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Abstract 

This study investigated the effectiveness of basil (Ocimum basilicum L.) extract obtained by 
hydrodistillation (EO) and lipid extract (LE) obtained via supercritical fluid extraction in 
preserving the quality of ground fish patties during refrigerated storage. Gilthead sea bream 
(Sparus aurata) patties were formulated with varying concentrations of EO and LE and eval-
uated over three days at 4 °C. The chemical composition of the extracts, analyzed by GC-
MS, revealed linalool, eucalyptol, and τ-cadinol as dominant bioactive compounds, with EO 
richer in monoterpenes and LE in sesquiterpenes. Both extracts significantly reduced lipid 
oxidation (TBARS) and protein oxidation (thiol content), with the strongest antioxidative 
effect observed in patties containing 0.150 µL/g of LE. Color parameters (L*, a*, b*, ΔE) were 
moderately influenced, without adverse effects on product appearance. pH and water ac-
tivity values remained stable across treatments, while total volatile basic nitrogen (TVB-N) 
levels confirmed delayed spoilage in extract-treated patties. Results highlight the potential 
of basil extracts, especially LE obtained by SFE, as effective natural antioxidants in fish-
based products. These findings support the development of clean-label, health-promoting 
products tailored to individual needs, and show that ground fish porridge has promise as a 
viable material for the production of innovative seafood products. 

Keywords: gilthead sea bream; Ocimum basilicum L.; essential oil; antioxidant activity;  
oxidative stability; spoilage indicators 
 

1. Introduction 
In recent years, consumers have increasingly favored “clean label” food products—

those with natural, simple ingredients, free from synthetic additives, and minimally pro-
cessed. This tendency indicates an increasing consumer interest in foods that, beyond sup-
plying basic nutritional value, also offer added health-promoting effects derived from bio-
active compounds with antioxidant, antimicrobial, and anti-inflammatory activities [1]. As 
a result, incorporating plant-based extracts rich in bioactives into food formulations has at-
tracted attention [2]. This movement supports sustainable food systems and personalized 
nutrition, emphasizing transparency, natural origins, and functional benefits. There is par-
ticular interest in animal-based products enhanced with natural additives that preserve 
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sensory and technological qualities while improving health-promoting potential. These in-
novations meet consumer expectations for minimally processed yet functionally enriched 
foods that support wellness and preventive health [3,4]. Fish stands out in the clean label 
and functional food movement. Fish, being rich in high-quality protein, omega-3 fatty acids, 
and essential micronutrients, is widely recognized as a beneficial component of health-sup-
porting diets [5]. However, its high perishability—due to water activity, enzymatic action, 
and susceptibility to oxidation and microbial spoilage—poses challenges for storage, distri-
bution, and consumer acceptance. In response to this, researchers are increasingly exploring 
ways to transform fresh fish into value-added or intermediate products. Such material may 
serve as a promising candidate for future evaluation as a 3D food printing material. This 
enables improved portioning, nutritional customization, and extended shelf life while main-
taining sensory and functional properties. It is especially useful for incorporating bioactive 
ingredients and tailoring products to specific dietary or health needs [6]. 

Today, a diverse range of plants is being studied as natural additives for functional 
foods, aiming to improve their nutritional content as well as extend shelf life. Among these 
plants, basil (Ocimum basilicum L.) has gained significant attention owing to its abundant 
bioactive constituents and proven antioxidant and antimicrobial properties [7]. Basil essen-
tial oil, characterized by key components such as linalool and eugenol, has been successfully 
incorporated into fish-based products in several studies [8]. For example, the addition of 
basil essential oil, combined with rosemary essential oil, to Atlantic mackerel fillets has sig-
nificantly reduced microbial growth and lipid oxidation during refrigerated storage, 
thereby enhancing both safety and sensory quality [9]. Despite its potential, the incorpora-
tion of basil essential oil into fish patties has been little explored, highlighting a gap in the 
literature and the need for additional investigation, particularly given the rising preference 
for natural, clean-label products [10]. 

Based on the considerations above, the present work was designed to assess the use of 
basil (Ocimum basilicum L.) essential oil as a natural additive in fish products, with special 
attention to its bioactive, antioxidant properties and its impact on oxidation- and spoilage-
related quality indicators. In particular, the study aimed to evaluate and compare basil es-
sential oil (EO) obtained through hydrodistillation and lipid extract (LE) derived from su-
percritical fluid extraction (SFE), in terms of their chemical composition and antioxidant 
performance in ground fish patties under refrigerated storage. Preservation efficacy was ex-
amined via physicochemical parameters (pH, water activity, and color), markers of lipid 
and protein oxidation (TBARS and thiol content), and spoilage indicators (TVB-N). Ulti-
mately, the research sought to support the development of natural, clean-label additives to 
enhance the shelf life, safety, and visual quality of fish-based products. 

2. Materials and Methods 
2.1. Preparation of Fish Fillet 

For the main experiment, 38 samples of gilthead sea bream (Sparus aurata, Linnaeus, 
1758) were caught at the Veli Bok fish farm during the same night along the Croatian Adri-
atic coast, between the town of Cres on the island of Cres and the Rabac coast. Farm Veli 
Bok is located in the bay of Veli Bok on the northwest side of the island of Cres at the geo-
graphical position φ = 45 ° 01.7′ N, λ = 014 ° 21.1′ E. All cages are 22 m in diameter, and the 
farm is situated where the sea depth is 50–60 m. Fish farming is based on a low stocking 
density of 120,000–130,000 fish per cage. 

The fish were fed exclusively with diets free of hemoglobin, antibiotics, and genetically 
modified organisms (GMOs). Fresh gilthead sea bream, averaging 550 ± 25 g in weight, were 
kept on ice and transported in Styrofoam containers filled with crushed ice to the processing 
facility (Orada Adriatic d.o.o., Rijeka, Croatia). At the facility, post-rigor fish were decapi-
tated, eviscerated, and filleted prior to analysis and freezing. Fresh fillets were cleaned to be 
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boneless and represented the highest segment of gilthead sea bream fillets. Fillets with skin 
were individually quick frozen (IQF) in a stream of −45 °C cold air, with characteristic freez-
ing times of 15 min (OctoFrost IQF Freezer, OctoFrost Group, Malmö, Sweden). Frozen sam-
ples were transported to the laboratory in Styrofoam boxes filled with crushed ice. Upon 
arrival at the laboratory (Institute of Food Technology, Novi Sad, Serbia), a total of 76 frozen 
gilthead sea bream fillets (average weight 175 ± 5 g), without skinning, were stored for 12 h 
in a refrigerator at 4 ± 1 °C until processing and analysis, which took place within 3 days. 
The average filet length of the filets was 26 ± 0.55 cm, and the thickness was 2.50 ± 0.05 cm. 

2.2. Plant Material 

Basil plants were grown in agricultural fields in Bačko Novo Selo and hand-harvested 
at peak maturity. The processing and handling procedures are detailed in a previous study 
[11]. After collection, the plant material was kept in paper bags at ambient temperature until 
required for analysis. 

2.3. Chemicals 

2-Thiobarbituric acid, Trichloroacetic acid; Butylhydroxytoluene (BHT), n-Hexane, 
1,1,3,3-Tetraethoxypropane, Ellmans reagent (DTNB), and Bovine serum albumin (BSA) all 
of analytical grade were purchased from Sigma-Aldrich GmbH (Taufkirchen, Germany). L-
cysteine of analytical grade was purchased from Fisher Scientific (Loughborough, UK). All 
other chemicals used were of analytical reagent grade. Commercial carbon dioxide (Messer, 
Novi Sad, Serbia), purity > 99.98%, was used for laboratory supercritical fluid extraction. All 
other chemicals were of analytical reagent grade. 

2.4. Hydrodistillation (HD) and Supercritical Fluid Extraction (SFE) of Basil 

A Clevenger-type apparatus was used for hydrodistillation of basil essential oil (EO) 
according to the official procedure of Ph. Eur. IX [12]. Twenty grams of basil were mixed 
with 400 mL of distilled water and distilled for 2 h. Basil EO isolation was performed in 
three repetitions, and the yield was expressed as % (v/w). Collected basil samples were 
stored at 4 °C to prolong the stability of the isolated EOs. 

Furthermore, environmentally oriented supercritical fluid extraction (SFE) was per-
formed to obtain the basil liquid extract (LE). The equipment used for SFE of basil was 
HPEP, NOVA-Swiss, Effretikon, Switzerland, following the procedure of Zeković et al. [13]. 
The selected extraction parameters for basil LE were: pressure of 300 bar, CO2 flow rate of 
0.2 kg CO2/h, temperature of 60 ̊ C, and extraction time of 4 h. Additionally, 50 g of basil was 
used to obtain LE, which was stored at 4 °C in glass vials until further analysis. 

2.5. Characterization of Basil Extracts Obtained by HD and SFE 

The chemical profile of basil essential (EO) and lipid extract (LE) was determined by 
GC-MS analysis using GC system (7890A, Agilent Technologies, Santa Clara, CA, USA) cou-
pled with an MS detector (5975C, Agilent Technologies, USA) [14]. Basil EO and LE were 
mixed with methylene chloride. Then, 1 µL of each sample was injected into a capillary col-
umn (30 m × 0.25 mm, 0.25 µm, 19091S-433UI HP-5MSUI, Agilent Technologies, USA) in 
spitless mode. Helium (>99.9997%) was used as the carrier gas at a flow rate of a mobile 
phase with 2 mL/min of flow rate. The initial temperature was set at 60 °C for 30 min, then 
increased at 3 °C/min to 150 °C. Subsequently, the temperature was raised to 250 °C at a rate 
of 20 °C/min and held for 5 min. The final 5 min were maintained at 250 °C, which was also 
the injector temperature. Identification was performed using the NIST database (version 
2005) of MS spectra and literature databases [15]. Results were presented as relative content 
(%), and the dominant compounds (eucalyptol, germacrene D, and geraniol) were quanti-
fied (mg/g) using analytical standards. 
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2.6. Preparation of “Clean Label” Ground Fish Patties 

Fillets were double-ground using an 8 mm plate grinder and kept at 4 °C until further 
processing. Clean-label patties were prepared using a minimal-ingredient approach, avoid-
ing synthetic additives and prioritizing natural components. The basic formulation included 
98% fish meat and 2% salt. Five treatments were applied with basil essential oil (EO) or lipid 
extract (LE): GFP1 (0.075 µL/g EO), GFP2 (0.150 µL/g EO), GFP3 (0.075 µL/g LE), GFP4 (0.150 
µL/g LE), and GFPC as the control. For each treatment, three patties were produced. Patties 
(60 g; 9.0 cm diameter; 1.5 cm thick) were manually molded for 2 min (Figure 1). 

 

Figure 1. Prepared “clean-label” fish patties with a weight of 60 g, a diameter of 9.0 cm, and a thickness 
of 1.5 cm. 

The temperature was maintained below 5 °C throughout the entire patty manufactur-
ing process. Patties were placed in polypropylene trays, overwrapped with an oxygen-per-
meable polyvinyl chloride film, and stored at 4 °C for 3 days. Samples were taken at 0, 1st, 
2nd, and 3rd day of refrigerated storage, with three randomly selected ground fish patties 
from each treatment. 

The storage period of 3 days at 4 °C was selected to simulate the typical shelf life of 
fresh, minimally processed fish patties stored under aerobic conditions and without the use 
of synthetic preservatives. Such products are highly susceptible to rapid oxidative and spoil-
age-related changes, particularly during the early stages of refrigerated storage. Therefore, 
this time frame is appropriate for evaluating the initial effectiveness of natural antioxidants 
under conditions relevant to fresh retail products and pilot-scale formulation studies. 

2.7. Physicochemical Analysis 

The pH was measured in three samples from each group of patties using a digital pH 
meter (TESTO 205, Testo SE & Co, Baden-Württemberg, Germany) with automatic temper-
ature compensation and a calibrated electrode, which was inserted directly into fish patty 
for reading. 

Water activity (aw) was determined using a LabSwift Portable Water Activity Meter 
(Novasina AG, Lachen, Switzerland) with direct readings. Measurements were performed 
in triplicate, and the average value was obtained after the samples were uniformly packed 
in a measuring chamber. 

Surface color measurements of the fish patties were performed using a MINOLTA 
Chroma Meter CR-400 (Minolta Co., Ltd., Osaka, Japan). The color parameters evaluated 
included lightness (L*), redness (a*), and yellowness (b*). Measurements were taken with an 
8 mm diameter aperture and a 2° standard observer under illuminant D-65. 

Total color differences (ΔE) between treatments GFP1, GFP2, GFP3, and GFP4 (T) and 
the control GFPC (C) were calculated as: ∆𝐸 = ඥ(𝐿∗் − 𝐿஼∗ )ଶ + (𝑎∗் − 𝑎஼∗ )ଶ + (𝑏∗் − 𝑏஼∗)ଶమ  
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where 𝐿∗்   and 𝐿஼∗  represent the lightness values of the treated (T) and control (C) samples, 
respectively; 𝑎∗்  and 𝑎஼∗  represent the chromaticity values on the red-green axis, and 𝑏∗்  
and 𝑏஼∗  represent the chromaticity values on the yellow-blue axis for the treated and control 
samples, respectively. Color measurements were performed on three samples from each 
group of patties in duplicate. 

2.8. Lipid Oxidation 

As outlined previously, lipid peroxidation in the ground fish patties was quantified via 
the 2-thiobarbituric acid reactive substances (TBARS) method [16]. Results were expressed 
as mg malondialdehyde (MDA) per kg of patties. Three samples from each treatment were 
analyzed in duplicate. 

2.9. Protein Oxidation 

The extent of protein oxidation in ground fish patties was determined by measuring 
free thiol content according to a previously described method [17]. Results were expressed 
as nmol of thiol per mg of protein and three samples per group were analyzed in duplicate. 

2.10. Total Volatile Basic Nitrogen (TVB-N) 

Fish is a perishable product, and during storage, the actions of microorganisms and 
endogenous enzymes cause chemical compositional changes. Total volatile basic nitrogen 
(TVB-N) is used as a biomarker of protein and amine degradation. TVB-N was determined 
according to the procedure by Zavadlav et al. [18]. TVB-N was evaluated in three samples 
from each group of patties, in duplicate. 

2.11. Statistical Analysis 

Data analysis was performed using STATISTICA 13.0 (TIBCO Software Inc., Palo Alto, 
CA, USA). All results are presented as mean ± standard deviation (SD). One-way ANOVA 
was applied to assess differences among treatments, followed by Duncan’s multiple range 
test for pairwise comparisons at p ≤ 0.05. 

3. Results and Discussion 
3.1. Chemical Profiling Basil EO and LE 

Given the high perishability of fresh fish patties and their short commercial shelf life 
under aerobic refrigeration, the present study focused on short-term storage to capture early 
oxidative and spoilage-related changes. This approach enables the assessment of antioxi-
dant efficacy during the most critical period for quality deterioration in clean-label fish 
products. According to Table 1, slight differences in the chemical profile, expressed as rela-
tive percentages, between basil essential oil obtained by hydrodistillation (HD) and light 
extract (LE) recovered by supercritical fluid extraction (SFE) were determined by GC-MS. 
Among the common group of terpenoid compounds, oxygenated monoterpenes were the 
most dominant, followed by sesquiterpene hydrocarbons, oxygenated sesquiterpenes, and 
monoterpene hydrocarbons in both analyzed samples. Besides terpenes, another compound 
present in the basil essential oil sample was 1,5,5-trimethyl-6-methylene-cyclohexene 
(0.07%), while in the LE sample, a few more non-terpenoid compounds were identified (lav-
ender lactone, 2,6-dimethyl-3,7-octadiene-2,6-diol, and 1,5,5-trimethyl-6-methylene-cyclo-
hexene), with a total relative percentage of 1.46%. The main compound, linalool, was pre-
sent in both samples, and the impact of the applied technique was evident in the linalool 
content: HD isolated 66.95%, while SFE extracted 60.80%. By investigating three different 
varieties of basil, it was confirmed that essential oil from O. basilicum var. thyrsiflora contains 
68% linalool as the dominant terpenoid compound [19]. The same oxygenated monoterpene 
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was found at half that content (31.6%) in the study by Stanojević et al. [16]. The results in 
this manuscript are in strong agreement with the study by Raina et al. [20], in which 64.13% 
linalool was measured in basil EO. 

Table 1. Basil EO and LE chemical profile analyzed by GC-MS. 

 
Sample EO LE  

Compound RT (min) Relative  
Percentage (%) Std Relative  

Percentage (%) Std Identification 
Method 

1 α-Thujene 3.735 0.04 0.00 / / NIST, AI (924) 
2 α-Pinene 3.868 0.27 0.02 0.08 0.00 NIST, AI (932) 
3 Camphene 4.159 0.04 0.00 / / NIST, AI (946) 
4 Sabinene 4.678 0.08 0.00 0.05 0.00 AI (969) 
5 β-Pinene 4.757 0.51 0.00 0.19 0.01 NIST, AI (974) 
6 Myrcene 5.07 0.20 0.00 0.07 0.01 NIST, AI (988) 
7 α-Terpinene 5.721 0.07 0.01 / / NIST, AI (1014) 
8 p-Cymene 5.959 0.07 0.01 0.03 0.00 NIST, AI (1020) 

9 Limonene+β-Phellandrene 6.065 0.10 0.03 0.05 0.01 
NIST, AI 

(1024/1025) 

10 Eucalyptol (1,8-Cineole) 6.129 6.50 0.03 3.68 0.04 
NIST, AI (1026), 

ST 
11 Lavender lactone 6.409 / / 0.28 0.03 AI (1034) 
12 trans-β-Ocimene 6.642 0.07 0.01 / / NIST, AI (1044) 
13 γ-Terpinene 6.965 0.15 0.01 0.05 0.00 NIST, AI (1054) 
14 cis-Sabinene hydrate 7.23 0.06 0.01 0.21 0.01 NIST, AI (1065) 
15 cis-Linalool oxide (furanoid) 7.378 0.87 0.03 2.25 0.02 NIST, AI (1067) 
16 trans-Linalool oxide (furanoid) 7.855 0.70 0.04 2.00 0.03 NIST, AI (1084) 
17 Linalool 8.268 66.95 0.66 60.80 0.27 NIST, AI (1095) 
18 Camphor 9.777 0.74 0.02 0.61 0.01 NIST, AI (1141) 
19 Borneol 10.656 0.24 0.02 0.17 0.01 NIST, AI (1165) 
20 Epoxylinalol 10.804 / / 0.28 0.01 NIST 
21 Menthol 10.947 0.10 0.01 / / NIST, AI (1167) 
22 Terpinen-4-ol 11.043 0.66 0.03 0.55 0.00 NIST, AI (1174) 
23 α-Terpineol 11.599 0.71 0.01 0.35 0.05 NIST, AI (1186) 
24 2,6-Dimethyl-3,7-octadiene-2,6-diol 11.699 / / 1.06 0.02 NIST 
25 Estragole 11.863 0.75 0.03 0.69 0.01 NIST, AI (1195) 
26 Carvone 13.664 / / 0.09 0.01 NIST, AI (1239) 

27 Geraniol 14.214 0.44 0.03 0.65 0.02 NIST, AI (1249), 
ST 

28 Bornyl acetate 15.29 0.29 0.01 0.24 0.01 NIST, AI (1284) 

29 
1,5,5-Trimethyl-6-methylene-cyclo-

hexene 
17.302 0.07 0.01 0.12 0.00 NIST 

30 α-Cubebene 17.815 0.09 0.00 0.10 0.00 NIST, AI (1345) 
31 Eugenol 18.377 0.73 0.05 2.82 0.07 NIST, AI (1356) 
32 α-Copaene 18.832 0.18 0.02 0.28 0.01 NIST, AI (1374) 
        
        

33 β-Elemene 19.52 1.94 0.03 2.58 0.02 NIST, AI (1389) 
34 trans-Caryophyllene 20.495 0.32 0.01 0.59 0.02 NIST, AI (1417) 
35 β-Copaene 20.956 0.08 0.01 0.12 0.01 NIST, AI (1430) 
36 α-trans-Bergamotene 21.252 1.83 0.05 1.98 0.06 NIST, AI (1432) 
37 α-Guaiene 21.406 0.55 0.04 0.93 0.02 NIST, AI (1437) 
38 α-Humulene (α-Caryophyllene) 21.856 0.37 0.01 0.46 0.01 NIST, AI (1452) 
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39 cis-Muurola-4(14),5-diene 22.263 0.27 0.01 0.38 0.00 NIST 

40 Germacrene D 22.962 1.71 0.06 3.55 0.01 NIST, AI (1484), 
ST 

        
41 Bicyclogermacrene 23.54 0.37 0.00 0.62 0.01 NIST, AI (1500) 
        

42 α-Bulnesene (δ-Guaiene) 23.979 0.90 0.00 1.59 0.02 NIST, AI (1509) 
43 γ-Cadinene 24.292 1.73 0.09 2.55 0.05 NIST, AI (1513) 
44 trans-Calamenene 24.642 0.13 0.01 0.14 0.03 NIST, AI (1521) 
45 δ-Cadinene 24.715 0.27 0.03 0.20 0.02 NIST, AI (1522) 
        

46 Spathulenol 26.706 0.81 0.06 0.58 0.01 NIST, AI (1577) 
47 Cubenol <1,10-di-epi-> 28.099 0.80 0.01 0.62 0.01 NIST, AI (1617) 
48 τ-Cadinol 29.084 5.19 0.23 4.06 0.05 NIST, AI (1638) 
        

49 α-Cadinol 29.597 0.25 0.01 0.29 0.02 NIST, AI (1652) 
 Monoterpene hydrocarbons  1.59  0.52   
 Sesquiterpene hydrocarbons  10.71  16.06   
 Oxygenated monoterpenes  79.72  75.38   
 Oxygenated sesquiterpenes  7.04  5.55   
 Other  0.07  1.46   
 Total  99.23  99.05   

RT—retention time, EO—essential oil, LE—lipid extract, Std—standard deviation. 

Along with traditional hydrodistillation, SFE was performed at 300 bar, 60 °C, and 0.2 
kg CO2/h: these parameters were chosen based on the highest extraction yield reported by 
Zeković et al. [13]. Filip et al. [21] conducted a fractionation process using SFE to isolate and 
characterize terpenoid compounds from sweet basil. Different temperatures (40 and 50 °C) 
and pressures (100 to 300 bar) with a flow rate of 5.7 kg CO2/h were applied. The most dom-
inant group of terpenoid compounds was oxygenated monoterpenes (22.94%), the same as 
in the LE sample in this study. The main compounds in their work (linalool, eugenol, α-
bergamotene, germacrene D, γ-cadinene, δ-cadinene, β-selinene and spathulenol) showed 
that slight differences in chemical profile can be observed when compared with the chemical 
profile identified in this study, possibly due to different extraction conditions. Furthermore, 
a much higher amount of linalool in the LE sample (60.80%) was measured than in the study 
by Filip et al. [21] (20.71%). A similar pattern was also observed in the work of Arranz et al. 
[19], where linalool (27.81%) was the main compound in the SFE extract obtained under 30 
MPa pressure, 40 °C, a CO2 flow rate of 60 g/min, and an extraction time of 5 h. 

In the same group of terpenoid compounds, eucalyptol was isolated at 6.50% in the HD 
sample and 3.68% in the LE sample. In the next most dominant group, sesquiterpene hydro-
carbons were extracted at 10.80% in the conventional EO sample, which had a total content 
of 99.23%. Within this group, τ-cadinol was notable at 5.19%. A slightly lower content of τ-
cadinol (4.06%) in the LE sample made it the second most dominant compound in the ex-
tract, where sesquiterpene hydrocarbons accounted for 16.13% of the total 99.05%. The LE 
sample obtained by SFE was also characterized by a high content of germacrene D (3.55%). 
The group of monoterpene hydrocarbons was less prevalent, with the lowest percentages 
of α-thujene, camphene, α-terpinene, p-cymene, and trans-β-ocimene identified in the EO 
sample. A similar pattern was observed in the LE samples, with sabinene, p-cymene, phel-
landrene, and γ-terpinene present in low amounts. 

Considering the techniques applied, some inconsistencies in content were observed. In 
the case of basil EO, the absence of lavender lactone, epoxylinalol, and carvone was noted, 
while in LE, α-thujene, camphene, α-terpinene, trans-β-ocimene, and menthol were missing 
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compared to the EO. The composition of LE included a higher content of sesquiterpene hy-
drocarbons and a significantly lower content of monoterpene hydrocarbons compared to 
the chemical profile of the EO sample. In the study by Zeković et al. [22] the comparison of 
techniques regarding the higher content of linalool as the main compound (HD—50.09%, 
SFE—16.60%) was consistent with the linalool content in the HD (66.95%) and SFE (60.80%) 
samples, but with a more pronounced difference in results. Several authors have isolated and 
compared basil EO with basil LE from SFE in terms of chemical profile [13,23,24]. The same 
pattern of different chemical compositions of EO and LE obtained by SFE from sweet basil 
cultivated in Italy was observed in our research [23]. τ-Cadinol (27.5%) was the major com-
pound in essential oil, which was significantly higher than the 5.19% in the EO sample and 
4.06% in the LE sample from SFE obtained in our study. Conversely, the content of linalool 
did not match this work and was lower in both samples (HD—4% and LE—23.2%). Further-
more, the amounts of eucalyptol (10%) and germacrene D (5.6%) were higher in the LE sample 
compared to the amounts measured in our work, likely due to different conditions (temper-
ature 50 °C, flow rate of 4.8 kg CO2/h, pressure of 15 MPa, and 95% ethanol as co-solvent). 

Furthermore, for precise insight into the concentration of certain substances, quantita-
tive analysis was performed using standard compounds (Table 2). Eucalyptol, the second 
most dominant oxygenated monoterpene in both samples, was found at 36.65 mg/g in the 
EO sample and 12.21 mg/g in the LE sample. In contrast, the content of geraniol was higher 
in LE (14.97 mg/g) than in EO (10.38 mg/g). Moreover, germacrene D was present at a higher 
concentration in the EO sample (15.99 mg/g) compared to the LE sample (6.3 mg/g). The 
quantitative content of these three compounds was also analyzed in EO and LE samples 
from SFE by Filip et al. [25]. According to the amounts of terpenoid compounds in EO (eu-
calyptol 25.0 g/kg, geraniol 15.3 g/kg, germacrene D 15.2 g/kg) and LE (eucalyptol 2.2 g/kg, 
geraniol 11.3 g/kg, germacrene D 53.6 g/kg), the content of eucalyptol was noticeably lower, 
geraniol was almost the same, and the content of germacrene D in essential oil was the same 
as in our EO sample, but in LE it was significantly higher. Elgndi et al. [26] analyzed the 
chemical profile of EOs and LE samples obtained by SFE from S. montana, C. sativum, and 
O. basilicum. SFE was performed at extraction parameters (300 bar and 40 °C, 0.2 kg CO2/h) 
similar to those we applied. The quantitative analysis showed that the content of eucalyptol 
(32.10 mg/g in HD and 12.10 mg/g in SFE) was consistent with our study, while the opposite 
was observed for geraniol (HD—22.00 mg/g and SFE—9.1 mg/g), where EO had a higher 
percentage of geraniol than LE. 

Table 2. Quantitative content of dominant terpenoid compounds from basil EO and LE. 

 EO LE 
Compound mg/g Std mg/g Std 

Eucalyptol (1,8-Cineole) 36.65 1.09 12.21 0.05 
Germacrene D 15.99 0.14 6.3 0.01 

Geraniol 10.38 0.04 14.97 0.05 
EO—essential oil, LE—lipid extract, Std—standard deviation. 

The EO was richer in volatile oxygenated monoterpenes (e.g., linalool, eucalyptol), 
which are more prone to evaporation and partition preferentially into the headspace, con-
tributing to early antioxidant and antimicrobial effects. In contrast, the LE obtained by SFE 
was enriched in less volatile, more lipophilic sesquiterpenes (e.g., germacrene D, τ-cadinol), 
which preferentially partition into the lipid phase of the fish matrix. This likely explains the 
stronger and more sustained inhibition of lipid oxidation observed for LE-treated patties, 
particularly at 0.150 µL/g. Because lipid oxidation products are known to promote second-
ary protein oxidation, the improved preservation of thiol groups in LE-treated samples is 
consistent with their enhanced lipid-phase protection. To further support this mechanistic 
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link, correlation analysis between TBARS and thiol content has now been included in the 
revised manuscript, showing a significant negative correlation (p ≤ 0.05), thereby reinforcing 
the interdependence between lipid and protein oxidation in this system. 

3.2. pH, Water Activity and Colorimetric Evaluation of Clean Label Ground Fish Patties  
During Storage 

Measured pH values of the ground fish patties varied from 5.96 to 6.23 (Table 3). Dur-
ing the initial 24 h, a significant decline (p ≤ 0.05) was observed in the GFP2 and GFP4 sam-
ples, which may be attributed to the activity of lactic acid bacteria and subsequent accumu-
lation of organic acids, particularly lactic acid. [27,28]. During the second day, a significant 
rise (p ≤ 0.05) in pH was observed for the GFPC, GFP1, and GFP3 treatments, which may be 
attributed to the buildup of alkaline compounds, including peptides, amines, and amino 
acids [29]. By the end of the storage period, the pH values for the GFPC, GFP1, GFP2, GFP3, 
and GFP4 treatments were measured to be 6.01, 5.96, 6.08, 6.05, and 6.00, respectively. Sim-
ilar results have been reported in other studies [30,31]. The incorporation of basil EOs and 
LE did not have a significant (p ≥ 0.05) effect on the pH values at the end of the storage 
period, as there were no significant differences among the sample groups. This finding is 
consistent with results from a study on salmon and seaweed burgers, where the use of 
thyme and oregano EOs did not affect pH values [30]. It should be noted that pH values 
between 6.8 and 7.0 are generally considered acceptable for fish, while values above 7.0 in-
dicate spoilage [32]. The initial aw values of the ground fish patties ranged from 0.958 to 
0.968 (Table 3). By the end of the storage period, significant changes (p ≤ 0.05) in the aw values 
were observed, with values of 0.965, 0.969, 0.969, 0.964, and 0.966 for the GFPC, GFP1, GFP2, 
GFP3, and GFP4 treatments, respectively. The aw values were similar for all samples at the 
end of the storage period. The use of basil EO and LE in the ground fish patties did not affect 
the aw values. 

Table 3. Mean pH and aw values of control and treated ground fish patties during storage period at 4 
°C. 

 pH Values 

Storage day 
Treatments 

GFPC GFP1 GFP2 GFP3 GFP4 
0 5.97 ± 0.06 aA 5.99 ± 0.05 abA 6.13 ± 0.02 bB 5.98 ± 0.02 aA 6.23 ± 0.01 bC 
1 6.03 ± 0.01 abA 6.06 ± 0.02 bcA 6.03 ± 0.03 aA 6.05 ± 0.01 aA 6.04 ± 0.01 aA 
2 6.08 ± 0.04 bA 6.10 ± 0.01 cA 6.06 ± 0.02 abA 6.08 ± 0.05 aA 6.06 ± 0.01 aA 
3 6.01 ± 0.03 abA 5.96 ± 0.05 aA 6.08 ± 0.08 abA 6.05 ± 0.11 aA 6.00 ± 0.07 aA 
 aw values 

Storage day 
Treatments 

GFPC GFP1 GFP2 GFP3 GFP4 
0 0.959 ± 0.001 aA 0.964 ± 0.001 aB 0.964 ± 0.001 aB 0.968 ± 0.001 cC 0.958 ± 0.001 aA 
1 0.961 ± 0.004 aA 0.962 ± 0.001 aA 0.965 ± 0.006 abA 0.965 ± 0.001 aA 0.961 ± 0.004 bA 
2 0.966 ± 0.001 bB 0.960 ± 0.006 aA 0.964 ± 0.001 aAB 0.961 ± 0.002 bA 0.963 ± 0.001 cAB 
3 0.965 ± 0.001 bA 0.969 ± 0.002 bB 0.969 ± 0.002 bB 0.964 ± 0.001 aA 0.966 ± 0.001 dA 
 L* values 

Storage day Treatments 
GFPC GFP1 GFP2 GFP3 GFP4 

0 71.43 ± 3.55 aA 69.47 ± 2.04 aA 71.32 ± 1.35 abA 72.57 ± 2.97 aA 70.55 ± 2.40 aA 
1 68.62 ± 3.89 aA 69.40 ± 7.66 aA 70.66 ± 2.97 aA 70.27 ± 1.39 aA 71.80 ± 3.34 aA 
2 71.43 ± 3.57 aA 71.43 ± 3.56 aAB 71.43 ± 3.57 aAB 71.43 ± 3.58 bAB 72.04 ± 3.01 aB 
3 71.78 ± 0.88 aA 70.73 ± 1.22 aA 73.54 ± 1.19 bB 71.98 ± 0.65 aA 71.70 ± 1.54 aA 
 a* values 
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Storage day Treatments 
GFPC GFP1 GFP2 GFP3 GFP4 

0 2.10 ± 2.62 aA 2.31 ± 1.31 aA 1.33 ± 0.42 aA 1.52 ± 0.65 aA 1.89 ± 0.94 aA 
1 0.75 ± 0.57 aA 1.92 ± 1.45 aA 0.72 ± 0.85 aA 0.64 ± 0.71 aA 1.58 ± 1.29 aA 
2 0.12 ± 0.58 abAB 0.06 ± 0.44 aA 0.76 ± 0.49 aBC 0.52 ± 0.47 aABC 1.13 ± 0.33 aC 
3 0.75 ± 0.35 aAB 0.17 ± 0.25 aA 1.08 ± 0.38 aB 0.56 ± 0.58 aAB 1.83 ± 0.46 aC 
 b* values 

Storage day 
Treatments 

GFPC GFP1 GFP2 GFP3 GFP4 
0 8.46 ± 2.09 abA 8.28 ± 1.03 aA 8.06 ± 0.74 aA 8.60 ± 1.00 aA 9.12 ± 0.87 aA 
1 9.37 ± 2.08 abA 15.61 ± 6.67 bB 8.32 ± 2.29 aA 9.78 ± 1.95 aA 10.35 ± 1.28 aA 
2 6.95 ± 2.95 aB 8.55 ± 1.31 aAB 10.23 ± 1.32 bA 8.49 ± 1.95 aAB 10.47 ± 1.24 aA 
3 11.31 ± 0.72 bAB 10.11 ± 1.14 aA 12.61 ± 0.54 cB 10.37 ± 2.68 aA 12.47 ± 1.06 bB 
 ΔΕ values 

Storage day Treatments 
GFPC GFP1 GFP2 GFP3 GFP4 

0 - 8.79 ± 0.95 bC 1.57 ± 0.67 bAB 2.33 ± 2.34 aA 2.58 ± 0.81 aA 
1 - 9.26 ± 8.18 bB 3.48 ± 1.68 aA 3.06 ± 1.02 bA 3.80 ± 1.18 abAB 
2 - 2.72 ± 0.50 aA 3.34 ± 0.46 aA 4.75 ± 0.33 abAB 3.33 ± 1.90 abA 
3 - 3.01 ± 0.38 aA 4.88 ± 0.75 cC 3.55 ± 0.39 abAB 4.28 ± 1.00 bCB 

Means ± SD with different letters (A–C) in the same row are significantly different (p ≤ 0.05) Values 
with different letters (a–d) in the same column are significantly different (p ≤ 0.05). GFPC: Ground fish 
patties with no basil EO and LE. GFP1: Ground fish patties containing 0.075 µL/g basil EO. GFP2: 
Ground fish patties containing 0.150 µL/g basil EO. GFP3: Ground fish patties containing 0.075 µL/g 
basil LE. GFP4: Ground fish patties containing 0.150 µL/g basil LE. 

The color parameters of ground fish patties, including L* (lightness), a* (redness), b* 
(yellowness), and ΔE (total color difference), were measured in this study. The recorded 
values ranged from 68.62 to 73.55 for L*, 0.06 to 2.31 for a*, 6.95 to 15.61 for b*, and 1.57 to 
9.26 for ΔE. The addition of basil EO and LE to the ground fish patties did not have a signif-
icant influence on the L* and a* values (p ≥ 0.05) between treatments, indicating that the 
treatments did not negatively affect the perceived lightness or redness of the products. 

Initially, higher values of a* (redness) were observed on day 0, but these values de-
creased by day 2. The loss of redness in fish products is likely due to oxidative reactions 
[33,34]. The b* (yellowness) value of the ground fish patties increased with storage time, 
indicating a shift toward a more yellowish color during storage, which is consistent with 
findings from other studies [35,36]. Total color difference (ΔE) was assessed according to the 
National Bureau of Standards (NBS) scale: 0–0.5 (trace), 0.5–1.5 (slight), 1.5–3.0 (noticeable), 
3.0–6.0 (appreciable), and >12.0 (very much) [36]. In this study, the differences between treat-
ments GFP1, GFP2, GFP3, and GFP4 compared to the control (GFPC) were appreciable 
throughout the storage period (ΔE > 3), suggesting perceptible color alterations, according 
to this standard. 

This result indicates the effect of natural antioxidants and polyphenolic compounds 
present in basil EOs and LE, which have been reported to influence the color stability of fish 
and meat products [8,37,38]. While pH, water activity, and color parameters are commonly 
reported for fish products, the novelty of this study lies in demonstrating that basil essential 
oil (EO) and, notably, basil lipid extract (LE) obtained by supercritical fluid extraction can 
be incorporated into clean-label gilthead sea bream patties without adversely affecting these 
key physicochemical and visual quality attributes during refrigerated storage. To the best 
of our knowledge, such comparative data for EO versus SFE-derived LE in ground fish pat-
ties have not been previously reported. Furthermore, the results show that despite their dis-
tinct chemical profiles, both extracts maintained matrix stability while enabling effective 
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oxidative protection, which is critical for the practical application of natural antioxidants in 
fish-based formulations. These findings provide new insight into the technological feasibil-
ity of using basil extracts—particularly SFE-derived LE—as functional clean-label additives 
that preserve quality without compromising appearance or basic physicochemical proper-
ties, thereby supporting their potential industrial applicability. 

3.3. Lipid Oxidation of Clean Label Ground Fish Patties 

Lipid oxidation is a critical concern in fish products due to their high content of poly-
unsaturated fatty acids (PUFAs), which are highly susceptible to oxidative degradation 
[39,40]. The progression of lipid oxidation in clean label ground fish patties (GFP) was as-
sessed using TBARS values, which measure malondialdehyde (MDA) concentration, a key 
indicator of lipid peroxidation. Figure 2 shows TBARS values for the control (GFPC) and 
different treatments (GFP1, GFP2, GFP3, GFP4) over three days of storage. As expected, 
TBARS values increased over time in all samples, reflecting ongoing lipid oxidation during 
storage. The control patties (GFPC) exhibited the highest TBARS value (0.15 mg MDA/kg), 
significantly greater than those of the treated samples (p ≤ 0.05), indicating that untreated 
patties were more prone to lipid oxidation. Among the treated samples, GFP1 and GFP4 
showed moderate increases in TBARS values, while GFP2 and GFP3 maintained relatively 
low levels of lipid oxidation, suggesting that both basil EO and LE were effective in delaying 
oxidative processes during storage. The observed outcomes corroborate earlier research 
demonstrating the effectiveness of basil EO in enhancing oxidative stability in fish products 
[9]. Notably, TBARS levels remained below 0.5 mg MDA/kg for all treatments except the 
control over the storage period, aligning with the accepted sensory limit for rancid flavor 
detection [41]. These findings support the use of basil extracts as natural additives, with 
their antioxidant potential linked to the composition of EO and LE determined via GC-MS. 

The most abundant compounds in the extracted oils were linalool (66.95% in HD, 
60.80% in SFE), τ-cadinol (5.19% in HD, 4.06% in SFE), eucalyptol (6.50% in HD, 3.68% in 
SFE), and germacrene D (1.71% in HD, 3.55% in SFE). Linalool and τ-cadinol have been well-
documented for their strong antioxidant properties, acting as free radical scavengers and 
inhibiting lipid peroxidation [39]. Similarly, eucalyptol has been shown to interrupt lipid 
oxidation chains by stabilizing lipid radicals, while germacrene D has demonstrated anti-
microbial and antioxidant properties in other food preservation studies [39]. In the GFP2 
treatment, the higher EO concentration (0.150 µL/g) likely provided a sufficient number of 
antioxidant molecules to effectively neutralize free radicals, preventing chain reactions of 
lipid peroxidation. Although the other treatments also showed satisfactory reductions in 
lipid oxidation, GFP2 stood out due to its high potency. This suggests that a lower amount 
of basil extract would be needed in product formulations, contributing to minimal increases 
in production costs and making it a more practical and cost-effective solution for industrial 
applications. 
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Figure 2. TBARS values of ground fish patties during storage (Different lower cases in superscripts (a–e) 
indicate difference (p ≤ 0.05) between treatments; Different Upper cases superscripts (A–C) indicate dif-
ference (p ≤ 0.05) between days of storage). 

3.4. Protein Oxidation of Clean Label Ground Fish Patties 

Oxidation of proteins is a critical factor affecting fish product quality, leading to struc-
tural alterations, impaired functionality, and deterioration of sensory characteristics. [42]. 
Oxidative modifications of proteins may result directly from reactive oxygen and nitrogen 
species, or indirectly through reactions with lipid oxidation products, reducing sugars, or 
carbohydrates [40]. Oxidative changes in cysteine residues result in protein carbonyl for-
mation and disulfide bond cross-linking, which ultimately affect protein structure and key 
quality parameters, including tenderness and texture [43]. The extent of protein oxidation 
in ground fish patties was assessed by measuring thiol group content over three days of 
storage (Figure 3). As storage progressed, a significant decline (p ≤ 0.05) in thiol groups was 
observed across all samples, indicating the protein oxidation. Among the treated samples, 
GFP2 and GFP4 retained higher thiol contents compared to other treated samples. The pro-
tective effect of basil EO and LE against process of protein oxidation is linked to the presence 
of bioactive compounds, especially phenolic monoterpenes [44]. The hydroxyl group, in 
their structure, connected to the aromatic ring is capable of donating an electron to neutral-
ize free radical reactions [28]. This correlates with their effectiveness in inhibiting lipid oxi-
dation, as observed in the TBARS results. The observed correlation between protein and 
lipid oxidation emphasizes the interconnectedness of these oxidative processes in fish prod-
ucts. By-products of lipid oxidation, including reactive aldehydes, can directly react with 
proteins, accelerating thiol loss and promoting carbonyl formation [42,45]. The fact that 
treatments that effectively suppressed lipid oxidation also exhibited lower protein oxidation 
supports this mechanistic link. Overall, the results demonstrate that basil EO and LE effec-
tively slow oxidative deterioration in ground fish patties, with GFP2 emerging as the most 
promising formulation. Although direct comparison with synthetic antioxidants such as 
BHT was not performed in this study, the observed reduction in lipid and protein oxidation 
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highlights the potential of basil-derived extracts as effective natural antioxidants within 
clean-label fish formulations. 

 

Figure 3. Protein thiol content of ground fish patties during storage (Different lower cases in super-
scripts (a–e) indicate difference (p ≤ 0.05) between treatments; Different Upper cases superscripts (A–
D) indicate difference (p ≤ 0.05) between days of storage). 

3.5. TVB-N Profile of Clean Label Ground Fish Patties 

Total volatile basic nitrogen (TVB-N) is widely used as an indicator of fish muscle spoil-
age, reflecting the accumulation of nitrogenous compounds generated by microbial and en-
zymatic activity. Elevated proteolytic activity increases the concentration of muscle-derived 
nitrogen, small peptides, and amino acids, while reducing protein solubility and altering 
functional properties. As shown in Figure 4, TVB-N levels increased across all treatments 
during storage. Initially, TVB-N values were low in all samples, indicating the freshness of 
the ground fish patties. However, as storage progressed, a significant increase (p ≤ 0.05) was 
observed, with the GFPC consistently showing the highest values. This suggests that the 
treatments (GFP1, GFP2, GFP3, and GFP4) effectively delayed protein breakdown and mi-
crobial activity. The effectiveness of basil EO and LE can be attributed to their bioactive 
compounds. Basil EO contains high levels of oxygenated monoterpenes such as linalool 
(66.95%) and eucalyptol (6.50%), which have strong antimicrobial properties, while LE is 
rich in sesquiterpene hydrocarbons like γ-cadinene (2.55%) and germacrene D (3.55%), 
which also contribute to microbial inhibition [46–48]. These results indicate delayed spoil-
age, as reflected by reduced accumulation of TVB-N. Among the treated groups, GFP3 out-
performed other treatments, suggesting optimal efficacy in maintaining quality. 

These results are consistent with the TBARS and protein oxidation findings, further 
supporting the role of these treatments in extending the shelf life of clean label ground fish 
patties. While longer storage periods are commonly applied in extended shelf-life studies, 
the selected 3-day storage period is particularly relevant for fresh fish patties and pilot-scale 
product development, where quality deterioration occurs rapidly. Future studies may ex-
tend storage duration or include modified atmosphere packaging to further explore long-
term preservation effects. 
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Figure 4. Total volatile base nitrogen content of ground fish patties during storage (Different lower 
cases in superscripts (a–e) indicate difference (p ≤ 0.05) between treatments; Different Upper cases su-
perscripts (A–D) indicate difference (p ≤ 0.05) between days of storage). 

4. Conclusions 
Extracts of basil (Ocimum basilicum L.) prepared via hydrodistillation (HD) and super-

critical fluid extraction (SFE) were evaluated as natural antioxidants in ground fish patties. 
SFE, a sustainable technique, yielded terpenoid-rich lipid extracts with notable antioxidative 
properties. Incorporating both EO and LE significantly mitigated lipid and protein oxida-
tion and improved color stability while maintaining stable pH and water activity. 

The most pronounced antioxidative effect was observed in patties treated with 0.150 
µL/g of LE obtained by SFE. These findings support the use of basil-based extracts as potential 
“green” additives for extending shelf life and preserving the quality of fish-based products. 
Future research should explore their potential as promising natural antioxidant options for 
clean-label seafood products, including their sensory impact and regulatory acceptance. 
Ground fish or surimi treated with basil (Ocimum basilicum L.) extracts as a biopreservative 
may also serve as a promising base for future fish-based innovative food products. 

Author Contributions: Conceptualization, B.Š., B.P., D.B.K. and S.Z.; methodology, S.V., T.P., M.Ž. and 
N.T.; software, M.Ž., N.T. and P.I.; validation, P.I. and D.B.K.; investigation, S.V., N.S., T.P., M.Ž. and 
N.T.; resources, B.P., S.Z., D.B.K. and P.I.; data curation, N.S., S.V. and M.Ž.; writing—original draft 
preparation, N.S., S.V. and M.Ž.; writing—review and editing, B.Š., B.P. and T.P.; visualization, T.P.; 
supervision, D.B.K.; project administration, S.Z.; funding acquisition, B.Š., B.P. and S.Z. All authors 
have read and agreed to the published version of the manuscript. 

Funding: This research was supported and funded by Karlovac University of Applied Sciences 
through an internal project: “Nutrition innovative three-dimensional 3D-esserts (HRID)—NextGener-
ationEU”, European Union (NextGenerationEU) under the National Recovery and Resilience Plan 2021–
2026 (NRRP), through the UNIZG FFTB institutional project “Application of Non-Thermal Technolo-
gies and Artificial Intelligence for Enhancing Food Product Quality and Waste Valorisation (SUS-
TAINIQ)”, approved by the Ministry of Science, Education and Youth of the Republic of Croatia (com-
ponent C3.2, source 581) and by the Ministry of Science, Technological Development and Innovations 
of the Republic of Serbia, 451-03-137/2025-03/200134 and 451-03-136/2025-03/200222. 

aD

aC

aB

aA

aC

bD

bB

eA

aD

eC

cB

dA

aC

cB

dD

cA

aD

dB

eC

bA

0.00

1.00

2.00

3.00

4.00

5.00

6.00

7.00

8.00

0 1 2 3

TV
B 

-N
 (m

g 
/1

00
 g

)

Storage (day)

GFPC GFP1 GFP2 GFP3 GFP4



Foods 2026, 15, 198 15 of 17 
 

https://doi.org/10.3390/foods15020198 

Institutional Review Board Statement: Not applicable. 

Informed Consent Statement: Not applicable. 

Data Availability Statement: The original contributions presented in this study are included in the 
article. Further inquiries can be directed to the corresponding authors. 

Acknowledgments: Corresponding author would like to acknowledge CEEPUS grants to the Univer-
sity of Zagreb (RS-1512-05-2425—Improving Food Quality with Novel Food Processing Technologies). 

Conflicts of Interest: The authors declare no conflicts of interest. 

References 
1. Kim, M.; Bae, S.M.; Yoo, Y.; Park, J.; Jeong, J.Y. Clean-Label Strategies for the Replacement of Nitrite, Ascorbate, and Phosphate in 

Meat Products: A Review. Foods 2025, 14, 2442. https://doi.org/10.3390/foods14142442. 
2. Konfo, T.R.C.; Djouhou, F.M.C.; Koudoro, Y.A.; Dahouenon-Ahoussi, E.; Avlessi, F.; Sohounhloue, C.K.D.; Simal-Gandara, J. Es-

sential oils as natural antioxidants for the control of food preservation. Food Chem. Adv. 2023, 2, 100312 https://doi.org/10.1016/j.fo-
cha.2023.100312. 

3. Singh, B.P.; Ajayi, F.F.; Maqsood, S. A Transition from Animal- to Plant-Based Proteins to Foster Sustainable Food Systems: Ad-
vancements on Diverse Sources, Health-Promoting Properties and Applications as Alternatives/Analogues of Animal-Based Pro-
teins. Food Bioprocess Technol. 2025, 18, 10086–10113. https://doi.org/10.1007/s11947-025-04036-9. 

4. Aschemann-Witzel, J.; Varela, P.; Peschel, A.O. Consumers’ categorization of food ingredients: Do consumers perceive them as 
‘clean label’ producers expect? An exploration with projective mapping. Food Qual. Prefer. 2019, 71, 117–128. 
https://doi.org/10.1016/j.foodqual.2018.06.003. 

5. Nousheen, S.; Amir, I.; Bukhat, H.; Farooq, U.; Batool, S. Fish as a functional food: A comprehensive review of bioactive components 
and their therapeutic potential for human health. Int. Aquat. Res. 2025, 17, 229–244. 

6. Bhat, Z.F.; Morton, J.D.; Kumar, S.; Bhat, H.F.; Aadil, R.M.; Bekhit, A.E.-D.A. 3D printing: Development of animal products and 
special foods. Trends Food Sci. Technol. 2021, 118, 87–105. https://doi.org/10.1016/j.tifs.2021.09.020. 

7. Backiam, A.D.S.; Duraisamy, S.; Karuppaiya, P.; Balakrishnan, S.; Sathyan, A.; Kumarasamy, A.; Raju, A. Analysis of the main 
bioactive compounds from Ocimum basilicum for their antimicrobial and antioxidant activity. Biotechnol. Appl. Biochem. 2023, 70, 
2038–2051. https://doi.org/10.1002/bab.2508. 

8. Pierozan, M.B.; Oliveira Filho, J.G.d.; Cappato, L.P.; Costa, A.C.; Egea, M.B. Essential Oils Against Spoilage in Fish and Seafood: 
Impact on Product Quality and Future Challenges. Foods 2024, 13, 3903. https://doi.org/10.3390/foods13233903. 

9. Karoui, R.; Hassoun, A. Efficiency of Rosemary and Basil Essential Oils on the Shelf-Life Extension of Atlantic Mackerel (Scomber 
scombrus) Fillets Stored at 2 °C. J. AOAC Int. 2017, 100, 335–344. https://doi.org/10.5740/jaoacint.16-0410. 

10. Wang, L.; Zhang, M.; Bhandari, B.; Yang, C. Investigation on fish surimi gel as promising food material for 3D printing. J. Food Eng. 
2018, 220, 101–108. https://doi.org/10.1016/j.jfoodeng.2017.02.029. 

11. Gladikostić, N.; Ikonić, B.; Teslić, N.; Zeković, Z.; Božović, D.; Putnik, P.; Bursać Kovačević, D.; Pavlić, B. Essential oils from 
Apiaceae, Asteraceae, Cupressaceae and Lamiaceae Families Grown in Serbia: Comparative chemical profiling with in vitro anti-
oxidant activity. Plants 2023, 12, 745. https://doi.org/10.3390/plants12040745. 

12. European Directorate for the Quality of Medicines & HealthCare (EDQM). European Pharmacopoeia, 11th ed.; Council of Europe: 
Strasbourg, France, 2023. 

13. Zeković, Z.; Filip, S.; Vidović, S.; Jokić, S.; Svilović, S. Mathematical modeling of Ocimum basilicum L. supercritical CO2 extraction. 
Chem. Eng. Technol. 2014, 37, 2123–2128. https://doi.org/10.1002/ceat.201400322. 

14. Šojić, B.; Ikonić, P.; Kocić-Tanackov, S.; Peulić, T.; Teslić, N.; Županjac, M.; Lončarević, I.; Zeković, Z.; Popović, M.; Vidaković, S.; 
et al. Antibacterial activity of selected essential oils against foodborne pathogens and their application in fresh turkey sausages. 
Antibiotics 2023, 12, 182. https://doi.org/10.3390/antibiotics12010182. 

15. Adams, R.P. Identification of Essential Oil Components by Gas Chromatography/Quadrupole Mass Spectroscopy, 4th ed.; Allured Publish-
ing Corporation: Carol Stream, IL, USA, 2017. 

16. Botsoglou, N.A.; Fletouris, D.J.; Papageorgiou, G.E.; Vassilopoulos, V.N.; Mantis, A.J.; Trakatellis, A.G. Rapid, sensitive, and spe-
cific thiobarbituric acid method for measuring lipid peroxidation in animal tissue, food, and feedstuff samples. J. Agric. Food Chem. 
1994, 42, 1931–1937. 



Foods 2026, 15, 198 16 of 17 
 

https://doi.org/10.3390/foods15020198 

17. Jongberg, S.; Skov, S.H.; Tørngren, M.A.; Skibsted, L.H.; Lund, M.N. Effect of white grape extract and modified atmosphere pack-
aging on lipid and protein oxidation in chill stored beef patties. Food Chem. 2011, 128, 276–283. https://doi.org/10.1016/j.food-
chem.2011.03.015. 

18. Zavadlav, S.; Lacković, I.; Bursać Kovačević, D.; Greiner, R.; Putnik, P.; Vidaček Filipec, S. Utilizing impedance for quality assess-
ment of European Squid (Loligo vulgaris) during chilled storage. Foods 2019, 8, 624. https://doi.org/10.3390/foods8120624. 

19. Avetisyan, A.; Markosian, A.; Petrosyan, M.; Sahakyan, N.; Babayan, A.; Aloyan, S.; Trchounian, A. Chemical composition and 
some biological activities of the essential oils from basil Ocimum different cultivars. BMC Complement. Altern. Med. 2017, 17, 60. 
https://doi.org/10.1186/s12906-017-1587-5. 

20. Raina, A.P.; Kumar, A.; Dutta, M. Chemical characterization of aroma compounds in essential oil isolated from “Holy Basil” (Oci-
mum tenuiflorum L.) grown in India. Genet. Resour. Crop Evol. 2013, 60, 1727–1735. https://doi.org/10.1007/s10722-013-9981-4. 

21. Filip, S.; Vidović, S.; Adamović, D.; Zeković, Z. Fractionation of non-polar compounds of basil (Ocimum basilicum L.) by supercritical 
fluid extraction (SFE). J. Supercrit. Fluids 2014, 86, 85–90. https://doi.org/10.1016/j.supflu.2013.12.001. 

22. Zekovic, Z.; Filip, S.; Vidovic, S.; Adamovic, D.; Elgndi, A. Basil (Ocimum basilicum L.) essential oil and extracts obtained by super-
critical fluid extraction. Acta Period. Technol. 2015, 259–269. https://doi.org/10.2298/apt1546259z. 

23. Occhipinti, A.; Capuzzo, A.; Bossi, S.; Milanesi, C.; Maffei, M.E. Comparative analysis of supercritical CO2 extracts and essential 
oils from an Ocimum basilicum chemotype particularly rich in T-cadinol. J. Essent. Oil Res. 2013, 25, 272–277. 
https://doi.org/10.1080/10412905.2013.775083. 

24. Coelho, J.; Veiga, J.; Karmali, A.; Nicolai, M.; Pinto Reis, C.; Nobre, B.; Palavra, A. Supercritical CO2 Extracts and Volatile Oil of 
Basil (Ocimum basilicum L.) Comparison with Conventional Methods. Separations 2018, 5, 21. https://doi.org/10.3390/separa-
tions5020021. 

25. Filip, S.; Vidović, S.; Vladić, J.; Pavlić, B.; Adamović, D.; Zeković, Z. Chemical composition and antioxidant properties of Ocimum 
basilicum L. extracts obtained by supercritical carbon dioxide extraction: Drug exhausting method. J. Supercrit. Fluids 2016, 109, 20–
25. https://doi.org/10.1016/j.supflu.2015.11.006. 

26. Elgndi, M.A.; Filip, S.; Pavlić, B.; Vladić, J.; Stanojković, T.; Žižak, Ž.; Zeković, Z. Antioxidative and cytotoxic activity of essential 
oils and extracts of Satureja montana L., Coriandrum sativum L. and Ocimum basilicum L. obtained by supercritical fluid extraction. J. 
Supercrit. Fluids 2017, 128, 128–137. https://doi.org/10.1016/j.supflu.2017.05.025. 

27. Sharma, H.; Mendiratta, S.K.; Agrawal, R.K.; Gurunathan, K.; Kumar, S.; Singh, T.P. Use of various essential oils as bio preserva-
tives and their effect on the quality of vacuum packaged fresh chicken sausages under frozen conditions. LWT-Food Sci. Technol. 
2017, 81, 118–127. https://doi.org/10.1016/j.lwt.2017.03.048. 

28. Pateiro, M.; Vargas, F.C.; Chincha, A.A.I.A.; Sant’Ana, A.S.; Strozzi, I.; Rocchetti, G.; Barba, F.J.; Domínguez, R.; Lucini, L.; do 
Amaral Sobral, P.J.; et al. Guarana seed extracts as a useful strategy to extend the shelf life of pork patties: UHPLC-ESI/QTOF 
phenolic profile and impact on microbial inactivation, lipid and protein oxidation and antioxidant capacity. Food Res. Int. 2018, 114, 
55–63. https://doi.org/10.1016/j.foodres.2018.07.047. 

29. Huang, L.; Wang, Y.; Li, R.; Wang, Q.; Dong, J.; Wang, J.; Lu, S. Thyme essential oil and sausage diameter effects on biogenic amine 
formation and microbiological load in smoked horse meat sausage. Food Biosci. 2021, 40, 100885. 
https://doi.org/10.1016/j.fbio.2021.100885. 

30. Khemakhem, I.; Fuentes, A.; Lerma-García, M.J.; Ayadi, M.A.; Bouaziz, M.; Barat, J.M. Olive leaf extracts for shelf life extension of 
salmon burgers. Food Sci. Technol. Int. 2018, 25, 91–100. https://doi.org/10.1177/1082013218795816. 

31. Duman, M. Nutritional value and sensory acceptability of fish burger prepared with flaxseed flour. Food Sci. Technol. 2022, 42, 
e279200. https://doi.org/10.1590/fst.27920. 

32. Suvanich, V.; Marshall, D.L.; Jahncke, M.L. Microbiological and Color Quality Changes of Channel Catfish Frame Mince During 
Chilled and Frozen Storage. J. Food Sci. 2008, 65, 151–154. https://doi.org/10.1111/j.1365-2621.2000.tb15971.x. 

33. Sadeghinejad, N.; Amini Sarteshnizi, R.; Ahmadi Gavlighi, H.; Barzegar, M. Pistachio green hull extract as a natural antioxidant in 
beef patties: Effect on lipid and protein oxidation, color deterioration, and microbial stability during chilled storage. Lwt 2019, 102, 
393–402. https://doi.org/10.1016/j.lwt.2018.12.060. 

34. Jokanović, M.; Ivić, M.; Škaljac, S.; Tomović, V.; Pavlić, B.; Šojić, B.; Zeković, Z.; Peulić, T.; Ikonić, P. Essential oil and supercritical 
extracts of winter savory (Satureja montana L.) as antioxidants in precooked pork chops during chilled storage. Lwt 2020, 134, 
110260. https://doi.org/10.1016/j.lwt.2020.110260. 

35. Feng, L.; Jiang, T.; Wang, Y.; Li, J. Effects of tea polyphenol coating combined with ozone water washing on the storage quality of 
black sea bream (Sparus macrocephalus). Food Chem. 2012, 135, 2915–2921. https://doi.org/10.1016/j.foodchem.2012.07.078. 



Foods 2026, 15, 198 17 of 17 
 

https://doi.org/10.3390/foods15020198 

36. Shi, C.; Cui, J.; Yin, X.; Luo, Y.; Zhou, Z. Grape seed and clove bud extracts as natural antioxidants in silver carp (Hypophthalmichthys 
molitrix) fillets during chilled storage: Effect on lipid and protein oxidation. Food Control 2014, 40, 134–139. 
https://doi.org/10.1016/j.foodcont.2013.12.001. 

37. Falowo, A.B.; Mukumbo, F.E.; Idamokoro, E.M.; Afolayan, A.J.; Muchenje, V. Phytochemical Constituents and Antioxidant Activ-
ity of Sweet Basil (Ocimum basilicum L.) Essential Oil on Ground Beef from Boran and Nguni Cattle. Int. J. Food Sci. 2019, 2019, 
2628747. https://doi.org/10.1155/2019/2628747. 

38. Öztürk Kerİmoğlu, B.; Kavuşan, H.S.; SerdaroĞLu, M. The impacts of laurel (Laurus nobilis) and basil (Ocimum basilicum) essential 
oils on oxidative stability and freshness of sous-vide sea bass fillets. Turk. J. Vet. Anim. Sci. 2020, 44, 101–109. 
https://doi.org/10.3906/vet-1908-25. 

39. Khoshnoudi-Nia, S.; Moosavi-Nasab, M. Comparison of various chemometric analysis for rapid prediction of thiobarbituric acid 
reactive substances in rainbow trout fillets by hyperspectral imaging technique. Food Sci. Nutr. 2019, 7, 1875–1883. 
https://doi.org/10.1002/fsn3.1043. 

40. Suárez-Medina, M.D.; Sáez-Casado, M.I.; Martínez-Moya, T.; Rincón-Cervera, M.Á. The effect of low temperature storage on the 
lipid quality of fish, either alone or combined with alternative preservation technologies. Foods 2024, 13, 1097. 
https://doi.org/10.3390/foods13071097. 

41. Jin, S.-K.; Choi, J.S.; Yang, H.-S.; Park, T.-S.; Yim, D.-G. Natural curing agents as nitrite alternatives and their effects on the physi-
cochemical, microbiological properties and sensory evaluation of sausages during storage. Meat Sci. 2018, 146, 34–40. 
https://doi.org/10.1016/j.meatsci.2018.07.032. 

42. Lund, M.N.; Heinonen, M.; Baron, C.P.; Estévez, M. Protein oxidation in muscle foods: A review. Mol. Nutr. Food Res. 2010, 55, 83–
95. https://doi.org/10.1002/mnfr.201000453. 

43. Hu, L.; Ren, S.; Shen, Q.; Ye, X.; Chen, J.; Ling, J. Protein oxidation and proteolysis during roasting and in vitro digestion of fish 
(Acipenser gueldenstaedtii). J. Sci. Food Agric. 2018, 98, 5344–5351. https://doi.org/10.1002/jsfa.9075. 

44. Romano, R.; De Luca, L.; Aiello, A.; Pagano, R.; Di Pierro, P.; Pizzolongo, F.; Masi, P. Basil (Ocimum basilicum L.) Leaves as a Source 
of Bioactive Compounds. Foods 2022, 11, 3212. https://doi.org/10.3390/foods11203212. 

45. Hematyar, N.; Rustad, T.; Sampels, S.; Kastrup Dalsgaard, T. Relationship between lipid and protein oxidation in fish. Aquac. Res. 
2019, 50, 1393–1403. https://doi.org/10.1111/are.14012. 

46. Abou El-Soud, N.H.; Deabes, M.; Abou El-Kassem, L.; Khalil, M. Chemical Composition and Antifungal Activity of Ocimum basil-
icum L. Essential Oil. Open Access Maced. J. Med. Sci. 2015, 3, 374–379. https://doi.org/10.3889/oamjms.2015.082. 

47. Sunčica, K.T.; Gordana, D.; Jelena, L.; Ilija, T.; Danijela, T. Antifungal activities of basil (Ocimum basilicum L.) extract on Fusarium 
species. Afr. J. Biotechnol. 2011, 10, 10188–10195. https://doi.org/10.5897/ajb11.1330. 

48. Shirazi, M.T.; Gholami, H.; Kavoosi, G.; Rowshan, V.; Tafsiry, A. Chemical composition, antioxidant, antimicrobial and cytotoxic 
activities of Tagetes minuta and Ocimum basilicum essential oils. Food Sci. Nutr. 2014, 2, 146–155. https://doi.org/10.1002/fsn3.85. 

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) 
and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or 
property resulting from any ideas, methods, instructions or products referred to in the content. 


