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The effects of citrus essential oils (orange, lemon, mandarin, and grapefruit) on the oxidative stability of microencapsulated fish oil by spray-drying were evaluated. The encapsulation efficiency of microcapsules was in the range of 42.25 and 62.43%. Twelve active substances were determined as major volatile components of citrus essential oils. The highest phenolic content was obtained from grapefruit essential oil (44.32 mg GAE/g). Lower values of thiobarbituric acid reactive substances (TBARs) were obtained for microencapsulated fish oils with essential oils compared to control. At the end of storage, the highest peroxide value (PV) was observed in the control group (25.30 meq O2/kg oil) while the lowest value was in the lemon (13.40 meq O2/kg oil) and orange group (13.91 meq O2/kg oil). The results of this study showed that citrus essential oils can be used to improve the oxidative stability of fish oil microcapsules.
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1. Introduction

Fish oils are very important source of nutrients due to polyunsaturated fatty acids (PUFAs) such as eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) in their structure. Researcher reported that the consumption of PUFAs, especially DHA and EPA can prevent the occurrence of many diseases, such as heart arrhythmias, triglyceride concentrations, blood pressure, and platelet aggregation (1). In addition, fish oils represent a functional food ingredient and play a very important role in health (2). For instance, human diets supplemented with fish oils were specified to have beneficial impacts in the prevention of cognitive disorders (3) and on brain development for children and aged individuals (4). Moreover, omega-3 fatty acids protect against the expansion of certain cancers such as breast (5) and prostate cancer (6). While some of the consumers meet the required omega-3 requirements by consuming seafood, for many, direct fish oil purchase has provided a large and important source worldwide, especially for children and pregnant women. However, fish oil has a strong odor and can easily be oxidized as long as it is not protected. The oxidative degradation of unsaturated fatty acids in fish oil results in loss of nutritional value and off-flavors (7). The primary products of lipid oxidation are known as hydroperoxides. These compounds break down into secondary oxidation products such as aldehydes and ketones which cause the unpleasant odors associated with rancid oils. Therefore, antioxidants and different processing technologies are used to protect the quality of fish oils. One of the most important of these technologies is microencapsulation (8).

Microencapsulation is a technology that permits food components or bioactive ingredients (“core” material) to be surrounded with a polymer matrix or “wall.” Thanks to microencapsulated food components, many functional products that are thought to be technically impossible are now producible and can be used as a food ingredient. These ingredients are completely enclosed with a coating material, thereby removing unnecessary features from the original component. Microencapsulation can provide multiple advantages to the food components. For instance, the encapsulated materials are protected against unfavorable reactions such as lipid oxidation and nutritional deterioration throughout production and poor handling, and poor storage conditions (9, 10). Another important property of microencapsulation is that it protects against volatile loss. In light of these information, Shahidi and Han (11) proposed six reasons for the application of microencapsulation in the food industry; to reduce the reactivity of the main component because of the environmental factors, to decrease the rate of transfer of the external component to the main component material, to encourage easier usage, to control the release of the main component material, to mask the taste of the main component and to dilute the main component material when used in a very small amount.

Although many techniques have been developed for microencapsulation of food components, spray-drying is the technique most commonly used in the food industry due to its low cost and flexible process. Spray-drying is a process used to obtain dust by atomizing a liquid product in a stream of hot gas. It is necessary to use high temperatures in this process, but the contact time is too short (a few seconds), that is, energy is used only for evaporation, not for the increase of the temperature of the powder particles. For this reason, it possible to apply this technology to encapsulate heat-sensitive materials with low thermal degradation. Thus, it can also be applied for the encapsulation of bioactive compounds such as omega 3 fatty acids and phytosterols, which are generally heat sensitive. Although microencapsulation is an important technique for stabilization of fish oils, additional stabilization with antioxidants such as essential oils (EOs) is also necessary to provide maximum protection during processing and subsequent storage of the microencapsulated bioactive components (7). Therefore, researchers all over the world are trying to characterize the range of biological properties of EOs including antimicrobial, antioxidant, antiviral, anticancer, anti-inflammatory, antimutagenic, immunomodulator, and antiprotozoal activities (2, 12).

One of the most remarkable EOs groups in recent years is citrus EOs. By-products such as citrus pulp and peels are considered a natural source of flavonoids, which are one of the phenolic compound groups. It is stated that the peel of the fruit that constitutes about half of the citrus fruit contains the highest concentration of flavonoids in the fruit. Citrus peels are reported to be rich in characteristic flavanone glycosides, especially naringin, hesperidin, narirutin, and neohesperidin (13). Gorinstein et al. (14) reported that the total phenolic contents in lemon, orange, and grapefruit peels were found to be quite higher than the edible part of the fruit itself. Citrus essential oils contain mixtures of many components, including terpenes, sesquiterpenes, aldehydes, alcohols, and esters (15). d-Limonene, linalool, γ-terpinene, linalyl acetate, α-terpineol, geranyl acetate, β-pinene and terpinolene, are functioning components of citrus essential oils, and play important roles as antioxidant, anti-inflammatory, antidepressant, anticarcinogenic, and antifungal processes (16). Many essential oils have high antibacterial, antiviral and antifungal activity, thus have an important role as an antiseptic in beverages and food products. Related researches have also shown that essential oils can not only provide flavor to food, but also be the cause of coloring, antioxidant, bacteriostatic and antiseptic activities, which can be applied as important natural preservatives/additives (17–19).

One of the way to reduce oxidation is the microencapsulation process in order to protect PUFAs. This process traps lipid droplets (hydrophobic core material) in a film provided by one or several wall materials, including proteins, starches, polysaccharides, thus delivering a physical barrier between the active material and the environment as well as decreasing contact and reaction with oxygen, light, heat, and metal ions (20). There are many factors that affect the oxidative stability of encapsulated oils such as the presence of antioxidants, oil quality, particle size, oil particle distribution, particle density, surface area, wall materials, storage temperature, moisture content, and water activity (21). In previous studies some wall materials have been used for microencapsulation of fish oil such as butter milk (22), mesquite gum and chitosan (23), konjac glucomannan-soybean protein isolate (24), whey protein isolate and octenylsuccinic anhydride modified starch (25), maltodextrin and sodium caseinate (8).

As far as is known from studies, research of citrus essential oils on the stability of fish oil has never been reported, especially in spray drying conditions. Therefore, in this study, the effects of citrus EOs such as orange, lemon, mandarin, and grapefruit on the oxidative stability of microencapsulated fish oil by spray-drying were investigated.



2. Materials and methods


2.1. Materials

The raw material of the study, anchovy (Engraulis encrasicolus) oil, which is suitable for human consumption, was obtained from a company operating in the province of Trabzon, Türkiye (Kobyalar Group Co.). Sodium caseinate and maltodextrin (Alfasol, Türkiye) were used as coating materials for encapsulation of anchovy oil (Hamasol, Türkiye). Essential oils of grapefruit, mandarin, orange, and lemon peels were obtained from a local company (BIOMESI Bioagrotechnology R&D, Adana, Türkiye).



2.2. Methods
 
2.2.1. Preparation of emulsions

The composition and proportions of the emulsions are shown in Table 1. The emulsion was prepared by dissolving 1:1 sodium caseinate (%86.5 protein) and maltodextrin (DE:18-20) in 55°C water for 1 h and then allowing them outside to cool down. Fish oil was added to this mixture and homogenized in ultra-turrax (IKA T25, Baden-Württemberg, Germany) at 14.000 rpm for 10 min in a cold environment and then the control group was formed with this. After that mandarin, grapefruit, orange, and lemon peel EOs were added in the ratios indicated in Table 1 for the treatment groups and homogenized with ultra-turrax.


TABLE 1 Composition and proportions of emulsions.
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2.2.2. Spray drying process and storage conditions

The emulsions were dried and pulverized in a laboratory spray dryer equipped with 0.7 mm diameter spray nozzle (Buchi Mini Spray Dryer B-290, Switzerland). The emulsions were fed to the drying chamber by a peristaltic pump using a feed flow rate of 0.5 L/h by continuous homogeneous mixing under the magnetic stirrer before and during drying. Spray dryer (SD) inlet temperature is 160°C and outlet temperature is 90 ± 5°C. The aspirator flow rate is 35 m3/h and pump speed is set to 20%. At the end of the process, powdered products were placed in dark glass bottles and stored at room temperature (24 ± 1°C) for 12 weeks. For chemical analyzes, 3 bottles of microencapsulated fish oil for each group were selected randomly on the weeks 0, 2, 4, 5, 6, 7, 8, 9, 10, 11, and 12, and all analyses were carried out at least in triplicate.



2.2.3. Determination of volatile compounds of EOs

The volatile compounds of EOs were determined using a GC-MS (Clarus 500, Perkin Elmer, Waltham, MA, USA) equipped with a silica capillary SGE column (BPX5, 60 m Å~0.25 mm, ID 0.25 um, Perkin Elmer, Shelton, CT, USA). The GC operating settings were documented in detail in a previous study (12, 26).



2.2.4. Determination of total phenolic content in EOs

TPC of each EOs was determined according to the method of Folin-Ciocalteu (27). Concentration for gallic acid standard ranges from 20 to 1,000 μL and results were reported as GA equivalents (mg GAE/g). A total of 11 gallic acid standards were prepared. For the first standard, 1.5 mL Na2CO3, 0.5 mL Folin Ciocalteu's reagent (Merck 109001), 20 μL gallic acid (Sigma G7384) and 7,980 mL distilled water were added. Later, although Na2CO3 and Folin Ciocalteu's reagent remained constant in standards, the amount of gallic acid increased and the amount of water decreased. 20 μL of each EOs was dissolved in DMSO (dimethylsulfoxide, Merck, Germany) to yield maximum solubilization and homogenized with the same reagents. Afterwards, the samples were kept in the dark for 2 h at room temperature. The samples were then measured at 760 nm in a spectrophotometer (Shimadzu, UV 1800).



2.2.5. Measurement of microencapsulation efficiency

Each group of microencapsulated fish oil powders (2 g) was transferred to a 250 mL volumetric flask, and 15 mL hexane was added to each sample and the obtained suspension was filtered (using Whatman no. 1 filter paper) followed by rinsing the papers twice with 20 mL hexane (28). The solvent was evaporated using a rotary evaporator (Buchi R210, Rotavapor, Flawil, Switzerland) at 60°C until the volumetric flask reaches a constant weight. The surface oil was designate from the weight differences. Bligh & Dyer extraction method (29) was used for total oil determination. Then, ME was calculated by using following the equation:

ME = ⌊(Total oil − Surface oil)/Total oil⌋x100



2.2.6. Microcapsule morphology by using scanning electron microscopy

The characterization of surface morphology of microencapsulated fish oils was done using scanning electron microscope (SEM). Microencapsulated fish oil samples were coated with gold for 30 s to a thickness of 2 nm using a Q150R ES Coater (Quorum Technologies, UK). The coated samples were observed using the SEM (Quanta FEG650, USA) at voltage of 20 kV with a magnification of 1,000 and 5,000 and working distance of 10.8–10.9 mm. Carbon tape is used for the adhesion of the material and for conductivity. Morphological structure of microcapsules was characterized by a scanning electron microscope (SEM) in Central Research Laboratory of Cukurova University (CUMERLAB, Adana, Türkiye). The particle sizes of the microencapsulates were also measured using SEM.



2.2.7. Oxidation parameters

The peroxide value (PV) method (30) was performed in order to reveal the PV and free fatty acid (FFA) (30) expressed as percent oleic acid was made by the acidimetric titration after adding ethanol and using phenolphthalein as an indicator. Thiobarbituric acid reactive substances (TBARs) were determined by AOCS method Cd 19–90 (31). TBARs values of the samples were given as mg MA/g of oil.



2.2.8. Statistical analyses

All collected data were analyzed by one-way ANOVA at 5% confidence level using the Duncan multiple range test.





3. Results and discussion


3.1. Microencapsulation efficiency

Microencapsulation process is important for determining the stability of microcapsules in terms of encapsulation efficiency and surface oil content. Microencapsulation efficiency values of fish oil samples after spray drying are shown in Table 2. The encapsulation efficiency and surface oil content of samples varied from 42.25 to 62.43% and 7.83–12.73% respectively. The highest and lowest microencapsulation efficiency (ME) were calculated for the control (62.43%) and grapefruit (42.25%) groups, respectively. There were not any significant differences between the mandarin and lemon groups (p > 0.05), whereas significant differences were observed among other groups (p < 0.05). Encapsulation efficiency was higher with the control group, but it was followed by mandarin and lemon. It can be thought that the reason behind the higher encapsulation efficiency of these groups may be due to their higher emulsion viscosity, which aids in faster frying (32) as well as the higher stability of the emulsions (33). In general, the kinetically stable emulsion shows higher encapsulation efficiency, meaning that the particle surfaces of microcapsules have a lower amount of non-encapsulated material (surface oil content). The differences in encapsulation efficiency can also result from the chemical nature of each essential oil group due to a possible chemical interaction with the wall material (34). Yu et al. (35) determined the ME values of fish oil covered with gelatin and arabic scale as 86.90%. Yeşilsu and Özyurt (36) reported that the ME of microencapsulated fish oils prepared with rosemary, thyme, and laurel extracts ranged from 85.62 to 89.40%. In another study, the ME values of microencapsulated fish oil with and without blueberry extract were found to be 53.83–53.86%, respectively (37). In this study, the observed ME values of microencapsulated fish oils in all groups were found to be in accordance with previous studies. The differences observed among our study findings can be attributed to the use of different coating materials, extracts as well as device conditions.


TABLE 2 Microencapsulation efficiency (ME) and surface oil (SO) of microencapsulated fish oil.
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3.2. Microcapsule morphology

The use of microcapsules in food products depends on the quality, appearance and fluidity of the powder produced. These microcapsule properties are directly dependent on the particle size of the powder (38). Size also plays a role in gastrointestinal performance: microparticles below 800 μm can pass through the pylorus without the effect of gastric emptying, thus eliminating interpersonal and intrinsic (nutritional) differences (39). Figure 1 shows SEM images of microencapsulated fish oil of citrus EOs such as orange, lemon, mandarin and grapefruit. Despite weak clustering in all groups, the overall semblance was homogenous. Microencapsulated fish oils of citrus EOs generally had irregular cylindrical shapes and had little cracking of particles. The roundness of the microcapsules without any cracks or pores is important to protect the core material from oxygen and the release of unwanted oil droplets onto the surface of the particles. Microcapsule morphology varies depending on the coating material, drying conditions, and the level and viscosity of the encapsulated substance (40).


[image: Figure 1]
FIGURE 1
 Scanning electron microscopy (SEM) images of the microencapsulated fish oils.




3.3. Determination of volatile compounds and total phenolic contents of EOs

The GC-MS analysis showed that 12 active substances (α-Pinene, β-phellandrene, β-pinene, β-nyrcene, cymene, D-limonene, Limonene glycol, Pseudolimonene, Limonene oxide, Bergamotene, β-bisabolene, and Gamma Terpinene) were detected and the highest amount was observed in D-Limonene (Table 3). The highest concentration of D-limonene, a terpene group compound that gives plants their distinctive odor, especially in citrus plant's peels, was observed in grapefruit (92.85)> orange (90.54)> mandarin (87.54)> lemon (49.91), respectively. Unlike other groups, cymene, β-pinene, and α-pinene values were found to be high in lemon EOs. Shah and Mehta (41) investigated the antioxidant activity of d–limonene and found the concentration-dependent on the antioxidant activity of D-Limonene by their antioxidant assays. Similar results were also reported by Piccialli et al. (42). Gülay Kirbaşlar et al. (43) reported that Turkish lemon, grapefruit, bitter and sweet orange, and mandarin peel oils had high levels of monoterpene hydrocarbon (89.9%) and limonene (61.8, 92.5, 94.1, 91.6, and 90.7%, respectively). The level of D-limonene, which is the main component of lemon essential oil, was determined as 52.85% by Yazgan et al. (26) and 46.93% by Moosavy et al. (44). Çoban (45) reported that limonene, one of the main active ingredients in essential oils, is between 71.9 and 88.6% in mandarin and 69.7 in orange. In this study, β-myrcene and β-pinene were identified as having the highest abundance of other components. In another study, limonene was found to be the most common component (95.5%) in the essential oils of 15 different mandarin peels (46). According to German pharmacopeia, limonene in orange peel should be around 90% (Plant Drug Analysis). Orange has been reported to contain more than 170 bioactive compounds (47). Mira et al. (48) reported that the essential oils of orange peels contain 99.5% limonene. These differences can be explained by the fact that the extraction methods used were different as well as the geographies where the samples were taken. In addition to these, parameters such as soil, air, water conditions, sampling times in which plants grow can also cause differences in essential oil compositions.


TABLE 3 Major volatile component of citrus peels essential oils identified by GC/MS.
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The highest TPC was obtained from grapefruit EO (44.32 mg GAE/g), followed by lemon EO (35.52 mg GAE/g), mandarin EO (32.44 mg GAE/g), and orange EO (31.99 mg GAE/g) (Figure 2). Güzel and Akpinar (49) also reported similar results for citrus EOs. In addition, Sir Elkhatim et al. (50) reported that grapefruit peels had the highest total phenolic content, followed by lemons and oranges (77.3, 49.8, and 35.6 mg GAE/g of peels, respectively). Abeysinghe et al. (51) reported that the total phenolic content of C. unshiu (Satsuma mandarin), C. reticulata (mandarin), and C. sinensis (orange) ranged from 18.5 to 38.5% and determined that the main phenolic component was hesperid.


[image: Figure 2]
FIGURE 2
 The total phenolic content of essential oils.




3.4. Changes in oxidative stability

Microencapsulation by spray drying is recognized as an important technique for heat sensitive materials due to its relatively short drying time, low cost and easy application for industrial scale production (52). In this process, it is of great importance to control the internal temperature, feed rate, flow rate and feed temperature in the dryer and to provide that the temperature of atomized particle doesn't exceed 100°C. In microencapsulation by spray drying, it is thought that the high temperatures applied do not harm the product, because the short drying time and the theoretical wet bulb temperature (30–50°C) are not exceeded. However, it should be noted that the high inlet temperatures applied in the process may adversely affect the heat-sensitive components. Encina et al. (53) reported that the inlet temperatures applied in fish oil microencapsulation by spray drying were between 120°C and 210°C. Some researchers have reported that increasing the inlet air temperature in spray drying increases oxidative reactions in fish oils (53, 54). However, a low inlet temperature was reported to affect the morphology of fish oil microparticles and cause agglomeration and particle precipitation as a result of high moisture content (54, 55). Our previous study showed that the inlet temperature of 160°C, as applied in this study, can be preferred to overcome these problems (54).

TBARs represent malondialdehydes, which are secondary degradation products of lipid oxidation, and are one of the criteria showing the rancidity of oils. TBARs values of microencapsulated fish oils with citrus peel EOs are given in Table 4. At the beginning of the study, the TBARs value of the control group was determined as 2.03 mg MA/kg. At the beginning of storage, the lowest TBARs value was determined in the mandarin group (0.88 mg MA/kg) while the highest TBARs value was determined in the lemon group (1.73 mg MA/kg) among the groups containing essential oil. Fluctuations in values were observed in all groups during the storage period. This could be attributed to the other substances present in foods, such as sugars, acids, esters, amino acids and oxidized proteins, which may also react with TBA. The groups with the highest TBARs values were observed in the lemon (1.94 mg MA/kg), mandarin (1.93 mg MA/kg), and grapefruit (1.72 mg MA/kg) groups at the 2nd week of storage. However the highest value in the orange (1.86 mg MA/kg) group was observed at the 8th week of storage. At the end of storage, the TBARs values of fish oils with citrus EOs were significantly lower than those of the control group (P < 0.05). Among the citrus groups, the lowest TBARs value was determined in the lemon group (0.29 mg MA/kg). Li et al. (37) determined the TBARs value of spray dried microcapsules with blueberry extract as 0.487 mg MA/kg. Solval et al. (56) reported that the TBARs values that they could not detect in the crude oil ranged from 0.11 to 0.12 mg MA/kg fat after microencapsulation by spray drying. Özyurt et al. (57) reported that the TBA values of fish oils microencapsulated by spray drying were in the range of 0.8–1.68 mg MA/kg throughout storage period, which were lower than the acceptability limit of 2 mg MA/kg according to Connell (58). Binsi et al. (59) reported that the TBARs values of fish oil microencapsulated by spray drying samples with sage polyphenol exceeded the limit after 24 h when the samples were kept at 60°C. It has been reported that the end product is unacceptable when 1.37 g MA/kg is exceeded in fish oil (60). In the current study, although TBARs values showed fluctuations in all groups during storage period, their levels did not exceed 2.03 mg MA/kg. As a result, it has been determined that citrus peel EOs are a good oxidation retarder for microencapsulation of fish oils.


TABLE 4 The changes in PV, TBARs, and FFA contents of microencapsulated fish oil during storage.
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Free fatty acids (FFA) are known to be the result of enzymatic hydrolysis of esterified lipids (61). It is known that there is a relationship between the amount of FFA and fish freshness depending on the storage period. Moreover, as the amount of FFA increases, they can adversely affect the taste of the oil and increase rancidity. Therefore, monitoring changes in FFA content is an important parameter for lipid hydrolysis in fish oils. While the FFA values at the beginning of the storage period were in the range of 3.96–6.36% in all groups, the values were in the range of 7.19–12.45% at the end of storage (Table 4). Fluctuations were observed in the FFA values of microencapsulated fish oils in all groups during storage. The highest values of FFA were observed at the 2nd week of storage for the control, orange, and grapefruit groups (15.81, 13.72, and 14.56% respectively), but at the 4th week for lemon (13.10%) and at the 5th week for mandarin (14.66%). Bimbo (62) reported that the FFA content in raw fish is normally between 1 and 7%. Skelbaek and Andersen (63) reported that the FFA content of microencapsulated oils or fats was below 5%. In this study, it was determined that FFA values at the beginning of storage were close to this recommended limit. However, it was observed that FFA values exceeded the recommended limit toward to end of the storage period.

The formation of peroxides is considered indicative of the first stage of lipid oxidation. The peroxide values (PV) provide information about the degree of oxidation of the oil. The changes in PV of the samples are given in Table 4. Statistical differences were observed in PV among all groups during the storage period (p < 0.05). Immediately after microencapsulation, PV changed between 11.19 and 14.41 meq O2/kg oil in all groups. Among the treatment groups, the highest PV was observed at week 5 for orange group (13.45 meq O2/kg oil), week 7 for mandarin group (18.21 meq O2/kg oil), week 11 for grapefruit group (21.17 meq O2/kg oil), and week 5 for lemon group (14.66 meqO2/kg oil). At the end of storage, the highest PV among the treatment groups was obtained from the grapefruit group (18.00 meq O2/kg oil) while the lowest PV was determined in the lemon group (13.40 meq O2/kg oil). However, the highest PVs were generally observed in the control group during storage. Yeşilsu and Özyurt (36) reported that the PV of fish oil microencapsulated by spray drying with rosemary, thyme, and laurel extracts were lower than those of the control group containing commercial antioxidants. The researchers found that the addition of rosemary extract delays the formation of peroxide in microencapsulated anchovy oils, and the addition of 1,500 ppm rosemary provides better protection in terms of preventing the formation of peroxide from 250 ppm of BHT. Bakry et al. (64) investigated tuna oil microencapsulated by spray drying stored at 45°C for 28 days and reported that the PV of the group added peppermint oil was two times less than that the group without it. Kolanowski et al. (65) reported that the peroxide values of fish oil microencapsulated by spray drying without antioxidants exceeded 60 mEq during 36 days of storage at room temperature. Hogan et al. (9) reported that PV of fish oil samples microencapsulated by spray drying stored at room temperature for 28 days increased to 85.6 mEq O2/kg oil. Compared to these reports, it is seen that the results obtained from the present study are quite low in terms of PV.

Citrus essential oils has increasingly gained the interest as a potential natural antimicrobial and antioxidant agent (66). Although the highest level of phenolic component was found in grapefruit, their contents in other citrus peel EOs tested were similar and comparable to that of grapefruit in the present study. The phenolic compounds of citrus peel oils may correlate with the antioxidant activity of the EOs. The relation between total phenol content and antioxidant activity has been widely studied in different fruit and vegetables (67–69), exhibiting that the free radical scavenging capacity of fruits or vegetables significantly rises with a high level of total polyphenol content (70). Moreover, the phenolic compounds have the capacity to scavenge free radicals by giving a hydrogen atom from their phenolic hygrogen groups (44). As found in this work, citrus essential oils, especially lemon and orange peel EOs were able to reduce oxidation parameters, when compared to the control, showing a good antioxidant capacity. The antioxidant activity of the tested EO might be related to the presence of monoterpenes, particularly limonene and γ-terpinene, which are the major composites of EO and reported to have a good antioxidant activity (71).




4. Conclusion

The results of the present study suggest that it may be advisable to add citrus essential oils in fish oil prior to spray drying to protect the highly sensitive omega-3 fatty acids from lipid oxidation. Considering the oxidation parameters obtained, it was determined that microencapsulated fish oils with added citrus essential oils gave better results than the control group. On the other hand, it can be said that the orange and lemon groups are among the most effective groups, especially in terms of PV values, among citrus groups at the end of storage. In addition, the general consumer appreciation of the citrus flavor and odor contributes to masking odor of fishy oil so that people can get enough EPA and DHA in their daily diets.
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