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Introduction

Shellac (Sh) is a water-insoluble, low-molar-mass natural polyester 
resin secreted by the insect Laccifer lacca. Its primary composition 
is an oxyacid polyester formed through esterification of aleuritic 
acids and cyclic terpene acids (Yuan et al., 2021; Kim et al., 2024). 
Classified as generally recognized as safe (GRAS), Sh exhibits 
excellent film-forming ability and gas barrier properties, which has 
led to its widespread use as a coating and film-forming agent in the 
food and pharmaceutical industries (Luangtana-anan et al., 2007; 

Yuan et al., 2021; Thombare et al., 2022; Kumar et al., 2023). 
However, Sh films suffer from low tensile strength and increased 
brittleness during drying and aging, which restrict their practical 
applications (Soradech et al., 2013; Chen et al., 2024). 

This aging phenomenon is primarily attributed to esterification 
between -COOH and -OH groups of Sh molecules under the 
influence of heat, light, oxygen, metal ions, and pH, which 
promotes self-polymerization or crosslinking (Farag & Leopold, 
2009; Bar & Bianco-Peled, 2021; Chen et al., 2024). Notably, 
Coelho et al. (2012) reported that crosslinking during Sh photoaging 
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results from hydrogen bonding involving aleuritic acid generated 
through de-esterification. To mitigate the associated increase in 
brittleness, various approaches have been investigated, including (1) 
blending Sh with other biopolymers such as gelatin, pectin, starch, 
or cellulose derivatives; (2) incorporating plasticizers such as 
polyethylene glycol, diethyl phthalate, triacetin, triethyl citrate, or 
oleic acid; (3) introducing salts such as calcium phosphate; or (4) 
applying chemical grafting with acrylic monomers, all of which 
improve molecular flexibility and hinder self-polymerization 
(Luangtana-anan et al., 2007; Soradech et al., 2013; Ahuja & 
Rastogi, 2024; Chen et al., 2024; Wang et al., 2025).

Cellulose Nanofiber (CNF), a nanoscale material derived from 
cellulose, typically has diameters of 5–30 nm and micrometer-scale 
lengths, with a high aspect ratio and crystallinity of up to ~65% 
(Poulose et al., 2022; Guivier et al., 2024). CNF films exhibit 
excellent tensile strength, oxygen barrier capacity, and thermal 
stability, in addition to being biodegradable, making them highly 
attractive as sustainable food packaging materials (Sharma et al., 
2019; Pakharenko et al., 2021; Basumatary et al., 2022). 
Nonetheless, CNF is characterized by poor film-forming ability, 
high moisture sensitivity-which reduces its barrier properties under 
humid conditions-and low flexibility. To overcome these limitations, 
extensive studies have explored blending CNF with natural 
polymers such as Sh, corn starch, chitosan, polylactide, sodium 
caseinate, soy protein, gelatin, and mucilage, as well as incor-
porating plasticizers such as glycerol (Yu et al., 2017; Alves et al., 
2019; Pirozzi et al., 2021; Guivier et al., 2024; Kim et al., 2024). 

Recently, Kim et al. (2024) demonstrated that Sh-CNF composite 
films can integrate the plasticity and transparency of Sh with the 
mechanical strength of CNF, enabling the design of customized 
edible films through compositional tuning. However, Sh-based films 
remain susceptible to property changes during aging. Therefore, this 
study aimed to fabricate Sh-CNF composite films with varying 
blending ratios and to systematically investigate the effects of Sh 
aging (40℃, 53% relative humidity, 7 days) on their physico-
chemical, mechanical, and gas barrier properties. 

Materials and Methods

Materials

CNF derived from oat was kindly provided by the Korea Textile 
Machinery Convergence Research Institute (Gyeongsan, Korea). The 

preparation procedure is briefly described as follows. Oat powder 
(VITACEL® Oat Fiber HF 600‑30, J. Rettenmaier & Söhne GmbH 
& Co, Rosenberg, Germany) was suspended in distilled water and 
hydrolyzed using a commercial cellulase (Celluclast® BG, Novo-
zymes A/S, Bagsværd, Denmark). The hydrolyzed suspension was 
then subjected to high-pressure homogenization (NH 4000, Ilshin 
Autoclave Co., Ltd., Daejeon, Korea) to obtain a 1.5% (w/w) CNF 
suspension. Edible dewaxed bleached Sh powder was purchased 
from Shellac Korea (Busan, Korea). NaHCO3 was obtained from 
Junsei Chemical Co. Ltd. (Tokyo, Japan), and NaCl and glycerol 
were obtained from Daejung Chemicals and Metals (Siheung, 
Korea). CaCl2, Mg(NO3)2, and NaBr were purchased from Samchun 
Pure Chemical Co., Ltd. (Seoul, Korea). 

Preparation of Sh-CNF dispersions and com-

posite films

Sh powder was suspended in 0.3 M NaHCO3 aqueous solution at 
a concentration of 10% (w/w). The mixture was homogenized using 
a high-speed homogenizer (T25 digital Ultra-Turrax, IKA, 
Königswinter, Germany) at 10,000 rpm for 3 min, followed by stirring 
at 60℃ and 500 rpm for 10 min to prepare the Sh solution, which 
was stored at 4℃ until use. The CNF suspension (1.5% w/w) was 
sterilized at 121℃ for 15 min and also stored at 4℃ until use. The 
Sh solution and CNF suspension were mixed to obtain Sh:CNF (w/w) 
ratios of 100:0, 80:20, and 50:50 (total solid content = 2%, w/w), 
designated as CNF0, CNF20, and CNF50, respectively. Glycerol 
(0.6%, w/w) was added as a plasticizer to each mixture, followed by 
homogenization at 10,000 rpm for 3 min, stirring at 60℃ for 10 min, 
and cooling to room temperature prior to use. For film casting, 25 
mL of each Sh-CNF mixture was poured into a polytetrafluo-
roethylene (PTFE)-coated Petri dish (12 cm inner diameter, SPL Life 
Sciences Co. Ltd., Pocheon, Korea) and oven-dried at 35℃ for 24 h. 
The resulting Sh-CNF composite films were peeled off from the 
dishes and conditioned in a desiccator containing saturated Mg(NO3)2 
solution (53% RH, 25℃) for at least 48 h prior to analysis.

Aging of Sh-CNF composite films

The aging of Sh-CNF composite films was carried out according 
to the method by Soradech et al. (2013) with slight modifications. 
The films were placed in a desiccator containing saturated NaBr 
solution and stored at 40℃ and 53% RH for 7 days to induce aging, 
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under which significant changes in the properties of Sh film (CNF0) 
were observed. 

Thickness measurements

Film thickness was measured using a digital micrometer 
(BD293-025, Bluetec, Shanghai, China). Six film specimens were 
prepared for each film type, and thickness was recorded at five 
different positions (center, top, bottom, left, and right) of each 
specimen. The mean thickness was calculated from a total of 30 
individual measurements.

Opacity measurements

The opacity of the films was determined using a UV-Vis 
spectrophotometer (UV-1800, Shimadzu, Kyoto, Japan). Each film 
was cut into strips measuring 1×4 cm, and transmittance (T, %) was 
recorded at 600 nm. Opacity was then calculated according to 
equation (1) (Zhao et al., 2022; Kim et al., 2024). 

  (1)

where l=film thickness (µm). For each film type, four specimens 
were prepared, and opacity (mm–1) was measured at five different 
positions per specimen. The mean value was calculated from a total 
of 20 measurements. 

Moisture content measurements

The moisture content of the films was determined using a 
gravimetric method with slight modifications from the AOAC 
(2000) procedure. Film specimens were cut into squares (2×2 cm) 
and dried at 105℃ for 48 h. Moisture content was calculated from 
the mass difference before and after drying. Three specimens were 
analyzed for each film type, and the mean values were reported.

Water solubility measurements

The water solubility of the films was measured according to the 
method of Dordevic et al. (2023) with slight modifications. Film 
specimens were cut into squares (2×2 cm), dried at 105℃ for 24 
h, and weighed to obtain the initial dry mass (M1). The dried films 
were then immersed in 50 mL of distilled water at 25℃ for 24 h. 

The recovered films were dried again at 105℃ for 24 h and 
weighted to obtain the final dry mass (M2). Water solubility was 
calculated using equation (2):

  
  ×  (2)

Three specimens were analyzed for each film type, and the mean 
values were reported. 

Color measurements

The color of the films was measured using a colorimeter 
(CR-400, Konica Minolta, Osaka, Japan), calibrated against a 
standard white plate (L0=94.69, a0=4.56, b0=–1.74). For each film 
type, five specimens were prepared, and the values of lightness (L*), 
red-green coordinate (a*), and yellow-blue coordinate (b*) were 
recorded. The color difference (ΔE), whiteness index (WI), and 
yellowness index (YI) were calculated according to equations (3), 
(4), and (5), respectively (Ekrami et al., 2019). 

∆               (3)

        (4)

     (5)

Mechanical property measurements

The mechanical properties of the films were evaluated at 25℃ 

using a texture analyzer (TA1, Ametek Lloyd Instruments Ltd., 
Largo, FL, USA) following the methods of Lindström (2021) and 
Dai et al. (2017) with slight modifications. Film specimens were cut 
into strips (1×4 cm), and tensile tests were performed with an initial 
grip separation of 10 mm, a preload of 0.05 N, and a test speed 
of 3 mm/min to obtain stress–strain curves. Tensile strength (MPa) 
and elongation at break (%) were calculated according to equations 
(6) and (7).

    ×   (6)
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    ∆ ×  (7)

where τ=stress at break (N), A=initial cross-sectional area of the 
film (m2), Δl=elongation distance at break (mm), and l0=initial grip 
separation distance (10 mm). Yield stress (MPa) was defined as the 
stress at the onset of strain increase in the stress-strain curve, while 
Young’s modulus (MPa) was calculated as the slope of the initial 
linear region (strain<0.01). The work of break (MJ/m3) was deter-
mined by integrating the area under the stress-strain curve up to the 
breaking point. For each film type, 15 specimens were tested, and 
mean values were reported. 

Water vapor permeability measurements

The water vapor permeability (WVP) of the films was determined 
according to the ASTM E96 (ASTM, 2010) with slight 
modifications. Film specimens were cut into circular discs (7.5 cm 
diameter) and mounted over test cups (internal diameter=63.5 mm, 
internal height=50.8 mm) containing CaCl2 to maintain 0% RH, 
with the edges sealed to prevent leakage. The cups were placed in 
a desiccator maintained at 53% RH using saturated Mg(NO3)2 
solution and stored at 25℃ for 24 h. The cups were weighed at 3 
h intervals. WVP (g․m/m2․day․kPa) was calculated using equation 
(8), based on Fick’s first law: 

 ∆  (8)

where l=film thickness (m), A=permeation area of the film (4.42×10–3 
m2), m=mass of cup (g), t=time (day), Psat=saturation vapor pressure 
of water at 25℃ (3.17 kPa), and ΔRH=relative RH difference between 
the inside and outside of the cup (0.53). The change in cup mass over 
time in the steady-state region was analyzed by linear regression, and 
the resulting slop (dm/dt) was used for the calculation. For each film 
type, two specimens were tested, and mean values were reported.

Oxygen permeability measurements

The oxygen permeability (OP) of the films was determined 
according to ASTM D3985 (ASTM, 2002) using an oxygen 
permeation analyzer equipped with a coulometric sensor (M8101e, 
Systech Illinois, Oxfordshire, UK). Film specimens were mounted in 

the instrument with an effective test area (A) of 5×10–4 m2. The RH 
in both the oxygen and nitrogen chambers were maintained at 0%, 

and the oxygen transmission rate (  , cm3/m2·day) was measured 

at 23℃ after reaching steady-state. OP (cm3·m/m2·day·atm) was 
calculated based on Fick’s first law using equation (9):

 ∆  (9)

where l=film thickness (m) and ΔP=oxygen partial pressure 
difference across the film (1 atm). For each film type, two specimens 
were analyzed, and mean values were reported. 

Statistical analysis

All data were expressed as mean±standard deviation. Statistical 
analyses were performed using IBM SPSS Statistics software 
(version 26.0, IBM Co., Armonk, NY, USA). Differences among 
treatment groups were evaluated by one-way analysis of variance 
(ANOVA), and significant differences were identified using Duncan’s 
multiple range test at a significance level of p≤0.05.

Results and Discussion

Effects of aging on thickness and opacity 

The Sh film without CNF (CNF0) exhibited a thickness of 71 µm, 
which slightly decreased with increasing CNF content (Fig. 1). This 
reduction can be attributed to the denser film structure imparted by 
CNF, leading to lower moisture content (Kim et al., 2024). After the 
aging treatment, film thickness decreased further: CNF0 and CNF20 
films showed only minor reductions of about 3–4%, whereas CNF50 
film exhibited a significant decrease of 11.6% (Fig. 1). Since the 
films were aged at 40℃ and 53% RH for 7 days, the decrease cannot 
be ascribed to drying. In Sh-rich films (CNF0 and CNF20), 
self-polymerization or crosslinking among Sh molecules likely 
contracted the film network (Farag & Leopold, 2009; Coelho et al., 
2012; Bar & Bianco-Peled, 2021; Chen et al., 2024). By contrast, 
the high CNF content in CNF50 film may have facilitated hydrogen 
bonding and structural rearrangement during aging, resulting in a 
more compact network and greater thickness reduction. 

Film opacity increased 4.6-fold as the CNF ratio rose from 0% 
to 50% (Fig. 1), consistent with enhanced light scattering from the 
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crystalline domains of CNF (Kim et al., 2024). The aging treatment 
further increased opacity. In CNF0 and CNF20 films, opacity nearly 
doubled, whereas the CNF 50 film, which already exhibited higher 
opacity due to the crystalline nature of CNF, showed only a 
moderate increase of 13.5% (Fig. 1). These changes suggest that 
crosslinking among Sh molecules during aging (Farag & Leopold, 
2009; Coelho et al., 2012; Bar & Bianco-Peled, 2021; Chen et al., 
2024), together with rearrangement of CNF molecules, produced a 
denser and more heterogeneous film network. Overall, the results 
demonstrate that aging treatment renders Sh-CNF films thinner and 
less transparent. 

Effects of aging on moisture content and water 

solubility 

As the CNF content increased from 0% to 50%, the moisture 
content of the films decreased from 35.1% to 20.6% (Fig. 2), which 
can be attributed to the denser film network formed by CNF (Kim 
et al., 2024). After aging treatment, the moisture content of all films 
significantly decreased. Specifically, the CNF0 film decreased from 
35.1% to 32.6% (7% reduction), the CNF20 film from 28.0% to 
21.1% (25% reduction), and the CNF50 film from 20.6% to 12.1% 
(41% reduction) (Fig. 2). The trend of greater moisture loss with 
higher CNF content was consistent with the thickness reduction 
results, suggesting that higher CNF levels promoted the formation 
of denser networks through structural rearrangement during aging. 
In Sh-rich films (CNF0 and CNF20), crosslinking among Sh 
molecules and the associated network contraction were likely the 

primary contributors to the reduced moisture content (Farag & 
Leopold, 2009; Coelho et al., 2012; Soradech et al., 2013; Bar & 
Bianco-Peled, 2021; Chen et al., 2024). 

Film water solubility decreased sharply from 100% to 33.3% as 
the CNF content increased from 0% to 50% (Fig. 2), which is likely 
due to the denser hydrogen-bonded structure introduced by CNF 
(Kim et al., 2024). However, aging treatment did not cause any 
statistically significant changes in water solubility across all film 
types (p≤0.05) (Fig. 2). These findings indicate that although aging 
reduces the moisture content of the films by inducing Sh crosslinking 
and CNF rearrangement, the extent of network reorganization is 
insufficient to markedly affect water solubility. 

Effects of aging on color 

With increasing CNF content from 0% to 50%, the WI of the films 
decreased from 87.8 to 82.7, whereas the YI value increased from 
11.5 to 20.8, indicating a reduction in whiteness and an enhancement 
of yellowish tones (Table 1). Concurrently, the DE value increased 
from 9.7 to 15.7, confirming a progressive deviation of the films 
from the white standard. These results suggest that the increase in 
crystalline domains and the formation of denser networks induced by 
CNF incorporation contributed to the yellowing of the films. 

Following aging treatment, the CNF0 film, composed solely of Sh, 
exhibited pronounced color alterations. DE increased substantially 
from 9.7 to 17.2, WI decreased from 87.8 to 81.1, and YI rose sharply 
from 11.5 to 23.2 (Table 1). These findings indicate that aging 
treatment promoted yellowing of the films, which is consistent with 

Fig. 1. Thickness and opacity of Sh-CNF composite films with and 
without aging treatment.

Fig. 2. Moisture content and water solubility of Sh-CNF composite films 
with and without aging treatment.
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previous reports attributing such changes to esterification and 
oxidation of Sh during storage, leading to the generation and 
modification of chromophores (Ciofini et al., 2016; Weththimuni et 
al., 2021). By contrast, the CNF20 film showed no significant 
changes in color parameters after aging and exhibited markedly lower 
color variation compared with the aged CNF0 film (Table 1). 
Similarly, the CNF50 film did not display significant color changes 
upon aging, and its color parameters remained comparable to those 
of the aged CNF0 film (Table 1). These results indicate that the 
incorporation of CNF effectively attenuated the yellowing reactions 
of Sh during storage.  

Effects of aging on mechanical properties 

As illustrated by the representative stress-strain curve (Fig. 3a), 

the mechanical properties of Sh-CNF composite films varied 
markedly with CNF content and aging treatment. As previously 
reported by Kim et al. (2024), increasing the CNF ratio from 0% 
to 50% resulted in higher tensile strength, yield stress, Young’s 
modulus, and work of break, accompanied by a substantial decrease 
in elongation at break from 232% to 20% (Figs. 3b–f). These results 
reflect the role of CNF in reinforcing the film structure by forming 
a denser hydrogen-bonded network, thereby increasing stiffness and 
reducing flexibility (Kim et al., 2024).

After aging treatment, tensile strength, yield stress, Young’s 
modulus, and work of break increased, whereas elongation at break 
decreased (Figs. 3b–f). These changes indicate that aging enhanced 
resistance to deformation. This effect is attributed to crosslinking 
and rearrangements among Sh molecules, as well as reorganization 
of CNF during aging, which together produced a more compact and 
rigid network (Farag & Leopold, 2009; Coelho et al., 2012; Bar & 
Bianco-Peled, 2021; Chen et al., 2024; Kim et al., 2024). The 
reduction in moisture content, which otherwise functions as a 
plasticizer, may have further contributed to the observed stiffening. 

The extent of aging-induced changes in mechanical properties 
decreased with increasing CNF content. This suggests that CNF 
incorporation limited the progression of Sh crosslinking during 

Films
Non-treated Aging-treated

△E WI YI △E WI YI

CNF0 9.7±1.7b 87.8±1.6a 11.5±2.5b 17.2±1.0a 81.1±0.8b 23.2±1.7a

CNF20 11.1±3.7b 86.6±3.2a 13.7±5.5b 11.4±2.8b 86.9±2.6a 14.5±4.3b

CNF50 15.7±1.5a 82.7±1.4b 20.8±2.3a 16.7±0.6a 83.1±1.4b 21.9±0.9a

Table 1. Color difference (△E), whiteness index (WI), and yellowness index
(YI) of Sh-CNF composite films with and without aging treatment

Fig. 3. Stress–strain curves (a), tensile strength (b), elongation at break (c), yield stress (d), Young’s modulus (e), and work of break (f) of Sh-CNF 
composite films with and without aging treatment.
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aging. Thus, while CNF addition strengthened and stiffened the 
films by restricting flexibility through network reinforcement, it 
simultaneously reduced the magnitude of property changes induced 
hy Sh aging. 

 

Effects of aging on moisture and oxygen barrier 

properties

The CNF0 film, composed solely of Sh, exhibited a WVP of 
5.7×10–4 g·m/m²·day·kPa. With increasing CNF content, WVP value 
increased markedly, reaching 1.1×10–3 g·m/m2·day·kPa in the 
CNF50 film, nearly double that of CNF0 (Fig. 4a). This trend 
indicates that CNF incorporation reduced the moisture barrier 
capacity of the films. In contrast, OP value decreased significantly 

from 5.7×10–11 to 2.4×10–11 cc·m/m2·day·kPa (a 42% reduction) as 
CNF content increased from 0% to 50% (Fig. 4b), suggesting that 
CNF improved the oxygen barrier performance of the films. 

Gas permeation through nonporous polymer films generally 
involves adsorption at the film surface with higher chemical potential, 
diffusion through the polymer matrix, and desorption at the opposite 
surface with lower chemical potential (Wang et al., 2018; Idris et al., 
2022). In this study, CNF incorporation was shown to reduce film 
thickness, lower moisture content, and enhance mechanical strength. 
These changes can be attributed to the formation of a denser and 
stiffer network with reduced water-induced plasticization, thereby 
hindering gas permeation. In addition, CNF incorporation increased 
the fraction of crystalline regions impermeable to gas, thereby 
enhancing the tortuosity of the diffusion pathway, which further 
restricts gas permeation (Wang et al., 2018; Idris et al., 2022). The 
observed decrease in OP with increasing CNF content can thus be 
explained by these mechanisms. By contrast, the increase in WVP 
may be associated with water vapor transport through capillary 
channels in addition to diffusion. CNF incorporation could enhance 
film surface hydrophilicity, facilitating adsorption of water vapor 
(Wang et al., 2018; Kim et al., 2024). Adsorbed water molecules may 
expand the gaps between CNF fibrils, generating capillary networks 
that enable more rapid water transport (Wang et al., 2018). 

Following aging treatment, WVP decreased by 83%–92% across 
all film types, while OP increased by 1.6-2.2-fold (Fig. 4). The 
reduction in WVP is consistent with crosslinking and rearrangement 
of Sh molecules, together with CNF reorganization, producing denser 
film networks with reduced free volume available for water vapor 
permeation (Luangtana-anan et al., 2007; Soradech et al., 2013). The 
increase in OP after aging was unexpected but may be explained by 
reduced hydrophilicity at the film surface and interior caused by 
molecular rearrangements during aging, which enhanced oxygen 
adsorption and diffusion to a greater extent than the barrier effect by 
free volume reduction. 

Conclusion

This study demonstrated that aging markedly influenced the 
physicochemical, mechanical, and barrier properties of Sh-CNF 
composite films, depending on the blending ratio. Aging reduced 
film thickness, moisture content, and WVP, while enhancing tensile 

Fig. 4. Water vapor permeability (a) and oxygen permeability (b) of 
Sh-CNF composite films with and without aging treatment.
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strength, yield stress, Young’s modulus, and work of break. These 
improvements are attributable to crosslinking of Sh through 
esterification and oxidation, together with CNF rearrangement via 
hydrogen bonding, which collectively produced denser and more 
rigid networks. At the same time, aging had unfavorable effects, 
including accelerated yellowing, reduced flexibility as indicated by 
decreased elongation at break, and diminishing oxygen barrier 
capacity. This study confirms that the properties of Sh-CNF films 
can be tuned not only by adjusting the Sh-to-CNF ratio but also 
through controlled aging. This complementary blending strategy 
between Sh and CNF, two biopolymers with contrasting film- 
forming characteristics, provides a promising approach for the 
design of edible films. Further studies should investigate a broader 
range of aging conditions (temperature, RH, and duration) to more 
precisely elucidate the application potential of Sh-CNF films.  
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