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Abstract

Biopolymeric edible coatings enriched with antioxidants offer a promising approach to prolong the
shelf life of oxidation-sensitive foods such as nuts. The aim of this study was to assess the effect of an
Arabic gum/gelatin/ascorbyl palmitate (GAR/GEL/AP) coating on the quality of hazelnut kernels
during storage at 23°C and 40% relative humidity in dark. The coating was applied by dipping
hazelnuts in a 20% ethanolic solution containing GAR/GEL 75/25 blend (10% w/w), glycerol (1% w/w),
Tween 80 (0.25% w/w), and AP (2% w/w), followed by drying. Coated and control (uncoated) hazelnuts
were stored in plastic containers and evaluated at 1, 2, 4, 8, and 16 weeks for weight loss, moisture
content, hardness, color, sensory attributes, 2,2-diphenyl-1-picrylhydrazyl radical (DPPH*) scavenging
activity, acid and peroxide values, and thiobarbituric acid reactive substances (TBARS) level. Coated
hazelnuts showed higher initial moisture content (8.17%), stabilizing at 4.80% after one week, compared
to 3.35% in uncoated samples. This increased moisture led to greater storage-related weight loss. The
coating darkened the nuts, reduced yellow hue, and added gloss perceived as unnatural, lowering
appearance scores. It had no significant effect on hardness, peroxide value, or TBARS index, but
enhanced the antiradical potential. After 16 weeks, coated nuts had an acid value ~10 mg KOH/g lower
than the control. In conclusion, the coating improved antioxidant capacity and reduced hydrolytic, but
not oxidative, rancidity in hazelnuts. Therefore, further optimization of the coating formulation or
application method is necessary to more effectively improve the shelf life of hazelnuts.

Keywords: hazelnuts; edible coating; ascorbyl palmitate; storage; antioxidant activity; rancidity

1. Introduction

Reducing food waste is a critical priority within the European Union, supported by regulatory
frameworks aimed at enhancing sustainability and efficiency across the food system [1]. These
regulations promote innovation in food preservation methods to extend shelf life, improve product
quality, and reduce losses along the supply chain, particularly at the household level, where a
substantial share of food waste occurs [2]. One of the main factors contributing to food quality
deterioration is oxidation, which can reduce nutritional value, alter sensory attributes, and lead to
the formation of harmful compounds. To counteract these effects and prolong shelf life, a variety of
protective strategies have been developed. Among them, biopolymer-based edible coatings have
gained increasing attention. These coatings can perform functions similar to conventional packaging
by acting as semi-permeable barriers to oxygen and moisture, thereby slowing lipid oxidation and
limiting moisture absorption or desorption. Such properties make the coatings especially useful for
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oxidation-sensitive products like nuts. Furthermore, incorporating natural antioxidants into the
formulation can significantly enhance the protective efficacy [3]. This strategy may enhance
antioxidant effectiveness by delivering active compounds directly to the surface, where oxidative
processes are most intense. The efficiency of active coatings depends on the type and concentration
of incorporated antioxidants, as well as on interactions between coating components, antioxidants,
and the food matrix. These factors influence the release and migration of active agents to target sites.
So, the selection of antioxidants must be well-justified, taking into account their polarity, mechanism
of action, and compatibility with the coating matrix. Both polar and non-polar antioxidants tend to
accumulate at oil/air or oil-in-water interfaces, which are critical sites where oxygen comes into
contact with polyunsaturated fatty acids. According to the 'polar paradox' theory, hydrophilic
antioxidants are more effective in non-polar environments (e.g., pure oils), while lipophilic ones
perform better in polar systems such as emulsions, liposomes, biological membranes, or tissues [4].
This suggests that polar antioxidants may be more suitable as components of coatings for lipophilic
foods with low water content. Since nuts have low moisture (typically below 5%) and high fat content
(around 260%) [5,6], vitamin C (a polar antioxidant) would be expected to act effectively as an
antioxidant in coatings. However, a previous study [7] showed that the incorporation of L-ascorbic
acid into the coating formulation did not enhance the antiperoxidant properties when applied to
walnuts. This discrepancy indicates that the paradigm of the polar antioxidant paradox
oversimplifies the mechanisms of antioxidant activity [4]. As a result, ongoing research is exploring
the use of ascorbyl palmitate (AP) — water-insoluble vitamin C derivative to deepen understanding
and develop more comprehensive theories that better explain antioxidant behavior in coating/food
systems. The use of non-polar active substances in biopolymer packaging systems is further justified
by their potential to enhance water vapor barrier properties [8,9], thereby more effectively reducing
moisture loss or absorption during food storage [10].

Although AP is referred to as the lipophilic form of vitamin C, its solubility data in oils is not
available. AP is practically insoluble in water (0.00003 g/L at 25 °C) but dissolves well in ethanol. As
an ester of ascorbic acid and palmitic acid, AP has an amphiphilic nature, which allows it easier
penetration through lipid membranes and enhances tissue distribution. AP protects against oxidative
DNA damage and inhibits cancer cell proliferation. Compared to AA, it is more stable, making it a
promising antioxidant for active edible films and coatings. However, its partial hydrophobicity and
high melting point (107-117 °C) limit its use in aqueous solutions, necessitating cosolvents or
emulsifiers to form stable emulsions [11]. So far, AP combined with a-tocopherol has been applied in
whey protein-based edible coatings, but such coatings, with or without antioxidants, showed similar
effects in slowing lipid oxidation in roasted peanuts [12].

A universal carrier designed for loading both hydrophilic and hydrophobic substances should
possess amphiphilic properties. Careful selection of biopolymers and manufacturing techniques
allows for the creation of matrices capable of effectively binding, stabilizing, and releasing various
active compounds. Considering their lower carbon footprint, plant-based biopolymers are generally
more environmentally friendly than animal-based ones. However, animal-derived biopolymers, such
as gelatin (GEL), possess unique properties that are difficult to substitute in certain applications.
Blending biopolymers enables the production of materials with improved or novel properties. Gum
Arabic (GAR) is a highly branched heteropolysaccharide with hydrophilic sugar groups, while GEL
is a protein containing both hydrophilic and hydrophobic amino acids, giving it surface-active
properties. Although GEL’s emulsifying ability is generally weaker than other amphiphilic
compounds like GAR, its excellent gelling and thickening properties help maintain the stability of
oil-water emulsions during film formation [13,14]. This study selected GAR/GEL formulation as a
carrier for AP based on prior research showing that a 75/25 GAR/GEL blend film offers the slowest,
most controlled AP release and prolonged antioxidant activity. The branched structure of gum Arabic
likely traps AP, limiting its migration and sustaining antioxidant action. AP also improved the water
vapor barrier of the films, enhancing their use as edible coatings. The current work builds upon these
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findings, applying the GAR/GEL/AP system to nuts to evaluate its practical performance in extending
shelf life and protecting and/or improving product quality [9].

The objective of this study was to assess how a GAR/GEL-AP edible coating influences the key
quality parameters (weight loss, moisture content, texture, color, antioxidant activity, and markers of
lipid degradation) of hazelnut kernels during 16 weeks of storage in at 23 °C and 50% relative
humidity in closed polypropylene boxes, in the absence of light.

2. Results

2.1. Characterization of Coating-Forming Emulsion (CFE)

DIC microscopy revealed that the CFE consisted of spherical droplets with well-defined
interfaces and a relatively uniform circular morphology. The droplet size ranged approximately from
6 to 40 um (Figure 1B), indicating effective emulsification and moderate size homogeneity. This
relatively narrow size distribution and the lack of irregular structures suggest that the emulsion was
stable, with only limited signs of coalescence or agglomeration. In contrast, such an effect was not
observed in a previous study, where AP in the GAR-based emulsion predominantly appeared as
large acicular crystals [9]. This highlights the improved dispersion and stabilization achieved in the
current formulation through ultrasonic processing. At higher magnification, needle-like AP crystals,
with an average length of 4-11 pm, were observed inside the emulsion droplets, while the continuous
phase contained only dispersed microparticles (Figure 1B). This localization may be explained by
hydrophobic interactions between AP, likely enhanced by the presence of Tween 80 and ethanol,
which reduced interfacial tension and facilitated the incorporation of water-insoluble AP. Also, the
emulsifying properties of biopolymers (GAR and GEL) may have further promoted internal
organization and retention of AP within the droplets. This mechanism is consistent with previous
findings in polyethylene glycol-water systems, where AP was shown to form crystalline or liquid
crystalline mesophases, suggesting a tendency toward self-assembly under certain conditions [15].

Figure 1. Arabic gum/gelatin/ascorbyl palmitate coating-forming emulsion under differential interference

contrastmicroscopy at 200x (a) and 600x (b) magnification.

The pH of the CFE was 5.10 (Table 1), slightly higher than reported in a previous study [9],
possibly due to the previously mentioned variations in the emulsion microstructure. Measuring the
pH of emulsions is inherently challenging because of the coexistence of oil and water phases and the
likelihood of heterogeneous pH distribution within the system. It is worth mentioning that the pH
value of the CFE was close to that of hazelnuts surface (Table 2), which may be beneficial for
preserving the sensory and chemical stability of the product while avoiding the excessive acidity
typically introduced by formulations containing ascorbic acid (AA) [16].
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Table 1. pH and dynamic viscosity (1) of Arabic gum/gelatin/ascorbyl palmitate coating-forming emulsion

(CFE). The thickness of coating formed on hazelnut kernels.

Parameter Value
pH of CFE 5.10 £ 0.03
n of CFE (mPa-s) 48.50+ 5.87
Coating thickness at the top (um) 93.11£23.23
Coating thickness at the bottom (um) 112.71 + 76.27

The n of the CFE was 48.50 + 5.87 mPa-s (Table 1), indicating a fluid with moderate viscosity.
According to visual observations, this level of viscosity provides sufficient thickness to support
uniform film formation without runoff, while maintaining adequate fluidity for practical application.
Moreover, it may contribute to emulsion stability by minimizing phase separation during processing.
Although the comparison should be interpreted with caution due to differences in formulation, under
comparable 1 measurement conditions (25°C, shear rate of 50s™), the viscosity of the current
emulsion is higher than that reported for pea protein-based emulsions containing 2% candelilla wax
or oleic acid (*10 mPa-s) [17]. This may be attributed to the presence of GEL, which enhances the
structuring of the continuous phase and promotes network formation.

2.2. Microstructure of Hazelnuts

The surface of uncoated hazelnuts was characterized by a rough and irregular topography (Rq
= 57.57), whereas the coated hazelnuts exhibited a smoother and more homogeneous surface
morphology (Rq = 40,22, Figure 2, Table 2). Needle-like AP crystals, accompanied by much smaller
globules, were abundantly distributed across the surface. It can be observed that they were well-
developed and noticeably larger than those in CFE (Figure 1), likely as a result of co-solvent (ethanol)
evaporation. In the cross-sectional view, the testa (skin) appeared as a thin outer layer with non-
uniform thickness.

Control Coated

Surface

3D reconstructed
surface

Cross-section

Figure 2. Scanning electron microscopy images of the surface (1000x), 3D reconstructed surface, and cross-
section (500x) of control (uncoated) and Arabic gum/gelatin/ascorbyl palmitate emulsion-coated hazelnut

kernels.
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Dipping in the emulsion formed a continuous, loose coating on the testa. Partial detachment in
some areas, likely due to mechanical sectioning, suggests weak adhesion to the testa. As confirmed
by light microscopy observations (Figure 3), no impregnation of the testa and nut interior with the
emulsion occurred, as evidenced by the absence of blue coloration within the cross-section. The
coating was uneven, tending to be visibly thicker at the bottom compared to the top (Figure 3, Table
1). The coating thickness was similar to or exceeded that of the testa (Figures 2 and 3).

2.3. pH, Weight Loss (WL), Moisture Content (MC), Hardness, and Color Parameters

Since the CFE had a pH of 5.10 (Table 1), the surface pH of the coated hazelnuts was lower than
that of the control (5.14 vs. 5.60; Table 2), while the pH of the interior surface remained unaffected by
the coating. This proves limited CFE penetration through hazelnut skin (Figure 3). Nevertheless,
hazelnuts absorbed moisture during coating, as indicated by the data in Figure 4.

Figure 3. Cross-sectional images (100x) of Arabic gum/gelatin/ascorbyl palmitate emulsion-coated hazelnut

kernels, stained with methylene blue, showing the upper (a) and the lower (b) part of the nut.

Table 2. The surface root-mean-square roughness (Rq) and pH of the outer and inner surfaces of control

(uncoated) and Arabic gum/gelatin/ascorbyl palmitate emulsion-coated hazelnut kernels.

Parameter Control Coated
Rq 57.57+10.37° 40.22 +6.132
pH of surface 5.60 + 0.08> 5.14 +0.042
pH of interior surface 6,09 +(.14a 6.10+0.182

Values with different superscript letters (a—b) in the row are significantly different (p < 0.05).
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Figure 4. The effect of Arabic gum/gelatin/ascorbyl palmitate coating on weight loss (a), moisture content (b),
and hardness (c) of hazelnut kernels stored in polypropylene boxes at 23 °C and 40% relative humidity. Values
with different superscript letters (a—f) are significantly different (p < 0.05).
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As shown in Figure 4A, coated nuts exhibited greater WL in comparison to the uncoated samples
(4.48-6.64 vs. 0.64-1.38%), which was attributed to their higher initial MC (8.17% vs. 3.35%,; Figure 4B)
resulting from moisture uptake. The elevated MC enhanced the moisture gradient, thereby
accelerating water migration over time. Similar results were previously observed for walnuts coated
with emulsion-based coatings [7]. Throughout storage, the coated hazelnuts retained significantly
more moisture than the noncoated ones, suggesting that the GAR/GEL/AP coating acted as a barrier
to water loss and effectively mitigated dehydration; however, by the end of the 16-week period, the
differences in MC were no longer statistically significant. As commonly known, low MC in nuts is
crucial primarily to inhibit microbial growth and reduce the risk of aflatoxin contamination [18,19].
It should be noted that, after one week of storage, the MC in the coated hazelnuts was below 6%
(Figure 4B), which complies with the European Union limit of 7% for hazelnut kernels [20] and also
aligns with the commonly recommended maximum of 6% for optimal storage stability [21,22].

As shown in Figure 4C, no significant differences (p <0.05) in hardness were observed between
coated and uncoated hazelnuts during storage. This suggests that moisture uptake (Figure 4B) did
not negatively affect kernel texture, which is beneficial from a sensory perspective. The hardness of
hazelnuts varied between approximately 90 and 106 N, with standard deviations of 14-35 N,
consistent with variability reported in previous studies [24,25]. The 16-week storage had no
significant impact on hardness, contrary to Razavi et al. [23], who observed increasing rupture force
over time. In contrast, Correia et al. [26], found that high humidity reduced hardness and friability,
while Guinée et al. noted increased friability of hazelnut kernels only at 90% relative humidity
without packaging. These findings indicate that storage effects on hazelnut texture depend strongly
on environmental factors such as humidity and packaging.

From week 8, the coated hazelnuts showed noticeable darkening compared to initial values and
to uncoated samples (Figure 5A). Unlike walnuts coated with AA-added emulsion, which lighten
due to strongly lowered pH to 4.37 [7,16], the AP used in this study only slightly reduced surface pH
(Table 2) and thus did not bleach polyphenolic pigments. The coated hazelnuts showed lower b*
values, indicating reduced yellowness, with a tendency toward lower a* values as well, suggesting
less redness (Figure 5B-C). The coating may partially mask the natural color of the hazelnut skin by
reducing light reflection and increasing diffuse scattering by AP crystals (Figure 2), leading to a
duller, less saturated appearance.

A50 B22
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Figure 5. The effect of Arabic gum/gelatin/ascorbyl palmitate coating on lightness (L*) (a), redness (a*) (b), and
yellowness (b*) (c) of hazelnut kernels stored in polypropylene boxes at 23 °C and 40% relative humidity. Values
with different superscript letters (a—e) are significantly different (p < 0.05).

2.4. Antiradical Activity, Acid Value (AV), Peroxide Value (PV), and Thiobarbituric Acid Reactive
Substances (TBARS) Concentration

Hazelnuts are a rich source of bioactive compounds such as phenolic acids, proanthocyanidins,
and tocopherols, which contribute to their significant antioxidant activity and associated health
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benefits [27,28]. Accordingly, the 2,2-diphenyl-1-picrylhydrazyl radical (DPPH*) scavenging activity
of uncoated hazelnuts (Figure 6A) was likely attributed to the synergistic action of alcohol-extractable
polyphenols, including esterified gallic acid and condensed tannins concentrated in the skin [29] and
a-tocopherol [30]. The GAR/GEL/AP-coated hazelnuts exhibited 2.5- to 4.5-fold increase in
antiradical activity compared to the control (Figure 6A). Considering the 2% AP concentration in
CFE, the observed increase is relatively small and likely limited by the coating thickness (~100 um,
Table 1) applied to a relatively small surface area. Moreover, previous studies [9] have shown that
this type of coating exhibits the slowest release rate of AP, suggesting limited migration of the
antioxidant from the coating to the acceptor medium with the free radicals. The DPPH* scavenging
activity, assessed over time using an immersion method with whole kernels, showed variability
(Figure 6A), likely due to differences in surface contact and resulting variations in AP release, which
complicated the clear assessment of storage effects. While this method effectively evaluates surface
antioxidant capacity, it may not fully capture synergistic interactions between the coating
components and the hazelnut, and thus could somewhat underestimate the total antioxidant
potential during consumption.
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Figure 6. Effect of Arabic gum/gelatin/ascorbyl palmitate coating on the DPPH* radical scavenging activity of
hazelnut kernels (a) stored in polypropylene containers at 23 °C and 40% relative humidity, as well as on acid
value (AV) (b), peroxide value (PV) (c), and thiobarbituric acid reactive substances (TBARS) concentration in oil

from these hazelnuts. Values with different superscript letters (a—e) are significantly different (p < 0.05).
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The AV of oils extracted from both uncoated and coated hazelnuts did not differ significantly
up to 4 months of storage (Figure 6B). However, after doubling this storage time (i.e., after 8 months),
lipase-induced hydrolytic degradation increased sharply, with the AV being significantly lower in
the coated samples (p <0.05). One possible explanation is that the CFE, which contained 20% ethanol,
reduced the activity of lipases on the kernel surface. Furthermore, ethanol likely inactivated most
molds [31] and, consequently, their lipases, which are known to contribute synergistically to the
hydrolytic rancidity of nuts [32]. Supporting this, Gull et al. [33] reported that sodium alginate
coatings enriched with 3-tocopherol significantly reduced free fatty acid content (0.9% vs. 1.4% oleic
acid) and microbial counts (1.9 vs. 3.2 log CFU/g) in fresh walnuts compared to uncoated samples
[33]. According to the authors, the reduction in microbial growth could be due to limited oxygen
supply by creating a barrier. Similarly, other studies have reported that coatings containing different
bioactive compounds effectively reduced microbial, including fungal, growth on nut surfaces by
providing antimicrobial protection [34-36].

Given that the endogenous lipases of intact nuts are generally inactive on the surface [37], the
coating-induced decrease in surface pH (Table 2) was unlikely to have contributed significantly to
the observed reduction in hydrolytic activity. It is worth noting, however, that in a previous study
[7], the low pH of the AA-containing coating was likely responsible for the reduced activity of native
walnut lipase, as evidenced by lower AV compared to the control and AA-free coated walnuts.

The coating did not affect oxidative deterioration of oil in the hazelnuts as evidenced by
determination of peroxide and TBARS values (Figure 6 C-D). This could be attributed to insufficient
barrier integrity and/or low adhesion of the coating to the kernel surface. Such findings challenge the
common assumption that edible coatings consistently offer antioxidative protection, highlighting
that coating efficacy depends strongly on composition, structure, and interaction with the substrate.

3. Materials and Methods
3.1. Materials

Shelled hazelnut kernels (Corylus avellana L.) were purchased from a commercial supplier in
Lublin, Poland. For the study, only kernels weighing approximately 1.5 g each and free from visible
defects, discoloration, or signs of spoilage were selected. GAR Agri-Spray Acacia R (Agrigum
International, United Kingdom) and pork GEL (bloom strength 240; McCormick-Kamis, Poland)
were used as coating-forming biopolymers. Glycerol, AP, Tween 80, and 2,2-diphenyl-1-
picrylhydrazyl (DPPH) were obtained from Sigma Chemical Co. (USA). Ethanol (99.8%) was
purchased from Avantor Performance Materials Poland S.A.

3.2. Coating Formulation and Procedure

The coating-forming emulsion (CFE) was prepared following the procedure described by
Lupina et al. [9], with the modification of using ultrasound emulsification as described previously
[38]. The CFE consisted a 20% aqueous-ethanolic solution containing GAR/GEL 75:25 blend (10%
w/w), glycerol (1% w/w), Tween 80 (0.25% w/w), and AP (2% w/w). Uncoated hazelnut kernels were
used as the control. The kernels skewered on sword toothpicks were immersed in the CFE for 30
seconds and then air-dried for 1 h. The coated and uncoated hazelnuts were packed in portions of 10
pieces per container into 200 mL polypropylene PRATIPACK boxes (107 mm in width, 80 mm in
length, and 40 mm in height; Guillin Polska, sealed with lids, and stored under controlled conditions
(23£1°C, 40 = 5% relative humidity, in darkness). The samples for analysis were collected at week 0
(baseline), and after 1, 3, 4, 8, and 16 weeks of storage.

3.3. Analysis of CFE

To examine the morphology of CFE, a Leica 5500B microscope (Leica Microsystems GmbH,
Wetzlar, Germany) with differential interference contrast optics was used. The pH of the CFE was
measured at 30 + 1 °C using a flat surface electrode (Elmetron EPX-3, Zabrze, Poland)connected to a
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pH meter (Elmetron CPC 401, Zabrze, Poland). The dynamic viscosity (1), mPas) of CFE at 30 + 1 °C
was assessed using a ROTAVISC lo-vi rotational viscometer (IKA, Staufen, Germany) equipped with
a VOLS-1 adapter and a VOL-SP-6.7 spindle, operating at 50 rpm for 2 min, with a sample volume of
6.7 mL. All measurements were conducted in triplicate.

3.4. Microstructure and pH

The microstructure of the surface and cross-sections of the hazelnuts was analyzed using a
scanning electron microscope (1430VP, LEO Electron Microscopy Ltd., Cambridge, UK). The film
samples were re-dried under vacuum and coated with gold before observation. Image] open-source
software was used to reconstruct 3D surface profiles from 2D topographical images and to determine
surface roughness (Rq) [39]. Additionally, the thickness of the coating stained with methylene blue
was measured from microscopic images captured using a Leica 205C microscope equipped with a
Leica DFC500 camera(Leica Microsystems, Wetzlar, Germany)and analyzed with AxioVision 4.8
software (Carl Zeiss, Jena, Germany). Longitudinal cross-sections of the coated hazelnuts were
prepared using a scalpel, and the coating thickness was measured at the top, lateral, and bottom
regions through microscopic analysis.

The pH of the surface and cross-sections of the hazelnuts was measured as described in section
4.3, after slight surface hydration with 20.0 uL of deionized water.

3.5. Determination of Weight Loss (WL), Moisture Content (MC), Hardness, and Color Parameters

The entire hazelnut kernels batch stored in boxes (~15g) of were used for WL assessment. WL
was expressed as the percentage decrease from the initial weight. MC was determined by drying
ground samples (~2g) at 105 °C for 24 h. The WL and MC measurements were conducted in four
replicates. The maximum force (N), representing kernel hardness, was measured using a TA-XT2i
texture analyzer equipped with a 50 kg load cell (Stable Micro Systems, UK). Individual hazelnut
kernels were placed on the testing platform and compressed using a 100 mm diameter platen at a
constant speed of 5 mm/s until reaching a penetration depth of 2 mm. Color values (L* a*, b*) were
measured with a colorimeter (NH310, 3nh, China). Hardness and color measurements were
performed on 10 kernels per treatment.

3.6. Determination of Antiradical Properties

The antiradical activity of hazelnut kernels was assessed using the DPPH* scavenging assay. A
single kernel was placed in contact with 20 mL of a methanolic DPPH* solution (absorbance of
2.5+0.05 at 517 nm, 23 °C). The solution was mixed using a magnetic stirrer (400 rpm) and circulated
through a flow-through cuvette (Lambda 40 spectrophotometer, Perkin-Elmer, Shelton, CT, USA)
via a peristaltic sipper pump (“PESI” B2190036, Perkin—Elmer, USA). A perforated barrier was placed
between the kernel and the stir bar. Absorbance at 517 nm was continuously monitored for 1h. The
results were expressed as the percentage of DPPH* neutralized, calculated using the formula 1:

DPPH* scavenging (%) = [(Ao — As)/Ao] x 100 (1)

where A, is the initial absorbance of the DPPH* solution, and A; is the absorbance of DPPH*

solution after 1 hour contact with the hazelnut. The measurements were performed in triplicate.

3.7. Determination of Acid Value (AV), Peroxide Value (PV), and Thiobarbituric Acid Reactive Substances
(TBARS) Concentration in Hazelnut Oil

Lipid extraction was carried out according to the previously described method [7]. The AV and
PV for the extracted oil were determined according to [40] ISO 660:2020 and [41] ISO 3960:2017,
respectively. TBARS values were measured following the procedure outlined by [42]. All
measurements were performed in triplicate.
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3.8. Statistical Analysis

All results were expressed as mean + standard deviation (n23). Statistical differences among
mean values were evaluated using one-way analysis of variance (ANOVA), followed by Tuckey test
using Statistica software, version 13.3 (TIBCO Software Inc., Palo Alto, CA, USA). Differences were
considered statistically significant at p <0.05.

4. Conclusions

The GAR/GEL/AP coating doubled the moisture content of hazelnuts, which in turn led to
greater weight loss during storage, highlighting the need for more efficient post-coating drying.
Although the coating improved antioxidant properties, it did not provide oxidative protection, likely
due to insufficient barrier integrity, possibly resulting from emulsion destabilization during co-
solvent (ethanol) evaporation and subsequent crystallization of AP. The observed reduction in
hydrolytic rancidity may be attributed to ethanol-induced denaturation of endogenous lipases
during the coating process. Further optimization, such as improving homogeneity (emulsion
stability), adjusting ingredients ratios, or applying multilayer coatings, is needed to limit moisture
uptake caused by dipping in the emulsion and to enhance oxygen barrier performance.
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Abbreviations

The following abbreviations are used in this manuscript:

a* Red/Green coordinate

AA Ascorbic Acid

AP Ascorbyl Palmitate

AV Acid Value

b* Yellow/Blue coordinate

CFE Coating-Forming Emulsion

DPPH* 2,2-Diphenyl-1-picrylhydrazyl radical
GAR Gum Arabic

GEL Gelatin

L* Lightness

MC Moisture Content

1Y% Peroxide Value

Rq Root-Mean-Square Roughness
TBARS Thiobarbituric Acid Reactive Substances
WL Weight Loss

n Viscosity
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