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Abstract 13 

A novel composite edible coating film was developed from 0.8% chitosan (CS) and 0.5% n 14 

sandalwood oil (SEO). Cellulose nanofibers (CNFs) were used as a stabilizer agent of oil-in-water 15 

Pickering emulsion. We found four typical groups of CNF level-dependent emulsion stabilization, 16 

including (1) unstable emulsion in the absence of CNFs; (2) unstable emulsion (0.006–0.21% 17 

CNFs); (3) stable emulsion (0.24–0.31% CNFs); and (4) regular emulsion with the addition of 18 

surfactant. Confocal laser scanning microscopy was performed to reveal the characteristics of 19 

droplet diameter and morphology. Antifungal tests against Botrytis cinerea and Penicillium 20 

digitatum, between emulsion coating stabilized with CNFs (CS-SEOpick) and CS or CS-SEO was 21 

tested. The effective concentration of CNFs (0.24%) may improve the performance of CS coating 22 

and maintain CS-SEO antifungal activity synergistically confirmed with a series of assays (in vitro, 23 

in vivo, and membrane integrity changes). The incorporation of CNFs contributed to improve the 24 

functional properties of CS and SEO-loaded CS including light transmission at UV and visible 25 

light wavelengths and tensile strength. Atomic force microscopy and scanning electron 26 

microscopy were employed to characterize the biocompatibility of each coating film formulation. 27 

Emulsion-CNF stabilized coating may have potential applications for active coating for fresh fruit 28 

commodities. 29 

 30 
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 33 

Introduction 34 

In recent years, due to growing environmental concerns, edible films and coatings have 35 

attracted interest in place of petroleum-based packaging. To achieve satisfactory characteristics, it 36 

is required that the selected biomaterials can form continuous network structures during the film-37 

forming process. Among edible film-making materials (polysaccharides, proteins, and lipids), 38 

chitosan (CS) has been receiving increasing research attention due to its favorable properties 39 

including biocompatibility and antimicrobial action 1,2. However, the use of pure CS films remains 40 

a challenge particularly regarding improvement of water resistance due to its natural chemical 41 

properties3. Furthermore, efforts to overcome the other limitations of CS as an edible film such as 42 

mechanical properties and antimicrobial improvement are ongoing4.  43 

Reports have documented improved methods in order to enhance CS performance 44 

including by: emulsion incorporation5,6; crosslinking7,8; and blending with gelatin, quinoa protein, 45 
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tara gum, and zein3,9,10,11. Incorporation of essential oil (EO) has gained considerable interest due 46 

to its efficacy in increasing the barrier properties and antimicrobial performance of CS-based films 47 

and coatings 12,13. Indonesian sandalwood essential oil (SEO), extracted from Santalum album 48 

originating from the Papua area contains potential active compounds, such as α- and β-santalol. 49 

Earlier reports revealed the antifungal potency of SEO against Trichophyton mentagrophytes 14, 50 

Microsporum canis15, and Trichophyton rubrum16. Furthermore, SEO, which is commonly utilized 51 

as a food flavoring and adjuvant, is permitted for use in food applications by the United States 52 

Food and Drug Administration (FDA), Flavor and Extract Manufacturers Association (FEMA), 53 

and the Council of Europe (CoE)17.  54 

The development of oil-loaded biopolymer still remains a challenge due to its hydrophobic 55 

nature. The oil droplet size and distribution along longitudinal and transverse sections led to a 56 

reduction in the distance as a consequence of water evaporation via flocculation and/or coalescence 57 

pathways18. Furthermore, blended film made from oil-emulsified CS, with the aid of a surfactant, 58 

generally resulting in a heterogeneous structure with inferior physical and antimicrobial properties 59 
3. Previous investigations noted the increased surface roughness of composite films due to the 60 

addition of mint19, cinnamon20, or ginger EO20. Thus, methods to improve the stability and 61 

heterogeneity of SEO-CS are needed.  62 

Pickering emulsion offers a prospective method to enhance the stability of the emulsion 63 

system by utilizing solid particles instead of surfactants5. The solid particles play a role in 64 

preventing the collision and a ggregation of emulsion droplets by accumulation at the oil–water 65 

interface. Furthermore, that stability mechanism resulted in tight packing of irreversibly adsorbed 66 

particles at the interface thus reducing the diffusion surface area of lipid droplets21. The use of 67 

polysaccharide-based emulsifiers such as nanocellulose has been gaining interest due to their 68 

prospective features including hydrophobicity, high adsorption capacity, biodegradability, and 69 

biocompatibility. An appealing aspect of nanocellulose is its anisotropic fiber structure, allowing 70 

for stabilization of the oil–water interface at very low loading levels22,23. 71 

In terms of preparation and application of nanocellulose-stabilized emulsions on fresh fruit 72 

commodities, only limited studies have been reported. Deng et al. (2018) found that the use of 73 

0.1% cellulose nanocrystal, 3% oleic acid, and 2% CS coating significantly (P < 0.05) delayed 74 

ripening and reduced senescent scalding of ‘Bartlett’ pears compared with Semperfresh™ coating 75 

during 3 months of storage6. Jung and his coworkers (2020) investigated effect of Pickering 76 

emulsion coating of Bartlett’ pears coated with 1% oleic acid, 0.1% cellulose nanocrystal, and 2% 77 

CS was suggested for delaying ripening and superficial scalding of ‘fruit during the long-term cold 78 

storage24. However, these studies provided no information on fruit disease inhibition offered by 79 

the emulsified coating, such as antifungal properties. In fact, fungi cause decay in a wide range of 80 

fruit commodities. 81 

Unfortunately, regardless of cellulose having a positive effect on the emulsion stabilizer, 82 

fungi possess some capacity to degrade cellulose resulting in a chain of glucose units that can be 83 

used for energy. Fungi use extracellular enzymes, cellulases, to break down cellulose into smaller 84 

chains, including cellobiose or glucose allowing for uptake across cell walls and use for 85 

metabolism25,26. Therefore, determining the appropriate concentration of cellulose nanofibers 86 

(CNFs) is necessary to produce the functional properties-improved coating film without reducing 87 

the antifungal feature from CS-EO composite coating. The objectives of this work were to: 1) 88 

develop an emulsified coating film formulation based on CS and SEO using a Pickering emulsion 89 

approach with an appropriate level of CNF as a stabilizer, 2) study and compare the antifungal 90 
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features against Botrytis cinerea and Penicillium digitatum and film properties of CS, CS-SEO, 91 

and CS-SEOpick. 92 

 93 

Result 94 

Materials characterization. AFM images were taken to confirm the morphology and dimensions 95 

in the CNF suspension, as shown in Figure 1. CNFs exhibited a typical rod-like structure, and 96 

agglomeration between individual cellulose fibrils occurred in some regions. CNFs possess a 97 

diameter in the nanometer scale and length in the micrometer scale and have both crystalline and 98 

amorphous sections27. In this study, the width of CNFs was approximately 13.04–40.08 nm, with 99 

an average of 24.86 ± 10.01 nm. Heterogenous sizes were shown for the length of individual CNFs. 100 

Although the length of CNFs cannot be estimated properly from AFM, it may be considered that 101 

the length of CNFs was in the micrometer scale.  102 

 103 

Emulsion stability and creaming behavior. In this section, oil-in-water type emulsions were 104 

prepared by dispersing various levels of CNFs into aqueous solutions of CS-SEO. Figure 2a shows 105 

images of the emulsion samples at 10 min, and 14 and 30 days after preparation and with storage 106 

at ambient temperature. We divided these into several groups according to the typical stability of 107 

each emulsion, and we named these groups I, II, III, and IV. Group I exhibited a creaming index 108 

of the emulsion in the absence of CNFs (0% CNFs), which did not affect emulsion stability leading 109 

to the formation of a cream layer upon storage (negative control). Group II showed a creaming 110 

index of emulsion mixtures in the presence of CNFs (0.006–0.21%). In this group, we determined 111 

that when CNFs were added, the emulsification capacity was improved, indicating that CNFs 112 

played an essential role in stabilization of the emulsion, as shown after 10 min of storage (Figure 113 

2b). Even though the creaming index was gradually augmented with increasing CNF 114 

concentration, the emulsion was not stable and clearly separated in two different phases, as 115 

demonstrated at 14 days (Figure 2b). Group III demonstrates the creaming index of emulsion 116 

mixtures in the presence 0.24–0.31% CNF, demonstrating the absence of creaming after the 117 

storage period because of the emulsion-stabilizing effect of CNFs in the emulsion system. The 118 

ability of emulsion stabilization of Group III was the same as Group IV, which formed a regular 119 

emulsion (positive control). We assumed that the concentration range of CNFs used in group III 120 

provided the optimum result in the context of the Pickering emulsion effect.  121 

 122 

Morphology and droplet size. The microstructure of emulsified coating samples was investigated 123 

using confocal laser scanning microscopy (CLSM) obtained from the top creaming layers of the 124 

emulsion system. Obviously, the emulsion droplets were distributed in the CLSM photograph, the 125 

droplets had a spherical shape with various particle sizes ranging from 7.02 to 49.63 μm (Figure 126 

2c). Figure 2d shows that with increasing contents of CNFs, the droplets size gradually decreased 127 

compared with both negative and positive control emulsions. Notably, the oil droplet size in group 128 

III was more homogeneously distributed and significantly (P < 0.05) lower that regular emulsion.  129 

 130 

The morphological structure of Pickering emulsion stabilized by CNFs. CLSM was used to further 131 

understand the deeper morphological structure of Pickering emulsions and the location of CNFs 132 

in the emulsion system. As seen in Figure 2e in bright field mode, the distribution of spherical 133 

droplets of SEO was clearly captured. When monitored using merged mode, orange fluorescence 134 

from acridine orange stained-CNFs lay in the surface of the dispersed phase. In the fluorescence 135 



4 

image, orange circles around spherical droplets were more clearly observed at SEO–water 136 

boundaries.  137 

 138 

Effect of coating treatment on spore survival. Visually, B. cinerea spores were more susceptible 139 

in the presence of coating solution than those of P. digitatum (Figure 3a). All spores germinated 140 

easily when the coating treatment was absent. No completely germinated spores were observed 141 

among the treated spores of B. cinerea, even though some CS-treated spores were seen starting to 142 

germinate, as indicated by swelling of the spores. A spore was categorized as germinated when 143 

the longest germ tube length was equal to or greater than the largest dimension of the swollen 144 

spore 28. Unlike spores of B. cinerea, some spores of P. digitatum were able to germinate, as 145 

indicated with red arrows, and the number was reduced with the incorporation of SEO into CS, 146 

indicating higher inhibition. Statistically, comparing with untreated spores, the inhibition of spore 147 

germination of B. cinerea treated with CS increased dramatically by 88.32% (Figure 3d). No 148 

difference in spore survival inhibition was seen when CS was augmented with SEO and CNFs. In 149 

the case of P. digitatum, CS-coating treatment also effectively reduced percentage of spore 150 

germination from 93.5% (untreated) to 28.41% (CS treated), with percentage inhibition (PI) a 151 

value 69.55%. Furthermore, SEO-containing CS showed synergistically improved antifungal 152 

performance that inhibited the growth of P. digitatum spores with 12.87% germination and a PI 153 

value 86.24%. There was no significant difference (P > 0.05) when the Pickering emulsion agent, 154 

CNFs, was added. 155 

 156 

Effects of coating on fungal membrane permeability. Propidium iodide can penetrate dead cells 157 

with damaged plasma membranes, resulting fluorescent staining29,30. As a result, untreated spores 158 

were not stained, indicating that they were healthy spores (Figure 3b, 3c), whereas coating-treated 159 

spores were readily stained, and a significant difference demonstrated (P < 0.05) compared with 160 

the control (untreated). This method is applicable for all type of spores (P. digitatum and B. 161 

cinerea). A significant increase (P < 0.05) in the percentage of stained cells with green 162 

fluorescence occurred when they were treated with CS-SEO or CS-SEOpick coatings (Figure 3e) 163 

in comparison with CS treatments, indicating a better antifungal action. 164 

 165 

Antifungal performance of coating on tangerine and apple fruit in vivo. During storage for 5 days, 166 

all fruits exhibited similar trends of decay, in which is mold symptoms and growth increased 167 

(Figure 4a, 4b). Until day 2 of storage, no mycelial expansion appeared on uncoated (control) and 168 

coated fruits, indicating a lag phase of mold. On day 4, lesion diameter increased drastically on 169 

the surface of fruit, ranging from 22.26 to 39.49 mm and from 7.63 to 10.55 mm on tangerine and 170 

apple, respectively. The hyphal expansion of P. digitatum was delayed significantly (P < 0.05) by 171 

CS coating treatment with a PI value 27.71% higher than the control. The inhibition effect of CS 172 

also occurred for B. cinerea by 13.68% compared with untreated fruit. Furthermore, EO-173 

containing CS showed synergistically improved antifungal activity in vivo with PI values of 174 

37.21% and 43.61% for CS-SEO- and CS-SEOpick-coated tangerines. The result was slightly 175 

different for B. cinerea-infected fruit, with no improvement in the inhibition of lesion extension 176 

by coating treatment between CS and CS-SEO except after the inclusion of Pickering emulsion 177 

with CNFs. The trend in mycelial expansion diameter steadily increased until the final day of 178 

storage (day 5). Surprisingly, the PI values for P. digitatum and B. cinerea growth on day 5 were 179 

lower than on day 4 (Figure 4e, 4f). Through observation of cross-sections of infected tangerines, 180 

the penetration growth of internal fungal decay showed similar appearances for all samples. Decay 181 
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with B. cinerea showed higher penetration in control fruit than CS, CS-SEO-coated apples, and 182 

the growth of internal decay of CS-SEOpick-coated fruit was the lowest. 183 

 184 

Color parameters. As presented in Table 1, the a* value was negative for all films and decreased 185 

significantly (P < 0.05) with the addition of CNFs. The b* value (blue-yellow color), which varied 186 

from 6.94 to 15.22, indicating a slight yellowish color to the films, increased with the addition of 187 

SEO and CNFs (P < 0.05). The L* value decreased slightly due to the incorporation of SEO and 188 

CNFs into the CS film (P < 0.05). It was documented that EO or cellulose-enriched edible film 189 

may enhance the brightness visually, indicated by lower L* value and greater ∆E* value 31,32, in 190 

which our results were consistent with this phenomenon. 191 

 192 

Light transmittance, and opacity. The CS film showed the highest clarity with transmittance 193 

between 82.84% and 87.59% in the visible wavelengths. Compared to CS alone, CS-SEO had a 194 

18.22 ± 0.61% lower transmittance at all visible light wavelengths; therefore, significantly higher 195 

opacity was exhibited (Figure 5b, 5c). Moreover, sweating-out of SEO, indicated with a yellow 196 

arrow, from the inside to the surface of the CS-SEO film was seen clearly with the naked eye 197 

(Figure 5a). The highest reduction in light transmission was demonstrated with CS-SEOpick with 198 

lower transmittance values of 78.91 ± 0.34% and 74.21 ± 0.31% compared with CS and CS-SEO, 199 

respectively. Consequently, the opacity value was dramatically decreased. The average thickness 200 

of CS was 0.038 ± 0.004 mm, and the addition of SEO increased this value to a significant extent 201 

(P < 0.05). CS-SEOpick showed the highest thickness at an average value of 0.09 ± 0.01 mm.  202 

 203 

Mechanical properties. The tensile strength of film was enhanced significantly (P < 0.05) from 204 

9.02 ± 0.73 MPa and 10.17 ± 1.29 MPa for CS and CS-SEO films up to 12.41 ± 1.74 MPa (Table 205 

1). The elongation of CS films (33 ± 0.73%), indicating the flexibility of the films, was not altered 206 

by the addition of CNFs (31.4 ± 1.74%). However, significant (P < 0.05) enhancement of the 207 

elongation value was found when 0.5% SEO was added. 208 

 209 

Surface morphology. As seen in Figure 6a, although no significant differences were demonstrated 210 

(P > 0.05), there was a tendency from an increasingly smooth surface in CS film with average Ra 211 

and Rq values of 4.07 ± 2.20 and 4.47 ± 2.77 nm, respectively. The surface was rougher, Ra = 4.26 212 

± 1.99 nm and Rq = 5.47 ± 2.61 nm, when SEO droplets were inserted into the CS matrix. A less 213 

smooth surface, Ra = 5.54 ± 1.08 nm and Rq = 6.86 ± 1.21 nm, appeared with the addition CNFs 214 

as a Pickering emulsion agent. 215 

 216 

Scanning electron microscopy. CS film obtained without CNF or SEO displayed a compact, 217 

continuous, and homogenous microstructure, without cracks, and almost no obvious separation 218 

was detected, showed in Figure 6b. There were two slight cavity-like structures found (indicated 219 

by yellow arrows), which were probably caused by the sample preparation procedure. The 220 

incorporation of SEO resulted in an amorphous structure, with vacuoles and pores distributed 221 

along the cross-section surface of CS-SEOpick and CS-SEO. Notably, the dispersion of SEO 222 

developed with Pickering emulsion caused a decrease in the discontinuities and droplet size and 223 

an increase the droplet distribution in the cross-sections of films, as indicated with a yellow circle.  224 

 225 

Discussion 226 
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In this study, a novel coating film was fabricated successfully, with the main objective to 227 

develop a stable emulsified coating to maintain the quality of fresh fruit by preventing fungal 228 

decay. We performed preliminary tests for emulsion stability and creaming behavior in selecting 229 

the optimum concentration of CNFs for further development of the coating film. Considering the 230 

above results, the use of 0.24% CNFs (from group III) was preferable from the stabilization 231 

improvement and economic point of view. Previous work investigated the stability mechanism of 232 

cellulose and found that cellulose adsorbed at the oil–water interface induced attraction and 233 

aggregation phenomena under the interfacial disturbance, as confirmed with the interfacial 234 

rheological properties33. An improved stability mechanism was also proposed, which was related 235 

to the coverage effect from CNF–carboxymethyl CS complexes, allowing irreversible adsorption 236 

on a beeswax–water interface preventing coalescence or creaming as a result of the dense three-237 

dimensional network34.  238 

Morphology monitoring using CLSM revealed that orange fluorescence indicating acridine 239 

orange stained-CNFs lay at the surface of the dispersed phase, thereby stabilizing the oil droplets. 240 

This use of CLSM to confirm the template of the Pickering emulsion agent was also reported for 241 

zein particles stained with Nile blue A5, CNFs and nanocrystals stained with calcofluor white35, 242 

and nanocellulose stained with acridine orange36. Furthermore, CNFs affected the oil droplet size, 243 

indicating that CNFs had an important role in preventing the collision and aggregation of emulsion 244 

droplets by their accumulation at the oil–water interface. Again, the above results suggested that 245 

the incorporation of 0.24% CNFs may be an ideal stabilizer candidate to maintain demulsification 246 

of the coating film solution. 247 

B. cinerea and P. digitatum are regarded as the most important fresh fruit fungal pathogens; 248 

therefore, in this study the inhibition of spore growth and survival were tested (Figure 3a). We can 249 

assume that the use of CS alone without the addition of EO was sufficient to suppress B. cinerea 250 

spore growth. Proposed mechanisms have been documented to explain the antifungal performance 251 

of CS, including: electrostatic interactions between positively charged CS molecules and 252 

negatively charged fungal cell walls resulting in ionic imbalance37,38; intracellular interactivity of 253 

CS and DNA allowing the disruption of mRNA and protein synthesis39,40; and the chelating ability 254 

of CS for metals that are essential as microbial nutrients41,42. In the case of P. digitatum, SEO-255 

incorporated CS demonstrated synergistically improved antifungal action. Similar findings have 256 

been reported when lemongrass or clove EO was entrapped in CS43. The active components, α- 257 

and β-santalol, are believed to be potent antifungal agents contained in SEO. These sesquiterpenoid 258 

compounds may disturb fungal cell wall synthesis and have been confirmed by the occurrence of 259 

abnormal swelling and curling of terminal hyphae of test fungi16. Notably, no difference was found 260 

when a Pickering emulsion agent, CNFs, was added. Naturally, cellulose can be used by fungi for 261 

energy. Chains of glucose units obtained from cellulose degradation using extracellular cellulases 262 

is taken up across the fungal cell wall and metabolized26,25,44. There are two proposed possibilities 263 

associated with these phenomena, (1) the use of CNFs in this study was at appropriate 264 

concentration as a Pickering agent without reducing the antifungal features of the CS-SEO 265 

composite coating, and (2) CNFs may inhibit the loss of SEO by protecting the oil droplets from 266 

environmental exposure. A propidium iodide staining test was used to better confirm the effects 267 

of coating treatment for the loss of membrane integrity in fungal spores. Because propidium iodide 268 

is membrane impermeable, the results (Figure 3b, 3c) implied that membrane integrity was 269 

interfered with by coating treatment, which led to metabolic disruption and the death of fungi. 270 

To confirm the antifungal efficacy of the coating treatment, in vivo tests on tangerine and 271 

apple fruit that had been artificially contaminated with P. digitatum and B. cinerea, respectively, 272 
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were carried out. B. cinerea is a ubiquitous microorganism that is the main cause of postharvest 273 

disease, thereby causing considerable losses in harvested fruit. Green mold P. digitatum is well 274 

known as a pathogen inflicting major postharvest disease on citrus fruits and for being resistant to 275 

different fungicides45. The result reflected a coherent efficacy profile from the results of spore 276 

germination (Figure 4). Again, there was clear evidence of the appropriate level of CNFs as a 277 

Pickering agent and the improvement of functional properties in this study, suggesting that the 278 

components have an effective antifungal action. There was a surprising finding that the PI values 279 

at day 5 were lower than at day 4. This might be ascribed to the availability of intrinsic carbon in 280 

plant hosts46. On the final storage day, a higher number of carbon source may be available in coated 281 

fruits, whereas molds have exceeded the adaptation phase in the host environment. This lesion 282 

incidence also has implications for fruit internal decay. 283 

In practice, film coatings are applied either directly onto the surface of food forming a thin 284 

layer film or as a stand-alone wrapping material; therefore, the color properties of the thin film 285 

(L*, a*, b*) and ΔE* were characterized. Overall, the value of (L*, a*, b*) and ΔE* were altered 286 

by the addition of SEO and CNF into CS films. Based on the results for ΔE*, people were able to 287 

easily perceive a visual color difference with the prepared coating films. A literature noted that at 288 

the limit of ΔE* = 2, the human eye is not able to distinguish the color of each coating film with 289 

the naked eye47. 290 

The light transmission parameter reflects the barrier ability of the developed film against 291 

UV and visible light. It is one of the essential features associated with the potency of a coating 292 

film is its ability to inhibit the oxidation of lipids, pigments, proteins, or vitamins in packed foods 293 
48. The incorporation of SEO and/or CNFs decreased CS transmittance throughout the visible light 294 

range, consequently higher opacity was exhibited. Earlier study explained that higher opacity was 295 

due to the presence of oil droplets in the film matrix that scattered the transmitted light32. 296 

Moreover, sweating-out (exudation) of SEO from the biopolymer matrix film onto the surface may 297 

also contribute to the decreasing transparency value of the CS-SEO composite film. The 298 

intermolecular interactions between SEO and water or biopolymer matrix mediated by Tween 80 299 

were diminished as the water content decreased during film formation (drying process). Thereby, 300 

the dispersed phase (oil) was not immobilized, leading to migration to the surface of the film. In 301 

the case of CNF-stabilized film, it is likely that CNF addition efficiently blocked the visible 302 

spectrum. CNF light absorption was influenced by its fiber size, density, and surface 303 

characteristics49. All coating films showed lower light transmission values with UV light than in 304 

the visible light spectrum, with a similar trend except at 200 nm. From this result, it can be assumed 305 

that the CS-CEOpick film had higher barrier properties for UV and visible light. Moreover, the 306 

thickness of a film is a predominant factor affecting the optical characteristics (Figure 5c). The 307 

changes in thickness were probably due to an increase in the total solid content of the films. 308 

The use of CNF as a Pickering emulsion agent increased the tensile strength of the films. 309 

Not only due to the geometry and rigidity of the nano-filler but also the enhancement in tensile 310 

strength was also associated with the formation of a stiff continuous network of CNFs linked 311 

through hydrogen bonding50. In addition, nano-sized cellulose can readily form hydrogen bonds 312 

with the surrounding molecules, leading to strong interactions even at low concentration as a result 313 

of the large aspect ratio and ability to form interconnected network structures51,52. However, 314 

another study investigated whether the reinforcing efficacy of CNFs declined when crystalline 315 

nanocellulose was incorporated into alginate53 and pectin53 at higher concentration (>5% w/w on 316 

solid polymer) due to the agglomeration and non-uniform dispersion of the filler. The level of CNF 317 

used in this study was assumed to be in the optimum concentration range for the filler in improving 318 
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the tensile strength of the coating film. There were no significant changes of CS elongation due to 319 

the addition of CNFs. In this investigation, the emulsified films had higher elongation, and this 320 

was in agreement with other investigations54,55. This behavior may be attributed with a sufficient 321 

level EO resulting in a synergistic impact of the plasticizer and SEO. EO can perform as a 322 

plasticizer agent allowing greater mobility and flexibility in the polymer chain54.  323 

 Cross-section analysis was performed to observe the microstructural arrangement of the 324 

films and to confirm the distribution of SEO droplets and CNF entrapped in the biopolymer. The 325 

microstructure can have substantial influence considering its implications on coating film 326 

properties. The discontinuities demonstrated in SEO-loaded films may be associated with SEO 327 

microdrop. Similar findings in the presence of the oil micro-droplets of the hazelnut meal protein 328 

matrix, observed with the cross-section of a film56. Furthermore, the SEO droplets obtained in this 329 

study showed a shrinkage-like shape of an oval structure. The existence of these types of pore 330 

droplets might correspond to a consequence of the drying process and the density of the coating 331 

film matrix57,56. A decrease in discontinuities and droplet size and an increase in droplet 332 

distribution was found in CS-SEOpick film. This phenomenon possibly corresponded to the 333 

occurrence of flocculation and coagulation from the dispersed phase in CS-SEO. The emulsion 334 

system in CS-SEOpick was believed to have a higher physical stability compared with the regular 335 

emulsion mediated by surfactant (CS-SEO). This suggested that the presence of CNFs may have 336 

fully covered the oil droplets allowing the prevention of oil droplet coalescence. The lower size of 337 

cellulose was noted to be more easily adsorbed onto the oil–water interface, hence facilitating the 338 

higher stability of oil in water emulsion formation21. These stabilization mechanisms not only 339 

minimized the evaporation of SEO during the drying process but also protected against the 340 

oxidation of SEO. 341 

AFM analysis is a powerful method to analyze the occurrence of slight changes in the 342 

surface of films as a consequence of filler material incorporation both qualitatively and 343 

quantitatively58. Reduced smoothness of the CS coating surface after the addition of SEO might 344 

be ascribed to lipid aggregation and/or creaming phenomena. Furthermore, these phenomena were 345 

exacerbated by an evaporation step during film formation, thereby the level of irregularities on the 346 

films' surfaces increased59. This was confirmed visually by 2D and 3D topography image and line 347 

profiles which oil aggregates are exist forming several spherical uplands structure. A previous 348 

study also found an increase in terms of film roughness because of the incorporation of oregano 349 

oil into gelatin-chitosan blend film60. Furthermore, the roughness value also increased with the 350 

incorporation of CNFs. An earlier study proposed that nanocellulose might be aggregated, 351 

implying the higher roughness of the film through the formation of uplands in the surface61. This 352 

trend was in good agreement with another report which observed the agglomeration of cellulose 353 

nanocrystals in the pectin matrix62. However, as seen in Figure 6a, CNFs were dispersed uniformly 354 

on the surface of the CS-SEO composite films assuming a good matrix-CNF interaction and 355 

confirming the improvement in mechanical properties (tensile strength). A slight increase and 356 

insignificant difference in roughness implies the ideal concentration of CNFs used in this study 357 

without prejudice from its main function as an emulsifier.  358 

In conclusion, novel composite coating formulations using 0.8% CS/0.5% SEO/0.24% 359 

CNF were developed. The incorporation of 0.24% CNF as a stabilizer agent into 360 

chitosan/sandalwood oil Pickering emulsion coating was found to improve the performance of 361 

antifungal activity synergistically confirmed with in vitro and in vivo assays. This work also 362 

revealed that the addition of CNF had potential to improve the functional properties such as light 363 

transmission at UV and visible light wavelengths and tensile strength. Additional investigation 364 
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should be performed, particularly for physico-chemical characteristics and sensory acceptability, 365 

to confirm the potential of this novel active coating in maintaining the quality of fresh fruit 366 

commodities. 367 

 368 

Methods 369 

Materials 370 

Chitosan (CS), Tween 80, and glacial acetic acid were obtained from FUJIFILM Wako 371 

Pure Chemical Corporation, Japan. CNF powder, made from wood-derived fiber, was obtained 372 

from Nippon Paper Industries Co., Ltd, Japan. Papua sandalwood essential oil (SEO) was obtained 373 

from Aromindo CV, Indonesia, with the two main contents, α-santalol (19.36%) and β-santalol 374 

(16.48%), identified using a gas chromatography (GC)-mass spectrometer (Shimadzu QP 2010 375 

Plus, Japan) equipped with capillary column of 0.25 mm i.d., length 30 m, film thickness 0.25 μm 376 

(DB-5MS column, J. & W. Scientific, USA). 377 

 378 

Preparation of SEO Pickering emulsions and coating  379 

The stabilized Pickering emulsion agent stock (CNFs) was prepared by dispersing CNFs at 380 

various concentrations into distilled water using high speed stirring at 15,000 rpm for 1 min with 381 

a high-speed homogenizer (T 25 digital ULTRA-TURRAX® - IKA, Germany). At the same time, 382 

the SEO stock (SEOs) solution was prepared using same procedure. Then, CNFs, SEOs, and 383 

distilled water were homogenized at 15,000 rpm for 5 min to produce emulsion containing 0.5% 384 

SEO and various concentration of CNFs (0, 0.006%, 0.012%, 0.038%, 0.063%, 0.088%, 0.11%, 385 

0.14%, 0.16%, 0.19%, 0.21%, 0.24%, 0.27%, 0.29%, and 0.31%). The emulsion containing 0.25% 386 

surfactant Tween 80 was used as a positive control representing a regular emulsion. 387 

The stabilized Pickering emulsion coating film was prepared by mixing CS (0.8%), SEO 388 

(0.5%), and CNFs (0.21%) at 15,000 rpm for 5 min. CS solution was prepared by gelatinizing CS 389 

powder in glacial acetic acid solution (1% v/v) followed by adding 2 N NaOH solution until pH 6. 390 

As a comparison, CS alone and CS containing SEO 0.25% + Tween 80 were used as negative and 391 

positive controls, respectively, of the coating film. For some analyses, the thin films were produced 392 

using the casting method on a silicon molds plate (8 × 8 cm), dried at 40°C for 15 h and peeled. 393 

 394 

Atomic force microscopy 395 

The CNF morphology and the coating roughness were measured using AFM (Hitachi 396 

5200S, Japan) equipped with the Nano Navi Application program, operating in tapping mode. 397 

Respectively, 3 µL of CNF solution (0.01% CNF in distilled water) and 10 µL of coating solution 398 

were dripped onto freshly precleaned mica, and dried and stored in a silica gel-containing 399 

desiccator for 24 h before imaging. The machine was operated with the setting of cantilever type 400 

SI-DF20, scanning frequency 0.7–0.84 Hz, and scanning area 2 μm × 2 μm. Roughness 401 

characteristics including root mean square deviation from the mean (Rq) and arithmetical mean 402 

deviation from the mean (Ra) were examined using ten replicates and calculated as follows:  403 

 404 

Rq = √1𝑛  ∑ 𝑍𝑖²𝑛𝑖=1                  (1) 405 

Ra=
1𝑛  ∑ |𝑍𝑖|𝑛𝑖=1                  (2) 406 

 407 

where Zi was the height deviation of i-th and n was the total of data points. 408 

 409 
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Emulsion stability and creaming behavior 410 

The emulsion stability of the coating solutions were determined visually referring to the 411 

photographed images taken after 10 min, 14 and 30 days of storage in room temperature. The 412 

percentage of creaming index was calculated following the method from Wand and Hauzei (2016). 413 

 414 

 CI = 
𝐻𝑆𝐻𝐸 x100%          (3) 415 

where HS is the height of the emulsion layer, HE is the total height of the coating solution. 416 

 417 

The microstructure and droplet size of Pickering emulsion layer 418 

The oil droplet and layer of the Pickering emulsion were observed using CLSM with 20× 419 

objective lens (Olympus IX71, Japan). The top layer of the emulsion samples was stained with 420 

Nile red (FUJIFILM Wako Pure Chemical Corporation, Japan) solution (1 mg/mL in ethanol) to 421 

indicate the oil phase. CNFs were dyed with 0.1% acridine orange (FUJIFILM Wako Pure 422 

Chemical Corporation, Japan) before emulsion preparation. Then, 6 µL of each dyed sample was 423 

dropped gently onto a glass slide (Toshinriko, Japan) and covered with a thin coverslip (thickness 424 

≈ 170 µm) (Matsunami, Japan). The excitation/emission spectrum for Nile red and acridine orange 425 

were 365 nm and 435 nm, respectively. The mean of diameter of oil droplet size in the Pickering 426 

emulsions was measured with the aid of ImageJ software from 30 of individual droplets. 427 

 428 

Antifungal assays 429 

The in vitro antifungal action was determined using a spore germination test. The spore 430 

solution 5 × 106 spores/mL of P. digitatum or B. cinerea from the National Institute of Technology 431 

and Evaluation, Biological Resource Center, Tokyo, Japan was mixed with distilled water 432 

(untreated sample) or coating solution, and potato dextrose broth (DifcoTM, USA) with a ratio 433 

1:1:1. The germinated spore was evaluated under CLSM with a 50× objective lens after shaking-434 

incubated for 24 hours, 100 rpm at room temperature.  435 

The in vivo test was determined by observing the lesion diameter on tangerine and apple 436 

fruits. Fruits used in the protocol comply with relevant institutional, national, and international 437 

guidelines and legislation. Fresh fruits, purchased from local supermarket in Fukuoka, Japan, were 438 

washed into 1% sodium hypochlorite solution for 10 min followed by air drying. Each fruit was 439 

wounded using a sterile corkborer (4 mm diameter and 2 mm deep) in the central region. About 440 

10 µL of the spore solution was deposited in each wound. After air drying for 5 h, the whole 441 

surfaces of fruits were sprayed with coating solution, which was allowed to dry. Untreated and 442 

coated fruits were then kept at 25°C and 90% RH for 5 days. The percentage inhibition (PI) was 443 

also calculated. 444 

 445 

PI % =
𝐴−𝐵𝐴  𝑥 100%          (4)  446 

where A is the maximum of the germinated spore (untreated sample) or lesion diameters and B is 447 

the germinated spore or lesion diameter obtained from each coating treatment. The result was 448 

analyzed from triplicate measurements. 449 

 450 

Membrane integrity 451 

Membrane integrity of B. cinerea and P. digitatum was evaluated by observing the uptake 452 

of propidium iodide (Sigma Aldrich, USA). The spore solutions were mixed with distilled water 453 

(untreated) or coating solution followed by shaking-incubation for 4 hours, at 100 rpm, and at 454 
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room temperature. Then, the samples were stained with 50 (mg L-1) propidium iodide and 455 

examined using a CLSM with excitation and emission wavelengths of 543 nm and 585 nm. 456 

 457 

Color properties 458 

The film specimens were prepared on a standard white plate, followed by a color reader 459 

(Konica Minolta CR-20, Japan) measurement on five different spots per sample. The CIE L*, a*, 460 

b* color method was used to measure L* (lightness), a* (green to red), and b* (blue to yellow) 461 

values of the coating films. These values were further processed to obtained ∆E* (color difference) 462 

value.  463 

 464 

∆E* = √(𝐿0 ∗ −𝐿 ∗)2 + (𝑎0 ∗ −𝑎 ∗)2 +  (𝑏0 ∗ −𝑏 ∗)2     (5)  465 

where L0, a0, and b0 come from a standard white plate, and the L*, a*, and b* come from the values 466 

of the films. 467 

 468 

Light transmission and opacity 469 

Each thin film was firstly shaped into a rectangle. It was further attached on the cell side 470 

of a cuvette and the light transmission was read using a UV-Vis spectrophotometer (Jasco, V-530, 471 

Japan) at wavelength ranges of 200–800 nm. The opacity was determined using the following 472 

equation: 473 

 474 

Opacity = 
 (𝐴600)𝑥           (6)      475 

    476 

where A600 is the absorbance at 600 nm and x is the film thickness (mm). Triplicate measurements 477 

were performed for each film specimen. 478 

 479 

Mechanical properties 480 

The coating films were cut into a 1 × 5 cm rectangle, and the thickness of the film was 481 

measured at five different positions. The coating films were further attached into grip pairs of the 482 

motorized force test stand (Shimpo, FGS-50E-L) equipped with digital force gauge (Shimpo 483 

FGPX-50). The initial gap separation was set to 30 mm, then stretched by moving the grip with a 484 

speed of 60 mm/s until breaking. The triplicate measurements were performed. Values for tensile 485 

strength and elongation were calculated using the following equations: 486 

 487 

Tensile strength (MPa) = 
 𝐹𝑚𝑎𝑥𝐴         (7) 488 

 489 

where Fmax represents the max load (N) used to pull the film and A is the cross sectional area (m2) 490 

of the film. 491 

 492 

Elongation % =
𝐼𝑚𝑎𝑥𝐼𝑜  𝑥 100         (8) 493 

 494 

where Imax represents the film elongation (mm) at that moment of rupture and Io is the original 495 

grip length (mm) of the film. 496 

 497 

Scanning electron microscopy 498 
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Thin coating films were pre-conditioned in a desiccator containing saturated salt of 499 

Mg2(NO3)2, at 18 ± 2°C. The film specimens were placed on a specimen stub and coated in vacuum 500 

conditions with the aid of an osmium coater. Then, cross-section images were captured using a 501 

scanning electron microscope (SU3500, Hitachi, Japan) at 15 kV. 502 

 503 

Statistical analysis 504 

The experimental data were analyzed through analysis of variance (ANOVA) at a 505 

significance level of P-value < 0.05. Post hoc testing was performed using Duncan's multiple range 506 

test (DMRT) with the aid of Statistical Package for Social Science software (SPSS 17.0, SPSS 507 

Inc., USA). 508 

 509 
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Figure 1. AFM images represent the morphology of two- and three-dimensional of CNF. 717 
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 724 
(d) 725 

      726 

 727 
(e) 728 

Figure 2. (a) Visual appearance of CNF-stabilized Pickering emulsions containing 0.5% SEO 729 

and CNF at various concentration of: 0, 0.006, 0.012, 0.038, 0.063, 0.088, 0.11, 0.14, 0.16, 0.19, 730 

0.21, 0.24, 0.27, 0.29, 0.31% (from left to right, 1-15), and regular emulsion (16), and (b) their 731 

creaming index properties. (c) Droplet size distribution of emulsion, (d) confocal images of 732 

emulsion at day 7 after preparation, and (e) CNF-stabilized Pickering emulsion. The CNF was 733 

stained with acridine orange. Different letters indicate statistical significant differences at P < 734 

0.05. 735 

 736 
(a)  737 



19 

 738 
(b) 739 

 740 
(c) 741 

  742 

  743 
(d) (e) 744 

Figure 3. Effect of coating treatment for the decrease in spore survival of B.cinerea and P. 745 

digitatum visually (a) and statistically (d). Detection of membrane integrity visually of 746 

P.digitatum (b), B. cinerea (c), and statistically (e). Different letters indicate statistically 747 

significant differences among different treatments at P < 0.05. CS: chitosan, CH-SEOpick: 748 
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chitosan-sandalwood oil Pickering emulsion, CS-SEO: chitosan-sandalwood oil regular emulsion 749 

treated spores. 750 
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  779 
(e) (f) 780 

Figure 4. Efficacy of various coating treatment against P. digitatum and B.cinerea disease 781 

severity. (a, b) visual appearance of representative sample and (c, d) statistical analysis during 782 

storage. PI: percentage inhibition, CS: chitosan, CH-SEOpick: chitosan-sandalwood oil 783 

Pickering emulsion, CS-SEO: chitosan-sandalwood oil regular emulsion coated fruits. 784 
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(a) 788 

  789 
(b) (c) 790 

Figure 5. Visual photographs of coating film appearance (a) and its optical properties; light 791 

transmittance (b) and opacity and thickness for thin coating film (c). Different letters indicate 792 

statistically significant differences at P < 0.05. CS: chitosan, CH-SEOpick: chitosan-sandalwood 793 

oil Pickering emulsion, CS-SEO: chitosan-sandalwood oil regular emulsion films. 794 
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Figure 6. (a) AFM topographic image and (b) SEM longitudinal cross section image. CS: 803 

chitosan, CH-SEOpick: chitosan-sandalwood oil Pickering emulsion, CS-SEO: chitosan-804 

sandalwood oil regular emulsion films. 805 
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Characteristic CS CS-SEOpick CS-SEO 

L* 98.2 ± 0.32c 96.52 ± 0.36a 97.18 ± 0.22b 

a* -0.12 ± 0.18b -0.7 ± 0.16a -0.14 ± 0.05b 

b* 6.94 ± 0.72a 15.22 ± 0.84c 9.8 ± 1.29b 

ΔE* 3.02 ± 0.65a 11.48 ± 0.75c 6.03 ± 1.12b 

Tensile strength (MPa) 9.02 ± 0.73a 12.41 ± 1.74b 10.18 ± 1.29a 

Elongation (%) 33.02 ± 4.47a 31.42 ± 2.19a 39.01 ± 4.18b 

Ra 4.07 ± 2.20 5.44 ± 1.08 4.26 ± 1.99 

Rq 4.47 ± 2.77 6.86 ± 1.21 5.47 ± 2.61 

Table 1. Characteristics of developed films. Different letters indicate statistically significant 823 

differences at P < 0.05. CS: chitosan, CH-SEOpick: chitosan-sandalwood oil Pickering emulsion, 824 

CS-SEO: chitosan-sandalwood oil regular emulsion films. 825 
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