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Abstract 14 

The development of sustainable postharvest technologies is essential for reducing food losses 15 

while minimizing reliance on synthetic packaging materials. In this study, a hyaluronic acid 16 

(HA)-functionalized, cellulose nanofiber (CNF)-stabilized Pickering emulsion edible coating 17 

was formulated using sodium alginate as the film-forming matrix and parsley essential oil as 18 

the bioactive component. Ultrasound was employed as an emulsification aid during 19 

preparation, and the resulting formulations exhibited strong electrostatic stability, with zeta-20 

potential values ranging from −40.13 to −82.87 mV, together with favorable oil-binding 21 
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capacity. HA functionalization promoted uniform droplet dispersion and contributed to the 22 

formation of a compact polymer network. Among the formulations, SA/0.5 HA-PE showed 23 

the highest oil-binding capacity, the lowest water vapor permeability, and the most 24 

homogeneous internal structure. When applied to blueberries stored at 25 °C for 10 days, the 25 

coating reduced weight loss to 8.07–8.42% compared with 13.30% in the control, while also 26 

contributing to firmness retention, physicochemical quality preservation, and inhibition of 27 

fungal deterioration. Correlation and principal component analyses indicated associations 28 

among moisture loss, firmness, and other quality attributes during storage. Overall, the results 29 

demonstrate the potential of the ultrasound-assisted HA-functionalized CNF Pickering 30 

emulsion coating as a bio-based approach for blueberry preservation. However, because a 31 

non-ultrasound control was not included, the specific contribution of ultrasound to the 32 

observed emulsion and coating properties cannot be isolated. 33 

Keywords: Edible coatings; Hyaluronic acid-functionalized cellulose nanofibers; Pickering 34 

emulsions; Sodium alginate; Parsley essential oil; Postharvest blueberry preservation 35 

  Introduction 36 

Fresh fruits are nutrient-dense, with recommended daily intakes of 100–300 g, however, their 37 

high perishability contributes substantially to global food loss, resource inefficiency, and 38 

environmental burdens. Fruits and vegetables account for nearly one-third of global food 39 

waste (Porat et al. 2018; Santos et al. 2020), driven by physiological activity, moisture 40 

depletion, microbial contamination, and oxidative stress (Ali et al. 2025). These losses reduce 41 
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food availability and economic value, underscoring the need for sustainable preservation 42 

strategies that maintain fruit quality while reducing reliance on synthetic packaging. 43 

Blueberries (Vaccinium spp.) are high-value fruits rich in anthocyanins, phenolic acids, 44 

flavonoids, vitamins, and dietary fiber, which contribute to their antioxidant and 45 

health-promoting properties (Ashique et al. 2024; Stull et al. 2024). Despite increasing global 46 

production, their delicate epidermis, high respiration rate, elevated moisture content and non-47 

climacteric nature make them highly susceptible to postharvest deterioration (Ding et al. 48 

2024a; Li et al. 2021). Mechanical injury, dehydration, softening, microbial spoilage, and 49 

oxidative degradation further reduce marketability, particularly under ambient storage. 50 

Conventional preservation methods—including refrigeration, modified-atmosphere 51 

packaging, synthetic fungicides, and plastic-based packaging—remain effective but raise 52 

concerns regarding environmental persistence, energy intensity, and human exposure (Cao et 53 

al. 2025; Jiang et al. 2023; Li et al. 2025). Growing consumer demand for minimally 54 

processed and sustainably packaged foods has accelerated interest in biodegradable, 55 

renewable, and edible preservation systems. 56 

Edible coatings offer a promising alternative because they are biodegradable (Kusuma et al. 57 

2024) and capable of regulating gas exchange (Phuong et al. 2023), reducing moisture loss 58 

(Bibi et al. 2026), and inhibiting oxidation (Takahashi et al. 2024) and microbial deterioration 59 

(Wardak et al. 2024). Their ability to deliver natural bioactives further enhances preservation 60 

efficacy. However, many polysaccharide-based coatings exhibit limited mechanical strength, 61 

modest water-vapor barriers, and poor stability of hydrophobic actives, highlighting the need 62 

for next-generation coating technologies. 63 
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Sodium alginate (SA) is widely used in edible coatings due to its biodegradability, 64 

non-toxicity, film-forming ability, and compatibility with diverse bioactive compounds (Das 65 

et al. 2020; Nkede et al. 2023; Panahi and Mohsenzadeh 2022; Wardak et al. 2024). Despite 66 

its good oxygen-barrier properties, SA is highly hydrophilic and exhibits limited moisture 67 

resistance and mechanical robustness, motivating incorporation of functional polymers and 68 

nanomaterials to reinforce its matrix. 69 

Cellulose nanofibers (CNFs) are renewable nanomaterials with high aspect ratio, mechanical 70 

strength, biodegradability, and abundant surface hydroxyl groups (Wang et al. 2024). Beyond 71 

strengthening polymer matrices, CNFs act as efficient solid-particle stabilizers for Pickering 72 

emulsions (PEs), which rely on irreversible particle adsorption at the oil–water interface 73 

rather than synthetic surfactants (Nkede, et al. 2023a; Wen et al. 2023; Wigati et al. 2023; Wu 74 

et al. 2024). Pickering emulsions enhance resistance to coalescence and provide an effective 75 

platform for encapsulating hydrophobic bioactive compounds, improving their dispersibility, 76 

stability, and functionality. 77 

Parsley essential oil (PEO) contains phenylpropanoids and terpenoids with well-established 78 

antimicrobial and antioxidant activities (Kobasy et al. 2025; Semeniuc et al. 2017; Wong and 79 

Kitts 2006a). However, its practical use is limited by poor solubility, volatility, and oxidation 80 

susceptibility—constraints that can be mitigated through encapsulation within Pickering 81 

emulsions. 82 

Hyaluronic acid (HA), a biocompatible polysaccharide with strong water-binding capacity, 83 

can strengthen interfacial layers, improve steric stabilization, and promote uniform coating 84 

microstructures (Cao et al. 2026; Wang et al. 2023). Although HA has demonstrated 85 
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functional benefits in hydrogel and polysaccharide systems, its role within CNF-stabilized 86 

Pickering emulsions for edible coatings remains unexplored. 87 

Ultrasound processing can facilitate emulsification through cavitation-induced shear and 88 

improved dispersion of the dispersed phase (Cheng et al. 2024; Liu et al. 2025). However, 89 

the magnitude of its contribution depends on processing conditions and requires appropriate 90 

non-ultrasound controls for direct attribution. In the present study, ultrasound was employed 91 

as an emulsification aid during preparation of the HA-functionalized CNF Pickering 92 

emulsion. Therefore, the observed properties should be interpreted as the performance of the 93 

ultrasound-assisted formulation rather than as evidence of an independent ultrasound effect. 94 

To the best of our knowledge, this is the first study to investigate a hyaluronic acid-95 

functionalized, cellulose nanofiber-stabilized Pickering emulsion incorporated into an edible 96 

coating for blueberry preservation using ultrasound-assisted emulsification. The study 97 

therefore focuses on the resulting emulsion, film, and postharvest performance, while 98 

recognizing that the specific contribution of ultrasound cannot be isolated in the absence of 99 

a non-ultrasound control. This gap is particularly critical for highly perishable and non-100 

climacteric fruits such as blueberries, where rapid moisture loss and microbial decay 101 

accelerate waste (Ding et al. 2024a; Li et al. 2021). 102 

Based on this gap, we developed a HA-functionalized CNF Pickering-emulsion edible 103 

coating using sodium alginate as the film-forming matrix and parsley essential oil as the 104 

encapsulated bioactive compound, with ultrasound used as an emulsification aid. Emulsion 105 

characteristics and stability were first examined, followed by evaluation of the coating’s 106 

effectiveness in preserving blueberry quality under ambient storage conditions. We 107 
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hypothesized that HA functionalization would improve interfacial stabilization and oil 108 

retention within the CNF-stabilized Pickering emulsion, thereby contributing to improved 109 

coating barrier properties and blueberry shelf-life performance. Because a non-ultrasound 110 

control was not included, the independent contribution of ultrasound was not hypothesized 111 

or quantified. 112 

2. Materials and Methods  113 

2.1. Materials 114 

Sodium alginate (SA) was obtained from Fujifilm Chemical Industries Ltd. (Tokyo, Japan). 115 

Food-grade glycerol was purchased from Wako Pure Chemical Industries, Ltd. (Osaka, 116 

Japan). Hyaluronic acid (HA) was sourced from Nichiei Co., Ltd. (Nagoya, Japan), and 117 

cellulose nanofibers (CNFs) were supplied by Nippon Paper Industries Co., Ltd. (Japan). 118 

Parsley essential oil (PEO; 100% purity) was acquired from a certified commercial supplier. 119 

Potato dextrose agar (PDA) was obtained from Shimadzu Diagnostics Corporation (Tokyo, 120 

Japan) and used as the culture medium for fungal assays. Botrytis cinerea (NBRC 100717) 121 

was provided by the Biological Resource Center of the National Institute of Technology and 122 

Evaluation (Tokyo, Japan). Fresh blueberries of uniform size, color, and maturity, free from 123 

visible defects, were sourced from a local farmer in Fukuoka, Japan, transported to the 124 

laboratory, and used immediately to ensure consistency in postharvest quality assessments. 125 

2.2. Preparation of HA-functionalized CNF-stabilized PEs 126 

An aqueous CNF dispersion (0.24%, w/v) was prepared by dispersing CNF powder in 127 

distilled water under magnetic stirring (1500 rpm, 20 min) at room temperature, followed by 128 

ultrasonication (40 kHz, 20 min) to ensure complete fibril separation. HA was added to the 129 
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CNF dispersion at 0.2% or 0.5% (w/v) and stirred for 50 min to allow full hydration and 130 

promote HA–CNF interactions, yielding HA-functionalized CNF suspensions. Parsley 131 

essential oil (PEO; 0.1%, v/v) was then incorporated and pre-homogenized (10,000 rpm, 132 

3 min) to form a coarse emulsion. Final emulsification was achieved by ultrasonic treatment 133 

using a 2510J–MTH unit (40 kHz, 100 W, 20 min). An ice bath was used throughout 134 

processing to maintain temperatures below 30 °C and prevent thermal degradation of the 135 

biopolymer matrix. 136 

2.3. Preparation of coating solution and film 137 

A sodium alginate solution (1.25%, w/v) was prepared following a modified version of our 138 

previous protocol (Nkede et al., 2023). SA was dissolved in distilled water under continuous 139 

stirring at 60 °C (430 rpm) using a Heidon Agitator (BL600, Japan) until fully solubilized. 140 

Glycerol (0.35%, v/v) was added as a plasticizer and mixed for an additional 20 min. The 141 

prepared Pickering emulsions (PEs) were then gradually incorporated into the SA solution 142 

under stirring (1500 rpm, 15–20 min) to ensure homogeneous dispersion. Entrapped air was 143 

removed using a vacuum chamber (Yamato ADP 300, Japan) to improve coating uniformity. 144 

For film formation, 25 mL of each coating solution was cast onto leveled polystyrene Petri 145 

dishes (90 mm diameter) and dried at 30 °C for 17 h. The dried films were peeled carefully 146 

and conditioned in a desiccator containing saturated potassium nitrate for 48 h to equilibrate 147 

moisture content prior to characterization. The final formulations consisting of SA/0.2 HA, 148 

SA/0.5 HA, SA/0.2 HA-PE, and SA/0.5 HA-PE—reflected variations in HA concentration 149 

and the presence or absence of Pickering emulsions. 150 

2.4. Characterization of coating and film 151 
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2.4.1. Emulsion stability 152 

Emulsion stability was assessed by transferring each coating formulation into 20 mL glass 153 

vials, sealing them, and storing them at room temperature for 8 days. Photographs were taken 154 

periodically to monitor phase separation, creaming, or sedimentation, providing a visual 155 

evaluation of physical stability within the film-forming system. 156 

2.4.2. Zeta potential  157 

Zeta potential was measured using a Zetasizer Nano ZS3600 (Malvern Instruments Inc., UK) 158 

to evaluate electrostatic interactions and colloidal stability. Measurements were performed in 159 

triplicate at room temperature following (Bibi et al. 2026). 160 

2.4.3. Oil binding capacity (OBC) 161 

OBC was determined using a modified method from (Cao et al. 2026). Film samples (~0.2 g) 162 

were weighed (W₀), immersed in 10 mL olive oil, and incubated at 25 °C for 24 h. Samples 163 

were centrifuged (3000 rpm, 20 min), blotted to remove surface oil, and reweighed (W₁). 164 

OBC was calculated using Eq. (1): 165 

OBC (g/g) = ௐ1−ௐ0W0                                                                               (1) 166 

where W₀ is the initial dry film weight and W₁ is the weight after oil binding. 167 

2.4.4. Confocal Laser Scanning Microscopy (CLSM) 168 

The spatial distribution of PEO within the film matrix was examined using confocal laser 169 

scanning microscopy (CLSM) following Wardak et al. (2025). Film samples (1 × 1 cm) were 170 

stained with Nile Red, mounted on microscope slides, and imaged using a Leica TCS SP8 171 

system (Solms, Germany) equipped with a white-light laser and a 100× objective. 172 
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Fluorescence was recorded at 561 nm excitation and 550–600 nm emission, enabling 173 

visualization of hydrophobic domains and the distribution of PEO within the film 174 

microstructure. 175 

2.4.5. Antifungal assay 176 

Antifungal activity against Botrytis cinerea was evaluated using an in vitro assay adapted 177 

from Nkede et al. (2024). Potato dextrose agar (PDA) was prepared, autoclaved, and poured 178 

into sterile Petri dishes (20 mL per plate). B. cinerea was pre-cultured on PDA at 25 °C for 179 

4 days to obtain actively growing mycelia. For testing, 10 mL molten PDA was mixed with 180 

10 mL of each coating formulation, vortexed at 3000 rpm for 30 s, poured into sterile plates, 181 

and allowed to solidify. A 5 mm mycelial plug from the active culture was placed at the center 182 

of each plate. PDA mixed with sterile distilled water served as the negative control. Plates 183 

were incubated at 25 °C for 4 days, and mycelial growth was quantified by measuring colony 184 

diameter using ImageJ in triplicate. 185 

2.4.6. Film Thickness 186 

Film thickness was measured using a digital micrometer (Mitutoyo, Japan). Five random 187 

points were selected per film, and the mean value was recorded. Measurements were 188 

performed in quadruplicate following the protocol of Meng et al. (2024) 189 

2.4.7. Color 190 

Film color was evaluated using a CR-400 colorimeter (Konica Minolta, Japan). 191 

Measurements were taken at five random positions in quadruplicate and expressed in 192 

CIELAB coordinates (L, a, b*). Total color difference (ΔE) was calculated according to 193 

Eq. (2), following the protocol of  Nkede et al. (2024). 194 
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ΔE = [(Lcalibrated - Lsample)2
 + (acalibrated - asample)2

 + (bcalibrated-bsample)2]1/2
             (2) 195 

2.4.8. Scanning Electron Microscopy (SEM)  196 

Surface and cross-sectional microstructures were examined using a scanning electron 197 

microscope (SU3500, Hitachi, Japan) following the method of Wardak et al. (2025). Film 198 

samples were mounted on aluminum stubs and sputter-coated with a thin conductive layer 199 

using an HPC-1SW osmium coater (Vacuum Device, Ibaraki, Japan). Micrographs were 200 

captured at an accelerating voltage of 12 kV to visualize structural features, interfacial 201 

organization, and coating uniformity. 202 

2.4.9. Fourier transform infrared spectroscopy (FTIR) 203 

FTIR spectra were recorded using an FT/IR-4700 spectrometer (Jasco, Japan) equipped with 204 

an ATR accessory. Spectra were collected over 4000–500 cm⁻¹ following the protocol of Bibi 205 

et al. (2026). This analysis was used to identify functional groups and evaluate potential 206 

interactions among film components, providing insight into structural modifications within 207 

the biopolymer matrix. 208 

2.4.10. Light barrier and opacity 209 

Light transmittance was evaluated using a UV–Vis spectrophotometer (V730, Jasco, Tokyo, 210 

Japan) across 200–800 nm. Film samples were placed directly on the cuvette surface, and 211 

measurements were performed in triplicate. Opacity was calculated using absorbance at 212 

600 nm and film thickness (Mitutoyo micrometer), following the method of Wardana et al. 213 

(2024). This analysis quantified the films’ ability to block or attenuate light, an important 214 

functional attribute for active packaging materials. 215 
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Opacity = A600Film thickness (mm)              (3) 216 

2.4.11. Mechanical properties 217 

Tensile strength (TS) and elongation at break (EAB) were measured using a universal testing 218 

machine (FGS-50EL, Nidec Shimpo Co., Japan). Film strips (5 × 1 cm²) were tested in seven 219 

replicates following the procedure in Nkede et al. (2024). TS and EAB were calculated using 220 

Eqs. (4) and (5): 221 

TS = Force at breakFilm thickness ×Width of film                                                                                 (4) 222 

EAB (%) = Final length of gap−Initial length of gapInitial length of gap  × 100                                             (5)  223 

2.4.12. Water vapor permeability (WVP) 224 

WVP was measured following the method of Meng et al. (2026) with slight modifications. 225 

Permeability cups (8 cm diameter, 1 cm height) containing 5 g anhydrous calcium chloride 226 

were sealed with film samples and weighed. Cups (surface area: 0.0028 m²) were placed in a 227 

controlled humidity chamber at 20 °C and 70% RH (ΔP = 3169 Pa). Weight gain was 228 

recorded every 2 h for 10 h, and WVP was calculated using Eq. (6). Measurements were 229 

performed in quadruplicate. 230 

WVP = Slope Film permeation area ×Water vapor pressure difference  ×  Film thickness (m)            (6) 231 

2.4.13. Water contact angle 232 

Surface wettability was evaluated using a Smart Contact Mobile Entry 2 analyzer (Exima 233 

Yokohama Lab Co., Ltd., Japan) following the protocol of Meng et al. (2025). A distilled 234 
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water droplet (~5 µL) was deposited on the film surface, and images were captured for 235 

analysis. Measurements were performed in triplicate to assess hydrophilic–hydrophobic 236 

balance within the film matrix. 237 

2.4.14. Moisture content 238 

Moisture content was determined using a modified method from Takahashi et al. (2024). 239 

Pre-dried aluminum pans were weighed, film samples (2 × 2 cm²) were added, and the pans 240 

were dried at 105 °C for 24 h. MC was calculated using Eq. (7). Measurements were 241 

performed in quadruplicate. 242 

MC (%) = Weight of films before drying−Weight of films after dryingWeight of films before drying −Weight of pan after drying × 100      (7) 243 

2.4.15. Thermogravimetric analysis (TGA) 244 

Thermal stability was assessed using a TG/DTA7300 analyzer (Japan). Film samples 245 

(~3.8 mg) were heated from 30 to 500 °C at 20 °C min⁻¹ under a nitrogen purge 246 

(300 mL min⁻¹), following the method from Nkede et al. (2024). Thermograms were used to 247 

evaluate degradation behavior and compositional transitions within the biopolymer matrix. 248 

2.5. Application of edible coatings on blueberries 249 

Blueberries were washed using distilled water, air-dried, and immersed in each coating 250 

formulation for 1 min, drained, and air-dried again before storage. Control fruits were treated 251 

with deionized water (Li et al. 2021). All samples were stored at 25 °C and 65% RH for 252 

10 days to simulate commercial conditions, with quality parameters evaluated every 2 days. 253 

Visual assessments were conducted at each interval to monitor shriveling, color changes, and 254 

decay incidence. 255 
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2.6. Quality evaluation of stored blueberries 256 

2.6.1. Weight loss 257 

Weight loss was monitored throughout storage by recording fruit weight at each evaluation 258 

interval. Weight loss (%) was calculated using Eq. (8). This parameter reflected moisture loss 259 

and physiological deterioration. 260 

WL (%) = Weight before storage − Weight during storage Weight before storage × 100    (8) 261 

2.6.2. Surface color  262 

Surface color was measured using a CR-20 colorimeter (Konica Minolta, Japan). CIE L*, a*, 263 

and b* values were recorded at two equatorial positions per fruit, with three replicates per 264 

treatment, to assess color retention during storage. 265 

2.6.3. Firmness 266 

Firmness was measured using a creep meter (Rheoner II RE3 3305C, Yamaden Ltd., Japan) 267 

with a 4 mm probe, 30% deformation rate, 1 mm s⁻¹ penetration speed, and 0.05 s data 268 

interval. Firmness was expressed as the force (N) required to penetrate the tissue. Three 269 

replicates per treatment were analyzed. 270 

2.6.4. pH and Total soluble solids  271 

Blueberry juice was prepared by homogenizing 1 g of fruit with 9 g distilled water and 272 

filtering through Whatman paper. A 400 µL aliquot was used for pH measurement 273 

(LAQUAtwin pH 22, Japan), and another 400 µL aliquot was analyzed using a digital 274 

refractometer (Atago, Japan) to determine total soluble solids (TSS, %). These parameters 275 

were used to track changes in sweetness and acidity associated with postharvest metabolism. 276 
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2.7. Statistical analysis 277 

A completely randomized design (CRD) was used for all experiments. Treatment effects were 278 

analyzed using ANOVA, and significant differences were identified using Fisher’s least 279 

significant difference (LSD) test at p < 0.05. All statistical analyses were performed in 280 

MINITAB (version 22), and results are expressed as mean ± standard deviation. Principal 281 

component analysis (PCA) was conducted using weight loss, color parameters, firmness, pH, 282 

and TSS to visualize multivariate patterns and treatment clustering. Pearson’s correlation 283 

analysis was used to determine correlation coefficients (r) among blueberry quality attributes, 284 

providing insight into interrelationships among key postharvest indicators. 285 

3. Results and discussion 286 

3.1. Emulsion stability, zeta potential and oil binding capacity  287 

The physical stability of the ultrasound-assisted SA/HA/CNF Pickering emulsions (PEs) was 288 

monitored for 8 days (Fig. 1A). All formulations maintained a uniform milky appearance 289 

without phase separation, oiling off, or creaming, indicating good physical stability (Nkede 290 

et al. 2024). Because all formulations contained HA, the present experimental design does 291 

not permit the independent contribution of HA to emulsion stability to be determined. 292 

Nevertheless, the formulation containing 0.5% HA showed a slight improvement in stability 293 

relative to the 0.2% HA formulation, which may be associated with differences in the 294 

hydrated polymeric environment and continuous-phase viscosity. The improved stability 295 

observed at the higher HA concentration may be related to the combined interfacial and bulk 296 

effects of HA within the CNF-stabilized system. HA contains abundant hydrophilic groups 297 

that can associate strongly with water and may increase hydration of the interfacial region 298 
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(Wang et al. 2026). Hydrated HA chains may also provide steric protection around the 299 

droplets and modify the viscosity of the continuous phase, potentially reducing droplet 300 

mobility and collision frequency. Together with CNF adsorption at the oil–water interface, 301 

these effects may contribute to the physical stability observed in the HA-containing 302 

formulations.  303 

The zeta-potential values ranged from −40.13 to −82.87 mV, indicating substantial 304 

electrostatic repulsion among the dispersed droplets. The relatively high absolute values may 305 

have contributed to the observed physical stability of the emulsions. The more negative zeta-306 

potential values further suggest that electrostatic repulsion may have contributed to limiting 307 

close approach between droplets. Because formulations without HA were not included and 308 

interfacial rheology and droplet-size measurements were not performed, these interpretations 309 

should be considered mechanistic possibilities rather than direct evidence of the independent 310 

stabilizing role of HA. Consistent with these findings, previous studies have reported 311 

decreased zeta potential upon essential oil incorporation into coating systems (Bibi et al. 312 

2026a). The ultrasound treatment used during emulsification may have contributed to 313 

efficient dispersion of the oil phase by generating cavitation-associated shear and promoting 314 

interactions among the oil droplets and CNF-based stabilizing phase (Liu et al. 2025). Such 315 

processing could facilitate the formation of smaller or more uniformly distributed droplets 316 

and improve contact between the dispersed phase and interfacial stabilizers (Cheng et al. 317 

2024). However, the present experimental design does not allow the specific contribution of 318 

ultrasound to be separated from the effects of CNF and HA functionalization because a 319 

corresponding non-ultrasound control was not included. Therefore, the observed stability 320 
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should be interpreted as a property of the ultrasound-assisted HA-functionalized CNF 321 

Pickering emulsion rather than as direct evidence of ultrasound-induced enhancement. The 322 

improved stability observed with increasing HA concentration may be related to the 323 

combined interfacial and bulk effects of HA within the CNF-stabilized system. HA contains 324 

abundant hydrophilic groups that can strongly associate with water and may increase the 325 

hydration of the interfacial region (Cao et al. 2026). In addition, the hydrated HA chains may 326 

provide steric protection around the droplets and increase the viscosity of the continuous 327 

phase, thereby reducing droplet mobility and the probability of collision and coalescence. 328 

Together with the interfacial adsorption of CNF, these effects may contribute to the greater 329 

physical stability observed for the HA-containing formulations. The more negative zeta-330 

potential values further suggest that electrostatic repulsion may have contributed to limiting 331 

close approach between droplets. Because interfacial rheology and droplet-size 332 

measurements were not performed, however, these mechanisms remain interpretative rather 333 

than directly demonstrated. 334 

The oil-binding capacity ranged from 1.25 to 1.95 g/g, with SA/0.5 HA-PE showing the 335 

highest value (Fig. 1C). The greater oil retention observed at the higher HA concentration 336 

may be associated with increased hydration and viscosity of the polymeric continuous phase 337 

and improved physical entrapment of the dispersed oil phase (Guo et al. 2022). The presence 338 

of PE droplets may further strengthen interactions between the oil phase and the polymer 339 

matrix, increasing the films’ affinity for oil retention (Ma et al. 2023). Similar enhancements 340 

have been reported in HA-based films containing oleogels (Cao et al. 2026). 341 
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 342 

3.1.1. Visual Appearance and color properties of the prepared films 343 

All film formulations (SA/0.2 HA, SA/0.5 HA, SA/0.2 HA-PE, and SA/0.5 HA-PE) 344 

produced continuous, smooth, and transparent films without cracks, pores, or visible phase 345 

separation. The underlying image remained clearly visible through each film (Fig. 2), 346 

consistent with their high L* values (>95) and low ΔE values (Table 1). Incorporation of the 347 

PEO-PE did not affect film clarity, and no droplet aggregation was observed, indicating good 348 

dispersion of the emulsion within the SA–HA matrix. The uniform appearance of 349 

PE-containing films reflects strong compatibility among SA, HA, CNF, and PEO, aligning 350 

with FTIR results showing only minor spectral shifts associated with intermolecular 351 

interactions. Overall, both HA and the Pickering emulsion were successfully integrated into 352 

the polymer network without compromising visual quality—an essential requirement for 353 

edible coatings and food-packaging applications. 354 

Fig. 1. Emulsion stability (A), zeta potential (B), and oil binding capacity (C) of coating samples. 
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     355 

Color measurements supported the visual observations. All films showed high lightness, with 356 

L* values of 95.82–96.52 (Table 1), indicating bright, uniform surfaces. Although L* 357 

differences were statistically significant (p < 0.05), the small variation suggests that neither 358 

HA concentration nor PE incorporation meaningfully affected brightness. The a* values 359 

(0.24–0.28) did not differ significantly (p > 0.05), confirming similar red–green 360 

characteristics across formulations. In contrast, b* values varied significantly (p < 0.05). 361 

Films containing the PE exhibited higher yellowness (6.23–6.27) than SA/HA films (5.50), 362 

likely due to natural pigments and volatile constituents in parsley essential oil (Wong and 363 

Kitts 2006b). Total color difference (ΔE) values ranged from 2.72 to 3.01, with SA/0.5 HA-364 

PE showing the highest ΔE (p < 0.05). Comparable increases in ΔE have been reported when 365 

essential oils or Pickering emulsions are incorporated into polymer matrices (Montes-366 

Ramírez et al. 2024; Nkede et al. 2023a). Despite these differences, all ΔE values remained 367 

low, indicating that the films maintained acceptable transparency and visual quality (Fig. 2). 368 

Film opacity increased from 2.77 ± 0.08 in SA/0.2 HA to 3.56 ± 0.03 in SA/0.5 HA-PE 369 

(Table 1), with emulsified films consistently showing higher opacity than non-emulsified 370 

ones. Both higher HA concentration and PE incorporation contributed to this increase, 371 

although the emulsion effect was more pronounced. This trend aligns with observations in 372 

Fig. 2. Appearance of SA/0.2 HA, SA/0.5 HA, SA/0.2 HA-PE, and SA/0.5 HA-PE films. 
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cellulose-nanofiber-stabilized lemongrass oil Pickering films, where emulsion addition 373 

significantly enhanced opacity (Nkede et al. 2023b). The increase is primarily attributed to 374 

light scattering by dispersed oil droplets and interfacial stabilizers (Wardana et al. 2021).  375 

 Table 1. Color properties and opacity of the film samples. 376 

Parameters    SA/0.2 HA  SA/0.5 HA   SA/0.2 HA-PE SA/0.5 HA-PE 

L* 96.05 ± 0.55
ab

 96.52 ± 0.34
a
 95.82 ± 0.29

b
  96.23 ± 0.33

ab
 

a
*
 0.25 ± 0.035

a
 0.24 ± 0.07

a
  0.28 ± 0.02

a
   0.27 ± 0.03

a
 

b* 6.00 ± 0.16
a
 5.50 ± 0.44

b
  6.23 ± 0.19

a
   6.27 ± 0.15

a
 

ΔE 2.72 ± 0.24
b
 2.74 ± 0.07

b
  2.74 ± 0.08

b
   3.01 ± 0.13

a
 

Opacity 2.77 ± 0.08
c
 3.00 ± 0.16

bc
  3.31 ± 0.44

ab
 3.56 ± 0.03

a
 

Means with different letters (a, b, c) on the same row indicate significant differences (p < 0.05)            377 

according to Fisher’s LSD test. 378 

3.1.2. Thickness, MC, WVP, WCA, and mechanical properties of the film samples 379 

Film thickness ranged from 0.042 to 0.061 mm and differed significantly among formulations 380 

(p < 0.05). SA/0.2 HA produced the thinnest films, whereas SA/0.5 HA-PE was the thickest 381 

(Table 2). Increasing HA concentration from 0.2% to 0.5% led to thicker films, likely due to 382 

the higher solid content and viscosity of the film-forming solution—an effect commonly 383 

reported for polysaccharide systems (Sgorla et al. 2016a). Incorporation of the PEO-PEs 384 

further increased thickness, as dispersed oil droplets contributed internal volume and 385 

promoted a more structured polymer network (Shen et al. 2021; Xu et al. 2020). The 386 

pronounced increase in SA/0.5 HA PE suggests a synergistic effect between higher HA 387 

content and emulsion addition. These structural changes align with FTIR observations 388 

(Fig. 4), where shifts in the O–H stretching region indicated strengthened intermolecular 389 

interactions that likely enhanced network cohesion and solid retention during drying. 390 
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Moisture content (MC) ranged from 10.17% to 12.93% (Table 1), with no significant 391 

differences among formulations (p > 0.05). Films containing 0.5% HA showed slightly 392 

higher MC than those with 0.2% HA, consistent with HA’s strong water-binding capacity and 393 

abundance of hydrophilic functional groups (Sgorla et al. 2016). Incorporation of the PEO 394 

Pickering emulsion did not significantly alter MC, indicating that the hydrophobic oil phase 395 

did not disrupt the moisture-retention behavior of the SA–HA matrix. The similar MC values 396 

across all formulations suggest stable interactions between the hydrophilic polymer network 397 

and dispersed emulsion droplets. This stability aligns with FTIR observations showing 398 

predominantly physical interactions and good compatibility among sodium alginate, 399 

hyaluronic acid, and the Pickering emulsion components. 400 

Water vapor permeability (WVP) is a key barrier property for fruit packaging, as low 401 

permeability limits moisture transfer between produce and its environment. In this study, 402 

WVP differed significantly among formulations (p < 0.05), ranging from 7.14 × 10⁻⁴ to 403 

8.86 × 10⁻⁴ g·m/m²·h·Pa (Table 2). The SA/0.5 HA film showed the highest WVP 404 

(8.86 × 10⁻⁴ g·m/m²·h·Pa), whereas SA/0.5 HA-PE exhibited the lowest 405 

(7.14 × 10⁻⁴ g·m/m²·h·Pa). Increasing HA concentration from 0.2% to 0.5% (without 406 

emulsions) increased WVP, consistent with HA’s strong hydrophilicity and abundance of 407 

hydroxyl and carboxyl groups that readily bind water molecules (Sgorla et al. 2016). This 408 

trend corresponds with the lower water contact angles observed for more hydrophilic films, 409 

reflecting greater availability of polar groups for water adsorption and diffusion. 410 

Incorporation of the PEO Pickering emulsion altered the barrier behavior. Although the 411 

SA/0.2 HA-PE film still exhibited a relatively high WVP (8.63 × 10⁻⁴ g·m/m²·h·Pa), the 412 
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SA/0.5 HA-PE film showed a marked reduction compared with all other formulations. This 413 

trend aligns with the lower water contact angles observed for more hydrophilic films, 414 

indicating greater availability of polar groups for water adsorption and diffusion. 415 

Incorporation of the PEO Pickering emulsion modified the barrier behavior. This 416 

improvement likely reflects the combined effects of the hydrophobic essential-oil phase, 417 

increased film thickness, and enhanced intermolecular interactions among SA, HA, and 418 

emulsion droplets, as supported by FTIR observations (Fig. 4). The dispersed oil droplets, 419 

together with higher HA content, likely introduced a more tortuous diffusion pathway that 420 

restricted moisture transfer through the film et al. 2023a; Wigati et al. 2023). 421 

Water contact angle (WCA) values ranged from 43.91° to 73.14° and were significantly 422 

affected by film composition (p < 0.05). The SA/0.2 HA film showed the lowest WCA, 423 

indicating a highly hydrophilic surface. Increasing HA concentration to 0.5% raised WCA to 424 

65.55° (Table 2; Supplementary Fig. S1), reflecting reduced wettability. Incorporation of the 425 

PE further increased hydrophobicity, with SA/0.2 HA-PE exhibiting the highest WCA 426 

(73.14°), consistent with the presence of hydrophobic essential-oil droplets that limit 427 

surface-exposed polar groups—a trend also observed in polysaccharide films containing lipid 428 

phases (Wigati et al. 2023). Interestingly, SA/0.5 HA-PE displayed a lower WCA (57.88°) 429 

than SA/0.2 HA-PE. This reduction likely reflects the higher proportion of hydrophilic 430 

hydroxyl and carboxyl groups contributed by HA, which interact readily with water (Al-431 

Hilifi et al. 2024). Overall, surface wettability appears governed by the balance between 432 

hydrophobic essential-oil domains and hydrophilic polysaccharide components. Improved 433 

moisture-barrier performance has practical implications beyond material functionality. 434 
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Reduced water vapor transmission slows dehydration, thereby decreasing food losses during 435 

storage and distribution. From a cleaner-production perspective, extending product shelf life 436 

contributes to lower resource consumption across the food supply chain by reducing the 437 

frequency of product replacement and minimizing waste generation. 438 

Biopolymer films used in food packaging require adequate tensile strength (TS) and 439 

flexibility to withstand handling and storage (Mai et al. 2025). The TS and elongation at 440 

break (EAB) values of sodium alginate–hyaluronic acid (SA–HA) films containing parsley 441 

essential oil Pickering emulsions are shown in Table 2. Film composition significantly 442 

affected TS (p < 0.05), whereas EAB did not vary among formulations (p > 0.05). TS ranged 443 

from 95.50 to 136.56 MPa, with SA/0.5 HA exhibiting the highest strength (136.56 MPa), 444 

significantly greater than SA/0.2 HA (102.73 MPa) and SA/0.2 HA-PE (95.50 MPa). The TS 445 

enhancement at higher HA levels reflects matrix reinforcement through intensified 446 

intermolecular interactions. HA’s hydroxyl and carboxyl groups promote hydrogen bonding 447 

with alginate, strengthening chain cohesion (Liu et al. 2013; Mai et al. 2025), consistent with 448 

FTIR shifts in the O–H region. Similar HA-induced reinforcement has been reported in 449 

carboxymethyl cellulose films (Kim et al. 2020). Incorporating the parsley essential oil 450 

Pickering emulsion slightly reduced TS, likely because dispersed oil droplets act as structural 451 

discontinuities that interrupt polymer–polymer interactions (Nkede, Wardak, Wardana, et al. 452 

2024b). TS decreased from 136.56 to 116.72 MPa in SA/0.5 HA-PE and from 102.73 to 453 

95.50 MPa in SA/0.2 HA-PE, a trend comparable to essential-oil-loaded HA films (El-Aassar 454 

et al. 2021). Nevertheless, SA/0.5 HA-PE retained relatively high strength, indicating that 455 

the reinforcing effect of higher HA content partly compensated for emulsion-induced 456 
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weakening. The homogeneous film appearance (Fig. 2) suggests uniform emulsion 457 

dispersion, minimizing structural defects. EAB values (4.35–6.04%) showed no significant 458 

differences (p > 0.05). Although emulsified films displayed slight numerical increases in 459 

EAB, these changes were not statistically meaningful, indicating that neither HA 460 

concentration nor emulsion incorporation substantially affected flexibility. The combination 461 

of maintained EAB and relatively high TS demonstrates a favorable balance between strength 462 

and extensibility, suitable for edible coating applications. Overall, increasing HA 463 

concentration effectively reinforced the SA matrix through enhanced intermolecular 464 

interactions, while the ultrasound-engineered Pickering emulsion was incorporated without 465 

compromising film flexibility. 466 

Table 2. Thickness, water contact angle (WCA), water vapor permeability (WVP), moisture content 467 

(MC), tensile strength (TS), and elongation at break (EAB) of the film samples. 468 

Parameters SA/0.2 HA SA/0.5 HA SA/0.2 HA-PE SA/0.5 HA-PE 

Thickness (mm) 0.042 ± 0.002
c
 0.053 ± 0.004

b
 0.055 ± 0.001

b
 0.061 ± 0.005

a
 

WCA 43.91 ± 6.00
c
 65.55 ± 5.47

ab
 73.14 ± 13.79

a
 57.88 ± 0.73

bc
 

WVP (× 10⁻4 

g·m/m²·h·Pa) 
7.75 ± 0.47

bc
 8.86 ± 0.96

a
 8.63 ± 0.33

ab
 7.14 ± 0.42

c
 

MC (%) 10.55 ± 0.56
a
 12.93 ± 1.20

a
 12.61 ± 1.13

a
 10.17 ± 2.44

a
 

TS (MPa) 102.73 ± 22.16
b
 136.56 ± 14.60

a
 95.50 ± 27.39

b
 116.72 ± 18.96

ab
 

EAB (%) 5.41 ± 2.33
a
 4.35 ± 1.25

a
 6.04 ± 1.57

a
 5.97 ± 1.07

a
 

Means with different letters (a, b, c) on the same row indicate significant differences (p < 0.05) 469 

according to Fisher’s LSD test. 470 

3.1.3. Confocal Laser Scanning Microscopy (CLSM) 471 

Confocal laser scanning microscopy (CLSM) was used to visualize the distribution of parsley 472 

essential-oil Pickering emulsion droplets within the SA–HA films, with Nile Red labeling 473 

the oil phase (Fig. 3). The 2D images showed uniformly dispersed droplets in both 474 
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SA/0.2 HA-PE and SA/0.5 HA-PE films, with no aggregation or phase separation. The 3D 475 

reconstructions confirmed homogeneous embedding of CNF–HA-stabilized droplets, 476 

demonstrating successful incorporation of the Pickering emulsion (J. Zhang et al. 2026). This 477 

uniformity aligns with expected molecular interactions—such as entrapment and hydrogen 478 

bonding between polysaccharides and essential-oil components (Xu et al. 2019). Compared 479 

with SA/0.2 HA-PE, the SA/0.5 HA-PE film exhibited a more homogeneous distribution. 480 

The more homogeneous fluorescence distribution observed for SA/0.5 HA-PE may be 481 

associated with improved stabilization of the dispersed oil phase within the HA–CNF–SA 482 

matrix (Wang et al. 2026). CNF can adsorb at the oil–water interface and form a physical 483 

barrier around droplets, while hydrated HA chains may provide additional steric stabilization 484 

and modify the local viscosity of the continuous phase. These combined effects could reduce 485 

droplet aggregation during incorporation into the alginate matrix and contribute to the more 486 

uniform microstructure observed by CLSM. Nevertheless, direct droplet-size and interfacial-487 

rheology measurements would be required to verify this proposed mechanism. 488 
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 489 

 490 

 491 

 492 

3.1.4. Scanning Electron Microscopy (SEM)  493 

SEM micrographs of SA/0.2 HA, SA/0.5 HA, SA/0.2 HA-PE, and SA/0.5 HA-PE films 494 

(Fig. 4) revealed continuous, compact structures across all formulations, with no cracks, 495 

pores, or phase separation. This uniform morphology indicates strong compatibility among 496 

sodium alginate, hyaluronic acid, and the Pickering-emulsion components. Control films 497 

displayed smooth, homogeneous surfaces, whereas PE-containing films showed slightly 498 

rougher textures attributable to dispersed parsley essential-oil droplets. Importantly, no 499 

droplet aggregation or oil leakage was observed, confirming effective dispersion of the CNF–500 

Fig. 3. Confocal laser scanning microscopy (CLSM) 2D and 3D images of 
SA/0.2 HA-PE and SA/0.5 HA-PE films stained with Nile Red, showing the 
distribution of parsley essential oil Pickering emulsion droplets within the 
sodium alginate–hyaluronic acid matrix. 
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HA-stabilized emulsion within the polymer matrix. These observations align with Liu et al. 501 

(2026), who reported that hyaluronic acid promotes dense, continuous matrices without 502 

phase separation when essential oils are incorporated. Cross-sectional images further 503 

confirmed compact internal structures, with SA/0.5 HA-PE exhibiting a denser and thicker 504 

morphology—consistent with its higher measured thickness and lower water-vapor 505 

permeability. The compact morphology observed for the PE-containing films may reflect the 506 

combined contribution of the alginate–HA polymer network and the dispersed Pickering-507 

emulsion phase. The absence of large pores, cracks, or obvious phase separation suggests 508 

good physical compatibility among the coating components. The denser appearance of 509 

SA/0.5 HA-PE is also consistent with the higher HA concentration and greater oil-binding 510 

capacity observed for this formulation. 511 

 512 

 513 

3.1.5. Fourier Transform Infrared Spectroscopy (FTIR)  514 

FTIR spectra of SA/0.2 HA, SA/0.5 HA, SA/0.2 HA-PE, and SA/0.5 HA-PE films (Fig. 5) 515 

showed the characteristic bands of the sodium alginate–hyaluronic acid matrix, indicating 516 

that neither HA nor the parsley essential-oil Pickering emulsion introduced new functional 517 

Fig. 4. Surface and cross-sectional scanning electron microscopy (SEM) 
micrographs of SA/0.2 HA, SA/0.5 HA, SA/0.2 HA-PE, and SA/0.5 HA-PE films. 
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groups or altered the polymer backbone. Instead, the spectra reflected noncovalent 518 

interactions among components. The broad O–H stretching band at 3261–3288 cm⁻¹ 519 

corresponded to hydroxyl groups in SA, HA, glycerol, and bound water (Nkede et al. 2024b; 520 

Wardak et al. 2024; Zhou et al. 2024). Increasing HA concentration shifted this band to higher 521 

wavenumbers, suggesting strengthened hydrogen bonding within the polymer network. After 522 

PE incorporation, slight shifts to lower wavenumbers indicated enhanced hydrogen bonding 523 

between polysaccharide chains and emulsion droplets (Wang et al. 2024). Symmetric and 524 

asymmetric C–H stretching vibrations (2875–2885 cm⁻¹; 2929–2937 cm⁻¹) appeared in all 525 

films, with small upward shifts reflecting subtle changes in aliphatic group environments due 526 

to modified chain packing (Al-Hilifi et al. 2024; Sgorla et al. 2016). The asymmetric COO⁻ 527 

stretching band at 1598.70 cm⁻¹ shifted slightly after PE incorporation (1600.63 and 528 

1594.84 cm⁻¹), indicating weak hydrogen bonding or electrostatic interactions between 529 

carboxyl groups and emulsion droplets (Liu et al. 2025). Minor shifts in the C–O–C/C–OH 530 

region (1403–1408 cm⁻¹) further reflected changes in chain organization (Liu et al. 2026; 531 

Nkede et al. 2023; Zhou et al. 2024). Overall, the absence of new absorption bands and the 532 

presence of relatively small peak shifts are consistent with physical incorporation of the 533 

Pickering emulsion and predominantly noncovalent interactions within the composite matrix. 534 

Hydrogen bonding and electrostatic interactions may contribute to the observed changes in 535 

the spectral positions of characteristic functional groups, while physical entrapment may 536 

facilitate retention of the emulsion droplets within the SA–HA network ( Zhang et al. 2024).  537 
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 538 

 539 

3.1.6. UV–visible light transmittance 540 

The UV–visible transmittance spectra of SA/0.2 HA, SA/0.5 HA, SA/0.2 HA-PE, and 541 

SA/0.5 HA-PE films (Fig. 6) showed that all formulations almost completely blocked UVC 542 

radiation (200–280 nm), reflecting the strong intrinsic UV-absorbing capacity of the 543 

polysaccharide matrix. Transmittance increased in the UVB (280–320 nm) and UVA (320–544 

400 nm) regions and remained stable across the visible range (400–800 nm), where values of 545 

~55–75% indicated good transparency—consistent with visual observations (Fig. 2). This 546 

level of visible-light transmittance is desirable for edible coatings and packaging, where 547 

product visibility is important. Incorporation of the parsley essential-oil Pickering emulsion 548 

reduced transmittance, particularly in the UVA and visible regions. This reduction likely 549 

resulted from increased light scattering by dispersed emulsion droplets and 550 

Fig. 5. FTIR spectra of SA/0.2% HA, SA/0.5% HA, SA/0.2% HA-PE, and SA/0.5% HA-PE films. 
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absorption/scattering by phenolic and terpenoid compounds naturally present in parsley 551 

essential oil. The lower transmittance of SA/0.5 HA-PE suggests that the combined effects 552 

of higher HA concentration and PE incorporation enhanced light-barrier performance. 553 

Overall, the results indicate that adding the Pickering emulsion improved UV shielding while 554 

maintaining adequate transparency for active edible-coating applications. Similar 555 

enhancements in UV-blocking performance have been reported for films containing 556 

Pickering emulsions (Nkede et al. 2023a; Zhang et al. 2024) 557 

 558 

 559 

 560 

3.1.7. Antifungal Activity 561 

The antifungal activity of the coating formulations against Botrytis cinerea (Fig. 7) showed 562 

that all coatings inhibited fungal growth relative to the control, with the strongest effects 563 

observed in formulations containing the parsley essential-oil Pickering emulsion. After 564 

2 days of incubation, both SA/0.2 HA-PE and SA/0.5 HA-PE significantly reduced mycelial 565 

Fig. 6. UV-visible transmittance spectra of the SA/0.2% HA, SA/0.5% HA, SA/0.2% HA-PE, 
and SA/0.5% HA-PE films. 
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expansion compared with the other treatments (p < 0.05). Although colony size increased 566 

after 4 days, the Pickering-emulsion coatings consistently maintained smaller diameters than 567 

the control and the corresponding non-emulsified coatings. Among all formulations, 568 

SA/0.5 HA-PE exhibited the most pronounced antifungal activity throughout the incubation 569 

period. The stronger inhibition observed for the PE-containing coatings is likely associated 570 

with the bioactive constituents of parsley essential oil, which have been reported to interfere 571 

with fungal membrane integrity and cellular metabolism. Incorporation of the oil into the 572 

CNF–HA Pickering emulsion may have improved its dispersion within the coating matrix 573 

and potentially influenced the availability of its active constituents at the film–environment 574 

interface (Staropoli et al. 2021; Živković et al. 2026). The higher oil-binding capacity and 575 

compact microstructure observed for the PE-containing films are consistent with this 576 

interpretation.  577 

 578 
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 579 

 580 

3.1.8. Thermogravimetric Analysis (TGA) 581 

The thermal stability of the sodium alginate–hyaluronic acid composite films was evaluated 582 

using thermogravimetric analysis (Fig. 8). All formulations exhibited the characteristic 583 

multi-stage thermal degradation behavior typical of polysaccharide-based materials. The first 584 

degradation stage occurred between approximately 35 and 201 °C and corresponded to the 585 

evaporation of free and bound water as well as low-molecular-weight volatile compounds 586 

(Abbaszadeh et al. 2025; Alemdar 2016; Wardak et al. 2024). Weight loss during this stage 587 

ranged from 17.3% to 21.1%, with the SA/0.5 HA-PE film showing the highest initial mass 588 

loss. The major degradation stage occurred between roughly 180 and 346 °C and was 589 

attributed to decomposition of the sodium alginate–hyaluronic acid polymer network through 590 

cleavage of glycosidic linkages and breakdown of the polysaccharide backbone (Abbaszadeh 591 

et al. 2025). The SA/0.5 HA and SA/0.2 HA-PE films exhibited a distinct second degradation 592 

event, whereas this stage overlapped with the final degradation phase in SA/0.2 HA and 593 

SA/0.5 HA-PE, resulting in a two-stage degradation profile. The final degradation stage 594 

Fig. 7. Antifungal activity of sodium alginate–hyaluronic acid coatings with 
and without parsley essential oil Pickering emulsion against Botrytis cinerea. 
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extended to approximately 492 °C and was associated with decomposition of the remaining 595 

carbonaceous residues (Nkede et al. 2024b). Despite minor differences in degradation 596 

patterns among the formulations, all films demonstrated good thermal stability across a broad 597 

temperature range. Importantly, incorporation of the CNF–HA-stabilized parsley essential oil 598 

Pickering emulsion did not negatively affect thermal stability, indicating strong compatibility 599 

between the emulsion droplets and the sodium alginate matrix. This observation is consistent 600 

with FTIR results, which showed that film components interacted primarily through 601 

intermolecular interactions rather than formation of new covalent bonds. Similar findings 602 

were reported by (Liu et al. 2026), who observed that adding carvacrol or carvacrol-loaded 603 

β-cyclodextrin did not alter the thermal decomposition peaks of GE/HA composite films, 604 

suggesting that such bioactive additives do not compromise thermal stability.605 

 606 

 607 

 Fig. 8. TGA of SA/0.2 HA, SA/0.5 HA, SA/0.2 HA-PE, and SA/0.5 HA-PE films. 
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3.2. Postharvest quality of uncoated and coated blueberries 608 

3.2.1. Visual quality, weight loss, and firmness changes of blueberries during storage 609 

The visual progression of blueberries during storage clearly illustrates the protective effect 610 

of the SA/HA coatings, particularly when reinforced with the Pickering emulsion (PE). By 611 

day 6, the control berries exhibited pronounced shriveling, surface dullness, and early 612 

softening—typical symptoms of rapid moisture loss and structural degradation in uncoated 613 

fruit. In contrast, berries treated with SA/0.2 HA and SA/0.5 HA maintained a more hydrated 614 

appearance and better skin integrity, although slight wrinkling became evident as storage 615 

advanced (Fig. 9A). The greatest improvement was observed in the SA/0.2 HA PE and 616 

SA/0.5 HA PE treatments, which retained a fresher appearance and firmer structure even by 617 

day 10. These berries showed minimal shriveling and preserved their natural bloom, 618 

indicating that PE-reinforced coatings provided a more effective barrier against moisture loss 619 

and oxidative changes. 620 

Weight loss is a critical determinant of blueberry marketability with >8% loss often rendering 621 

fruit unacceptable (Mohamed and Ramaswamy, 2025). Weight loss increased progressively 622 

across all treatments. The control berries consistently exhibited the highest weight loss, rising 623 

from 3.66% on day 2 to 13.30% by day 10 (Fig. 9B). The PE- coatings showed lower weight 624 

loss of 8.07–8.42%. The lower water-vapor permeability observed for the PE-containing 625 

coatings, particularly SA/0.5 HA-PE, may have contributed to the reduced weight loss of the 626 

coated blueberries by limiting moisture transfer through the coating. This interpretation is 627 

consistent with the lower weight loss observed in the PE-treated fruit during storage. 628 

However, WVP alone cannot fully explain fruit weight loss because postharvest mass loss is 629 
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also influenced by physiological processes, including transpiration and respiration. Thus, the 630 

association between the lower WVP of the coatings and reduced fruit weight loss should be 631 

interpreted as evidence that improved moisture-barrier properties may have contributed to 632 

preservation rather than as proof of a single controlling mechanism (Ji et al., 2026) 633 

Comparable reductions in weight loss have been reported for blueberries coated with 634 

chitosan–thyme essential oil Pickering emulsions (Wang et al., 2026).  635 

Firmness followed an inverse trend relative to weight loss, underscoring the physiological 636 

linkage between these attributes. Control berries softened rapidly, declining from 2.97 N at 637 

day 0 to 1.34 N by day 10 (Fig. 9C), consistent with high transpiration-driven water loss. All 638 

coated treatments slowed firmness decline, with PE-reinforced coatings showing the most 639 

pronounced effect. From day 4 onward, SA/0.2 HA PE and SA/0.5 HA PE maintained 640 

firmness values above 2.3 N, whereas the control dropped below 2.1 N. By day 10, coated 641 

berries retained firmness values between 2.10 and 2.45 N, demonstrating better structural 642 

integrity. The negative correlation between weight loss and firmness suggests that treatments 643 

limiting moisture loss may also contribute to the retention of fruit structural integrity. 644 

Reduced dehydration could help maintain cellular turgor and thereby delay softening. 645 

Nevertheless, blueberry firmness is also influenced by enzymatic and structural changes in 646 

cell-wall polysaccharides (Ding et al., 2024b; Jiang et al., 2023), so the observed relationship 647 

should not be interpreted as evidence that moisture loss alone controlled firmness changes. 648 
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 649 

 650 

 651 

3.2.2. Changes in color parameters 652 

Color is a key quality attribute influencing consumer acceptance of fresh blueberries. In this 653 

study, L* represented fruit brightness, a* indicated red–green coloration (with negative 654 

values corresponding to green), and b* reflected yellow–blue coloration (with negative 655 

values corresponding to blue). Throughout storage, coated blueberries generally maintained 656 

Fig. 9. Visual appearance (A), weight loss (B), and firmness (C) of blueberries under different coating treatments 
from day 0 to day 10.  
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color characteristics comparable to the control, although significant differences among 657 

treatments were observed (p < 0.05). The L* values increased during the early storage period 658 

and declined toward the end. The SA/0.5 HA treatment exhibited the highest lightness, 659 

reaching 31.15 on day 4 and maintaining a relatively high value (27.23) on day 10 (Table 3). 660 

In contrast, the SA/0.2 HA-PE treatment consistently showed lower L* values (21.93–27.43), 661 

indicating a darker fruit surface. These variations may be associated with differences in 662 

coating thickness and light scattering effects introduced by HA and parsley essential oil. 663 

Decreased brightness during storage is commonly linked to chlorophyll degradation (Das et 664 

al. 2022), progressive ripening and pigment accumulation, or enzymatic browning reactions 665 

involving polyphenol oxidase and phenolic substrates (Fei et al., 2026). The a* values 666 

remained close to zero (−0.52 to 0.60), indicating minimal changes in the red–green 667 

component. Similarly, b* values remained negative across all treatments (−5.42 to −2.80), 668 

reflecting the characteristic blue coloration of blueberries. Although coated fruits—669 

particularly those containing parsley essential oil showed slightly less negative b* values 670 

than the control, overall color was well preserved. These findings suggest that the 671 

HA-reinforced sodium alginate coatings effectively minimized pigment degradation and 672 

delayed visual quality deterioration by reducing oxidative reactions during storage. 673 
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     Table 3. Changes in color parameters of uncoated and coated blueberries. 674 

Means with different letters (a, b, c) on the same row indicate significant differences (p < 0.05) according to Fisher’s LSD test.675 

Parameters 
Storage 

days 
Control SA/0.2 HA SA/0.5 HA SA/0.2 HA-PE SA/0.5 HA-PE 

L* 0 27.77 ± 1.83
a
 24.07 ± 1.50

bc
 26.53 ± 2.24

ab
 22.50 ± 1.03

c
 24.43 ± 2.11

bc
 

 2 26.65 ± 1.55
a
 24.47 ± 2.00

ab
 27.32 ± 2.09

a
 21.93 ± 1.53

b
 24.55 ± 0.58

ab
 

 4 29.97 ± 0.85
ab

 28.57 ± 2.01
bc

 31.15 ± 1.39
a
 27.35 ± 1.13

c
 28.85 ± 1.00

abc
 

 6 30.43 ± 0.63a
 29.68 ± 1.51a

 30.88 ± 1.76a
 27.43 ± 0.93b

 28.97 ± 0.98ab
 

 8 25.72 ± 1.45ab
 24.97 ± 1.97ab

 27.55 ± 2.01a
 23.12 ± 2.8b

 24.28 ± 0.98ab
 

 10 25.70 ± 0.83a
 24.40 ± 1.52a

 27.23 ± 2.55a
 23.75 ± 3.41a

 24.10 ± 1.21a
 

a* 0 -0.32 ± 0.16ab
 -0.30 ± 0.22ab

 -0.40 ± 0.00b
 0.00 ± 0.33a

 -0.08 ± 0.15ab
 

 2 -0.43 ± 0.10c
 -0.43 ± 0.10c

 -0.40 ± 0.09bc
 -0.17 ± 0.08a

 -0.25 ± 0.05ab
 

 4 -0.52 ± 0.08c
 -0.4 ± 0.10bc

 -0.48 ± 0.10c
 -0.10 ± 0.10a

 -0.28 ± 0.03b
 

 6 -0.38 ± 0.10b
 -0.37 ± 0.14b

 -0.42 ± 0.19b
 0.08 ± 0.32a

 -0.15 ± 0.10ab
 

 8 -0.42 ± 0.14b
 -0.43 ± 0.03b

 -0.50 ± 0.05b
 0.60 ± 1.22a

 -0.23 ± 0.10ab
 

 10 -0.17 ± 0.26ab
 -0.22 ± 0.24b

 -0.20 ± 0.23b
 0.27 ± 0.28a

 0.03 ± 0.28ab
 

b* 0 -5.42 ± 0.93b
 -4.40 ± 1.38ab

 -4.22 ± 0.36ab
 -3.53 ± 0.68a

 -3.65 ± 0.39a
 

 2 -5.20 ± 1.02c
 -3.67 ± 0.90abc

 -4.83 ± 1.58bc
 -2.98 ± 0.51a

 -3.35 ± 0.26ab
 

 4 -4.63 ± 0.21b
 -3.32 ± 0.73a

 -3.53 ± 0.25a
 -2.93 ± 0.42a

 -3.08 ± 0.20a
 

 6 -4.60 ± 0.31b
 -3.13 ± 0.96a

 -3.68 ± 0.33ab
 -2.85 ± 0.45a

 -3.03 ± 0.39a
 

 8 -4.77 ± 0.50b
 -3.35 ± 0.88a

 -3.78 ± 0.20ab
 -2.97 ± 0.94a

 -2.97 ± 0.33a
 

 10 -4.72 ± 0.45b
 -3.35 ± 0.85a

 -3.62 ± 0.20ab
 -2.80 ± 0.58a

 -2.98 ± 0.98a
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3.2.3. Changes in pH and total soluble solids (TSS) 676 

The pH of blueberries varied during storage, with coated fruits generally maintaining more 677 

stable values than the control. The control exhibited greater fluctuations, ranging from 3.38 678 

to 3.79, whereas the coated samples showed between 3.53 and 3.92 (Table 4). Notably, the 679 

SA/0.5 HA treatment reached the highest pH (3.92) on day 8, while SA/0.5 HA-PE 680 

maintained relatively stable values (3.57–3.74) throughout storage. These changes may 681 

reflect differences in the metabolic progression of the coated fruit during storage. Edible 682 

coatings can act as semi-permeable barriers that modify the transfer of water vapor and 683 

respiratory gases, and such regulation may potentially influence postharvest metabolic 684 

processes (Lee et al., 2024). In the present study, however, oxygen consumption, carbon 685 

dioxide production, and gas permeability of the coatings were not directly measured. 686 

Therefore, the relatively stable pH values should be interpreted as being consistent with 687 

delayed physicochemical deterioration, while any specific reduction in respiration or 688 

alteration of gas exchange remains to be experimentally confirmed. Similar findings were 689 

reported by (Shi et al., 2025), who observed that curcumin/β-cyclodextrin Pickering emulsion 690 

coatings helped maintain blueberry pH during storage. 691 

Total soluble solids (TSS), an indicator of sweetness and fruit maturity, increased 692 

significantly in all treatments during storage, reflecting normal ripening progression. The 693 

control increased from 1.20% to 1.57%, while coated fruits reached final values between 694 

1.50% and 1.70% (Table 4). The highest TSS was observed in the SA/0.2 HA-PE treatment 695 

(1.70%) on days 8 and 10, whereas SA/0.5 HA-PE maintained a lower value of 1.50% at the 696 

end of storage. The observed changes in pH and TSS indicate differences in the 697 
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physicochemical progression of the coated blueberries during storage and may be associated with differences in postharvest 698 

quality retention. The increase in TSS is attributed to sugar breakdown during ripening (Li et al., 2025; Piechowiak et al., 2022).  699 

           Table 4. pH and total soluble solids (TSS) of uncoated and coated blueberries. 700 

Parameters 
Storage  

   days 
Control SA/0.2 HA SA/0.5 HA SA/0.2 HA-PE SA/0.5 HA-PE 

pH 0 3.56 ± 0.11
a
 3.31 ± 0.15

a
 3.41 ± 0.24

a
 3.35 ± 0.35

a
 3.30 ± 0.24

a
 

 
2 3.57 ± 0.01

c
 3.54 ± 0.04

c
 3.70 ± 0.09

b
 3.83 ± 0.03

a
 3.60 ± 0.03

c
 

 
4 3.52 ± 0.02

b
 3.53 ± 0.01

b
 3.60 ± 0.03

a
 3.60 ± 0.02

a
 3.57 ± 0.01

a
 

 
6 3.38 ± 0.03

d
 3.55 ± 0.02

c
 3.72 ± 0.02

a
 3.60 ± 0.01

bc
 3.60 ± 0.04

b
 

 
8 3.79 ± 0.02

bc
 3.71 ± 0.06

d
 3.92 ± 0.06

a
 3.84 ± 0.02

b
 3.74 ± 0.04

cd
 

 
10 3.72 ± 0.04

b
 3.61 ± 0.04

c
 3.53 ± 0.03

d
 3.88 ± 0.02

a
 3.63 ± 0.03

c
 

       

TSS (%) 0 1.20 ± 0.00
a
 0.90 ± 0.00

c
 0.97 ± 0.06

b
 1.00 ± 0.00

b
 1.00 ± 0.00

b
 

 2 1.07 ± 0.06
b
 1.10 ± 0.00

b
 1.20 ± 0.00

a
 1.17 ± 0.06

a
 1.20 ± 0.00

a
 

 
4 1.30 ± 0.00

b
 1.23 ± 0.06

c
 1.20 ± 0.00

c
 1.40 ± 0.00

a
 1.23 ± 0.06

c
 

 
6 1.37± 0.06

a
 1.20 ± 0.06

b
 0.93 ± 0.06

c
 1.40 ± 0.00

a
 1.20 ± 0.00

b
 

 
8 1.23 ± 0.06

d
 1.50 ± 0.00

b
 1.40 ± 0.00

c
 1.70 ± 0.00

a
 1.10 ± 0.00

e
 

  10 1.57 ± 0.06
b
 1.50 ± 0.00

c
 1.67 ± 0.06

a
 1.70 ± 0.00

a
 1.50 ± 0.00

c
 

Means with different letters (a, b, c) on the same row indicate significant differences (p < 0.05) according to Fisher’s LSD test. 701 

702 
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3.3. Correlation structure among blueberry quality attributes during storage 703 

The correlation patterns among blueberry quality attributes provide a clear picture of how 704 

fruits responded to storage and how the SA/HA coatings with or without Pickering-emulsion 705 

reinforcement modulated these responses (Fig. 10). The strong negative correlation between 706 

weight loss and firmness (r = –0.742) indicates that treatments associated with lower mass 707 

loss also tended to retain greater firmness during storage. Biologically, this association is 708 

consistent with the possibility that reduced dehydration help reduced helped maintain cellular 709 

water status and delayed structural deterioration. However, correlation does not establish 710 

causality, and firmness is also affected by cell-wall degradation and other physiological 711 

processes. Therefore, the correlation should be interpreted as evidence of an association 712 

between moisture loss and firmness retention rather than proof that reduced weight loss 713 

directly caused the preservation of firmness. The positive correlation between TSS and pH (r 714 

= 0.706) indicates that these two quality attributes tended to increase together during storage. 715 

This association may reflect coordinated changes in fruit ripening and physicochemical 716 

status; however, it should be interpreted cautiously because titratable acidity (TA), which 717 

provides a measure of the total acid content, was not determined. Therefore, the observed 718 

correlation between TSS and pH should be regarded as an association among the measured 719 

quality attributes rather than evidence of a direct relationship between sugar accumulation 720 

and acidity changes. Moderate positive correlations between TSS and color parameters 721 

suggest that pigment changes and sugar metabolism progressed together. Coatings that 722 

slowed moisture loss and respiration therefore helped stabilize both internal biochemical 723 

composition and external appearance. Color attributes showed additional associations with 724 
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firmness and TSS. Berries that softened more rapidly tended to darken and shift toward red 725 

hues, reflecting anthocyanin accumulation during senescence. By slowing softening, the 726 

coatings indirectly supported color stability through reduced cuticle stress and moderated 727 

pigment oxidation. Moderate correlations between L* and both TSS and pH further indicate 728 

that berries with slower metabolic progression retained a lighter, fresher appearance—an 729 

important factor for consumer acceptance.  730 

 731 

 732 

3.4. Principal Component Analysis of blueberry quality attributes 733 

The loading plot showed that weight loss, TSS, and pH were positively associated with PC1, 734 

whereas firmness was negatively correlated (Fig. 11A), demonstrating that increased 735 

Fig. 10. Correlogram showing Pearson correlations among blueberry quality attributes 
during storage. 
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ripening and water loss were accompanied by a reduction in fruit firmness. The L* value was 736 

mainly associated with PC2, while the a* and b* color coordinates clustered together, 737 

indicating a close relationship between color changes during storage. The PCA provided an 738 

integrated view of the relationships among the measured postharvest quality attributes. PC1 739 

accounted for 37.2% of the total variance and was associated primarily with variables related 740 

to physical deterioration, particularly weight loss and firmness. This axis can therefore be 741 

interpreted as representing a general dimension of structural and moisture-related quality 742 

changes during storage. PC2 explained an additional 26.4% of the variance and was more 743 

strongly associated with physicochemical attributes such as TSS and pH, reflecting 744 

differences in the biochemical progression of fruit quality during storage. The separation of 745 

coated and uncoated samples along these components suggests that the coating treatments 746 

were associated with different trajectories of physical and physicochemical deterioration (Fig. 747 

11B). Importantly, PCA is an exploratory multivariate tool and does not by itself establish 748 

causal mechanisms. The biological interpretation should therefore be considered an 749 

indication of coordinated quality changes rather than direct evidence of a specific 750 

physiological pathway. 751 

 752 
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 753 

 754 

 755 

 756 

Fig. 11. Principal Component Analysis (PCA) of blueberry quality attributes under different 
coating treatments. (A) PCA loading and (B) score plot. 
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4. Conclusion 757 

This study developed a hyaluronic acid (HA)-functionalized, cellulose nanofiber (CNF)-758 

stabilized Pickering emulsion edible coating based on sodium alginate for blueberry 759 

preservation. The developed formulations showed good physical stability, favorable oil-760 

binding capacity, and successful incorporation of the Pickering emulsion into the sodium 761 

alginate–HA matrix. Among the formulations evaluated, SA/0.5 HA-PE exhibited a 762 

relatively homogeneous microstructure, favorable moisture-barrier properties, enhanced UV-763 

light shielding, and strong antifungal activity against Botrytis cinerea. Application of the 764 

coatings to blueberries reduced weight loss and helped maintain firmness and visual quality 765 

during 10 days of storage at 25 °C. The observed relationships among coating properties and 766 

postharvest quality attributes further demonstrate the multifunctional nature of the coating 767 

system. Overall, the findings indicate that HA-functionalized CNF Pickering emulsions can 768 

be incorporated into sodium alginate films to develop multifunctional edible coatings with 769 

potential application in postharvest preservation. However, because formulations without HA 770 

and a non-ultrasound control were not included, the independent contributions of HA and 771 

ultrasound cannot be established from the present study. Further studies incorporating 772 

formulations without HA and a non-ultrasound control should be done. 773 
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  OBC    ( g / g ) =   W 1 − W 0  W 0


  Opacity   =   A 600  Film   thickness   ( mm )  


  TS =   Force   at   break  Film   thickness   × Width   of   film  


  EAB    ( % ) =   Final   length   of   gap − Initial   length   of   gap  Initial   length   of   gap     × 100  


  WVP =  Slope    Film   permeation   area   × Water   vapor   pressure   difference   ×   Film   thickness    ( m )


  MC   ( % ) =   Weight   of   films   before   drying − Weight   of   films   after   drying  Weight   of   films   before   drying   ​ − Weight   of   pan   after   drying × 100


  WL   ( % ) =   Weight   before   storage   −   Weight   during   storage    Weight   before   storage   × 100

