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ABSTRACT

Emulsions are characterized based on the spatial distribution of the oil and water phases
in the mixture. When oil droplets are dispersed in a water phase, an oil-in-water (O/W)
emulsion (e.g., milk and mayonnaise) is formed. A water-in-oil (W/O) emulsion (e.g.,
butter and margarine) is created when the opposite happens. Emulsions made without a
stabilizer are unstable, and depending on the density differences, the emulsion phase
begins to separate into layers. In order to make a long-lasting stable emulsion, stabilizers
must be added. Emulsion stabilizers are categorized based on how they keep the system
stable. Emulsion stabilizers include emulsifiers, texture modifiers, weighing agents, and
ripening retarders. Among these stabilizers, emulsifiers are essential components in the
food industry because of their capacity to generate and stabilize emulsions. The majority
of emulsifiers are derived from chemical and/or enzymatic processes. Natural food-grade
emulsifiers are being extensively researched in order to address customer demand for

green label food and beverage goods.

Rice paddy herb (Limnophila aromatica) belongs to the Scrophulariaceae family.
Limnophila aromatica is a potential source of high-value-added additives with
remarkable bioactivities such as antioxidant, anti-inflammatory, and antimicrobial
properties. In the last decade, investigations of this plant's essential oil extraction and
bioactivities have been conducted. Moreover, the polyphenolic compounds and starch
isolation from this plant were also investigated by some researchers. However, no prior
research has revealed the contents of saponin, protein, and other compounds linked to the
emulsifying performance of the Limnophila aromatica extracts. This dissertation mainly
focused on the suitability of Limnophila aromatica extract toward the sustainable

production of natural emulsifiers.



First, the essential surface-active substances such as saponins, phenolic, and protein, as
well as inorganic compounds of Limnophila aromatica extracts, were characterized.
Limnophila aromatica extracts (LAES) were extracted by solid-liquid extraction, using
different concentrations of aqueous ethanol, including 0, 25, 50, 75, and 99.5% (v/v). The
results showed that absolute ethanol extraction yielded the greatest total saponin (23.8%,
w/w) and phenol content (12.7%, w/w), followed by 75%, 50%, 25%, and 0% aqueous
ethanolic extraction. It indicated that raising the polarity of the extraction solvents by
decreasing the water concentration related to a high yield of percentage of saponin and
phenol content. Due to the precipitation of absolute ethanol, the optimum solvents for
protein extraction were water and 20%, followed by 50%, 75%, and 99.5 % aqueous
ethanolic extraction. The protein contents of Limnophila aromatica extracts ranged from
3.8 to 5.3% (w/w). Among all extracts, 75% (v/v) ethanolic Limnophila aromatica
contained the lowest ash content, indicating less impurity. It was impossible to estimate
the emulsifying performance of the extracts based on their chemical composition since

the Limnophila aromatica consisted of complex compounds.

Second, the interfacial and emulsifying performances of aqueous ethanolic Limnophila
aromatica extracts were evaluated. At the soybean oil/extracts (1 %, w/w) interface, all
LAEs decreased interfacial tension between 12.5 and 16.1 mN/m independently of their
chemical composition. Except for absolute ethanolic extract (LAE-99.5), which
formulated emulsions with droplet sizes bigger than 3 um, all ethanolic Limnophila
aromatica extracts (LAES) were feasible to produce submicron emulsions (273—747 nm)
with a considerably negative charge. Surprisingly, just 75 % (v/v) aqueous ethanolic
Limnophila aromatica extract (LAE-75) was able to keep emulsions stable for up to 7
days at 5 °C. As discussed above, LAE-75 contained the lowest ash content and did not

contain the highest or lowest surface-active compound. These findings suggested that



emulsifying activity of LAEs not only relied on interfacial tension and/or surface-active
elements. The instability of the emulsions was further affected by residual demulsifiers
such as inorganic compounds. Lastly, the emulsion formed of 0.5 % (w/w) LAE-75 and
5% (w/w) soybean oil was maintained well in storage for up to 30 days at

varying temperatures (5 or 25 °C).

In conclusion, Limnophila aromatica extract has the potential to be used as a novel source
of natural emulsifier. To increase the emulsifying properties of the extracts to stabilize
nanoemulsions (droplet size lower than 200 nm) with high oil concentrations, we propose
employing purified Limnophila aromatica extracts as the emulsifiers by eliminating

inorganic residuals in the future study.
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CHAPTER 1

INTRODUCTION



1.1 Background

Even though agricultural production could be increased, it may not be sufficient to fulfill
global food demand. Therefore, Agri-produce processing is required to maximize food
availability and shelf life, lowering losses [1]. Natural toxic materials are converted into
more functional and pleasant foods or beverages throughout the food processing process.
Food innovation should be emphasized for sustainable intensification and new food

resources [2].

In the recent decade, research interest in environmentally friendly procedures and non-
toxic additives has increased, particularly in the food and pharmaceutical industries.
Moreover, the consumers are concerned about the accessibility to use and consume
minimal process products containing natural ingredients. Thus, integrating natural
preservatives and eliminating synthetic chemical additives for product formulation has
recently been the trend toward satisfying consumer demand, as indicated by "clean label"

ingredients [3].

The utilization of natural emulsifiers, which are significant ingredients for the effective
formulation, provides many obstacles to product developers, owing to their inferior
efficacy compared to synthetic counterparts. Chemical and synthetic emulsifiers
continuously dominate the global market, contributing to 67% of total volume. The reason
is that the industry could not identify natural emulsifiers as powerful and flexible as
synthetic ones. So, they must use the combination of natural emulsifiers with other
components to emulsify successfully. Nevertheless, research and development have

substantially advanced in this field, and more innovative ingredients have been explored

[4].



1.2 Limnophila Aromatica
Limnophila aromatica (Lam.) Merr. is also recognized as a rice paddy herb, one of the
Scrophulariaceae family [5]. It is a tropical and aromatic herb approximately 30—50 cm

high and can be harvested 40—45 days after sowing [6].

Table 1.1. The taxonomical classification of Limnophila aromatica [7].

Kingdom Plantae
Sub-Kingdom Tracheobionta
Division Magnoliophyta
Class Magnoliopsida
Sub-Class Asteridae
Order Scrophulariales
Family Scrophulariaceae
Genus Limnophila
Species L. aromatica
Binomial name Limnophila aromatica (Lamk.) Merr.

This plant flourishes in hot weather and most commonly grows in wet situations, mainly
in flooded rice fields. For a few months after the rainy season has passed, it thrives

optimally on drained but still moist, sandy soil of harvested rice fields. After the rain stops



at the end of the monsoon season, the plant spreads like wildfire. It quickly dies after
flowering. Limnophila aromatica is a decumbent fragrant herb with a turpentine odor,
with sessile, opposite leaves that are oblong or lanceolate and finely serrated, purplish
flowers in axillary and terminal racemes, long thin and glandular pedicels, and tiny

obovoid-oblong capsules covered by the striate calyx [7].

Limnophila aromatica is widely grown in Southeast Asia, northern Australia, and other
regions, including Bhutan, China, India, Japan, South Korea, New Guinea, and
Micronesia [8-10]. The plant is native to Southeast Asia and is widely utilized as a species
and medicinal herb among Southeast Asian communities. This plant adds flavor to soups,
sauces, and other cuisines, particularly fresh fish dishes in Cambodian, Laotian, Thai, and
Vietnamese cuisine, due to the flavor and aroma of both lemon and cumin. [9, 11, 12].
Because of the attractive aroma of its essential oil, Limnophila aromatica is widely
utilized as a culinary plant in the form of teas and tight herbal balls for massage. The plant
is also used in traditional folk medicine as an anti-inflammatory, orexigenic,
antispasmodic, antimicrobial, diuretic, and galactagogue for various diseases. The
decoction of plant leaves can cure fever and kidney stones, remove mucus from the
bronchial tubes, and clean wounds. The plant's juice is used to treat fever and pharyngitis.

It is also provided to nursing mothers when the milk gets sour [8, 11].

Farmers in Choeung Teuk commune, near Prey Veng city, Cambodia, have embraced
crop diversification enthusiastically, switching from rice cultivation to rice paddy herb
(Limnophila aromatica) production. In contrast to rice, the farmers would have a steady
income because rice paddy herb (Limnophila aromatica) could be harvested shortly
(almost every month) and suitable for planting in dry and rainy seasons. Farmers may

only harvest 300 Kg of rice in the space of around 2,000 m? a season and sell the total



rice crop for approximately 200,000 to 300,000 riels (USD 50 to 75). However, they can
harvest rice paddy herb (Limnophila aromatica) more than 10 times a year (almost every
month) in the same single plot of land and get an income of approximately 1 million riels
(USD 250) in each harvest. Based on the documentary of Prey Veng's provincial
department of agriculture, 40 to 50 families in Choeung Teuk commune have shifted from
growing rice to rice paddy herb (Limnophila aromatica). Farmers usually assist each
other in harvesting their rice paddy herb to supply the market's demand in Phnom Penh
and other regions. They could collect at least one to two tons of rice paddy herb daily

[13].

Recently, a local small-scale enterprise in Cambodia named Hathkal Lab started to do
business in essential oil production to support the local agricultural products. Rice paddy
herb (Limnophila aromatica) essential oil is one of their popular products. The farmers

could grow more rice paddy herbs and get more income through their business.

Searching across the Medline (National Library of Medicine) and Science Direct
databases, a review study by Gorai et al. in 2014 reported that Limnophila aromatica
contained fifty-four phytochemicals. Those chemicals mainly contain terpenoids,
phenolics, and flavonoids [7]. Several research groups have researched the biological

activity of Limnophila aromatica crude extracts and their phytoconstituents.

Using the disc diffusion technique, Nanasombat and Teckchuen evaluated the
antibacterial effectiveness of methanol extract from Limnophila aromatica leaves against
some bacteria described in Table 1.2 and found significant antibacterial activity with MIC
(Minimum Inhibitory Concentration) values ranging from 2.6 to 41.7 mg/mL [14]. This
extract was more effective against Bacillus cereus and Staphylococcus aureus (2.6 mg/mL

MIC values).



Table 1.2. Influence of methanol extract of Limnophila aromatica on antibacterial

activity [14].
Diameter of inhibition zone
Microorganism MIC value (mg/mL)
(mm)
Bacillus cereus 21.0+5.2 2.6
Staphylococcus aureus 125+25 2.6
Salmonella typhimurium 8.7+0.6 104
Pseudomonas fluorescens 9.7+4.2 20.8
Listeria monocytogenes 122+3.4 20.8
Yersinia enterocolitica 11.2+3.9 41.7

Several researchers have been interested in investigating the Limnophila aromatica oil
extraction in the last decade due to its unique scent and biological activity. The extraction
yield and the main compounds of Limnophila aromatica essential oil differed depending

on the growing region, season, plant portion, and extraction methods [8, 15-17].

Besides this, the Limnophila aromatica has been reported to contain high polyphenolic
compounds, including the phenol content (40.5 mg GAE/g) and flavonoid content (31.11
mg QCE/g) [11] and antioxidant activity, which lead to the protection of vascular
dysfunction [14, 18, 19]. As high-value-added additives with remarkable bioactivity,

Limnophila aromatica could be a potential source of natural emulsifiers.



Table 1.3. Summary of Limnophila aromatica essential oil extraction by the previous

study.
Extraction Yield of
Plant Part Main Compound  Reference
Method Essential Oil
Hydro- z-ocimene,
Aerial parts distillation 1% of dried terpinolene, [15]
4 h Camphor
Hydro- Sabinene,
) distillation 2.17 % of fresh Terpinene, [16]
8h a-humulene
Hydro- methyl benzoate,
L eave distillation 0.15 % of dried pulegone, [8]
4h limonene

1.3 Emulsions

An emulsion is a thermodynamically unstable system of two insoluble liquid phases
(commonly water and oil) in which one liquid is dispersed in the other and assisted by a
stabilizer [20]. The spatial distribution of the oil and water phases in the combination
determines how emulsions are classified. An oil-in-water (O/W) emulsion (e.g., milk and

mayonnaise) is generated when oil droplets are dispersed in a water phase. In contrast, a



water-in-oil (W/O) emulsion (e.g., butter and margarine) is formed when the reverse

occurs (Figure 1.1) [21].

Dispersed phase

(oil)

Dispersed phase
(water)

Continuous phase

(ail)

Continuous phase
(water)

Oil-in-water (O/W) Water-in-oil (W/O)

Figure 1.1. Concept of two-phase emulsions.

Emulsion stability is affected by physical and chemical factors since it is
thermodynamically unstable. Ostwald ripening, creaming, flocculation, and coalescence
are examples of recognized instabilities. Ostwald ripening refers to the formation of large
droplets by continuous phase diffusion of emulsified monomers from tiny droplets to
larger droplets. Creaming is the separation of emulsion droplets caused by gravity as a
cream layer separates from the continuous phase. However, the creaming can also be
inhibited by raising the aqueous phase's viscosity or the volume fraction of the dispersed
phase to limit the droplet's mobility. Flocculation is the aggregation of droplets generated
by the Brownian motion of droplet particles in the liquid. Droplets in close packing
structures adjust their positions after meeting each other, resulting in flocculates with a

more compact form and less continuous phase entrapped [20, 22].

1.4 Emulsifiers
A mechanical force is necessary to disperse one phase into another to produce an

emulsion. However, emulsions formed without adding a stabilizer are unstable, and the



emulsion phase begins to break into various layers depending on the density differences.
Thus, the addition of stabilizers is required to create a long-lasting stable emulsion.
Emulsion stabilizers are classified according to how the system maintains stability.
Emulsifiers, texture modifiers, weighting agents, and ripening retarders are known as
emulsion stabilizers. 1) An emulsifier is a surface-active compound that adsorbs to the
surface of an oil droplet during homogenization. Emulsifiers inhibit aggregation by
adsorbing at the interface and facilitating oil disruption during emulsification. 2) A
texture modifier is a molecule that has the ability to thicken or gel the aqueous phase. The
system's stability is preserved by inhibiting droplet mobility. 3) A weighing agent is a
material that permits a density match with the continuous phase, resulting in the
elimination of creaming or sedimentation caused by gravitational separation. 4) A
ripening retarder is a highly hydrophobic substance that inhibits Ostwald ripening when

introduced to the dispersed phase [23].

Since synthetic emulsifiers are widely established, naturally derived emulsifiers must
fulfill requirements to be considered a potential emulsifier. The commonly used natural
emulsifiers are proteins, polysaccharides, phospholipids, and Saponin. Because of the
appropriate quantities of polar and non-polar groups in their chemical structure (Figure
1.2), these emulsifiers have a high potential for absorption at the oil-water interface [3,
24]. Proteins (casein and whey protein, gelatins, pea, lupin, soy, and corn protein) contain
hydrophilic and hydrophobic amino acids and polypeptide chains. It may be able to cause
electrostatic repulsion due to the presence of the (-COO") or (-NHs") group and steric

repulsion because of the formation of a thick interfacial layer.



Biosurfactants Phospholipids
Saponin Lecithin
Random Coil Biopolymers Colloidal particles
Starch granules, chitin crystals Polysaccharides & Flexible protein

Compact Biopolymers

Globular proteins

Figure 1.2. Some natural emulsifiers use for stabilized emulsions [26].

Polysaccharides (gum Arabic, pectin, and galactomannans) generally have a low surface
activity that could increase continuous phase viscosity leading to the inhibition of droplet
movement. Phospholipids (lecithin) consist of an amphiphilic structure with a hydrophilic
head (phospholipid acid esterified with glycerol) and a lipophilic tail (fatty acid). Lecithin

has a thin interfacial layer prone to coalescence. The structures of saponin (secondary

10



metabolites of plants) contain the hydrophilic sugar group attached to the non-polar
aglycone group. Saponins could produce electrostatic repulsion due to the presence of

glucuronic acids [25].

Even though the proteins, phospholipids, and polysaccharides are commonly used as
natural emulsifiers for preparing the emulsions, the emulsions formed by these
compounds can be disrupted [26, 27]. So, several researchers have been interested in
investigating the natural emulsifiers from other surface-active compounds such as
saponin due to its potential to stabilize the emulsions [28, 29]. Saponins are typically
found in various plants and crops. We believe that Limnophila aromatica might contain

saponin, which is the potential for formulating and stabilizing emulsions.

1.5 Objective
The general objective of this dissertation is to understand the suitability of Limnophila
aromatica extract toward the sustainable production of natural emulsifiers. To achieve

this aim, the specific objectives of this study are listed as the following:

= To characterize the surface-active and inorganic compounds of Limnophila

aromatica extracts.

= To understand the interfacial and emulsifying performance of Limnophila

aromatica extracts.

1.6 Scope of the Study
= Chapter 2: Physicochemical Characterization of Limnophila Aromatica
Extracts. In this chapter, the influence of aqueous ethanol (0, 25, 50, 75,

99.5%, v/v) on the yield and composition of Limnophila aromatica is

11



conducted. The surface-active substances, including protein, saponin, and
phenolic compounds of the extracts, are determined due to their effectiveness
in the stability of emulsions. The total ash content of each extract is also
necessary to evaluate because of the significant impact of the residual

substances on the destabilization of emulsion.

Chapter 3: Interfacial and Emulsifying Properties of Limnophila
Aromatica Extracts. First, the interfacial tension at the soybean oil/water
interface is determined. To assess the influence of the various extracts on the
formation and physical stability of oil-in-water (O/W) emulsions, the volume
mean droplet diameter (da3), electrical charge ({-potential), and droplet size
distribution were determined. The chosen extract was then utilized to make
emulsions with varying extract and oil concentrations. Finally, the stability of

optimum emulsions was evaluated by storing for 30 days at either 5 or 25 °C.
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CHAPTER 2

PHYSICOCHEMICAL CHARACTERIZATION OF

LIMNOPHILA AROMATICA EXTRACTS

13



2.1 Introduction

Rice paddy herb (Limnophila aromatica) is native to Southeast Asia and widely utilized
as a species and medicinal herb among the Southeast Asian community. The fresh
Limnophila aromatica plants and essential oil have been brought to most parts of the
world and are accessible in Asia, Europe, and North America [10, 30]. Rice paddy herb
has been used for centuries to treat convulsions, anxiety, and stress, prevent vascular
malfunction, and treat fever. Because of the flavor and aroma, similar to both lemon and
cumin, it is a popular addition to fresh fish recipes [7, 8]. The antibacterial activities of
80% ethanol extract of this plant species have been shown to prevent the proliferation of
Staphylococcus aureus, Staphylococcus epidermidis, Streptococcus pyogenes, and
Propionibacterium acnes [18]. Methanol extract from Limnophila aromatica leaves was
also reported to contain significant antibacterial activity against bacteria such as Bacillus
cereus, Listeria monocytogens, Pseudomonas fluorescens, Salmonella typhimurium,
Staphylococcus aureus, and Yersinia enterocolitica [14]. Certain researchers have
described the anti-inflammatory, antimicrobial, antioxidant, and vascular protective
properties of Limnophila aromatica extracts. [14, 18, 19]. Essential oil extractions from
Limnophila aromatica were widespread because of its distinctive scent, and the main
elements discovered were methyl benzoate, pulegone, limonene, z-ocimene, terpinolene,
and camphor [8, 15, 16]. The investigations on phenol and flavonoid extraction and starch
isolation from Limnophila aromatica have recently been published. The highest total
phenol (4%) and flavonoid (3.1%) of the extract were obtained using absolute ethanolic
extraction [11]. Wijaya and colleagues discovered that defatted and dephenolated

Limnophila aromatica constituted 70.4% pure starch (55.1 % resistant starch) [6].

The food and pharmaceutical sectors have been particularly interested in bioactive

constituents and secondary metabolites obtained from plant sources. Solid-liquid

14



extraction was used to isolate those substances of interest based on their relative solubility
in the extraction solvent. The US Food and Drug Administration states that class 3
solvents, such as ethanol, should be used for solid-liquid extraction since they are non-
toxic and provide a low hazard to public health. Due to its intrinsic toxicity, the use of
Class 2 solvents like methanol should be minimized. Although the recovery yields in
ethanol extraction may be lower than in methanol extraction due to the greater polarity of

methanol, the safety of extract is guaranteed [31].

Recently, incorporating natural emulsifiers and avoiding synthetic chemicals for product
formulation has become popular in fulfilling customer demand [4]. Therefore,
investigating the new source of natural emulsifiers is currently trending. It is necessary to
evaluate the contents of surface-active compounds and inorganic residues of plant
extracts before using them as the natural emulsifier to understand their mechanism for
emulsion stabilization. The contents of surface-active substances such as saponin and
protein of Limnophila aromatica linked to the emulsifying ability of extracts have not
been documented. Even though the determination of phenolic compounds of Limnophila
aromatica extracts was conducted by other researchers [11], it is also important to
evaluate this compound in this study because the different growing regions and seasons
of the plants could be affected the composition of the extracts. Besides this, the
measurement of residue substances (total ash content) is needed to investigate because it
is strongly related to the emulsion instability [32]. Therefore, the objective of this chapter
is to characterize the surface-active and inorganic compounds of Limnophila aromatica

extracts obtained from different aqueous ethanolic extraction.
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2.2 Materials and Methods

2.2.1 Materials and Chemicals

Limnophila aromatica were purchased from a local farm in Takeo province, Cambodia.
Folin—Ciocalteu (FC) reagent was obtained from Sigma-Aldrich (Tokyo, Japan). Gallic
acid, oleanolic acid, vanillin, acetic acid, perchloric acid (60%), ethyl acetate, sodium
carbonate, and ethanol (99.5%) were acquired from FUJI-FILM Wako Pure Chemical
Corporation (Osaka, Japan). The ultrapure water was generated by the Arium ® comfort 11

system (Sartorius AG, Gottingen, Germany).

2.2.2 Preparation of the Limnophila Aromatica Extracts

After harvested, aerial parts of Limnophila aromatica were cleaned with deionized water
and dried for approximately three days in an open space at room temperature. The dried
Limnophila aromatica) were packed in zip plastic bags and preserved at —20 °C until
further usage. The dried plants were milled using the Ultra Centrifugal Mill ZM 200 at
6,000 rpm and sieved to a homogenous powder with a particle size of approximately 0.5
mm. The extraction was carried out by stirring the sample powder in various aqueous
ethanol (0, 25, 50, 75, or 99.5% (v/v)) at a powder:solvent weight ratio of 1:10 using a
magnetic stirrer for 3 h at room temperature. The mixtures were centrifuged for 30 min
at 3,300 rpm using a Kubota Corp, Tokyo, Japan, and filtered through Whatman filter
paper assisted by vacuum to eliminate the solid particles. After that, the solvents were
eliminated using a rotary evaporator (EYELA Co., Ltd, Shanghai, China) at 49 hPa and
40 °C. The extracts were then further purified by re-dispersed in ultrapure water and
centrifuged at 10,000 rpm for 30 min by high-speed refrigerated micro centrifuge (MX-
307, TOMY, Japan) and filtered using syringe hydrophilic membrane filters (PTFE 0.45
pm) to separate the insoluble substances. Finally, the extracts were freeze-dried at —80 °C,

5 Pa, using an EYELA freeze drier to remove the water, and then kept at —20 °C until the
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further experiment. The freeze-dried water-soluble Limnophila aromatica extracts were
identified as LAE-0, LAE-25, LAE-50, LAE-75, and LAE-99.5 based on the ethanol
concentration utilized throughout extraction. The extraction yield (EY) was calculated as

the following equation (1):

Extraction Yield (%, dry basis) = W1/Wq (1)

W1 is the weight of the freeze-dried Limnophila aromatica extract, whereas Wy is the

weight of Limnophila aromatica powder.

2.2.3 Chemical Composition Characterization of Limnophila Aromatica Extracts
a) Total Phenol Content

The total phenol content of each extract was measured spectrophotometrically using the
method of Folin—Ciocalteu described by Sahu and Saxena, with slight modification [33].
The standard curve was created using gallic acid as the standard (0-80 pg/mL). In brief,
0.5 mL of each diluted extract (250 or 500 pg/mL) or standard was introduced into test
tubes, followed by 2.5 mL of Folin—Ciocalteu reagent (10-fold diluted with ultrapure
water) and mixed thoroughly by Vortex Mixer. Then, 2 mL of 7.5% (w/v) sodium
carbonate was added to the mixture and mixed gently. The tubes were covered and kept
for 30 min at room temperature. UV—VIS spectrophotometer (JASCO Co., Hachioji,
Japan) was used to measure the absorbance of the mixture at 760 nm against the blank

solution (prepared with the same process without the extract).

b) Total Saponin Content
The total saponin content of each extract was quantified spectrophotometrically using the
colorimetric method [34]. The calibration curve was created using oleanolic acid as the
standard (0-250 pg/mL). Briefly, 0.1 mL of each diluted extract (500 or 1,500 pg/mL) or

standard was introduced into test tubes, followed by 0.1 mL of 5 % (w/v) vanillin—acetic
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acid solution and mixed thoroughly by Vortex Mixer. 1.2 mL of 60% perchloric acid was
added and mixed gently. The mixture was then incubated at 70 °C for 20 min and cooled
down to room temperature. After that, 5 mL of ethyl acetate was added to the mixture and
mixed thoroughly. The absorbance was immediately read by UV—VIS spectrophotometer
(JASCO Co., Hachioji, Japan) at 550 nm against the blank solution (prepared with the

same process without the extract).

c) Total Protein Content
The total protein content was estimated from total nitrogen content by multiplying the
total nitrogen content with the nitrogen to protein conversion factor (6.25) [35]. The
determination of the total nitrogen content of each extract was conducted by the Research
Facility Center for Science and Technology of the University of Tsukuba using an organic

elemental analyzer (C, H, N, S) (elementar (UNICUBE)).

d) Total Ash Content
The total ash content was estimated by combusting the organic matter. Before the burning
process, the porcelain crucibles were clean, dried in the oven, and pre-weight.
Approximately 2 g of Limnophila aromatica extract (LAE) was placed in those porcelain
crucibles and combusted for 24 h using the furnace muffle at 600 °C [36] and then cooled
down to room temperature by setting it in the desiccator for about 30 min. The crucible
containing the ash was weighted, and the total ash content was computed as the following

equation (2):

Total ash content (%, dry basis) = W1/W (2

W, is the weight of the ash, whereas Wy is the weight of freeze-dried Limnophila

aromatica extract (LAE).
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2.2.4 Statistical Analyses

All the experiments were conducted in three replications. One-way analysis of variance
(ANOVA) with the Duncan test was conducted to assess significant differences among
variables at a 95% confidence level using SPSS statistic software version 28.0 (IBM

Corp., Armonk, New York).

2.3 Results and Discussion

2.3.1 Extraction Yield

Milling, grinding, homogenization, and extraction are the processes for phytochemicals
extraction from plants and medicinal herbs. Extraction is the most important step in
extracting and separating phytochemicals from plant materials. The chemical
composition of phytochemicals, the extraction method utilized, sample particle size, the
solvent used, and the presence of interfering compounds all impact extraction efficiency.
The extraction yield is mainly affected by the solvent's polarity, pH, temperature,
extraction time, and sample composition. However, the solvent and sample composition
are the most relevant factors under the same extraction time and temperature [37]. This
work focuses on the effect of different ethanol concentrations with the same sample,
temperature, extraction time, and sample particle size. As shown in Figure 2.1, the
extraction yield (EY) of Limnophila aromatica extracts using different aqueous ethanolic
extraction was significantly different (p < 0.05). The result showed the maximized
extraction yield (9.53 + 0.15%, w/w) while increasing ethanol concentration to 50% (v/v)
and stated to decrease when increasing the concentration of ethanol to 75% (v/v) and
99.5 %(Vv/v). It indicated that the extraction yield was various depending on the polarity
of the solvent. The lowest polarity solvent (absolute ethanol) or highest polarity solvent
(water) used for Limnophila aromatica extraction indicated a low yield. This result might

be distributed to the higher solubility of proteins and carbohydrates in water than in
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ethanol [38]. The combination of water and ethanol may contribute the extraction of
soluble substances in water and/or organic solvent. The above findings agree with the
previous study on the extraction yields of Limnophila aromatica [11] and some other

medicinal plants [39].

2.3.2 Total Phenol Content of Limnophila Aromatica Extracts (LAES)
The total phenol content was determined using the calibration curve y = 0.01x + 0.0071
with R? = 0.9993 (Figure 2.2), where x refers to the absorbance and y indicates the

concentration of the gallic acid solution (ug/mL).

As shown in Figure 2.3, the total phenol content of Limnophila aromatica extracts (LAES)
using various aqueous ethanolic extraction was significantly different (p < 0.05) and
ranged from 3.70 = 0.04% (w/w) for water extraction to 12.79 + 0.07% (w/w) for absolute
ethanol. The total phenol content of Limnophila aromatica extracts (LAESs) increased in
the following order: 0% < 25% < 50% < 75% < 99.5%. The results showed that when the
polarity of the solvent was reduced by increasing the ethanol concentration, the phenol
content increased significantly. It might imply that water extract contains more non-
phenol compounds, such as carbohydrate and terpene, than other extracts. It might be
attributed to the complex formation of some phenolic constituents in ethanol-soluble
extracts. It is also widely understood that utilizing a much higher percentage of ethanol

improves polyphenol extraction yield [11, 40].

2.3.3 Total Saponin Content of Limnophila Aromatica Extracts (LAES)
The total saponin content was determined using the calibration curve y = 0.0025x +
0.0018 with R? = 0.9957 (Figure 2.4), where x refers to the absorbance and y indicates

the concentration of the oleanolic acid solution (ug/mL).
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As shown in Figure 2.5, the total saponin content of Limnophila aromatica extracts
(LAES) using various aqueous ethanolic extraction was significantly different (p < 0.05)
and ranged from 7.75 + 0.20% (w/w) for 0% (w/w) ethanolic extraction (water) to 23.87
* 0.54% (w/w) for 99.5% (w/w) ethanolic extraction (absolute ethanol). The total saponin
content of Limnophila aromatica extracts (LAES) decrease in the following order: 99.5%
> 75% > 50% > 25% > 0%. This trend demonstrated that the total phenol content of
Limnophila aromatica extracts (LAEs) dropped as the water concentration increased
during extraction. Saponin extracted from medicinal plants is generally composed of
several types of aglycone molecules (water-insoluble substances) and one or two sugar
moieties (water-soluble substances). Hydrophobic saponins, in general, dissolve easily in
low polarity solvents, whereas hydrophilic saponins dissolve readily in high polarity
solvents [41]. As a result, Limnophila aromatica plants may contain significantly more
semi-polar and polar saponins. Furthermore, our result agrees with Do et al., who
discovered that low polarity solvents were better than high polarity solvents for saponin

extraction from Codonopsis javanica root [42].

2.3.4 Total Protein Content of Limnophilla Aromatica Extracts (LAES)

According to Figure 2.6 the lowest protein content was obtained from 99.5 % (v/v)
ethanolic extraction (3.81 + 0.29 %, w/w) while the highest protein contents were acquired
by water extraction and 25% (v/v) aqueous ethanolic extraction (5.38 + 0.27 and 4.97 +
0.33 %, w/w, respectively). The result indicated that the protein content reduced as the
polarity of the solvent enhanced, confirming protein precipitation by absolute ethanol and
removal by centrifugation and filtration steps. Likewise, in high polarity solvents such as

absolute ethanol, the protein was reported to be unstable and less soluble [43].
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2.3.5 Total Ash Content of Limnophila Aromatica Extracts (LAES)

The total ash content of Limnophila aromatica extracts (LAES) was ranging between
14.74 + 0.55% from 75% (v/v) ethanolic extraction to 30.86 = 2.20% from absolute
ethanol extraction (Figure 2.7). The ash content in Limnophila aromatica extracts might
be related to the amount of inorganic material present, both internally and during the
extraction processes. The inorganic residue that remains after removing the water and
organic compounds by burning is known as ash and is often used to assess the total
mineral content [44]. Nonetheless, the high ash concentrations reflect impurity elements

that considerably impact emulsion formation and stabilization [32].

2.4 Conclusions

In summary, the highest total saponin and phenol contents were obtained from absolute
ethanol extraction, followed by 75%, 50%, 25%, and 0% aqueous ethanolic extraction. It
Is indicated that the enhancement of polarity of the solvents by increasing ethanol
concentration resulted in high saponin and phenol content. It might be attributed to the
complex formation of some phenolic and saponin substances in ethanol-soluble extracts.
In contrast, the best solvents for protein extraction were water and 20%, followed by 50%,
75%, and 99.5% aqueous ethanolic extraction due to the precipitation by absolute ethanol.
The results showed that Limnophila aromatica extracts consisted of a high percentage of
surface-active compounds, which could be the potential for forming and stabilizing
emulsions. All extracts contained different amounts of surface-active compounds and
inorganic substances. Therefore, we cannot select the extract for preparing emulsions
based on their composition. All Limnophila aromatica extracts (LAESs) will be used for

interfacial and emulsifying investigation.
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Figure 2.1. Extraction yields (%, w/w) of different aqueous ethanolic Limnophila
aromatica extracts (LAEsS). The average with the various letters means significantly

different at a 95% confidence interval (p < 0.05).
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CHAPTER 3

INTERFACIAL AND EMULSIFYING PROPERTIES OF

LIMNOPHILA AROMATICA EXTRACTS
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3.1. Introduction

Emulsions are commonly used in various industries, including agriculture, cosmetics,
food, pharmaceutical, and petroleum [45]. A mechanical force is necessary to disperse
one phase into another to produce an emulsion. However, emulsions formed without
adding emulsifiers are unstable, and the emulsion phase begins to break into various
layers depending on the density differences. Thus, the addition of emulsifiers is required

to create a long-lasting stable emulsion [46].

Emulsifiers are essential elements in the food industry due to their abilities to generate
and stabilize emulsions. Most emulsifiers are obtained from chemical and/or enzymatic
reactions initially developed for large-scale and economical manufacturing. Natural food-
grade emulsifiers are undergoing intensive research in order to meet the growing demand

for green label food and beverage products among consumers [3].

Proteins (e.g., caseins, whey protein), polysaccharides (e.g., starch, pectin), and
phospholipids (e.g., lecithin) are the most common natural emulsifiers used to produce
emulsion-based products. However, emulsions produced by these substances break down
quickly [26, 27]. As a result, researchers are interested in producing natural emulsifiers
with better emulsifying characteristics using alternative surface-active components such

as saponins [28, 29].

Saponins are tiny substances present in over 100 plant families and a few marine sources
[47]. Plant species primarily influence the composition and concentration of saponin
extracts. However, seasonal changes, plant portions, and extraction techniques affect
saponin extract quality and quantity [48, 49]. According to some previous research,
saponins derived from plant materials comprised a variety of various saponin components

(e.g., over 100 saponins isolated from Quillaja Saponaria Molina) and botanical residue
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substances, resulting in impurity saponins [50, 51]. Saponins are amphiphilic in nature,
with hydrophilic carbohydrate chains connected to hydrophobic steroid or triterpenoid
aglycon. Saponins' dispersion capacities are described by mixing polar and non-polar
structural components in their molecules [52, 53]. Hence, researchers have been
interested in using saponins (particularly quillaja saponins) as natural emulsifiers. The
emulsions generated by quillaja saponins have a long shelf life and are stable against
environmental challenges such as high temperature, pH change, ionic strength, and

storage duration [28, 54-56].

Investigating various plant and agro-by-product sources (yucca, ginseng, red beet, oat
bran, argan press cake, sugar beet, argan shell, olive oil cake, and liquorice) of saponins
has become an important area of research because of the increasing demand for using
saponin extracts as natural emulsifiers [32, 57-64]. Even though the extracts had lower
saponin concentrations, their emulsion formulating performance was equivalent to
quillaja saponins. It suggests that additional components, such as phenolic compounds
and proteins, contribute significantly to the crude extracts’ emulsifying properties.
Generally, the researchers chose the extract for emulsion preparation based on its capacity
to reduce interfacial tension and/or high surface-active substances [59, 60, 62]. The
presence of residual particles in crude extracts, on the other hand, may significantly
impact their physicochemical characteristics, leading to emulsion instability [32]. So, it's
crucial to evaluate emulsions made from various extracts generated from the same
material under different extraction conditions. The objective of this chapter was to
understand the overall interfacial and emulsifying performance of Limnophila aromatica

extracts.
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3.2. Materials and Methods

3.2.1.Materials and Chemicals

Limnophila aromatica extracts were produced by ethanolic extraction using various
concentrations of aqueous ethanol as described in Chapter 2.2.2. Sodium azide and
soybean oil were acquired from FUJI-FILM Wako Pure Chemical Corporation (Osaka,
Japan). All the ultrapure water utilized in this investigation was generated by the Arium ®

comfort Il system (Sartorius AG, Goéttingen, Germany).

3.2.2.Measurement of Interfacial Tension of Limnophila Aromatica Extracts (LAES)

The interfacial tensions between the Limnophila aromatica extracts (LAESs) and soybean
oil were determined at 25 °C by a DMo-501 interfacial tension meter (Kyowa Interface
Science Co., Ltd., Saitama, Japan) following the pendant drop method. First, 0.005-3%
(w/w) freeze-dried Limnophila aromatica extracts (LAEs) were dissolved in ultrapure
water at 25 °C using a magnetic stirrer for 12 h. A 22-gauge syringe needle (22 G) was
used to inject the extract solution into the soybean oil. When the drop reached its full
volume, a high-resolution camera snapped a photo of it right once to assess its size and
shape. After that, the FAMAS analysis program calculated the interfacial tension

automatically using the Young Laplace equation.

3.2.3.Preparation of Oil-in-Water (O/W) Emulsions

95% (w/w) continuous phase and 5% (w/w) dispersed phase (soybean oil) were pre-mix
by a high-speed mixer (Polytron® System PT 3100, Kinematica AG, Lucerne,
Switzerland) at 10,000 rpm for 5 min to form the coarse emulsions. Each continuous

phase consisted of 1% (w/w) Limnophila aromatica extract (LAE) in ultrapure water (pH

~ 7) as an emulsifier and 0.02% (w/w) sodium azide as microbial proliferation inhibition

agent. Coarse emulsions were homogenized four passes at 100 MPa throughout a single-
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stage high-pressure homogenizer (NanoVater, NV200, Yoshida Kikai, Nagoya, Japan),
illustrated in Figure 3.2. The obtained homogenous emulsions were kept at 5 °C until
measurements. The optimum Limnophila aromatica extract (LAE) was then used as an
emulsifier to investigate the influence of extract concentrations (0.1-2%, w/w) and oil
mass fractions (0.5-20%, w/w) on the forming and stabilizing of oil-in-water (O/W)
emulsions. The procedures to generate the homogenous emulsions were similar to the

previous description.

3.2.4.Measurement of Droplet Size

The droplet size of each oil-in-water (O/W) emulsion was evaluated using a static laser
diffraction particle size analyzer (LS 13,320, Beckman Coulter, Brea, CA). The dispersed
and continuous phases' refractive indexes were set to 1.432 and 1.330, respectively. The
emulsions were directly introduced into the measuring module without dilution for this

analyzer. The droplet size measurement was expressed as the droplet size distribution,

and the volume mean diameter, ds3 = X (nidi*) / = (nidi®), where n; refers to the number of

droplets with diameter di.

3.2.5.Measurement of Zeta-Potential

Electrophoretic mobility of oil droplets reported as (-potential of each emulsion was
measured immediately after homogenization using a dynamic light scattering particle
analyzer (Zetasizer, Nano ZS, Malvern Instruments Ltd., Worcestershire, UK). In brief,
the emulsions were diluted (1:100) with ultrapure water to prevent multiple scattering
effects. 1 mL of diluted samples were then injected into disposal folded capillary cells
(DTS 1070) and equilibrated at 25 °C for 60 s. The refractive index of the continuous and

dispersed phases was set to 1.330 and 1.432, respectively.
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3.2.6. Assessment of Emulsion Stability

The stability of the oil-in-water (O/w) emulsion was assessed by measuring the volume
mean diameter (ds3), and the visual aspect of the emulsions changed over time. The
optimum Limnophila aromatica and the selected extract concentration and oil mass
fraction were prepared with the same procedure described in 3.2.3 and stored at two

different temperatures (5 or 25 °C) for 30 days (Day 0, 7, 15, 21 and 30).

3.2.7. Statistical Analyses
All experiments in this chapter were carried out at least duplicated, with a minimum of
three replicated. The presented values were the average with standard deviations

computed using Microsoft Excel (One Microsoft Way, Redmond, Washington, U.S.).

3.3. Results and Discussion

3.3.1 Interfacial Properties of Limnophila Aromatica Extracts (LAES)

The presence of surface-active molecules capable of quickly adsorbing at the oil/water
interface was therefore attributed to the interfacial activities of Limnophila aromatica
extracts. Saponins are small surfactants with a hydrophilic-to-hydrophobic configuration.
As a result, they may adsorb more effectively at the oil/water interface, lowering the
interfacial tension between the oil and water phases [28]. Phenolic substances are tiny
molecules that displace quickly at the oil/water interface. Because they have lower surface
activity than saponins, they are rarely utilized as primary emulsifiers [65]. On the other
hand, proteins have larger particle sizes and take longer to adsorb at the oil/water interface.
Proteins may bind to the droplet surface more efficiently due to their higher adsorption
energy, enhancing emulsion stability [21]. Due to the complex composition of
Limnophila aromatica extracts, it was hard to evaluate the exact component responsible

for interfacial tension reductions in this study.
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All Limnophila aromatica extracts (LAEs), as shown in Figure 3.3, can decrease
interfacial tension at the soybean/water interface. When utilizing lower concentrations
(0.01 percent, w/w) of the extracts, the interfacial tensions of LAEs were closed to
ultrapure water, indicating poor adsorption of surface-active molecules at the oil/water
interface. Absolute ethanol extracts achieved the lowest interfacial tension (12.58 mN/m)
at the medium concentration (1%, w/w), whereas LAE-0 and LAE-25 produced the largest
value of interfacial tensions (16.18 and 15.86 mN/m, respectively). As predicted, the
greatest saponin and phenol concentration obtained from absolute ethanol substantially
influenced the extract's interfacial characteristics. In contrast, the greatest protein
concentrations of the extracts prepared by water and 25% (v/v) aqueous ethanol did not
affect the extracts' interfacial activity. The interfacial tension was reduced to 10.1-13.2
mN/m when the extracts' concentration increased to 3% (w/w). This study showed that
the interfacial tension values of all LAEs are in the same range as the minimal interfacial

tension (7-16.3 mN/m) of other efficient natural emulsifiers isolated from the botanic.

3.3.2 Influence of Limnophila Aromatica Extracts (LAEs) on Emulsion Formation
and Stabilization

The electrical charge of emulsions significantly impacts their stability under various
storage environments. The high negative charge primarily suggests that the emulsifier
layer generates stronger repulsive interactions between emulsion droplets, preventing
coalescence and stabilizing emulsion [66]. Losso et al. found that emulsions exhibited
good stability when their {-potential levels were between 41 and 50 mV [67]. The (-
potential of LAE emulsions, on the other hand, did not respond to their stable features.
Except for LAE-99.5, which had the largest negative charge (-67 mV) of all emulsions,
all emulsions containing LAEs had a comparable {-potential value (—41 to —43 mV)

(Figure 3.4). Surface-active components in the extracts, such as protein, saponin, and
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phenolic compound, may generate a negative charge of emulsions. Proteins are composed
of acidic and basic groups, which results in a significant negative charge (e.g., the (-
potential of soy and chickpea proteins is about —40 mV) [68, 69]. Typically, the C -
potential of saponin-prepared emulsions, such as quillaja, was strongly negative because
their structures contained a carboxylic group [70]. However, additional compounds with
anionic residues in the crude extracts influence the electrical charge of saponin emulsions.
Bottcher et al. reported that purifying the extracts by eliminating anionic non-saponin

components reduced the negative charge of the emulsion from 70 to 50 mV at pH 7 [71].

Except for emulsions utilizing LAE-99.5 (absolute ethanol), which exhibited the largest
droplet diameter (ds,3 = 3269 + 29 nm) among the samples, all LAEs were successfully
implemented as emulsifiers to generate emulsions (dsz < 1 um) with the volume mean
diameter (da3) ranging from 273 to 747 nm. The most effective emulsifier was LAE-50,
which reduced the volume mean diameter (ds,3) of fresh emulsion to approximately 273
nm, followed by LAE-75, LAE-25, LAE-0, and LAE-99.5, respectively (Figure 3.4). The
stability of emulsions produced by LAE-99.5 was not observed since it did not effectively
formulate submicron emulsions. Unexpectedly, after 7 days of storage at 5 °C, the droplet
size (d4,3) of emulsions generated by LAE-0, LAE-25, or LAE-50 increased considerably,
but LAE-75 was able to maintain the emulsions without significant change in droplet size
at the same storage conditions and periods (Figure 3.5). Bimodal droplet size distributions
were seen regardless of the type of extract used to stabilize emulsions, demonstrating that
emulsions may include varying droplet sizes (Figure 3.6). Nonetheless, there was nearly
no change in the droplet size distribution of emulsions utilizing LAE-75 between Day 0
and Day 7, resulting in emulsion interface stability and coalescence inhibition. The visual
appearance of the emulsions, which displayed significant flocculation and coalescence

after 7 days of storage at 5 °C, validated these findings (Figure 3.7). A creaming layer
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appeared on top of emulsions containing LAE-0, LAE-25, or LAE-50; the aqueous phase
serum could also be visualized. However, emulsions containing LAE-75 as an emulsifier
remained almost unchanged in visual appearance after storage. As a result, LAE-75 was

chosen as the emulsifier for further tests.

The interfacial layer properties of oil droplets and the continuous phase composition have
a significant impact on the physical stability of emulsions. [72]. Rapidly screening
charges at the oil/water interfaces caused by increased salt concentration in
electrostatically stabilized emulsions leads to flocculation and emulsion coalescence [58,
59]. Furthermore, flocculation is commonly produced by the depletion of non-adsorbing
emulsifiers, which results in emulsion instability [73]. In this investigation, emulsions
generated from extracts with a high concentration of inorganic components had worse
emulsion stability, as determined by the total ash content in the previous chapter (Figure
2.7). Therefore, we hypothesize that the residual ionic composition of Limnophila
aromatica extracts (LAEs) promotes electrostatic screening of droplet interfaces which

significantly impacts emulsion stability.

3.3.3 Influence of Extract Concentration on Emulsion Formation and Stabilization

The electrical charge of emulsions generated with different concentrations of LAE-75
varied from —40 to -52 mV for 0.1 and 2% (w/w), respectively (Figure 3.8). The high
negative charge of emulsions significantly enhances emulsion stability by avoiding
coalescence and flocculation [66]. In contrast, the emulsions containing 2% (w/w) LAE-
75 showed the largest negative charge with minor stability. As described in earlier
sections, the negative charge of emulsions can be caused by both the charge of surface-

active substances and anionic residual compounds [73].
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Figure 3.8 demonstrates that increasing the LAE-75 concentration from 0.1 to 1% (w/w)
reduced the volume mean diameter (ds,3) of emulsions from 836 nm to the minimal value
of 424 nm. The droplet size (ds3) of emulsions was increased to 659 nm and 718 nm,
respectively, by raising the concentration of LAE-75 to 1.5 and 2 % (w/w). Surprisingly,
high extract concentrations, such as 1.5 and 2% (w/w), could not stabilize the emulsions,
but 1% (w/w) could stabilize the emulsions for only 7 days at 5 °C. After a period of
storage (15 days) at 5 °C, the emulsions containing low amounts of extract (0.5 %, w/w)
maintained about the same droplet size (d43) (Figure 3.9). As illustrated in Figure 3.10,
the visual appearance of emulsions verified these findings. Oiling-off and creaming were
seen in emulsions containing 1.5 and 2% (w/w) LAE-75 on Day 7 and 1% (w/w) on Day
15. However, emulsions containing lower concentrations did not change appearance after

15 days.

Consequently, while utilizing a low concentration of extract (< 0.5 % w/w) as the
emulsifier, the droplet size of the emulsions was large because the surface-active
substances to cover the oil interfaces were insufficient. Nevertheless, utilizing a high
concentration of extract (> 0.5% w/w) resulted in flocculation and coalescence during
storage due to an increase in un-adsorbed surface-active compounds and destabilizing

agents (e.g., mineral) in the emulsions [64, 74].

3.3.4 Influence of Oil Concentration on Emulsion Formation and Stabilization

Oil-in-water (O/W) emulsions were formed by blending 0.5% (w/w) LAE-75 as an
emulsifier with various concentrations of soybean oil (2.5 to 20%, w/w). The emulsion's
droplet size (da,3) was raised when the oil concentration was increased (Figure 3.11). The
value of da3 varied between 250 and 2349 nm from 2.5 to 20% (w/w). The emulsions

containing 20% (w/w) oil exhibited oiling-off a few hours after homogenization, whereas
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the emulsions containing 10% (w/w) oil could be stabilized for 3 days and showed oiling-
off on Day 7 (Figure 3.12). With a droplet size (ds;3) of approximately 250 and 450 nm,
respectively, LAE-75 (0.5 %, w/w) could stabilize 2.5 and 5 % (w/w) soybean oil for up
to 7 days. However, with a droplet size (da3) of approximately 250 and 450 nm, LAE-75

(0.5 %, w/w) could stabilize 2.5 and 5 % (w/w) soybean oil for up to 7 days.

The insufficient concentration of the extract and the growing emulsion viscosity produce
instability in emulsions with high oil concentrations, resulting in disrupted efficiency
during homogenization [60]. As a result, LAE-75 was able to stabilize oil-in-water (O/W)
emulsions with up to 5% (w/w) oil concentration. We believe that raising the content of
purified 75 % (v/v) aqueous ethanolic Limnophila aromatica extract might improve the

stability of emulsions with high oil concentrations (LAE-75).

3.3.5 Oil-in-Water Emulsion Stability

The droplet size (ds,3) of oil-in-water (O/W) emulsions produced by 0.5% (w/w) of 75%
(v/v) aqueous ethanolic Limnophila aromatica extract (LAE-75) and 5% (w/w) soybean
oil was monitored for 30 days at 5 or 25 °C. Figure 3.13 demonstrates that the droplet
size was unaffected by storage at 5 or 25 degrees Celsius. Therefore, LAE-75 might be
employed as a natural emulsifier in the formulation and stabilization of oil-in-water

(O/W) emulsions.

3.4. Conclusions

In summary, all ethanolic Limnophila aromatica extract (LAES) were able to produce
submicron emulsions with a significantly negative charge, except the extract utilizing
absolute ethanol (LAE-99.5), which formulated the emulsions with droplet size larger
than 3 um. Interestingly, only 75% (v/v) aqueous ethanolic Limnophila aromatica extract

(LAE-75) was able to stabilize emulsions stored at 5 °C for up to 7 days. According to
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chapter 2, the LAE-75 did not consist of the highest concentration of surface-active
compounds and contained the lowest percentage of ash content. These findings showed
that emulsifying characteristics of LAE were not dependent only on surface-active
substances and interfacial activities. The residual compounds (e.g., mineral) of extracts
might be the destabilized components promotes electrostatic screening of droplet
interface (Figure 3.14) which induced emulsion instability. LAE-75 (0.5%, w/w) could
maintain emulsions containing up to 5% (w/w) soybean oil for 30 days at either 5 or 25 °C
without significantly affecting droplet size or visual appearance. Therefore, Limnophila

aromatica extract has the potential to be used as a novel source of natural emulsifier.

41



Syringe with
22 G needle

[lluminating

Focusing system

Optics

Computer

Vibration-proof table

Figure 3.1. Pendant drop tensiometry apparatus.

42



5% (w/w) dispersed phase (soybean oil)

95% (w/w) continuous phase (1%, w/w LAE)
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Figure 3.2. Preparation of oil-in-water emulsion containing 5% (w/w) soybean oil and
95% (w/w) aqueous phase (1%, w/w Limnophila aromatica extract) by high-speed

mixture (Polytron®, PT 3,100) and high-pressure homogenizer.
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Figure 3.12. Influence of oil concentration on the visual appearance of fresh emulsions
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CHAPTER 4

GENERAL CONCLUSIONS AND FUTURE PROSPECTIVES
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Because of their ability to form and stabilize emulsions, emulsifiers are crucial
components in the food industry. Most emulsifiers are manufactured by chemical or
enzymatic reactions. Natural food-grade emulsifiers are being widely explored to meet
customer demand for environmentally friendly food products. Rice paddy herb
(Limnophila aromatica) is a known medicinal herb traditionally used to cure particular
diseases. The potential health benefits can be attributed to the presence of phenolic and

flavonoids as well as other bioactivity performance.

This dissertation was focused on the overall emulsifying performance of Limnophila
aromatica extract. However, each extract's surface-active compound, inorganic
substances, and interfacial activity were evaluated to support this objective. The
extraction method used in the study was solid-liquid extraction using different
concentrations of ethanol since it is reported to be a safe solvent with low risk to human

health and the environment.

In summary, the emulsifying performance of Limnophila aromatica extract was not only
highly reliant on interfacial tension and/or surface-active components. The emulsions'
destabilization occurred further by remaining demulsifiers such as inorganic chemicals in
the extract. 0.5% (w/w) LAE-75 could stabilize emulsions up to 5% (w/w) soybean oil
for 30 days. Therefore, we hypothesize that Limnophila aromatica extract has potential

application as a sustainable natural emulsifier.

In future work, it would be ideal to find the method to remove the inorganic residual from
the Limnophila aromatica extracts (e.g., membrane technology) since this impurity could
disturb the emulsifying performance of the extract. We believe that this purification will
enhance the extract's quality. The emulsion stabilized by this purified extract will

successfully produce nanoemulsions with high oil concentration and resistance to
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environmental stress. Since the Limnophila aromatica plants contain much bioactivity
performances, the study on the encapsulation of nutritional compounds (e.g., carotenoid,

lycopene) in oil-in-water emulsions assisted by Limnophila aromatica extract should be

investigated.
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