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Abstract 

 

Ionic cellulose nanocrystals (CNCs) are an interesting surface-active 

particle for encapsulating oils. A CNC is modified chemically into negatively 

sulfated CNCs (S-CNCs) by surface treatment with sulfuric acids. Despite the 

amphiphilic nature of S-CNCs, it is difficult to determine the degree of 

substitution for emulsification of oils especially whose surface energy is low 

and polarity is high. Here, the degree of substitution is controlled by 

desulfation of S-CNCs (dS-CNC) using a low concentration of hydrochloric 

acid solution. dS-CNC shows the decreased surface charge and the increased 

hydrophobic affinity compared with S-CNC. Six different oils are selected for 

determination of the surface tension effect of charged CNCs on the 

emulsification. The stability of emulsion is evaluated by emulsion fraction, 

emulsion particle size, and surface tension of emulsified solutions from dS-

CNCs and oils. 

After the confirming of the surface charge effect of CNCs, highly 

volatile and hydrophobic essential oils are encapsulated with the amphiphilic 

CNCs. Pickering emulsion of various essential oils in CNC shell is 

determined by confocal microscopy with distinct fluorescent labelling. The 

amount of CNC affects the size distribution of Pickering emulsion and the 

emulsion stability is confirmed by rheological property and surface tension. 

The antimicrobial activity of the emulsion is evaluated against E. coli and S. 

aureus by minimal inhibitory concentration and minimum bactericidal 

concentration. The larvicidal activity is also investigated against Ae. 

albopictus by dispersing the emulsion in water. Moreover, the retrieval of the 

Pickering emulsion carrier of the essential oil is crucial to reduce the 
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environmental load in the essential oil delivery system. To retrieve the 

essential oil carrier, the micron-scale Pickering emulsions are embedded in 

SA to form macroscale hydrogel beads. The structure of the composite 

hydrogel bead is characterized to confirm the incorporation of SA-Pickering 

emulsion, and the release behavior is monitored to understand the time-

dependent biological activity of the essential oils. The larvicidal performance 

of the SA-Pickering emulsion composite hydrogel beads is investigated with 

Ae. albopictust larvae. 

 

Keyword: Cellulose nanocrystals, Surface charge effect, Desulfation, 

Pickering emulsion, Essential oil, Larvicidal effect, Antimicrobial activity 

Student Number: 2017-21230 
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Ⅰ. Introduction 
 

Pickering emulsions are based on the amphiphilic solid particles 

adsorbed at the interface of the different phase of liquids [1-3]. The 

amphiphilic particles enhance the oil solubility and dispersibility to the 

aqueous solution and prevent loss of critical component of oil. In recent, 

Pickering emulsion has been attracted in cosmetic, food, and pharmaceutical 

areas for long term storage of phenolic antioxidant compounds and aromatic 

materials of functional oil [4-6], protection from microbial or food aging [7-

9], and sustainable encapsulation of drug [10, 11]. 

The surface charge of surface active particles is one of the critical factors 

in Pickering emulsion [12, 13]. Especially, it is difficult for charged surfactant 

particles to form emulsion droplets due to the repulsive force comprising from 

Coulomb’s law against oils with high polarity [14]. In order to form stable 

emulsion droplets and introduce thermodynamically stable colloidal 

dispersion between the droplets, it is necessary to control charge of the 

surface-active materials.  

The amphiphilicity of CNMs comes from its crystalline structures, 

which are determined by the difference in density between the hydroxyl group 

and the pyranose ring exposed on the surface of crystalline edges at the 

stacking process of linearly linked cellobios polymer chain [15, 16]. The 

covered with abundant layer of CH methane groups (200) crystalline edge 

plays an important role to adsorbing the cellulose to the oil surface [17]. 

Among them, CNCs, in particular, are a potential candidate for Pickering 

particles applicable in biological technology because of their excellent 

amphiphilicity derived from highly crystalline structures [18-23]. Moreover, 

the CNC particles can form various oil-encapsulated emulsions by controlling 
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functional groups at the surface [24, 25]. Since the sulfonate group on S-CNC 

derived from sulfuric acid hydrolysis [26-29] can be substituted to the 

hydroxyl group in the presence of hydroxide ion, a diverse functionality can 

be introduced to the CNC surface [30-32]. Researchers have controlled the 

surface charge of S-CNC using hydrochloric acid and trifluoroacetic acid [17, 

33, 34]. The highly acidic reaction, however, also results in additional acidic 

hydrolysis of CNCs. To prevent the hydrolysis of CNCs, Tiffany et al. 

conducted modification of the S-CNC to dS-CNC under the low 

concentration of acid [35]. 

Here, S-CNC hydrolyzed with sulfuric acid and dS-CNCs desulfurized 

with HCl at the difference reaction time were used for the emulsification of 

nonpolar oils and polar oils. Pickering emulsions prepared with the CNCs are 

evaluated by the emulsion fraction, emulsion droplet size and surface tension, 

which are parameters to evaluate the stability of the Pickering emulsions. It 

will provide a generic idea on the surface charge effect for CNC-based 

Pickering emulsions. 

After the confirming the effect of the surface charge of CNCs on the six 

oils, the 5 different highly volatile and hydrophobic essential oils are 

encapsulated by the amphiphilic CNCs for enhancing efficiency of 

antimicrobial and larvicidal activity. Plant essential oils are secondary 

metabolic compounds of aromatic plants that have antimicrobial, and 

larvicidal activity [36-38]. Essential oils extracted by steam distillation or 

solvent extraction are composed of alcohols, aldehydes, ketones, esters, 

aromatic phenols, lactones, monoterpenes, and sesquiterpenes [39, 40]. It is 

considered that essential oils do not evolve harmful side effects because, in 

general, their components are highly volatile and have short residence times 

in natural environments such as clear water and soil. However, their volatility 
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also means that essential oils need to be released in a controlled, steady 

manner to have the desired larvicidal effect without being wasted by 

evaporation The S-CNCs closely packed at the surface of an oil can reduce 

its ability to evaporate and can enable the sustained release of the oil through 

pores at the nanoscale. In addition, the enhanced solubility of essential oil-

Pickering emulsions in water effectively improves their mosquito larvicidal 

performance [41-43].  

Despite the sustained release of essential oils and the high water 

solubility of Pickering emulsions, it is difficult to remove the S-CNC 

emulsion carriers have been dispersed in water and used, it is difficult to 

remove them from the water. The association of Pickering emulsions with a 

retrievable macroscale hydrogel is a potential solution to this problem. A 

hydrogel can easily control the release of chemicals entrapped within it by 

controlling the degree of gelation and pore size. SA hydrogels incorporated 

with essential oil-Pickering emulsions can be retrieved after the complete 

release of essential oils to water, which will reduce the environmental load 

[19, 44-47]. The eco-friendly SA-Pickering emulsions hydrogels are one 

potential method to control the global disease problems by preventing the 

growth of mosquito larvae in the future.  
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Ⅱ. Literature Survey 
 

2.1. Emulsion 

Emulsion is a colloidal dispersion system consisting of two deference 

immiscible liquids [48, 49]. This metastable solution can be encapsulated by 

amphiphilic emulsifier. Once an external force is applied to the system, the 

emulsifier is located at the interface of the two liquids in order to be 

thermodynamically stable. As more emulsifier is added to the system, the 

emulsifier continues to reduce the interfacial tension to form stable spherical 

droplets. Adding an emulsifier manufactures more spherical droplets called 

micelles in the unstable solution and adding an appropriate amount of 

emulsifier stabilizes the emulsion. 

Emulsion stability implies that the size and spatial arrangement of the 

droplets do not change over time. The unstable droplets of the emulsion show 

five different agglomeration patterns depending on the state of the fluid and 

the kinetic properties of the emulsion (Figure 1) [48, 50, 51].  

Creaming and sedimentation states of emulsion results from the different 

densities between the ambient liquid and the incompletely enclosed liquid by 

the emulsifier. The droplets in these states keep their droplet size distribution 

but a vertical concentration gradient of droplets builds up in whole of solution. 

The exposed large droplets rapidly go up to the top layer (density of liquids: 

ambient liquid > enclosed liquid) or go down to the bottom layer (density of 

liquids: ambient liquid < enclosed liquid) [48, 52]. 

Flocculation state of emulsion is resulted from aggregation of the 

droplets. The droplets in this state maintain their original size after 

aggregation. The deficient of repulsive force between droplets causes the van 

der Waals attraction on the each of droplets. These droplets produce of larger 
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family of droplets unit in the medium. The family of droplets can be easily 

broken or strongly aggregated by the external force depending on the 

magnitude of attractive force on each droplet [49]. 

Ostwald ripening of the droplets is attributed from small droplets which 

has unstable surface composition. Over addition of emulsifiers is induced lots 

of interface area between two liquids. The increase of too much interfacial 

area makes the interface rather thermodynamically unstable, and the droplets 

smaller by the unstable interface tend to agglomerate over time and go to a 

larger family of small droplets or one large droplet to be a stable state [49].  

Coalescence state of emulsion implies that collapse of interfacial 

structure of droplets and forming irreversible liquid film at the top or bottom 

of solution. Fluctuations of film or surface are the driving force of 

manufacturing coalescence layer. The van der Waals attraction, which 

outperforms the colloidal dispersive force attributed by emulsifiers, ensures 

the layer to remain unseparated [48, 53]. 

 

2.1.1. Emulsifier 

Emulsifier is the surface-active agents on the emulsion system. This 

small material is comprised of a hydrophilic head group and a hydrophobic 

tail group. The water-soluble head group usually has a charge on the surface 

of structure. The simplest classification of head groups attributed by their 

polar properties; anionic, cationic, zwitterionic or non-ionic. The polarity of 

the head group induces a continuous electrical repulsive force on the surface 

of the droplet, and the properly existed surface ions are effective in 

manufacturing uniform and well-dispersed colloids. However, too much 

surface ion concentration increases the repulsive force between the 

emulsifiers, which increases the minimum area between the emulsifiers, 
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resulting in a large droplet size. In addition, in the encapsulation of high polar-

oils, the surface ions of the emulsifier are maximized by the polar oil and the 

oil cannot be encapsulated because the polarity of the oil further increases the 

minimum adsorption area between the emulsifiers. On the other hand, the 

non-polar head group of emulsifiers can encapsulate liquids with a relatively 

small amount, and they are easy to manufacture emulsion droplets even if the 

oil has high polarity. The low repulsive force between the droplets, however, 

can occur flocculation or coalescence states on the emulsion system. The tail 

group of emulsifier usually composed of hydrocarbon, fluorocarbon and 

siloxane. The length of tail group can be controlled hydrophobicity of 

emulsifier and it also affects to the droplet size. To manufacture the clear 

droplets at the various conditions, these factors of emulsifier have to be 

controlled by mixing of various emulsifiers [48, 49, 54].   



 

 ７ 

 

 

 

 

 

 

 

 

 
 

Figure 1. Schematic illustration of emulsifier, micelle and time dependent 

physical property changes of emulsion droplets at the stable and unstable 

emulsion (Creaming, sedimentation, flocculation, Ostwald ripening and 

coalescence). 
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2.1.2. Critical micelle concentration (CMC) 

When the emulsifier added to an aqueous solution, they fill the water/air 

interface in order to be thermodynamically stable, and after forms micelles in 

the solution once it has completely filled the interface (Figure 2A). The 

concentration of emulsifier at this time is called critical micelle concentration 

(CMC). The CMC is principle parameter in various fields of application 

involving emulsifier adsorption at the interface, such as cosmetics, foam, 

emulsion, suspension, and paint. The aqueous solution containing the 

emulsifier changes several physical properties once it reaches the CMC of the 

emulsifier [48, 49]. 

First, the turbidity of solution increases rapidly (Figure 2B). Because 

emulsifiers exist as a single molecule, the transparency of aqueous solutions 

does not change below the CMC. However, upon above the CMC, the 

emulsifier forms micelles and these supermolecular structures reflect all the 

visible light applied from the outside [55, 56]. 

Above the CMC, the equilibrium surface tension of the solution can be 

also obtained (Figure 2C). The surface tension is only changed by the surface-

active emulsifiers present on the surface of water materials and the micelle in 

the bulk does not be concerned with change of surface tension. So, if there 

are impurities on the surface of solution, they can easily affect to the value of 

surface tension [31, 57]. 

As the emulsifier increases in the solution, osmotic pressure also 

increases because of the free energy of the monomolecular emulsifier in the 

system (Figure 2D). However, the amphiphilic emulsifiers above the CMC 

stick together to form micelles and minimize the free energy for 

thermodynamically stability of system. Hence, the micellar-emulsifier 
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equilibrium is maintained even when the emulsifier is continuously added, 

which causing the constant osmotic pressure [58-60]. 

The preceding factors are important physical properties that determine 

the CMC in aqueous solution. All the CMC determination factors are 

recommended that being presented along with other methods for accuracy of 

the CMC. 
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Figure 2. Formation of micelle as a function of emulsifier concentration and 

critical micelle concentration (CMC). (A) Schematic illustration of micelle 

formation at the concentration of emulsifier at the surface increases [55]. (B) 

Dependence of absorbance on surfactant concentration profile for emulsifiers 

[56], (C) interfacial tension at the A/W interface as a function of emulsifier 

concentration [57] and (D) measured osmotic pressure in terms of the molar 

concentration of emulsifier [58]. 
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2.2. Pickering emulsion 

A Pickering emulsion is coacervate solution between the two immiscible 

phases stabilized by amphiphilic particles [61]. Pickering emulsion has a 

relatively weak hydrophobic interaction of the emulsified polymer than 

monomolecular surfactant, but once a sufficient amount of particles is 

adsorbed on the surface at the O/W interface, an irreversible emulsion is 

formed due to the attraction between the particles. The particles form a porous 

spherical film at the interface of the two phases, and the formed film not only 

enhances the dispersibility of the hydrophobic liquid in aqueous solution, but 

also enables sustained release.  

The physical stability of Pickering emulsion determines by the size, 

shape, rheology and morphology of the fabricated droplets. At the unstable 

emulsion, the state of droplets is gradually changed over time like droplets 

stabilized by surfactant [62, 63]. 

Incompletely adsorbed amphiphilic particles on the O/W interface 

induce the creaming or sedimentation state of emulsion. In this states, the 

droplets stick together to reduce the instability of exposed liquid part. The 

aggregated droplets on the top or bottom of the solution are formed 

fluctuation each other resulted coalescence film structure over time [64].  

The flocculation usually induces by the deficiency of repulsive force 

between each droplet. At the Pickering emulsions, the surface-active particles 

can attract because of their structural similarity. Thus, the polar on the surface 

of droplets plays an important role to prevent flocculation. However, 

insufficient of polarity on the droplets generates aggregation of droplets 

resulted by Van der Waals attraction and it produces flocculation of droplets 

in the Pickering emulsion.  
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The Ostwald ripening, the coalescence or flocculation state of the 

Pickering emulsion, occurs because the incompletely absorbed emulsion 

aggregate each other or the fabrication of too small droplets manufactured by 

Pickering particles. At the flocculation states, the continuously stacked 

particles on the O/W interface cause the surface of the droplet to become 

unstable state. These small droplets with increased free energy aggregate 

together to form flocculation for the energy benefit of the system. The 

flocculation of small droplets, however, does not grow a single large droplet 

at the stable Pickering emulsions since the particles are irreversibly absorbed 

on the surface of liquid. Therefore, they maintain a congregate consists of 

small droplets unlike unstable Pickering emulsions.  

 

2.2.1. Surface-active particles 

Their amphiphilicity is caused selective surface modification or unique 

naturally derived structure on their surface. The selectively surface modified 

particles are called Janus particles. Janus particles can control the 

hydrophobic and hydrophilic surface regions by various synthesize technic 

and with this method their emulsified droplets. Although it is difficult to 

accurately synthesize Janus particles, the Janus particle synthesis method, 

which can give clear amphiphilicity to the polymer particles, is widely used 

in various emulsion field [65].  

Some kinds of particles have amphiphilicity by itself. The difference in 

exposure of side groups caused by structural specificity imparts 

amphiphilicity to polymer particles [66, 67]. For example, in a structure 

stacked in a certain direction, a part with a relatively large amount of 

hydrophilic surface exposed and a part with a large amount of hydrophobic 
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surface exposed occur depending on the crystal direction. Therefore, these 

particles can form a Pickering emulsion without any other treatment. 

However, depending on the type of fluid, it may be difficult to prepare an 

emulsion with a liquid having a weak adsorption affinity (Figure 3).  

In early years, the sphere-like Pickering particles were studied to 

stabilize the two immiscible liquids (Figure 3A-3E) [68-70]. The particles on 

the surface of droplets compose mono-layer by dual attracted adsorption at 

the liquids interface. The homogeneously formed spherical particles fabricate 

a uniformly connected layer on the surface of the droplet, and the 

continuously induced space between the particles occurs strong capillary 

adsorption of the liquid. Although it is difficult for the surface layer to be 

densely fabricated due to the steric hindrance of the particles, the particles 

can form a triangular mesh structure on the surface of the droplets to inhibit 

the droplet coalescence [71-73].  

Recently, the rod-like Pickering particles used in various fields (Figure 

3F-3J) [74-76]. Their high aspect ratio and thin thickness more efficient in 

stabilizing emulsions than the other shape ones. Fabricated monolayers by 

rod-like particles has buckling capacity under compression on the surface of 

droplets and this capacity induces highly attracted adsorption ability. In 

addition, the additional bridge structure between the particles keeps the 

surface particles more rigid, which leads to a super-stable Pickering droplets 

[77].  
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Figure 3. Pickering emulsion stabilized by (A-E) sphere-like particles and (F-

J) rod-like particles. (A) Schematic illustration of surface-active spherical 

particles at the O/W interface [73]. (B) SEM images of Pickering emulsion’s 

surface stabilized by spherical particles [78]. Pickering emulsion stabilized 

by (C) sphere TiO2 [68], (D) sphere SiO2-TiC [69] and (E) sphere silica [70]. 

(F) Schematic illustration of surface-active rod-like particles at the O/W 

interface [78]. (G) SEM images of Pickering emulsion’s surface stabilized by 

rod-like particles [78]. Pickering emulsion stabilized by (H) rod-like CaCO3 

particles [74], (I) silica micro-rods [75] and (J) chitin nanocrystals [76].  
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2.2.2. Colloidal stability of Pickering emulsion 

The colloidal stability of Pickering emulsion can be observed by various 

physical properties (Figure 4). Stable Pickering emulsion is composed of 

irreversible droplets, so the overall properties do not change over time. Stable 

Pickering emulsion can be shown by its phase stability, droplet size, 

rheological properties and surface tension measurements. 

Phase stability can be obtained by observing the phase separation of the 

Pickering emulsion over time (Figure 4A). Unstable Pickering emulsion due 

to a small amount of Pickering particles causes phase separation such as 

creaming or segmentation in solution. The phase of unstable Pickering 

emulsion separates within minutes to days depending on the state of the 

droplet. The stable emulsion maintains the emulsion fraction at 100% if the 

oil inside the droplet does not release even after a long time [79-85]. 

The droplet size distribution of the emulsion is a parameter that 

determines whether a sufficient amount of surface-active particles has been 

used for encapsulation (Figure 4B). When there is a small amount of 

Pickering particles, the droplets, which were distributed in various sizes, 

gradually form droplets of a uniform size as the particles are added. Pickering 

particles are thermodynamically stable when forming the most stable droplet 

size depending on the encapsulating liquid, so if enough particles are included 

in the solution, the overall droplet size will be distributed homogeneously [81, 

83, 84, 86]. 

The rheological properties of Pickering emulsion are depicted colloidal 

stability (Figure 4C). The small amplitude oscillatory shear (SAOS) flow of 

stable Pickering emulsion show that the elastic storage modulus (G') has a 

higher value than the loss storage modulus (G''). The frequency dependence 
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of G' and G'' indicates whether the fabricated Pickering emulsion has gel or 

sol behavior. If G' is larger than G'', Pickering emulsion has a gel behavior, 

and if G'' is larger than G', Pickering emulsion has a sol behavior. The gel 

behavior of Pickering emulsion means that the enough amount of Pickering 

particles are used to emulsify two immiscible liquids. The loss factor 

(tan δ = G'' G'⁄ ) present lost and stored deformation energy of SAOS flow in 

Pickering emulsion at a specific frequency [87]. As previously described, the 

loss factor also indicates the sol-gel behavior of Pickering emulsion at the 

different content of Pickering particle, and when the loss factor is less than 1, 

it means that the prepared Pickering emulsion has colloidal stability [32, 82-

84, 86].  

Amphiphilic particles added to two immiscible liquid solution form 

droplets through Pickering encapsulation (Figure 4D). After forming enough 

droplets, the remaining particles move to the A/W interface for 

thermodynamic stability. As the amount of particles at the interface increases, 

the A/W interface is activated, and when the particles completely fill the 

interface, the surface tension of the solution with respect to air becomes an 

equilibrium state. The equilibrium surface tension of the Pickering emulsion 

thus indicates the colloidal stability of the Pickering emulsion [85, 88].   
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Figure 4. Colloidal stability of Pickering emulsion. (A) Optical appearance 

of Pickering emulsions and creaming profile of Pickering emulsion [81], (B) 

Size distribution of Pickering emulsion droplets before dilution, after dilution 

and after water phase replacement [89], (C) Loss factor changes as a function 

of Pickering particles concentration [32], and (D) Surface tension profile as a 

Pickering particles concentration [88]. 
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2.3. Cellulose 

Cellulose is the most abundant polysaccharide that biosynthesized from 

plant, algae and bacteria by carbon dioxide fixation in the photosynthetic 

cycle. Its chemical simplicity derived from 𝛽-D-glucosidic linkage of linear 

glucose chain are given it high elastic modulus and low thermal expansivity. 

Despite of their strong physical properties, its structural low density makes 

them light. In addition, its low carbon footprint, renewability and 

sustainability of cellulose have drawn attention in many studies as eco-

friendly materials [17, 90, 91].  

Recently, the extracted cellulose from various sources is widely studied 

for biological application (Figure 5A and 5B). Plants are the general source 

of cellulose. They synthesize the cellulose at the surface of plant cell for their 

structural robustness. As plants grow, they produce more cellulose to support 

their bodies, so cellulose can be extracted in large amounts from most woody 

plants [92]. Although cotton is a herbaceous plant, it is also a major source of 

cellulose, as it produces large amounts of cellulose in a short period of time 

[93]. Plant cellulose usually contains other substances such as lignin, 

hemicellulose, pectin, xylene and so on. Therefore, plant-derived cellulose 

has to go through many purification processes to remove other substances, 

and it is difficult to separate only cellulose even in numerous purification 

processes [93-95]. 

Cellulose can be also extracted from algae. Algal cellulose is synthesized 

on the surface of cell for manufacturing cell wall like land plant cellulose, 

however, the synthesize enzyme more diverse than land plants. Because algae 

do not require xylem to support the structure of land plants, algae have more 

linear terminal complexes cellulose synthase (TCs) than the rosette structured 
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cellulose synthase which forms strong cellulose. The linear TCs in algae 

synthesizes small and thin cellulose fibers that allow the algae to move 

flexibly [96]. Therefore, the structure of algal cellulose in the cell wall has 

lots of pores that can increase surface area of inner surface. The algal cellulose 

does not require as much purification as woody cellulose, but in the case of 

brown or red algae require some purification to remove lignin [94, 96-98]. 

High-purity cellulose can be obtained by bacteria. The bacterial cellulose 

is synthesized by static cultivation of cellulose-synthesizing bacteria on the 

surface of nutrient solution. All the bacteria on the surface form highly packed 

BC film without any impurities. So, the bacterial cellulose has high Young’s 

modulus and porosity in their structures. Unlike the plant cellulose and algal 

cellulose, bacterial cellulose does not require extra purification process [99]. 

However, since cellulose-synthesizing bacteria are aerobic bacteria, they can 

only synthesize bacterial cellulose at the A/W interface. Therefore, there are 

spatial and temporal constraints in order to synthesize high-purity bacterial in 

large quantities like plant cellulose and algal cellulose [94, 95]. 

All celluloses generally have excellent mechanical properties. Abundant 

hydroxyl groups on the cellulose surface induce strong hydrogen bonds 

between each linear chain, and cellulose constitutes a dense and strong 

crystalline structure. The hydroxyl groups in cellulose can strongly interact 

with other biopolymers as well as inter-chain bonds. In the field of 

biocomposites, due to the interactions between the materials, cellulose is 

sometimes added as a filler to enhance the physical properties of the matrix 

[100]. The hydroxyl group can be easily substituted also through chemical 

methods.  
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2.3.1. Cellulose nanomaterials (CNM) 

Cellulose nanomaterials (CNMs) are cellulose-derived materials that 

have a nanosize scale (1-100 nm) in at least one dimension. CNMs are 

classified into cellulose nanofiber (CNF) and cellulose nanocrystal (CNC) 

according to the presence or absence of amorphous region on their structure. 

Cellulose can be nanoized by several methods [17, 90, 91].  

CNF is amorphous and crystalline regions of nanocellulose. The most 

common method of manufacturing CNF is the physical grinding of cellulose 

fibers. They are ground by a grinder or high-pressure homogenizer, and to 

facilitate grinding, the surface is substituted through carboxymethylation and 

then ground [101-103]. Grinded fibers are classified into microfibrilled 

cellulose (MFC) and nanofibrilled cellulose (NFC) according to the degree of 

grinding. CNFs can also be prepared through chemical methods such as 

TEMPO oxidization. Isogai et al. treated the cellulose fibers with TEMPO to 

oxidize the fibers, and the oxidized fibers were nanosized [104]. The prepared 

CNFs have the form of flexible filaments and have over hundred nanometers 

in length and 3 to 100 nm in width. 

CNC is crystalline nanocellulose from which the amorphous portion has 

been removed. CNCs are usually manufactured by hydrolysis with strong 

acids [18-23, 105]. When the CNC is treated with a strong acid, the 

hydronium ions enter the amorphous region of the cellulose and promote the 

hydrolysis of the glycosidic bonds between the cellulose chains. All 

amorphous regions of cellulose are hydrolyzed by strong acid within 1 hour, 

and crystalline regions with a relatively regular arrangement are not 

hydrolyzed. At this time, if water is added to complete the hydrolysis, CNC 

can be obtained. Various strong acids such as hydrochloric acid, sulfuric acid, 
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phosphoric acid, hydrobromic acid, and nitric acid were used for hydrolysis 

of cellulose. Depending on the type of acid used, the hydroxyl group of 

cellulose may be substituted. CNC can also be obtained through cellulose 

[106]. Cellulase is a cellulolytic enzyme that breaks down the amorphous 

region of cellulose. Manufacturing of CNC using cellulase does not corrode 

the crystalline region of CNC. Intact nanocrystals can be obtained in high 

yield. The manufactured CNC has a rod-like shape and has various lengths 

and widths depending on the extracted source. CNC has usually within a few 

hundred nanometers in length and 5 to 10 nm in width [94, 107]. 

 

2.3.2. Sulfuric acid hydrolysis of cellulose 

Sulfuric acid hydrolysis is the most commonly used CNC manufacturing 

method (Figure 5C) [18-23]. When the cellulose fiber is treated with sulfuric 

acid, some of the hydroxyl groups on the surface of the cellulose undergo 

intramolecular esterification with the sulfate group of sulfuric acid to change 

to a negatively charged sulfonate group. The CNC with sulfate group is called 

sulfated CNC (S-CNC), and the negatively charged surface of CNC causes 

the CNC to be well dispersed in aqueous solution. Therefore, S-CNC 

produced by sulfuric acid has a higher relative colloidal stability than CNC 

made by other strong acids. The physical properties of CNC change according 

to acid concentration, temperature, and time. The most suitable concentration 

of sulfuric acid that does not corrode the crystalline structure of cellulose is 

60-65%, and most of the reaction is carried out at a temperature of 45°C or 

less within 1 hour to obtain S-CNC. 
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Figure 5. Cellulose and CNM. (A) Several common source materials of 

fibrillated cellulose [95, 98]. (B) Schematic description of the hierarchical 

structure and manufacturing challenge of fibrillated cellulose [95]. (C) 

Schematic illustration of the sulfuric hydrolysis of pulp cellulose [108]. 
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2.3.3. Crystalline structure of CNM 

CNMs, bearing a large number of hydroxyl groups on their surface, have 

been considered to be hydrophilic materials. However, because of their 

unique crystalline structure, they have amphiphilic property. Lindman 

hypothesized that there would be a hydrophobic region on the surface of the 

CNM from the insolubility of CNM to water [109]. And he asserted that, like 

the amphiphilicity of polymers derived from polar/non-polar groups, the 

amphiphilicity of CNM may also be derived from the molecular structure. 

The crystalline structure of CNM consists of linearly linked glycopyranose 

rings. Since the linear structures are stacked each other with hydrogen bond, 

in the equatorial direction, three hydroxyl groups are exposed, and in the axial 

direction, C-H methane groups are exposed. The intrinsically structural 

anisotropy induced by inter- and intramolecular hydrogen bonding of the 

CNM molecule causes a polarity difference inside the CNM, and thus, the 

CNMs have amphiphilicity [110]. 

The amphiphilicity of CNM was studied by analysis of the crystalline 

region of CNM using X-ray and neutron diffraction and reproduction of the 

crystalline structure of CNM using molecular dynamics simulation [25, 109, 

111-113]. The diffraction showed that the several characteristic crystal planes 

revealed at the cellulose [109]. The crystal plane of the CNM based on the 

diffraction technique was reconstructed through modeling work, and it has 

been proved that the plane of the CNM had various characteristics. With the 

reconstructed crystal planes, the researchers revealed that the CNM has two 

types of crystal planes where extensive hydrogen bonding could occur and 

less prone to deformation or attachment. Capron et al. suggested that the flat 

and hydrophobic (200) crystal plane was induced by the abundance of C-H 
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methane groups whereas the hydrophilic (1-10) and (110) crystal plane were 

induced by the abundance of hydroxyl group or substituted group (Figure 6A) 

[17]. Tsubasa et al. demonstrated the amphiphilicity of CNF using Calcofluor 

white dye, which stains the hydrophilic part of CNM, and Congo red dye, 

which dyes the hydrophobic part of CNM (Figure 6B) [23]. The different 

wettability derived from difference in molecular structures makes CNM 

adsorbed to the interface of two immiscible phases through slight buckled. 

Because the CNM has a relatively large hydrophilic area, the crystalline plane 

in contact with water expands a lot, so the CNM is located on the hydrophobic 

solution. In all direction, the buckling angle of CNM was showed above 60°, 

and (200) plane showed high buckling potential compared to (1-10) and (110) 

planes [114, 115]. The surface tension of CNC suspension is also decreased 

the more CNC particles added to the solution (Figure 6C) [17]. Lots of 

unmodified or modified CNCs were showed interfacial active effect when 

they were mixed with water [32, 116], and Pascal et al. obtained micelle-like 

microbubble images without any surfactant in AFM analysis (Figure 6D) [21]. 

In many studies, the crystallinity of CNCs was generally obtained in the 

range of 70-80% by X-ray diffraction [115]. CNC with high crystallinity does 

not easily deform its structures, but some expansion may occur due to heat or 

acid treatment. As heat is treated to the CNC, the 2θ value of each crystalline 

plane obtained from X-ray diffraction are shifted to the lower angles with no 

change of peak intensities and the widths. This shift derived only by thermal 

expansion of CNC’s crystal structure. With thermal expansion, the d-spacing 

between the crystalline planes is gradually and linearly increase [114, 117]. 

The treated acid also shift the 2θ value of each crystalline plane to the lower 

side. The d-spacing expansion between crystal planes by acid is caused by the 
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breaking of inter-crystalline planes hydrogen bonds by hydronium ions. 

Expansion by strong acid deforms the cellulose structure from I to II and 

hydrolyzes the crystal structure when treated for a long time. Weak acids can 

also cause acid expansion and it is occurring more rapidly at higher 

processing temperatures [118]. In the previous study, desulfation reaction of 

S-CNC using low hydrochloric acid caused a slight change in crystal size due 

to expansion between crystal planes. Each of the expansion and d-spacing 

changes was observed through the shift of the XRD peak in the lower 

direction [119, 120]. 

 

2.3.4. Application of Pickering emulsions stabilized by CNMs 

CNMs based Pickering emulsions are applicable in biological 

technology because of their biocompatibility and amphiphilicity (Figure 7). 

In recent, CNM-Pickering emulsion has been attracted in various areas. Liu 

et al used the strong amphiphilic Corncob CNM as a natural detergent [20]. 

For the reinforcement of the material, Pickering emulsion stabilized by CNM 

was also used. Researchers combined CNF-Pickering emulsion with 

poly(methyl methacrylate) (PMMA) for reinforcement the polymers [121, 

122]. 
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Figure 6.  Amphiphilicity of CNM. (A) Schematic illustration of crystalline 

region of CNMs [112, 113]. (B) CLSM images of Calcofluor white and 

Congo red stained CNFs (Scale bar: 2 μm) [23]. (C) Surface tension of 

aqueous CNCs and holoCNCs suspensions [17]. (D) Microbubbles on 

displaced A/W interfacial layers formed at 0.1 wt% CNC and 20 mM NaCl 

with close-up as indicated by the frame [21].   
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Figure 7. CNM stabilized Pickering emulsion. (A) Schematic illustration of 

suspended Pickering emulsion stabilized by CNMs (Left: CNC/Pickering 

emulsion, Right: CNF/Pickering emulsion). (B-E) TEM images of CNMs and 

SEM images of polystyrene-Pickering emulsion stabilized by CNMs. (A, C) 

CNC and (B, D) CNF.  
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2.4. Oil chemistry and properties 

Oil is usually a liquid with low surface tension derived from plants, 

animals, or minerals. The unique characteristics of oil due to its various 

composition can be utilized in various fields, and in particular, various 

nutritional properties provide lots of benefits to mankind. However, since the 

low surface tension makes the oil immiscible with water, it requires 

pretreatment such as emulsification for use in aqueous solution. It is necessary 

to understand the composition and properties of oil in the emulsification 

process [123-125]. 

Most oils are composed of carbon and hydrogen. The basic structure of 

oil is called hydrocarbon. Oil may contain components such as oxygen, 

nitrogen, and sulfur, and various properties are given depending on the 

components included. 

Primary alkanes consisting only of hydrogen and carbon called to the 

saturated oil. Alkanes linked by carbon-carbon single bonds are less reactive 

to external elements and have no biological activity. They are also colorless 

and odorless. The groups of primary alkane contain straight- and branched-

chain alkanes and cycloalkanes. The alkanes containing 18 or more carbons 

are called waxes [125, 126]. 

Oils containing at least one benzene ring are called aromatic oils. The 

three carbon-carbon double bonds on the benzene ring make the oil stable and 

persistent for a long period. Aromatic oils include benzene, toluene, ethyl-

benzene, and xylene, and most of them are toxic to organisms [125, 127]. 

Olefins are unsaturated hydrocarbons with at least one double bond 

between carbon-carbon. Unsaturated hydrocarbons can displace hydrogen 

with ionic molecules such as sulfur, nitrogen, and oxygen, and charged 
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molecules impart polarity to the oil. The oil becomes unstable with increasing 

polarity [125].  

Heavy molecules without any polarity present in the oil increase the 

resistance to flow of the fluid by intermolecular interactions. Viscous oils 

require more driving force in the O/W emulsification process to form 

homogeneous droplets. When the same force is applied, the viscous oil forms 

larger emulsion droplets, and coalescence of the droplets due to viscosity 

occurs during the emulsification process. The prepared droplets also have 

poor permeability to the porous structure due to their resistance to flow. In 

order to successfully penetrate the porous structure, viscous oil emulsions are 

required higher pressures than pressure drop during emulsion injection. 

The water solubility of the oil due to its high polarity increases the 

minimum area between the head groups of ionic surfactants located at the 

O/W interface. The emulsion droplet size increases as the water solubility of 

the oil increases, and the oil solubility too high prevents the droplet formation 

of the ionic surfactant. Oils with high water solubility can form droplets 

through emulsifiers with counter ions or nonionic emulsifiers, and can induce 

droplet formation through control of the surface charge [57]. 

 

2.4.1. Plant essential oil  

Essential oils are the secondary metabolic compounds extracted from 

non-woody part of plants such as stems, leaves, flowers or roots [36-38]. 

Essential oils contain several bioactive ingredients including alcohols, 

aldehydes, ketones, esters, phenols, terpenes, lactones, monoterpenes, 

sesquiterpenes and so on [39, 40]. Because essential oil contains a large 

amount of antioxidant and preservative components, it is widely used in food, 

cosmetics and drugs. Essential oils usually extracted by steam distillation or 
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solvent extraction of non-woody organ of plants [128].  

Steam distillation is the broadest separation technique for extraction of 

essential oil from plants [129]. Most of essential oil are made up of natural 

aromatic compounds and they have temperature sensitive volatile properties. 

The original boiling points of essential oils are up to 200°C, however, with 

steam or boiling water can volatilize the components of essential oils at the 

100°C and atmospheric pressure. For extraction of these compounds, the 

dried plant organs, such as leaves, petals, and stems, are placed in a steam 

distilling chamber with connected line. After that, the generated steam of the 

other flask connected with plant debris chamber passes through the chamber 

and let the essential oils escaping in air form. The temperature of the boiling 

water maintained over 100°C for steam generation, but it has to control not 

so high to destroy or burn the plant debris [128]. The vaporized essential oils 

with the steam move to the cooling zone and the mixed vapor to form a double 

layer of liquid in the cooled flask. The immiscible solution can be isolated 

using by density difference between essential oils and water. 

Non-volatile essential oil components are separated using solvent 

extraction method [130]. The oleic compounds of plant have high solubility 

to the solvent, and the selected solvent is play an important role to isolated 

the essential oil from plant debris. Ethanol and methanol are generally the 

most used for solvent extraction because of their solubility, safety and low 

cost [131]. The slightly ground plant organs are used for extraction, since 

extraction efficiency increases on the surface area of plant particles. The 

solvent extraction method of essential oil is usually carried out overnight at 

ambient temperature to prevent the destruction of the chemical component, 

and the extracted essential oil is isolated from the mixed solution through 

solvent evaporation. 
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2.4.2. Antimicrobial and larvicidal activity of essential oils 

Essential oils have attracted attention for their potential medicinal 

applications, specifically their antibacterial and larvicidal activities [36-38]. 

Terpenes or phenylpropenes constituting essential oil are continuously 

accumulated in the lipid structure of the microbial cell membrane [132-134]. 

Essential oil components stocked on the surface of microorganisms paralyze 

the biological function of microorganisms and cause the failure of chemical 

osmosis control. The membranes of microorganisms with increased 

permeability due to disruption of chemical osmosis lead to loss of essential 

proteins, unexpected passive diffusion of ions, and inhibition of ATP 

production [135]. 

Similarly, essential oils also accumulate in the bodies of small insects, 

inhibiting the insect's respiratory system and interfering with normal 

metabolic activity. The Asian tiger mosquito, Aedes albopictus Skuse (Ae. 

albopictus), is a vector insect of dengue virus (DENV) and chikungunya virus 

(CHIKV), and spread quickly to new locations from its native geographical 

origin [136]. Ae. albopictus management has mainly dependent on various 

synthetic pesticide around the world [137, 138]. However, the continued use 

of synthetic pesticide has caused several side effects such as environmental 

and human health concerns and undesirable effects on natural enemies, non-

targeted organisms [139, 140]. Another problem is that the resistance of Ae. 

albopictus to synthetic pesticide has been reported in several countries [137, 

138]. Recently, plant essential oils and their constituents are considered as 

good sources for mosquito-controlling agents. Larvicidal activities of many 

plant essential oils against Ae. albopictus have been reported [141-145]. 

Development of proper formulation is another research field for practical use 
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of plant essential oil based mosquito larvicides. Nanoemulsion based 

formulation have been reported to improve efficacy, stability and solubility 

of plant essential oils in water [61]. 

The most representative components of essential oil that induce 

antibacterial and larvicidal activity include eugenol, thymol, carvacrol, 

limonene, lactone, linalool, permethrin, citronellol, geraniol, and nerol. In 

particular, euganol, thymol, and carbacrol have excellent antibacterial and 

larvicidal activities and are effective even in small amounts. Some kinds of 

essential oil, extracted from irritating plants such as black pepper and red 

pepper, or pharmaceutical plants such as Angelica tenuissima and Cnidium 

officinale, can occur weak antibacterial and larvicidal activities without 

terpene or phenylpropenes [41-43]. 
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Pickering encapsulation with  

ionic CNCs 
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3.1. Introduction 

CNCs is the rod-like crystal particle obtainable by the acid hydrolysis of 

cellulose pulps [26, 27]. The sulfuric acid hydrolysis is a well-known process 

to prepare CNCs modified into anionic sulfate group (S-CNC) at the surface 

[28, 29]. Such a negative charge stabilizes the colloid or emulsion systems by 

the electrostatic repulsion between the particles [76, 146]. Besides, since the 

sulfonate group on S-CNC can be substituted to the hydroxyl group in the 

presence of hydroxide ion, a diverse functionality can be introduced to the 

CNC surface [30-32]. Researchers have controlled the surface charge of S-

CNC using hydrochloric acid and trifluoroacetic acid [17, 33, 34]. The highly 

acidic reaction, however, also results in additional acidic hydrolysis of CNCs. 

To prevent the hydrolysis of CNCs, Tiffany et al. conducted modification of 

the S-CNC to dS-CNC under the low concentration of acid [35]. 

Pickering emulsions are based on the amphiphilic solid particles 

adsorbed at the interface of the different phase of liquids [2, 3]. The 

amphiphilic particles enhance the oil solubility and dispersibility to the 

aqueous solution and prevent loss of critical component of oil. In recent, 

Pickering emulsion has been attracted in cosmetic, food, and pharmaceutical 

areas for long term storage of phenolic antioxidant compounds and aromatic 

materials of functional oil [4-6], protection from microbial or food aging [7-

9], and sustainable encapsulation of drug [10, 11]. 

The surface charge of surface active particles is one of the critical factors 

in Pickering emulsion [12, 13]. Especially, it is difficult for charged surfactant 

particles to form emulsion droplets due to the repulsive force comprising from 

Coulomb’s law against oils with high polarity [14]. In order to form stable 

emulsion droplets and introduce thermodynamically stable colloidal 
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dispersion between the droplets, it is necessary to control charge of the 

surface-active materials.  

CNCs are a potential candidate for Pickering particles applicable in 

biological technology because of their biocompatibility and amphiphilicity 

[18-23]. Moreover, the CNC particles can form various oil-encapsulated 

emulsion by controlling functional groups at the surface [24, 25]. In this study, 

S-CNC hydrolyzed with sulfuric acid and dS-CNCs desulfurized with HCl at 

the difference reaction times were used for the emulsification of nonpolar oils 

(n-decane, n-dodecane, n-tetradecane and n-hexadecane) and polar oils 

(chloroform and 1-octanol). Pickering emulsions prepared with the CNCs are 

evaluated by the emulsion fraction, emulsion droplet size and surface tension, 

which are parameters to evaluate the stability of the Pickering emulsion. It 

will provide a generic idea on the surface charge effect for CNC-based 

Pickering emulsions. 

 

3.2. Materials and method 

3.2.1. Preparation and characterization of CNCs 

S-CNC was prepared with commercially available filter paper 

(Whatman, grade 2, Kent, UK) and sulfuric acid (Junsei Chemical Co. Ltd., 

95.0%(w/w) purity, Tokyo, Japan) [26, 41]. 10 g filter paper was ground by a 

blender for 5 minutes and 100 mL of 60% (w/w) sulfuric acid was added. 

Then, acidic pulp slurry was hydrolyzed with stirring at 45°C for 60 minutes. 

The hydrolyzed solution was diluted 10 times with deionized (DI) water and 

centrifuged at 6000 rpm for 20 minutes using a high speed refrigerated 

centrifuge (VS-24SMTi, Vision Scientific Co., Ltd., Daejeon, Korea). The 

obtained suspending S-CNC solution was dialyzed with a cellulose dialysis 
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membrane (12-14 kDa, Spectra/Por, Breda, the Netherlands) for 7 days and 

subsequently concentrated using a rotary evaporator (N-1210BV-W, EYELA, 

Tokyo, Japan). 

The concentrated S-CNC (1%) was desulfated with 0.025 M 

hydrochloric acid at 80°C with stirring at 100 rpm for 5, 10, 20 and 30 hours 

[35]. Then, dS-CNCs suspensions were concentrated using a rotary 

evaporator.  

A transmission electron microscope (TEM, JEM1010, JEOL, Tokyo, 

Japan) was used to image the morphology of S-CNC and dS-CNC. 1% of the 

S-CNC and dS-CNC was diluted 500 times and loaded on a glow-discharged 

carbon copper grid. The loaded CNCs were negatively stained with uranyl 

acetate solution (1% w/v) and the obtained images were analyzed using the 

ImageJ program (1.52a, National Institutes of Health, Bethesda, MA, USA). 

The nanoparticle tracking analysis (NTA) was performed to obtain the length 

of S-CNC and dS-CNC using NanoSight (NanoSight LM10, Malvern 

Panalytical, Malvern, UK).  

The surface topography of S-CNC and dS-CNC (30H) images were 

obtained using by atomic force microscopy (AFM, NX-10, Park Systems, 

Korea) in a non-contact mode (PPP-NCHR-10, NanoSensors, Switzerland) at 

room temperature. 0.01 wt% of S-CNC and dS-CNC (30H) solution was 

deposited onto mica film and air-dried overnight. The thickness of CNCs 

were calculated using the XEi software (Park Systems, Korea). 

Zeta-potential of the CNCs was measured with 0.1% solutions of S-CNC 

and dS-CNC using Zetasizer (Zetasizer Nano ZS90, Malvern Panalytical, 

Malvern, UK). 

The sulfate content of S-CNC and dS-CNC was measured by 

conductometric titration method. 40 mg of the S-CNC and dS-CNC was 
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suspended in 15 mL of 0.01 M HCl solution and stirred for 10 minutes. Then, 

the conductivity of the solution was measured using a conductometer (FiveGo 

Cond meter F3, Mettler Toledo, Zürich, Switzerland) during titration with 

0.01 M NaOH solution. The degree of substitution was calculated by the 

Equation (1) [94, 147, 148]: 

 

Degree of substitution  = (Veq × CNaOH ) w⁄     Eq. (1) 

 

Where Veq  is the amount of NaOH in liters at the equivalent point, 

CNaOH is the concentration of NaOH (10 mmol/L), and w is the weight of 

titrated cellulose (kg). 

Attenuated total reflection Fourier transform infrared spectra (ATR-

FTIR) (Nicolet iS5, Thermo Scientific, Newington, NH, USA) were obtained 

in the range of 4000 to 650 cm-1 with 32 scan number and 4 cm-1 resolution. 

The wide angle X-ray diffraction (WAXD) of S-CNC and dS-CNC was 

analyzed with a x-ray scattering system (D8 Discover with VANTEC500 

detector, Bruker, Berlin, Germany) with 0.154 nm wavelength of Cu-kα 

radiation at 50 kV and 1000 µA. The WAXD patterns were recorded in the 2θ 

range of 4 to 39 degree at a scanning speed of 0.02 steps per 300 seconds. The 

each of WAXD peaks were fitted with Gaussian peak functions. The 

crystallinity of CNC was calculated using Equation (2) [115, 149] and the 

average dimension of the crystal size to the diffracting planes according to 

the hkl Miller indices, crystal size was calculated using Equation (3) [17]: 

 

Crystallinity = (ITOTAL − IAM) ITOTAL⁄     Eq. (2) 

Crystal size = 0.94λ/β
1⁄2

× cos θ    Eq. (3) 
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Where at the Equation (2), ITOTAL is the total peak of CNC, IAM is the 

total amorphous peak of CNC. At the Equation (3) θ is the diffraction angle, 

λ is the X-ray monochromatic wavelength, and β
1⁄2

 is the peak width at half-

maximum intensity. 

The films of S-CNC and dS-CNCs were obtained by air-drying 1 wt% 

CNC solution on borosilicate slide glass. The water affinity of films was 

observed by droplet shape analyzer (EasyDrop FM40, KRÜSS, Hamburg, 

Germany) with 10 µl DI water in sessile drop mode. The 10 µl solutions of 

various S-CNC and dS-CNCs content were also observed by droplet shape 

analyzer in sessile drop mode. The surface tension of CNC films and 

suspended CNCs were calculated by the Equation (4) [150] 

 

cos θ = − 1 + 2(γ
S
d γ

LG
d⁄ )

1
2⁄     Eq. (4) 

 

Where θ  is the contact angle of the CNC and Pickering emulsion 

droplet on the borosilicate glass, γ
S
d  is the surface tension of the borosilicate 

glass (47.6 mNm-1), and γ
LG
d  is the surface tension of the CNC and Pickering 

emulsion. 

 

3.2.2. Preparation and characterization of CNC stabilized 

Pickering emulsions 

n-Decane (Sigma Aldrich, St. Louis, MI, USA), n-dodecane (Sigma 

Aldrich), n-tetradecane (Sigma Aldrich), n-hexadecane (Sigma Aldrich), 

chloroform (99.5%, Samchun chemical Co., Ltd., Seoul, Korea) and 1-

octanol (Sigma Aldrich) were encapsulated with S-CNC or dS-CNC at the 
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different content of 90, 180 and 270 mg per 1 mL of oil. The oil concentration 

in the water and oil mixture solution was fixed at 10% (v/v) and the mixture 

was tip-sonicated with an ultrasonic processor (VCX 130, 435-09, Sonics & 

Materials Inc., Newtown, CT, USA) at 50% amplitudes for 30 seconds. 

Prepared Pickering emulsion were stored at room temperature for 14 

days, and the solution appearance was captured with a digital camera. The 

height of separated layer was divided by the height of the solution to 

determine the fraction of emulsion.  

The shape and morphology of Pickering emulsion droplet were observed 

with a polarized light microscope (LV100, Nicon, Tokyo, Japan) or an 

inverted optical microscope (Eclipse Ts2, Nikon, Tokyo, Japan). S-CNC and 

dS-CNC stabilized-Pickering emulsion were diluted 100 times and the image 

of Pickering emulsion particles was captured at the dark-field mode with 40× 

inverted routine microscope (Eclipse Ts2, Nikon, Tokyo, Japan) and bright-

field mode with a 60× oil immersion objective lens (CFI plan apochromat 

lambda, Nikon, Tokyo, Japan). The diameter of Pickering emulsions was 

measured using the ImageJ program.  

The confocal fluorescence images of Pickering emulsion stabilized with 

dS-CNC was obtained by staining with 1 μl/mgCNC Calcofluor white (Sigma 

Aldrich) and 1.5 μg/μloil Nile red (Sigma Aldrich) using a confocal laser 

scanning microscope (LSM710, Carl Zeiss, Overkochen, Germany) (CLSM 

SP8 X, Leica, Wetzlar, Germany). 

The contact angle of S-CNC and dS-CNC stabilized-Pickering emulsion 

was measured using a droplet shape analyzer in sessile drop mode. 10 µL 

CNC and Pickering emulsion were dropped on the borosilicate glass and their 

droplet shape was captured for the analysis of angles. The films of S-CNC 

and dS-CNCs were obtained by air-drying 1 wt% CNC solution on 
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borosilicate slide glass. The water affinity of films was also observed by 

droplet shape analyzer with 10 µL DI water in sessile drop mode. The surface 

tension of CNC films, CNC suspension and Pickering emulsion was 

calculated by the Equation (4) [150]. 
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3.3. Results and discussion 

3.3.1. Properties of S-CNC and dS-CNCs 

The prepared CNCs showed the same morphology and size distribution 

(Figure 8A-8E). dS-CNCs did not show significant difference in length from 

S-CNC regardless the treatment time with a hydrochloric acid solution 

(Figure 8F). Their average size was approximately 150 nm in length and the 

chemical treatment modified the surface chemistry of CNCs rather than the 

degradation of the CNC molecular chains because of their high crystallinity. 

In contrast, the width of dS-CNCs increased to 9.2 nm after the acid treatment 

(Figure 8G). The average thickness of S-CNC and dS-CNC (30H) also 

increased as the acid treatment approximately 7 nm to 9 nm (Figure 9). It 

resulted from the swelling of molecular chains by the penetration of acid 

solution through the CNC surface [94]. 
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Figure 8. Transmission electron microscope images and size distribution of 

S-CNC and dS-CNCs. (A) S-CNC, (B) dS-CNC (5H), (C) dS-CNC (10H), 

(D) dS-CNC (20H) and (E) dS-CNC (30H). (F) Length and (G) width of 

CNCs. (N=200, error bar=SD). 
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Figure 9. Surface topography and thickness profiles of (A) S-CNC and (B) 

dS-CNC (30H). The AFM image size is 1 × 1 μm and 5 × 5 μm. 
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The overall XRD peaks of CNCs were slightly shifted to the lower side 

as the reaction proceed. The 2D WAXD patterns of each CNCs were showed 

Figure 10. The WAXD patterns of each CNCs were obtained at 2θ 14.7, 16.2, 

20.6, 22.5 and 34.4 degrees, respectively, and the each of patterns means that 

(1-10), (110), (120)/(021), (200) and (004) crystalline plane of CNCs. The 

crystallinity and sizes of crystal planes were calculated using by WAXD value 

of S-CNC and dS-CNCs (Figure 11). With multiple peak deconvolution, the 

full width at half maximum (FWHM) values, crystallinity and each of crystal 

size were calculated (Table 1 and 2). The added HCl molecules hydrolysis 

remaining the amorphous region of S-CNC. Since acid treatment reduced the 

amorphous fraction of S-CNC, the crystallinity of CNCs increased 77% to 79% 

(Table S1). According to the calculated miller indices, the average sizes of the 

(1-10) and (110) planes which related with the width and thickness of the 

crystalline structure of CNC were also around 4.7 nm in width, and from 4.85 

nm in thickness, respectively. The FWHM and 2θ values of two crystalline 

edges had similar values as the reaction progressed. The (200) crystalline 

edge which have relatively hydrophobic property was also maintained their 

crystal size even though the reaction proceeded for 30 hours. The size change 

of all crystal planes had a slight size change according to thermal and acid 

expansion, but could be controlled without significant change. 
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Figure 10. 2D WAXD patterns of CNCs. (A) S-CNC, (B) dS-CNC (5H), (C) 

dS-CNC (10H), (D) dS-CNC (20H), and (E) dS-CNC (30H). 
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Figure 11. 1D XRD graph. (A) WAXD of 0.1 % S-CNC and dS-CNC films. 

(B-F) Deconvolution of the XRD graph. (B) S-CNC, (C) dS-CNC (5H), (D) 

dS-CNC (10H), (E) dS-CNC (20H) and (F) dS-CNC (30H). 
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Table 1. FWHM values from 1D XRD graph of CNCs. 

 

 

 

 

Table 2. Crystal sizes at (1-10), (110), and (200) planes and crystallinity of 

S-CNC and dS-CNCs.  
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The decrease in the sulfate group and the increase in the OH group were 

observed by the FTIR spectra (Figure 12). The O-H stretching vibration was 

routinely observed between 3650 and 3000 cm-1 [26, 146, 151-153]. 

Especially, dS-CNCs showed the increase of the peak intensity at 3350 cm-1 

compared with the peak of S-CNC. In contrast, the peak at 811 cm-1 assigned 

for C-O-S decreased as the desulfate reaction time increased inferring the 

chemical modification of the sulfoxide group to the hydroxyl group [26, 34, 

146, 151, 154, 155]. The surface charge of CNCs were changed by the 

treatment with HCl solution (Figure 13). The zeta potential of CNCs showed 

the decease of the negativity from -44.3 ± 0.5 mV to -26.8 ± 0.7 mV. Similarly, 

the degree of sulfate substitution decreased significantly from 300.7 ± 9.3 

mmol/kg to 74.3 ± 15.6 mmol/kg due to the desulfation supporting the 

decrease of the zeta potential as the treatment time increased. 

Surface tension of S-CNC and dS-CNCs films was obtained by sessile 

drop methods (Figure 14). The surface tension decreased from about 34 

mNm-1 to about 21 mNm-1 and contact angle increased from about 16 to about 

25 as the desulfation reaction. A decrease in the ionic group of a substance 

means a decrease in water affinity. The change in CNC surface properties 

according to the desulfation reaction suggested that the ionic sulfate groups 

of S-CNC were successfully substituted with nonionic hydroxyl groups. 

Although the size of the CNCs was not changed by the surface treatment 

with a weak acid solution, the surface charge of the CNC was changed by the 

control of the treatment time. The surface charge of particular emulsifiers is 

one of the critical factors to influence the emulsion formation with phase 

separating liquid systems such as water and oils. The effect of surface charge 

on emulsification was investigated with CNCs prepared at different surface 

modification time and six oils with a different surface tension.  
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Figure 12. FTIR spectra of S-CNC and dS-CNCs films according to the 

different desulfation time. The peak changes are shown in detail from 3650 

cm-1  to 3000 cm-1 and from 750 cm-1 to 1375 cm-1.  
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Figure 13. Measured sulfate content and zeta potential of S-CNC and dS-

CNCs. (A) Conductivity titration of S-CNC and dS-CNCs. (B) Surface charge 

of S-CNC and dS-CNCs (Zeta potential: N=5, error bar=SD, Sulfate content: 

N=3, error bar=SD). (C) Correlation between zeta potential and sulfate 

content of CNCs according to the desulfation time. 
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Figure 14. Surface tension of S-CNC and dS-CNCs films. The dry 

concentration of all the films was 1 wt% S-CNC and dS-CNCs and the surface 

tension was calculated by sessile drop mode contact angles (N=5, error 

bar=SD).  
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3.3.2. Surface tension of used lipophilic liquids 

The surface tension of the six oils used are shown in Table 3 [156, 157]. 

The surface tension of normal organic liquids is determined by the dispersive 

and polar contributions. n-Decane, n-dodecane, n-tetradecane, and n-

hexadecane have only dispersive contribution of 23.9, 25.4, 26.6, and 27.6 

mNm-1, respectively because they are a nonpolar liquid. The increase of the 

surface tension resulted from the length of the molecular chain inducing the 

increase of dispersion force between the molecules. Chloroform and 1-

octanol have almost the same surface tension as n-hexadecane but different 

polar contributions of 1.6 and 6.3 mNm-1. The use of three liquids including 

n-hexadecane, chloroform and 1-octanol would provide the idea of polar 

effect on encapsulation of liquids with the charged CNCs. 
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Table 3. Surface tension of oils and water. 
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3.3.3. Colloidal stability of CNC based lipophilic liquids 

Pickering emulsions 

The amount of CNCs is critical to encapsulate the oils completely 

because the micellar structure with a low packing density can be easily 

destroyed. Furthermore, electrical repulsion of negatively charged S-CNCs 

reduces the affinity between the emulsifying particles, which requires higher 

content of CNCs for the stable emulsion formation. Pickering emulsions 

stabilized with S-CNC were phase-separated for all six oils regardless of the 

CNC content in the range. In contrast, the oils emulsified with dS-CNCs was 

stable for a long period compared with emulsion of S-CNC (Figure 15-21). 

The emulsion stability increased as the dS-CNC content increased due to the 

sufficient encapsulation of oils.  

Pickering emulsion formed with CNC 90 mg/mLoil showed the phase 

separation in a short storage time showing a low emulsion fraction for the oils. 

Meanwhile, the addition more than CNC 180 mg/mLoil increased the stability 

of the emulsion with non-polar oils (Figure 15-18 and 21A-21D). Since the 

surface chemistry of S-CNC was modified from sulfate to hydroxyl groups 

by the desulfation reaction, the relative hydrophobicity of dS-CNC increased. 

dS-CNC (30H) formed the emulsions with non-polar oils in water system, 

and the fraction of emulsions was near 100% at CNC 180 mg/mLoil due to 

high colloidal stability. Meanwhile, the other dS-CNCs showed a stable 

emulsion fraction at CNC 270 mg/mLoil in encapsulation of non-polar oils. 

For a polar chloroform and 1-octanol encapsulation, only dS-CNC (30H) at 

270 mg/mLoil showed a stable emulsion for the long term storage (Figure 19, 

20, 21E and 21F). 
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Figure 15. Phase behavior of CNC/n-decane Pickering emulsions at the 

different CNC content for 14 days. (A) CNC 90 mg/mLoil, (B) CNC 180 

mg/mLoil, and (C) CNC 270 mg/mLoil. (D) Emulsion fraction of CNC/n-

decane Pickering emulsions in Day 7. (N=3, error bar=SD). 
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Figure 16. Phase behavior of CNC/n-dodecane Pickering emulsions at the 

different CNC content for 14 days. (A) CNC 90 mg/mLoil, (B) CNC 180 

mg/mLoil, and (C) CNC 270 mg/mLoil. (D) Emulsion fraction of CNC/n-

dodecane Pickering emulsions in Day 7. (N=3, error bar=SD). 
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Figure 17. Phase behavior of CNC/n-tetradecane Pickering emulsions at the 

different CNC content for 14 days. (A) CNC 90 mg/mLoil, (B) CNC 180 

mg/mLoil, and (C) CNC 270 mg/mLoil. (D) Emulsion fraction of CNC/n-

tetradecane Pickering emulsions in Day 7. (N=3, error bar=SD). 
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Figure 18. Phase behavior of CNC/n-hexadecane Pickering emulsions at the 

different CNC content for 14 days. (A) CNC 90 mg/mLoil, (B) CNC 180 

mg/mLoil, and (C) CNC 270 mg/mLoil. (D) Emulsion fraction of CNC/n-

hexadecane Pickering emulsions in Day 7. (N=3, error bar=SD). 
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Figure 19. Phase behavior of CNC/chloroform Pickering emulsions at the 

different CNC content for 14 days. (A) CNC 90 mg/mLoil, (B) CNC 180 

mg/mLoil, and (C) CNC 270 mg/mLoil. (D) Emulsion fraction of 

CNC/chloroform Pickering emulsions in Day 7. (N=3, error bar=SD). 
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Figure 20. Phase behavior of CNC/1-octanol Pickering emulsions at the 

different CNC content for 14 days. (A) CNC 90 mg/mLoil, (B) CNC 180 

mg/mLoil, and (C) CNC 270 mg/mLoil. (D) Emulsion fraction of CNC/1-

octanol Pickering emulsions in Day 7. (N=3, error bar=SD). 
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Figure 21. Visual appearances of CNC/oil Pickering emulsion at different 

CNC content stored for 7 days. (A) n-Decane, (B) n-dodecane, (C) n-

tetradecane, (D) n-hexadecane, (E) chloroform and (F) 1-octanol. 
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The average size of emulsion droplet is other method to describe how 

much CNC are needed to stable the emulsion. For the oils in water solution, 

the amphiphilic CNC is located at the oil-water interface to remain 

thermodynamically stable. The CNC encloses the oil in a spherical shape to 

achieve high thermodynamic stability. Since it is impossible to cover all the 

oil with insufficient CNCs, the size distribution of the droplet becomes wide 

due to weak micellar structure and coacervate formation. As the number of 

CNCs increases, the CNC can form strongly bound micelles with a narrow 

size distribution. 

S-CNC encapsulated 4 non-polar oils but the average droplet size was 

larger than droplets with dS-CNCs (Figure 22A-22D). Especially, the average 

droplet size was relatively small with n-hexadecane whose surface tension 

was high (Figure 22D). Meanwhile it was not possible to encapsulate polar 

oils such as chloroform and 1-octanol with S-CNC. It resulted from the high 

hydrophilicity by sulfate group on the S-CNC (Figure 22E and 22F).   

dS-CNC enabled the formation of encapsulated structures with the six 

oils. The droplet size decreased consistently as the dS-CNC content increased 

(Figure 21). The longer desulfation time of dS-CNCs formed a smaller size 

of droplet with high uniformity to compare the size deviation. The increased 

surface hydrophobicity enhanced the adsorption of CNCs at the interface 

between nonpolar liquid and polar water inducing more stable emulsion 

structure. Short desulfation time of dS-CNC (5H) could not form the stable 

droplets with 1-octanol while it formed the large size of droplets with 

chloroform (Figure 22F). In normal, most of the droplets were unstable with 

dS-CNC (5H) and dS-CNC (10H) compared with dS-CNC (20H) or dS-CNC 

(30H) (Figure 21). Especially, dS-CNC (30H) showed the smallest average 

droplet size and high stability. The desulfurization of CNC emulsifying 
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particles reduced the electrical repulsion between the particles and enhanced 

the stability of oil emulsions. 

The oil emulsions formed with dS-CNC (30H) were observed by 

confocal microscopy (Figure 23). All of the oils were successfully emulsified 

at 270 mg/mL of dS-CNC (30H) content maintaining a stable emulsion. The 

dS-CNCs (blue-labeled) were tightly packed and enclosed the oils (red-

labeled) and the dimensional structure of the emulsion was stable without 

coacervate formation for a long term storage. In the case of nonpolar oils, the 

smaller droplets were formed due to their high affinity to dS-CNCs, which 

formed a micellar structure with a high density of dS-CNCs. In contrast, the 

emulsions of chloroform and 1-octanol were not stable due to the high 

miscibility with water despite the presence of dS-CNCs as a surface active 

particles. Furthermore, the low affinity between the polar liquid and dS-CNC 

allowed the growth of emulsion droplets through coacervate formation. It 

resulted in the broad range of emulsion droplet size in storage. 
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Figure 22. CNC/oil Pickering emulsions diameter of droplets at different 

CNC content. (A) n-Decane, (B) n-dodecane, (C) n-tetradecane, (D) n-

hexadecane, (E) chloroform, and (F) 1-octanol. (N=150, error bar=SD).   



 

 ６５ 

 

 

 

Figure 23. Emulsion CLSM images or microscope images. (A) n-Decane, (B) 

n-dodecane, (C) n-tetradecane, (D) n-hexadecane, (E) chloroform and (F) 1-

octanol. Each of CNCs labeled with Calcofluor white fluorescent dye and 6 

oils labeled with Nile red fluorescence dye. (Scale bar: 10 μm) (dS-CNC (30H) 

270 mg/mLoil).    
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The effect of charged CNCs on the change of water surface tension was 

investigated at the different CNC content and the different surface treatment 

time of CNCs (Figure 24A). As the amount of CNC increased, the surface 

tension of water decreased from 72 mNm-1 to 55 mNm-1 for S-CNC and 60 

mNm-1 for dS-CNC (30H) due to the amphiphilicity of CNCs. The higher 

hydrophilicity of S-CNCs enabled the mixing with water and filled the water 

surface rapidly. It resulted in the rapid decrease of the surface tension at the 

low S-CNC content in water. The addition of S-CNC above 50 mg/mL 

stabilized the water surface tension and showed the steady contact angle 

inferring the structuring of S-CNCs (Figure 24B). Meanwhile, dS-CNC (30H) 

showed a slower decrease of surface tension at below 50 mg/mL and contact 

angles due to the lower miscibility with water than S-CNC (Figure 24C). 

Higher content of dS-CNCs induced the rapid decrease of surface tension as 

S-CNC showed but the ultimate surface tension was higher than S-CNC 

because the dS-CNCs preferred the interaction between particles rather than 

with water molecules. It reduced the effective content of dS-CNC in water 

and the polar contribution of water molecules in surface tension was not 

dramatically reduced as S-CNC showed at a low content.  
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Figure 24. Surface tension and contact angle images. (A) Surface tension of 

the S-CNC and dS-CNC (30H). (N=4, error bar=SD). Contact angle images 

of CNC suspended solution. (B) S-CNC and (C) dS-CNC (30H).  
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The decrease of surface tension was similarly observed with emulsions 

formed by mixing oils in water and CNCs. In forming emulsions, CNCs 

moved to adsorb at the oil surface due to their amphiphilic property until all 

the oil was completely encapsulated by CNCs. The emulsion droplet size was 

determined by the mechanical stress applied to the liquid mixture and the 

amount of surface active CNCs. After the complete formation of emulsion, 

the remaining CNCs were dispersed in water, which reduced the surface 

tension of water by decreasing the attractive interaction between the water 

molecules. It could be confirmed by the nonpolar liquids at the high CNC 

content showing the decrease of surface tension to near 60 mNm-1 which was 

the surface tension of dS-CNC (Figure 25A-D). In contrast, the polar liquids 

such as chloroform and 1-octanol showed relatively high surface tension with 

dS-CNC (5H), dS-CNC (10H) and dS-CNC (20H) compared with dS-CNC 

(30H) (Figure 25E and 25F). It resulted from the low emulsion stability 

because the hydrophilicity of dS-CNC (5-20H) surface was still high so that 

water and polar liquids were miscible. Meanwhile, S-CNCs did not form 

stable emulsions due to the high miscibility with polar liquids and 

incompatibility with nonpolar liquids. It resulted in the high content of S-

CNCs dispersed freely in water and the rapid decrease of the water surface 

tension. 
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Figure 25. Surface tension of the CNC/oil Pickering emulsion at different 

CNC content. (A) n-Decane, (B) n-dodecane, (C) n-tetradecane, (D) n-

hexadecane, (E) chloroform, and (F) 1-octanol. (N=4, error bar=SD). 
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3.4. Summary 

CNCs are promising for an emulsifying agent in food and compositing 

processes. Their functionality could be modified by the control of the surface 

chemistry including surface charge and polarity. The surface charge of CNCs 

was controlled by the desulfurization of sulfonated CNCs which were 

negatively charged. The dS-CNCs with a different negativity showed the 

surface charge effect on encapsulation of four nonpolar liquids and two polar 

liquids. The emulsion stability verified that highly charged S-CNC was 

insufficient as an emulsifying agent and the reduction of surface charge was 

required. dS-CNC desulfated for 30 hours formed a small size of emulsion 

droplets with high stability for a long term storage. The desulfation could be 

one of the top-down protocols to modulate the CNC surface properties. 
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Ⅳ 

 

Larvicidal and antimicrobial activities 

of essential oil stabilized by S-CNC   
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4.1. Introduction 

Plant essential oils are natural substances that have been actively studied 

in the fields of pharmaceuticals, packaging and cosmetics for reducing 

microbial contamination [158-161]. Essential oils contain several bioactive 

ingredients including alcohols, phenols, terpenes, esters and other [39, 40] 

and show strong antimicrobial activities. Essential oil is a well-known 

substance showing antimicrobial activity against gram (-) and gram (+) 

bacteria [132, 133]. They also present larvicidal activity against insects and 

could be a potential matter for mosquito-controlling agent.  

However, essential oils have a low surface energy and high volatility, 

which makes it difficult to use essential oils in an aqueous phase [161]. The 

low surface tension of essential oils causes phase separation with aqueous 

solutions, and the high volatility of essential oils reduces the sustainability 

and stability of antimicrobial and larvicidal activities. For this reason, volatile 

essential oils need to be encapsulated in the form of an emulsion that is 

dispersible in water.  

 The Asian tiger mosquito, Ae. albopictus, is a vector insect of DENV 

and CHIKV, and spread quickly to new locations from its native geographical 

origin [136]. Ae. albopictus management has mainly dependent on various 

synthetic pesticides around the world [137, 138]. However, the continued use 

of synthetic pesticides has caused several side effects such as environmental 

and human health concerns and undesirable effects on natural enemies, non-

targeted organisms [139, 140]. Another problem is that the resistance of Ae. 

albopictus to synthetic Pesticide has been reported in several countries [137, 

138]. Recently, plant essential oils and their constituents are considered as 

good sources for mosquito-controlling agents. Larvicidal activities of many 
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plant essential oils against Ae. albopictus have been reported [141-145]. 

Development of proper formulation is another research field for practical use 

of plant essential oils based mosquito larvicides. Nanoemulsion based 

formulation have been reported to improve efficacy, stability and solubility 

of plant essential oils in water [61]. 

Pickering emulsions are one method for encapsulating a phase separating 

liquid phase with surface active particles [1-3]. Pickering emulsion stabilizes 

biphases with different surface energies using amphiphilic particles instead 

of a low molecular weight linear surfactant. S-CNCs are appropriate particles 

for Pickering emulsions because they have a high aspect ratio of crystalline 

rods, as well as amphiphilicity [17, 162].  

The stability and morphology of Pickering emulsions are closely related 

with the properties of emulsifying particles. A high aspect ratio S-CNC 

provides high structural stability to the emulsion and colloidal dispersion in 

the aqueous solution. Recently, emulsions stabilized with cellulose-based 

particles were demonstrated using MFC, NFC and CNCs [94, 163-166]. Such 

a cellulose-based stabilizer for Pickering emulsions is advantageous over 

synthetic or inorganic nanoparticles due to biocompatibility, degradability 

and cost issues [167]. 

In particular, CNCs are attractive as stabilizers compared with other 

types of cellulose particles such as sphere and nanofibers due to the better 

control in morphology and reproducibility of emulsion formation [79, 168, 

169]. The rod-like CNCs tend to pack orderly because of the strong capillary 

forces, and space steric hindrance is structured at the interface inducing the 

resistance to coalescence of emulsions. On the contrary, a low aspect ratio of 

CNCs arrange disorderly on the emulsion droplet and desorb easily from the 

interface. 
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Here, volatile essential oils are encapsulated in Pickering emulsions 

using nature-derived CNC particles, and the essential oil solubility can be 

improved by dispersion in water. The amount of CNC and emulsifying agent 

in the process affects the size distribution of Pickering emulsion particles as 

well as the emulsion stability. Since sustained biological activity is one of the 

critical issues in ensuring reliable quality and reduced cost in industry, a long 

term evaluation of biocidal effects using S-CNC stabilized Pickering 

emulsion of essential oil is required. 
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4.2. Materials and method 

4.2.1. Preparation of S-CNC 

S-CNC was prepared with commercially available filter paper 

(Whatman, grade 2, Kent, UK) and sulfuric acid (Junsei Chemical Co. Ltd., 

95.0%(w/w) purity, Tokyo, Japan) [26, 41]. 10 g filter paper was ground by a 

blender for 5 minutes and 100 mL of 60% (w/w) sulfuric acid was added. 

Then, acidic pulp slurry was hydrolyzed with stirring at 45°C for 60 minutes. 

The hydrolyzed solution was diluted 10 times with deionized (DI) water and 

centrifuged at 6000 rpm for 20 minutes using a high speed refrigerated 

centrifuge (VS-24SMTi, Vision Scientific Co., Ltd., Daejeon, Korea). The 

obtained suspending S-CNC solution was dialyzed with a cellulose dialysis 

membrane (12-14 kDa, Spectra/Por, Breda, the Netherlands) for 7 days and 

subsequently concentrated using a rotary evaporator (N-1210BV-W, EYELA, 

Tokyo, Japan). 

 

4.2.2. Preparation and characterization of S-CNC stabilized 

Pickering emulsion 

Nutmeg (Myristica fragrans, Jin Aromatics, Anyang, Korea) thyme 

white (Thymus vulgaris, Korea Similac, Pochun, Korea), and Cnidium 

officinale root extract (C. officinale RE) were mixed with various content of 

S-CNC at a 1:10 ratio. The mixed solutions were tip-sonicated at 50% 

amplitude for 30 seconds using the ultrasonic processor (VCX 130, 435-09, 

Sonics & Materials Inc., Newtown, CT, USA). The S-CNC contents were 

fixed at 45, 90, 135, 180 and 225 mg per 1 mL of nutmeg essential oil. The 

S-CNC contents were fixed at 45, 90, 135 and 180 mg per 1 mL of thyme 

white. The S-CNC contents were fixed at 9, 22.5, 45, 67.5 and 90 mg per 1 
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mL of C. officinale RE. 

Massoia (Massoia aromatica, Oshadhi Ltd., Cambridge, UK) and Piper 

kadsura stem extract (P. kadsura SE) were mixed with various S-CNC 

content solution at a 1:10 ratio. The mixed solutions were tip-sonicated at a 

60% amplitude for 1 minute using the ultrasonic processor (VCX 130, 435-

09). The S-CNC contents were fixed at 135, 180, 270, 360 and 450 mg per 1 

mL of massoia essential oil. The S-CNC contents were fixed at 22.5, 45, 90, 

135 and 180 mg per 1 g of P. kadsura SE. 

All of Pickering emulsions consist of that S-CNC suspension (90 mL) 

was mixed with 10 mL or 10 g of essential oil. 

Prepared Pickering emulsions were stored at room temperature for 25 

days, and the solution appearance was captured with a digital camera. The 

height of separated layer was divided by the height of the solution to 

determine the emulsion fraction.  

Pickering emulsions were placed in a Turbiscan (Turbiscan Lab Expert, 

Formulaction, Toulouse, France), and the dispersion stability of the Pickering 

emulsion was observed for 24 hours at room temperature. The turbiscan 

stability index (TSI) was calculated using the Turbiscan Easy Soft program 

installed in the equipment.  

The shape and morphology of Pickering emulsion droplets were 

observed with a polarized light microscope (LV100, Nicon, Tokyo, Japan) or 

an inverted optical microscope (Eclipse Ts2, Nikon, Tokyo, Japan). S-CNC 

stabilized Pickering emulsions were diluted 100 times and the images of 

Pickering emulsion droplets were captured at the dark-field mode with 40× 

inverted routine microscope (Eclipse Ts2, Nikon, Tokyo, Japan) and bright-

field mode with a 60× oil immersion objective lens (CFI plan apochromat 

lambda, Nikon, Tokyo, Japan). The diameter of Pickering emulsions was 
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measured using the ImageJ program.  

The confocal fluorescence images of Pickering emulsion stabilized with 

dS-CNC was obtained by staining with 1 μl/mgCNC Calcoflour white (Sigma 

Aldrich) and 1.5 μg/μloil Nile red (Sigma Aldrich) using a confocal laser 

scanning microscope (LSM710, Carl Zeiss, Overkochen, Germany) (CLSM 

SP8 X, Leica, Wetzlar, Germany). 

The contact angle of S-CNC stabilized Pickering emulsions was 

measured using a droplet shape analyzer (EasyDrop FM40, KRÜSS, 

Hamburg, Germany) in sessile drop mode. 10 µL of Pickering emulsions were 

dropped on the borosilicate glass and their droplet shape was captured for the 

analysis of angles. The surface tension of Pickering emulsions was calculated 

by the Equation (4) [150]. 

 

cos θ = − 1 + 2(γ
S
d γ

LG
d⁄ )

1
2⁄     Eq. (4) 

 

Where θ  is the contact angle of the CNC and Pickering emulsion 

droplet on the borosilicate glass, γ
S
d  is the surface tension of the borosilicate 

glass (47.6 mNm-1), and γ
LG
d  is the surface tension of the CNC and emulsion. 

Rheological measurements were carried out using a digital rheometer 

(MARS III, Thermo Scientific, Newington, NH, USA) equipped with a 35 

mm plate-plate geometry and a temperature controller [170]. Specifically, 50 

µl of the Pickering emulsion was dropped on the plate for dynamic 

viscoelastic measurements. The gap size of the plate-plate was then adjusted 

to 0.1 mm, and mineral oil was dropped around the plate. The frequency 

sweep was performed at 0.5% strain in the range of 0.1 to 10 Hz [79, 171]. 

The value of tan δ was calculated at the 10 Hz frequency. 
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4.2.3. Antimicrobial activity test 

All antimicrobial tests were carried out using Mueller Hinton (MH) 

broth (BD Difco, Bergen, NJ, USA) and Biochemie micro agar (Duchefa 

Biochemie, Amsterdam, The Netherlands) following the protocol of Wiegand 

et al. [172] Briefly, a liquid medium was prepared by addition of 15 g/L micro 

agar to a 21 g/L MH broth solution. After sterilization of a medium solution 

at 121°C for 20 minutes, the medium solution was added to a 15 mL petri dish 

(15 mm×100 mm) and solidified at room temperature. Prior to the experiment, 

the solid medium was incubated at 37°C for 30 minutes to identify the 

contamination. The antimicrobial activity of essential oil was evaluated using 

E. coli and S. aureus. 

The S-CNC/essential oil Pickering emulsion and crude essential oil were 

added at 0.25, 0.5, 1, 2 and 4 µl/mL to the liquid medium containing 1 

OD600/mL of microbial solution, and it was incubated at 37°C while shaking. 

To measure the MIC and MBC of S-CNC/essential oil Pickering emulsion 

and crude essential oil, 1 mL of each solution was sampled. The absorbance 

of sampled solutions was measured at 600 nm with a microplate reader 

(Synergy HT, Bio Tek Instruments, Winooski, VT, USA). Then, the sampled 

solution was diluted 1000 times, spread on a solid medium, and incubated at 

37°C for 3 days, subsequently. The same concentration of Penicillin-

Streptomycin solution (Life technologies, Carlsbad, CA, USA) was added to 

the liquid medium as a positive control sample. 
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4.2.4. Larvicidal activity test 

Ae. albopictus was incubated without exposure to pesticide at a 

temperature of 26±1°C and a relative humidity of 60%. Larvae were 

incubated for 16 hours in light and 8 hours in dark and were supplied the larva 

with a sterilized diet (Super TetraMin®
, Sewha Pet Food Co. Seoul, Korea) 

composed of 40-mesh chick chow powder and yeast (4:1). To supply blood 

to Ae. albopictus, live mice in a steel cage were supplied using a method 

approved by the Institutional Animal Care and Use Committee (KCDC-020-

11-2A). The larvae obtained from the adult Ae. albopictus were incubated in 

plastic pans (24×35×5 cm3) with sterilized food and water at the same 

temperature and relative humidity. 

All of essential oils dissolved in ethanol and CNC based Pickering 

emulsions dissolved in water at treated concentration was prepared, and 1 mL 

of essential oils was applied in 200 mL of water in 270 mL paper cups. 10 

early third instar Ae. albopictus larvae were used in each treatment. A separate 

set of cups that received 1 mL of ethanol or S-CNC only served as the controls. 

Treated and control larvae were kept at 26±1°C, with a relative humidity of 

60±5%, under a 16:8 hours light:dark cycle, and larval mortality was 

investigated 48 hours after treatment. All treatments were replicated 4 times. 
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4.3. Results and discussion 

4.3.1. Colloidal stability of S-CNC/nutmeg Pickering 

emulsions 

Nutmeg Pickering emulsions were stable at S-CNC 180 and 225 

mg/mLNutmeg after the storage for 10 days while the emulsion fraction was 

decreased to about 20% after the storage for 1 day due to the phase separation 

of emulsion at S-CNC 45, 90 and 135 mg/mLNutmeg (Figure 26). 

Microscopic images showed S-CNC shell structures at the surface of 

Pickering emulsions (Figure 27A). The size of Pickering emulsions was in 

the range between 4 and 10 μm and the size was decreased the S-CNC content 

increased (Figure 27B-27D).  

The nutmeg encapsulated in Pickering emulsions was imaged by 

confocal microscopy (Figure 28). Blue fluorescence represented S-CNCs 

stained with Calcofluor white, and red fluorescence represented nutmeg 

stained with Nile red. Nutmeg were encapsulated in the S-CNC Pickering 

emulsions. The S-CNCs formed a shell structure at the surface of the 

Pickering emulsions and the nutmeg were contained inside the shells. The 

densely packed S-CNC shells formed a rigid structure, reducing the 

aggregation of particles and maintaining colloidal stability for an extended 

period. 
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Figure 26. Phase separation of S-CNC/nutmeg Pickering emulsion at 

different S-CNC content and storage time. (A) Digital images of Pickering 

emulsion (Unit: S-CNC mg/mLNutmeg) and (B) the emulsion fraction stored 

for 10 days. 
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Figure 27. S-CNC/nutmeg Pickering emulsions at different S-CNC content. 

(A) Dark-field microscopic images of Pickering emulsion (Unit: S-CNC 

mg/mLNutmeg), (B) size of emulsion droplets and, (C, D) size distribution of 

emulsion droplets. (C) First dilution and (D) second dilution. (N = 300, error 

bar = SD).  
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Figure 27. (Continued)  
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Figure 28. Confocal microscopic images of S-CNC/nutmeg Pickering 

emulsions (S-CNC 180 mg/mLNutmeg). S-CNCs labeled with Calcofluor white 

fluorescent dye and nutmeg labeled with Nile red fluorescence dye. 
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4.3.2. Larvicidal activity of S-CNC/nutmeg Pickering 

emulsions 

The larvicidal effect of S-CNC/nutmeg Pickering emulsions against Ae. 

albopictus are shown in Table 4. The LC50 values of S-CNC/nutmeg Pickering 

emulsion and crude nutmeg were 18.30 and 39.62 μg/mL, respectively. S-

CNC/nutmeg Pickering emulsion was 2.1-fold more active than crude nutmeg. 

The larvicidal activities of S-CNC/nutmeg Pickering emulsions were stronger 

than those of crude nutmeg. This may be a function of the high solubility of 

nutmeg essential oils in water. Another reason for the strong activity of S-

CNC-based Pickering emulsions may be controlled release of nutmeg, as 

nutmeg and their constituents easily evaporate when treated in water. 

    Larvicidal effect of nutmeg constituents against Ae. albopictus have 

been documented in previous studies [141, 142, 173-176]. Lee et al. [177] 

reported that the LC50 values of (+)-α-pinene, (-)-α-pinene, myrcene, and (+)-

terpinen-4-ol against Ae. albopictus were 55.65, 28.61, and 35.98 mg/L, 

respectively. However, the values for (+)-α-pinene, (-)-α-pinene, myrcene, 

and (+)-terpinen-4-ol were > 100 μg/mL in this study. The larvicidal activities 

of (+)-limonene, α-terpinene, α-phellendrene, and γ-terpinene reported in 

previous study [174] were slightly stronger than those in this study, but the 

larvicidal activity of terpinolene was slightly weaker than that of this study. A 

previous research effort [141] and this study discovered different larvicidal 

activities associated with eugenol and methyleugenol. Larvicidal activity of 

eugenol was stronger than that of methyleugenol in a previous study [141] 

but the relationship was reversed in this study. In a report by Seo et al. [175] 

the insecticidal activities of myristicin and elemicin were similar to those of 

this study. The differences in larvicidal activities of essential oils constituents 
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against Ae. albopictus may be attributable to the use of a different strain of 

test insect. Larvicidal activities of eugenol and its derivatives, such as 

methyleugenol, isoeugenol, and methylisoeugenol, showed that the methoxy 

group and a double-bond position affected activity. Larvicidal activities of 

eugenol and methyl eugenol with an allyl group were stronger than those of 

isoeugenol and methylisoeugenol with a propenyl group, and larvicidal 

activities of methyl eugenol and methylisoeugenol with two methoxy groups 

at a benzene ring were stronger than those of eugenol and isoeugenol with 

one methoxy group. Bhardwaj et al. [177] reported that larvicidal activity of 

methyl eugenol was stronger than that of eugenol against the tobacco 

armyworm, Spodopter litura. Methyleugenol exhibited strong contact 

toxicity against the cigarette beetle, Lasioderma serricorne compared with 

methylisoeugenol [181]. 
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Table 4. Larvicidal activity of S-CNC stabilized Pickering emulsions of 

nutmeg against Ae. albopictus. 
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4.3.3. Colloidal stability of S-CNC/massoia Pickering 

emulsions  

The stability of Pickering emulsions could be evaluated by observing the 

phase separation of the emulsion and the change of emulsion fraction for a 

long term storage at different S-CNC content (Figure 29). The phase 

separation of the emulsion was observed at S-CNC 135 and 180 mg/mLMassoia 

Pickering emulsions. It resulted from the insufficient S-CNC content for 

emulsifying the massoia. In contrast, S-CNC 270 mg/mLMassoia and more 

content formed a stable emulsion state without phase separation for 10 days 

(Figure 29A). The fraction of emulsion was decreased to about 20% for S-

CNC 135 and 180 mg/mLMassoia Pickering emulsions, but no significant 

change was shown for S-CNC 270 mg/mLMassoia and more (Figure 29B). 

Microscopic images showed a shell structure of Pickering emulsions due 

to the densely packed S-CNCs at the surface (Figure 30A). The size of 

Pickering emulsions was in the range between 3 and 8 μm and the size 

distribution of Pickering emulsions prepared at S-CNC 135 and 180 mg/ 

mLMassoia was relatively wider than the other Pickering emulsions (Figure 

30B-30D). Typically, the Pickering emulsion size was decreased as the S-

CNC content increased. 

The droplets encapsulated in Pickering emulsions were imaged by 

confocal microscopy (Figure 31). It was confirmed that massoia were 

encapsulated in the S-CNC Pickering emulsions. S-CNCs formed a shell 

structure at the surface of Pickering emulsions and massoia were contained 

inside the shells. The packed S-CNC shells formed a rigid structure reducing 

the aggregation of particles and keeping the colloidal stability for a long-term. 

  



 

 ８９ 

 

 

 

 

 

 

 

 

 

 
 

Figure 29. Phase separation of S-CNC/massoia Pickering emulsions at 

different S-CNC content and storage time. (A) Digital images of Pickering 

emulsion (Unit: S-CNC mg/mLMassoia) and (B) the emulsion fraction stored 

for 10 days. 
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Figure 30. S-CNC/massoia Pickering emulsions at different S-CNC content. 

(A) Dark-field microscopic images of Pickering emulsions (Unit: S-CNC 

mg/mLMassoia), (B) size of emulsion droplets and, (C, D) size distribution of 

emulsion droplets. (C) First dilution and (D) second dilution. (N = 300, error 

bar = SD). 
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Figure 30. (Continued) 
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Figure 31. Confocal microscopic images of S-CNC/massoia Pickering 

emulsions (S-CNC 270 mg/mLMassoia). S-CNCs labeled with Calcofluor white 

fluorescent dye and massoia labeled with Nile red fluorescence dye. 
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4.3.4. Larvicidal activity of S-CNC/massoia Pickering 

emulsions 

The larvicidal effect of S-CNC/massoia Pickering emulsions against Ae. 

albopictus are shown in Table 5. Larvicidal activity of S-CNC/massoia 

Pickering emulsions was higher than that of crude massoia. Larvicidal 

activities of S-CNC/massoia Pickering emulsion and crude massoia were 100% 

and 97.5% at 50 μg/mL, respectively. Mortality of Ae. albopictus treated with 

S-CNC only was 0%.  

Bin Jantan et al. [141] reported that the LC50 values of benzayl salicylate, 

benzyl benzoate, and safrole were 5.5, 6.5, and 28.0 μg/mL, respectively. 

Larvicidal activity of benzyl salicylate was weaker than that of this study, but 

larvicidal activities of benzyl benzoate and safrole were slightly stronger. 

Differences in the chemical structure of C10 and C12 massoia lactones 

include the aliphatic chain length at the C6 position, and this may be 

responsible for the difference in larvicidal activity against Ae. albopictus. 

Previous studies indicated that the chain length of compounds with similar 

chemical structures can play an important role in insecticidal and nematicidal 

activity [179, 180]. Hammond and Kubo [179] evaluated the larvicidal 

activity of alkanols with C1-C20 chain lengths against the mosquito Culiseta 

incidens. They found that larvicidal activities of dodecanol, tridecanol, and 

undecanol, with chain lengths of 12, 13, and 11, respectively, were stronger 

than those of alkanols with other chain lengths. Seo et al. [180] also reported 

that an optimal chain length of aliphatic compounds was necessary for 

nematicidal activity against the pine wood nematode Bursaphelenchus 

xylophilu. Nematicidal activities of aliphatic compounds with a C9-C11 chain 

length were stronger than other aliphatic compounds with other chain lengths.  



 

 ９４ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 5. Larvicidal activity of S-CNC stabilized Pickering emulsions of 

massoia against Ae. albopictus. 
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4.3.5. Colloidal stability of S-CNC/P. kadsura SE Pickering 

emulsions 

The colloidal stability of Pickering emulsions was investigated by 

storing Pickering emulsions up to 10 days (Figure 32A). The S-CNCs adhered 

to the surface of the P. kadsura SE oleic compound solution and increased the 

solubility in the aqueous solution by the ionic hydrophilic groups. The 

destruction of emulsion occurred due to the aggregation of insoluble particle 

components and incomplete formation of Pickering emulsions, which 

deteriorated the colloidal stability of Pickering emulsion. The oleic compound 

in the incomplete Pickering emulsions was released rapidly and formed a 

clear region at the upper part as the storage time increased. The stability of S-

CNC/P. kadsura SE Pickering emulsions was dependent on the S-CNC 

content in the formulation process and it needed at least S-CNC 135 mg/gP. 

kadsura SE to maintain the emulsion stability for the long term storage up to 10 

days. Pickering emulsions formed at less than S-CNC 135 mg/gP. kadsura SE 

showed the phase separation of the emulsion structure. 

The emulsion stability of S-CNC/P. kadsura SE Pickering emulsions 

was evaluated by the comparison of the emulsion fraction remaining after the 

storage (Figure 32B). The Pickering emulsion fraction with S-CNC 22.5 

mg/gP. kadsura SE decreased below 60% after the storage for 7 days. The phase 

separation was inhibited by the increase of the S-CNC content in the emulsion 

formulation process but approximately 20% of Pickering emulsions were 

phase-separated at S-CNC 90 mg/gP. kadsura SE after the storage for 10 days. The 

phase separation apparently decreased with the S-CNC content of 135 mg/gP. 

kadsura SE and more. It resulted from the complete formation of emulsion 

structure by the sufficient coverage of P. kadsura SE with emulsifying S-
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CNCs. The spherical shape of Pickering emulsions was observed with dark 

filed microscopic images (Figure 33A). The average diameter of Pickering 

emulsions formed at S-CNC 22.5 mg/gP. kadsura SE was 6 μm and the size 

distribution was relatively broad (Figure 33B and 33C). It resulted from the 

high viscosity of P. kadsura SE which tended to coagulate to form large 

spherical droplets. The size of droplets decreased by the use of large amount 

of emulsifying agent such as S-CNCs. The droplet size decreased to 3 μm at 

S-CNC 135 mg/gP. kadsura SE with a narrow size distribution. 

The encapsulation of P. kadsura SE oleic compounds in Pickering 

emulsions at S-CNC 135 mg/gP. kadsura SE was visualized by confocal 

microscopy (Figure 34). P. kadsura SE oleic compounds were stably 

encapsulated with S-CNCs showing separate and combined colors. The 

Pickering emulsions were well distributed without aggregation due to the 

electrostatic repulsion between the ionic S-CNCs and stable in the storage up 

to 10 days.  
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Figure 32. Evaluation of emulsion stability of S-CNC/P. kadsura SE 

Pickering emulsions at different S-CNC content and the storage time. (A) 

Visual appearance of stored Pickering emulsions (Unit: S-CNC mg/gP. kadsura 

SE) and (B) fraction of remaining emulsions. 
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Figure 33. Size distribution of S-CNC/P. kadsura SE Pickering emulsions. 

(A) Dark-field microscopic images of Pickering emulsion (Unit: S-CNC 

mg/gP. kadsura SE), (B) size distribution and (C) average diameter of droplets 

prepared at different S-CNC concentrations. N= 150, error bar = SD. (Scale 

bar : 20 μm).  
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Figure 33. (Continued) 
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Figure 34. Confocal microscopic images of S-CNC 135 mg/mLP. kadsura SE 

Pickering emulsions. (A) S-CNCs labeled with Calcofluor white fluorescent 

dye, (B) P. kadsura SE labeled with Nile red fluorescence dye, (C) combined 

confocal image of A and B and (D) bright field optical image. 
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4.3.6. Larvicidal activity of S-CNC/P. kadsura SE Pickering 

emulsions 

Larvicidal activity of pure P. kadsura SE and S-CNC/P. kadsura SE 

Pickering emulsions is shown in Table 6. Larvicidal activity of S-CNC/P. 

kadsura SE Pickering emulsions was slightly higher than that of pure P. 

kadsura SE. Larvicidal activities of P. kadsura SE and S-CNC/P. kadsura SE 

Pickering emulsions were 80.0 and 97.5% at 50 μg/mL concentration, and 

25.0 and 30.0% at 25 μg/mL concentrations, respectively. In this article, the 

results showed that S-CNC stabilized Pickering emulsions of P. kadsura SE 

was stable and well diffused in water. In addition, larvicidal activity of S-

CNC stabilized Pickering emulsion of P. kadsura SE was slightly higher than 

that of pure P. kadsura SE. This indicates that S-CNC stabilized Pickering 

emulsion is a suitable formulation for the practical use of botanical pesticide 

in field.  

Insecticidal activities of piperamides have been documented in many 

previous studies [181-184]. Park et al. [181] reported the larvicidal activity of 

four piperamides such as pellitorine, guineensine, pipercide and 

retrofractamide A against three mosquito species. Although isobutylamine 

moiety of piperamides was found to be essential for toxicity against mosquito 

larvae, there was a difference in larvicidal activity between piperamides with 

and without methylendioxyphenyl moiety. Larvicidal activity of guineensine, 

pipercide and retrofractamide A with methylendioxyphenyl moiety was 

stronger than that of pellitorine without methylendioxyphenyl moiety against 

three mosquito species. This study showed the same result. Larvicidal activity 

of chingchengenamide A with methylendioxyphenyl moiety was stronger 

than that of pellitorine without methylendioxyphenyl moiety against Ae. 



 

 １０２ 

albopictus. Pellitorine with a conjugated dienamide chromophore (-C=C-

C=C-CONH-) was quite unstable owing to unsaturation, and this might cause 

low activity of pellitorine compared to other piperamides. The 

methylenedioxyphenyl moiety is thought to stabilize the chemical structure 

of piperamides [181]. Although insecticidal activity of many piperamides 

have been documented [181-184], this is the first report on the larvicidal 

activity of chingchengenamide A against Ae. albopictus. 

Neolignans are another important natural compounds found in almost 

every vegetative parts of Piper spp., and many biological activities of 

neolignans such as anti-inflammatory, antimicrobial, antioxidant, and 

antitumoral activity have been reported [185]. Insecticidal activity of 

neolignans has been also documented [186, 187]. Specifically, benzofuran-

type neolignans such as eupomatenoid-5, eupomatenoid-6, concarpan, and 

burchellin showed strong insecticidal activity against mosquito, and 

piperenone belongs to benzofuran-type neolignans. Although antifeeding 

activity of piperenone against S. litura was reported in previous study [188], 

this is the first report on insecticidal activity of piperenone. 
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Table 6. Larvicidal activity of P. kadsura SE and S-CNC/P. kadsura SE 

Pickering emulsion against Ae. albopictus. 
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4.3.7. Colloidal stability of S-CNC/C. officinale RE Pickering 

emulsions 

The visual appearance of S-CNC/C. officinale RE Pickering emulsions 

for 14 days was depicted at the Figure 35. C. officinale RE is composed of 

not only hydrophobic oleic compounds but also hydrophilic polar compounds. 

Therefore, the side appearance of S-CNC/C. officinale RE Pickering 

emulsions seem to be well-dispersed in the aqueous solution without phase 

separation and the emulsion fraction of S-CNC/C. officinale RE Pickering 

emulsion maintained 100% without phase separation even after 14 days. 

However, in facts, since the encapsulated inner part by S-CNC was the 

hydrophobic oleic compounds, aggregation of the oleic compounds caused by 

insufficient S-CNC in the solution, so, after 14 days, S-CNC 9 and 22.5 

mg/mLC. officinale RE Pickering emulsion formed a dark brown sedimentation. 

The Pickering emulsions stabilized by S-CNC content at 45 mg/mLC. officinale 

RE and more showed mild brown color like color of side appearance without 

sedimentation. 

The surface tension of water and C. officinale RE mixture was governed 

by addition of S-CNC (Figure 36A). As the S-CNCs added to the mixed 

solution, the S-CNCs are absorbed to the interface between water and oleic 

compounds and, at the same time, absorbed to the interface between air and 

water. The S-CNC located surface of S-CNC/C. officinale RE Pickering 

emulsions gradually decreased interfacial energy gap between A/W by change 

S-CNC content from 0 mg/mLC. officinale RE to 22.5 mg/mLC. officinale RE. As 

increase of the S-CNC content above 45 mg/mLC. officinale RE, the Pickering 

emulsions was finally reached equilibrium surface tension to near 55 mNm-1 

which was the equilibrium surface tension of S-CNC (Figure 36B).   



 

 １０５ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 35. Side and bottom visual appearances of S-CNC/C. officinale RE 

Pickering emulsions stored at the room temperature for 14 days. The S-CNC 

contents was 9, 22.5, 45, 67.5 and 90 mg/mLC. officinale RE. 
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Figure 36. Surface properties of S-CNC/C. officinale RE Pickering 

emulsions at the different S-CNC content. (A) Surface tension and (B) contact 

angle images of C. officinale RE-Pickering emulsions on the glass. 

  



 

 １０７ 

The rheological properties of the S-CNC/C. officinale RE Pickering 

emulsion were investigated as a function of the S-CNC content (Figure 37). 

The SAOS flow of the stable S-CNC/C. officinale RE Pickering emulsions 

showed that the elastic storage modulus (G') was higher than the viscous 

storage modulus (G'') in the frequency range of 0.1 to 10 Hz. When the shear 

occurred to the Pickering emulsion, the irreversibly adsorbed S-CNCs on the 

oleic compound formed network of droplets. The flocculation droplet 

network which occurred by shear force increased the G' value, as the increase 

of S-CNC content above 45 mg/mLC. officinale RE, the G' showed high value 

compared to G'' (Figure 37C-37E). On the other hands, at the incompletely 

encapsulated S-CNC/C. officinale RE Pickering emulsions of S-CNC content 

below 22.5 mg/mLC. officinale RE, the small droplets aggregated each other and 

form one large droplet by coalescence. The decrease of solid areas induced 

sol-like property to the whole system of solution. Therefore, the G'' increased 

more than G' at the high frequency range (Figure 37A and 37B). The value of 

loss factor (tan δ) at the high frequency showed more than 1 of S-CNC content 

below 22.5 mg/mLC. officinale RE and less than 1 of S-CNC content above 45 

mg/mLC. officinale RE (Figure 37F). 
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Figure 37. Rheological properties of S-CNC/C. officinale RE Pickering 

emulsions. (A) S-CNC 9.0 mg/mLC. officinale RE, (B) S-CNC 22.5 mg/mLC. 

officinale RE, (C) S-CNC 45.0 mg/mLC. officinale RE, (D) S-CNC 67.5 mg/mLC. 

officinale RE, and (E) S-CNC 90.0 mg/mLC. officinale RE. (F) Loss factor at the 10 Hz 

of S-CNC/C. officinale RE Pickering emulsions at different of S-CNC content.  
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The C. officinale RE Pickering emulsions stabilized by various S-CNC 

content were obtained by confocal microscopy (Figure 38). The S-CNC/C. 

officinale RE Pickering emulsions stabilized by S-CNC content below 22.5 

mg/mLC. officinale RE formed solely dispersed large droplets (Figure 38A and 

38B). As the S-CNC content increased above 45 mg/mLC. officinale RE, lots of 

small droplets were formed by amphiphilic S-CNC. The S-CNC content of 

45 mg/mLC. officinale RE and 67.5 mg/mLC. officinale RE showed relatively 

homogeneous range of droplet size distribution (Figure 38C and 38D). 

However, the S-CNC content of 67.5 mg/mLC. officinale RE manufactured too 

small droplets and the increased surface area rather deteriorates the 

thermodynamic stability of Pickering emulsion (Figure 38E). The droplets 

attached each other and formed several large droplet clusters. The each of 

droplet did not collapse for 14 days even though they formed clusters because 

of irreversibly absorbed S-CNC on the surface of oleic compounds.  
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Figure 38. Confocal microscopic images of S-CNC/C. officinale RE 

Pickering emulsions. (A) S-CNC 9.0 mg/mLC. officinale RE, (B) S-CNC 22.5 

mg/mLC. officinale RE, (C) S-CNC 45.0 mg/mLC. officinale RE, (D) S-CNC 67.5 

mg/mLC. officinale RE, and (D) S-CNC 90.0 mg/mLC. officinale RE. S-CNCs labeled 

with Calcofluor white fluorescent dye and C. officinale RE labeled with Nile 

red fluorescence dye.  
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4.3.8. Larvicidal activity of S-CNC/C. officinale RE Pickering 

emulsions 

Larvicidal activity of crude C. officinale RE and S-CNC/C. officinale 

RE Pickering emulsions is shown in Table 7. The LC50 of S-CNC/C. officinale 

RE Pickering emulsions was slightly higher than that of crude C. officinale 

RE at all of S-CNC content except 90 mg/mLC. officinale RE. The S-CNC 90 

mg/mLC. officinale RE Pickering emulsions exhibited weak larvicidal activity than 

the others. The decrease of larvicidal activity of the S-CNC 90 mg/mLC. 

officinale RE Pickering emulsions was caused from forming cluster of small 

droplets and essential oil release areas reduced. 
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Table 7. Larvicidal activities of C. officinale RE and its S-CNC 45 mg/mLC. 

officinale RE Pickering emulsions against Ae. albopictus. 
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4.3.9. Colloidal stability of S-CNC/thyme white Pickering 

emulsions 

A Pickering emulsion of S-CNC/thyme white was prepared by 

sonicating the mixture solution of thyme white and S-CNC suspension in 

water. The color of the solution changed to white, and the stability of the 

Pickering emulsion was determined by TSI values for 24 hours (Figure 39A). 

Typically, TSI values varied from 0 to 100, and emulsions with a lower TSI 

value are more stable. The TSI values decreased as the content of S-CNC 

increased. The TSI values of S-CNC 135 and 180 mg/mLThyme white Pickering 

emulsions were less than 12 while the TSI values of S-CNC 45 and 90 

mg/mLThyme white Pickering emulsions were above 50. The visual appearance 

of the emulsions showed significant differences depending on the S-CNC 

contents after storage for 24 hours (Figure 39B). Usually, the light scattering 

of stabilized emulsions is high, and the transmission rate is very low through 

all the regions in the solution. However, transmission of light increased with 

the lower content of S-CNC emulsions because the emulsion particles were 

destroyed, and subsequent phase separation between thyme white essential 

oil and water occurred. This resulted from the insufficient content of 

emulsifying S-CNCs. The less covered thyme white essential oil was exposed 

to oil parts and the exposed parts were coalesced. The exposed oil flocculation 

moved to the aqueous surface and formed a floating creamy layer [94, 163, 

189].  

The backscattering of light through each emulsion is shown in Figure 

38C-38F. The stability of emulsions was sustained without any significant 

phase separation with S-CNC 135 and 180 mg/mLThyme white Pickering 

emulsions during storage for 24 hours (Figure 39C and 39D). In contrast, 
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phase separation was observed in 6 hours for emulsions prepared with S-CNC 

45 and 90 mg/mLThyme white compositions (Figure 39E and 39F). This 

demonstrated that there is a critical concentration of S-CNCs required for 

completely covering thyme white and ensuring the long-term stabilization of 

S-CNC based Pickering emulsions. These results suggest that S-CNC 135 

mg/mL thyme white could be close to the critical concentration of S-

CNC/thyme white emulsions. 

Spherically shaped emulsion droplets were observed with a microscope 

as shown in Figure 40A-40D. The dark-field microscopic image clearly 

showed the contours of solid particles, as well as the size distribution. The 

shell structure implies that the liquid phase was enclosed in the solid phase. 

The shell consisted of S-CNC particles because light scattering occurred at 

the edge of the solid particles. Thicknesses of the shell were similar regardless 

of the S-CNC/thyme white compositions, meaning that the assembly of S-

CNCs was regular and uniform. The size of the Pickering emulsion decreased 

as the S-CNC content increased. The average shell size of the S-CNC 45 

mg/mLThyme white Pickering emulsion was about 14 μm, and a broad size 

distribution was observed. It decreased to about 5 μm for S-CNC 135 and 180 

mg/mLThyme white Pickering emulsions with comparatively narrower size 

distributions (Figure 40E and 40F). 
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Figure 39. Colloidal stability of Pickering emulsion of S-CNC/thyme white 

prepared at different content of S-CNCs. (A) TSI change for Pickering 

emulsions for 24 hours. (B) Photograph of the vials containing Pickering 

emulsions after storage for 24 hours. The numbers mean the S-CNC content 

for 1 mL of thyme white, unit: S-CNC mg/mLThyme white. (C-F) Backscattering 

at the different vertical regions of the vial containing Pickering emulsion 

prepared with different content of S-CNCs. (C) S-CNC 45 mg/mLThyme white, 

(D) S-CNC 90 mg/mLThyme white, (E) S-CNC 135 mg/mLThyme white, and (F) S-

CNC 180 mg/mLThyme white. 
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Figure 40. Size distribution of S-CNC/thyme white Pickering emulsions 

prepared at the different content of S-CNCs. Dark-field microscopic images 

of Pickering emulsion prepared at (A) S-CNC 45 mg/mLThyme white, (B) S-

CNC 90 mg/mLThyme white, (C) S-CNC 135 mg/mLThyme white, and (D) S-CNC 

180 mg/mLThyme white. (E) Distribution of the sizes of emulsions at different 

content of S-CNCs. (F) Average diameter of droplets as a function of the 

content of S-CNCs. (N=300, error bar=SD).  
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The enclosure of liquid thyme white in the S-CNC shell was confirmed 

with confocal microscope images (Figure 41). S-CNCs were labeled with 

blue fluorescent dye and were observed only at the boundary of the emulsion 

particles. Meanwhile, the thyme white labelled with red fluorescent dye was 

observed at the inner region of the emulsion. Smaller sized thyme white 

droplets were contained in the S-CNC Pickering emulsion with a higher 

content of S-CNCs in the emulsion. The emulsion particles were spherical 

and were well dispersed in the aqueous phase without aggregation. 

The rheological properties of the S-CNC/thyme white Pickering 

emulsion were investigated as a function of the S-CNC content (Figure 42). 

The dynamic mechanical properties of the emulsions showed that the elastic 

storage modulus (G') was higher than the viscous storage modulus (G'') in the 

frequency range of 0.1 to 10 Hz, and the Pickering emulsions appeared to be 

a gel in this range. As the shear occurs, the network structure of the Pickering 

emulsion collapses, and the emulsions combine to increase the size. As the 

size of the Pickering emulsion increases due to the coalescence of Pickering 

emulsions, the area of the entire interface decreases, resulting in a decrease in 

the storage modulus (G') [3]. This phenomenon was also observed in the S-

CNC/thyme white essential oil Pickering emulsions. The stability of the 

Pickering emulsion was evaluated by increasing the S-CNC content from 45 

mg/mLThyme white to 180 mg/mLThyme white by performing frequency sweeps. 

Pickering emulsions with less than S-CNC 90 mg/mLThyme white showed a large 

particle size and wide distribution of particle sizes (Figure 42A and 42B). As 

the size of the Pickering emulsion increased, the interactions between 

Pickering emulsions decreased, leading to a decrease in G'. Increased 

Pickering emulsion size also reduced the regularity of the emulsion 

arrangement in the system, inducing the lower G' value. The Pickering 
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emulsions prepared with more than S-CNC 135 mg/mLThyme white had a smaller 

emulsion size and narrower distribution than the other Pickering emulsions, 

implying a more regular arrangement of emulsion particles (Figure 42C and 

42D). Especially, the Pickering emulsions with S-CNC 180 mg/mLThyme white 

showed a constant strain value of 0.5% and a G' value of about 5.5 Pa over 

the entire frequency range. The value of loss factor (tan δ) at the high 

frequency showed equallibrium value of S-CNC content above 135 

mg/mLThyme white (Figure 42E). 
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Figure 41. Confocal microscopic images of S-CNC/thyme white Pickering 

emulsions. (A) S-CNC 90 mg/mLThyme white and (B) S-CNC 180 mg/mLThyme 

white. S-CNCs labeled with Calcofluor white fluorescent dye and thyme white 

labeled with Nile red fluorescence dye. 
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Figure 42. Rheological properties of S-CNC/thyme white Pickering 

emulsions. (A) S-CNC 45 mg/mLThyme white, (B) S-CNC 90 mg/mLThyme white, 

(C) S-CNC 135 mg/mLThyme white, and (D) S-CNC 180 mg/mLThyme white. (E) 

Loss factor at the 10 Hz of S-CNC/thyme white Pickering emulsions at 

different of S-CNC content. 
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4.3.10. Antimicrobial activity of S-CNC/thyme white Pickering 

emulsions 

Essential oils are available from the natural resources and become 

continuously popular in biological and medical applications due to their 

antimicrobial effect. Thyme white in the research is known to cause the 

microbial cytoplasm to crack, and the thymol and carvacrol in it destroy 

microbial metabolic organelles or cause leakage of internal organs [134, 161, 

190]. 

Pickering emulsion for the investigation of biological activity was 

prepared with S-CNC 135 mg/mLthyme white by tip sonication considering the 

uniformity of the emulsion droplets and narrow size distribution. The 

antimicrobial activity of crude thyme white and Pickering emulsions 

containing thyme white was determined by MIC and MBC against E. coli and 

S. aureus using streptomycin as a positive control (Table 8-11). 

Crude thyme white showed weak antimicrobial activity against E.coli 

and no microbial growth or turbidity was observed over 0.625 μl/mL 

indicating the MIC value. On the other hand, S-CNC/thyme white Pickering 

emulsions showed strong activity against E. coli at 0.312 μl/mL which was 

lower MIC value than crude thyme white demonstrating the efficiency of 

antimicrobial activity. For S. aureus, the microbial growth was also inhibited 

by crude thyme white essential oil at MIC 0.625 μl/mL and S-CNC/thyme 

white Pickering emulsions at MIC 0.250 μl/mL (Table 8 and 9). 

The lowest concentration of an antimicrobial agent for microbial death 

was demonstrated as a complementary to the MBC. For E. coli, MBC was 

1.00 with crude thyme white essential oil and 0.750 with S-CNC/thyme white 

Pickering emulsions. For S. aureus, MBC was 1.00 with crude thyme white 
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essential oil and 0.650 with S-CNC/thyme white Pickering emulsions (Table 

10 and 11). Streptomycin showed no microbial growth at the concentrations 

used in the investigation. 

For the investigation of long term antimicrobial activity, the different 

contents of Pickering emulsion and crude thyme white were added to the 

medium containing microbes, and the mixture was incubated up to 25 days. 

The antibacterial activity of Pickering emulsion and crude thyme white was 

evaluated by counting the number of colonies at the gel surface after 

incubation for 3 days (Figure 43 and 44). Pickering emulsion showed 

antimicrobial activity with 1.0 μl/mL thyme white against E. coli (Figure 

43A-43C). The microbes were bioactive immediately after the addition of 

Pickering emulsion, but no colony was observed with the extractions 

incubated for 10 days and 25 days. However, crude thyme white showed 

microbial activity with the extractions incubated for 10 days and 25 days at 

the same concentration. The bioactivity of S. aureus was also restricted by the 

addition of Pickering emulsion with 1.0 μl/mL thyme white or more (Figure 

44A-44C). The dense S-CNC shell reduced the volatility of thyme white 

essential oil and prevented the rapid release of thyme white into the solution. 

As a result, the S-CNC enabled longer and sustained antimicrobial activity in 

the bulk environment. 
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Table 8. MIC of Pickering emulsions, crude thyem white essential oil and 

streptomycin against E. coli. 1 

 
 

 

 

 

 

Table 9. MIC of Pickering emulsions, crude thyem white essential oil and 

streptomycin against S. aureus. 1 
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Table 10. MBC of Pickering emulsions, crude thyem white essential oil and 

streptomycin against E. coli. 1 

 
 

 

 

 

 

Table 11. MBC of Pickering emulsions, crude thyem white essential oil and 

streptomycin against S. aureus. 1 
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Figure 43. Antimicrobial activity of S-CNC/thyme white Pickering 

emulsions and crude thyme white against E. coli at different concentrations 

of thyme white. The extracts were diluted 1000 times and spread on an agar 

plate after the storage for (A) Day 0, (B) Day 10, and (C) Day 25.  
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Figure 44. Antimicrobial activity of S-CNC/thyme white Pickering 

emulsions and crude thyme white against S. aureus at different concentrations 

of thyme white. The extracts were diluted 1000 times and spread on an agar 

plate after the storage for (A) Day 0, (B) Day 10, and (C) Day 25.  
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4.3.11. Larvicidal activity of S-CNC/thyme white Pickering 

emulsions 

When essential oils are encountered by the small insects, the small 

insects trigger relatively unambiguous responses that, in addition to the added 

cellular components, have non-specific effects on a wide range of molecular 

targets such as proteins, nucleic acids, and biological membranes. As a result, 

the essential oil compounds, especially, thymol and carvacrol cause 

physiological disruption to the mosquito larvae to affect several crucial 

physiological function such as inhibition of chloride channel, interruption of 

Na-K ion exchange, and constriction of cellular respiration [191, 192]. 

The larvicidal activity of the thyme white essential oil and two types of 

formulation is shown in Table 12. Crude thyme white and S-CNC based 

formulation of thyme white showed 100% larvicidal activity against Ae. 

albopictus at 100 μg/mL concentration. S-CNC based formulation of thyme 

white exhibited 100% larvicidal activity at 50 μg/mL concentration, but no 

mortality was observed in crude thyme white. However, larvicidal activity of 

S-CNC based formulation of thyme white was weaker than that of temephos.  

This result indicated that the thyme white was successfully liberated 

from the thyme white-loaded formulations. Larvicidal activity of thyme 

white-loaded formulations was stronger than that of thyme white. This might 

be attributed to high solubility in water of thyme white essential oil-loaded 

formulations. Plant essential oil is highly hydrophobic, and this is one 

obstacle for the development of plant-based mosquito larvicides. The result 

showed that S-CNC based formulation could solve the insolubility problem 

of plant essential oil in water. Another reason of high activity of S-CNC based 

formulation might be attributed to the controlled release of thyme white. Plant 
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essential oil easily evaporated when applied in water [175]. High mortality of 

S-CNC based thyme white formulation might be achieved by the controlled 

release of thyme white over the desired period. Development of proper 

formulation for practical use of plant essential oil in field has been conducted 

[61, 175]. Osanloo et al. [61] found that nonoemulsions of plant essential oil 

enhanced the larvicidal activity, stability and solubility of plant essential oils. 

Seo et al. [175] also reported that parsley oil-loaded PVA microemulsion 

showed strong larvicidal activity against Ae. albopictus and could solve the 

insolubility problem of plant essential oil in water. 
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Table 12. Larvicidal activities of crude thyme white and S-CNC/thyme white 

Pickering emulsions against Ae. albopictus. 
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4.4. Summary 

S-CNCs with a needle-like morphology were produced by sulfuric acid 

hydrolysis. These S-CNCs showed surface active ability for the formation of 

Pickering emulsion with various essential oils. A critical concentration of the 

S-CNC based Pickering emulsions was determined to be S-CNC 180 

mg/mLNutmeg, 270 mg/mLMassoia, 135 mg/mLP. kadsura SE, 45 mg/mLC. officinale RE 

and 135 mg/mLThyme white. Smaller emulsion particles resulted in a higher G' 

value, implying a more regular arrangement of emulsion particles and 

dimensional stability. The size of S-CNC/essential oil Pickering emulsion 

varied according to the S-CNC content in the emulsifying process. The size 

of Pickering emulsion droplets decreased as the S-CNC content increased. 

The surface tension of Pickering emulsion decreased as the S-CNC content 

increased and the equilibrium surface tension showed at the stable Pickering 

emulsion. Encapsulation of essential oil in S-CNC shell was visualized by 

distinct fluorescent labelling. The size of each stable Pickering emulsion 

showed narrower size distributions. The antimicrobial ability of S-

CNC/essential oil Pickering emulsion was confirmed by the determination of 

minimum bactericidal concentration with long-term storage up to 25 days. 

The larvicidal activity of S-CNC/essential oil Pickering emulsion was 

stronger than that of crude essential oil due to high solubility and 

sustainability of essential oil in water. The thyme white Pickering emulsion 

enhanced their larvicidal activity 2.6-fold more than crude thyme white. In 

addition nutmeg Pickering emulsion showed 2.1-fold, P. kadsura SE 

Pickering emulsion showed 1.7-fold, Massoia Pickering emulsion showed 

1.3-fold, and C. officinale RE Pickering emulsion showed 1.1-fold more 

active than crude essential oils.  
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Larvicidal composite alginate hydrogel  

combined with a Pickering emulsion  

of thyme white essential oil 
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5.1. Introduction 

Dengue virus, chikungunya virus, and Zika virus have become global 

public diseases as their disease vectors, Asian tiger mosquitoes, Ae. 

albopictus, have spread quickly from East Asia to the world [136, 193-195]. 

Synthetic pesticides have been developed and used to kill the Ae. albopictus. 

However, the pesticides can continuously cause environmental problems and 

directly damage other organisms because the pesticides are difficult to 

remove easily. In addition, the increasing resistance of mosquitoes to 

synthetic pesticides requires the development of more powerful pesticides 

[196, 197]. Because the continuous use of pesticides can cause serious side 

effects to the environment, eco-friendly pesticides such as essential oils have 

been receiving attention as alternative pesticides [198]. 

Essential oil are secondary metabolic compounds of aromatic plants that 

have antioxidant, antimicrobial, and larvicidal activity [36-38]. Essential oils 

extracted by steam distillation are composed of alcohols, aldehydes, ketones, 

esters, aromatic phenols, lactones, monoterpenes, and sesquiterpenes [39, 40]. 

In particular, the thyme white essential oil extracted from Thymus vulgaris 

has thymol and carvacrol, which are more fatal to mosquito larvae at 

relatively low concentrations than other essential oils [199, 200]. It is 

considered that essential oils do not evolve harmful side effects because, in 

general, their components are highly volatile and have short residence times 

in natural environments such as clear water and soil. However, their volatility 

also means that essential oils need to be released in a controlled, steady 

manner to have the desired larvicidal effect without being wasted by 

evaporation. 

Pickering emulsions are an associated colloidal system that stabilizes a 
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two-phase liquid mixture through adsorption of amphiphilic particles at the 

interface of the two liquids [61]. S-CNCs, which have a high aspect ratio, are 

suitable particles for making Pickering emulsions [25, 46, 78]. The sulfonate 

(OSO3
-) groups introduced at the surface of the CNCs enable the formation 

of strong emulsion particles [25]. The S-CNCs closely packed at the surface 

of an oil can reduce its ability to evaporate and can enable the sustained 

release of the oil through pores at the nanoscale. In addition, the enhanced 

solubility of essential oil-Pickering emulsions in water effectively improves 

their mosquito larvicidal performance [41]. Despite the sustained release of 

essential oils and the high solubility of Pickering emulsions, after the CNC 

emulsion carriers (diameter of tens of m) have been dispersed in water and 

used, it is difficult to remove them from the water. The association of 

Pickering emulsions with a retrievable macroscale hydrogel is a potential 

solution to this problem. A hydrogel can easily control the release of 

chemicals entrapped within it by controlling the degree of gelation and pore 

size.  

SA, a polysaccharide extracted from algae composed of (1-4)-linked 𝛽-

D-mannuronic acid and 𝛼-D-gluronic acid units, is a natural polymer that can 

form a hydrogel in the presence of divalent cations [44, 45]. Because of their 

high water solubility and eco-friendly processing [100, 201], SA hydrogels 

are suitable for use as an environmentally friendly delivery system. 

Negatively charged S-CNCs at the surface allow essential oil Pickering 

emulsions to be naturally incorporated with SA in the gelation process. The 

crystalline fibrous structure of S-CNC reinforces the mechanical properties 

of the SA hydrogel by forming ionic cross-links through multivalent ions [46, 

47]. The release behavior can be controlled by the degree of cross-linking of 
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SA and S-CNC-Pickering emulsions in the complex to find effective 

mosquito larvicidal performance [41]. In addition, SA hydrogels incorporated 

with essential oil-Pickering emulsions can be retrieved after the complete 

release of essential oils to water, which will reduce the environmental load. 

The eco-friendly SA-CNC Pickering emulsion hydrogels are one potential 

method to control the global disease problems by preventing the growth of 

mosquito larvae in the future. 
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5.2. Materials and method 

5.2.1. Preparation of S-CNC and S-CNC stabilized Pickering 

emulsion 

Preparation of S-CNC and Pickering emulsions was conducted as 

reported in the previous research [41]. Briefly, 10 g of filter paper was 

hydrolyzed in 100 mL 60 %(w/w) sulfuric acid at 45 °C for 1 hour [26]. The 

hydrolyzed paper solution was centrifuged at 6000 rpm for 10 minutes using 

a high speed, refrigerated centrifuge (VS-24SMTi, Vision Scientific Co., Ltd., 

Daejeon, Korea). After centrifugation, the solution in the upper region of the 

centrifuge bottle was collected and dialyzed for 1 week in a cellulose dialysis 

membrane (MWCO 12-14 kDa, Spectra/Por, Breda, the Netherlands). The 

dialyzed S-CNC suspension solution was concentrated with a rotary 

evaporator (N-1000, Eyela, Tokyo, Japan) and stored in a refrigerator until 

use. The sulfate content of S-CNC samples was determined by 

conductometric titrations [94, 147, 148]. 35 mg of S-CNC samples were 

suspended in 15 mL of a 0.01 M hydrochloric acid solution and stirred for 10 

minutes. After 10 minutes of stirring, the solution was titrated with 0.01 M 

NaOH. The conductivity of the solution was measured by a conductometer 

(FiveGo Cond meter F3, Mettler Toledo, Zürich, Switzerland) during titration. 

The S-CNC aqueous solution (1.35%) and thyme white essential oil 

were mixed at a ratio of 135 mg S-CNC per 1 mL of essential oil, and tip-

sonicated (VCX 130, 435-09, Sonics & Materials Inc., Newtown, CT, USA) 

at 50% amplitudes for 30 seconds to make the Pickering emulsions. 
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5.2.2. Preparation of SA/Pickering emulsions hydrogel beads 

Thyme white Pickering emulsions were added to a 2% SA solution at 

mixture concentrations of 10, 20, and 30%. A mixture of SA and Pickering 

emulsions was filled in a 10 mL syringe, which was loaded into a syringe 

pump (KDS100, KD Scientific Inc., Holliston, MA, USA). The mixture 

solution was dropped into different concentrations (0.50, 0.75 and 1.0%) of 

aqueous CaCl2 solutions. Gelation was performed in the gelling solution for 

20 minutes. The prepared hydrogel beads were washed with de-ionized (DI) 

water to remove any salt at the bead surface. 

The prepared SA/Pickering emulsions hydrogel beads were stored in pH 

7.4 PBS for 2 hours at 37°C to measure the water capacity [206]. After 

reaching equilibrium swelling, the hydrogel beads were washed with 

deionized water twice and the swollen weight (WS) of hydrogel beads was 

measured. The dried weight (WD ) of hydrogel beads was measured after 

complete drying in the desiccator. The swelling ratio of SA/Pickering 

emulsions hydrogel beads was calculated by the Equation (5). 

 

Swelling ratio = (WS-WD)/WD      Eq. (5) 

 

The visual appearance of the beads was captured with a versatile 

stereomicroscope (SMZ800N, Nikon, Tokyo, Japan). The encapsulation of 

thyme white in the Pickering emulsions was visualized by staining the S-

CNCs with 1 μl/mgCNC Calcofluor White (Sigma-Aldrich) and essential oil 

with 1.5 μg/μloil Nile red (Sigma Aldrich) [79]. The imaging was performed 

at 638 and 475 nm using a confocal laser scanning microscope (CLSM, 

LSM719, Carl Zeiss, Overkochen, Germany). The size of the hydrogel beads 
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was measured with ImageJ software (1.52a, National Institutes of Health, 

Bethesda, MA, USA). A cross-sectional view of the beads which were stored 

at -72°C for 24 hours and freeze-dried for 3 days was obtained using a field-

emission scanning electron microscope (FE-SEM Supra 55VP, Carl Zeiss, 

Overkochen, Germany) with a 15 nm platinum coating of the sample surface.  

The chemical structure of the composite beads was characterized by 

Fourier transform infrared spectroscopy (FTIR spectroscopy, Nicolet iS5, 

Thermo Scientific, Newington, NH, USA) with 32 scans and 2 cm-1 resolution, 

and the crystallinity of the composites was characterized by powder X-ray 

diffractometry (XRD, D8 Advance, Bruker, Billerica, Massachusetts, USA). 

The composite beads were dried in an oven overnight to completely remove 

water and EOs for the characterizations. 

The compression modulus of the SA/Pickering emulsions hydrogel 

beads was obtained with 2.0–2.2 mm diameter of beads using a universal 

testing analyzer (UTM, GB/LRX Plus, Lloyd, West Sussex, UK) fitted with 

a 10 N load cell. The compression modulus was determined at 30% strain 

moving the plate at a rate of 2 mm/minute.  

The zeta-potential values of the S-CNC suspensions and Pickering 

emulsion were measured by a Zetasizer Nano ZS90 analyzer (Malvern 

Panalytical, U.K.).  

 

5.2.3. In vitro thymol releasing test with gas chromatography-

mass spectrometry 

A group of 10 SA/Pickering emulsions hydrogel beads were immersed 

in a mixture of 10 mL DI water and 10 mL n-hexane, and 1 mL of n-hexane 

supernatant was extracted at different storage times, from 0 to 48 hours. The 
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amount of essential oils in the extracted n-hexane supernatant was measured 

using a gas chromatography (Agilent 7890B)-mass spectrometer (Agilent 

5977B MSD, Agilent Technologies, Santa Clara, CA, USA) (GC-MS) with 

an HP-5MS column (30 m × 0.25 mm i.d., 0.25 µm film thickness, Agilent, 

CA, USA). The initial oven temperature was set to 40°C and the temperature 

was raised to 320°C at a rate of 20°C/minute. Helium was used as the carrier 

gas and the flow rate was 1.0 mL/minute. Ionization was achieved with 70 eV 

electrons and scanned in the 40–500 amu range. 

 

5.2.4. Larvicidal activity test 

Ae. albopictus was incubated without exposure to pesticides at a 

temperature of 25°C and a relative humidity of 60%. Larvae were incubated 

for 16 hours in light and 8 hours in dark. To supply blood to Ae. albopictus, 

live mice in a steel cage were supplied according to the Korea National 

Institute of Health Institutional Animal Care and Use Committee protocol 

(KCDC-020-11-2A). The larvae obtained from the adult Ae. albopictus were 

incubated in plastic pans (24×35×5 cm3) with sterilized food and water at the 

same temperature and relative humidity. SA/Pickering emulsion hydrogel 

beads were added to the pans for 48 hours to observe their larvicidal 

performance. SA/Pickering emulsion 0 hydrogel beads without Pickering 

emulsions were used as a negative control, and temephos was used as a 

positive control. Ten larvae were exposed to the SA/Pickering emulsions and 

incubated with a 16/8 hours light/dark cycle and the degree of larval death 

was observed until 48 hours after addition of the SA/Pickering emulsions. 

Each experiment was repeated 4 times. 
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5.3. Results and discussion 

5.3.1. Properties of SA/Pickering emulsions beads 

The S-CNCs were strongly adsorbed at the surface of thyme white 

droplets and their anionic surface prevented the coagulation of droplets 

(Figure 45A). The zeta potential of S-CNC and Pickering emulsion was 

determined to be -38.6 ± 1.5 mV and -66.8±1.0 mV, respectively. The OSO3
- 

groups at the S-CNC surface provided a colloidal stability of Pickering 

emulsions due to the electrostatic repulsion of negatively charged Pickering 

emulsions. The content of the S-CNC for stabilizing thyme white was fixed 

at S-CNC 135 mg/mLThyme white, which had a uniform size distribution of 

Pickering emulsions. The shape stability as well as size distribution of the 

spherical droplets was evaluated with dark-field microscopic images and the 

size of S-CNCs-stabilized Pickering emulsions was 5.27 ± 0.78 μm (Figure 

45B and 45C). The shape of Pickering emulsions was maintained for a long 

time due to the high aspect ratio of S-CNCs forming a compact structure of 

emulsions.    
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Figure 45. Pickering emulsion of S-CNC and thyme whtie. (A) Schematic of 

sulfated Pickering emulsion surface. (B) Microscopic image of Pickering 

emulsions. (C) Size distribution of Pickering emulsions. 
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Thyme white Pickering emulsions were mixed with SA solution and 

CaCl2 was added to induce gelation by ionic cross-linking of the solution 

(Figure 46A). The negatively charged guluronic acids of the SA were bridged 

by bivalent cations to form a hydrogel [100, 203]. The OSO3
- groups of at the 

S-CNC surface were involved in the ionic cross-linking to form an entrapped 

structure of SA/Pickering emulsions hydrogel. The diameter of the 

SA/Pickering emulsions hydrogel beads decreased as the concentration of 

CaCl2 increased due to the more compact structure caused by the increased 

number of cross-links between Pickering emulsion and SA (Figure 46B). 

However, the compactness of the SA/Pickering emulsions hydrogel was 

dominated more by the CaCl2 concentration rather than the Pickering 

emulsions concentration. 
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Figure 46. Preparation of SA/Pickering emulsion composite hydrogel beads. 

(A) Schematic illustration of gelation. (B) The effect of the concentration of 

Pickering emulsion and CaCl2 on the size variation of the SA/Pickering 

emulsion beads. 
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The FTIR spectra of SA and SA/Pickering emulsions hydrogel beads 

revealed the incorporation of Pickering emulsions with SA (Figure 47A). The 

peak between 3600 and 3000 cm-1 was the hydroxyl group (O-H) stretching 

vibration in the polysaccharides. As the Pickering emulsions concentration 

increased, a characteristic peak was observed at 3350 cm-1, which increased 

as the S-CNC Pickering emulsions concentration increased. A stretching 

vibration of C-H aliphatic chains of S-CNCs appeared at 2890 cm-1 [204], 

while a peak at 2925 cm-1 of SA was observed [205]. The peaks at 1598 and 

1419 cm-1 in SA were associated with the carboxyl group of SA and these 

peaks were shifted slightly by addition of Pickering emulsions. As the 

Pickering emulsion concentration increased, a shoulder peak appeared at 

1058 cm-1, which was associated with the C-O stretching of cellulose [153, 

205, 206]. The sulfate peak of the original S-CNCs appeared at 1205 cm-1, 

but was almost screened by the 1800-1270 cm-1 peaks of the SA/Pickering 

emulsions composite beads [26].  

Morphologically, the hydrogel beads formed from only SA were 

amorphous, which is typical in cross-linked hydrogels [100, 207]. The 

hydrogel beads formed from the mixture solution of SA and Pickering 

emulsions showed the existence of a crystalline structure in the XRD 

spectrum (Figure 47B). With the addition of Pickering emulsions to the SA 

hydrogel, a distinct peak appeared at 22.9o representing the (200) crystal 

structure of cellulose fibers [26, 208, 209]. This peak indicated that the S-

CNCs were incorporated in the SA hydrogel matrix. 
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Figure 47. Examination of the incorporation of Pickering emulsions with SA 

in SA/Pickering emulsion composite hydrogels. (A) FTIR spectra. (B) X-ray 

diffraction.  
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The porosity of SA/Pickering emulsion was determined by the swelling 

ratio according to the amount of Pickering emulsion and CaCl2 concentration 

used for the ionic crosslinking. The increase of Pickering emulsion content 

did not show the significant difference in swelling ratio, but the higher 

concentration of CaCl2 decreased the swelling ratio of the hydrogel beads 

inferring the decrease of the porosity due to the increased network site of SA 

(Figure 48A). The compressive strength of the hydrogel beads was 

characterized by the compression modulus at 30% strain. The compression 

modulus increased with the addition of Pickering emulsions to SA (Figure 

48B). The higher compression modulus of the SA/Pickering emulsion beads 

was attributed to the flexibility of the SA/Pickering emulsion-networked 

hydrogel transferring external pressure energy to the other parts of the system. 

In addition, the flexibility of the organic oil made the hydrogel more elastic 

and robust [210]. The S-CNCs located at the surface of the Pickering 

emulsions also attributed as a filler to enhance the toughness. Negatively 

charged spherical Pickering emulsions (-66.8±1.0 mV) were effectively 

dispersed in the SA solution and formed a well-mixed composite structure. 

Such a miscibility was critical to increase the mechanical properties by 

removing weak points in the composite. Because the SA hydrogel strongly 

entrapped the oil droplets with densely packed S-CNCs, a mechanical 

synergistic effect could be expected in both robustness and elasticity [210-

213].  

Cross-section images of SA/Pickering emulsions hydrogel beads 

showed that the Pickering emulsions were stably located in the SA hydrogel 

beads (Figure 49). The SA hydrogel beads without Pickering emulsions 

decreased in pore size as the concentration of CaCl2 increased. The increase 

of Pickering emulsions in the SA/Pickering emulsion hydrogel beads formed 
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an apparent 5–10 μm spherical structure at the pore surface and the cross-

sections of the pore walls. The wall thickness became thicker as the 

concentration of Pickering emulsions increased. The concentrations of CaCl2 

and Pickering emulsions were related to the compactness of the network 

structure of the hydrogel beads. The higher concentration of CaCl2 formed a 

smaller pore and the higher concentration of Pickering emulsions formed a 

denser pore structure in the SA/Pickering emulsion composite beads due to 

the increased networking.  

Pickering emulsions were prepared with the S-CNC labeled with 

Calcofluor White and thyme white labeled with Nile Red to determine the 

dispersion of Pickering emulsions over the SA hydrogel beads. The labeled 

Pickering emulsions were incorporated with SA, forming hydrogel beads. 

The Pickering emulsions were well dispersed over the SA bead, showing the 

clear, pink color of the SA/Pickering emulsion beads without aggregation 

(Figure 50A and 50B). Fluorescent colors were emitted from the Pickering 

emulsions rather than the SA (Figure 50C–50E). The Pickering emulsions 

composed of thyme white (red) and S-CNCs (blue) were visualized by 

confocal microscopy. They were well dispersed in the SA matrix without 

aggregation due to the electrostatic repulsion of the S-CNCs. The Pickering 

emulsions encapsulated thyme white stably in the SA hydrogel matrix (Figure 

50C–50E). The increase of Pickering emulsion concentration reduced the 

transparency of the SA/Pickering emulsion beads, but the Pickering 

emulsions were well dispersed over the hydrogel without flocculation.  
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Figure 48. (A) Swelling ratio and (B) compressive strength of SA/Pickering 

emulsion composite hydrogel beads according to the amount of Pickering 

emulsion and concentration of the CaCl2 solution. 
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Figure 49. Cross-section images of SA/Pickering emulsion composite 

hydrogel beads (SA/Pickering emulsion 0, SA/Pickering emulsion 10, 

SA/Pickering emulsion 20, and SA/Pickering emulsion 30) prepared at 

concentrations of CaCl2 solution (0.5–1.0%). (Scale bar: 20 μm) 
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Figure 50. Incorporation of  Pickering emulsions  in  SA  hydrogel 

beads. Picture of (A) SA beads and (B) SA/Pickering emulsions beads where 

S-CNCs and thyme white were fluorescently labeled. Fluorescence light was 

illuminated to beads. Confocal images of (C) SA/Pickering emulsion 10 (D) 

SA/Pickering emulsion 20 and (E) SA/Pickering emulsion 30 beads formed 

with 0.1% CaCl2 solution. S-CNCs and thyme white were labeled with 

Calcofluor White and Nile Red, respectively. 
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5.3.2. Release and larvicidal activities of SA/Pickering 

emulsions beads 

The release profiles of thymol, a significant component of thyme white, 

were obtained with SA/Pickering emulsion hydrogel beads at different 

concentrations of Pickering emulsion and CaCl2, as shown in Figure 51. As 

in Fick’s first diffusion law, thymol diffuses from high to low concentration 

by Brownian motion [214, 215]. Therefore, the thymol diffused out from 

Pickering emulsion and SA, and the n-hexane located outside cumulates 

thymol as time goes by. The CNC and SA controlled the release rate of the 

double-entrapped thyme white, and the thyme white was slowly released from 

inside the SA/Pickering emulsion because a large amount of SA gel network 

was formed by CaCl2. A relatively high release rate of thymol was determined 

with SA/Pickering emulsion at lower concentrations of CaCl2 because of the 

loose structure of the networks. The release rate was closely related to the 

cross-linking density and porosity. Hydrogels can form a strong polymer 

network and water-filled permeation channels during the gelation process. 

Because the release of the thymol occurred through the permeation channels 

and thymol was released from inside the Pickering emulsion by diffusion, the 

looser permeation channels released the thymol more effectively. Hydrogel 

permeability could be estimated from the porosity of the hydrogel, and more 

release was expected from the SA/Pickering emulsion hydrogel beads 

prepared at lower CaCl2 and Pickering emulsion concentrations [216-218]. 

The difference in the release behavior of the SA/Pickering emulsions 

hydrogel beads corresponded to the porous structure of the beads, as observed 

in SEM images. Thymol release was continuously observed for 48 hours. The 

consistent and sustained release of thymol was available with the 
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SA/Pickering emulsion beads, while the rapid release of thymol was observed 

with the Pickering emulsions. The sustained release suggested that highly 

volatile chemicals such as thyme white could be formulated with S-CNCs to 

form Pickering emulsions and that double core-shell SA/Pickering emulsion 

hydrogel beads could be a sustainable release system to reduce the waste of 

highly volatile chemicals.  

Because the thyme white is highly volatile, it is impossible to control 

their concentration in water. Importantly, the larvicidal activity needs an 

appropriate solubility of the larvicidal reagent in water for a certain duration, 

and it is critical to increase the solubility of the volatile oil phase in water. 

The SA/Pickering emulsion beads were perfect to increase the water 

solubility of thyme white and provide sustained release to control the 

concentration in water without a rapid release of thyme white over a short 

time. The mortality of Ae. albopictus larvae with storage time was highest in 

the SA/Pickering emulsions hydrogel beads formed with a 0.50% CaCl2 

solution due to its high release rate (Figure 52). SA/Pickering emulsions 

hydrogel beads formed at 0.75 and 1.0% showed relatively low mortality rate 

due to a slow release rate of thyme white essential oils. Typically, the 

mortality rate of Ae. albopictus larvae increased gradually with longer storage 

time of SA/Pickering emulsions in water. The difference of mortality rate 

could be controlled by simply adjusting the number of SA/Pickering emulsion 

beads stored in water. 
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Figure 51. Release of thymol from the SA/Pickering emulsion hydrogel 

beads. (A) SA/Pickering emulsion 10, (B) SA/Pickering emulsion 20, and (C) 

SA/Pickering emulsion 30. 
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Figure 52. Larvicidal activity of SA/Pickering emulsion hydrogel beads 

prepared at the different CaCl2 solution concentration. 
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The larvicidal activity of SA/Pickering emulsion hydrogel beads could 

be controlled by the number of beads used for investigation. The larvicidal 

activity against Ae. albopictus larvae was effective when at least 50 hydrogel 

beads were used for the formation of SA/Pickering emulsion 30 at 0.75 or 0.1% 

CaCl2 while SA/Pickering emulsion 30 hydrogel beads with 0.5% CaCl2 were 

effective with lower number of beads due to their higher release rate (Table 

13). As shown by a homogeneity analysis, the group of SA/Pickering 

emulsions hydrogel beads was consistent with the CaCl2 concentration. The 

SA/Pickering emulsions double C. officinale RE-shell structure with 

sustainability could be stored longer than the existing Pickering emulsions-

only systems. The SA/Pickering emulsions composites could be easily 

removed from water after use, and they maintained larvicidal performance 

even after 48 hours.  
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Table 13. Larvicidal activities of SA/Pickering emulsion 30 hydrogel beads 

against Ae. albopictus. 
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5.4. Summary 

Highly volatile thyme white was entrapped primarily by S-CNCs and 

secondarily by SA to reduce the volatility of the essential oils and sustain their 

controlled release. The incorporation of Pickering emulsions with SA was 

confirmed with FTIR and XRD characterizations. The release of essential oils 

from the SA-Pickering emulsions was varied by the gelling conditions, such 

as Pickering emulsion and CaCl2 concentrations, because the cross-linking 

density of the composite hydrogels determined their release behavior. Thymol 

was released in a controlled manner from SA-Pickering emulsions hydrogel 

beads without a severe initial discharge of essential oils. The sustained release 

of thymol was effective in the enhancement of larvicidal activity.  
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Ⅵ. Conclusion 

 

The first aim of this research is to observe the charge effects of ionic 

CNCs at the Pickering emulsion method. The desulfation controlled the 

surface charge of CNCs with a low concentration of HCl. As desulfation 

proceeded, the surface of the S-CNC was substituted from sulfate groups to 

hydroxyl groups, and the dS-CNCs became relatively hydrophobic and de-

ionized. The dS-CNCs with different negativity showed the surface charge 

effect on encapsulation of four nonpolar liquids and two polar liquids. The 

emulsion stability verified that highly charged S-CNC and dS-CNC (5H) 

were insufficient as emulsifying agents and required a reducing the surface 

charge. However, dS-CNC (30H) formed irreversibly packed emulsion 

droplets with high stability for long-term storage. Consequently, when the 

CNCs encapsulate the lipophilic liquids with low surface tension or high 

polarity, the surface charge of the CNC affects to form of Pickering emulsion. 

It can encapsulate the lipophilic liquids with appropriate control of the CNC’s 

surface charges. 

After confirming Pickering emulsion formation by controlling CNC’s 

surface charge, five different essential oils (nutmeg, massoia, P. kadsura SE, 

C. officinale RE, and thyme white) were encapsulated by S-CNC to enhance 

antibacterial and larvicidal activity. The results showed that essential oils 

could be stably encapsulated and well-dispersed in water by the Pickering 

emulsions method despite low surface tension and high volatility. S-

CNC/essential oil Pickering emulsions showed excellent antimicrobial 

activity against gram-positive and gram-negative microorganisms, and 

encapsulated essential oils maintained antimicrobial activity until 25 days. In 

addition, larvicidal activities of the S-CNC/essential oil Pickering emulsions 

were stronger than those of crude essential oils. The thyme white Pickering 
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emulsion enhanced their larvicidal activity 2.6-fold more than crude thyme 

white. In addition, nutmeg Pickering emulsion showed 2.1-fold, P. kadsura 

SE Pickering emulsion showed 1.7-fold, massoia Pickering emulsion showed 

1.3-fold, and C. officinale RE Pickering emulsion showed 1.1-fold more 

active than crude essential oils. These enhancements of larvicidal activities of 

Pickering emulsion indicate that S-CNC-stabilized Pickering emulsions are 

suitable for essential oils as a larvicide against mosquito larvae and 

bactericide against harmful microorganisms. 

Thyme white, which showed high antimicrobial and larvicidal activities, 

was also entrapped primarily by CNCs and secondary by SA to reduce the 

volatility of the essential oils and sustain their controlled release. Double 

entrapped thyme white could be controlled their release profile with a multi-

layered membrane caused by SA networking and Pickering encapsulation. 

The release of essential oils from the SA-Pickering emulsions was varied by 

the gelling conditions, such as Pickering emulsion and CaCl2 concentrations, 

because the composite hydrogels’ cross-linking density determined their 

release behavior. The release of essential oils from the SA-Pickering 

emulsions was varied by the gelling conditions, such as Pickering emulsions 

and CaCl2 concentrations, because the composite hydrogels’ cross-linking 

density and diffusion rate determined their release behavior. Moreover, 

Pickering emulsified thyme white enhanced SA hydrogel beads’ compressive 

modulus, allowing them to maintain their shape even at high water pressure. 

Thyme white was released in a controlled manner from SA-Pickering 

emulsions hydrogel beads without a severe initial discharge of thymol. The 

composite materials improved their larvicidal activity more than Pickering 

emulsions at the low concentration of thyme white, and sustained release 

effectively enhanced larvicidal activity.  
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 １９１ 

초   록 

  

이온성 셀룰로오스 나노결정(CNC)은 친유성 액체를 담지할 

수 있는 피커링 입자이다. CNC는 황산으로 가수분해하여 표면에 

sulfate 그룹이 도입되었고, 그로 인해 화학적으로 음전하를 띤 

CNC (S-CNC)가 제조되었다. S-CNC의 양친매성 특성에도 

불구하고 표면 에너지가 낮고 극성이 높은 오일을 유화하기 

위해서는 표면 치환도의 조절을 통해 표면 음전하의 조절이 

필요하다. S-CNC의 탈황은 CNC의 추가적인 가수분해를 막기 

위해 낮은 농도의 염산 용액을 사용하여 진행되었으며 반응 

시간에 따른 탈황된 S-CNC (dS-CNC)이 제조되었다. S-CNC의 

탈황 반응으로부터 감소된 CNC의 표면 전하는 CNC에 

상대적으로 상대적으로 높은 소수성 친화도를 부여한다. 표면 

전하가 감소한 CNC의 유화 양상을 확인하기 위해 표면 장력이 

낮은 6가지 다른 오일이 선택되었다. 에멀젼의 콜로이달 안정성은 

CNC/오일 피커링 에멀젼의 에멀젼 분획, 입자 크기 및 표면 

장력에 의해 평가되었다. 

6가지 오일에 대한 CNC의 표면 전하 효과를 확인한 후, 

5가지 다른 고휘발성 및 소수성 에센셜 오일을 양친매성 CNC에 

의해 캡슐화하여 항유충 및 항균 효과를 관찰할였다. 염색 용액을 

통한 표지를 통해 공초점 현미경 이미지를 관찰하여 CNC가 

에센셜 오일을 안정적으로 감싸고 있음을 확인하였다. CNC의 

양은 에센셜 오일 피커링 에멀젼의 액적 크기 분포에 영향을 
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미쳤고, 유변학적 특성과 표면장력에 의해 피커링 에멀젼의 유화 

안정성이 확인되었다. 에센셜 오일 및 에멀젼의 항균 활성은 

대장균(E. coli) 및 황색 포도상구균(S. aureus)의 최소 억제 농도 

및 최소 살균 농도에 의해 평가되었으며 지속 가능성 또한 

평가되었다. 살유충 활성은 모기 유충인 Aedes albopictus 

(Skuse) (Ae. albopictus) 애벌레에 대하여 평가되었다. 

피커링 에멀젼을 하이드로젤로 담지하는 과정은 에센셜 

오일의 방출 거동을 조절하고 회수성을 용이하게 하여 조금 더 

친환경적인 도입을 가능하게 한다. 마이크로 사이즈의 피커링 

에멀젼은 알긴산 나트륨(SA)에 담지되었다. 화학 및 물리적 특성 

분석을 통해 SA-CNC/에센셜 오일 피커링 에멀젼 복합 

하이드로겔 비드의 특성을 관찰하였다. 복합체의 시간에 따른 

에센셜 오일 활성은 thymol의 방출 거동을 통해 평가되었다. SA-

피커링 에멀젼 복합 하이드로겔 비드의 살유충 활성은 모기 

유충인 Ae. albopictus 장구벌레로 평가되었다. 

 

색인어: 셀룰로오스 나노결정, 표면 전하 효과, 탈황반응, 피커링 

에멀젼, 에센셜 오일, 유충 제거 활성, 항균 활성  

학번: 2017-21230 
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