�X�G�L�H�V��

�Z�L�O�O���K�H�O�S���H�Q�K�D�Q�F�H���W�K�H���S�R�W�H�Q�W�L�D�O���R�I���Q�D�W�X�U�D�O���H�[�W�U�D�F�W�V���I�R�U���X�V�H���L�Q���F�R�P�E�L�Q�D�W�L�R�Q���Z�L�W�K����

�R�U���D�V���D�O�W�H�U�Q�D�W�L�Y�H�V���W�R�����F�R�Q�Y�H�Q�W�L�R�Q�D�O���D�Q�W�L�G�L�D�E�H�W�L�F���G�U�X�J�V�����R�I�I�H�U�L�Q�J���K�L�J�K���H�I�I�L�F�D�F�\���Z�L�W�K��

�I�H�Z�H�U���V�L�G�H���H�I�I�H�F�W�V�� 
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�7�D�E�O�H�������������%�L�R�O�R�J�L�F�D�O���D�F�W�L�Y�L�W�L�H�V���R�I �2�6�( 

�&�R�Q�G�L�W�L�R�Q�V 

�$�Q�W�L�R�[�L�G�D�Q�W���D�F�W�L�Y�L�W�L�H�V �$�Q�W�L�G�L�D�E�H�W�L�F���D�F�W�L�Y�L�W�\ 
�$�Q�W�L�K�\�S�H�U�W�H�Q�V�L�Y�H��

�D�F�W�L�Y�L�W�\ 
�$�%�7�6�� �'�3�3�+ �)�5�$�3 �.���*�O�X�F�R�V�L�G�D�V�H 

�L�Q�K�L�E�L�W�R�U�\ 

�,�&�������Y�D�O�X�H 
���P�J���P�/�� 

�(�&�������Y�D�O�X�H 
���P�J���P�/�� 

�,�&�������Y�D�O�X�H 
���P�J���P�/�� 

�,�&�������Y�D�O�X�H 
���P�J���P�/�� 

�2�6�( �����������“���������� �����������“���������� �����������“���������� �����������“���������� �����������“���������� 

�6�W�D�Q�G�D�U�G �����������“���������� �����������“���������� �����������“���������� �����������“���������� �����������î�������í�����“���������� 
���3�D�U�N���H�W���D�O���������������� 

- Values are expressed as the mean ± SD.  

- The standard material for antioxidant activity is trolox, for antidiabetic activity is acarbose, and for antihypertensive activity, it is 

captopril. 
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3.3.4.4. Antimicrobial activity  

�6�H�D�Z�H�H�G���F�R�Q�W�D�L�Q�V���D�� �Z�L�G�H�� �Y�D�U�L�H�W�\�� �R�I�� �E�L�R�D�F�W�L�Y�H�� �F�R�P�S�R�X�Q�G�V���� �D�Q�G�� �W�K�H�L�U��

�D�Q�W�L�P�L�F�U�R�E�L�D�O�� �D�F�W�L�Y�L�W�\�� �K�D�V�� �J�D�L�Q�H�G�� �V�L�J�Q�L�I�L�F�D�Q�W�� �D�W�W�H�Q�W�L�R�Q�� �L�Q�� �U�H�F�H�Q�W�� �V�W�X�G�L�H�V���� �,�Q��

�S�D�U�W�L�F�X�O�D�U�����S�K�H�Q�R�O�L�F���F�R�P�S�R�X�Q�G�V���H�[�W�U�D�F�W�H�G���I�U�R�P���V�H�D�Z�H�H�G���K�D�Y�H���E�H�H�Q���U�H�S�R�U�W�H�G���W�R��

�H�[�K�L�E�L�W�� �D�Q�W�L�P�L�F�U�R�E�L�D�O�� �D�F�W�L�Y�L�W�\�� �D�J�D�L�Q�V�W�� �Q�R�W�� �R�Q�O�\�� �*�U�D�P���S�R�V�L�W�L�Y�H�� �D�Q�G�� �*�U�D�P��

�Q�H�J�D�W�L�Y�H�� �E�D�F�W�H�U�L�D�� �E�X�W�� �D�O�V�R�� �\�H�D�V�W���� �7�K�L�V�� �V�X�J�J�H�V�W�V�� �W�K�H�� �S�R�W�H�Q�W�L�D�O�� �R�I���V�H�D�Z�H�H�G���D�V�� �D��

�V�R�X�U�F�H�� �R�I�� �Q�D�W�X�U�D�O�� �D�Q�W�L�P�L�F�U�R�E�L�D�O�� �D�J�H�Q�W�V�� �W�R�� �F�R�P�E�D�W�� �Y�D�U�L�R�X�V�� �S�D�W�K�R�J�H�Q�L�F��

�P�L�F�U�R�R�U�J�D�Q�L�V�P�V�����3�p�U�H�]�� �H�W�� �D�O������ �������������� �,�Q�� �W�K�L�V�� �V�W�X�G�\���� �W�K�H�� �2�6�(�� �G�H�P�R�Q�V�W�U�D�W�H�G��

�Q�R�W�D�E�O�\�� �K�L�J�K�� �D�Q�W�L�P�L�F�U�R�E�L�D�O�� �D�F�W�L�Y�L�W�\�� �D�J�D�L�Q�V�W�� �*�U�D�P���S�R�V�L�W�L�Y�H�� �E�D�F�W�H�U�L�D�� �D�Q�G�� �\�H�D�V�W����

�Z�K�L�O�H���V�K�R�Z�L�Q�J���U�H�O�D�W�L�Y�H�O�\���O�R�Z�H�U���D�F�W�L�Y�L�W�\���D�J�D�L�Q�V�W���*�U�D�P���Q�H�J�D�W�L�Y�H���E�D�F�W�H�U�L�D�����7�D�E�O�H��

�������������(�����F�R�O�L���H�[�K�L�E�L�W�H�G���D�Q���L�Q�K�L�E�L�W�L�R�Q���]�R�Q�H���R�I���������P�P���D�W���W�K�H���O�R�Z�H�V�W���F�R�Q�F�H�Q�W�U�D�W�L�R�Q��

�R�I�� ������ �P�J���P�/���� �Z�K�L�F�K�� �L�Q�F�U�H�D�V�H�G�� �W�R�� ������ �P�P�� �D�W�� ������ �P�J���P�/�� �D�V�� �W�K�H�� �F�R�Q�F�H�Q�W�U�D�W�L�R�Q��

�L�Q�F�U�H�D�V�H�G�����%���� �F�H�U�H�X�V���V�K�R�Z�H�G�� �D�Q�� �L�Q�K�L�E�L�W�L�R�Q�� �]�R�Q�H�� �R�I�� ������ �P�P�� �D�W�� ������ �P�J���P�/����

�L�Q�F�U�H�D�V�L�Q�J���W�R���������P�P���D�W���������P�J���P�/�����6�����D�X�U�H�X�V���G�L�V�S�O�D�\�H�G���D�Q���L�Q�K�L�E�L�W�L�R�Q���]�R�Q�H���R�I��������

�P�P�� �D�W�� ������ �P�J���P�/�� �D�Q�G�� �D�F�K�L�H�Y�H�G�� �W�K�H�� �K�L�J�K�H�V�W�� �L�Q�K�L�E�L�W�L�R�Q�� �]�R�Q�H�� �R�I�� ������ �P�P�� �D�W��������

�P�J���P�/�����&�����W�U�R�S�L�F�D�O�L�V���V�K�R�Z�H�G���L�W�V���I�L�U�V�W���L�Q�K�L�E�L�W�L�R�Q���]�R�Q�H���R�I���������P�P���D�W���������P�J���P�/����

�Z�K�L�F�K���L�Q�F�U�H�D�V�H�G���W�R���������P�P���D�W���������P�J���P�/�����7�K�H�V�H���U�H�V�X�O�W�V���L�Q�G�L�F�D�W�H���W�K�D�W���2�6�(���H�[�K�L�E�L�W�V��

�F�R�Q�F�H�Q�W�U�D�W�L�R�Q���G�H�S�H�Q�G�H�Q�W�� �D�Q�W�L�P�L�F�U�R�E�L�D�O�� �D�F�W�L�Y�L�W�\���� �7�K�L�V�� �W�U�H�Q�G�� �L�V�� �F�R�Q�V�L�V�W�H�Q�W�� �Z�L�W�K��

�S�U�H�Y�L�R�X�V���V�W�X�G�L�H�V�����)�R�U���L�Q�V�W�D�Q�F�H�����6�����M�D�S�R�Q�L�F�D���H�[�W�U�D�F�W�V���K�D�Y�H���E�H�H�Q���V�K�R�Z�Q���W�R���S�U�R�G�X�F�H��

�L�Q�K�L�E�L�W�L�R�Q���]�R�Q�H�V���J�U�H�D�W�H�U���W�K�D�Q���������P�P���D�J�D�L�Q�V�W���*�U�D�P���Q�H�J�D�W�L�Y�H���E�D�F�W�H�U�L�D���V�X�F�K���D�V���(����

�F�R�O�L���D�Q�G���6���� �W�\�S�K�L�P�X�U�L�X�P�����0�H�L�O�O�L�V�D�� �H�W�� �D�O������ �������������� �7�K�H�� �U�H�V�X�O�W�V�� �R�I�� �W�K�L�V���V�W�X�G�\��
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�G�H�P�R�Q�V�W�U�D�W�H���V�L�J�Q�L�I�L�F�D�Q�W���D�Q�W�L�P�L�F�U�R�E�L�D�O���D�F�W�L�Y�L�W�\�����7�K�H���D�Q�W�L�P�L�F�U�R�E�L�D�O���D�F�W�L�Y�L�W�\���R�I���W�K�H��

�2�6�(�� �L�V�� �O�L�N�H�O�\�� �D�W�W�U�L�E�X�W�H�G�� �W�R�� �W�K�H�� �S�K�H�Q�R�O�L�F�� �F�R�P�S�R�X�Q�G�V�� �L�W�� �F�R�Q�W�D�L�Q�V���� �3�U�H�Y�L�R�X�V��

�U�H�V�H�D�U�F�K���K�D�V���V�K�R�Z�Q���W�K�D�W�� �S�K�H�Q�R�O�L�F���F�R�P�S�R�X�Q�G�V���S�O�D�\�� �D���F�U�X�F�L�D�O�� �U�R�O�H���L�Q���G�D�P�D�J�L�Q�J��

�P�L�F�U�R�E�L�D�O�� �F�H�O�O�� �Z�D�O�O�V�� �D�Q�G�� �P�H�P�E�U�D�Q�H�V���� �D�V�� �Z�H�O�O�� �D�V�� �L�Q�K�L�E�L�W�L�Q�J�� �P�L�F�U�R�E�L�D�O�� �J�U�R�Z�W�K��

�W�K�U�R�X�J�K���W�K�H�L�U���D�Q�W�L�R�[�L�G�D�Q�W���S�U�R�S�H�U�W�L�H�V�����6�L�O�Y�D���H�W���D�O���������������������,�Q���D���S�U�L�R�U���V�W�X�G�\���X�V�L�Q�J��

�8�3�/�&���(�6�,���0�6���0�6�� �D�Q�D�O�\�V�L�V���� �P�X�O�W�L�S�O�H�� �S�K�H�Q�R�O�L�F�� �F�R�P�S�R�X�Q�G�V�� �Z�L�W�K�� �N�Q�R�Z�Q��

�D�Q�W�L�P�L�F�U�R�E�L�D�O�� �H�I�I�H�F�W�V���� �V�X�F�K�� �D�V�� �J�D�O�O�L�F�� �D�F�L�G���� �F�D�I�I�H�L�F�� �D�F�L�G���� �D�Q�G���V�L�Q�D�S�L�F�� �D�F�L�G���� �Z�H�U�H��

�L�G�H�Q�W�L�I�L�H�G�� �L�Q���6�6�(�V�����7�K�H�V�H�� �F�R�P�S�R�X�Q�G�V���� �D�O�R�Q�J�� �Z�L�W�K�� �S�K�O�R�U�R�W�D�Q�Q�L�Q�V�² �X�Q�L�T�X�H�� �W�R��

�E�U�R�Z�Q���V�H�D�Z�H�H�G�² �D�U�H�� �O�L�N�H�O�\�� �W�R�� �K�D�Y�H�� �F�R�Q�W�U�L�E�X�W�H�G�� �V�L�J�Q�L�I�L�F�D�Q�W�O�\�� �W�R�� �W�K�H��

�D�Q�W�L�P�L�F�U�R�E�L�D�O���D�F�W�L�Y�L�W�\���R�E�V�H�U�Y�H�G�����*�R�P�H�V���H�W���D�O���������������������,�Q���F�R�Q�F�O�X�V�L�R�Q�����W�K�L�V���V�W�X�G�\��

�G�H�P�R�Q�V�W�U�D�W�H�V�� �W�K�D�W�� �2�6�(�� �H�[�K�L�E�L�W�V�� �V�W�U�R�Q�J�� �D�Q�W�L�P�L�F�U�R�E�L�D�O�� �D�F�W�L�Y�L�W�\�� �D�J�D�L�Q�V�W�� �*�U�D�P��

�S�R�V�L�W�L�Y�H�� �E�D�F�W�H�U�L�D�� �D�Q�G�� �\�H�D�V�W���� �Z�K�L�O�H�� �G�L�V�S�O�D�\�L�Q�J�� �U�H�O�D�W�L�Y�H�O�\�� �O�R�Z�H�U�� �D�F�W�L�Y�L�W�\�� �D�J�D�L�Q�V�W��

�*�U�D�P���Q�H�J�D�W�L�Y�H���E�D�F�W�H�U�L�D�����)�X�W�X�U�H���U�H�V�H�D�U�F�K���V�K�R�X�O�G���I�R�F�X�V���R�Q���W�K�H���I�X�U�W�K�H�U���S�X�U�L�I�L�F�D�W�L�R�Q��

�D�Q�G���F�R�Q�F�H�Q�W�U�D�W�L�R�Q���R�I���W�K�H���E�L�R�D�F�W�L�Y�H���F�R�P�S�R�X�Q�G�V���Z�L�W�K�L�Q���W�K�L�V���H�[�W�U�D�F�W���W�R���P�D�[�L�P�L�]�H��

�L�W�V���D�Q�W�L�P�L�F�U�R�E�L�D�O���H�I�I�H�F�W�V�����$�G�G�L�W�L�R�Q�D�O�O�\�����H�Y�D�O�X�D�W�L�Q�J���L�W�V���D�F�W�L�Y�L�W�\���D�J�D�L�Q�V�W���D���E�U�R�D�G�H�U��

�U�D�Q�J�H���R�I���S�D�W�K�R�J�H�Q�L�F���P�L�F�U�R�R�U�J�D�Q�L�V�P�V���F�R�X�O�G���I�X�U�W�K�H�U���K�L�J�K�O�L�J�K�W���W�K�H���S�R�W�H�Q�W�L�D�O���R�I���6����

�W�K�X�Q�E�H�U�J�L�L���D�V���D���Q�D�W�X�U�D�O���D�Q�W�L�P�L�F�U�R�E�L�D�O���D�J�H�Q�W�� 
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Table 3.9. In vitro antimicrobial (Well diffusion method) of OSE 

Conditions 

Concentration (mg/mL) 

10 20 30 40 50 

Antimicrobial activity (mm)  

E. coli 11 12 15 16 18 

S. Enterica 0 0 11 12 14 

B. cereus 0 12 14 15 18 

S. aureus 14 16 16 19 18 

C. tropicalis 0 0 15 17 20 
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3.3.4.5. Cytotoxicity and anti-inflammatory activities 

�,�Q�I�O�D�P�P�D�W�L�R�Q�� �S�O�D�\�V�� �D�� �F�U�L�W�L�F�D�O�� �U�R�O�H�� �L�Q�� �W�K�H�� �E�R�G�\�
�V�� �G�H�I�H�Q�V�H�� �P�H�F�K�D�Q�L�V�P�V����

�K�R�Z�H�Y�H�U���� �F�K�U�R�Q�L�F�� �L�Q�I�O�D�P�P�D�W�L�R�Q�� �F�D�Q�� �W�U�L�J�J�H�U�� �Y�D�U�L�R�X�V�� �S�D�W�K�R�O�R�J�L�F�D�O�� �F�R�Q�G�L�W�L�R�Q�V����

�6�H�D�Z�H�H�G�� �H�[�W�U�D�F�W�V���� �U�H�F�R�J�Q�L�]�H�G�� �I�R�U�� �W�K�H�L�U�� �D�Q�W�L�R�[�L�G�D�Q�W�� �D�Q�G�� �D�Q�W�L���L�Q�I�O�D�P�P�D�W�R�U�\��

�S�U�R�S�H�U�W�L�H�V���� �K�D�Y�H�� �U�H�F�H�Q�W�O�\�� �J�D�U�Q�H�U�H�G�� �L�Q�W�H�U�H�V�W�� �D�V�� �S�R�W�H�Q�W�L�D�O�� �Q�D�W�X�U�D�O�� �D�Q�W�L��

�L�Q�I�O�D�P�P�D�W�R�U�\�� �D�J�H�Q�W�V�����$�P�D�U�R�� �H�W�� �D�O������ �������������� �7�K�L�V�� �V�W�X�G�\�� �L�Q�Y�H�V�W�L�J�D�W�H�V�� �W�K�H�� �D�Q�W�L��

�L�Q�I�O�D�P�P�D�W�R�U�\���S�R�W�H�Q�W�L�D�O���R�I���2�6�(���E�\���H�[�D�P�L�Q�L�Q�J���L�W�V���D�E�L�O�L�W�\���W�R���L�Q�K�L�E�L�W���1�2���S�U�R�G�X�F�W�L�R�Q��

�D�Q�G���V�X�S�S�U�H�V�V���,�/���������H�[�S�U�H�V�V�L�R�Q���L�Q���/�3�6���V�W�L�P�X�O�D�W�H�G���5�$�:���������������P�D�F�U�R�S�K�D�J�H�V�����7�R��

�D�V�V�H�V�V���W�K�H���F�\�W�R�W�R�[�L�F�L�W�\���R�I���2�6�(���R�Q���5�$�:���������������P�D�F�U�R�S�K�D�J�H�V�����D�Q���0�7�7���D�V�V�D�\���Z�D�V��

�F�R�Q�G�X�F�W�H�G���� �6�D�P�S�O�H�V�� �Z�H�U�H�� �W�H�V�W�H�G�� �D�W�� �F�R�Q�F�H�Q�W�U�D�W�L�R�Q�V�� �R�I�� ������ ������ �������� ���������� �D�Q�G�� ����������

�—�J���P�O���� �8�S�� �W�R�� �������� �—�J���P�O���� �W�K�H�U�H�� �Z�D�V�� �Q�R�� �V�W�D�W�L�V�W�L�F�D�O�O�\�� �V�L�J�Q�L�I�L�F�D�Q�W�� �G�L�I�I�H�U�H�Q�F�H��

�F�R�P�S�D�U�H�G�� �W�R�� �W�K�H�� �F�R�Q�W�U�R�O���� �+�R�Z�H�Y�H�U���� �D�W�� ���������� �—�J���P�O���� �F�H�O�O�� �Y�L�D�E�L�O�L�W�\�� �G�H�F�U�H�D�V�H�G�� �W�R��

�����������“���������������)�L�J�X�U�H�����������$���������7�K�L�V���F�\�W�R�W�R�[�L�F���H�I�I�H�F�W���D�W���K�L�J�K�H�U���F�R�Q�F�H�Q�W�U�D�W�L�R�Q�V���P�D�\��

�U�H�V�X�O�W�� �I�U�R�P�� �R�[�L�G�D�W�L�Y�H�� �V�W�U�H�V�V�� �R�U�� �P�H�P�E�U�D�Q�H�� �G�D�P�D�J�H�� �L�Q�G�X�F�H�G�� �E�\�� �W�K�H�� �H�[�F�H�V�V�L�Y�H��

�D�F�F�X�P�X�O�D�W�L�R�Q���R�I���E�L�R�D�F�W�L�Y�H���F�R�P�S�R�X�Q�G�V�����6�L�P�L�O�D�U���I�L�Q�G�L�Q�J�V���K�D�Y�H���E�H�H�Q���U�H�S�R�U�W�H�G���L�Q��

�R�W�K�H�U���V�W�X�G�L�H�V���R�Q���V�H�D�Z�H�H�G���H�[�W�U�D�F�W�V�����H�P�S�K�D�V�L�]�L�Q�J���W�K�H���L�P�S�R�U�W�D�Q�F�H���R�I���G�H�W�H�U�P�L�Q�L�Q�J��

�R�S�W�L�P�D�O�� �F�R�Q�F�H�Q�W�U�D�W�L�R�Q�V�� �I�R�U�� �W�K�H�U�D�S�H�X�W�L�F�� �D�S�S�O�L�F�D�W�L�R�Q�V�����&�K�L�D�� �H�W�� �D�O������ �������������� �7�R��

�H�Y�D�O�X�D�W�H�� �2�6�(�¶�V�� �H�I�I�H�F�W�� �R�Q�� �1�2�� �S�U�R�G�X�F�W�L�R�Q���� �V�D�P�S�O�H�V�� �D�W�� �L�G�H�Q�W�L�F�D�O�� �F�R�Q�F�H�Q�W�U�D�W�L�R�Q�V��

�Z�H�U�H���D�S�S�O�L�H�G���W�R���/�3�6���V�W�L�P�X�O�D�W�H�G���P�D�F�U�R�S�K�D�J�H�V�����)�L�J�X�U�H�����������%���������,�Q���W�K�H���/�3�6���R�Q�O�\��

�J�U�R�X�S�����1�2���O�H�Y�H�O�V���L�Q�F�U�H�D�V�H�G���W�R�������������“�����������—�0�����+�R�Z�H�Y�H�U�����D�V���2�6�(���F�R�Q�F�H�Q�W�U�D�W�L�R�Q�V��

�L�Q�F�U�H�D�V�H�G�����1�2���S�U�R�G�X�F�W�L�R�Q���G�H�F�U�H�D�V�H�G���W�R�������������“�����������������������“�����������������������“�������������D�Q�G��

���������“�����������—�0���D�W���������������������������D�Q�G�������������—�J���P�O�����U�H�V�S�H�F�W�L�Y�H�O�\�����7�K�H�V�H���I�L�Q�G�L�Q�J�V���L�Q�G�L�F�D�W�H��

�W�K�D�W�� �2�6�(�� �H�I�I�H�F�W�L�Y�H�O�\�� �L�Q�K�L�E�L�W�V�� �1�2�� �S�U�R�G�X�F�W�L�R�Q���� �V�X�J�J�H�V�W�L�Q�J�� �S�R�W�H�Q�W�L�D�O�� �D�Q�W�L��
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�L�Q�I�O�D�P�P�D�W�R�U�\�� �S�U�R�S�H�U�W�L�H�V���� �:�H�V�W�H�U�Q�� �E�O�R�W�� �D�Q�D�O�\�V�L�V�� �Z�D�V�� �S�H�U�I�R�U�P�H�G�� �W�R�� �D�V�V�H�V�V�� �W�K�H��

�L�P�S�D�F�W�� �R�I�� �2�6�(�� �R�Q�� �,�/���������H�[�S�U�H�V�V�L�R�Q���� �D�� �N�H�\�� �L�Q�I�O�D�P�P�D�W�R�U�\�� �F�\�W�R�N�L�Q�H���� �,�/��������

�H�[�S�U�H�V�V�L�R�Q���Z�D�V���P�L�Q�L�P�D�O���L�Q���W�K�H���Q�H�J�D�W�L�Y�H���F�R�Q�W�U�R�O���������������� �E�X�W���L�Q�F�U�H�D�V�H�G���������� �“�� ��������

�I�R�O�G�� �I�R�O�O�R�Z�L�Q�J�� �/�3�6�� �V�W�L�P�X�O�D�W�L�R�Q���� �2�6�(�� �W�U�H�D�W�P�H�Q�W�� �U�H�V�X�O�W�H�G�� �L�Q�� �D�� �G�R�V�H���G�H�S�H�Q�G�H�Q�W��

�G�H�F�U�H�D�V�H�� �L�Q�� �,�/���������H�[�S�U�H�V�V�L�R�Q�� ���)�L�J�X�U�H�����������&�������� �1�R�W�D�E�O�\���� �F�R�Q�F�H�Q�W�U�D�W�L�R�Q�V�� �R�I�� ������

�—�J���P�O�� �R�U�� �K�L�J�K�H�U�� �U�H�G�X�F�H�G�� �,�/���������O�H�Y�H�O�V�� �W�R�� �E�H�O�R�Z�� ���������I�R�O�G���� �Z�L�W�K�� ���������� �—�J���P�O��

�U�H�G�X�F�L�Q�J���H�[�S�U�H�V�V�L�R�Q���W�R�������������“�������������I�R�O�G�����)�L�J�X�U�H�����������' ���������7�K�H�V�H���U�H�V�X�O�W�V���V�X�J�J�H�V�W��

�W�K�D�W�� �2�6�(�� �F�D�Q�� �H�I�I�H�F�W�L�Y�H�O�\�� �V�X�S�S�U�H�V�V�� �,�/���������H�[�S�U�H�V�V�L�R�Q���� �P�L�W�L�J�D�W�L�Q�J�� �/�3�6���L�Q�G�X�F�H�G��

�L�Q�I�O�D�P�P�D�W�R�U�\�� �U�H�V�S�R�Q�V�H�V���� �7�K�L�V�� �V�W�X�G�\�� �G�H�P�R�Q�V�W�U�D�W�H�V�� �W�K�H�� �D�Q�W�L���L�Q�I�O�D�P�P�D�W�R�U�\��

�S�R�W�H�Q�W�L�D�O���R�I���2�6�(�� �L�Q���/�3�6���V�W�L�P�X�O�D�W�H�G���5�$�:�� �������������P�D�F�U�R�S�K�D�J�H�V���� �2�6�(�� �L�Q�K�L�E�L�W�H�G��

�1�2���S�U�R�G�X�F�W�L�R�Q���D�Q�G���U�H�G�X�F�H�G���,�/���������H�[�S�U�H�V�V�L�R�Q�����L�Q�G�L�F�D�W�L�Q�J���L�W�V���D�E�L�O�L�W�\���W�R���P�R�G�X�O�D�W�H��
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�D���Q�D�W�X�U�D�O���D�Q�W�L���L�Q�I�O�D�P�P�D�W�R�U�\���D�J�H�Q�W���I�R�U���P�D�Q�D�J�L�Q�J���F�K�U�R�Q�L�F���L�Q�I�O�D�P�P�D�W�R�U�\���G�L�V�H�D�V�H�V����
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�V�S�H�F�L�H�V���D�Q�G���R�W�K�H�U���E�U�R�Z�Q���V�H�D�Z�H�H�G�����Z�K�L�F�K���U�H�S�R�U�W���V�X�S�S�U�H�V�V�L�R�Q���R�I���1�2���S�U�R�G�X�F�W�L�R�Q��
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�L�Q���Y�L�Y�R���P�R�G�H�O�V���W�R���F�R�Q�I�L�U�P���L�W�V���H�I�I�L�F�D�F�\���X�Q�G�H�U���S�K�\�V�L�R�O�R�J�L�F�D�O���F�R�Q�G�L�W�L�R�Q�V���� 
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Figure 3.8. Effects of OSE on (A) cell viability; (B) NO production; (C) IL-�������H�[�S�U�H�V�V�L�R�Q�����D�Q�G�����'�����U�H�O�D�W�L�Y�H���T�X�D�Q�W�L�I�L�F�D�W�L�R�Q���R�I���,�/-������

levels in LPS-stimulated cells.
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3.3.4.6. In vitro skin care activities 

���V�N�L�Q�� �F�D�U�H�� �D�F�W�L�Y�L�W�L�H�V�� �Z�H�U�H�� �D�V�V�H�V�V�H�G�� �X�V�L�Q�J�� �D�� �W�R�W�D�O�� �R�I�� �I�R�X�U�� �H�[�S�H�U�L�P�H�Q�W�V����
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�I�R�F�X�V�L�Q�J�� �R�Q�� �W�K�H�L�U�� �D�E�L�O�L�W�L�H�V�� �W�R�� �L�Q�K�L�E�L�W�� �P�H�O�D�Q�L�Q�� �S�U�R�G�X�F�W�L�R�Q���� �S�U�R�W�H�F�W�� �F�R�O�O�D�J�H�Q��

�V�W�U�X�F�W�X�U�H�����D�Q�G���S�U�R�Y�L�G�H���8�9���S�U�R�W�H�F�W�L�R�Q�� 

�7�\�U�R�V�L�Q�D�V�H�� �D�Q�G�� �F�R�O�O�D�J�H�Q�D�V�H�� �D�U�H�� �H�Q�]�\�P�H�V�� �W�K�D�W�� �S�O�D�\�� �F�U�X�F�L�D�O�� �U�R�O�H�V�� �L�Q�� �V�N�L�Q��

�S�L�J�P�H�Q�W�D�W�L�R�Q���D�Q�G���W�K�H���D�J�L�Q�J���S�U�R�F�H�V�V�����7�\�U�R�V�L�Q�D�V�H���F�D�W�D�O�\�]�H�V���P�H�O�D�Q�L�Q���S�U�R�G�X�F�W�L�R�Q���L�Q��

�W�K�H�� �V�N�L�Q���� �D�Q�G�� �L�W�V�� �R�Y�H�U�D�F�W�L�Y�L�W�\�� �F�D�Q�� �O�H�D�G�� �W�R�� �K�\�S�H�U�S�L�J�P�H�Q�W�D�W�L�R�Q�� �D�Q�G�� �R�W�K�H�U�� �V�N�L�Q��

�U�H�O�D�W�H�G�� �L�V�V�X�H�V���� �&�R�Q�V�H�T�X�H�Q�W�O�\�����W�\�U�R�V�L�Q�D�V�H�� �L�Q�K�L�E�L�W�L�R�Q�� �L�V�� �D�� �N�H�\�� �W�D�U�J�H�W�� �I�R�U�� �V�N�L�Q��

�Z�K�L�W�H�Q�L�Q�J���D�Q�G���D�Q�W�L���D�J�L�Q�J���F�R�V�P�H�W�L�F���S�U�R�G�X�F�W�V�����P�D�N�L�Q�J���W�K�H���D�V�V�H�V�V�P�H�Q�W���R�I���Y�D�U�L�R�X�V��

�H�[�W�U�D�F�W�V�� �D�Q�G�� �F�R�P�S�R�X�Q�G�V�� �I�R�U�� �W�K�H�L�U�� �W�\�U�R�V�L�Q�D�V�H�� �L�Q�K�L�E�L�W�R�U�\�� �S�R�W�H�Q�W�L�D�O�� �H�V�V�H�Q�W�L�D�O�� �L�Q��

�L�G�H�Q�W�L�I�\�L�Q�J���H�I�I�H�F�W�L�Y�H���V�N�L�Q�F�D�U�H���L�Q�J�U�H�G�L�H�Q�W�V�����=�K�D�R���H�W���D�O���������������������2�Q���W�K�H���R�W�K�H�U���K�D�Q�G����

�F�R�O�O�D�J�H�Q�D�V�H�� �E�U�H�D�N�V�� �G�R�Z�Q�� �F�R�O�O�D�J�H�Q���� �U�H�V�X�O�W�L�Q�J�� �L�Q�� �U�H�G�X�F�H�G�� �V�N�L�Q�� �H�O�D�V�W�L�F�L�W�\�� �D�Q�G��

�Z�U�L�Q�N�O�H���I�R�U�P�D�W�L�R�Q�����,�Q�K�L�E�L�W�L�Q�J���F�R�O�O�D�J�H�Q�D�V�H���D�F�W�L�Y�L�W�\���L�V���F�U�L�W�L�F�D�O���I�R�U���P�D�L�Q�W�D�L�Q�L�Q�J���V�N�L�Q��

�V�W�U�X�F�W�X�U�H���D�Q�G���G�H�O�D�\�L�Q�J���W�K�H���D�J�L�Q�J���S�U�R�F�H�V�V�����W�K�H�U�H�E�\���P�D�N�L�Q�J���L�W���D���F�H�Q�W�U�D�O���I�D�F�W�R�U���L�Q��

�D�Q�W�L���D�J�L�Q�J���V�N�L�Q�F�D�U�H���I�R�U�P�X�O�D�W�L�R�Q�V�����&�U�X�]���H�W���D�O���������������������7�K�H�U�H�I�R�U�H�����H�Y�D�O�X�D�W�L�Q�J���W�K�H��

�L�Q�K�L�E�L�W�R�U�\���S�R�W�H�Q�W�L�D�O���R�I���2�6�(���D�J�D�L�Q�V�W���W�K�H�V�H���H�Q�]�\�P�H�V���L�V���Y�L�W�D�O���W�R���X�Q�G�H�U�V�W�D�Q�G�L�Q�J���L�W�V��

�H�I�I�L�F�D�F�\���D�V���D���V�N�L�Q�F�D�U�H���L�Q�J�U�H�G�L�H�Q�W�����,�Q���W�K�L�V���V�W�X�G�\�����W�K�H���L�Q�K�L�E�L�W�R�U�\���H�I�I�H�F�W�V���R�I���2�6�(���R�Q��

�W�\�U�R�V�L�Q�D�V�H���D�Q�G���F�R�O�O�D�J�H�Q�D�V�H���Z�H�U�H���D�V�V�H�V�V�H�G�����7�K�H���W�\�U�R�V�L�Q�D�V�H���L�Q�K�L�E�L�W�L�R�Q���U�D�W�H���R�I���2�6�(��
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�������P�J���P�/�����G�H�P�R�Q�V�W�U�D�W�H�G���D�Q���L�Q�K�L�E�L�W�L�R�Q���U�D�W�H���R�I���������������“�����������������Z�K�L�O�H���W�K�H���S�R�V�L�W�L�Y�H��
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�S�D�U�D�P�H�W�H�U�V�����W�K�H���F�U�L�W�L�F�D�O���Z�D�Y�H�O�H�Q�J�W�K�������F�����D�Q�G���W�K�H���V�X�Q���S�U�R�W�H�F�W�L�R�Q���I�D�F�W�R�U�����6�3�)�������7�K�H��

�F�U�L�W�L�F�D�O�� �Z�D�Y�H�O�H�Q�J�W�K�� �L�Q�G�L�F�D�W�H�V�� �W�K�H�� �E�U�R�D�G���V�S�H�F�W�U�X�P�� �H�I�I�L�F�D�F�\�� �R�I�� �8�9�� �S�U�R�W�H�F�W�L�R�Q����

�Z�K�L�O�H�� �6�3�)�� �P�H�D�V�X�U�H�V�� �W�K�H�� �O�H�Y�H�O�� �R�I�� �8�9�%�� �S�U�R�W�H�F�W�L�R�Q���� �%�\�� �D�V�V�H�V�V�L�Q�J�� �W�K�H�V�H�� �W�Z�R��

�L�Q�G�L�F�D�W�R�U�V���� �Z�H�� �F�D�Q�� �F�R�P�S�U�H�K�H�Q�V�L�Y�H�O�\�� �H�Y�D�O�X�D�W�H�� �W�K�H�� �S�K�R�W�R�S�U�R�W�H�F�W�L�Y�H���S�R�W�H�Q�W�L�D�O�� �R�I��

�2�6�(�� ���7�D�E�O�H���������������� �,�Q�� �R�X�U�� �V�W�X�G�\���� �2�6�(�� �G�H�P�R�Q�V�W�U�D�W�H�G�� �D�� �F�U�L�W�L�F�D�O�� �Z�D�Y�H�O�H�Q�J�W�K�� �R�I��

�������������� �“�� ���������� �Q�P���� �V�X�U�S�D�V�V�L�Q�J�� �W�K�H�� �������� �Q�P���W�K�U�H�V�K�R�O�G�� �W�K�D�W���W�\�S�L�F�D�O�O�\�� �F�O�D�V�V�L�I�L�H�V�� �D��

�V�X�Q�V�F�U�H�H�Q���D�V���S�U�R�Y�L�G�L�Q�J���E�U�R�D�G���V�S�H�F�W�U�X�P���8�9���S�U�R�W�H�F�W�L�R�Q�����7�K�L�V���U�H�V�X�O�W���V�X�J�J�H�V�W�V���W�K�D�W��

�2�6�(���S�R�V�V�H�V�V�H�V���H�I�I�H�F�W�L�Y�H���8�9�$���E�O�R�F�N�L�Q�J���F�D�S�D�E�L�O�L�W�L�H�V�����,�Q���F�R�P�S�D�U�L�V�R�Q�����L�Q�R�U�J�D�Q�L�F��

�8�9�� �I�L�O�W�H�U�V�� �O�L�N�H�� �]�L�Q�F�� �R�[�L�G�H�� �D�Q�G�� �W�L�W�D�Q�L�X�P�� �G�L�R�[�L�G�H�� �H�[�K�L�E�L�W�� �F�U�L�W�L�F�D�O�� �Z�D�Y�H�O�H�Q�J�W�K�V��

�H�[�F�H�H�G�L�Q�J�� �������� �Q�P���� �S�U�R�Y�L�G�L�Q�J�� �H�[�W�H�Q�V�L�Y�H�� �8�9�� �S�U�R�W�H�F�W�L�R�Q���� �+�R�Z�H�Y�H�U���� �W�K�H�L�U�� �O�R�Z��

�D�E�V�R�U�S�W�L�R�Q�� �U�D�W�H�� �R�I�W�H�Q�� �O�H�D�G�V�� �W�R�� �D�� �Z�K�L�W�H�Q�L�Q�J���H�I�I�H�F�W�� �R�Q�� �W�K�H�� �V�N�L�Q���� �5�H�J�D�U�G�L�Q�J�� �6�3�)����

�2�6�(�� �H�[�K�L�E�L�W�H�G���D���Y�D�O�X�H���R�I�������������� �“�� ������������ �L�Q�G�L�F�D�W�L�Q�J���D���V�L�J�Q�L�I�L�F�D�Q�W���O�H�Y�H�O���R�I���8�9�%��

�S�U�R�W�H�F�W�L�R�Q���� �&�R�P�P�H�U�F�L�D�O�O�\�� �D�Y�D�L�O�D�E�O�H�� �R�U�J�D�Q�L�F�� �8�9�� �I�L�O�W�H�U�V���� �V�X�F�K�� �D�V�� �����+�\�G�U�R�[�\������

�P�H�W�K�R�[�\�E�H�Q�]�R�S�K�H�Q�R�Q�H�����6�3�)���R�I���������������“���������������D�Q�G���$�Y�R�E�H�Q�]�R�Q�H�����6�3�)���R�I���������������“��

�������������� �G�H�P�R�Q�V�W�U�D�W�H�G�� �V�L�P�L�O�D�U�� �R�U�� �V�O�L�J�K�W�O�\�� �K�L�J�K�H�U�� �6�3�)�� �Y�D�O�X�H�V�� �F�R�P�S�D�U�H�G�� �W�R�� �2�6�(����

�$�G�G�L�W�L�R�Q�D�O�O�\�����D�V���D���Q�D�W�X�U�D�O���H�[�W�U�D�F�W�����2�6�(���K�D�V���W�K�H���S�R�W�H�Q�W�L�D�O���I�R�U���V�X�S�H�U�L�R�U���V�D�I�H�W�\���D�Q�G��

�V�N�L�Q�� �F�R�P�S�D�W�L�E�L�O�L�W�\�� �R�Y�H�U�� �F�K�H�P�L�F�D�O�� �R�U�J�D�Q�L�F�� �8�9�� �I�L�O�W�H�U�V���� �7�K�H�� �I�L�Q�G�L�Q�J�V�� �R�I�� �F�U�L�W�L�F�D�O��

�Z�D�Y�H�O�H�Q�J�W�K�� �D�Q�G�� �6�3�)�� �L�Q�G�L�F�D�W�H�� �W�K�D�W�� �2�6�(�� �L�V�� �Z�H�O�O���V�X�L�W�H�G�� �D�V�� �D�� �Q�D�W�X�U�D�O�� �V�X�Q�V�F�U�H�H�Q��

�D�J�H�Q�W�� �F�D�S�D�E�O�H�� �R�I�� �H�I�I�H�F�W�L�Y�H�O�\�� �E�O�R�F�N�L�Q�J�� �E�R�W�K�� �8�9�$�� �D�Q�G�� �8�9�%�� �U�D�G�L�D�W�L�R�Q���� �2�Y�H�U�D�O�O����
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�2�6�(���V�K�R�Z�V���V�X�S�H�U�L�R�U���S�H�U�I�R�U�P�D�Q�F�H���L�Q���W�H�U�P�V���R�I���F�U�L�W�L�F�D�O���Z�D�Y�H�O�H�Q�J�W�K���F�R�P�S�D�U�H�G���W�R��

�R�U�J�D�Q�L�F�� �8�9���I�L�O�W�H�U�V���D�Q�G���H�[�K�L�E�L�W�V���E�H�W�W�H�U���6�3�)�� �H�I�I�L�F�D�F�\�� �W�K�D�Q���L�Q�R�U�J�D�Q�L�F�� �8�9�� �I�L�O�W�H�U�V����

�7�K�L�V���L�P�S�O�L�H�V���W�K�D�W���2�6�(���S�R�V�V�H�V�V�H�V���S�K�R�W�R�S�U�R�W�H�F�W�L�Y�H���D�E�L�O�L�W�L�H�V���F�R�P�S�D�U�D�E�O�H���W�R���W�K�R�V�H��

�R�I�� �R�U�J�D�Q�L�F�� �8�9�� �I�L�O�W�H�U�V���� �Z�K�L�O�H�� �D�O�V�R�� �R�I�I�H�U�L�Q�J�� �W�K�H�� �D�G�G�H�G�� �E�H�Q�H�I�L�W�V�� �R�I�� �V�D�I�H�W�\�� �D�Q�G��

�H�Q�Y�L�U�R�Q�P�H�Q�W�D�O�� �I�U�L�H�Q�G�O�L�Q�H�V�V�� �D�V�� �D�� �Q�D�W�X�U�D�O�� �L�Q�J�U�H�G�L�H�Q�W���� �7�K�H�U�H�I�R�U�H���� �2�6�(�� �K�D�V��

�S�U�R�P�L�V�L�Q�J���S�R�W�H�Q�W�L�D�O���D�V���D���8�9���S�U�R�W�H�F�W�L�Y�H���F�R�P�S�R�Q�H�Q�W���L�Q���Y�D�U�L�R�X�V���V�N�L�Q�F�D�U�H���S�U�R�G�X�F�W�V����

�Z�D�U�U�D�Q�W�L�Q�J���I�X�U�W�K�H�U���U�H�V�H�D�U�F�K���D�Q�G���G�H�Y�H�O�R�S�P�H�Q�W���E�D�V�H�G���R�Q���W�K�H�V�H���I�L�Q�G�L�Q�J�V���� 
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�7�D�E�O�H���������������,�Q���Y�L�W�U�R���V�N�L�Q���F�D�U�H���D�F�W�L�Y�L�W�L�H�V���R�I �2�6�( 

�7�\�U�R�V�L�Q�D�V�H���L�Q�K�L�E�L�W�R�U�\�������� �&�R�O�O�D�J�H�Q�D�V�H���L�Q�K�L�E�L�W�R�U�\�������� 

�2�6�( �.�R�M�L�F���D�F�L�G �2�6�( �(�*�&�*  

�������������“���������� �������������“���������� �������������“���������� �������������“���������� 

�6�X�Q���3�U�R�W�H�F�W 

 �2�6�( 
�2�U�J�D�Q�L�F���8�9���I�L�O�W�H�U�V �,�Q�R�U�J�D�Q�L�F���8�9���I�L�O�W�H�U�V 

�����+�\�G�U�R�[�\������
�P�H�W�K�R�[�\�E�H�Q�]�R�S�K�H�Q�R�Q�H �$�Y�R�E�H�Q�]�R�Q�H �=�L�Q�F���2�[�L�G�H �7�L�W�D�Q�L�X�P�����,�9�����2�[�L�G�H 

�&�U�L�W�L�F�D�O��
�Z�D�Y�H�O�H�Q�J�W�K�����Q�P�� ���������������“���������� ���������������“���������� ���������������“���������� ���������������“���������� ���������������“���������� 

�6�3�) �������������“���������� �������������“���������� �������������“���������� �����������“���������� �����������“���������� 

- Values are expressed as the mean ± SD.  
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3.3.5. Residual biomass analysis 

3.3.5.1. Elemental analysis 

�+�\�G�U�R�W�K�H�U�P�D�O�� �F�D�U�E�R�Q�L�]�D�W�L�R�Q�����+�7�&������ �D���F�K�H�P�L�F�D�O�� �S�U�R�F�H�V�V�� �W�K�D�W�� �F�R�Q�Y�H�U�W�V��

�R�U�J�D�Q�L�F���F�R�P�S�R�X�Q�G�V�����V�X�F�K���D�V���V�H�D�Z�H�H�G�V�����L�Q�W�R���V�W�U�X�F�W�X�U�H�G���F�D�U�E�R�Q�����J�H�Q�H�U�D�O�O�\���R�F�F�X�U�V��

�L�Q���W�K�H���W�H�P�S�H�U�D�W�X�U�H���U�D�Q�J�H���R�I�����������ž�&�±���������ž�&�����.�U�X�V�H���H�W���D�O���������������������,�Q���W�K�L�V���V�W�X�G�\�����W�K�H��

�V�H�D�Z�H�H�G�� �U�H�V�L�G�X�H�� �U�H�P�D�L�Q�L�Q�J�� �D�I�W�H�U���6�:�(�� �D�W�� ���������ž�&�� �W�R�� �R�E�W�D�L�Q�� �2�6�(�� �I�U�R�P���6����

�W�K�X�Q�E�H�U�J�L�L���Z�D�V���F�K�D�U�D�F�W�H�U�L�]�H�G���D�V���E�L�R�F�K�D�U���W�K�D�W���F�D�Q���E�H���X�V�H�G���D�V���E�L�R�I�X�H�O�����$�V���V�K�R�Z�Q��

�L�Q���7�D�E�O�H���������������W�K�H���F�D�U�E�R�Q�����R�[�\�J�H�Q�����K�\�G�U�R�J�H�Q�����Q�L�W�U�R�J�H�Q�����D�Q�G���V�X�O�I�X�U���F�R�Q�W�H�Q�W�V���Z�H�U�H��

�G�H�W�H�U�P�L�Q�H�G���L�Q���5�$�:�����2�6�(�����D�Q�G���2�6�(���5�����7�K�H�U�H���Z�H�U�H���X�V�H�G���W�R���G�H�W�H�U�P�L�Q�H���W�K�H���+�+�9����

�H�Q�H�U�J�\���G�H�Q�V�L�W�\�����D�Q�G���H�Q�H�U�J�\���\�L�H�O�G�����&�R�P�S�D�U�H�G���Z�L�W�K���5�$�:�����D���V�L�J�Q�L�I�L�F�D�Q�W���L�Q�F�U�H�D�V�H���L�Q��

�W�K�H�� �F�D�U�E�R�Q�� �F�R�Q�W�H�Q�W�� �R�I�� �2�6�(���5�� �Z�D�V�� �R�E�V�H�U�Y�H�G���� �I�U�R�P�� �������������� �W�R�� ����������������

�D�W�W�U�L�E�X�W�D�E�O�H�� �W�R�� �+�7�&�� ���<�X�D�Q�� �	�� �0�D�F�T�X�D�U�U�L�H���� �������������� �7�K�H�� �H�Q�H�U�J�\�� �G�H�Q�V�L�W�\�� �I�R�U��

�G�H�W�H�U�P�L�Q�L�Q�J���W�K�H���H�I�I�L�F�L�H�Q�F�\���R�I���+�7�&���Z�D�V���I�R�X�Q�G���W�R���E�H�������������L�Q���2�6�(���5�����Z�K�L�F�K���Z�D�V��

�P�X�F�K���K�L�J�K�H�U���W�K�D�Q���W�K�H���Y�D�O�X�H�V���S�U�H�Y�L�R�X�V�O�\���R�E�W�D�L�Q�H�G���I�R�U���E�L�R�U�H�I�L�Q�H�U�\���S�U�R�F�H�V�V�H�V���I�U�R�P��

�V�H�D�Z�H�H�G�V�����L���H���������������±�������������$�V�F�R�S�K�\�O�O�X�P���Q�R�G�R�V�X�P�����D�Q�G���������������6�D�U�J�D�V�V�X�P���+�R�U�Q�H�U�L����

���;�X���H�W���D�O������ �������������� �&�R�P�S�D�U�H�G���Z�L�W�K���R�W�K�H�U���W�U�H�D�W�P�H�Q�W���P�H�W�K�R�G�V�����6�:�(���L�V���U�H�O�D�W�L�Y�H�O�\��

�I�D�V�W���� �L�Q�H�[�S�H�Q�V�L�Y�H���� �D�Q�G�� �U�H�T�X�L�U�H�V�� �Q�R�� �K�D�]�D�U�G�R�X�V�� �V�X�E�V�W�D�Q�F�H�V���� �W�K�X�V���� �L�W�� �F�D�Q�� �E�H�� �X�V�H�G��

�H�I�I�L�F�L�H�Q�W�O�\���L�Q���V�H�D�Z�H�H�G���E�D�V�H�G���P�D�U�L�Q�H���E�L�R�U�H�I�L�Q�H�U�L�H�V�����3�R�O�L�N�R�Y�V�N�\���H�W���D�O���������������������7�K�H��

�U�H�V�X�O�W�V���R�I���W�K�H���S�U�H�V�H�Q�W���V�W�X�G�\���V�X�J�J�H�V�W���W�K�H���S�R�W�H�Q�W�L�D�O���X�V�H���R�I���U�H�V�L�G�X�H���D�V���D���E�L�R�I�X�H�O���D�I�W�H�U��

�H�[�W�U�D�F�W�L�Q�J���E�L�R�I�X�Q�F�W�L�R�Q�D�O�� �V�X�E�V�W�D�Q�F�H�V���� �V�X�F�K�� �D�V�� �S�K�H�Q�R�O�L�F�� �F�R�P�S�R�X�Q�G�V���� �I�U�R�P���6����

�W�K�X�Q�E�H�U�J�L�L���W�K�U�R�X�J�K���6�:�( ��
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Table 3.11. Elemental analysis of RAW, OSE, and OSE-R 

Conditions 
Elemental (% w/w) 

HHV (MJ/kg)  ED 
Carbon Hydrogen Oxygen Nitrogen Sulfur  

RAW 22.81 3.79 40.41 4.16 1.24 8.33  

OSE 26.61 4.60 37.16 5.19 2.48 11.17 1.34 

OSE-R 49.76 5.80 32.87 5.06 0.65 20.98 2.52 

- HHV (MJ/kg): Higher heating value. 

- ED (Energy Densification) = HHVSample/HHVRaw material.
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3.3.5.2. FT-IR 

�)�7���,�5�� �L�V�� �X�V�H�I�X�O�� �I�R�U�� �L�G�H�Q�W�L�I�\�L�Q�J�� �D�Q�G�� �T�X�D�Q�W�L�I�\�L�Q�J�� �D�� �F�R�P�S�R�X�Q�G�� �E�\��

�G�L�V�W�L�Q�J�X�L�V�K�L�Q�J�� �W�K�H�� �F�O�D�V�V�H�V�� �R�I�� �I�X�Q�F�W�L�R�Q�D�O�� �J�U�R�X�S�V���� �E�R�Q�G�� �V�W�U�X�F�W�X�U�H�V���� �D�Q�G�� �I�R�U�P�V��

�Z�L�W�K�L�Q�� �W�K�H�� �F�R�P�S�R�X�Q�G�� ���7�D�K�L�U�� �H�W�� �D�O������ �������������� �)�7���,�5�� �L�V�� �U�H�O�D�W�L�Y�H�O�\�� �H�D�V�\�� �D�Q�G��

�L�Q�H�[�S�H�Q�V�L�Y�H���D�Q�G���U�H�T�X�L�U�H�V���Q�R���V�D�P�S�O�H�V���R�U���D�G�G�L�W�L�R�Q�D�O���F�K�H�P�L�F�D�O�V�����*�H�U�D�O�G�H�V������������������

�,�Q���W�K�L�V���V�W�X�G�\�����)�7���,�5���Z�D�V���D�O�V�R���X�V�H�G���W�R���S�U�H�G�L�F�W���F�R�P�S�U�H�K�H�Q�V�L�Y�H���L�Q�I�R�U�P�D�W�L�R�Q���D�E�R�X�W��

�W�K�H���F�K�H�P�L�F�D�O���V�W�U�X�F�W�X�U�H���R�I���2�6�(�����)�L�J�X�U�H�������������$���������,�Q���D�G�G�L�W�L�R�Q�����5�$�:���D�Q�G���2�6�(���5��

�Z�H�U�H�� �D�Q�D�O�\�]�H�G�� �W�R�� �F�R�Q�I�L�U�P�� �W�K�H�� �Y�D�U�L�R�X�V�� �F�K�D�Q�J�H�V�� �L�Q�� �F�K�H�P�L�F�D�O���V�W�U�X�F�W�X�U�H�� �W�K�D�W��

�R�F�F�X�U�U�H�G���G�X�U�L�Q�J���W�K�H���H�[�W�U�D�F�W�L�R�Q���S�U�R�F�H�V�V�����7�K�H���)�7���,�5���V�S�H�F�W�U�X�P���W�D�E�O�H���S�U�R�Y�L�G�H�G���E�\��

�&�K�H�P�L�V�W�U�\�� �/�L�E�U�H�7�H�[�W�V�W�P���Z�D�V�� �X�V�H�G�� �D�V�� �D�� �U�H�I�H�U�H�Q�F�H���� �,�Q�� �W�K�H�� �)�7���,�5�� �V�S�H�F�W�U�X�P���� �W�K�H��

�D�E�V�H�Q�F�H���R�I���&� �2���V�W�U�H�W�F�K�L�Q�J���Y�L�E�U�D�W�L�R�Q�V���L�Q���W�K�H�������������±������������ �F�P�í�����U�H�J�L�R�Q���D�Q�G���W�K�H��

�V�W�U�R�Q�J�� �D�Q�G�� �E�U�R�D�G�� �D�S�S�H�D�U�D�Q�F�H�� �R�I�� �2�±�+�� �V�W�U�H�W�F�K�L�Q�J�� �Y�L�E�U�D�W�L�R�Q�V�� �Z�L�W�K�L�Q�� �W�K�H�� �����������±

������������ �F�P�í�����U�H�J�L�R�Q�� �F�R�Q�I�L�U�P�H�G�� �W�K�H�� �S�U�H�V�H�Q�F�H�� �R�I�� �O�D�U�J�H�� �D�P�R�X�Q�W�V�� �R�I�� �S�K�H�Q�R�O�L�F��

�F�R�P�S�R�X�Q�G�V���L�Q���5�$�:���D�Q�G���2�6�(�����+�R�Z�H�Y�H�U�����2�6�(���5���V�K�R�Z�H�G���D���Z�H�D�N���V�L�J�Q�D�O���Z�L�W�K�L�Q��

�W�K�H�������������±�������������F�P�í�����U�H�J�L�R�Q�����7�K�L�V���L�V���E�H�F�D�X�V�H���P�R�V�W���R�I���W�K�H���S�K�H�Q�R�O�L�F���F�R�P�S�R�X�Q�G�V��

�K�D�Y�H���E�H�H�Q�� �H�[�W�U�D�F�W�H�G���� �O�H�D�G�L�Q�J���W�R���O�H�V�V���2�±�+���V�W�U�H�W�F�K�L�Q�J���U�H�P�D�L�Q�L�Q�J���L�Q���W�K�H�� �U�H�V�L�G�X�H����

�7�K�H�������������±������������ �F�P�í�����S�H�D�N�V���L�Q���5�$�:���� �2�6�(���� �D�Q�G�� �2�6�(���5���D�U�H���D�V�F�U�L�E�H�G���W�R���&�±�+��

�V�W�U�H�W�F�K�L�Q�J���� �P�D�L�Q�O�\�� �L�Q���F�D�U�E�R�K�\�G�U�D�W�H�V���D�Q�G���F�D�U�E�R�[�\�O�L�F���D�F�L�G�V�����$�Q�M�R�V���H�W�� �D�O������ ��������������

�7�K�H���S�H�D�N���D�W�������������±�������������F�P�í�����Z�D�V���G�X�H���W�R���D�U�R�P�D�W�L�F���&� �&���D�Q�G���Z�D�V���I�R�X�Q�G���W�R���E�H��

�P�R�V�W���L�Q�W�H�Q�V�H���L�Q���2�6�(�����2�Y�H�U�D�O�O�����W�K�L�V���S�U�R�Y�L�G�H�G���V�W�U�R�Q�J���H�Y�L�G�H�Q�F�H���W�K�D�W���2�6�(���F�R�Q�W�D�L�Q�H�G��

�P�R�U�H�� �D�E�X�Q�G�D�Q�W�� �S�K�H�Q�R�O�L�F�� �F�R�P�S�R�X�Q�G�V�� �W�K�D�Q�� �5�$�:�� �D�Q�G�� �2�6�(���5�� �D�Q�G�� �W�K�D�W�� �2�6�(���5��
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�P�R�V�W�O�\�� �F�R�Q�W�D�L�Q�H�G�� �U�H�V�L�G�X�D�O�� �F�D�U�E�R�K�\�G�U�D�W�H�V�� ���3�U�H�V�H�U�R�Y�D�� �H�W�� �D�O������ �������������� �7�K�H��

�L�Q�W�H�U�S�U�H�W�D�W�L�R�Q���R�I���W�K�H���U�H�V�X�O�W�V���O�H�G���W�R���W�K�H���F�R�Q�F�O�X�V�L�R�Q���W�K�D�W���W�K�H���F�K�H�P�L�F�D�O���V�W�U�X�F�W�X�U�H�V���R�I��

�S�K�H�Q�R�O�L�F�� �F�R�P�S�R�X�Q�G�V�� �L�Q���6�����W�K�X�Q�E�H�U�J�L�L���� �D�Q�G�� �2�6�(�� �Z�H�U�H�� �F�O�H�D�U�O�\�� �L�G�H�Q�W�L�I�L�H�G����

�0�H�D�Q�Z�K�L�O�H�����W�K�H���P�R�O�H�F�X�O�D�U���V�W�U�X�F�W�X�U�H���R�I���S�K�H�Q�R�O�L�F���F�R�P�S�R�X�Q�G�V���L�Q���2�6�(���5���Z�D�V���Q�R�W��

�F�O�H�D�U�O�\���L�G�H�Q�W�L�I�L�H�G�����L�Q�V�W�H�D�G�����S�H�D�N�V���U�H�O�D�W�H�G���W�R���W�K�H���V�W�U�X�F�W�X�U�H���R�I���F�D�U�E�R�K�\�G�U�D�W�H�V���Z�H�U�H��

�R�E�V�H�U�Y�H�G�����7�K�L�V���V�X�J�J�H�V�W�V���W�K�D�W���6�:�(���L�V���D���K�L�J�K�O�\���H�I�I�H�F�W�L�Y�H���P�H�W�K�R�G���I�R�U���E�L�R�U�H�I�L�Q�L�Q�J��

�S�K�H�Q�R�O�L�F���F�R�P�S�R�X�Q�G�V���D�Q�G���F�D�U�E�R�K�\�G�U�D�W�H���E�L�R�P�D�V�V���I�U�R�P���6�����W�K�X�Q�E�H�U�J�L�L�� 

 

3.3.5.3. XRD 

�;�5�'�� �L�V�� �D�� �U�R�E�X�V�W���D�Q�D�O�\�W�L�F�D�O�� �W�H�F�K�Q�L�T�X�H�� �Z�L�G�H�O�\�� �X�V�H�G�� �I�R�U�� �W�K�H�� �S�K�D�V�H��

�L�G�H�Q�W�L�I�L�F�D�W�L�R�Q�� �R�I�� �P�D�W�H�U�L�D�O�V�� �D�Q�G�� �L�V�� �D�� �Q�R�Q�G�H�V�W�U�X�F�W�L�Y�H�� �P�H�W�K�R�G�� �I�R�U�� �F�K�D�U�D�F�W�H�U�L�]�L�Q�J��

�F�U�\�V�W�D�O�O�L�Q�H�� �P�D�W�H�U�L�D�O�V�� ���3�X�U�R�K�L�W�� �H�W�� �D�O������ ���������������7�K�H�� �;�5�'�� �S�D�W�W�H�U�Q�V�� �R�I�� �5�$�:���� �2�6�(����

�D�Q�G�� �2�6�(���5�� �D�U�H�� �V�K�R�Z�Q�� �L�Q�� �)�L�J�X�U�H�� �����������%������ �5�$�:�� �D�Q�G�� �2�6�(�� �V�K�R�Z�H�G�� �V�K�D�U�S�� �D�Q�G��

�Q�D�U�U�R�Z�� �G�L�I�I�U�D�F�W�L�R�Q�� �S�H�D�N�V���� �L�Q�G�L�F�D�W�L�Q�J�� �K�L�J�K�O�\�� �F�U�\�V�W�D�O�O�L�Q�H�� �V�W�U�X�F�W�X�U�H�V���� �V�L�[�� �P�D�M�R�U��

�G�L�I�I�U�D�F�W�L�R�Q�� �S�H�D�N�V�� �D�S�S�H�D�U�H�G�� �D�W�� ������ ���K�N�O���� �������������ž�� �������������� �������������ž�� �������������� �������������ž��

���������������������������ž�����������������������������ž�����������������D�Q�G���������������ž�����������������7�K�L�V���;�5�'���S�D�W�W�H�U�Q���Z�D�V��

�I�R�X�Q�G���������������F�R�Q�V�L�V�W�H�Q�W���Z�L�W�K���W�K�H���V�H�P�L�T�X�D�Q�W�L�W�D�W�L�Y�H���V�\�O�Y�D�Q���I�R�U�P���R�I���.�&�O�����$���V�L�P�L�O�D�U��

�S�D�W�W�H�U�Q���L�Q���R�W�K�H�U���E�U�R�Z�Q���V�H�D�Z�H�H�G�V���K�D�V���E�H�H�Q���U�H�S�R�U�W�H�G�����3�D�N���H�W���D�O���������������������)�R�U���2�6�(��

�5���� �W�K�H�� �S�H�D�N�� �L�Q�W�H�Q�V�L�W�\�� �G�H�F�U�H�D�V�H�G�� �D�I�W�H�U���6�:�( ���� �D�Q�G�� �D�� �V�P�D�O�O���� �Q�R�Q�V�K�D�U�S�� �F�X�U�Y�H�� �Z�D�V��

�L�G�H�Q�W�L�I�L�H�G���Z�L�W�K�L�Q�������ž�±�����ž���������������D�W�W�U�L�E�X�W�D�E�O�H���W�R���W�K�H���V�X�U�I�D�F�H���E�R�Q�G���E�H�L�Q�J���H�[�S�R�V�H�G���W�R��

�W�K�H���R�X�W�V�L�G�H���D�I�W�H�U���W�K�H���H�[�W�U�D�F�W�L�R�Q���R�I���W�K�H���S�K�H�Q�R�O�L�F���F�R�P�S�R�X�Q�G�V���F�R�Q�W�D�L�Q�H�G���L�Q���5�$�:����
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�U�H�V�X�O�W�L�Q�J���L�Q���U�H�V�L�G�X�D�O���S�R�O�\�V�D�F�F�K�D�U�L�G�H�V���V�X�F�K���D�V���D�P�R�U�S�K�R�X�V���F�H�O�O�X�O�R�V�H�����+�D�Q�V���H�W���D�O������

�������������� �)�X�U�W�K�H�U���� �W�K�H�� �&�,�� �R�I�� �5�$�:�� �Z�D�V�� �I�R�X�Q�G�� �W�R�� �E�H�� ���������������� �E�X�W�� �L�W�� �G�U�D�P�D�W�L�F�D�O�O�\��

�L�Q�F�U�H�D�V�H�G���W�R�����������������D�I�W�H�U���6�:�( �����,�Q���2�6�(���5�����W�K�H���&�,���Z�D�V�������������������F�R�Q�I�L�U�P�L�Q�J���W�K�D�W��

�P�D�L�Q�O�\�� �D�P�R�U�S�K�R�X�V�� �V�X�E�V�W�D�Q�F�H�V�� �H�[�L�V�W�� �D�I�W�H�U���6�:�( ���� �7�K�H�� �U�H�V�L�G�X�H�� �U�H�P�D�L�Q�L�Q�J�� �D�I�W�H�U��

�6�:�(���R�I���3�D�G�L�Q�D���W�H�W�U�D�V�W�U�R�P�D�W�L�F�D�����+�D�Q�V���H�W���D�O�������������������D�O�V�R���V�K�R�Z�H�G���D���G�H�F�U�H�D�V�H���L�Q���&�,����

�Z�L�W�K���;�5�'���S�D�W�W�H�U�Q�V���V�L�P�L�O�D�U���W�R���W�K�R�V�H���S�U�H�V�H�Q�W�H�G���L�Q���W�K�L�V���V�W�X�G�\�� 

 

3.3.5.4. TGA 

�7�*�$�� �D�Q�D�O�\�V�L�V�� �L�V�� �D�� �F�R�Q�Y�H�Q�L�H�Q�W�� �P�H�W�K�R�G�� �I�R�U�� �G�H�W�H�U�P�L�Q�L�Q�J�� �W�K�H�� �W�K�H�U�P�D�O��

�G�H�F�R�P�S�R�V�L�W�L�R�Q�� �S�U�R�S�H�U�W�L�H�V�� �R�I�� �D�� �P�D�W�H�U�L�D�O�� �E�H�F�D�X�V�H�� �W�K�H�� �P�D�V�V�� �O�R�V�V�� �E�\�� �W�K�H�U�P�D�O��

�G�H�F�R�P�S�R�V�L�W�L�R�Q���L�V���V�W�U�R�Q�J�O�\���L�Q�I�O�X�H�Q�F�H�G���E�\���L�W�V���F�K�H�P�L�F�D�O���F�R�P�S�R�V�L�W�L�R�Q�����$�G�D�P�V���H�W���D�O������

���������������7�K�H�U�H���D�U�H���W�K�U�H�H���P�D�L�Q���G�H�F�R�P�S�R�V�L�W�L�R�Q���V�W�D�J�H�V�����W�K�H���I�L�U�V�W���L�V���W�K�H���G�H�K�\�G�U�D�W�L�R�Q��

�V�W�D�J�H�� �������• �±�������• ������ �Z�K�L�F�K�� �L�V�� �W�K�H�� �H�Y�D�S�R�U�D�W�L�R�Q�� �R�I�� �P�R�L�V�W�X�U�H���� �I�R�O�O�R�Z�H�G�� �E�\�� �W�K�H��

�G�H�Y�R�O�D�W�L�O�L�]�D�W�L�R�Q���V�W�D�J�H�����������• �±�������• �������Z�K�L�F�K���L�V���W�K�H���V�W�H�S�Z�L�V�H���G�H�F�R�P�S�R�V�L�W�L�R�Q���R�I��

�D���V�D�P�S�O�H���D�F�F�R�U�G�L�Q�J���W�R���L�W�V���I�U�D�F�W�L�R�Q�V�����D�Q�G���W�K�H�Q���W�K�H���G�H�F�R�P�S�R�V�L�W�L�R�Q���V�W�D�J�H�����������• �±

�������• ������ �Z�K�H�U�H���D�O�O���R�U�J�D�Q�L�F���P�D�W�W�H�U���L�V���G�H�J�U�D�G�H�G�����-�R�K�Q���H�W���D�O������ ���������������7�K�H���W�K�H�U�P�D�O��

�F�K�D�U�D�F�W�H�U�L�V�W�L�F�V���R�I���5�$�:�����2�6�(�����D�Q�G���2�6�(���5���P�H�D�V�X�U�H�G���W�K�U�R�X�J�K���7�*�$���D�U�H���V�K�R�Z�Q���L�Q��

�)�L�J�X�U�H�������������&�������)�R�U���5�$�:�����D���I�L�U�V�W���P�D�V�V���U�H�G�X�F�W�L�R�Q���S�K�D�V�H���R�F�F�X�U�U�L�Q�J���X�S���W�R���������• �����D��

�V�H�F�R�Q�G���U�H�G�X�F�W�L�R�Q���S�K�D�V�H���Z�L�W�K�L�Q���������• �±�������• �����D�Q�G���D���I�L�Q�D�O���P�D�V�V���U�H�G�X�F�W�L�R�Q���S�K�D�V�H��

�D�E�R�Y�H�� �������• ���F�R�X�O�G�� �E�H�� �G�L�V�W�L�Q�J�X�L�V�K�H�G���� �,�Q�� �D�� �S�U�H�Y�L�R�X�V�� �V�W�X�G�\�����0�H�P�E�H�U�H�� �	�� �6�D�O�O�L�V����

�������������R�Q���W�K�H���W�K�H�U�P�R�J�U�D�Y�L�W�\���U�H�G�X�F�W�L�R�Q���R�I���/�D�P�L�Q�D�U�L�D���G�L�J�L�W�D�W�D�����D���E�U�R�Z�Q���V�H�D�Z�H�H�G����
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�D���V�L�P�L�O�D�U���V�W�D�J�H���R�I���P�D�V�V���U�H�G�X�F�W�L�R�Q���J�U�D�S�K���Z�D�V���F�R�Q�I�L�U�P�H�G�����7�K�H���I�L�U�V�W���P�D�V�V���U�H�G�X�F�W�L�R�Q��

�Z�D�V�� �G�X�H�� �W�R�� �W�K�H�� �G�H�F�R�P�S�R�V�L�W�L�R�Q�� �R�I�� �E�L�R�S�R�O�\�P�H�U�V���� �V�X�F�K�� �D�V�� �V�R�G�L�X�P�� �D�O�J�L�Q�D�W�H���� �7�K�H��

�V�H�F�R�Q�G�� �P�D�V�V�� �U�H�G�X�F�W�L�R�Q�� �Z�L�W�K�L�Q�� �������• �±�������• ���Z�D�V�� �G�X�H�� �W�R�� �W�K�H�� �Y�R�O�D�W�L�O�L�]�D�W�L�R�Q�� �R�I��

�F�D�U�E�R�Q�D�F�H�R�X�V�� �P�D�W�H�U�L�D�O�V���� �D�Q�G�� �R�U�J�D�Q�L�F�� �P�D�W�W�H�U�� �G�H�F�R�P�S�R�V�L�W�L�R�Q�� �R�F�F�X�U�U�H�G�� �D�E�R�Y�H��

�������• �����)�R�U���2�6�(�����W�K�H���R�Y�H�U�D�O�O���P�D�V�V���G�H�F�U�H�D�V�H�G���F�R�Q�W�L�Q�X�R�X�V�O�\���Z�L�W�K���K�H�D�W�����H�[�F�H�S�W���I�R�U��

�W�K�H���P�D�V�V���G�H�F�U�H�D�V�H���D�W���������• �����7�K�L�V���L�V���D�W�W�U�L�E�X�W�D�E�O�H���W�R���W�K�H���F�R�Q�W�L�Q�X�R�X�V���Y�R�O�D�W�L�O�L�]�D�W�L�R�Q��

�R�I���W�K�H���S�K�H�Q�R�O�L�F���F�R�P�S�R�X�Q�G�V���L�Q���2�6�(���Z�L�W�K�R�X�W���D���V�S�H�F�L�I�L�F���P�D�V�V���G�H�F�U�H�D�V�H�����7�K�H��������������

�P�D�V�V�� �O�R�V�V�� �D�W�� �������• ���P�D�\�� �E�H�� �G�X�H�� �W�R�� �W�K�H�� �E�U�H�D�N�G�R�Z�Q�� �R�I�� �J�O�\�F�R�V�L�G�L�F�� �E�R�Q�G�V�� �L�Q�� �W�K�H��

�V�P�D�O�O���D�P�R�X�Q�W���R�I���S�R�O�\�V�D�F�F�K�D�U�L�G�H�V�����V�X�F�K���D�V���I�X�F�R�L�G�D�Q�����S�U�H�V�H�Q�W���L�Q���2�6�(�����6�D�U�D�Y�D�Q�D��

�H�W���D�O���������������������)�L�Q�D�O�O�\�����W�K�H���W�K�H�U�P�D�O���P�D�V�V���U�H�G�X�F�W�L�R�Q���J�U�D�S�K���R�I���2�6�(���5���L�V���L�Q�W�H�U�S�U�H�W�H�G��

�D�V�� �W�K�H�� �G�H�F�R�P�S�R�V�L�W�L�R�Q�� �R�I�� �U�H�V�L�G�X�D�O�� �F�H�O�O�X�O�R�V�H�� �D�E�R�Y�H�� �������• �� �D�I�W�H�U�� �I�X�Q�F�W�L�R�Q�D�O��

�P�D�W�H�U�L�D�O�V���� �V�X�F�K�� �D�V�� �S�K�H�Q�R�O�L�F�� �F�R�P�S�R�X�Q�G�V���� �K�D�Y�H�� �E�H�H�Q�� �U�H�F�R�Y�H�U�H�G�� �W�K�U�R�X�J�K���6�:�(��

���<�D�Q�J���H�W���D�O������������������
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Figure 3.9. (A) FT-IR spectrum, (B) XRD, and (C) TGA of RAW, OSE and OSE-R.
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3.3.5.5. FE-SEM 

�7�K�H�� �H�I�I�H�F�W�� �R�I���6�:�(���R�Q�� �V�X�U�I�D�F�H�� �F�K�D�Q�J�H�V�� �L�Q���6���� �W�K�X�Q�E�H�U�J�L�L���Z�D�V�� �L�Q�Y�H�V�W�L�J�D�W�H�G��

�X�V�L�Q�J�� �)�(���6�(�0���� �)�L�J�X�U�H�������������V�K�R�Z�V�� �W�K�H�� �)�(���6�(�0�� �L�P�D�J�H�V�� �R�I�� �5�$�:���� �2�6�(���� �D�Q�G��

�2�6�(���5�����5�$�:���H�[�L�V�W�V���L�Q���D���O�X�P�S�H�G���I�R�U�P���D�Q�G���K�D�V���D���U�R�X�J�K�H�U���V�X�U�I�D�F�H���W�K�D�Q���2�6�(�����)�R�U��

�2�6�(���5�����W�K�H���V�X�U�I�D�F�H���S�R�U�R�V�L�W�\���L�Q�F�U�H�D�V�H�G���E�H�F�D�X�V�H���R�I���V�H�Y�H�U�D�O���S�R�U�H�V�����F�R�Q�I�L�U�P�L�Q�J���W�K�D�W��

�6�:�(���H�I�I�L�F�L�H�Q�W�O�\���G�H�F�R�P�S�R�V�H�G���W�K�H���6�����W�K�X�Q�E�H�U�J�L�L���F�H�O�O���Z�D�O�O���D�Q�G���H�[�S�R�V�H�G���W�K�H���L�Q�W�H�U�Q�D�O��

�V�W�U�X�F�W�X�U�H�� �W�R�� �H�[�W�U�D�F�W�� �Y�D�U�L�R�X�V�� �V�X�E�V�W�D�Q�F�H�V���� �L�Q�F�O�X�G�L�Q�J�� �S�K�H�Q�R�O�L�F�� �F�R�P�S�R�X�Q�G�V���� �7�K�X�V����

�W�K�H���L�Q�F�U�H�D�V�H�G���U�H�V�L�G�X�H���S�R�U�R�V�L�W�\���L�V���H�[�S�H�F�W�H�G���W�R���K�D�Y�H���L�W�V���R�U�L�J�L�Q���L�Q���W�K�H���6�����W�K�X�Q�E�H�U�J�L�L��

�F�H�O�O�� �Z�D�O�O�� �D�Q�G�� �H�[�W�U�D�F�H�O�O�X�O�D�U�� �P�D�W�U�L�[���� �D�� �S�U�H�Y�L�R�X�V�� �V�W�X�G�\�����3�R�O�L�N�R�Y�V�N�\�� �H�W�� �D�O������ ������������

�U�H�S�R�U�W�H�G���W�K�D�W���+�7�&���L�Q�F�U�H�D�V�H�G���W�K�H���S�R�U�R�V�L�W�\���R�I���E�L�R�P�D�V�V���L�Q���U�H�O�D�W�L�R�Q���W�R���F�R�P�E�X�V�W�L�R�Q��

�U�H�D�F�W�L�R�Q�� �D�F�W�L�Y�D�W�L�R�Q�� �I�D�F�W�R�U�V�� ���W�H�P�S�H�U�D�W�X�U�H���� �S�U�H�F�X�U�V�R�U�V���� �G�H�J�U�H�H�� �R�I�� �K�H�D�W�� �W�U�H�D�W�P�H�Q�W����

�D�Q�G�� �D�F�W�L�Y�D�W�R�U�V������ �$�P�R�Q�J�� �Y�D�U�L�R�X�V�� �H�[�W�U�D�F�W�L�R�Q�� �P�H�W�K�R�G�V�����6�:�(�� �K�D�V�� �D�� �V�L�J�Q�L�I�L�F�D�Q�W��

�H�I�I�H�F�W���R�Q���W�K�H���E�L�R�P�D�V�V���V�X�U�I�D�F�H�����6�L�P�L�O�D�U���L�Q�Y�H�V�W�L�J�D�W�L�R�Q�V���R�Q���W�K�H���H�I�I�H�F�W���R�I���6�:�(���R�Q��

�Y�D�U�L�R�X�V���E�L�R�P�D�V�V���V�X�U�I�D�F�H���V�W�U�X�F�W�X�U�H�V���K�D�Y�H���E�H�H�Q���S�U�H�Y�L�R�X�V�O�\���S�X�E�O�L�V�K�H�G�����,�Q���S�D�U�W�L�F�X�O�D�U����

�1�L�G�K�L�� �H�W�� �D�O�������+�D�Q�V�� �H�W�� �D�O������ �������������F�R�Q�I�L�U�P�H�G�� �W�K�D�W�� �W�K�H�� �E�L�R�P�D�V�V�� �V�X�U�I�D�F�H�� �E�H�F�R�P�H�V��

�U�R�X�J�K�H�U���D�Q�G���P�R�U�H���E�U�L�W�W�O�H���D�I�W�H�U���6�:�( ��  
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Figure 3.10. FE-SEM images of (A) RAW, (B) OSE, and (C) OSE-R. 
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3.4. Conclusion 

�7�K�L�V�� �V�W�X�G�\�� �V�X�F�F�H�V�V�I�X�O�O�\�� �R�S�W�L�P�L�]�H�G�� �W�K�H�� �H�[�W�U�D�F�W�L�R�Q�� �F�R�Q�G�L�W�L�R�Q�V�� �I�R�U�� �S�K�H�Q�R�O�L�F��

�F�R�P�S�R�X�Q�G�V�� �I�U�R�P���6�����W�K�X�Q�E�H�U�J�L�L���X�V�L�Q�J���6�:�( ���� �Z�L�W�K�� �5�6�0�� �L�G�H�Q�W�L�I�\�L�Q�J�� �W�K�H�� �L�G�H�D�O��

�W�H�P�S�H�U�D�W�X�U�H���� �U�H�D�F�W�L�R�Q�� �W�L�P�H���� �D�Q�G���V�R�O�L�G���O�L�T�X�L�G�� �U�D�W�L�R���� �8�Q�G�H�U�� �W�K�H�V�H�� �R�S�W�L�P�L�]�H�G��

�F�R�Q�G�L�W�L�R�Q�V�� ���������������• ���� ������������ �P�L�Q���� �6���/�� �U�D�W�L�R�� �R�I�� ������������ �J���P�/������ �W�K�H�� �P�D�[�L�P�X�P��

�S�K�H�Q�R�O�L�F�� �F�R�P�S�R�X�Q�G�� �F�R�Q�W�H�Q�W�� �D�F�K�L�H�Y�H�G�� �Z�D�V�� ������������ �“�� ���������� �P�J�� �3�*�(���J����

�&�R�P�S�U�H�K�H�Q�V�L�Y�H�� �D�Q�D�O�\�V�H�V�� �X�V�L�Q�J�� �8�3�/�&�±�(�6�,�±�4�7�2�)���0�6���0�6�� �D�Q�G�� �1�0�5��

�L�G�H�Q�W�L�I�L�H�G���W�K�H���S�K�H�Q�R�O�L�F���F�R�P�S�R�X�Q�G�V���D�Q�G���R�W�K�H�U���I�X�Q�F�W�L�R�Q�D�O���F�R�P�S�R�Q�H�Q�W�V���L�Q���W�K�H���2�6�(����

�6�W�U�X�F�W�X�U�D�O���D�Q�G���F�K�H�P�L�F�D�O���D�Q�D�O�\�V�H�V���R�I���W�K�H���S�R�V�W���H�[�W�U�D�F�W�L�R�Q���U�H�V�L�G�X�H���L�Q�G�L�F�D�W�H�G���W�K�D�W���L�W��

�F�R�X�O�G���E�H���U�H�S�X�U�S�R�V�H�G���D�V���E�L�R�P�D�V�V�����W�K�X�V���V�X�S�S�R�U�W�L�Q�J���D���]�H�U�R���Z�D�V�W�H���D�S�S�U�R�D�F�K�� 

�7�K�H�� �E�L�R�D�F�W�L�Y�H�� �S�U�R�S�H�U�W�L�H�V�� �R�I�� �W�K�H�� �2�6�(�� �Z�H�U�H�� �F�R�Q�I�L�U�P�H�G�� �D�F�U�R�V�V�� �P�X�O�W�L�S�O�H��

�D�S�S�O�L�F�D�W�L�R�Q�V�����5�L�F�K���L�Q���D�Q�W�L�R�[�L�G�D�Q�W���F�R�P�S�R�X�Q�G�V�����L�Q�F�O�X�G�L�Q�J���V�X�J�D�U���D�O�F�R�K�R�O�V�����D�P�L�Q�R��

�D�F�L�G�V���� �D�Q�G�� �I�D�W�W�\�� �D�F�L�G�V���� �2�6�(�� �V�K�R�Z�H�G�� �V�L�J�Q�L�I�L�F�D�Q�W�� �D�Q�W�L�R�[�L�G�D�Q�W�� �D�F�W�L�Y�L�W�\�����.��

�J�O�X�F�R�V�L�G�D�V�H�� �D�Q�G�� �$�&�(�� �L�Q�K�L�E�L�W�R�U�\�� �H�I�I�H�F�W�V���� �P�D�N�L�Q�J�� �L�W�� �S�U�R�P�L�V�L�Q�J�� �I�R�U�� �P�D�Q�D�J�L�Q�J��

�G�L�D�E�H�W�H�V�� �D�Q�G�� �K�\�S�H�U�W�H�Q�V�L�R�Q���� �,�Q�� �W�K�H�� �F�R�V�P�H�W�L�F�� �I�L�H�O�G���� �2�6�(�� �H�[�K�L�E�L�W�H�G�� �L�Q�K�L�E�L�W�R�U�\��

�H�I�I�H�F�W�V���R�Q���W�\�U�R�V�L�Q�D�V�H���D�Q�G���F�R�O�O�D�J�H�Q�D�V�H���� �H�Q�]�\�P�H�V���L�Q�Y�R�O�Y�H�G���L�Q���V�N�L�Q���S�L�J�P�H�Q�W�D�W�L�R�Q��

�D�Q�G�� �D�J�L�Q�J���� �D�V�� �Z�H�O�O�� �D�V�� �S�K�R�W�R�S�U�R�W�H�F�W�L�R�Q�� �D�J�D�L�Q�V�W�� �8�9�$�� �D�Q�G�� �8�9�%�� �U�D�G�L�D�W�L�R�Q����

�X�Q�G�H�U�V�F�R�U�L�Q�J���L�W�V���S�R�W�H�Q�W�L�D�O���D�V���D���Q�D�W�X�U�D�O���V�X�Q�V�F�U�H�H�Q���L�Q�J�U�H�G�L�H�Q�W�����$�G�G�L�W�L�R�Q�D�O�O�\�����2�6�(��

�G�H�P�R�Q�V�W�U�D�W�H�G�� �E�U�R�D�G���V�S�H�F�W�U�X�P�� �D�Q�W�L�P�L�F�U�R�E�L�D�O�� �D�F�W�L�Y�L�W�\�� �D�Q�G�� �D�Q�W�L���L�Q�I�O�D�P�P�D�W�R�U�\��

�H�I�I�H�F�W�V���L�Q���/�3�6���V�W�L�P�X�O�D�W�H�G���5�$�:���������������P�D�F�U�R�S�K�D�J�H�V�����V�X�S�S�R�U�W�L�Q�J���L�W�V���V�X�L�W�D�E�L�O�L�W�\���D�V��

�D���Q�D�W�X�U�D�O���D�Q�W�L�P�L�F�U�R�E�L�D�O���D�Q�G���D�Q�W�L���L�Q�I�O�D�P�P�D�W�R�U�\���D�J�H�Q�W�� 
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�,�Q�� �F�R�Q�F�O�X�V�L�R�Q���� �W�K�L�V�� �V�W�X�G�\�� �F�R�Q�I�L�U�P�V�� �W�K�D�W���6�:�(�� �H�I�I�H�F�W�L�Y�H�O�\�� �H�[�W�U�D�F�W�V��

�E�L�R�I�X�Q�F�W�L�R�Q�D�O�� �F�R�P�S�R�X�Q�G�V�� �I�U�R�P���6���� �W�K�X�Q�E�H�U�J�L�L���� �S�R�V�L�W�L�R�Q�L�Q�J�� �2�6�(�� �D�V�� �D�� �P�X�O�W�L��

�I�X�Q�F�W�L�R�Q�D�O���L�Q�J�U�H�G�L�H�Q�W���Z�L�W�K���D�S�S�O�L�F�D�W�L�R�Q�V���D�F�U�R�V�V���S�K�D�U�P�D�F�H�X�W�L�F�D�O�V�����F�R�V�P�H�W�L�F�V�����D�Q�G��

�I�X�Q�F�W�L�R�Q�D�O�� �I�R�R�G�V���� �7�K�H�V�H�� �I�L�Q�G�L�Q�J�V�� �S�D�Y�H�� �W�K�H�� �Z�D�\�� �I�R�U�� �V�X�V�W�D�L�Q�D�E�O�H�� �E�L�R�U�H�I�L�Q�H�U�\��

�S�U�R�F�H�V�V�H�V�����P�D�[�L�P�L�]�L�Q�J���6�����W�K�X�Q�E�H�U�J�L�L���X�W�L�O�L�]�D�W�L�R�Q���L�Q���D���]�H�U�R���Z�D�V�W�H���I�U�D�P�H�Z�R�U�N���D�Q�G��

�F�R�Q�W�U�L�E�X�W�L�Q�J���W�R���D�G�Y�D�Q�F�H�P�H�Q�W�V���L�Q���P�D�U�L�Q�H���E�D�V�H�G���E�L�R�S�U�R�G�X�F�W�V�� 

  



- 171 - 

References 

Adams, J., Ross, A., Anastasakis, K., Hodgson, E., Gallagher, J., Jones, J., & 

Donnison, I. (2011). Seasonal variation in the chemical composition of 

the bioenergy feedstock Laminaria digitata for thermochemical 

conversion. Bioresource technology, 102(1), 226-234. 

https://doi.org/10.1016/j.biortech.2010.06.152.  

Aimone, C., Gaudino, E. C., Brncic, M., Barba, F. J., Grillo, G., & Cravotto, G. 

(2024). Sorbus spp. berries extraction in subcritical water: Bioactives 

recovery and antioxidant activity. Applied Food Research, 4(1), 100391. 

https://doi.org/10.1016/j.afres.2024.100391.  

Amaro, H. M., Pagels, F., Tavares, T. G., Costa, I., Sousa-Pinto, I., & Guedes, 

A. C. (2022). Antioxidant and anti-inflammatory potential of seaweed 

extracts as functional ingredients. Hydrobiology, 1(4), 469-482. 

https://doi.org/10.3390/hydrobiology1040028.  

Ameamsri, U., Chaveerach, A., Sudmoon, R., Tanee, T., Peigneur, S., & Tytgat, 

J. (2021). Oleamide in Ipomoea and Dillenia species and inflammatory 

activity investigated through ion channel inhibition. Current 

Pharmaceutical Biotechnology, 22(2), 254-261. 

https://doi.org/10.2174/1389201021666200607185250.  

Anjos, O., Campos, M. G., Ruiz, P. C., & Antunes, P. (2015). Application of 

FTIR-ATR spectroscopy to the quantification of sugar in honey. Food 



- 172 - 

chemistry, 169, 218-223. 

https://doi.org/10.1016/j.foodchem.2014.07.138.  

Baeza, G., Bachmair, E.-M., Wood, S., Mateos, R., Bravo, L., & De Roos, B. 

(2017). The colonic metabolites dihydrocaffeic acid and dihydroferulic 

acid are more effective inhibitors of in vitro platelet activation than their 

phenolic precursors. Food & Function, 8(3), 1333-1342. 

https://doi.org/10.1039/C6FO01404F.  

Begum, R., Howlader, S., Mamun-Or-Rashid, A., Rafiquzzaman, S., Ashraf, G. 

�0�������$�O�E�D�G�U�D�Q�L�����*�����0�������������������8�G�G�L�Q�����0�����6���������������������$�Q�W�L�R�[�L�G�D�Q�W���D�Q�G���6�L�J�Q�D�O�(

�0�R�G�X�O�D�W�L�Q�J�� �(�I�I�H�F�W�V�� �R�I�� �%�U�R�Z�Q�� �6�H�D�Z�H�H�G�(�'�H�U�L�Y�H�G�� �&�R�P�S�R�X�Q�G�V�� �D�J�D�L�Q�V�W��

�2�[�L�G�D�W�L�Y�H�� �6�W�U�H�V�V�(�$�V�V�R�F�L�D�W�H�G�� �3�D�W�K�R�O�R�J�\����Oxidative Medicine and 

cellular longevity, 2021(1), 9974890. 

https://doi.org/10.1155/2021/9974890.  

Bordoloi, A., & Goosen, N. J. (2020). A greener alternative using subcritical 

water extraction to valorize the brown macroalgae Ecklonia maxima for 

bioactive compounds. Journal of applied phycology, 32, 2307-2319. 

https://doi.org/10.1007/s10811-020-02043-1.  

Caijiao, C., Leshan, H., Mengke, Y., Lei, S., Miansong, Z., Yaping, S., . . . Xin, 

L. (2021). Comparative studies on antioxidant, angiotensin-converting 

enzyme inhibitory and anticoagulant activities of the methanol extracts 

from two brown algae (Sargassum horneri and Sargassum thunbergii). 



- 173 - 

Russian Journal of Marine Biology, 47, 380-387. 

https://doi.org/10.1134/S1063074021050035.  

Carpena, M., García-Pérez, P., García-Oliveira, P., Chamorro, F., Otero, P., 

Lourenço-Lopes, C., . . . Prieto, M. (2023). Biological properties and 

potential of compounds extracted from red seaweeds. Phytochemistry 

Reviews, 22(6), 1509-1540. https://doi.org/10.1007/s11101-022-09826-

z.  

Cesa, S., Carradori, S., Bellagamba, G., Locatelli, M., Casadei, M. A., Masci, 

A., & Paolicelli, P. (2017). Evaluation of processing effects on 

anthocyanin content and colour modifications of blueberry (Vaccinium 

spp.) extracts: Comparison between HPLC-DAD and CIELAB analyses. 

Food chemistry, 232, 114-123. 

https://doi.org/10.1016/j.foodchem.2017.03.153.  

Chia, Y. Y., Kanthimathi, M., Khoo, K. S., Rajarajeswaran, J., Cheng, H. M., 

& Yap, W. S. (2015). Antioxidant and cytotoxic activities of three 

species of tropical seaweeds. BMC Complementary and Alternative 

Medicine, 15, 1-14. https://doi.org/10.1186/s12906-015-0867-1.  

Cho, C.-H., Lu, Y.-A., Kim, M.-Y., Jeon, Y.-J., & Lee, S.-H. (2022). 

Therapeutic potential of seaweed-derived bioactive compounds for 

cardiovascular disease treatment. Applied Sciences, 12(3), 1025. 

https://doi.org/10.3390/app12031025.  



- 174 - 

Cho, Y., Kim, H., & Kim, S.-K. (2013). Bioethanol production from brown 

seaweed, Undaria pinnatifida, using NaCl acclimated yeast. Bioprocess 

and Biosystems Engineering, 36, 713-719. 

https://doi.org/10.1007/s00449-013-0895-5.  

Cox, S., Abu-Ghannam, N., & Gupta, S. (2010). An assessment of the 

antioxidant and antimicrobial activity of six species of edible Irish 

seaweeds. International Food Research Journal, 17, 205-220. 

https://doi.org/10.21427/D7HC92.  

Cruz, A. M., Gonçalves, M. C., Marques, M. S., Veiga, F., Paiva-Santos, A. C., 

& Pires, P. C. (2023). In Vitro models for anti-aging efficacy assessment: 

A critical update in dermocosmetic research. Cosmetics, 10(2), 66. 

https://doi.org/10.3390/cosmetics10020066.  

Cui, L., Qu, H., Qiao, K., Liu, S., Wu, J., Su, Y., . . . �/�L�X�����=���������������������$�Q�W�L�(�V�N�L�Q��

Aging Potential of Sargassum thunbergii Ethanolic Extract: 

�$�Q�W�L�R�[�L�G�D�Q�W���� �$�Q�W�L�(�L�Q�I�O�D�P�P�D�W�R�U�\���� �D�Q�G�� �$�Q�W�L�Z�U�L�Q�N�O�H�� �(�I�I�H�F�W�V�� �R�Q�� �/��������

Fibroblast Cells. Journal of Food Processing and Preservation, 2023(1), 

2230456. https://doi.org/10.1155/2023/2230456.  

Deng, Y., Wang, W., Zhao, S., Yang, X., Xu, W., Guo, M., . . . Liu, D. (2022). 

Ultrasound-assisted extraction of lipids as food components: 

Mechanism, solvent, feedstock, quality evaluation and coupled 

technologies�±A review. Trends in Food Science & Technology, 122, 83-

96. https://doi.org/10.1016/j.tifs.2022.01.034.  



- 175 - 

Di Meo, F., Valentino, A., Petillo, O., Peluso, G., Filosa, S., & Crispi, S. (2020). 

Bioactive polyphenols and neuromodulation: molecular mechanisms in 

neurodegeneration. International Journal of Molecular Sciences, 21(7), 

2564. https://doi.org/10.3390/ijms21072564.  

Dojindo Laboratories Co., (2024). ACE Kit�² WST: A502 Product Manual. 

Retrieved from: https://www.dojindo.com/manual/A502/ Accessed 23 

July 2024. 

Dornstauder, E., Jisa, E., Unterrieder, I., Krenn, L., Kubelka, W., & Jungbauer, 

A. (2001). Estrogenic activity of two standardized red clover extracts 

(Menoflavon® ) intended for large scale use in hormone replacement 

therapy. The Journal of steroid biochemistry and molecular biology, 

78(1), 67-75. https://doi.org/10.1016/S0960-0760(01)00075-9.  

Duan, X., Subbiah, V., Xie, C., Agar, O. T., Barrow, C. J., Dunshea, F. R., & 

Suleria, H. A. (2023). Evaluation of the antioxidant potential of brown 

seaweeds extracted by different solvents and characterization of their 

phenolic compounds by LC�±�(�6�,�(�4�7�2�)�±MS/MS. Journal of Food 

Science, 88(9), 3737-3757. https://doi.org/10.1111/1750-3841.16720.  

Dutra, J. M., Espitia, P. J., & Batista, R. A. (2021). Formononetin: Biological 

effects and uses�±A review. Food chemistry, 359, 129975. 

https://doi.org/10.1016/j.foodchem.2021.129975.  



- 176 - 

Ersoydan, S., & Rustemeyer, T. (2024). Investigating the Anti-Inflammatory 

Activity of Various Brown Algae Species. Marine drugs, 22(10), 457. 

https://doi.org/10.3390/md22100457.  

Farvin, K. S., & Jacobsen, C. (2013). Phenolic compounds and antioxidant 

activities of selected species of seaweeds from Danish coast. Food 

chemistry, 138(2-3), 1670-1681.  

Fluhr, J., Darlenski, R., & Surber, C. (2008). Glycerol and the skin: holistic 

approach to its origin and functions. British Journal of Dermatology, 

159(1), 23-34. https://doi.org/10.1111/j.1365-2133.2008.08643.x.  

Fowler, C. J. (2004). Oleamide: a member of the endocannabinoid family? 

British journal of pharmacology, 141(2), 195-196. 

https://doi.org/10.1038/sj.bjp.0705608.  

Gan, A., & Baroutian, S. (2022). Subcritical water extraction for recovery of 

phenolics and fucoidan from New Zealand Wakame (Undaria 

pinnatifida) seaweed. The Journal of Supercritical Fluids, 190, 105732. 

https://doi.org/10.1016/j.supflu.2022.105732.  

García-Vaquero, M., Rajauria, G., O'Doherty, J. V., & Sweeney, T. (2017). 

Polysaccharides from macroalgae: Recent advances, innovative 

technologies and challenges in extraction and purification. Food 

Research International, 99, 1011-1020. 

https://doi.org/10.1016/j.foodres.2016.11.016.  



- 177 - 

Geraldes, C. F. (2020). Introduction to infrared and Raman-based biomedical 

molecular imaging and comparison with other modalities. Molecules, 

25(23), 5547. https://doi.org/10.3390/molecules25235547.  

Getachew, A. T., Lee, H. J., Cho, Y. J., Chae, S. J., & Chun, B. S. (2019). 

Optimization of polysaccharides extraction from Pacific oyster 

(Crassostrea gigas) using subcritical water: Structural characterization 

and biological activities. International Journal of Biological 

Macromolecules, 121, 852-861. 

https://doi.org/10.1016/j.ijbiomac.2018.10.091.  

Gomes, L., Monteiro, P., Cotas, J., Gonçalves, A. M., Fernandes, C., Gonçalves, 

T., & Pereira, L. (2022). �6�H�D�Z�H�H�G�V�¶���S�L�J�P�H�Q�W�V���D�Q�G���S�K�H�Q�R�O�L�F���F�R�P�S�R�X�Q�G�V��

with antimicrobial potential. Biomolecular Concepts, 13(1), 89-102. 

https://doi.org/10.1515/bmc-2022-0003.  

Han Jie, L., Jantan, I., Yusoff, S. D., Jalil, J., & Husain, K. (2021). Sinensetin: 

An insight on its pharmacological activities, mechanisms of action and 

toxicity. Frontiers in pharmacology, 11, 553404. 

https://doi.org/10.3389/fphar.2020.553404.  

Hans, N., Solanki, D., Nagpal, T., Amir, H., Naik, S., & Malik, A. (2024). 

Process optimization and characterization of hydrolysate from 

underutilized brown macroalgae (Padina tetrastromatica) after 

fucoidan extraction through subcritical water hydrolysis. Journal of 



- 178 - 

Environmental Management, 349, 119497. 

https://doi.org/10.1016/j.jenvman.2023.119497.  

He, M., Peng, G., Xie, F., Hong, L., & Cao, Q. (2019). Liquid chromatography�±

high-resolution mass spectrometry with ROI strategy for non-targeted 

analysis of the in vivo/in vitro ingredients coming from Ligusticum 

chuanxiong hort. Chromatographia, 82, 1069-1077. 

https://doi.org/10.1007/s10337-019-03740-x.  

Ho, T. C., Park, J.-S., Kim, S.-Y., Lee, H., Lim, J.-S., Kim, S.-J., . . . Chun, B.-

S. (2021). Influences of molecular weights on physicochemical and 

biological properties of collagen-alginate scaffolds. Marine drugs, 19(2), 

85. https://doi.org/10.3390/md19020085.  

Holdt, S. L., & Kraan, S. (2011). Bioactive compounds in seaweed: functional 

food applications and legislation. Journal of applied phycology, 23, 

543-597. https://doi.org/10.1007/s10811-010-9632-5.  

Ivanova, E., Minyaylo, E., Temnikov, M., Mukhtorov, L., & Atroshchenko, Y. 

M. (2023). Silicones in Cosmetics. Polymer Science, Series B, 65(5), 

578-594. https://doi.org/10.1134/S1560090423600201.  

Jennifer, N., Mishra, A. P., Nigam, M., Devkota, H. P., Paudel, K. R., & 

Matsabisa, M. G. (2022). Bioactive Compounds from the Plants of the 

Elaeodendron Genus and Their Biological Activities�² A Review. 

Applied Sciences, 12(24), 12618. 

https://doi.org/10.3390/app122412618.  



- 179 - 

John, R. P., Anisha, G., Nampoothiri, K. M., & Pandey, A. (2011). Micro and 

macroalgal biomass: a renewable source for bioethanol. Bioresource 

technology, 102(1), 186-193. 

https://doi.org/10.1016/j.biortech.2010.06.139.  

Jungermann, E., & Sonntag, N. O. V. (1991). Glycerine : a key cosmetic 

ingredient. New York: Marcel Dekker, Inc. 

Kim, H.-D., Choi, H., Abekura, F., Park, J.-Y., Yang, W.-S., Yang, S.-H., & 

Kim, C.-H. (2023). Naturally-occurring tyrosinase inhibitors classified 

by enzyme kinetics and copper chelation. International Journal of 

Molecular Sciences, 24(9), 8226. https://doi.org/10.3390/ijms24098226.  

Konishi, T., Satsu, H., Hatsugai, Y., Aizawa, K., Inakuma, T., Nagata, S., . . . 

�6�K�L�P�L�]�X�����0���������������������,�Q�K�L�E�L�W�R�U�\���H�I�I�H�F�W���R�I���D���E�L�W�W�H�U���P�H�O�R�Q���H�[�W�U�D�F�W���R�Q���W�K�H���3�(

�J�O�\�F�R�S�U�R�W�H�L�Q�� �D�F�W�L�Y�L�W�\�� �L�Q�� �L�Q�W�H�V�W�L�Q�D�O�� �&�D�F�R�(���� �F�H�O�O�V����British journal of 

pharmacology, 143(3), 379-387. https://doi.org/10.1038/sj.bjp.0705804.  

Kornhauser, A., Coelho, S. G., & Hearing, V. J. (2010). Applications of 

hydroxy acids: classification, mechanisms, and photoactivity. Clinical, 

cosmetic and investigational dermatology, 135-142. 

https://doi.org/10.2147/CCID.S9042.  

Kruse, A., Funke, A., & Titirici, M.-M. (2013). Hydrothermal conversion of 

biomass to fuels and energetic materials. Current opinion in chemical 

biology, 17(3), 515-521. https://doi.org/10.1016/j.cbpa.2013.05.004.  



- 180 - 

�.�X�P�D�U���� �6������ �1�D�U�Z�D�O���� �6������ �.�X�P�D�U���� �9������ �	�� �3�U�D�N�D�V�K���� �2���� ���������������� �.-glucosidase 

inhibitors from plants: A natural approach to treat diabetes. 

Pharmacognosy reviews, 5(9), 19. https://doi.org/10.4103/0973-

7847.79096.  

Lachos-Perez, D., Baseggio, A. M., Mayanga-Torres, P., Junior, M. R. M., 

Rostagno, M., Martínez, J., & Forster-Carneiro, T. (2018). Subcritical 

water extraction of flavanones from defatted orange peel. The Journal 

of Supercritical Fluids, 138, 7-16. 

https://doi.org/10.1016/j.supflu.2018.03.015.  

Landa-Cansigno, C., Serviere-Zaragoza, E., Morales-Martínez, T., Ascacio-

Valdes, J., Morreeuw, Z., Gauyat, C., . . . Reyes, A. (2023). The 

antioxidant and anti-elastase activity of the brown seaweed Sargassum 

horridum (Fucales, Phaeophyceae) and their early phenolics and 

saponins profiling for green cosmetic applications. Algal Research, 75, 

103271. https://doi.org/10.1016/j.algal.2023.103271.  

Lee, J. W., Choi, E. J., Ryu, W. B., & Hong, G.-P. (2024). Characterization of 

temperature-dependent subcritical water hydrolysis pattern of strong 

and floury rice cultivars and potential utilizations of their hydrolysates. 

Food chemistry, 445, 138737. 

https://doi.org/10.1016/j.foodchem.2024.138737.  

Lee, K. E., Bharadwaj, S., Yadava, U., & Kang, S. G. (2019). Evaluation of 

caffeine as inhibitor against collagenase, elastase and tyrosinase using 



- 181 - 

in silico and in vitro approach. Journal of enzyme inhibition and 

medicinal chemistry, 34(1), 927-936. 

https://doi.org/10.1080/14756366.2019.1596904.  

Leone, G. P., Balducchi, R., Mehariya, S., Martino, M., Larocca, V., Di Sanzo, 

G., . . . �.�D�U�D�W�]�D�����'���������������������6�H�O�H�F�W�L�Y�H���(�[�W�U�D�F�W�L�R�Q���R�I���&-3 fatty acids from 

Nannochloropsis sp. using supercritical CO2 extraction. Molecules, 

24(13), 2406. https://doi.org/10.3390/molecules24132406.  

Liyanaarachchi, G. D., Samarasekera, J. K. R. R., Mahanama, K. R. R., & 

Hemalal, K. D. P. (2018). Tyrosinase, elastase, hyaluronidase, 

inhibitory and antioxidant activity of Sri Lankan medicinal plants for 

novel cosmeceuticals. Industrial crops and products, 111, 597-605. 

https://doi.org/10.1016/j.indcrop.2017.11.019.  

Lomartire, S., Cotas, J., Pacheco, D., Marques, J. C., Pereira, L., & Gonçalves, 

A. M. (2021). Environmental impact on seaweed phenolic production 

and activity: An important step for compound exploitation. Marine 

drugs, 19(5), 245. https://doi.org/10.3390/md19050245.  

Lordan, S., Ross, R. P., & Stanton, C. (2011). Marine bioactives as functional 

food ingredients: potential to reduce the incidence of chronic diseases. 

Marine drugs, 9(6), 1056-1100. https://doi.org/10.3390/md9061056.  

Lyu, G., Wu, S., & Zhang, H. (2015). Estimation and comparison of bio-oil 

components from different pyrolysis conditions. Frontiers in Energy 

Research, 3, 28. https://doi.org/10.3389/fenrg.2015.00028.  



- 182 - 

Maher, P. (2019). The potential of flavonoids for the treatment of 

neurodegenerative diseases. International Journal of Molecular 

Sciences, 20(12), 3056. https://doi.org/10.3390/ijms20123056.  

March, R. E., Lewars, E. G., Stadey, C. J., Miao, X.-S., Zhao, X., & Metcalfe, 

C. D. (2006). A comparison of flavonoid glycosides by electrospray 

tandem mass spectrometry. International Journal of Mass Spectrometry, 

248(1-2), 61-85. https://doi.org/10.1016/j.ijms.2005.09.011.  

Martínez-Sanz, M., Gómez-Mascaraque, L. G., Ballester, A. R., Martínez-Abad, 

A., Brodkorb, A., & López-Rubio, A. (2019). Production of unpurified 

agar-based extracts from red seaweed Gelidium sesquipedale by means 

of simplified extraction protocols. Algal Research, 38, 101420. 

https://doi.org/10.1016/j.algal.2019.101420.  

Mayanga-Torres, P., Lachos-Perez, D., Rezende, C., Prado, J., Ma, Z., 

Tompsett, G., . . . Forster-Carneiro, T. (2017). Valorization of coffee 

industry residues by subcritical water hydrolysis: Recovery of sugars 

and phenolic compounds. The Journal of Supercritical Fluids, 120, 75-

85. https://doi.org/10.1016/j.supflu.2016.10.015.  

Meillisa, A., Siahaan, E. A., Park, J.-N., Woo, H.-C., & Chun, B.-S. (2013). 

Effect of subcritical water hydrolysate in the brown seaweed Saccharina 

japonica as a potential antibacterial agent on food-borne pathogens. 

Journal of applied phycology, 25, 763-769. 

https://doi.org/10.1007/s10811-013-9973-y.  



- 183 - 

Membere, E., & Sallis, P. (2018). Thermochemical characterization of brown 

seaweed, Laminaria digitata from UK shores. Journal of Analytical and 

Applied Pyrolysis, 131, 42-51. 

https://doi.org/10.1016/j.jaap.2018.02.011.  

Moore, E. M., Wagner, C., & Komarnytsky, S. (2020). The enigma of 

bioactivity and toxicity of botanical oils for skin care. Frontiers in 

pharmacology, 11, 785. https://doi.org/10.3389/fphar.2020.00785.  

Mulloy, B., Mourão, P., & Gray, E. (2000). Structure/function studies of 

anticoagulant sulphated polysaccharides using NMR. Journal of 

Biotechnology, 77(1), 123-135. https://doi.org/10.1016/S0168-

1656(99)00211-4.  

Nakai, M., Kageyama, N., Nakahara, K., & Miki, W. (2006). Phlorotannins as 

radical scavengers from the extract of Sargassum ringgoldianum. 

Marine Biotechnology, 8, 409-414. https://doi.org/10.1007/s10126-

005-6168-9.  

NIST. (2020). NIST NIST20: Updates to the NIST Tandem and Electron 

Ionization Spectral Libraries. . Retrieved from: 

https://www.nist.gov/programs-projects/nist20-updates-nist-tandem-

and-electron-ionization-spectral-libraries Accessed 27 September 2024. 

�1�L�X���� �/������ �/�L���� �:������ �&�K�H�Q���� �;������ �6�X���� �;������ �'�R�Q�J���� �-������ �/�L�D�R���� �4������ ���� ���� ���� �6�X�Q���� �5���� ���������������� ���(

Monopalmitin promotes lung cancer cells apoptosis through PI3K/A kt 



- 184 - 

pathway in vitro. Environmental Toxicology, 38(11), 2621-2631. 

https://doi.org/10.1002/tox.23897.  

Nooshkam, M., Varidi, M., & Verma, D. K. (2020). Functional and biological 

properties of Maillard conjugates and their potential application in 

medical and food: A review. Food Research International, 131, 109003. 

https://doi.org/10.1016/j.foodres.2020.109003.  

Olthof, M. R., Katan, M. B., & Hollman, P. C. (2001). Chlorogenic acid and 

caffeic acid are absorbed in humans. The Journal of nutrition, 131(1), 

66-71. https://doi.org/10.1093/jn/131.1.66.  

Pak, T., Gomari, K. E., Bose, S., Tonon, T., Hughes, D., Gronnow, M., & 

Macquarrie, D. (2023). Biochar from brown algae: Production, 

activation, and characterisation. Bioresource Technology Reports, 24, 

101688. https://doi.org/10.1016/j.biteb.2023.101688.  

Pantidos, N., Boath, A., Lund, V., Conner, S., & McDougall, G. J. (2014). 

Phenolic-rich extracts from the edible seaweed, ascophyllum nodosum, 

�L�Q�K�L�E�L�W�� �.-�D�P�\�O�D�V�H�� �D�Q�G�� �.-glucosidase: Potential anti-hyperglycemic 

effects. Journal of Functional Foods, 10, 201-209. 

http://dx.doi.org/10.1016/j.jff.2014.06.018.  

Park, J.-S., Han, J.-M., Park, S.-W., Kim, J.-W., Choi, M.-S., Lee, S.-M., . . . 

Chun, B.-S. (2024). Subcritical Water Extraction of Undaria pinnatifida: 

Comparative Study of the Chemical Properties and Biological Activities 



- 185 - 

across Different Parts. Marine drugs, 22(8), 344. 

https://doi.org/10.3390/md22080344.  

Park, J.-S., Han, J.-M., Park, Y.-S., Shin, Y.-N., Shin, Y.-R., Chun, B.-S., & 

Lee, H.-J. (2024). Optimization and evaluation of Atrina pectinata 

polysaccharides recovered by subcritical water extraction: A promising 

path to natural products. International Journal of Biological 

Macromolecules, 259, 129130. 

https://doi.org/10.1016/j.ijbiomac.2023.129130 

Park, J.-S., Han, J.-M., Shin, Y.-N., Park, Y.-S., Shin, Y.-R., Park, S.-W., . . . 

Kishimura, H. (2023). Exploring bioactive compounds in brown 

seaweeds using subcritical water: A comprehensive analysis. Marine 

drugs, 21(6), 328. https://doi.org/10.3390/md21060328.  

Park, J.-S., Han, J.-M., Surendhiran, D., & Chun, B.-S. (2022). 

Physicochemical and biofunctional properties of Sargassum thunbergii 

extracts obtained from subcritical water extraction and conventional 

solvent extraction. The Journal of Supercritical Fluids, 182, 105535. 

https://doi.org/10.1016/j.supflu.2022.105535.  

Park, Y.-S., Roy, V. C., Park, J.-S., Han, J.-M., Shin, Y.-N., Shin, Y.-R., . . . 

Chun, B.-S. (2024). Bioactive compounds obtained via subcritical water 

hydrolysis of Ecklonia stolonifera: Characterization and potential 

application. Journal of applied phycology, 36(2), 897-905. 

https://doi.org/10.1007/s10811-023-03043-7.  



- 186 - 

Pérez, M. J., Falqué, E., & Domínguez, H. (2016). Antimicrobial action of 

compounds from marine seaweed. Marine drugs, 14(3), 52. 

https://doi.org/10.3390/md14030052.  

Phenol-Explorer. (2020). Phenol-Explorer 3.6. Retrieved from: http://phenol-

explorer.eu/ Accessed 30 March 2020. 

Plaza, M., Abrahamsson, V., & Turner, C. (2013). Extraction and neoformation 

of antioxidant compounds by pressurized hot water extraction from 

apple byproducts. Journal of agricultural and food chemistry, 61(23), 

5500-5510. https://doi.org/10.1021/jf400584f.  

Polikovsky, M., Gillis, A., Steinbruch, E., Robin, A., Epstein, M., Kribus, A., 

& Golberg, A. (2020). Biorefinery for the co-production of protein, 

hydrochar and additional co-products from a green seaweed Ulva sp. 

with subcritical water hydrolysis. Energy Conversion and Management, 

225, 113380. https://doi.org/10.1016/j.enconman.2020.113380.  

Preserova, J., Ranc, V., Milde, D., Kubistova, V., & Stavek, J. (2015). Study of 

phenolic profile and antioxidant activity in selected Moravian wines 

during winemaking process by FT-IR spectroscopy. Journal of food 

science and technology, 52, 6405-6414. https://doi.org/10.1007/s13197-

014-1644-8.  

Purohit, S. R., Jayachandran, L. E., Raj, A. S., Nayak, D., & Rao, P. S. (2019). 

X-ray diffraction for food quality evaluation. In Evaluation technologies 

for food quality (pp. 579-594): Elsevier. 



- 187 - 

Riswanto, F. D. O., Rohman, A., Pramono, S., & Martono, S. (2019). 

Application of response surface methodology as mathematical and 

statistical tools in natural product research. Journal of Applied 

Pharmaceutical Science, 9(10), 125-133. 

https://doi.org/10.7324/JAPS.2019.91018.  

Rotaru, R., Savin, M., Tudorachi, N., Peptu, C., Samoila, P., Sacarescu, L., & 

Harabagiu, V. (2018). Ferromagnetic iron oxide�±cellulose 

nanocomposites prepared by ultrasonication. Polymer chemistry, 9(7), 

860-868. https://doi.org/10.1039/C7PY01587A.  

Sanjeewa, K. K. A., Kim, E.-A., Son, K.-T., & Jeon, Y.-J. (2016). Bioactive 

properties and potentials cosmeceutical applications of phlorotannins 

isolated from brown seaweeds: A review. Journal of Photochemistry 

and Photobiology B: Biology, 162, 100-105. 

https://doi.org/10.1016/j.jphotobiol.2016.06.027.  

Saraiva, A., Carrascosa, C., Raheem, D., Ramos, F., & Raposo, A. (2020). 

Maltitol: Analytical determination methods, applications in the food 

industry, metabolism and health impacts. International Journal of 

Environmental Research and Public Health, 17(14), 5227. 

https://doi.org/10.3390/ijerph17145227.  

Saraswati, Giriwono, P. E., Iskandriati, D., Tan, C. P., & Andarwulan, N. (2019). 

Sargassum seaweed as a source of anti-inflammatory substances and the 



- 188 - 

potential insight of the tropical species: a review. Marine drugs, 17(10), 

590. https://doi.org/10.3390/md17100590.  

Saravana, P. S., Cho, Y.-N., Woo, H.-C., & Chun, B.-S. (2018). Green and 

efficient extraction of polysaccharides from brown seaweed by adding 

deep eutectic solvent in subcritical water hydrolysis. Journal of Cleaner 

Production, 198, 1474-1484. 

https://doi.org/10.1016/j.jclepro.2018.07.151.  

Saravana, P. S., Tilahun, A., Gerenew, C., Tri, V. D., Kim, N. H., Kim, G.-

D., . . . Chun, B.-S. (2018). Subcritical water extraction of fucoidan from 

Saccharina japonica: Optimization, characterization and biological 

studies. Journal of applied phycology, 30, 579-590. 

https://doi.org/10.1007/s10811-017-1245-9.  

Schrader, A., Siefken, W., Kueper, T., Breitenbach, U., Gatermann, C., Sperling, 

G., . . . Wenck, H. (2012). Effects of glyceryl glucoside on AQP3 

expression, barrier function and hydration of human skin. Skin 

pharmacology and physiology, 25(4), 192-199. 

https://doi.org/10.1159/000338190.  

Silva, A., Silva, S. A., Carpena, M., Garcia-Oliveira, P., Gullón, P., Barroso, M. 

F., . . . Simal-Gandara, J. (2020). Macroalgae as a source of valuable 

antimicrobial compounds: Extraction and applications. Antibiotics, 

9(10), 642. https://doi.org/10.3390/antibiotics9100642.  



- 189 - 

�6�W�D�U�R�Z�L�F�]���� �0������ �	�� �=�L�H�O�L���V�N�L���� �+���� ���������������� �+�R�Z�� �0�D�L�O�O�D�U�G�� �U�H�D�F�W�L�R�Q�� �L�Q�I�O�X�H�Q�F�H�V��

sensorial properties (color, flavor and texture) of food products? Food 

Reviews International, 35(8), 707-725. 

https://doi.org/10.1080/87559129.2019.1600538.  

Subbiah, V., Xie, C., Dunshea, F. R., Barrow, C. J., & Suleria, H. A. (2023). 

The quest for phenolic compounds from seaweed: Nutrition, biological 

activities and applications. Food Reviews International, 39(8), 5786-

5813. https://doi.org/10.1080/87559129.2022.2094406.  

Sudhakar, M., Arunkumar, K., & Perumal, K. (2020). Pretreatment and process 

optimization of spent seaweed biomass (SSB) for bioethanol production 

using yeast (Saccharomyces cerevisiae). Renewable Energy, 153, 456-

471. https://doi.org/10.1016/j.renene.2020.02.032.  

�â�X�G�R�P�R�Y�i�����0�������+�D�V�V�D�Q�����6�����7�������.�K�D�Q�����+�������5�D�V�H�N�K�L�D�Q�����0�������	���1�D�E�D�Y�L�����6�����0��������������������

A multi-biochemical and in silico study on anti-enzymatic actions of 

pyroglutamic acid against PDE-5, ACE, and urease using various 

analytical techniques: unexplored pharmacological properties and 

cytotoxicity evaluation. Biomolecules, 9(9), 392. 

https://doi.org/10.3390/biom9090392.  

Tahir, H. E., Xiaobo, Z., Zhihua, L., Jiyong, S., Zhai, X., Wang, S., & Mariod, 

A. A. (2017). Rapid prediction of phenolic compounds and antioxidant 

activity of Sudanese honey using Raman and Fourier transform infrared 



- 190 - 

(FT-IR) spectroscopy. Food chemistry, 226, 202-211. 

https://doi.org/10.1016/j.foodchem.2017.01.024.  

Tsopmo, A., Awah, F. M., & Kuete, V. (2013). Lignans and stilbenes from 

African medicinal plants. In Medicinal plant research in Africa (pp. 435-

478): Elsevier. 

Ullah, R., Ikram, M., Park, T. J., Ahmad, R., Saeed, K., Alam, S. I., . . . Jo, M. 

G. (2020). Vanillic acid, a bioactive phenolic compound, counteracts 

LPS-induced neurotoxicity by regulating c-Jun N-terminal kinase in 

mouse brain. International Journal of Molecular Sciences, 22(1), 361. 

https://doi.org/10.3390/ijms22010361.  

Wang, Y., Zhang, X., Tian, X., Wang, Y., Xing, X., & Song, S. (2024). 

Research progress on the functions, preparation and detection methods 

of l-fucose. Food chemistry, 433, 137393. 

https://doi.org/10.1016/j.foodchem.2023.137393.  

Xie, L., Deng, Z., Zhang, J., Dong, H., Wang, W., Xing, B., & Liu, X. (2022). 

Comparison of flavonoid O-glycoside, C-glycoside and their aglycones 

on antioxidant capacity and metabolism during in vitro digestion and in 

vivo. Foods, 11(6), 882. https://doi.org/10.3390/foods11060882.  

Xu, Q., Qian, Q., Quek, A., Ai, N., Zeng, G., & Wang, J. (2013). Hydrothermal 

carbonization of macroalgae and the effects of experimental parameters 

on the properties of hydrochars. ACS Sustainable Chemistry & 

Engineering, 1(9), 1092-1101. https://doi.org/10.1021/sc400118f.  



- 191 - 

Yan, L., Cao, Y., & Zheng, G. (2017). Optimization of subcritical water 

extraction of phenolic antioxidants from pomegranate (Punica 

granatum L.) peel by response surface methodology. Analytical 

Methods, 9(32), 4647-4656. https://doi.org/10.1039/C7AY01475A.  

Yang, H., Yan, R., Chen, H., Zheng, C., Lee, D. H., & Liang, D. T. (2006). In-

depth investigation of biomass pyrolysis based on three major 

components: hemicellulose, cellulose and lignin. Energy & fuels, 20(1), 

388-393. https://doi.org/10.1021/ef0580117.  

Ying, Z., Han, X., & Li, J. (2011). Ultrasound-assisted extraction of 

polysaccharides from mulberry leaves. Food chemistry, 127(3), 1273-

1279. https://doi.org/10.1016/j.foodchem.2011.01.083.  

Yuan, Y., & Macquarrie, D. J. (2015). Microwave assisted step-by-step process 

for the production of fucoidan, alginate sodium, sugars and biochar from 

Ascophyllum nodosum through a biorefinery concept. Bioresource 

technology, 198, 819-827. 

https://doi.org/10.1016/j.biortech.2015.09.090.  

Yuan, Y., Zhang, J., Fan, J., Clark, J., Shen, P., Li, Y., & Zhang, C. (2018). 

Microwave assisted extraction of phenolic compounds from four 

economic brown macroalgae species and evaluation of their antioxidant 

�D�F�W�L�Y�L�W�L�H�V���D�Q�G���L�Q�K�L�E�L�W�R�U�\���H�I�I�H�F�W�V���R�Q���.-amylas�H�����.-glucosidase, pancreatic 

lipase and tyrosinase. Food Research International, 113, 288-297. 

https://doi.org/10.1016/j.foodres.2018.07.021.  



- 192 - 

Zhang, J., Wen, C., Zhang, H., Duan, Y., & Ma, H. (2020). Recent advances in 

the extraction of bioactive compounds with subcritical water: A review. 

Trends in Food Science & Technology, 95, 183-195. 

https://doi.org/10.1016/j.tifs.2019.11.018.  

Zhang, L., Li, D.-c., & Liu, L.-f. (2019). Paeonol: pharmacological effects and 

mechanisms of action. International Immunopharmacology, 72, 413-

421. https://doi.org/10.1016/j.intimp.2019.04.033.  

Zhao, W., Yang, A., Wang, J., Huang, D., Deng, Y., Zhang, X., . . . Zhu, M. 

���������������� �3�R�W�H�Q�W�L�D�O�� �D�S�S�O�L�F�D�W�L�R�Q�� �R�I�� �Q�D�W�X�U�D�O�� �E�L�R�D�F�W�L�Y�H�� �F�R�P�S�R�X�Q�G�V�� �D�V�� �V�N�L�Q�(

whitening agents: A review. Journal of Cosmetic Dermatology, 21(12), 

6669-6687. https://doi.org/10.1111/jocd.15437.  

Zhong, B., Robinson, N. A., Warner, R. D., Barrow, C. J., Dunshea, F. R., & 

Suleria, H. A. (2020). LC-ESI-QTOF-MS/MS characterization of 

seaweed phenolics and their antioxidant potential. Marine drugs, 18(6), 

331. https://doi.org/10.3390/md18060331.  

Zou, Y., Kim, A. R., Kim, J. E., Choi, J. S., & Chung, H. Y. (2002). 

Peroxynitrite scavenging activity of sinapic acid (3, 5-dimethoxy-4-

hydroxycinnamic acid) isolated from Brassica juncea. Journal of 

agricultural and food chemistry, 50(21), 5884-5890. 

https://doi.org/10.1021/jf020496z. 

 



- 193 - 

Chapter 4 

Development of a functional biopolymer film for food 

packaging incorporating optimized Sargassum 

thunbergii extract using subcritical water extract 

 

Abstract 

This study analyzed the properties of biopolymer films containing optimized 

Sargassum thunbergii extract (OSE) and developed using an eco-friendly 

subcritical water extract (SWE) method. OSE, which is rich in phenolic 

compounds, flavonoids, and polysaccharides, was integrated into 

chitosan/polyvinyl alcohol-gelatin (CS/PVA-GE) films at concentrations of 

0%�±5%. The mechanical, physicochemical, and functional properties of the 

films were then analyzed. The incorporation of OSE significantly improved the 

tensile strength (20.91 ± 2.03 MPa at 5% OSE), hydrophobicity (contact angle: 

94.9°), and moisture resistance of the films by enhancing the hydrogen bonding 

network of the polymer matrix. Surface analyses revealed that roughness and 

structural complexity increased with OSE concentration, improving barrier 

properties. The bioactive compounds in OSE, including phenolic acids and 

�I�O�D�Y�R�Q�R�L�G�V�����H�[�K�L�E�L�W�H�G���V�X�E�V�W�D�Q�W�L�D�O���D�Q�W�L�R�[�L�G�D�W�L�Y�H���D�F�W�L�Y�L�W�\�����D�V���F�R�Q�I�L�U�P�H�G���E�\���W�K�H���������•-
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azinobis-(3-ethylenebenzothiazoline)-6-sulfonic acid, 1,1-diphenyl-2-picryl 

hydrazil, and ferric reducing antioxidant power assays. Packaging tests revealed 

that OSE-enriched films effectively suppressed microbial growth and oxidative 

degradation in fresh strawberries, extending their shelf life by up to 7 days. 

These functional properties highlight the synergistic antioxidative and 

antimicrobial effects of OSE conferred by its rich phenolic profile. Furthermore, 

the use of OSE is sustainable, leveraging SWE for the eco-friendly extraction 

and zero-waste utilization of marine biomass. The findings of this study 

demonstrate the potential of OSE incorporated CS/PVA-GE films as advanced 

food packaging materials that exhibit mechanical robustness, moisture 

resistance, and bioactive functionality, making them suitable for various 

applications in sustainable packaging solutions. 
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4.1. Introduction  

The global food industry is increasingly facing critical challenges 

associated with the rapid generation of food waste and environmental pollution. 

The low cost and high durability of conventional plastic-based packaging have 

promoted its widespread use; however, its non-biodegradable nature has caused 

significant environmental damage. The accumulation of plastic waste has 

caused significant detrimental impact on ecosystems, prompting heightened 

interest in the development of biodegradable packaging alternatives. 

Biodegradable biopolymers have emerged as promising solutions to these issues. 

Their use as functional materials for preserving food freshness and extending 

shelf life are being actively investigated (Stark et al., 2021). In this context, 

natural bioactive compounds with antioxidative and antimicrobial properties 

have become essential components in the development of functional packaging 

materials. These compounds, which can be derived from various natural 

resources, can effectively prevent food oxidation and spoilage (Jafarzadeh et al., 

2020). However, technical challenges limit the efficient incorporation of 

functional compounds into biopolymer matrices to improve their stability. 

Against this backdrop, the development of biopolymer based packaging 

materials using sustainable resources and eco-friendly technologies has gained 

global significance. Such advancements address pressing environmental 

concerns while offering multidimensional solutions for enhancing food quality 

and safety (Hussain et al., 2024). Consequently, this area of research has 
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garnered increasing academic and industrial interest and has become a critical 

direction for the sustainable evolution of the food industry. 

Research on the use of biopolymer-based packaging materials as promising 

alternatives for sustainable food packaging has grown exponentially. 

Biopolymers, such as chitosan (CS), polyvinyl alcohol (PVA), and gelatin (GE), 

have garnered significant attention for their excellent biodegradability, nontoxic 

properties, and suitability for food packaging (Dutta et al., 2024). However, 

conventional biopolymer films typically have relatively low moisture resistance 

and mechanical strength, which limit their industrial applicability (Rhim et al., 

2007). The use of natural bioactive compounds, such as antioxidants and 

antimicrobial agents, in biopolymer matrices are currently being investigated. S. 

thunbergii is a valuable marine resource rich in unique bioactive compounds 

(Lomartire et al., 2022). Phenolic compounds and flavonoids extracted from this 

seaweed exhibit potent and antimicrobial properties, making them ideal 

candidates for the development of functional packaging materials (Sadeghi et 

al., 2024). However, the use of SSEs in biopolymer-based packaging remains 

underexplored, with most related studies reporting preliminary results. The 

integration of compounds from S. thunbergii into biopolymer matrices while 

maintaining their functional stability presents a significant technical challenge 

(George et al., 2020). 

The demand for functional packaging materials that can extend shelf life 

and preserve food quality is steadily increasing (Ahmed et al., 2022). Oxidation 
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and microbial spoilage are major causes of quality deterioration in fresh foods, 

significantly contributing to the global food waste problem. Therefore, 

packaging materials that incorporate natural compounds exhibiting both 

antimicrobial properties are a critical solution (Chang et al., 2023). Previous 

studies have optimized the extraction of phenolic compounds from S. thunbergii 

using subcritical water extract (SWE). The optimal conditions�² 195.43�• , 

18.82 min of reaction time, and a solid-to-liquid ratio of 0.032 g/mL�² achieved 

a total phenolic content (TPC) of 29.01 ± 0.28 mg PGE/g (Han et al., 2024). 

The present study integrated optimized S. thunbergii extract (OSE) into 

biopolymer films in the development of sustainable food packaging materials. 

By addressing the mechanical and functional limitations of conventional 

biopolymer based packaging, the extension of shelf life and quality preservation 

can be significantly improved. OSE was incorporated into the biopolymer film 

matrix at various concentrations, and the resulting films were then evaluated for 

their mechanical, physicochemical, and functional properties. Furthermore, 

storage trials were conducted to assess the ability of packaging films to inhibit 

oxidation and microbial growth in fresh food products. 

The results of this study would contribute toward environmental 

sustainability and the enhanced functionality of packaging materials with 

broader applications in the food industry. Ultimately, this study lays the 

groundwork for a new paradigm in future food packaging by combining 

sustainability and performance.  
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4.2. Materials and methods 

4.2.1. Materials and sample preparation 

S. thunbergii was sourced from PARAJEJU (Jeju Island, South Korea). 

The seaweed was thoroughly washed with clean water and dried. The dried 

�V�H�D�Z�H�H�G���Z�D�V���W�K�H�Q���V�L�H�Y�H�G���W�R���D�F�K�L�H�Y�H���D���X�Q�L�I�R�U�P���S�D�U�W�L�F�O�H���V�L�]�H���R�I�������������P���D�Q�G���V�W�R�U�H�G��

�D�W���í�����•  until further use. Nitrogen gas (N2; 99.99% purity) was supplied by 

Korea Industrial Gas Ltd. (Busan, South Korea) and used to maintain the desired 

pressure during SWE. Standards were obtained from Sigma-Aldrich (St. Louis, 

MO, USA). All other chemicals and reagents were purchased from Samchun 

Pure Chemical Co., Ltd. (Gyeonggi, South Korea). 

 

4.2.2. Subcritical water extraction  

The OSE was prepared through SWE in a batch-type 316 stainless steel 

reactor (Phosentech, Daejeon, Republic of Korea) following previously 

reported protocols (Han et al., 2024). The conditions, including the reaction time, 

temperature, and sample-to-deionized water (solid-to-liquid) ratio, had been 

previously optimized using response surface methodology (RSM) to maximize 

the TPC. Briefly, SWE was performed at a constant pressure of 3 MPa and 

maintained with N2. The reaction time began once the target temperature was 

achieved using an electric heater. The mixture was continuously stirred at 200 
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rpm with a double four-blade impeller. The extract was filtered using filter paper 

(F1091-110, CHMLAB GROUP) and either stored at 4�•  or lyophilized. 

 

4.2.3. Preparation of the films 

Using the methods described by Ghaderi et al. (2019) with slight 

modifications, films were prepared with OSE as a functional additive (Ghaderi 

et al., 2019). Biodegradable polymers, PVA, CS, and GE extracted from marine 

organisms, were used as polymer materials. First, 1.5% CS solution and 2% 

PVA solution were prepared and mixed. Subsequently, 2% GE solution was 

prepared and added to the mixture, which was then stirred at 50�•  for 4 h. The 

ratio of the CS, PVA, and GE solutions was maintained at 4:4:2. OSE (1.5 mL) 

at five different concentrations (0, 1, 2, 3, 4, and 5%) was mixed with 1 mL 

glycerol and stirred thoroughly. The mixture was poured into square molds in 

35mL portions and dried in a drying oven at 45�•  for 24 h.  

 

4.2.4. Physicochemical properties  

4.2.4.1. Color 

The color of the CS/PVA-GE-OSE films was determined using a 

colorimeter (Lovibond RT series, The Tintometer Ltd., Amesbury, UK) to 

assess film samples (2 cm × 2 cm) for the following color coordinates: lightness 
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(L* , 0�±100), redness (a, ± red to green), and yellowness (b*, ± yellow to blue). 

Three random measurements were taken on each film surface. Analyses were 

performed in triplicate on each sample to calculate the standard error. The hue 

angle (H°) and chroma (C*) of the CS/PVA-GE-OSE films were calculated 

using the following equations: 

�&�
� 
¥�D�����E��  (1) 

�+�ƒ� �W�D�Q���� �@
�D�


�E�

�A  (2) 

 

4.2.4.2. Thickness 

The thickness of the films (mm) was measured using a digital micrometer 

(Digimatic Micrometer Series 293-230-30, Mitutoyo Corporation, Osaka, Japan) 

with an accuracy of 0.001 mm. The measurements were taken at five random 

locations across each film sample, and the mean thickness was calculated to 

ensure consistency.  

 

4.2.4.3. Mechanical properties of the films 

The tensile strength (TS) and elongation at break (EAB) of the films were 

determined to assess their mechanical properties. Measurements were 

performed using a Brookfield CT-3 Texture Analyzer (Brookfield Engineering 
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Laboratories, Inc., Middleboro, MA, USA) to the ASTM D882 standard. The 

film samples were cut into 50 mm × 10 mm samples and clamped with an initial 

gauge length of 30 mm. The trigger load was set at 0.067 N, and the films were 

elongated at a constant speed of 0.5 mm/s until rupture occurred. TS was 

determined using the following equation: 

TS (MPa) = 
�)

�0���î���/
  (3), 

where F is the maximum tensile load (N), M is the thickness of the film 

(mm), and L is the width of the film (mm). 

The EAB was defined as the percentage increase in length at the point of 

failure and was calculated relative to the initial gauge length using the following 

equation: 

EAB (%) = 
�+�������+��

�+��
���î��������  (4), 

where H0 is the initial gauge length (30 mm), and H is the length of the film 

at the point of rupture. All measurements were performed at room temperature 

(25�•  �“�� ���•���� �X�Q�G�H�U�� �D�� �F�R�Q�W�U�R�O�O�H�G�� �U�H�O�D�W�L�Y�H�� �K�X�P�L�G�L�W�\�� �R�I�� �������� �“�� �������� �5�H�V�X�O�W�V��

represent the mean of at least five replicates for each sample. 
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4.2.5. Water-related properties 

4.2.5.1. Water solubility  

The hydrophilic properties of the films were evaluated by assessing their 

water solubility (WS). Film samples (1 cm × 1 cm) were predried in an oven at 

105�•  for 24 h to remove residual moisture, and their initial weight (W) was 

recorded. Each sample was then immersed in 20 mL distilled water and 

incubated at 25�•  with constant shaking for 24 h to facilitate water absorption 

and dissolution. After incubation, the undissolved residue was carefully 

extracted, blotted dry with filter paper to eliminate surface water, and re-dried 

at 105�•  for 24 h until a �F�R�Q�V�W�D�Q�W���Z�H�L�J�K�W�����:�w�����Z�D�V���R�E�W�D�L�Q�H�G�����7�K�H���S�U�R�F�H�G�X�U�H���Z�D�V��

performed in triplicate to ensure reliability and reproduciblity, and the results 

were expressed as mean ± standard deviation (SD). The WS was calculated 

using the following equation:  

WS (%) = 
�: ���������: ��

�: ��
���î�������� (5) 

 

4.2.5.2. Swelling properties 

The swelling properties of the films were evaluated to determine their 

�Z�D�W�H�U���D�E�V�R�U�S�W�L�R�Q���F�D�S�D�F�L�W�\�����7�K�H���I�L�O�P���V�D�P�S�O�H�V���Z�H�U�H���S�U�H�Z�H�L�J�K�H�G�����:�v�������L�P�P�H�U�V�H�G��

in distilled water, and incubated at 25�•  for 24 h to facilitate swelling. After 

incubation, the samples were gently removed, and the surface water was 
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carefully blotted off using filter paper to prevent altering the sample weight. The 

swollen CS/PVA-GE-�2�6�(�� �I�L�O�P�V�� �Z�H�U�H�� �L�P�P�H�G�L�D�W�H�O�\�� �Z�H�L�J�K�H�G�� ���:�w������ �$�O�O��

experiments were performed in triplicate, and the results were expressed as 

mean ± SD. The degree of swelling (DS) was calculated using the following 

equation:  

DS (%) = 
�: ���������: ��

�: ��
���î�������� (6) 

 

4.2.5.3. Water vapor permeability 

The water vapor permeability (WVP) of the films was measured using a 

gravimetric method based on a modification of the ASTM E96/E96M-05 

standard. Circular glass cups with an internal diameter of 27.5 mm (exposed 

area: 5.94 cm²) were filled with 50 mL distilled water to create a saturated 

environment (100% relative humidity [RH]). The film samples were carefully 

cut without defects and sealed tightly onto the cup openings to prevent leakage. 

The sealed cups were then placed in a desiccator maintained at 25�•  with 50% 

RH. The weight of each cup was measured every 12 h over 4 days to obtain 

eight measurements. The WVP (g·mm/kPa·h·m²) was calculated using the 

following equation:  

WVP (g·mm/kPa·h·m2) = 
�¨�P���;

�$���W���¨�3
  (7), 
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�Z�K�H�U�H�� �û�P�� �L�V�� �W�K�H�� �P�D�V�V�� �F�K�D�Q�J�H�� �R�Y�H�U�� �W�L�P�H�� ���J������ �;�� �L�V�� �W�K�H�� �W�K�L�F�N�Q�H�V�V�� �R�I�� �W�K�H��

CS/PVA-GE-OSE films (mm); A is the exposed area of the films (cm²); t is the 

�W�L�P�H�� �L�Q�W�H�U�Y�D�O�� ���K������ �D�Q�G�� �û�3�� �L�V�� �W�K�H�� �S�D�U�W�L�D�O�� �Z�D�W�H�U�� �Y�D�S�R�U�� �S�U�H�V�V�X�U�H�� �G�L�I�I�H�U�H�Q�F�H�� ���N�3�D����

through two sides of the film. All measurements were performed in triplicate 

and expressed as mean ± SD. 

 

4.2.5.4. Contact angle 

The contact angle of the films was measured to evaluate their surface 

wettability. Film samples (2 cm × 4 cm) were attached to clean glass slides, and 

���� ���/�� �G�L�V�W�L�O�O�H�G�� �Z�D�W�H�U�� �Z�D�V�� �F�D�U�H�I�X�O�O�\�� �G�U�R�S�S�H�G�� �R�Q�W�R�� �W�K�H�� �I�L�O�P�� �V�X�U�I�D�F�H�� �Z�L�W�K�� �D��

micropipette. The contact angle was measured using a contact angle analyzer 

(SmartDrop Standard, FEMTOBIOMED Inc., Gyeonggi-do, South Korea) at 

room temperature (25�•  ± 1�• ). Measurements for each film sample were 

performed five times and expressed as mean ± SD.  

 

4.2.6. Surface analysis 

4.2.6.1. FE-SEM 

The microstructure of the films was observed using field emission scanning 

electron microscopy (FE-SEM, MIRA 3 LMH, TESCAN, Czech Republic). 

The film samples were carefully prepared and coated with a thin layer of gold 
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to enhance the conductivity prior to imaging. FE-SEM images were captured at 

an accelerating voltage of 5 kV to ensure high-resolution visualization of the 

film surfaces.  

 

4.2.6.2. AFM  

An atomic force microscope (AFM, Icon-PT-PLUS, BRUKER, Billerica, 

MA, USA) was used to evaluate the surface morphology of the films. The film 

surfaces were scanned over a 30 × 30-���P���D�U�H�D���L�Q���F�R�Q�W�D�F�W���P�R�G�H���X�Q�G�H�U���D�P�E�L�H�Q�W��

conditions, and images were obtained. The AFM was equipped with a triangular 

cantilever with a spring constant of 50 N/m, which enabled the capture of high-

resolution topographical data. Average roughness (Ra) and root-mean-square 

roughness (Rq) were determined to analyze the surface roughness of the films.  

 

4.2.7. Structural  analysis 

4.2.7.1. FT-IR 

The spectra of the films were analyzed using an infrared spectrophotometer 

(Perkin Elmer Inc., MA, USA) to investigate their molecular structure. The 

Fourier-transform infrared (FT-IR) spectra were captured at 500�±�����������F�P�q�ï���D�W��

a data acquisition rate of 1 �F�P�q�ï�� �S�H�U�� �S�R�L�Q�W���� �(�D�F�K�� �V�S�H�F�W�U�X�P�� �Z�D�V�� �R�E�W�D�L�Q�H�G�� �E�\��

averaging 64 scans to improve the signal-to-noise ratio and ensure reliable data.  
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4.2.7.2. XRD 

The crystallinity of the films was analyzed by X-ray diffraction (XRD) 

using an X'Pert-MPD system (PHILIPS, The Netherlands). XRD analysis was 

performed over a scattering angle range of 10°�±�����ƒ���������������V�W�H�S���V�L�]�H���R�I�����������ƒ�����D�Q�G��

exposure time of 1 s per step.  

 

4.2.8. Biological activities 

4.2.8.1. Antioxidative activity evaluation 

�7�K�H�� �D�Q�W�L�R�[�L�G�D�W�L�Y�H�� �D�F�W�L�Y�L�W�\�� �R�I�� �W�K�H�� �I�L�O�P�V�� �Z�D�V�� �H�Y�D�O�X�D�W�H�G�� �X�V�L�Q�J�� �W�K�H�� �������•-

azinobis-(3-ethylenebenzothiazoline)-6-�V�X�O�I�R�Q�L�F���D�F�L�G�����$�%�7�6�p������������-diphenyl-2-

picrylhydrazil (DPPH), and ferric reducing antioxidant power (FRAP) assays. 

�3�R�O�\�P�H�U���V�R�O�X�W�L�R�Q�V���������������/���H�D�F�K�����Z�Hre placed into individual wells of a 96-well 

plate and dried at 45�•  �I�R�U�� ������ �K�� �W�R�� �I�R�U�P�� �I�L�O�P�V���� �$�I�W�H�U�� �G�U�\�L�Q�J���� �������� ���/�� �R�I�� �W�K�H��

�U�H�V�S�H�F�W�L�Y�H�� �D�Q�W�L�R�[�L�G�D�Q�W���V�R�O�X�W�L�R�Q�� ���$�%�7�6�p���� �'�3�3�+���� �R�U���)�5�$�3���� �Z�D�V�� �D�G�G�H�G�� �W�R�� �H�D�F�K��

well. The plate was incubated with gentle shaking to ensure uniform mixing. 

The absorbance was measured at 10 min intervals for 2 h. 

�7�K�H���D�E�V�R�U�E�D�Q�F�H���Z�D�V���P�H�D�V�X�U�H�G���D�W�����������Q�P���I�R�U���$�%�7�6�p�������������Q�P���I�R�U���'�3�3�+����

and 593 nm for FRAP using a Synergy HT microplate reader (BioTek 

Instruments, Winooski, VT, USA). The antioxidative activity (%) of each 

sample was calculated using the following formula:  



- 207 - 

Antioxidative activity (%) = 
�$�E�O�D�Q�N���������$�V�D�P�S�O�H�������$�E�D�F�N�J�U�R�X�G��

�$�E�O�D�Q�N
  (8), 

where Ablank is the absorbance of the well containing only the antioxidant 

solution (no film); Asample is the absorbance of the well containing both the film 

and antioxidant solution; and Abackground is the absorbance of the well containing 

the film but no antioxidant solution.  

 

4.2.8.2. Assessment of food quality retention 

Fresh strawberries were used to evaluate the food preservation ability of 

the CS/PVA-GE-OSE films with varying OSE concentrations. The strawberries 

were randomly divided into two groups. In the control group, strawberries were 

not packaged. In the film packaged group, strawberries were wrapped using 

CS/PVA-GE-OSE films and further subdivided according to OSE concentration: 

CS/PVA-GE, CS/PVA-GE-OSE1, CS/PVA-GE-OSE2, CS/PVA-GE-OSE3, 

CS/PVA-GE-OSE4, and CS/PVA-GE-OSE5. All strawberries were stored at 

room temperature (25�•  ± 1�• ) and under a relative humidity (RH) of 70% ± 

5% for 7 days. During storage, the physical appearance parameters of the 

strawberries, including changes in shape, color, and texture, was monitored 

daily to assess the effectiveness of the packaging films (Yuan et al., 2021).  

 



- 208 - 

4.2.9. Statistical analysis 

Values are expressed as the mean ± SD of triplicate experiments. One-way 

�D�Q�D�O�\�V�L�V�� �R�I�� �Y�D�U�L�D�Q�F�H���� �3�H�D�U�V�R�Q�¶�V�� �F�R�U�U�H�O�D�W�L�R�Q�� �D�Q�D�O�\�V�L�V���� �D�Q�G�� �S�U�L�Q�F�L�S�D�O�� �F�R�P�S�R�Q�H�Q�W��

analysis were performed using SPSS software (version 27, SPSS Inc., Chicago, 

IL, USA) and Stat Ease 360 software (Stat Ease Inc., MN, USA). Statistical 

significance was determined at p < 0.05.  

 

4.3. Results and Discussion 

4.3.1. Physical and mechanical properties 

4.3.1.1. Color and appearance 

The appearance and color properties of the CS/PVA-GE-OSE films were 

significantly influenced by OSE incorporation (Table 4.1 and Figure 4.1). 

Increased OSE concentration reduced the transparency and increased the dark 

brown coloration of the films. The L* value decreased from 87.64 ± 0.32 in the 

control sample (CS/PVA-GE) to 78.77 ± 0.36 in CS/PVA-GE-OSE5, indicating 

a darkening effect. Similarly, the a* (redness) and b* (yellowness) values 

increased with OSE concentration, indicating more intense yellow-brown hues. 

The b* value increased from 7.42 ± 0.85 to 33.13 ± 1.11. These changes were 

further supported by increases in chroma (C*) and hue angle (H°), highlighting 

the role of phenolic compounds in color development. The opacity values also 
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significantly increased, from 0.40 ± 0.01 in CS/PVA-GE to 1.69 ± 0.03 in 

CS/PVA-GE-OSE5, likely due to enhanced light scattering and absorption by 

phenolic compounds. These results align with those of previous studies, which 

found that phenolic rich extracts enhance UV-blocking properties and reduce 

transparency, thereby improving film functionality (Ezati et al., 2023; Eze et al., 

2024). Overall, the addition of OSE significantly altered the visual and 

functional properties of the films, enhancing their potential for applications 

requiring light blocking and esthetic qualities. These films may serve as 

effective functional packaging materials, combining improved protective 

performance with appealing visual properties. 
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Table 4.1. Color properties of CS/PVA-GE films incorporated with different concentrations of OSE 

Condition L*  a*  b*  C* H° Opacity 

CS/PVA-GE 87.64 ± 0.32f -2.16 ± 0.09f 7.42 ± 0.85f 9.61 ± 1.14f 106.95 ± 3.02a 0.40 ± 0.01f 

CS/PVA-GE-OSE1 86.54 ± 0.38e -2.02 ± 0.07e 11.12 ± 0.85e 11.30 ± 1.29e 100.35 ± 0.63b 0.61 ± 0.01e 

CS/PVA-GE-OSE2 84.97 ± 0.28d -1.80 ± 0.02d 14.99 ± 0.97d 15.10 ± 1.51d 96.87 ± 0.52c 0.67 ± 0.03d 

CS/PVA-GE-OSE3 84.16 ± 0.23c -1.56 ± 0.01c 16.60 ± 1.01c 16.68 ± 0.95c 95.39 ± 0.30d 0.76 ± 0.04c 

CS/PVA-GE-OSE4 82.96 ± 0.18b -1.45 ± 0.28b 21.08 ± 0.81b 21.14 ± 2.26b 94.01 ± 0.69e 1.47 ± 0.06b 

CS/PVA-GE-OSE5 78.77 ± 0.36a 0.15 ± 0.26a 33.13 ± 1.11a 33.13 ± 2.75a 89.81 ± 3.02f 1.69 ± 0.03a 

- Values are expressed as mean ± SD (n = 3). 

- Different letters indicate significant differences (p �����������������D�F�F�R�U�G�L�Q�J���W�R���'�X�Q�F�D�Q�¶�V���P�X�O�W�L�S�O�H���U�D�Q�J�H���W�H�V�W�� 

- CS: Chitosan; PVA: Polyvinyl alcohol; GE: Gelatin; OSE: Optimized S. thunbergii Extract. 
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Figure 4.1. Visual appearance of CS/PVA-GE films with varying OSE concentrations. 

(a) CS/PVA-GE, (b) CS/PVA-GE-OSE1, (c) CS/PVA-GE-OSE2, (d) CS/PVA-GE-OSE3, (e) CS/PVA-GE-OSE4, (f) CS/PVA-GE-OSE5 
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4.3.1.2. Tensile strength and elongation at break 

The mechanical properties of the CS/PVA-GE-OSE films varied 

significantly with OSE concentration (Table 4.2). The film thickness remained 

consistent regardless of the OSE concentration, indicating that the polymer 

matrix maintained uniformity during fabrication. Furthermore, such consistency 

confirms the reliability and reproducibility of the mechanical property 

assessments. The TS increased significantly with OSE concentration, with 

20.91 ± 2.03 MPa for CS/PVA-GE-OSE5. This concentration-dependent 

improvement can be attributed to the phenolic compounds present in OSE, 

which likely exhibited strong intermolecular interactions, such as hydrogen 

bonding, within the polymer matrix, thereby reinforcing the structural integrity 

of the films (Thivya et al., 2022). In contrast, the EAB (%) decreased with 

increasing OSE concentration, dropping from 61.14% ± 7.95% in CS/PVA-GE 

to 34.62% ± 5.53% in CS/PVA-GE-OSE5. This reduced flexibility is likely due 

to the rigidifying effect of OSE within the polymer matrix. While OSE enhanced 

the TS, it also stiffened the polymer network, reducing its stretchability under 

applied stress (Tak et al., 2023). These results demonstrate that OSE 

significantly influences both the strength and flexibility of the CS/PVA-GE-

OSE films. The tradeoff between improved TS and reduced EAB indicates the 

adaptability of these films for specific applications where mechanical strength 

is prioritized over flexibility, and vice versa. This tunability highlights the 

suitability of OSE as a functional additive for the development of biopolymer 

based, rigid or semirigid packaging systems. 
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Table 4.2. Mechanical properties of CS/PVA-GE films incorporated with different concentrations of OSE 

Condition Thickness (mm) TS (MPa) EAB (%) 

CS/PVA-GE 0.14 ± 0.06a 11.19 ± 1.03ef 61.14 ± 7.95a 

CS/PVA-GE-OSE1 0.10 ± 0.01b 11.52 ± 1.02e 57.62 ± 4.14b 

CS/PVA-GE-OSE2 0.10 ± 0.02b 16.63 ± 1.43d 52.51 ± 6.47c 

CS/PVA-GE-OSE3 0.11 ± 0.02b 18.20 ± 1.14c 51.59 ± 6.38d 

CS/PVA-GE-OSE4 0.09 ± 0.03c 19.07 ± 1.81ab 50.19 ± 6.00de 

CS/PVA-GE-OSE5 0.11 ± 0.02b 20.91 ± 2.03a 34.62 ± 5.53f 

- Values are expressed as mean ± SD (n = 3). 

- Different letters indicate significant differences (p �����������������D�F�F�R�U�G�L�Q�J���W�R���'�X�Q�F�D�Q�¶�V���P�X�O�W�L�S�O�H���U�D�Q�J�H���W�H�V�W�� 

- CS: Chitosan; PVA: Polyvinyl alcohol; GE: Gelatin; OSE: Optimized S. thunbergii Extract.  
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4.3.2. Water-related properties 

The WS, swelling property, and WVP of the films decreased significantly 

with increasing OSE concentration (Table 4.3). These changes indicate that the 

phenolic compounds and polysaccharides in OSE enhanced the hydrogen 

bonding network within the polymer matrix, thereby improving water resistance. 

This structural reinforcement reduced the polymer�±water interactions and 

increased the hydrophobicity of the films (Thivya et al., 2022). The WS of the 

films decreased from 56.93% ± 0.43% in the control (CS/PVA-GE) to 46.29% 

± 0.26% in CS/PVA-GE-OSE5, indicating enhanced resistance to water 

dissolution. Similarly, the swelling property decreased from 286.04% ± 3.18% 

to 204.98% ± 1.65%, demonstrating reduced water absorption by the films. The 

WVP also significantly decreased, from 0.83 ± 0.02 g·mm/kPa·h·m² in 

CS/PVA-GE to 0.47 ± 0.01 g·mm/kPa·h·m² in CS/PVA-GE-OSE5. These 

trends strongly indicate that OSE contributes to the hydrophobicity and moisture 

resistance of the films. `The contact angle measurements further corroborated 

these results (Figure 4.2). The contact angle of the CS/PVA-GE was 67.4°, 

indicating a relatively hydrophilic surface. However, as the OSE concentration 

increased, the contact angle steadily increased to 94.9° for CS/PVA-GE-OSE5. 

An increased contact angle suggests the transition to a more hydrophobic 

surface, likely due to the lowering of film surface energy caused by the phenolic 

compounds in OSE (Aphibanthammakit et al., 2018). These findings underscore 
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the potent ability of OSE to enhance the water resistance and hydrophobicity of 

the films. Furthermore, the functional properties of the films can be tailored for 

specific applications by adjusting the OSE concentration. This tunability makes 

OSE enriched films particularly promising for food packaging applications, 

especially those requiring strong moisture barrier properties. 
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Table 4.3. Water-related properties of CS/PVA-GE films incorporated with different concentrations of OSE 

Condition WS (%) Swelling propert  (%) WVP (g·mm/kPa·h·m 2) Contact angle (°) 

CS/PVA-GE 56.93 ± 0.43a 286.04 ± 3.18a 0.83 ± 0.02a 67.4 ± 1.29d 

CS/PVA-GE-OSE1 54.12 ± 0.02b 269.56 ± 3.80b 0.80 ± 0.01b 68.6 ± 2.10d 

CS/PVA-GE-OSE2 53.89 ± 0.81c 264.60 ± 1.43c 0.76 ± 0.01c 83.4 ± 1.09c 

CS/PVA-GE-OSE3 50.82 ± 0.40d 255.37 ± 1.92d 0.76 ± 0.02c 87.1 ± 2.49b 

CS/PVA-GE-OSE4 50.75 ± 0.41e 246.23 ± 3.16e 0.69 ± 0.01d 94.0 ± 2.64a 

CS/PVA-GE-OSE5 46.29 ± 0.26f 204.98 ± 1.65f 0.47 ± 0.01e 94.9 ± 2.59a 

- Values are expressed as mean ± SD (n = 3). 

- Different letters indicate significant differences (p �����������������D�F�F�R�U�G�L�Q�J���W�R���'�X�Q�F�D�Q�¶�V���P�X�O�W�L�S�O�H���U�D�Q�J�H���W�H�V�W�� 

�� CS: Chitosan; PVA: Polyvinyl alcohol; GE: Gelatin; OSE: Optimized S. thunbergii Extract.�� 
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Figure 4.2. Contact angle measurements of CS/PVA-GE films with varying OSE concentrations. 

(a) CS/PVA-GE, (b) CS/PVA-GE-OSE1, (c) CS/PVA-GE-OSE2, (d) CS/PVA-GE-OSE3, (e) CS/PVA-GE-OSE4, (f) CS/PVA-GE-OSE5
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4.3.3. Surface analysis 

4.3.3.1. FE-SEM 

The microstructure of the films was analyzed by FE-SEM (Figure 4.3). 

CS/PVA-GE exhibited a smooth and uniform surface, reflecting the structural 

stability of the polymer matrix. In contrast, the films incorporated with OSE 

showed significant surface changes with increasing OSE concentration. At low 

concentrations (OSE1 and OSE2), the film surface remained relatively uniform. 

However, at higher concentrations (OSE3 to OSE5), roughness and 

microparticles developed on the surface. Notably, the surfaces of the OSE4 and 

OSE5 films developed pores and unevenly distributed aggregates. These 

changes are likely due to the limited miscibility of the OSE components, which 

disrupted the uniformity of the polymer network and increased surface 

roughness. High OSE concentrations may also influence the mechanical 

properties, moisture barrier performance, and optical characteristics of the films 

(Sabaghi et al., 2022). In conclusion, the OSE concentration can significantly 

determine the microstructure of the CS/PVA-GE-OSE films. While low 

concentrations promoted surface uniformity, higher concentrations increased 

surface irregularities, which may affect the overall performance of the films. 

These findings underscore the importance of optimizing the OSE concentration 

in designing the packaging materials.  
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Figure 4.3. FE-SEM morphological analysis of CS/PVA-GE Films with varying concentrations of OSE. 

(a) CS/PVA-GE, (b) CS/PVA-GE-OSE1, (c) CS/PVA-GE-OSE2, (d) CS/PVA-GE-OSE3, (e) CS/PVA-GE-OSE4, (f) CS/PVA-GE-OSE5 
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4.3.3.2. AFM  

The surface microstructure of the films was analyzed by AFM (Figure 4.4). 

The control film (CS/PVA-GE) exhibited a smooth and uniform surface, with a 

Ra of 16.4 nm and a Rq of 20.8 nm, reflecting the structural stability of the 

polymer matrix. In contrast, the OSE films showed a progressive increase in 

surface roughness and structural complexity with increasing OSE concentration. 

The Ra values for OSE1 and OSE2 were 23.2 nm and 23.9 nm, respectively, 

increasing to 33.2 nm for OSE5. Therefore, the polysaccharides and phenolic 

compounds in OSE increased the surface complexity within the polymer matrix. 

Increased surface roughness is associated with higher surface energy, which 

may improve antimicrobial performance and adhesion to functional coatings. 

Furthermore, these structural changes could influence the moisture barrier 

properties and mechanical characteristics of the films (Khang et al., 2007). In 

conclusion, adjusting the OSE concentration enables the customization of the 

surface properties and functional performance of the CS/PVA-GE-OSE films. 

These findings highlight their potential for applications in food packaging, 

antimicrobial coatings, and other specialized fields. 
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Figure 4.4. AFM surface morphology analysis of CS/PVA-GE films with varying OSE concentrations.  

(a) CS/PVA-GE, (b) CS/PVA-GE-OSE1, (c) CS/PVA-GE-OSE2, (d) CS/PVA-GE-OSE3, (e) CS/PVA-GE-OSE4, (f) CS/PVA-GE-OSE5 
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4.3.4. Structural analysis 

4.3.4.1. FT-IR 

The FT-IR spectra of CS/PVA-GE-OSE films were analyzed to investigate 

the molecular interactions among OSE, GE, CS, and PVA, as well as the 

structural changes in the films with varying OSE concentrations (Figure 4.5). 

The characteristic absorption peaks of each component provided critical insights 

into the molecular interactions within the polymer matrix. The FT-IR spectrum 

�R�I���2�6�(���H�[�K�L�E�L�W�H�G���D���E�U�R�D�G���S�H�D�N���D�W���D�S�S�U�R�[�L�P�D�W�H�O�\�� �����������F�P�q�ï�����F�R�U�U�H�V�S�R�Q�G�L�Q�J���W�R��

the hydroxyl (-OH) groups of the phenolic compounds. These phenolic 

compounds influence both the antioxidative properties of OSE and the physical 

�S�U�R�S�H�U�W�L�H�V�� �R�I�� �W�K�H�� �I�L�O�P�V���� �,�Q�� �W�K�H�� �V�S�H�F�W�U�X�P�� �R�I�� �*�(���� �D�� �S�H�D�N�� �Q�H�D�U�� ���������� �F�P�q�ï�� �Z�D�V��

observed, which corresponded to the amide I bonds (primarily C=O stretching 

�Y�L�E�U�D�W�L�R�Q�V�������D�O�R�Q�J���Z�L�W�K���D���S�H�D�N���D�W�������������F�P�q�ï���U�H�S�U�H�V�H�Q�W�L�Q�J���D�P�L�G�H���,�,�,���E�R�Q�G�V�����1-H 

bending and C-N stretching vibrations). These peaks highlight the contribution 

of GE to the protein-based network formed within the films (Muyonga et al., 

2004; Singh et al., 2014). The CS spectrum displayed a distinct peak at 

�D�S�S�U�R�[�L�P�D�W�H�O�\�� �������� �F�P�q�ï���� �Z�K�L�F�K�� �L�V�� �D�W�W�U�L�E�X�W�H�G�� �W�R�� �&-O-C stretching vibrations, 

reflecting the polysaccharide structure of CS and its functional role within the 

polymer network. For PVA, a c�K�D�U�D�F�W�H�U�L�V�W�L�F���S�H�D�N���D�W���D�S�S�U�R�[�L�P�D�W�H�O�\�������������F�P�q�ï��

was observed, which is associated with C-H stretching vibrations that represent 

hydrophobic hydrocarbon chains that influence the physical properties of the 
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polymer (Gieroba et al., 2023; Xue et al., 2015). In the blended films, the 

molecular interactions between OSE and the other components were indicated 

by significant shifts in peak positions and intensities. For example, the broad -

�2�+���S�H�D�N���D�W������������ �F�P�q�ï���Y�D�Uied in intensity with increasing OSE concentration, 

signifying a reorganization and strengthening of the hydrogen bonding network. 

Similarly, the C-�+���S�H�D�N���D�W���D�S�S�U�R�[�L�P�D�W�H�O�\�������������F�P�q�ï���F�R�Q�I�L�U�P�H�G���W�K�H���S�U�H�V�H�Q�F�H���R�I��

hydrophobic hydrocarbon chains, which potentially explained the reduction in 

the water absorption properties of the films (Poothanari et al., 2024). In 

conclusion, the molecular interactions among OSE, GE, CS, and PVA 

significantly contribute to the physical and functional properties of the CS/PVA-

GE-OSE films.
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Figure 4.5. FT-IR analysis of CS/PVA-GE films with varying OSE concentrations. 
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4.3.4.2. XRD 

The crystalline structure of the films was analyzed by XRD (Figure 4.6). 

The diffraction patterns revealed the crystalline and semicrystalline 

characteristics of the individual components, as well as the structural changes 

within the polymer matrix upon blending. The XRD spectrum of OSE exhibited 

sharp crystalline peaks, confirming its inherent crystalline structure. This 

crystallinity is particularly attributed to the polyphenolic compounds in OSE. 

For GE, PVA, and CS, broad and weak semicrystalline peaks were observed 

near 20°, indicating the predominantly amorphous structure with minor 

crystalline regions of these components. These observations align with those of 

previous studies describing the semicrystalline characteristics of these 

biopolymers (Wang et al., 2008). In the blended films, a broad and mild peak 

was observed near 20°, indicating that the crystalline nature of OSE was reduced 

or eliminated upon incorporation into the polymer matrix. Therefore, the 

interactions between OSE and the polymer components disrupted the crystalline 

regions and enhanced the amorphous structure of the resulting films. Increased 

amorphousness improves the flexibility and processability of films, which are 

advantageous for packaging applications. Conversely, retaining crystalline 

properties enhance the mechanical strength and stability of the films, making 

them suitable for particular functional applications (Jeevahan et al., 2019). 

These findings demonstrate that the structural properties of the CS/PVA-GE-
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OSE films can be adjusted through the OSE concentration and the interactions 

among the blended components.  
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Figure 4.6. XRD analysis of CS/PVA-GE films with varying OSE concentrations. 
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4.3.5. Biological activities 

4.3.5.1. Antioxidative activities 

The antioxidative activity of the films was evaluated using ABTS+, DPPH, 

and FRAP assays (Figure 4.7). The release of antioxidative compounds over 

time and their corresponding activities significantly increased in both the release 

rate and final antioxidative activity with increasing OSE concentration. These 

findings emphasize OSE as a critical source of antioxidative compounds, 

significantly enhancing the functional performance of the films (Han et al., 

2024). Notably, the OSE5 film exhibited the highest antioxidative performance, 

exhibiting a rapid initial activity and prolonged stability over time. Thus, the 

higher concentration of antioxidative compounds in the OSE5 film facilitated a 

strong initial response while maintaining a sustained release. In contrast, the 

OSE1 and OSE2 films displayed relatively slower release patterns and lower 

initial activity. However, the antioxidative activity remained stable over an 

extended period. These results demonstrate the crucial role of film composition 

and OSE concentration in determining the release kinetics of antioxidative 

compounds (Zhao et al., 2023). Moreover, the release patterns and final 

antioxidative activities can be optimized by adjusting the OSE concentration 

and film composition to meet the specific application requirements. For 

example, films with high OSE concentrations can provide rapid and robust 

antioxidative protection and are thus suitable for packaging highly perishable 
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foods exposed to oxidative stress. Conversely, films with low OSE 

concentrations are ideal for applications requiring long-term antioxidative 

activity with a controlled and sustained release profile. These results 

demonstrate the significant potential of CS/PVA-GE-OSE films as versatile 

food packaging materials. By fine-tuning the OSE concentration and film 

composition, these films can provide tailored solutions for diverse packaging 

applications that simultaneously enhance functionality and extend shelf life. 



- 230 - 

 

Figure 4.7. Release of antioxidant compounds from CS/PVA-GE films incorporated 

with OSE at different concentrations: (a) ABTS+, (b) DPPH, and (c) FRAP.  
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4.3.5.2. Assessment of food quality retention 

The ability of CS/PVA-GE-OSE films to preserve strawberries was 

evaluated by analyzing their potential for maintaining strawberry quality and 

extending shelf life. Changes in the appearance and preservation status of the 

strawberries were monitored over a storage period of 7 days. On the first day of 

the experiment, all the strawberries maintained their fresh state, with no 

significant differences observed between the packaged and unpackaged (control) 

strawberries. After 7 days, the unpackaged strawberries exhibited severe quality 

deterioration and mold growth. Conversely, strawberries packaged with films 

containing low OSE concentrations (OSE1 and OSE2) demonstrated slight 

freshness retention but showed microbial growth on their surface. In contrast, 

strawberries wrapped in films with higher OSE concentrations (OSE3 to OSE5) 

displayed excellent preservation, with minimal mold growth and negligible 

quality degradation. These findings indicate that the phenolic compounds in 

OSE may have inhibited strawberry decay. Notably, OSE enriched films with 

higher OSE concentrations effectively suppressed oxidation and microbial 

growth, retaining the freshness of strawberries over extended periods. The 

combined effects of antioxidative and antimicrobial properties highlights the 

functional significance of OSE in preserving food quality. Furthermore, 

previous studies have reported that storage in packaging materials containing 

bioactive compounds, such as polyphenols and polysaccharides, can effectively 
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preserve fruit quality. Such films create a protective barrier that reduces oxygen 

exposure, inhibits microbial activity, and slows moisture loss, significantly 

extending the shelf life of highly perishable produce (Yuan et al., 2021). The 

findings of this study are consistent with the said findings, underscoring the 

potential of OSE-enriched CS/PVA-GE films for practical applications in food 

packaging. 
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Figure 4.8. Preservation effects of CS/PVA-GE films with varying OSE concentrations on strawberries. 

(Control) unwrapped, (a) CS/PVA-GE, (b) CS/PVA-GE-OSE1, (c) CS/PVA-GE-OSE2, (d) CS/PVA-GE-OSE3, (e) CS/PVA-GE-OSE4, (f) 

CS/PVA-GE-OSE5
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4.4. Conclusion 

This study successfully developed biopolymer films incorporating OSE, a 

high-functionality extract obtained through the eco-friendly SWE method. OSE 

significantly enhanced the mechanical, physicochemical, and functional 

properties of CS/PVA-GE films, demonstrating their potential for sustainable 

food packaging applications. OSE improved the TS and hydrophobicity of the 

films by reinforcing the hydrogen bonding network within the polymer matrix. 

Concurrently, reductions in the WS and swelling properties indicated enhanced 

moisture resistance. Functionally, the OSE-enriched films exhibited strong 

antioxidative and antimicrobial activities. Given its abundance in phenolic 

compounds, OSE demonstrated high antioxidative capacity in the ABTS+, 

DPPH, and FRAP assays. Packaging tests using fresh strawberries confirmed 

that the films effectively inhibited oxidative stress and microbial growth, 

particularly at higher OSE concentrations, preserving fruit quality for up to 7 

days. This was attributed to the sustained release of bioactive compounds from 

the polymer matrix, with the high OSE films delivering robust initial protection 

and sustained stability. Furthermore, the study highlighted the tunability of the 

film properties through OSE concentration adjustments, enabling the 

development of tailored packag to meet diverse application requirements. In 

particular, films with high OSE concentrations are ideal for the short term 

packaging of highly perishable items requiring strong oxidative and microbial 
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protection, whereas those with lower OSE concentrations offer prolonged 

release for extended storage. This adaptability further underscores the potential 

of OSE enriched biopolymer films as versatile packaging solutions. The 

addition of OSE also promotes sustainability. The use of SWE for OSE film 

production promotes an eco-conscious and zero-waste approach, ensuring the 

full valorization of marine biomass. Such a process supports circular 

bioeconomy goals and provides an effective strategy for meeting the dual 

demands of sustainability and food quality enhancement in the packaging 

industry. In conclusion, the OSE incorporated CS/PVA-GE films offer an 

innovative and practical solution to modern food packaging challenges 

combining environmental sustainability with superior performance. Future 

investigations should evaluate the scalability of this strategy and its efficacy 

across a broader range of food products under varying storage conditions to 

establish the full extent of its applications.  
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Summary 

This study aims to explore sustainable marine biomass utilization strategies 

and the potential applications of eco-friendly biopolymers using the marine 

brown seaweed Sargassum thunbergii. Subcritical Water Extraction (SWE) was 

employed to efficiently extract bioactive compounds from S. thunbergii, and the 

functional properties and diverse applications of these compounds were 

systematically evaluated. 

Therefore, the major findings from the overall studies can be summarized as 

follows: 

I. The physicochemical and bioactive properties of S. thunbergii extracts 

(SSEs) obtained through SWE and conventional solvent extraction 

methods were analyzed. SWE was found to be a process that 

simultaneously satisfies both extraction efficiency and environmental 

friendliness, demonstrating superior antioxidant and antimicrobial 

activities compared to conventional solvent extraction methods. These 

findings validate the potential of SSEs as functional materials in food 

and related industries. 

II.  Response Surface Methodology was utilized to optimize SWE 

conditions for S. thunbergii, thereby establishing a sustainable 

biorefinery process. The optimized extract demonstrated strong 
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antioxidant, antidiabetic, antihypertensive, anti-inflammatory, and anti-

aging effects. Structural analysis also confirmed the potential use of 

residual biomass as biofuel. These results highlight the feasibility of 

environmentally friendly marine biomass utilization strategies based on 

zero-waste principles. 

III.  In the third study, the optimized extract was incorporated into a 

chitosan/polyvinyl alcohol-gelatin composite film to develop functional 

biopolymer-based food packaging materials. The developed packaging 

materials exhibited excellent mechanical strength, hydrophobicity, 

antioxidant, and antimicrobial properties, making them highly effective 

for fresh food preservation. Specifically, storage experiments 

demonstrated that the films significantly extended the shelf life of 

strawberries by inhibiting oxidation and microbial growth, thus playing 

a crucial role in maintaining the quality of fresh produce. 

This study confirms that the bioactive compounds extracted from S. 

thunbergii are applicable across various industrial sectors, including food, 

pharmaceuticals, and cosmetics. Furthermore, the SWE-based eco-friendly 

process ensures the comprehensive utilization of marine biomass, providing 

scientific evidence for achieving a circular economy.  
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Abstract (In Korean)  

.j9Ê8zFJ,�,Ž  9§8ÿ9š 9ZG² 7š9Ú��  4n 9Ê8ÿ <�?ÿ9Ê (Sargassum thunbergii) 

?ê?ò-’9® FB�Z:W E�3‡ 8F�Â 

 

G² <�  .R 

/Ö��%VG¯�¦  %VG¯9& 53FÞ�KG¯�R 

8ê7Ó 

/N 8F�Â$ê GÊ:Æ+® Sargassum thunbergii+Ò H²8ÿG®8B @²H®��:W9Ê�6 %: †$û:W

9Î  .j9Ê8zFJ,�,Ž  9§8ÿ9š �r.rG®�6 , 9Ê+Ò D�GÊ GÊ7ç .j9Ê8z,:4ú9®  �6/Ö�V�V@®+Ò 

C&�ÂG®�69æ G®8V%:. 9Ê+Ò 9ZGÊ 7š9Ú��  4n ?ê?ò(Subcritical Water Extraction, SWE)

9š D�GÊ S. thunbergii*²/ÖC† 33,�H²3‡  -’<�9š  ?ê?òG®�6, 9Ê ?ê?ò-’9® .j9Ê8z,�Eb

9Ê#^,�  �K:k  .e  .j9Ê8zFJ,�,Ž  Gš+Ú �r.r8&3r9®  H²8ÿ �V$û3‡9š F��VG®8V%:. 

?�  .Þ<N 8F�Â8&3r$ê 7š9Ú��  4n ?ê?ò.ë�R :ZD�:W 8ÿ,:  ?ê?ò.ë9’*²  8�8
<�  S. 

thunbergii ?ê?ò-’9® -’,�HªG¯:W  .e  33,�H²3‡  E�3‡9š 0š�¦G®8V%:. 180��8&3r9® 7š

9Ú��  4n ?ê?ò-’9– ?s Eî#Ö G¾*�(13.57 ± 0.19 mg PGE/g), ?s %O G¾*�(61.95 ± 0.75 

mg glucose/g), GÃ3�Hª H²3‡���$�%�7�6�p�����'�3�3�+�����)�5�$�3���W�W 17.99 ± 0.02, 56.72 ± 0.09, 

29.79 ± 0.11 mg TE/g)8&3r �V9û 9�4nG² ���R+Ò  /J8V9’,Æ, GÃ 6 5:H.8&3r 

Escherichia coli8– Bacillus cereus8& �k*{G²  8�:r  Hþ�R+Ò "îC�#�%: . 9Ê*BG² ���R

$ê SWE�V 8ÿ,:  ?ê?ò.ë/J%: 9�4nG®,Æ, @²H®��:W9Ê�6 Hþ�R:W9Î �K:k9Ú9š H«9Î52

A†%:. %ª/Þ8
, GÃ3�Hª .e  GÃ 6 E�3‡9š /Ö8BG®$ê Gš+Ú �r.r8&  :WG¿G² ?ê?ò-’9Ú9š 

523�G²%:. 
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&¦ .Þ<N 8F�Â8&3r$ê SWE9® Hþ9~3‡9š #è9Ê † 9ZGÊ ?ê?ò :Æ�Ê9š ?²:WHªG®�6, 

?²:WHª&r ?ê?ò-’ (Optimized S. thunbergii Extracts, OSE)9® 33,�H²3‡�R  �Â:Æ:W E�

3‡9š :ÛG¿:W9’*² F��VG®8V%:. ?²:W :Æ�Ê(195.43�� , 18.82 min, �6?
 /7·?
  0š9~ 

0.032 g/mL)8&3r ?s Eî#Ö G¾*�(29.01 �·  0.28 mg PGE/g)�R Gb)Ò/J#Î9Ê'2 G¾*�

(10.33 �·  0.48 mg quercetin equivalent/g)9š H«9ÎG®8V%:. OSE$ê �k*{G²  GÃ3�Hª, GÃ

%O$>(�;-glucosidase 8�:r  IC50 1.87 �·  0.09 mg/mL), GÃ�6H^7«(ACE 8�:r  IC50 0.24 �·  

0.01 mg/mL), GÃ 6, GÃ8R;ó, GÃ#ÎHª H²3‡9š /J8V%:. �Â:Æ /Ú3s(NMR, FT-IR, XRD, 

FE-SEM) ���R  SWE$ê 9ê8B .j9Ê8z,:4ú+Ò  .j9Ê8z8F+"*²  :�H²8ÿG¶ �V$û3‡9š :r

�KG®,Æ, OSE$ê Gš+Ú :V9û 7ž:k3‡�R  †$û3‡9š �kHªG®$ê %Æ  †8BG¶ 4n 9Þ$ê 33,�

H²3‡ .e   †$û:W E�3‡9š <�%" �Ù9’*²  "îC�#�%: . 

3Ž .Þ<N 8F�Â8&3r$ê OSE+Ò BúCö3�/FJ,�0š%&7¢Aª8‚-:z)ÒEJ(CS/PVA-GE) H’

G¿ Gš+Ú8& D�G¿G®8B  †$û3‡ .j9Ê8zFJ,�,Ž   †.n  FB9û:�+Ò �r.rG®8V%:. OSE #ã&�

(0%-5%)8& '†+Î  Gš+Ú9®  †��:W , -’,�HªG¯:W ,  †$û:W E�3‡9š F��VG² ���R , 9Î9û �k

&�(20.91 �·  2.03 MPa at 5% OSE), 3â4n3‡(:g?_�W: 94.9�¶), 4n/Ú :VGÃ3‡9Ê Gû3�&n8�

%:. 'Ž †+Ò %V3�9’*²  G² FB9û 52H.8&3r$ê OSE9® Fã/ÖG² Eî#Ö HªG¿-’�R Gb)Ò/J#Î

9Ê'2*²  9ÎGÊ 3�Hª .e  .N33-’  8�:r  Hþ�R�V "îC�"î  :V9û  †�Z  &/7ž 'Ž †9® FÞ<�9Ê 

?²%V 7 9Ò ¢<� 9v<�&n$ê �Ù9š H«9ÎG®8V%:. 9Ê$ê OSE  †.n  .j9Ê8zFJ,�,Ž  Gš+Ú9Ê 

53FÞ FB9û:�*²3r  :V9û 7ž:k3‡�R FÞ<� 9v<�+Ò Hþ�R:W9’*² <�9&G¶ 4n 9Þ9¢9š /J8B

;V%:. 

/N 8F�Â$ê S. thunbergii9® 33,�H²3‡  -’<�9š  H²8ÿG®8B  †$û3‡ .j9Ê8zFJ,�,Ž  

9§8ÿ �V$û3‡9š :r52G®�6, 53FÞ, 9®7ÓFÞ, Hª9ûFÞ 'G %:7çG² 3�8�  /Ú7Ò8&3r9® H²8ÿ 

�V$û3‡9š 9Û;óG®8V%:. (fG² , SWE  †.n  .j9Ê8z,�Eb9Ê#^,�  �K:k9–  -ŠF& †-’  :Z*�

�R <�3ã �V$ûG² �r.r  ,ÿF²+Ò %B3‡G®,Æ, GÊ7ç .j9Ê8z,:4ú9®  �6/Ö�V�V@®Hª+Ò 9ZG² 

@²H®��:W GÊ��>›9š :r�KGÊ H®�� /J:Z8&  †8BG¶ 4n 9Þ9¢9š H«9ÎG®8V%:. 
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