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Abstract 

 

Cellulose nanofiber film coating for enhancing fruit preservation 

Department of Biosystems & Biomaterials Science and Engineering  

Seoul National University 

Hojung Kwak 

 

Cellulose pulp is nanofibrillated through carboxymethylation (CM) and grinding 

process, and the prepared cellulose nanofiber (CNF) is applied to the surface of fruits 

to enhance their storage period and freshness. CM-CNF forms ionic crosslinks 

through electrostatic interaction with divalent cations. The networked film structure 

improves mechanical properties and exhibits a gas barrier effect. As the CM time is 

increased, the diameter of CNFs is decreased, the surface area is increased, and the 

degree of substitution is increased. As the degree of substitution increased, the 

negative charge at the CM-CNF surface is increased, and an electrostatic repulsive 

force is formed between the CM-CNFs. For this reason, the dispersibility and 

colloidal stability of the CM-CNF suspension solution are improved. The high 

dispersibility of CM-CNF is crucial in improving transparency and physical 

properties of the film during production process. The addition of magnesium and 

calcium ions improves the tensile strength of the CM-CNF film by cross-linking, and 

reduces the hydrophilicity of the film by reducing the ionic carboxyl groups. The 

CM-CNF film with reduced hydrophilicity decreases water vapor permeability in a 

high-humidity environment. 

The improvement of fruit storability with CM-CNF film is confirmed by applying 

it to strawberries which are non-climacteric fruits, and bananas which are climacteric 

fruits. Because ripening of fruit proceeds through respiration, it is important to 

prevent the inflow of oxygen required for respiration and the evaporation of moisture 

inside the fruit. The CM-CNF film significantly reduces the amount of carbon 

dioxide generated in the respiration process by blocking the inflow of oxygen 

required for respiration of fruits, and suppresses weight loss by preventing moisture 
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evaporation of fruits. The improvement of fruit storability can be confirmed by 

observing the delayed firmness, and the change of total soluble solids and acidity of 

the fruit. Fruits coated with CM-CNF film have a reduced ripening rate and remain 

fresh for a relatively long time. 

 

 

Keyword: Cellulose nanofiber (CNF), Carboxymethylation, Electrostatic 

interaction, Food preservation. 
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Ⅰ. Introduction 

 

Currently, as the problem of food shortage is emerging, various efforts are 

made worldwide to solve the problem by improving the storability of fresh 

food [1-3]. As one of the methods to solve this problem is through improving 

storage properties by coating a polymer film on the surface of food is being 

actively studied by researchers [4,5]. Such polymer film can reduce external 

impact by coating on the food surface. In addition, it prevents the movement 

of water, gas and solutes to improve the storage properties of food [6-8]. In 

particular, the demand for food films derived from natural polymers is 

increasing [9,10]. Natural polymer materials can be more easily decomposed 

than conventional petroleum-derived films and have the advantage of 

reducing environmental pollution [11,12]. Also, high availability in nature, 

and characteristic of being able to manufacture a film suitable for the 

properties of food by using various derivatives [13-15]. The polymer film 

materials for food that have all these advantages and features will help 

improve the application range of natural polymer materials. 

 Cellulose nanofiber (CNF) is a major component in most plants and 

microalgae and is produced by some bacteria [16, 17]. Therefore, it is easy to 

obtain raw materials and has eco-friendly characteristics [18,19]. Furthermore, 

the thickness and shape of CNF can be controlled through chemical and 

physical processes [20-22]. In addition, when dried the film is transparent and 
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has very low gas permeability [23-25]. Through these advantages, CNF is 

attracting attention as an excellent food polymer film material and reinforcing 

agent. W. Wang et al. produced a film for food by compounding CNF and 

gelatin through the electrostatic interaction [26]. Also, glycerol was used as a 

plasticizer, and the effect of improving the physical properties and barrier 

properties of the film was confirmed. Furthermore, T. Wang et al. used CNF 

as a binder to produce a food film by complexing Zein, Pectin, and 

Precipitated Calcium Carbonate (PCC) [27]. Zein, Pectin and PCC are 

dispersed in CNF to form a single layer, which was then spray coated with 

the wax. The surface of the film was super hydrophobic, and the barrier 

properties were improved. Moreover, K. Zhao et al. complexed with CNF 

through electrostatic interaction with alginate and chitin [28]. It was 

confirmed that the physical properties of the film were changed according to 

the change in the film manufacturing method, and the blending method had a 

higher effect than the layer by layer method. Through the above studies, it 

was found that CNF was mixed with various polymers to improve film 

properties and barrier properties. However, there was a limitation in that the 

manufacturing process that make it very complicated and a large amount of 

material was consumed. In addition, it was difficult to evaluate the 

effectiveness because there was no application test suitable for the 

characteristics of the actual food. 

 In this study, a food film in which CNF and divalent cation (DC) were 
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complexed through electrostatic mutual bonding was attempted. It was aimed 

at improving the physical properties and barrier properties of the film and 

simplifying the manufacturing process. In addition, the prepared film was 

applied to fresh food such as fruit, vegetable, and dairy product to evaluate 

the degree of improvement in storability. First of all, carboxymethylation of 

CNF was performed in order to improve the dispersibility of the solution 

phase and increase the transparency. After optimizing the carboxymethylation 

reaction time, a negative charge was introduced on the surface of CNF. 

Thereafter, CNF hydrogels were fabricated through electrostatic interaction 

with magnesium and calcium ions and dried to evaluate the film properties 

and barrier properties. The applicability test was conducted by selecting 

strawberry, which is a non-climacteric fruit, and banana, which is a 

climacteric fruit. In addition, it was attempted to compare the degree of 

browning of banana peels by mixing red cabbage extract. Currently, the 

application of CNF is being analyzed in various ways in the food industry. As 

a representative material of natural polymers, CNF is attracting attention 

because it is eco-friendly and can be used in various ways. Through the above 

study, CNF film have shown great potential for its applicability in the food 

industry. 
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Ⅱ. Literature survey 

 

2.1. Background of enhancing the food preservation 

Food preservation is a storage method for long-term storage of food. By 

conserving food, human societies can promote and enhance food security 

through stable food storage [29,30]. It can also reduce the impact of food 

production on the environment [31]. For this reason, food preservation has 

long been developed in various ways. It is important to survey the background 

of food preservation for acquiring the point of food preservation film. 
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2.1.1. Importance of food preservation 

Through the flow of history, it is found that food preservation was essential 

for supporting the human life. There are three reasons why the food 

preservation is important in human life. 

1. Food preservation could be protected from spoilage of bacteria, fungi and 

other types. In other words, it could be prevented human from infection 

related to bacteria, fungi and other types of organism [32]. Infection through 

foods is one of the fatal hazards to humans, especially when eating food that 

has been degraded by bacteria [33]. To prevent these risk factors, food 

processing, storage and packaging have been developed for a long time [34]. 

Food preservation is a basic step to maintain human life. 

2. Food preservation allows humans to achieve a nutritional balance. 

Humans are required to provide balanced nutrition for the entire period of 

their lives in order to live a healthy life. The supply of vitamins and minerals, 

including essential nutrients, can be supplemented by food intake. If the food 

preservation period is short, humans can become nutritionally unbalanced. In 

addition, the human immune system is weakened and the average life span is 

shortened [35]. Food preservation is one of the important factors in improving 

the average life span of humans. Therefore, it is expected that there will be a 

rapid development of technical and economic factors in the future. 

3. Food preservation stabilizes food prices and maintains economic stability. 

Food is an essential element in human life, and it allows us to achieve a 
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balance through the laws of supply and demand [36]. In particular, the 

instability of food prices is one of the important causes of rising inflation. If 

such instability continues, it can adversely affect economic development and 

pose a threat to the country. Therefore, in order to satisfy the continuous 

demand, the commodity value of food is one of the important factors that 

increase the price of food. Due to these economic reasons, the development 

of food preservation methods has rapidly developed into the modern society 

[37]. 
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2.1.2. Traditional methods of food preservation  

 The widely known food preservation method is wax coating on the surface 

of food. It was applied in china in the 12th century for retain the water 

contents and respiration rate [38,39]. Lemon and citrus was coated with 

beeswax and stored because of its short shelf life [40]. The first developed 

film “Yuba” for food preserving was shown in japan in the 15th century 

[41,42]. It was produced by boiling soy milk proteins on the pan and then air 

dried a day [43]. In 16th century England, a method of coating the surface 

with a lard was introduced to maintain the freshness of meats [44]. It was 

known as “larding” until now. It has advantage to prevent spoiling the bacteria, 

yeast and fungi in the surface of meats [45]. Hot melt paraffin waxes were 

commercial storage method that was noted in the United States since the 

1930s [46,47]. It helped to enhance the shelf life of citrus fruits. Paraffin 

waxes was spread in the fruit surface suppresses the evaporation of the 

moisture. And also, it is not absorbed into the human body but is ejected by 

excretion activity in the digestive system [48]. In the 1950s, oil-in-water 

emulsions with carnauba wax were advanced [49,50]. It was extracted from 

the parm tree leaves in the Brazil [51]. It also applied for enhancing the shelf 

life of fresh fruits and vegetable. In the 20th century, various application of 

food preservation is commercially applied. There are few examples with 

casings for sausages, chocolate coatings for fruits [52,53]. Various attempts 

have long been made to preserve food. Food is essential to prolong the human 
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life, so the efforts to be made to improve preservation will continue in the 

future. 
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2.2. Food presevation film 

Recently, researchers are paying attention to food presevation film as one 

of the modern industrial techniques to increase the shelf life of fresh food. 

This is because it has distinct advantages over traditional non polymeric 

packaging [54]. It is able to be eaten, without the need to throw and unpack 

the film, which is important advantage of being biodegradable and 

environmental friendly. In particular, natural polymers favor to conduct with 

high stability and degradability. The materials of food preservation film are 

typically used polysaccharides, proteins, and lipids [55]. 
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2.2.1. Materials for fabricating food preservation film  

Polysaccharides are long-chain polymers consisted of mono or disaccharide 

repeating units linked by glycosidic bonds [56]. It is easy to get and cheap. It 

can act as a gas barrier due to its low gas permeability [57]. However, water 

vapor transmission rate is relatively higher than other materials of food 

preservation film, so it needs to be supplemented [58]. 

Starch is a polymer of D-glucopyranosyl consisting of linear chain (amylose) 

and branched chain (amylopectin). It is odorless, tasteless, colorless, non- 

toxic, biologically absorbable and semi-permeable to CO2 and O2 [59,60]. On 

the other hands, food preservation film based on starch should require 

plasticizers to enhance their flexibility. And It has too high hydrophilicity 

surface to protect from water vapor. 

Chitin is second most abundant natural polymer [61,62]. Chitosan is 

derived from chitin by deacetylation on the alkali condition. Chitosan is able 

to form films without the addition of additives, exhibits great air 

permeability, relatively excellent mechanical properties and protect to 

spoilage of bacteria, yeast and molds [63]. Chitosan coatings are usually 

applied in vegetable and fruit such as strawberries, cucumbers, as an 

antimicrobial coating on apples, pears, peaches and plums as gas barriers. 

Cellulose and its various derivatives are significant natural materials for 

acquisition of food preservation film [64]. It is most abundant natural 

polymers Highly crystallized Methyl cellulose (MC), hydroxypropyl methyl 
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cellulose (HPMC) Hydroxypropyl cellulose (HPC), and CMC have excellent 

film forming properties [65]. Films are typically odorless and tasteless and 

flexible. And also are high transparent with resistant to moisture and gas 

transmission [66,67]. 

Proteins are random copolymers with linear chain built up to 20 different 

monomers. The formation of protein films involves denaturation of protein 

initiated by heat, solvents or change in pH, followed by association of peptide 

chains through new intermolecular interaction [68]. Proteins have excellent 

film forming properties and good adherence to hydrophilic surfaces. It also 

provided relatively good barriers to O2 and CO2 [69]. 

Gelatin is one of major components of vertebrate skin, bone and connective 

tissue. It is possible to attained from hydrolysis of fibrous insoluble protein 

and collagen [70]. It has high contents of glycine, proline and hydroxyproline. 

Gelatin based films can be fabricated with 20-30% gelatin, 10-30% 

plasticizers and 40-70% water followed by drying the gelatin [71,72]. 

 Soy proteins is globular protein that is isolated from soybean. It is possible 

to fabricate film formation on heated soymilk [73]. It is very brittle to apply 

as a film and needs a high proportion of plasticizers [74]. It was composited 

with cellulose nanofiber [75], chitin [76], and montmorillonite [77].   

Corn zein is relatively hydrophobic because of high content of non-polar 

amino acids. Zein has good film forming properties and also can be applied 

for production of biodegradable films [78]. Zein films are also brittle and 
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require plasticizer for enhancing the flexibility [79]. Zein films have the 

ability to decline the ratio of weight loss and firmness loss and delay color 

change of foods [80]. 

The lipid coating is traditional method to increase shelf life of foods. It is 

able to block evaporation of moisture and water vapor. It is caused to improve 

surface appearance of various foods; fruits, vegetables, meats [81,82]. 

Triglyceride is constructed by ester crosslinking of fatty acids with glycerol 

Mono and di triglycerides [83]. It is insoluble in water. Unsaturated fatty acid 

is able to decrease melting point and increase moisture transfer rate. Therefore, 

it is important to regulate the balance between saturated fatty acid and 

unsaturated fatty acid [84,85]. 
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2.2.2. Manufacture process of food preservation film  

It is necessary that film solution coated on the surface of food uniformly. S 

This is because preservation will continue for a long time only when the 

whole food is protected. Therefore, the manufacturing process is one of the 

things that needs to be carefully considered depending on the characteristics 

of the food. 

Dipping is the most noted methods to fabricate of food preservation film 

[86]. As shown in Fig. 1A, the coating is fabricated by dipping on the 

precursor solution directly. It is important to evaluate the properties such as 

viscosity, density and surface tension as well as food withdrawal speed. 

Brushing method for the application of film solution to fresh vegetable and 

fruits (Fig. 1B). It has more efficiency to apply fresh foods than the wrapping 

or dipping method [87]. However, the thickness of film is not uniform and 

hardly to evaluate repeatability. 

Spraying is conventional method in food industry. It is used when coat 

forming solution is relative low viscosity (Fig. 1C). Spraying system are able 

to fabricate a fine spray with drop size up to 20μm [88]. 

Panning is used to apply various layers of film onto hard surface of food, 

spherical particles in a batch process (Fig. 1D). For example, coating for 

confectionery centers. (Peanuts or almonds) 
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Fig. 1 Schematic images of coating methods for food preservation. A) 

Dipping method for coating on the surface of foods. B) Brushing method of 

entire surface of foods. C) Spray coating with atomizer nozzle for covering 

with surface of foods. D) Panning method for coating on the core (nuts or 

almonds) with spraying nanosized particles [89].  
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2.3. Cellulose  

Cellulose is an organic component with the formula (C6H10O5)n and also It 

is a polysaccharide consisting of a linear chain of thousands of β(1→4) 

linked D-glucose units [90]. It is the most abundant natural polymer on earth.  

The cellulose content of cotton fiber is about 90%, that of wood is 40–50%, 

and that of dried hemp is approximately 50% [91]. There are two types of 

natural cellulose, cellulose I, with structures Iα and Iβ. Cellulose produced by 

algae and bacteria is consist of Iα, while cellulose of higher plants has mainly 

component of Iβ [92]. Cellulose in regenerated cellulose fibers is cellulose II. 

The transformation of cellulose I to cellulose II is irreversible reaction, 

suggesting that cellulose II is more stable than cellulose I. With various 

chemical treatments it is possible to produce the structures cellulose III and 

cellulose IV [93]. It is one of essential properties to evaluate the degree of 

polymerization (DP) and chain length. The chemical formula of cellulose 

where n is represented the DP and the number of glucose groups. Cellulose 

from wood pulp generally has between 400 and 1800 units; cotton and other 

plant fibers as well as bacterial cellulose have chain lengths ranging from 800 

to 10,000 units. [94]. Cellulose has component of fibers with crystalline and 

amorphous regions. These fibers can be fabricated by mechanical treatment 

of cellulose pulp, which is assisted by chemical oxidation or enzymatic 

treatment [95]. Cellulose can be treated with strong acid to hydrolyze the 
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amorphous fiber regions, thereby producing short and rigid cellulose 

nanocrystals about 80 nm in length [96]. These are of high interest due to their 

self-assembly into cholesteric liquid crystal, [97] production of hydrogels or 

films, [98] use in superior thermal and mechanical properties 
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Fig. 2 Images of cellulose structures A) The molecular structures of cellobiose 

with β-1,4 linkage B) The 3D structure of cellulose Ⅰ and cellulose Ⅱ that 

modified the with chemical reaction [99]. C) The conceptual cellulose 

nanofiber structure of the crystalline and amorphous regions [100]. 
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2.3.1. Cellulose nanofiber (CNF)  

Cellulose nanofiber is linear polymer, which determine their high stiffness 

and strength due to the extensive intermolecular and intramolecular hydrogen 

bonding between molecules [101,102]. And it is a material composed of nano-

sized cellulose fibers with high aspect ratio. Generally, thickness are 5–20 

nanometers with a wide range of lengths [103]. It is pseudo-plastic and 

exhibits thixotropy, the property of gels or fluids that are viscous under 

normal conditions, but become less viscous when shaken or agitated [104]. 

When the shearing forces are removed the gel regains much of its original 

state. The fibers are isolated from any cellulose containing source including 

wood-based fibers through high-pressure, high temperature and high velocity 

impact homogenization, grinding or microfluidization [105]. 
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2.3.2. Optimization to prepare CNF  

CNF can be obtained from a variety of biomass resources, including wood, 

sugarcane bagasse, and Bacteria [106]. Most plant-derived CNFs are mixed 

with a variety of substances, with the exception of using bacteria, which are 

difficult to mass-produce (Fig. 3A). For this reason, CNFs are typically 

manufactured through mechanical processes. This is because substances such 

as hemicellulose and lignin are strongly bound [107]. Grinding is one of the 

representative methods for crushing CNFs (Fig. 3B). The fiber is nanosized 

using a rapidly rotating grinding stone. Because pulp receives a strong shear 

force as it passes through the grinder, repeating the process yields CNFs of 5-

100 μm thickness [108]. However, it is not easy to use in industries due to 

limited capacity. High pressure homogenizer systems are widely used to 

overcome limitations (Fig. 3C). It is suitable for mass production process by 

making cellulose suspension and making strong force impression. However, 

since energy consumption is extremely high at 30000-70000 kWh/ton, 

research is needed to overcome the shortcomings [109]. Chemical 

pretreatment can be the answer to these circumstance. There is a way to 

hydrolyze cellulose fibers into acids or enzymes before mechanical 

processing. It also uses TEMPO-mediated oxidation or carboxymethylation 

to promote fibrillation [110]. 
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Fig. 3 A) Images of top-down process of fabrication of CNF with wood, 

sugarcane bagasse and bacteria [111]. B) Grinding process of CNF with parts 

of grinding stone. C) The mechanism of high pressure homogenizing process 

[112]. 
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2.3.3. Carboxymethylation of CNF  

 The carboxymethylated reaction is to replace the -OH group with -

CH2COOH group in a reaction with chloroacetic acid, modifying the anionic 

to surface of cellulose fiber (Fig. 4). Mercerization is carried out using NaOH 

as pretreatment [113]. It is reduced to -O group by NaOH. The cellulose fiber 

is swollen by electrostatic repulsion [114]. Chloroacetic acid penetrates 

between the fibers and modifies the carboxymethyl group. The modification 

of carboxymethyl group are able to be reduced the number of grinding 

treatments because the fiber becomes nanosized [115]. In particular, the 

thickness of the fiber can be adjusted according to the time of 

carboxymethylation, so it can be manufactured according to the application. 

However, it is possible to manufacture more transparent and strong film [116]. 
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Fig. 4 The mechanism of carboxymethylation of CNF. The fiber is mercerized 

with sodium hydroxide. And It is swollen by water molecules into the 

interfibrillar space. The CNF is modified with carboxymethyl group under the 

chloroacetic acid with boiled condition [117]. 
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2.4. CNF film for enhancing food preservation  

2.4.1. The suitability of CNF as material of food preservation film 

The food preservation film improves storage by coating the surface of the 

food. CNF is one of the best substances to meet various conditions. It has high 

transparency, high flexibility and strong mechanical properties, so 

supplementary materials such as plasticizer and additional are not forced 

[118]. And it is possible to produce eco-friendly film with simple process. 

CNF has excellent barrier properties. The film is formed by overlapping the 

fiber a reduced air permeability. The senescence process occurs through 

respiration on the surface of fruits and vegetables. Also, acidification 

promotes when meat or oil comes into contact with oxygen. As such, most 

foods change their condition and deteriorate in quality when they come into 

contact with air. Therefore, excellent barrier properties are one of the 

important factors when considered to choice the material for producing food 

preservation film [119]. And also, the CNF film is easy to remove on the 

surface of food. It is easy to handle because it swells quickly when it comes 

into contact with water. 

Most foods protected by the food preservation film are stored in the 

refrigerator. Therefore, food preservation film must function in the 

environment of the refrigeration room. The environment in the refrigeration 

room is generally about 4°C and the relative humidity is 60%. CNF-derived 

film is one of the easiest materials to use in a cold room environment. This is 
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because CNF film does not change at refrigeration temperature unless the 

relative humidity rises rapidly. Therefore, it is important to measure the 

change in barrier properties with changes in relative humidity. 
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2.4.2. Electrostatic interaction with metal ion  

 Electrostatic interactions enhance the properties of CNFs, and allow for a 

variety of advantages [120]. Carboxymethyl groups are negative under the 

aqueous solutions. Therefore, it can be combined with various cations on the 

solution (Fig. 5A). In particular, strong bonds are formed by divalent cations 

(DC). CNF combines with DCs in wet state to produce hydrogels (Fig. 5B). 

Hydrogels have various properties depending on their binding forces with 

DCs (Fig. 5C). Properties are controllable, so suitable materials can be made 

easily. Controlling the fiber size is important because the surface area 

becomes larger as the fiber thickness of the CNF becomes thinner (Fig. 5D). 

In other words, the nanofibrillated CNF has more opportunities to interact 

with the DC. 
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Fig. 5 A) Electrostatic interaction between carboxymethyl group of CNF and 

Zn2+ ion [121]. B) The difference of swelling property of CNF hydrogel 

between Li+ ion and Cs+ ion [122]. C) The tensile strength of CNF among the 

multivalent cations [123]. D) The mechanism of electrostatic interaction of 

Ca2+ ion with CNF [124]. 
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2.5. Functional additives in film  

 There are variant functional additives in food preservation film. In particular, 

natural extracts are popularly analyzed to researchers. It has advantage to 

enhance food preservation with biodegradable and eco-friendly. 

The anthocyanin components include delphinidin-3-glucoside, cyanidin-3-

glucoside, and gerberin-3-glucoside in mulberries [125]. As shown in Fig. 6A, 

anthocyanin has been used to prepare intelligent films. The blended film 

could process the oxidation of heat-sensitive anthocyanin. 

The curcumin is one of popular additives blended the food preservation film 

(Fig. 6B). It is an extract from turmeric that possesses the properties of 

antibacterial, anti-fungal, and antioxidant [126]. These properties could 

decrease microbial growth on the fruit surface while also diminishing oxygen 

and accelerating CO2 in the environment which helps to preserve the 

freshness of the fruit. 

Pomegranate (Punica granatum L.) is well-known efficacy in protection and 

remedy of cardiovascular diseases, and it is also contained significant healthy 

properties such as anticancer, antioxidant, and antimicrobial activity [127]. 

Pomegranate peel is known of source of phenolic compounds included, 

ellagic acid, lignins, catechin, epicatechin, and ellagitannins. Pomegranate 

peels are generally wasted without regard for their valuable properties [128]. 
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Fig. 6 A) Schematic images of CMC film composited with a κ-carrageenan 

and ATC [129]. B) Schematic illustration of the nanocomposite synthesis and 

dip-coating process on fruits. Egg albumen and glycerol are mixed in DI water, 

which is heated, and egg yolk and curcumin are added stepwise into the 

solution [130]. C) The food preservation film fabricated with mung bean 

protein and pomegranate peel [131]. 
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Ⅲ. Materials and methods 

 

3.1. Materials 

Never-dried bleached eucalyptus kraft pulp (79.4 % ± 0.6 % cellulose, 18.8 % 

± 0.2 % hemicellulose and very little amount of lignin and byproducts) was 

supplied by Moorim P&P (Ulsan, Korea) [132]. Strawberries (Korean 

Seolhyang, Fragaria × anananssa Duch.) and bananas (Musa × paradisiaca) 

and red cabbage (Brassica oleracea var. capitata f. rubra) were bought in a 

local market. Methanol (99.5 %, Samchun, Seoul, Korea), ethanol (anhydrous 

99.9 %, Samchun, Seoul, Korea), isopropanol (99.5 %, Samchun, Seoul, 

Korea), sodium hydroxide (98 %, Samchun, Seoul, Korea), chloroacetic acid 

(≥99.0 %, Sigma-Aldrich, St. Louis, MO, USA), NaCl (≥99.0 %, Sigma-

Aldrich, St. Louis, MO, USA), MgCl2 (anhydrous ≥98.0 %, Junsei, Saitama, 

Japan), CaCl2 (anhydrous ≥97.0 %, Sigma-Aldrich, St. Louis, MO, USA), 

1,1-Diphenyl-2-picrylhydrazyl (Free radical ≥97.0 %, TCI, Tokyo, Japan), 

L-tyrosine (≥98.0 %, Sigma-Aldrich, St. Louis, MO, USA), tyrosinase from 

mushroom (lyophilized powder, ≥1000 unit/mg solid, Sigma-Aldrich, St. 

Louis, MO, USA) 
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3.2. Preparation and characterization of CNF coating solution 

Never-dried bleached eucalyptus kraft pulp used as starting raw materials. 

First of all, the pulp fibers were beaten using a laboratory valley beater about 

30 min. For carboxymethylation and nanofibrillation, the following process 

was carried out using beaten pulp. The wet pulp (dry weight, 70 g) was 

solvent-exchanged to ethanol. It was immersed in isopropanol / methanol 

(3200 ml:800 ml) solution with sodium hydroxide (11.2 g). And then it was 

heated at 65 °C under continuous stirring for 60 min. The reaction was 

initiated by the addition of 14 g of monochloroacetic acid and the pulp slurry 

was stirred for 90 min about 700 rpm. These CM-CNF was solvent-

exchanged using distilled water at pH 7.0 and passed through a grinder (Super 

Masscolloider, Masuko Sangyo Co., Ltd., Japan) to produce the CM-CNF 

precursor solution. The operation speed was 1,500 rpm and the gap distance 

of grinder stones were 100 μm. The final concentration of the pulp suspension 

was about 1.5 %, respectively [133]. 

3.2.1. Carboxylate contents 

 The carboxyl group content of the carboxymethylated pulp was determined 

using the ionic conductivity method. This method describes the analysis of 

the total acidic content of pulp fiber, and the term of the total acid group was 

replaced by carboxyl group content. Briefly, 1 g of carboxymethylated pulp 

in sodium form was converted to the proton form until all acid groups 

received H+ as counter-ions and then titrated with 0.01 mol/l NaOH. The total 
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amount of the carboxyl group and degree of substitution was calculated 

according to Equation (1) and (2): 

Carboxyl group content (mmol/g-1) = 
𝐶𝑁𝑎𝑂𝐻  × 𝑉𝑁𝑎𝑂𝐻

𝑤
       (1) 

Degree of substitution (%) = 
162×𝐶𝑁𝑎𝑂𝐻×𝑉𝑁𝑎𝑂𝐻

w−80×𝐶𝑁𝑎𝑂𝐻×𝑉𝑁𝑎𝑂𝐻
× 100     (2) 

Where CNaOH, VNaOH, and w are the concentration of the NaOH solution, the 

volume of the NaOH solution consumed at a flat area, and the oven-dry 

weight of the sample, respectively. 

3.2.2. Zeta-potential 

 The zeta-potential values of CNF suspensions were measured by zetasizer 

Nano ZS90 (Malvern Instrument, U.K.). The concentrations of CNF 

according to the degree of substitution were 0.1 %. 

3.2.3. Fourier Transform Infrared Spectroscopy (FTIR) 

The chemical structure of dried CM-CNF films was characterized by Fourier 

transform infrared spectroscopy (FTIR) (Nicolet iS5, Thermo Fisher 

Scientific, Waltham, MA, USA). Scanning was carried out in the range from 

500 to 4000 cm−1 with 32 scans at a resolution of 4 cm-1. 

3.2.4. Transmission electron microscopy (TEM) 

Nanoscale images of CM-CNFs were obtained using a transmission electron 

microscope (TEM, JEM1010, JEOL, Tokyo, Japan). The CM-CNF 

suspension was dropped on a glow-discharged carbon copper grid and the 

fibers were negatively stained with a 10 μl uranyl acetate solution (1% w/v). 
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The dimension of CM-CNFs was analyzed using the ImageJ program (1.52a 

NIH, Bethesda, Maryland, USA). 

3.2.5. X-Ray Diffraction analysis (XRD) 

The XRD pattern was analyzed X-ray Diffractometer (D8 ADVANCE with 

DAVINCI, Bruker, Berlin, Germany) with CuKα radiation (1 - 1.5418Å) at 

40 kV and 40 mA. The 2theta range was 5° to 40° with scan speed of 1 

sec/step. The crystallinity index (CI) of CM-CNF was calculated according 

to equation (3): 

CI (%) = 
(𝐼002−𝐼𝑎𝑚)

𝐼002
× 100     (3) 

Where I002 and Iam are the peak intensities of crystalline and amorphous 

regions, respectively [134]. 

3.2.6. Thermal gravimetric analysis (TGA) 

 TGA samples were characterized using a simultaneous TGA analyzer (SDT, 

TA instruments, New castle, DE, USA). About 25 mg of the film was 

positioned on the microbalance located inside the furnace. The test was 

carried out from 35°C up to 550°C with a heating rate of 10°C/min in a 

nitrogen atmosphere [135]. 
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3.3. Fabrication of CNF film 

3.3.1. Dip coating process 

 The CM-CNF solution was used as the coating material at 1% (w/w) (Fig. 

7). Before dipped into the CM-CNF soltion, fuits were rinsed in D.I. water. 

Fruits were dipped into the CM-CNF solution. And then, it was dipped into 

the DC solution directly. DC solution was prepared with 2% of NaCl, MgCl2, 

and CaCl2 solution. It was used as a cross-linking agent. And then these were 

dipped into the DC cross-linking agent for 7 min. All the samples were dried 

at 25 °C overnight. 
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Fig. 7 Schematic image of dip coating process of fruit using CM-CNF and 

DC solution. 
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3.3.2. Concentration of cations  

 CM-CNF/CaCl2 film was fabricated with different concentration of cation 

solution (0, 1, 2, 3, 4, and 5 %) The tensile strength of the films (1 cm×2 

cm×30 μm) was investigated using a universal testing machine (UTM, 

GB/LRX Plus, Lloyd, West Sussex, UK) fitted with a 10 N load cell. Strain 

speed of the samples was 2 mm/min. 

3.3.3. Soaking time 

 To approximately determine the soaking time of CM-CNF hydrogel in an 

aqueous solution with DC, it was calculated by the following equation (4) 

[136]:  

t (s) = 
4×𝐻2

𝜋2×𝐷
     (4) 

Where H is half of the thickness and D is diffusion coefficient. And then the 

films were dried 24hr in ambient condition.  

3.3.4. Scanning Electron Microscopy (SEM) 

The surface morphology of CM-CNF/DC films was observed with field 

emission scanning electron microscopy (FE-SEM, SUPRA 55 V P, Carl Zeiss, 

Oberkochen, Germany). The films were dried overnight in a desiccator 

cabinet at 20 ℃. Platinum was sputtered onto the surface of CM-CNF/DC 

films at 20 mV for 160 s, and was visualized with a voltage of 2 kV. 
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3.4. Physical properties of CNF film 

3.4.1. Rheological property 

CM-CNF hydrogels with NaCl, MgCl2, and CaCl2 were prepared and cut 

into the shape of circular disk (0.8 cm diameter, 0.1 cm thichkness). Then, the 

hydrogel specimens were immersed in PBS buffer for 24 h. The rheological 

behavior of hydrogels was analyzed using a digital rheometer (MARS Ⅲ, 

Thermo Scientific, Newington, NH, USA). Shear strain sweep oscillatory 

rheometry was performed using a parallel plate geometry (8 mm) with a gap 

size of 800 μm under 0.001% to 0.1% strain range [137]. 

3.4.2. Fourier Transform Infrared Spectroscopy (FTIR) 

The chemical structure of dried CM-CNF/DC films was characterized by 

Fourier transform infrared spectroscopy (FTIR) (Nicolet iS5, Thermo Fisher 

Scientific, Waltham, MA, USA). Scanning was carried out in the range from 

500 to 4000 cm−1 with 32 scans at a resolution of 4 cm-1. 

3.4.3. Thickness 

 The thickness of the CM-CNF films was determined by imaging the side 

view of three different samples with a digital microscope. (Inverted 

microscope, CELENA®S, Anyang, Korea) Each sample was measured three 

times in a random area.  

3.4.4. Density 

 The inverted microscopy was used to measure the film thickness for each 
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sample average of three different films measured at three random points 

measured at room temperature. The sample was (5cm x 5cm) weight three 

times. The density was calculated by using the following equation (5): 

Density (g/cm3) = 
𝑀

𝑉
     (5) 

Where M is mass (g) and V is volume (cm3) of the film. 

3.4.5. Moisture contents 

 About 30 μm thick CM-CNF films were cut into 5 cm×5 cm size for the 

measurement of moisture content. It was completely dried in the oven at 

120 °C overnight. It was calculated by the following equation (6): 

Moisture content = 
(𝑀𝑖−𝑀𝑓)

𝑀𝑖
× 100     (6) 

Where Mi is the initial mass and Mf is the final mass of the film, all in grams. 

The sample was 5cm x 5cm (n=3). 

3.4.6. Transmittance 

Optical transmittance was measured in UV/Vis spectrophotometer 

(OPTIZEN POP, Mecasys, USA), range from 400 nm to 800 nm. Each sample 

were cut into 1 cm x 1 cm. it was detached into side of 1ml plastic cuvette 

cell. 

3.4.7. Tensile strength 

 The tensile strength of the films (1 cm×2 cm×30 μm) was investigated using 

a universal testing machine (UTM, GB/LRX Plus, Lloyd, West Sussex, UK) 

fitted with a 10 N load cell. Strain speed of the samples was 2 mm/min. 
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3.5. Barrier properties of CNF film 

3.5.1. Contact angle  

 Static contact angles of the films were measured by a contact angle analyzer 

(Drop shape analyzer, DE/DSA 100, KRUSS, Germany) using the syringe 

dropping at room temperature in air (about 5 µm per D.I. water drop). Three 

different positions on the films were measured and the average value was 

calculated to determine the static contact angle. 

3.5.2. Water vapor pressure (WVP)  

 The water vapor permeability (WVP) was measured based on the ASTM 

E96/E96M-05 standard method. Film samples were mounted between the top 

and the lid of permeability cup (Φ = 60 mm, Height = 20 mm, made of 

aluminum) with ∼28.26 cm2 effective area filled with silica gel as desiccant. 

The weight of the assembled permeability cup was measured immediately 

and then placed in the atmospheric condition for 24 h. The weight change of 

CM-CNF, CM-CNF/NaCl, CM-CNF/MgCl2 and CM-CNF/CaCl2 films was 

measured under the 50 %, 85 %, and 98 % RH at 23 °C. Water vapor 

transmission rate (WVTR) and WVP were calculated by the following 

Equations (7) and (8) [138]:  

WVTR (g/m2 ∙ s) =
ΔW

Area∙time
      (7) 

WVP (g/m ∙ Pa ∙ s) =
WVTR∙L

𝑃𝑠𝑎𝑡 × ΔRH
      (8) 
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Where ΔW was the weight of the water vapor passing through film, L film 

thickness, P sat water vapor saturation pressure at 23 °, and ΔRH (%) 

percentage relative humidity gradient. 

3.5.3. Thermal imaging 

 The control and coated strawberries were stored in the refrigerator (≈ 4 ℃) 

for 24 h, and taken out right before the thermography measurement. 

Thermography was performed in the insulating room which was 

automatically controlled at constant 23 °C and RH 60%. Thermographs were 

captured for 60 min with 10 min intervals. Thermographs of the samples were 

recorded using infrared camera (Ti55FT, Fluke, Everett, WA, USA). The 

camera rendered the thermographs using constant emissivity of 1. The 

experimental data was acquired with SmartViewTM 3.0 software. 
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3.6. Extraction and characterization of RC extract  

3.6.1. Extraction of RC extract 

 The extraction and quantification of RC extract were carried out according 

to the method described by Francis [139]. 10 g of red cabbage sample was 

added in falcon tube, 30 mL of acidified ethanol (85 mL of ethanol and 15 mL 

of 1.5 mol L−1 HCl) was added and implemented to constant agitation for 1 h. 

The supernatant was separated by filter manually. And also, It was dried in 

the vacuum desiccator at overnight [140]. 

3.6.2. Total anthocyanin contents (TAC) 

 TAC was calculated using a spectrophotometric differential pH method, 

according to Rapisarda et Al. [141], with a few modifications. Two 

lyophilized samples of 500 mg were treated with 10 ml of buffer solution, pH 

1.0 (125 ml of 0.2 M KCl and 375 ml of 0.2 M HCl), and 10 ml of buffer 

solution, pH 4.5 (400 ml of 1 M sodium acetate, 240 ml of 1 M HCl and 360 

ml of water), respectively. The mixture was homogenized and centrifuged 

twice at 4 °C at 5000g for 15 min. The supernatant was collected and its 

absorbance was read at 510 nm. TAC was determined by the following 

equation (9): 

TAC (mg/g) = 
A

ε×L
× 𝑀𝑊 × 𝐷𝐹 ×

𝑣

𝑤
× 103     (9) 

Where the terms in parentheses indicate the difference between the 

absorbance value at 510 nm at pH 1.0 and 4.5 solutions, respectively. 
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Molecular weight was the molecular mass of cyanidin-3-glucoside chloride, 

its molar absorptivity (ε) was 24,825 at 510 nm, and DF is the 

dilution/concentration factor related to the sample weight, the extract volume 

and the yield of the process of lyophilization. Each sample was analyzed in 

triplicates. 

3.6.3. Color distance 

 The film color distance was determined by colorimeter (TES-135A, TES, 

Taipei, Taiwan). The values of L* (lightness), a* (red – green) and b* (yellow–

blue) parameters were recorded to evaluate color changes with concentration 

of RE. Tests were performed in triplicate and the total color difference was 

calculated according to the equation (10): 

ΔE∗ = √ΔL∗2 + Δa∗2+Δb∗2     (10) 

The CNF- RE film was cut 5×5 cm with different concentration of RE. 

3.6.4. DPPH assay  

The antioxidant activity of the RE solutions were determined using a DPPH 

assay [142]. This was achieved by mixing 3.8 mL of a standard DPPH 

methanol solution (0.004 %) with 0.2 mL of the samples in different 

concentrations. The radical quenching potency of the RE solutions and 

ascorbic acid as a standard material were also measured at different 

concentrations (10, 20, 40, 80, 160 and 200 μL/mL). A DPPH standard 

solution was used as a control sample. The absorbance (Ab) values were 
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analyzed at 517 nm and DPPH radical quenching was calculated according to 

the equation (11): 

DPPH assay = 
𝐴𝑏𝐷𝑃𝑃𝐻−𝐴𝑏𝑠𝑎𝑚𝑝𝑙𝑒

𝐴𝑏𝐷𝑃𝑃𝐻
× 100     (11) 

3.6.5. UV protection  

The UV protection of Rhodamine B (RhB) solution in the presence of 

photocatalyst (TiO2) under high-pressure mercury lamp (150 W) was 

conducted to evaluate the UV-shielding performance of films. Briefly, 25 mg 

of TiO2 and 50 mL of RhB solution (1 × 10−5 M) were mixed for complete 

dispersion. Prior to irradiation, the suspension was stirred in the dark for 30 

min at ambient temperature to reach adsorption/desorption equilibrium. The 

films were used to cover the mouth of the beaker before UV irradiation. The 

distance between of the lamp and the film was about 10 cm. The 

photocatalytic degradation of RhB solution was carried out under constant 

stirring. At given intervals (t), 1 mL of the suspension were collected and 

centrifuged to remove the photocatalyst. The absorbance of RhB at 

552 nm was measured by spectrophotometer. The UV-protecting performance 

was calculated as below equation (12):  

I (%) = 
𝐴𝑡

𝐴0
× 100     (12) 

Where A0 is the initial absorbance of RhB solution without UV radiation and  

At is the absorbance of the remaining RhB solution protected with film under 

UV radiation. 
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3.6.6. Cell proliferation test 

 NIH 3T3 fibroblast cells (1.5 × 106 cells/ml) were seed on the CNF- RE film. 

The produced structures were cultured in medium consisting of DMEM with 

4.5 g/l glucose, L-glutamine, sodium pyruvate, and 10 % FBS. The film se in 

the composite hydrogels were cultured in a humidified 5 % CO2 incubator at 

37 °C for one or seven days. For investigation of cell proliferation, the printed 

constructs were washed once with PBS and incubated with alamarBlue® 

(Invitrogen) solution for 4 h at 37 °C. The alamarBlue® fluorescence was 

assayed at 540 nm (excitation) and 590 nm (emission) using a microplate 

reader (Synergy HT, BioTek, Winooski, VT, USA). 
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3.7. Application – Climacteric / Non-climacteric fruits 

3.7.1. Weight change 

Fruits were weighted at the beginning of the experiment after air drying and 

thereafter each day during the storage days. Weight loss was expressed as the 

percentage loss of the initial total weight. For each measurement, 3 fruits 

corresponding to each treatment were used. The weight change was calculated 

by using the following equations (13): 

Weight change (%) = 
(𝑀𝑖−𝑀𝑓)

𝑀𝑖
× 100     (13) 

Where Mi is the initial mass and Mf is the final mass of the fruits. It was 

expressed by fraction of the original weight (%) 

3.7.2. Firmness 

 Firmness of Strawberries was measured using a penetrometer. The CT-3 

texture analyzer (Brookfield Co., Middleborough, MA, USA) was used for 

firmness measurement. Fruit firmness (N) was measured at the equatorial 

plane of the fruit using a flat probe of 100 mm diameter at a speed of 2 mm 

s−1 and a strain of 5 mm [143]. 

3.7.3. Respiration rate 

Respiration rate was determined by using the static methods. Five 

strawberries were placed in 1L Nalgene polypropylene jars with a septum in 

the lid for sampling gas. The jars were stored at room temperature. Gas 

sampling was carried out after 2 hours with 1 cc syringes by means of a needle 
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connected to a gas chromatography (YL 6400, Younglin Instrument, Seoul, 

Korea). Three replicates were performed for each sample. The respiration rate 

was calculated by using the following equations (14): 

Respiration rate (ml∙CO2∙kg-1∙h-1) = 
(∆ 𝐶𝑂2)

100
 × V headspace × 

1000

𝑚
× 

60

𝑡
   (14) 

 Where Δ CO2 is the difference between the initial and final concentration of 

CO2, V headspace is the empty volume of the jar (ml), m is mass of strawberries 

and t is sampling time (min) [144]. 

3.7.4. Total soluble solids (TSS) 

After firmness analysis, strawberries were cut into small pieces, wrap with 

gauze and squeezed in plastic squeezer. To determine soluble solids, 0.3 ml 

of squeezed juice was added to a refractometer prism. The results were 

expressed in Percentage of soluble solids (%) 

3.7.5. Total acidity (TA) 

After TSS analysis, strawberries juice was added to an acidometer. The one 

millimeter of juice was dropped to acidometer with the samples were three 

replicated. The results were expressed in Percentage of acidity (%) 

3.7.6. Tyrosinase inhibition assay 

Tyrosinase inhibition assays were performed with minor modifications [145]. 

Tyrosinase (1000 U/mL) from mushroom solution was prepared at a 

concentration of 100 U/mL in phosphate buffer solution, pH 6.5. Tyrosinase 

mushroom solution (150 μL) and phosphate buffer solution at pH 6.5 (300 μL) 
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were mixed with 0-3 % concentration of RE extract (0.8 mg). The mixture 

was then incubated at 25 °C for 5 min before adding 300 μL of 2.5 mM L-

tyrosine solution, and the reaction was measured at 475 nm. The percentage 

of inhibition of tyrosinase activity was calculated under equation (15): 

Inhibition (%) = 
𝐴−𝐵

𝐴
× 100 

 Where A represents the difference in the absorbance of the control sample, 

and B represents the difference in the absorbance of the test sample.  

3.8. Statistical analysis 

All experiments were carried out in triplicates and the average results were 

shown as mean ± standard deviation. Statistical analysis of the results was 

performed using a one-way analysis of variance (one-way ANOVA) with 

Tukey mean analysis. It was performed using IBM SPSS statistics version 25 

(SPSS inc., Chicago, IL, USA). 
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Ⅳ. Results and discussion 

 

4.1. Characterization of carboxymethylated CNF coating solution 

 The characteristics of CNFs were evaluated by measuring 

carboxymethylation time about 0, 30, 60, 90, and 120 minutes to determine 

suitable coating solution. The ion conductivity, carboxylate content and 

degree of substitution were measured according to the carboxylation reaction 

time. It was attempted to derive an appropriate carboxylation reaction time 

through these experiments. 

 An ionic conductivity method was used to measure the carboxyl contents 

and degree of substitution of the CNF. Carboxymethylation can be controlled 

by pretreatment reaction time [146]. Fig. 8A shows the titration curve of ionic 

conductivity with carboxymethylated pulp. The ionic conductivity decreases 

with the addition of sodium hydroxide. This is because the rapid decrease in 

conductivity reaches neutrality with the addition of initial hydrochloric acid. 

The plateau section is formed by the carboxymethyl group of 

carboxymethylated CNFs. Therefore, the total amount of carboxyl can be 

quantified by the amount of sodium hydroxide consumed in a plateau section. 

As shown in Fig. 8B, the sample of 0min calculated using equation (1) was 

9.12 μmol/g. As reaction time increased, so did the carboxyl content. This is 

because the presence of a negative charge on the fiber's surface varies with or 
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without reaction time. The pretreatment reaction time was 289.47 μmol/g for 

30 minutes, 462.77 μmol/g for 60 minutes, 602.35 μmol/g for 90 minutes, and 

622.33 μmol/g for 120 minutes. And also calculated the degree of substitution 

of CNF using equation (2). The pretreatment reaction time was 4.56 % for 30 

minutes, 8.23 % for 60 minutes, 10.87 % for 90 minutes, and 11.37 % for 120 

minutes (Fig. 8C). Consequently, both degree of substitution and carboxyl 

content increased in proportion to the pretreatment reaction time. In addition, 

it was confirmed that there was no significant difference in the reaction time 

over 90 minutes. 
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Fig. 8 A) Ionic conductivity titration curve by consuming NaOH solution. B) 

The carboxylate concentration of pulp cellulose by reacting pretreatment with 

monochloroacetic acid. C) The percentage of degree of substation with 

reacting pretreatment. (n=3) 
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The surface charge of the CNF was analyzed using a zetasizer (Fig. 9A). 

Pulp solutions with carboxymethylation time are prepared as samples. The 

pretreatment reaction time was -30.23mV for 0 minutes, -37.37 mV for 30 

minutes, -43.51 mV for 60 minutes, -50.93 mV for 90 minutes, and -53.33 

mV for 120 minutes. As the carboxymethylation time increased, the zeta 

potential gradually decreased due to the negative charge in the carboxymethyl 

group. The result of zeta potential supports why carboxyl content and Degree 

of substitution increase with reaction time. In addition, it was confirmed that 

the reaction time in more than 90 minutes is less efficient. 

 The FT-IR spectrum of the CNF film according to the carboxy content of 

CNF was confirmed (Fig. 9B). The peak of untreated CNF is indicated by 

water absorbed by the fibers at 1649 cm-1 [147]. As carboxymethylation 

proceeded, the carboxyl content of CNF increased, resulting in a gradual 

increase in the carboxyl peak assigned to 1598 cm-1. The repulsion between 

the nanofibers was formed due to the surface charge of carboxymethyl groups. 
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Fig. 9 A) Zeta potential of carboxymethylation of CNF with pretreatment 

reaction. (n=3) B) The change of FTIR spectrum according to carboxylation 

time. 
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The TEM was taken to measure the thickness of the fiber over carboxylation 

time. It was confirmed that the thickness of the fiber decreases as the 

carboxylation time increases. Through these results, carboxylation had the 

effect of nanosizing the fiber to widen the surface area. It was hard to measure 

the thickness of CNF for 0 min. The pretreatment reaction time was 51.23 nm 

for 30 minutes, 27.45 nm for 60 minutes, 8.31 nm for 90 minutes, and 8.05 

nm for 120 minutes (Fig. 10).      

These results confirm that the longer the reaction time, the more uniform the 

thickness of the fibre can be obtained and the more homogeneous the film can 

be manufactured. Also, the difference in fiber thickness was not significant 

after 90 minutes. 
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Fig. 10 The TEM image of CNF pulp with pretreatment of carboxy-

methylation. The TEM images of pretreatment reaction for 0 min, 30 min, 60 

min, 90 min, and 120 min. The scale bar was 300 nm. And the total percentage 

of frequency was 100 %. The thickness of CNF was measured by image J 

program. 
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XRD patterns were evaluated to identify the effect of the time of 

carboxymethylation on the crystallinity, which was calculated with 

deconvoluted graphs by the equation (3). As shown in Figure 11 A-D, CNF 

exhibited the intense peaks at around 16.2 °, 22.6 °, and 34.3 °. It was reflected 

on the crystallographic planes of (110), (200), and (040) [148]. It was 

determined that all the samples were in the crystal structure known as 

cellulose Iβ [149]. The crystallinity index (CI) of 0 min, 30 min, 60 min and 

90 min were 42.79 %, 44.69 %, 48.01 %, and 51.06 %. The results showed a 

rise in the CI owing to the increase in the time of acid hydrolysis. The sample 

of 90 min indicated the highest crystallinity at 51.06 %, which demonstrates 

sharper diffraction with an intense peak at 22.6 ° compared to 0 min, 30 min 

and 60min. When the carboxymethylation reaction occurs, the fiber is cleaved 

by the acid hydrolysis. Acid hydrolysis is reacted on the surface of the CNF 

fiber by the hydromium ion (H3O
+), which is an intermediate product. 

Hydromium ions easily penetrate into loose amorphous regions and promote 

acid hydrolysis [150]. As the carboxymethylation time increases, more 

amorphous regions are decomposed. Therefore, CI increases in proportion to 

the carboxymethylation time. 
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Fig. 11 The XRD peak of CNF by reacting pretreatment with mono-

chloroacetic acid. A) 0 min. B) 30 min. C) 60 min. D) 90 min. The peaks were 

deconvoluted by Origin 8.0 program. 
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Fig. 12 represent the TGA curves of carboxymethylation time in 0 min, 30 

min, 60 min and 90min. There was two-step thermal decomposition behavior. 

It is also known as a cellulose pyrolysis curve [151]. In the initial degradation 

stage, the weight loss was analyzed that degradation for all samples 0 min, 30 

min, 60 min and 90 min was 4.56, 4.45, 4.51, and 4.53 %. It was caused by 

the dehydration of water on the surfaces of CM-CNF. The second degradation 

stage showed under the approximate ranges from 220 °C to 280 °C. The 

decomposed temperature of 0 min, 30 min, 60 min and 90 min was at 261 °C, 

228 °C, 241 °C and 239 °C. It was expected due to the higher surface area of 

CNF, which more exposure to heat [152]. As shown in Fig. 10, the surface 

area enlarged as the carboxymethylation time increased. Also, the value of 

heat transfer was increased when the CI was increases [153]. Because, 

crystallized cellulose chains were efficient in the pathway to produce better 

thermal conductivity [153]. As shown in Fig. 11, the CI was increased by 

proportionate with carboxymethylation time. Totally, enlarged surface area 

and enhanced CI had an impact on change of second degradation. The char 

residue for 0 min, 30 min, 60 min and 90 min at near 600 °C were 20.41 %, 

26.96 %, 35.08 % and 38.19 %. This result could be explained by the 

difference in the number of chain end groups [154]. The surface area of CNF 

fiber enlarged with increasing carboxymethylation time. As the CNF fiber 

was hydrolyzed for a longer time, more chain end groups were created. As 

shown in Fig. 8, DS was increased as the carboxymethylation time increased. 
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In other words, more end groups are substituted with carboxymethyl groups 

as the reaction time increases. The carbon group of the carboxymethyl group 

could be formed the char at near 600 °C. Therefore, high char residue was left 

in proportion to the carboxymethylation time. 
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Fig. 12 TGA curves of carboxymethylated CNF in 0 min, 30 min, 60 min and 

90 min. 
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4.2. Fabrication of CNF film  

4.2.1. Optimization of concentration of cation solution 

It is important to confirm the concentration of the appropriate cation 

solution. If the concentration of the cation solution is low, the effect of 

strengthening physical properties is weakened. On the other hand, if the 

concentration of the cation solution is very high, salt may be precipitated and 

affect the fruit. A film was prepared by dividing the concentration of CaCl2 

solution from 0 to 5%, and tensile strength was measured (Fig. 13). As a result, 

the tensile strength increased as the concentration of the solution increased. 

However, there was no statistically significant difference at concentrations 

above 2%. Through this, it was found that the concentration of the suitable 

cation solution for preparing the film was 2%. In this experiments, the 

concentration of all cation solutions was unified at 2%. 
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Fig. 13 The tensile strength of the CNF film immersed in CaCl2 solution from 

0 to 5% concentration. (n=3), NS indicates no significance, * indicates a p-

value of <0.05, ** indicates a p-value of <0.01 and statistical analysis was 

performed using one-way ANOVA test. 
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4.2.2. Evaluation of optimized coating condition 

It is important to determine the soaking time in the DC solution. If the 

soaking time is not sufficient, the interaction between CNF and DC will not 

occur sufficiently. Also, if the soaking time is too long, the processing time 

will be prolonged. As shown in Figure 14, the carboxymethyl group of CNF 

binds with DC. CNFs were bound by electrostatic interactions with DCs. The 

carboxymethyl group has a negative charge stabilized by the cation. The 

soaking time was calculated using equation (4). The calculated value was 

about 6.7 minutes. This allowed the integration of all samples used in the 

experiment with a 7 min soak time. 
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Fig. 14 The schematic image of electrostatic interaction between the 

carboxymethyl groups on the surface of CMCNF with DC. 
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The SEM was measured to determine the morphological difference of the 

film according to soaking. The cross section of the CNF film (Fig. 15 A) and 

the cross section of the CNF film (Fig. 15 B) contained in the CaCl2 solution 

were compared. Measurements have shown that samples contained in CaCl2 

solutions have tight interactions between fibers. Both samples were found to 

have layers piled up. However, the samples contained in the CaCl2 solution 

formed a tight structure between layers. This explains why there was a 

difference in tensile strength between the two samples. Carboxymethyl 

groups that are modified on the fiber's surface combine with calcium ions to 

form more interaction. The interaction formed is believed to have had a 

mechanical reinforcement effect on the film. 
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Fig. 15 The SEM images of CM-CNF film A) The cross section image of non-

treated CNF film. B) The cross section image of CNF/CaCl2 film.  
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4.3. Evaluation of CNF film 

4.3.1. Physical properties of CNF film 

The rheometer was measured to confirm the change of the storage modulus 

according to the addition of cations (Fig. 16). The concentration of cations 

was tested and set to 2%. Before drying the film, it was carried out an 

experiment in the hydrogel state. The storage modulus of CNF was 1252.52 

Pa, CNF/NaCl was 1193.16 Pa, CNF/MgCl2 was 1775.53 Pa, and CNF/CaCl2 

was 2190.06 Pa. As a result of the experiment, there was no change in the 

storage modulus of cnf reacted with nacl. This is because Na+ is a monovalent 

ion and does not lead to fiber interaction. On the other hand, CNF reacted 

with MgCl2 and CaCl2 had a significant change in storage modulus. This is 

because Mg2+ ions and Ca2+ ions are divalent ions and lead to fiber interaction.  
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Fig. 16 The storage modulus of CM-CNF hydrogels with cations. (n=3) NS 

indicates no significance, * indicates a p-value of <0.05, and statistical 

analysis was performed using one-way ANOVA test. 
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FTIR was measured to confirm the electrostatic binding of CM-CNF 

carboxymethyl group and DC (Fig. 17). As shown in the experimental results, 

CM-CNF film was strongly absorbed at 1598cm-1. This means that the 

carboxyl group is combined with the hydroxyl group of CNF. In the case of 

CM-CNF/NaCl film, the position and intensity of CM-CNF film and peak 

were almost similar as CM-CNF film. Na+ cations were found to be relatively 

weak in the binding with carboxymethyl group due to monovalent cations. 

On the other hand, CM-CNF/MgCl2 film showed high frequency, shifted to 

1632cm-1, and peak size increased. Mg2+ cations were divalent cations, and 

strong electrostatic interaction was formed with carboxymethyl group 

[155,156]. CM-CNF/CaCl2 film was stronger electrostatic interaction than 

CM-CNF/MgCl2 film. Separation of peak was observed by interaction. This 

is due to the large radius of the Ca2+ ions (0.99 Ǻ), which have relatively large 

radius, and are strongly bonded to the carboxyl group than the Mg2+ ions (0.66 

Ǻ). 
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Fig. 17 FTIR spectra to conform interact between carboxymethyl group and 

cations. The peak was moved to high frequency region when interact with 

divalent cations. (From 1598 cm-1 to 1632 cm-1).  
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The thickness change of the film was measured when CM-CNF and DC 

were combined (Fig. 18A). The results showed that the carboxymethyl group 

was 35.33 ± 3.5 μm, 32.33 ± 4.2 μm, 30.67 ± 2.5 μm and 29.33 ± 4.2 μm 

respectively, when combined with pristine CM-CNF, Na+, Mg2+ and Ca2+ ion. 

This result can be interpreted that the thickness of the film is reduced due to 

the strong electron interaction and the entanglement of the fiber. DCs are 

interacted with Interfibrilar hydrogen bond, which prevents water molecules 

from penetrating between fibers. Density was measured and confirmed (Fig. 

18B). The density of film was 1.34, 1.37, 1.44 and 1.50 g/cm3 when the 

pristine CM-CNF, CM-CNF/NaCl, CM-CNF/MgCl2 and CM-CNF/CaCl2 

were measured (equation 5). Film was compressed strongly because the water 

molecule could not penetrate between fiber and it was entangled. The 

previous feature was useful when making the food preservation films because 

the water content decreases and the swelling phenomenon did not occur. In 

addition, the penetration of gas becomes more difficult, so that the target 

product could be efficiently protected. Moisture content was measured to 

confirm the amount of water content inside the film. DC was added to the 

pristine CM-CNF, which resulted in a decrease in film thickness and an 

increase in volume, which was consistent with DC's tendency. The Moisture 

content of film was 15.32, 14.14, 13.43 and 13.05 % when the Pristine CM-

CNF, Na+, Mg2+ and Ca2+ were added (Fig. 18C, equation 6). The moisture 

content of film also decreased as the functional group and water molecules 
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did not combine between fibers. These changes in physical properties were 

confirmed through changes in the transparency of the film. 
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Fig. 18 The physical properties of CNF film A) Thickness B) Density C) 

Moisture contents. (n=3)  
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The transparency of the film was reduced as the transmission was changed 

when the type of cations was changed (Fig. 19A). The pristine CM-CNF film 

showed more than 81.20 % transmittance at the 650 nm. CM-CNF/NaCl, 

MgCl2, and CaCl2 films (Fig. 19B) also had a transmission of 76.72 %, 76.49 % 

and 74.49% at the 650 nm. The cations are entangled with carboxymethyl 

groups, resulting in the entanglement of the fiber, which leads to a decrease 

in transmittance. In particular, all results showed that the change of the 

physical properties of CM-CNF/CaCl2 film was the highest. This result was 

higher than the same divalent ion, Mg2+ ion, which is a film containing the 

same divalent ion. This phenomenon can be explained by the difference of 

binding force due to the difference of radius of ion. The radius of Ca2+ ion is 

0.99 Ǻ, which is larger than Mg 2+ ion (0.66 Ǻ), which shows relatively higher 

binding and binding strength because of its large binding force. 
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Fig. 19 A) The transmittance of CM-CNF film B) The image of CM-

CNF/CaCl2 film.  

 

 

 

 

 

 

 

 

 

 



 

７４ 

 

Tensile strength (TS) is an important factor that protects target products 

inside the food preservation film, which refers to the power to resist 

mechanical stress. As shown in Fig. 20, CM-CNF/CaCl2 film has high TS. 

Pristine CM-CNF film was measured at about 4.15 MPa, and CM-CNF/NaCl, 

MgCl2, CaCl2 film was 4.41, 4.70, and 5.15 MPa. The strong interaction of 

carboxyl group and entanglement formation resulted in the enhancement of 

tensile strength. Through these results, it was confirmed that the property of 

the pristine CM-CNF film was strengthened. Especially, CaCl2 was expected 

to strengthen crosslinking agent between CNF fibers. The change in the 

electrical properties of the film by chemical bonding of cations and CM-CNF 

affected not only TS but also wettability. 
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Fig. 20 The tensile strength of CM-CNF film. (n=3) * indicates a p-value of 

<0.05, and statistical analysis was performed using one-way ANOVA test. 
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4.3.2. Barrier properties of CNF film 

The contact angle for each film was measured and proved (Fig. 21A). The 

surface of CM-CMF film showed a low contact angle of about 42.7︒ after 

drop of water drop (Fig. 21B). CNF is basically moisture-permeable and has 

easy wetness. This is a critical disadvantage as a material of food preservation 

film. On the other hand, CM-CNF/NaCl, CM-CNF/MgCl2 and CM-

CNF/CaCl2 films formed higher contact angles. In particular, CM-CNF/CaCl2 

film was confirmed to be 69.7︒ after just dropped the film surface (Fig. 22C). 

Also, the contact angle of about 56︒ was shown after 1 minute, unlike CM-

CNF, which permeated the film inside. The wettability of CM-CNF film was 

decreased by DC, which helps to improve the preservation of target products.  
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Fig. 21 A) The contact angle of CNF film. * indicates a p-value of <0.05, ** 

indicates a p-value of <0.01 and statistical analysis was performed using one-

way ANOVA test. B) The image of sessile drops of water on CM-CNF film 

C) The image of sessile drops of water on CM-CNF/CaCl2 film 
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The results of the WVP value indicated that DC promoted barrier effects. 

The CM-CNF film was measured at about 9.48 𝖷 10-11 g/m∙Pa∙s, and the WVP 

value of the film combined with the DC was all lowered (Fig. 22, equation 7, 

8). In particular, CM-CNF/CaCl2 was found to be the most effective WVP 

lowering under 50 % relative humidity conditions at 23 °C (6.46 𝖷 10-11 

g/m∙Pa∙s) and this result was predicted to be due to the neutralization of CM-

CNF and the increase of hydrophobicity. The hydrophobicity of the film was 

confirmed by contact angle measurement and the water permeability was also 

lowered [157]. The inside of the film, which has passed through a lot of 

moisture, contains more water molecules [138, 158]. It caused in more 

swollen and weakening the interaction of fibers, eventually losing the barrier 

properties. CM-CNF/MgCl2 and CM-CNF CaCl2 films inhibited these effects 

and effectively supplemented the weakness of CM-CNF film without the help 

of plasticizer. However, the higher the relative humidity, the higher the WVP 

value of all samples, and the barrier reinforcement effect was small under 98% 

conditions. 
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Fig. 22 Water vapor permeability of CM-CNF films at 50, 85, and 98% RH 

with 23°C.  
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The CM-CNF coatings could reduce the surface temperature of fruits and 

keep them in the fresh state longer. The temperature change of strawberries 

was monitored with thermography upon the exposure of refrigerated 

strawberries to room temperature (Fig. 23A). It was hard to compare the 

absolute temperature of the surfaces with thermography due to the continuous 

change of background temperature. However, it was obvious that the surface 

temperature of strawberries increased as the exposure time to ambient 

condition increased. The change of the surface temperature was rapid for the 

non-treated strawberry compared with CM-CNF coated strawberries (Fig. 

23B). The surface temperature of strawberries reached the steady state in 30 

min considering that the difference of the surface temperature between 

strawberries was about 3°C after 30 min and kept for prolonged exposure time. 
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Fig. 23 Effect of CM-CNF coating on the temperature change of strawberry 

surface. A) Thermograph of strawberries with storage time. B) difference in 

surface temperature between non-coated and CM-CNF coated strawberries. 
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 Temperature changes were measured in CM-CNF in films soaked in NaCl 

MgCl2 and CaCl2 solutions (Fig. 24 A, B). Experiments show that it is almost 

similar to CM-CNF film. It was refrigerated at 4°C and observed at room 

temperature for about an hour. The non-treated sample and each sample had 

a temperature difference of about 3 degrees, which was hampered by the CM-

CNF film. It has been confirmed that there is no difference by DC solution 

and it is a phenomenon by CNF. Through this experiment, CM-CNF film 

shows that it improves the storability of fresh food. 
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Fig. 24 Effect of variable CM-CNF coating on the temperature change of 

strawberry surface. A) Thermograph of strawberries with storage time. B) 

Dependence of film on the surface temperature of strawberry. 
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4.4. Functionality and Stabilization of CNF- RC extract film 

4.4.1. Extraction and characterization of RC extract 

Red cabbage extract (RC extract) was extracted by the solvent extration. 

First, the red cabbage was freeze dried to remove moisture and make it 

powder. The red cabbage was then melted with ethanol and hydrochloric acid. 

RC extract was obtained through vacuum filtration and drying. Four 

conditions were tested to increase extraction efficiency. The experimental 

conditions were 1. Heating extraction, 2. Solvent extraction, 3. Solvent 

extraction using freeze-dried red cabbages (Fig. 25, equation 9). Experiments 

show that total anthocyanin content was 6.87 mg/100 g, 9.98 mg/100 g and 

14.01 mg/100 g. Solvent extraction was 1.4 times more efficient than heating. 

It is also 1.4 times more efficient when extracted using freeze-dried powder. 

The dry freezing caused the sample to lose moisture and the concentration of 

solvents to increase the extraction efficiency. Through this experiment, the 

following experiment processed with RC extract by solvent extraction of 

freeze dried powder. 
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Fig. 25 Total monomeric anthocyanin contents of extracted samples 1. 

Heating in water. 2. Solvent extraction. 3. Solvent extraction with freeze dried 

red cabbage. (n=3) 
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4.4.2. Evaluation of functionality of RC extract 

Before evaluating the functionality of RC extract, color variations resulting 

from addition were measured using a color difference meter (Fig. 26A). RC 

extract is a natural pigment that can significantly change the color of the film 

when added to excess. The color range used CIE color space and equation 10 

to calculate ΔE by summing the changes in L* (Fig. 26B), a* (Fig. 26C), and 

b* (Fig. 26D) [159]. The concentration of RC extract was set from 0 to 5, and 

the color difference of each sample was calculated. Calculations show that 

lightness gradually decreases and both a* and b* values increase to positive 

numbers. Calculated by ΔE, a sample of 5 mg/100 g was 22.52 (Fig. 26E). 

Experiments have confirmed that there is a color change of about 4.82 for 

each increase in RC extract by 1 mg/100 g. 
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Fig. 26 A) The color distribution of CM-CNF/CaCl2/ RC extracs films by 

increasing concentration of RC extract from 0 to 5 mg/100 g. B) The CIE 

color distribution of Lightness* value increasing concentration of RC extract 

from 0 to 5 mg/100 g C) a* value D) b* value E) ΔE value. (n=3) 
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RC extract contained natural antioxidant products. RC extract has a ring 

structure, and if a radical is present, it is scavenged by resonance ring. The N 

in the middle of DPPH is purple, and when radical is scavenged, it is reduced 

to NH and yellow (Fig. 27A). To quantify this phenomenon, DPPH (2,2-

diphenyl-1-picrylhydrazyl) assay was performed. Using a sample 

concentration of 1 to 5 mg/100 g, the scavenging rate of DPPH was evaluated. 

Experiments showed that the higher the concentration of RC extract, the 

higher the scavenging rate, and in particular, the 5 mg/100 g sample showed 

a figure of 56.94 % (Fig. 27B, equation 11). This confirmed the antioxidant 

effect of RC extract. 
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Fig. 27 A) The theory of DPPH assay. The color change by adding RC extract 

with transform the structure of 2,2-diphenyl-1-picrylhydrazyl. B) The 

scavenging rate for DPPH by increasing concentration of RC extract. (n=3) 
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The more RC extract is added to the coating solution, the darker the purple 

color. As shown in Fig. 28A, B, the transmittance in the visible light region 

decreased as RC extract concentrations increased. This phenomenon was 

observed in the ultraviolet range, which showed a significant decrease in 

ultraviolet penetration. In particular, at 300-340 nm, a strong ultraviolet 

region, 5 mg/ 100 g concentrations of film penetrated only 23% of ultraviolet 

light. Compared to CM-CNF film, which has little change in ultraviolet 

transmittance, the difference was clear. RC extract is also observed in plant 

leaves, which are known to protect the leaves from the ultraviolet rays of 

sunlight [160]. Through this, it is expected that the film with RC extract will 

protect food from ultraviolet light. In particular, if used externally, the effect 

will be increased. By applying this phenomenon, it could be used in a variety 

of ways not only in food but also in places for UV protection. 

 

 

 

 

 

 

 

 

 



 

９１ 

 

 

 

 

Fig. 28 A) Transmittance of CM-CNF/CalCl2/ RC extract film that 

wavelength from 300 to 800 nm. B) Wavelength from 300 to 400 nm.  
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To determine the degree of UV protection, RhB removal was observed using 

TiO2 as a photocatalyst. RhB is a reddish dye that is graded by TIO2, which 

is excited by ultraviolet light (Fig, 29). The experiment measured absorbance 

at 10 minute intervals and calculated the color change using equation 12. 

Experimental results showed that RhB irradiated by CM-CNF film for an 

hour was approximately 76%. On the other hand, 37% of the film in condition 

5mg/ 100 g was graded after an hour. It is believed that RC extract present in 

the film protects against ultraviolet light and penetrates only relatively low 

levels of ultraviolet light. Transmitted ultraviolet light activated TiO2 to form 

radical and deteriorated RhB. About an hour of experiments have shown that 

it has more than twice the sunscreen effect. RC extract is thought to have the 

effect of protecting food from UV rays. This effect can protect food spoilage 

caused by UV exposure in the cold chain system. 
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Fig. 29 The absorbance difference between CM-CNF film with CM-

CNF/CaCl2/ RC extract film with photocatalytic activity of TiO2 against RhB 

solution within 60 min. 
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4.4.3. Enhancing the stability with RC extract -metal ion complex 

 DC solution not only enhances the property of CNF film but also contributes 

to increasing the stability of RC extract (Fig. 30A). RC extract contained the 

natural dye, so it is easily graded by temperature, pH, humidity, and contact 

with oxygen. To prevent this, DCs can be stabilized through RC extract and 

chelation [161]. This can be seen by observing the color changes of the film. 

The non-treated film and CM-CNF/NaCl film had a higher L* value (Fig. 

30B) after one day, and the values of a* (Fig. 30C) and b* (Fig. 30D) changed 

to positive and negative, respectively. CM-CNF/CaCl2 film, on the other hand, 

maintains the color relatively long because it is a multivalent state capable of 

chelating with RC extract. Maintainability is very important to serve as a film 

that requires food to be stored for a long period of time. Based on these 

experiments, the film, which was soaked in CaCl2, confirmed that RC extract 

s retention could be increased. Through this, DC solution predicted two 

reinforcement effects. 

 

 

 

 

 

 

 



 

９５ 

 

 

 

 

Fig. 30 A) The mechanism of chelating between RC extract with DC. B) The 

Lightness* distribution CM-CNF film within 14 days. C) The a* distribution 

CM-CNF film within 14 days. D) The b* distribution CM-CNF film within 

14 days. (n=3) 
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4.4.4. Cell proliferation test of CNF- RC extract film 

 AlamarBlue assay was conducted to check the cell proliferation of film. 

NIH-3T3 cells were used for a week for elution [130]. Experiments show that 

both CM-CNF film and CM-CNF/CaCl2/ RC extract film showed no 

difference in error range compared to control for about a week (Fig. 31). 

Carboxymethyl cellulose is a food preservation material included in the U.S. 

FDA's orbit. CM-CNF, on the other hand, has no exact standard to date. 

Experiments have shown that there is no toxicity to the substances added to 

CM-CNF. As a result of the experiment, the cell proliferation rate was the 

same in all samples on the 7th day. Through this, it is predicted that we 

indirectly demonstrate the utilization of the food preservation film. 
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Fig. 31 The cell prolifeation test of CM-CNF films with alamarBlue assay. 

(n=3) NS indicates no significance, and statistical analysis was performed 

using one-way ANOVA test.  
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4.5. Application of non-climacteric fruits 

 Non-climatic fruits do not produce ethylene by respiration system. 

Depending on the amount of respiration rate, senecence is received in turn. 

Therefore, respiration rate could be changed the senecence of non-climacteric 

fruits. Coating a uniform film throughout the non-climatic fruit and 

controlling the amount of respiration would be significant. Also, if moisture 

evaporation is suppressed by film, it will help keep the fruit much longer. 
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4.5.1. Optimization of coating method 

The viscosity of CNF was optimized by evaluating the coating uniformity. 

If the concentration of CNF is too low, the coating solution will peel off the 

food surface. On the other hand, if the concentration of CNF is too high, the 

coating solution will be applied unevenly. As shown in fig.32A, the coating 

solution was uniformly applied at a concentration of about 1%. Grapes were 

coated with CNF solution with rhodamine added. The distribution of 

rhodamine was confirmed through UV ramp. CNFs with too low a viscosity 

fall off the surface of the fruit. Therefore, the intensity of rhodamine is weak. 

On the other hand, CNF with too high viscosity adheres unevenly to the 

surface of the fruit. Therefore, the intensity of rhodamine is formed non-

uniformly. Through these results, 1% of CNF viscosity was suitable. Drying 

time is also a consideration when fabricating a film. This is because prolonged 

exposure to moisture increases the risk of infection and defect. In this 

experiment, the drying conditions were about 25 ℃ and the relative humidity 

was 60%. The drying time under this condition was about 24 hours. In general, 

drying time is carried out under the conditions of 12 to 48 hours [162]. 

Depending on the type of food, conditions such as temperature and humidity 

will have to be controlled. On the other hand, in industrial scale, relative 

humidity or temperatures are controlled to reduce drying time [163]. 
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Fig. 32 A) The images of coated surface of grape with concentration from 

0.5 % to 1.5 % added fluorescence powder on the CNF solution. B) The 

viscosity of CNF solution with shear rate from 100 to 103 (1/S). (n=3) 
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Strawberry divided into three parts in order to ensure the uniformity of the 

coating was determined the thickness of the film. Strawberries are prone to 

detachment from the middle part when set vertically (Fig. 33A). The 

concentration of CM-CNF was set to 0.5, 0.75, 1, 1.25 and 1.5 %. As a result, 

when the concentration of CM-CNF was coated at a lower concentration 

based on the concentration of 1 % CM-CNF, the solution was shown to flow 

to the ground by gravity. On the other hand, when coating at a concentration 

higher than 1 %, the coating thickness tended to be densed without constant 

coating. In particular, the denser portions seem opaque, and when coated with 

0.5 % CM-CNF, the lower part of strawberry was confirmed to flow in a dense 

manner. In addition, the concentration of 1.25 % or more was coated with a 

constant thickness, and when coated with 1.5 %, the overall irregular coating 

of strawberry was observed. To confirm the coating thickness accurately, the 

thickness of strawberries was divided into three parts to confirm the thickness 

change (Fig. 33B). As a result, it was confirmed that the thickness of the lower 

part was less affected by the concentration than the thickness of the middle 

and upper parts. The thicker the concentration of CM-CNF, the thicker the 

overall thickness tends to be, and the thickness of coatings of 1.25 % and 1.5 % 

were relatively irregular. 
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Fig. 33 A) The image of CM-CNF coated strawberry with 3 sections (upper 

part, middle part and lower part) to measure thickness of film. B) Thickness 

of CM-CNF film. Each part was selected randomly and measured three times. 

(n=3) 
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4.5.2. Evaluation of decay rate and weight loss 

The purpose of CM-CNF/DC film is to protect the surface of fruit and 

prevent external influence. In addition, it suppresses moisture drying and 

controls respiratory volume to suppress senecence and improve food quality. 

The efficiency of film was evaluated using strawberries to confirm the 

applicability. Strawberries are very susceptible fruits, especially after 

harvesting, because they are highly environmentally affected, both consumers 

and producers should pay attention to storage. The fraction of original weight, 

response rate, firmness, total soluble solids and acidity were measured for the 

comprehensive evaluation. Non-treated strawberry was observed to have 

mold on the surface from the 4th day of storage and the moisture was dried 

(Fig. 34). On the other hand, it was confirmed that the sample coated with 

pristine CM-CNF, CM-CNF/NaCl, CM-CNF/MgCl2 and CM-CNF/CaCl2 

film was better conditioned. In particular, CM-CNF/MgCl2 and CM-

CNF/CaCl2 films were found to be the relative good condition after 7 days. 

In addition, it was confirmed that both samples did not cause damage by mold, 

which proves that the outside air was effectively blocked by coating the 

surface of the fruit. Moreover, it was confirmed that the softness of the surface 

of strawberries rarely occurred. 
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Fig. 34 Microbial contamination of strawberries stored at ambient condition 

for 7 days. (a) Picture of strawberries. Non-treated strawberries showed the 

start of microbial growth on Day 4 and CM-CNF coated strawberries without 

salt treatment showed significant microbial growth on Day 7. CM-CNF/NaCl, 

CM-CNF/MgCl2 and CM-CNF/CaCl2 film coatings protected the strawberry 

surface from microbial growth. 
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Dehydration of Strawberry occurs by water evaporation and microbial decay. 

Strawberries are perishable fruit, which causes rapid dehydration compared 

to other fruits. Therefore, it is very important to prevent dehydration. As 

shown in Fig. 35A, the weight change for each sample was measured by 

equation 13. Non-treated strawberry was dehydrated after 7 days of storage 

and 51.98 % of original weight. The relatively low dehydration of the CM-

CNF coated strawberry was confirmed. In particular, 73.20 % of original 

weight was dehydrated after 7 days of the strawberry coated with CM-

CNF/CaCl2 film. Compared with non-treated sample, it was confirmed that 

there was a difference of more than 21.22 %. These results suggest that CM-

CNF film prevents the dehydration of strawberry. In addition, the film 

combined with DC effectively prevented dehydration and CM-CNF/CaCl2 

film was the most effective. Also, as shown in Fig.35 B and C, the cross 

section of the strawberry varies significantly after seven days depending on 

the type of film. CM-CNF film appears to contract because it does not prevent 

moisture evaporation and respiration relatively well. CM-CNF/CaCl2 film, on 

the other hand, shows that moisture is preserved and relatively fresh. 
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Fig. 35 A) The fraction of original strawberry weight within 7 days. (n=3) B) 

The cross section image of strawberry coated into CM-CNF film in 7 days C) 

The cross section image of strawberry coated into CM-CNF/CaCl2 film in 7 

days. 
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4.5.3. Feasibility of control the respiration rate 

The respiration rate was calculated by quantifying the CO2 released through 

gas chromatography (Fig. 36, equation 14) [144]. The respiration rate was 

lower than the control of the strawberry coated with CM-CNF/DC film. In 

particular, the Strawberry coated with CM-CNF/CaCl2 film showed the 

lowest respiration rate. The performance of film combined with divalent 

cations was better than that of Na+ bonded monovalent cations. Moreover, the 

film performance combined with Ca2+ was more effective than Mg2+. This 

suggests that entangled CNF fiber by Ca2+ is the best way to prevent the 

respiration of fruits. Ca2+ has greater binding power than Mg2+, which is the 

best way to control respiration rate of strawberry. Fruits are known to inhibit 

quality deterioration by suppressing respiration. The results showed that the 

freshness of strawberries was preserved by controlling the respiration rate as 

well as the dehydration of CM-CNF/DC film. 
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Fig. 36 CO2 released from strawberries coated with different CNF films in 7 

days. (n=3) 
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4.5.4. Evaluation of texture and ingredient contents 

It is important to control the senecence process because the longer the 

storage period and the product quality increases as the senecence process is 

delayed. In order to confirm the change of product quality during this process, 

the firmness, total soluble solids, and acidity were measured. Strawberries 

quickly cause softening and have a significant impact on the decline of texture.  

As shown in Fig.37, non-treated strawberry showed a 24.45 % decrease in 

firmness in just one day of storage. Also, on the 4th day, it was confirmed that 

the quality was very low due to a sharp decrease. On the other hand, in the 

case of strawberries coated with CM-CNF/CaCl2 film, the firmness 

preservation was maintained longer than non-treated sample. In particular, the 

firmness was twice as high as all other samples on the 4th day of storage. 

Generally, the decrease in Firmness occurs due to the destruction of the fruit 

structure by enzymes. Maintaining Firmness inhibits the senecence, which is 

the most effective CM-CNF/CaCl2 film. 
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Fig. 37 The firmness of strawberry coated with CM-CNF film within 7 days. 

(n=3) 
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Total soluble solids (TSS) exhibit total amounts such as sugar, amino acids, 

and pectin. Especially in the senecence process, the soluble solids decrease 

by the respiration of fruit. In other words, the decrease of the TSS leads to the 

senecence process. Non-treated strawberry showed the highest TSS at 13.65 % 

on the 4th day (Fig. 38A). On the 7th day, it showed a decrease, which is 

senecence process through ripening. Strawberries coated on CM-CNF, CM-

CNF/NaCl and CM-CNF/MgCl2 film showed the highest TSS value in the 

7th day. On the other hand, strawberries coated on CM-CNF/CaCl2 showed 

TSS value of 11.9 % on the 7th day. This means that the range of senecence 

is relatively slow compared to other sample. In other words, CM-CNF/CaCl2 

film is most effective in reducing the senecence process and maintaining 

freshness of strawberry. The results of the Acidity measurement also showed 

that the time of the sequence was similar. Non-treated strawberry showed the 

highest at 0.50 % on the fourth day (Fig. 38B), which was rather decreased 

on the seventh day. Strawberries coated with CM-CNF, CM-CNF/NaCl and 

CM-CNF/MgCl2 film showed the highest acidity value at the 7th day. On the 

other hand, the strawberry coated on CM-CNF/CaCl2 showed 0.29% acidity 

value on the 7th day. During the ripening of fruit, acidity increases because 

of the increase in the concentration of non-dissociated organic acids [164]. At 

the end of ripening, TA decreases, and this phenomenon is known as one of 

the indicators for senecence process. The results of the experiment confirmed 

that CM-CNF/CaCl2 film effectively delayed the senecence process. 
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Fig. 38 A) The total soluble solids and B) Acidity of strawberry coated into 

CM-CNF film within 7 days. (n=3) 
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4.6. Application of climacteric fruits 

 Fruits are divided into climacteric fruits and non-climatic fruits according to 

their process of senecence. The climacteric fruit is caused by ethylene gas, 

which leads to increase the rate of senecence. In particular, they are also 

affected by ethylene gas, accelerating their growth rate. This phenomenon has 

a significant effect on keeping the fruits for a long time in store. The 

respiration rates are accelerated by absorbing the ethylene gas produced on 

the surface of fruits. It does not occur because it is quickly consumed 

afterwards. If the respiration rates were controlled by food preservation film, 

the concentration of ethylene gas also could be regulated. 
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4.6.1. Evaluation of decay rate and weight loss 

 Banana was selected as the experimental sample represented climacteric 

fruits. It appears the green color before harvesting on the tree. As the 

senecence in progress, the color of banana was converted green into yellow 

in nature. When arrive at senecence, the surface of banana was happened 

black dot all over the body. It was caused by enzymatic degradation as known 

as browning effect [165]. The process of browning effect was occurred by 

polyphenol oxidase (or PPO). In the presence of O2, the PPO was transformed 

to substances known as phenolic compounds by oxidation process. Quinone 

was changed to melanin by auto oxidation [166]. Melanin is dark brown 

pigment that colors skin, hair and iris of eyes. This process, however, 

generally does not happen within fresh fruits because the PPO and the 

phenolic compounds are separated in the cells.  

In the 4th day of storage, it was considered that CM-CNF/CaCl2 and CM-

CNF/CaCl2/ RC extract film influenced to the banana (Fig. 39). There was 

less browning effect than non-treated sample. After 10 days started 

experiment, the banana coating with CNF/CaCl2/RC extract film was 

observed the freshest sample than others. The film acted as a barrier to prevent 

contact with oxygen. And also, RC extract was known as anti-browning 

compound because of strong anti-oxidant effect. It was expected that the two 

reasons were effected with preventing the browning effect on the surface of 

banana. 
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Fig. 39 The representative images of banana, coated with CM-CNF/CaCl2 

and coated with CM-CNF/CaCl2/RC extract. Each sample were stored at 

room temperatures in 10 days. All the samples were hanged with steel bar. 
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Dehydration of banana was caused by water evaporation and browning 

effect. Bananas are vulnerable to dehydrate compared to other climacteric 

fruits. Therefore, it is necessary that protect the dehydration. As shown in Fig. 

40, the weight change for each sample was measured by equation 13. Non-

treated banana was dehydrated after 10 days of storage and 36.96 % of 

original weight. In particular, 68.77 % of original weight was dehydrated after 

10 days of the banana coated with CM-CNF/CaCl2/RC extract film. 

Compared with non-treated sample, it was confirmed that there was the 

difference about 31.81 %. It was suggested that CM-CNF film prevents the 

dehydration of banana. In addition, the film bonded with Ca2+ prevented 

effectively dehydration. RE acted as the compound of anti-browning effect, 

which protect the dehydration by enzymatic degradation of PPOs. It helped 

phenolic compound to prevent converted into quinones with oxidation [167]. 
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Fig. 40 Fraction of the original weight of banana coated with CM-CNF, CM- 

CM-CNF/CaCl2 and CM-CNF/CaCl2/RC extract film within 10 days. (n=3) 
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4.6.2. Feasibility of control the respiration rate 

 The respiration rate is one of critical reason the how preserve fruits by thin 

barrier fabricated by CNF. It was evaluated by quantifying the CO2 released 

through gas chromatography (Fig. 41A, equation 14). Non treated banana was 

the highest value among the samples. On the other hands, Both CM-

CNF/CaCl2 film and CM-CNF/CaCl2/RC extract film showed the lowest 

respiration rate. There were 10.58, 10.54 ml·CO2/kg·h each other. The 

efficacy of film bonded with Ca2+ was higher than only CM-CNF coated.  

There was no significance both CM-CNF/CaCl2 film and CM-CNF/CaCl2/ 

RC extract film. Ethylene gas is known as excellent mature hormone for 

almost fruits and vegetables. It could promote to convert amylose into sucrose 

by accelerating activation of amylase [168]. And also, Pectinase is rapidly 

activated by ethylene, which accelerating degradation of pectin known as one 

of structural components [169]. Therefore, it is necessary that the protection 

of emitting the ethylene gas to atmosphere. At 4 days after coated with film, 

there were significant difference between non-treated and CM-CNF/CaCl2/ 

RC extract film (Fig. 41B). CM-CNF/CaCl2/RC extract film was determined 

that the barrier property against ethylene gas were excellent with 18.25 

mV·sec. There was no significance both CM-CNF/CaCl2 film and CM-CNF 

/CaCl2/RC extract film. 
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Fig. 41 A) Respiration rate of banana coated with different CNF films in 10 

days. B) The integrated area of ethylene emitted in banana coated with CNF 

films in 4 days. (n=3) 
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4.6.3. Evaluation of texture and ingredient contents 

Senecence process is caused to destroy the structure of fruits by accelerating 

pectinase to decompose pectin. In addition, as increasing the contents of sugar, 

both organic acids and lipids were converted to sugar by variant cycle. It 

caused to decrease the texture around senecence process [170]. As shown in 

Fig. 42A, there were visually difference each samples. All the sample was 

measured the firmness by texture analyzer with random point in triplicates 

(Fig. 42B). As a results of measurement, the difference of firmness was 

observed after the day coated with film (Fig, 42C). In particular, CM-CNF 

/CaCl2/RC extract film was calculated at the difference of firmness about 

56.49 % in 10 days. On the other hands, Non-treated was calculated at the 

difference of firmness about 81.56 % in 10 days. It was determined that CM-

CNF /CaCl2/RC extract film has the effect to impede the senecence process. 

There was no significance both CM-CNF/CaCl2 film and CM-CNF /CaCl2 

RC extract film. 
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Fig. 42 A) The image of banana stored in 10 days. B) Firmness was measured 

by texture analyzer in three random point. C) The firmness of banana coated 

with CM-CNF film within 10 days. (n=3) 
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  TSS value of all sample was measured by refractometer within 10 days. 

(Fig. 43A) Non treated sample was the highest value at 13.65 % in day 4. 

After then, TSS value has tendency to descend convulsively. On the other 

hands, CM-CNF /CaCl2/RC extract film was the highest value at 13.47 % in 

day 10. It was slowly increased from 10.03 % to 13.47 % all over the day. It 

was determined that non treated sample was arrived at senecence in 4 days 

after staring experiments. It was identified that CM-CNF /CaCl2/RC extract 

film acted as a protective barrier to impede the senecence process. Acidity 

was evaluated after 10 days (Fig. 43B). Non treated sample was the highest 

value at 0.57 % in day 4. After then, Acidity has tendency to increase. On the 

other hands, CM-CNF /CaCl2/RC extract film was the lowest value at 0.61 % 

in day 7. It was slowly decreased from 0.45 % to 0.61 % all over the day. It 

was confirmed that non treated sample was arrived at senecence in 4 days 

after staring experiments. Both CM-CNF /CaCl2 film and CM-CNF /CaCl2/ 

RC extract film has an impact to preserve banana against the senecence 

process. It was clearly showed the feasibility of the method to preserve banana 

coated with film. There was no significance both CM-CNF/CaCl2 film and 

CM-CNF /CaCl2/RC extract film at day 10. 
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Fig. 43 A) The total soluble solids and B) Acidity of banana coated with CM-

CNF film within 10 days. (n=3) 
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4.6.4. Anti-browning effect 

 To confirm the anti browning effect by RC extract, a tyrosinase inhibition 

assay was performed (Fig. 44). In general, enzymatic browning occurs in 

bananas due to the destruction of cell walls and tissues during the ripening 

stage. Through this, polyphenol oxidase (tyrosinase) is released and comes 

into direct contact with oxygen. In this process, the substrate (L-tyrosine) is 

oxidized to melanin by tyrosinase. Browning dots lower the product value 

and damage the aesthetics. For this reason, the degree to which oxidation is 

prevented by RC extract was measured. As a result of the experiment, it was 

confirmed that the higher the RC extract concentration, the higher the anti-

browning effect. When the concentration of RC extract increased from 0 to 

3%, it increased to 0.49%, 15.32%, 39.66% and 61.47% (Equation 15). The 

activity of tyrosinase is inhibited through competitive inhibition by RC 

extract. Inhibited tyrosinase does not proceed with the oxidation reaction, and 

eventually melanin production is inhibited. RC extract contained in the CNF 

film is expected to have an anti-browning effect on the banana peel. 
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Fig. 44 Tyrosinase inhibition assay for evaluating the anti-browning effect by 

RC extract. (n=3), ** indicates a p-value of <0.01 and statistical analysis was 

performed using one-way ANOVA test. 
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Ⅴ. Conclusion 

 

In this study, CM-CNF film was introduced on the surface of fruits to 

enhance the preservation of fruits. CM-CNF films could be formed through 

electrostatic interactions with divalent cations. In addition, it was possible to 

improve the mechanical properties of the CM-CNF film and suppress the gas 

permeation. The prepared CM-CNF film was applied to climacteric fruits and 

non-climacteric fruits, and its applicability was evaluated as a coating 

material for fruit to enhance preservation. 

As the carboxymethylation reaction time increased, the carboxyl group 

content, degree of substitution and surface area of CM-CNF gradually 

increased. There was no significant change in these properties at reaction 

times greater than 90 min. As the reaction time increased, the surface of CM-

CNF showed an increasing negative charge, and improved dispersibility and 

transparency in the colloidal phase. In addition, as the reaction progressed, 

the degree of crystallinity increased, and it was found that the thermal stability 

increased. 

The tensile strength of the CM-CNF film in which the network structure was 

formed with divalent cations increased from 4.15 Mpa to 5.15 Mpa. The 

contact angle between the CM-CNF film and water increased from 42.7° to 

69.8°, showing the relatively enhanced hydrophobicity on the surface of the 
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film. The water vapor permeability was also reduced through the change of 

the surface properties. Also, through surface thermal measurement, it was 

confirmed that fruits coated with CM-CNF film showed relatively low 

thermal change due to a large amount of moisture content. In addition, it was 

determined that the fruit coated with the CM-CNF film showed low thermal 

change through surface thermal measurement because the moisture content 

was relatively higher than non coated fruit. 

CM-CNF film was applied to strawberry, which are representative non-

climacteric fruit, and banana, which are climacteric fruit. The CM-CNF film 

crosslinked with calcium ions suppressed the evaporation of strawberries, and 

the loss rate of firmness was rapidly reduced during the experiment. The 

emission of carbon dioxide, a respiration product of fruits, was reduced by 

the introduction of the CM-CNF film. In addition, considering that the rate of 

change of total soluble solid and acidity was reduced, it was determined that 

the CM-CNF film contributed to the improvement of preservation of 

strawberries.  

Bananas also showed excellent storage properties when coated with CM-CNF. 

As in the case of strawberries, the loss of weight was low because evaporation 

was prevented, and the decrease in firmness was also suppressed. The 

emission of carbon dioxide and ethylene was prevented, which reducing the 

ripening rate of bananas. Additionally, the browning inhibitory properties of 

bananas were observed by adding the extracts of red cabbage. Considering 
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that the rate of change of total soluble solid and acidity was relatively low, it 

was determined that the CM-CNF film contributed to the improvement of 

preservation of bananas. 

The CM-CNF film decreased the ripening rate for both non-climacteric fruits 

and climacteric fruits, and it was dertermined that improvement in 

preservation of fruits. Cellulose is one of the most abundant natural resources, 

and it has been increasing interest of researchers because it is low-cost, eco-

friendly materials. Recently, CNF has been actively researched on mass 

manufacturing processes and its applications. Currently, there are few cases 

that have been applied and studied in the food field. In this study, CM-CNF 

was applied to improve the storage of fruits, and it is expected that it can be 

effectively used in the field of fresh foods such as vegetables and dairy 

products. 
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초    록 

 

카르복시메틸화 (Carboxymethylation, CM) 및 그라인딩을 

통하여 셀룰로오스 펄프를 나노섬유화 (Cellulose nanofiber, 

CNF)하며, 제조된 CNF를 과일 표면에 도포하여 저장성의 향상을 

모색한다. CM-CNF 는 2가 양이온과 정전기적 상호작용으로 

이온성 가교를 형성하며 이로 인하여 재료의 물성이 향상되고 

기체 차단 효과를 보이게 된다. CM 시간이 증가함에 따라 CNF 

의 직경이 감소하고 표면적이 증가하며, CM 치환도가 증가한다. 

CM 치환도의 증가는 CM-CNF 표면의 음전하를 높이고 CM-

CNF 간에 정전기적 반발력을 형성하여 현탁 용액의 분산성 및 

콜로이드 안정성을 향상시킨다. 우수한 CM-CNF의 분산성은 필름 

제조시에 투명성 및 물성을 향상시키는 주요 요인이 된다. 

마그네슘과 칼슘 이온의 첨가는 가교 형성으로 CM-CNF 필름의 

인장강도를 향상시키고, 카르복실기의 이온성을 낮추어 필름의 

친수성을 감소시킨다. 친수성이 감소된 CM-CNF 필름은 고습도 

환경에서 투습도의 감소를 보인다.  

CM-CNF 필름의 과일 저장성 향상은 호흡 비급등형 과일인 

딸기와 호흡 급등형인 바나나에 적용하여 확인한다. 과일은 

호흡을 통하여 숙성이 진행되기 때문에 호흡에 필요한 산소의 

유입을 막고, 이와 함께 과일 내부의 수분 증발을 방지하는 것이 

중요하다. CM-CNF 필름은 과일의 호흡에 필요한 산소의 유입을 

차단하여 호흡과정에서 발생하는 이산화탄소의 양을 현저히 

감소시키고 과일의 수분 증발을 방지하여 중량 감소를 억제한다. 

과일 저장성의 향상은 과일의 경도 하강 시점이 늦춰지고 당도 및 
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산도의 변화 속도가 지연되는 것을 관찰함으로써 확인할 수 있다. 

CM-CNF 필름으로 코팅된 과일은 숙성 속도가 감소하고, 

신선도가 상대적으로 유지된다. 이와 더불어, 보관 온도의 변화에 

대한 과일 표면의 민감도, 항산화 물질의 첨가에 따른 과일의 

숙성도 변화를 통하여 과일 코팅 소재로서 CM-CNF의 응용 

가능성을 평가하고자 한다. 

 

주요어: 셀룰로오스 나노섬유, 카르복시메틸화, 정전기적 상호작용, 

식품저장법. 
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적응이 어려웠던 저에게 먼저 다가와 주셨던 김태일 교수님, 연구를 할 

때의 마음가짐과 태도에 대한 모범을 보이셨던 기창석 교수님, 그리고 

학위논문 작성 시 따뜻한 조언을 많이 해주셨던 곽선영 교수님께 감사의 

말씀 드립니다. 아울러 부족한 저의 논문에 진중한 조언과 응원을 주셨

던 가천대학교 윤규식 교수님께 감사의 말씀 드립니다. 선생님들의 가르

침은 앞으로도 얻지 못할 소중한 자산으로 생각하며, 한 걸음 한 걸음 

나아가는데 추진력으로 삼겠습니다. 

그리고, 다사다난 했던 나노바이오연구실 생활에서 같이 정을 나누었

던, 경아 누나, 신성철, 신동혁, 신종현, 이현지, 김성아, 김재환, 이동한, 

이화련, 최준식, 디피카 에게도 감사의 말씀 드립니다.  부디 모두가 곧

게 뻗어 뜻한 바를 이룰 수 있기를 간절히 소망합니다. 또한 바이오소재



 

１５１ 

 

공학 학우 모두의 건승을 기원합니다.   

 약 36년 간 뒷바라지 해주시고 항상 용기와 지지를 보내주셨던 아버지, 

어머니, 그리고 동생 은임 에게도 감사의 말씀 드립니다. 앞으로의 시작

을 하기 위해 오랜 시간이 걸렸지만, 조용한 촛불과 같이 오랫동안 타기 

위한 과정이었다고 생각합니다. 앞으로도 바람을 두려워하지 않는 심지 

깊은 촛불이 되기 위해 부단히 노력하겠습니다. 또한, 항상 부족한 사위

를 위해 항상 기도해주시는 장인어른, 장모님께도 감사의 말씀 드립니다. 

아직은 이루지 못한 것이 많이 있지만, 조언 해 주셨던 대로 하나씩 꾸

려 나가기 위해 천천히 정진 하겠습니다. 두 분의 성원이 없었더라면, 저

의 지금도 없다고 생각합니다. 항상 새기며 나아가겠습니다. 

마지막으로, 저의 배우자 성은과 아들 예준이 에게도 감사의 말씀드립

니다. 막막한 대해의 등불이 되기 위한 노력은 모두 그대들을 위함입니

다. 저라는 사람을 믿고 의지하는 성은, 가족을 위해 헌신하고 매사 최선

을 다하는 모습이 존경스럽고, 평생동안 의지가 될 수 있도록, 겸손하고 

노력하겠습니다. 그리고 복덩이 우리 아들 예준이, 항상 생각하면 가슴이 

따뜻해지고, 기쁨이 차오르게 해줘서 감사합니다. 그대 덕분에 부모님의 

마음을 조금이나마 이해 할 수 있고, 삶의 의미를 알아나가고 있습니다. 

우리 가족의 행복을 위해 기어코 헌신하겠습니다. 모두 사랑합니다. 
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