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Lemon (Citrus limon Burm. f.) is one of the most widely produced and consumed fruits in the world. The seeds of lemon are generally discarded as waste. The purpose of this study was to investigate the quality characteristics and antioxidant potential of lemon seed oil obtained by four extraction methods (roasted-pressing at 170°C, RP-170; roasted-pressing at 100°C, RP-100; cold-pressing, CP; and supercritical fluid, SF). No significant differences in the viscosity, density, and refractive index were observed in the oil obtained from different methods. In the case of Hunter's value, L (lightness) and b (yellowness) values of SF were higher than those of the others. The oil obtained by the CP method exhibited higher levels of Ca (252.17 mg/kg), Cu (2.38 mg/kg), K (225.98 mg/kg), and Mo (0.47 mg/kg) than that of other methods. The highest contents of total phenols (165.90 mg/mL) and flavonoids (21.69 mg/mL) were significantly high in oil obtained by the SF method. Oleic and linoleic acids consisted of principal fatty acids, which were significantly higher in oil obtained by RP-170. Higher amounts of volatile flavor compounds, such as γ-terpinene, sabinene, and limonene, were observed in CP compared to those observed for the other methods. This study elucidates the effects of different methods of oil extraction on the composition of lemon seed oil and highlights potential applications of these benefits in the food, cosmetic, pharmaceutical, and/or fragrance industries.
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INTRODUCTION

Citrus fruits belong to a group of fruits that have notable socio-economic and cultural significance in our society and thus are in high demand (1). There are different kinds of fruits in the citrus group, and lemon (Citrus limon Burm. f.) is one of the most important species after orange and mandarin (2). Lemon is a preferred fruit because of its unique flavor and acidity, which make it a value-added food product, and its utility in industrial applications.

Lemon fruit contains various important natural compounds, including phenolics (mainly flavonoids), vitamins, minerals, dietary fiber, essential oils, and carotenoids (3). The health-promoting effects of lemon are mainly associated with vitamin C and flavonoids, which give provide natural antioxidant characteristics (4–6).

The whole citrus fruit plant, including crude extracts of leaves, peels, seeds, and flowers, possesses anticancer activities and antimicrobial potential (7). The fruits are used primarily in juice-processing industries while seeds and peels are generally discarded as waste. During citrus fruit processing for juice, the peels, and seeds as primary byproducts are rich sources of flavonoids that are rare in other plants (8–10). Moreover, it has been reported that citrus processing wastes are abundant and undervalued bio-sources with potential pollution problems (11, 12).

A report shows that citrus seeds contain large amounts of flavonoids, limonoids, and dietary fiber and represent an important source of nutraceutical bioactive compounds (13). The anti-proliferative and anti-aromatase properties of limonoids extracted from lemon seeds are effective against breast cancer cells in humans. The results of photodynamic therapy showed that the efficiency of methylene blue in killing cancer cells increases in the combination with salicylic acid extracted from lemon seeds (14). The lemon seed oil has been used in biodiesel production (15). Most of the lemon oil is obtained from lemon peel by the cold-pressing method and is sold on the market (16). There have several studies related to lemons, but limited studies have been conducted on the yield and quality of lemon seed oil extracted by adopting different methods. Guneser and Yilmaz (17) describe the properties of lemon seed oils extracted by cold-pressed and hexane extraction techniques. The objective of this study was to investigate the physicochemical characteristics, nutrients, volatile compound content, and antioxidant potential of lemon seed oil extracted by using four different techniques. This study may provide an insight into the economic benefits for citrus growers and citrus processing industries.



MATERIALS AND METHODS


Seed Materials

Lemon (Citrus limon Burm. f.) seeds were purchased from a supplier (Anhui Highkey Import & Export Co., Anhui, China). Five kilograms of intact seeds were thoroughly washed with tap water and were sun-dried.



Seed Oil Extraction and Yield Calculation

Lemon seed oil was extracted by four different techniques, and the oil samples were as follows: RP-170, a roasted-pressing extraction that involves oil extraction after roasting and heat pressing at 170°C using an oil extractor (Dongbang machine, DB-500, S. Korea); RP-100: oil extraction after roasting and heat pressing at 100°C using an oil extractor (Wayvin, MA-S1, China); CP, a cold-pressing extraction method that involves oil extraction at room temperature using an oil extractor (Wayvin, MA-S1, China) without pre-roasting of lemon seeds; and SF, a supercritical fluid extraction that involves oil extraction at 400 bar pressure using a CO2 extraction system (Ilshin Autoclave, ISA-SEFE-0500-0700-080, Korea) without pre-roasting the seeds. The oil samples extracted using the four different methods were not subjected to any further purification so as to compare their original characteristics. The oil yield was calculated as the ratio of the weight of oil and the weight of the seed used.



Determination of the Peroxide Value

The peroxide value was determined based on the AOCS method (18). One milliliter of sample oil was put into an Erlenmeyer flask with a 250 mL stopper, and 15 mL acetic acid (HOAc) and 10 mL chloroform (CHCI3) were mixed at a ratio of 3:2 followed by continuous stirring until the solution clarified. After adding 0.5 mL of 30% saturated potassium iodide (KI), the stopper was closed immediately and shaken, then left in the dark for 10 min. After 10 min, 25 mL distilled water was added to the solution, the stopper was closed, and the solution was stirred. Then, 1 mL iodine was added and titrated with 0.01 N Na2S2O3 (sodium thiosulfate) solution until the blue reaction mixture changed to a colorless solution. The values were calculated using the following formula:
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where A is the optimum consumption (mL) of the 0.1 N Na2S2O3 sample solution after storage; B is the appropriate consumption (mL) of the 0.1 N Na2S2O3 sample solution at the beginning of the experiment; F is the factor of 0.01 N Na2S2O3; and S is the amount of sample (g).



Determination of the Acid Value

The acid value was measured as follows. Five grams of sample was put in an Erlenmeyer flask with a stopper and dissolved in the 100 mL ethanol and ether mixture (1:2). The phenolphthalein solution was used as an indicator and titrated with the 0.1 N potassium hydroxide (KOH)-ethanol solution until a pale-red color persisted for 30 s. The acid value was expressed as milligrams of KOH needed to neutralize the free fatty acids contained in 1 g of oil sample as shown below.
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where S is the weight of the oil sample (g); A is the consumption (mL) of the 0.1 N KOH solution used in titration; and f is the factor of 0.1 N KOH-ethanol standard solution.



Physicochemical Properties of Lemon Seed Oil
 
Determination of Viscosity

Lemon seed oil was diluted 10 times with distilled water and homogenized with a homogenizer (T25 Basic, IKA, Germany) at 10,000 rpm for 1 min. In the following procedure, a spindle no. 18 was attached to a viscometer (LVDV-II + Pro, Brookfield Co., Stoughton, MA, USA), and the viscosity of the oil sample was measured at 50 rpm at 25°C. The spindle immersed in the sample was mobilized by the viscometer. The rotation of the spindle caused a viscous drag of the sample, which was measured by the deflection of the calibrated spring. The viscometer was calibrated with the calibration fluid provided by the instrument supplier. The handling of the viscometer and data collection was performed following the manufacturer's instructions.



Determination of Density

The density of the oil sample was measured using an electronic densimeter (MD-300S, Alfa Mirage, Tokyo, Japan) at room temperature (25°C). The sample was filled into the density meter cell and degassed prior to measuring the density.
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where ρdg and ρg are the densities of the degassed and gassed samples, respectively.



Determination of the Refractive Index

The refractive index of oil samples was measured using an Abbe refractometer (Atago Co., Ltd., dtm-1, Japan) at room temperature (25°C) with an operating wavelength of 589 nm. A drop of lemon seed oil was placed between the measuring lens and cover plate, and the refractive index was measured.




Determination of the Color Value
 
Determination of Hunter's Color

The L value (lightness), a value (redness, + or greenness, –), and b value (yellowness, + or blueness, –) of the samples were measured using a colorimeter (Ultra Scan Pro Spectrophotometer, Hunter Lab Inc., Reston, Virginia, USA). Experiments were repeated three times, and the results were expressed as an average value. The L, a, and b values of the standard white plate were L = 99.26, a = −0.14, and b = −0.16, respectively. The color values of the sample were calculated using Hunter L, a, and b values and those of the standard plate.



Determination of Browning Color

One hundred milliliters of distilled water was added to 20 g of the sample and homogenized at 3,000 rpm for 1 min using a homogenizer (Nissei AM-11, Nihonseiki Kaisha Ltd., Japan). The brownness of the sample was measured using a UV-Visible spectrophotometer (UV Spectrophotometer 1601, Shimadzu, Kyoto, Japan) at 645 nm.




Determination of the Mineral Content

The mineral content of lemon seed oil was determined according to the Association of Official Agricultural Chemists (AOAC) method (19). One milliliter sample was added in 30 mL 2.0 N HNO3 and was left at room temperature for 12 h, followed by heating at 100°C. Twenty milliliters of 2.0 N HNO3 was added to the solution and filtered through a 0.45 μm membrane filter. Mineral elements Ca, Co, Cu, Fe, K, Mg, Mn, Mo, Na, and Zn were analyzed by an inductively coupled plasma-atomic emission spectrometer (ICP-AES). The analysis conditions were as follows: approximate 1,150 W RF power, 100 rpm pump rate, 10.5–15 L/min plasma gas flow rate, 1.5 L/min auxiliary gas flow rate, 20 psi nebulizer pressure, 15 mm observation height, and 1–5 s copy and reading time.



Antioxidant Determination
 
Determination of DPPH Free Radical Scavenging Potential

The 1,1-diphenyl-2-picryl-hydrazyl (DPPH) radical scavenging activity was measured by slightly modifying the method of Blois (20). First, a 0.1% concentration of methanolic DPPH solution was prepared for this experiment. The DPPH solution and methanol 1:1 (C), methanol (Co), DPPH solution and sample 1:1 (S), and methanol and sample 1:1 (So) were mixed in 96-well plates and incubated for 30 min under dark conditions. The absorbance value of the reaction mixtures was measured at 517 nm using a microplate spectrophotometer (Multiskan GO; Thermo Fisher Scientific Oy, Vantaa, Finland). The DPPH free radical scavenging potential was calculated by the following equation,
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Determination of the Total Polyphenol Content

The total polyphenol content of the oil samples was determined using the Folin–Ciocalteu method (21). A 50 μL of the sample was added to 250 μL of 1 N Folin–Ciocalteu reagent. After 1 min, 750 μL of 20% (w/v) aqueous Na2CO3 was added, and the volume increased to 1.0 mL by adding distilled water and was incubated at room temperature under dark conditions. After incubation for 2 h, the absorbance was measured at 750 nm using a spectrophotometer (Multiskan GO, Thermo Fisher Scientific). The total phenol contents were calculated as the equivalent of gallic acid (μg GAE/ mL), which was used to plot the standard calibration curve. The concentrations of the standard used to plot the calibration plot were 62.5, 125, 250, 500, and 1,000 ppm (Supplementary Figure 1).



Determination of the Total Flavonoid Content

The total flavonoid content of the sample was determined by following the method of Michalska et al. (22). Fifty microliters of samples and 250 μL of 5% NaNO2 (w/v) were mixed. The reaction mixtures were incubated at room temperature for 6 min. Subsequently, 300 μL of 10% AlCl3 (w/v) solution was added to the reaction mixtures and incubated at room temperature for 5 min. One milliliter of 1 M NaOH was added to the mixture and mixed well using a vortexer. A UV spectrophotometer (Shimadzu Co., Kyoto, Japan) was used to read the absorbance values of the reaction mixtures at 510 nm. The standard curve was plotted using quercetin (QE) diluted at different concentrations (62.5, 125, 250, 500, and 1,000 ppm) (Supplementary Figure 2).




Determination of the Fatty Acid Content

The fatty acid analysis was performed following the method described by Malacrida et al. (23). Twenty-five milligrams of the sample and 1 mL of the internal standard solution were placed into a glass tube. Then, 1.5 mL of 0.5 N methanolic NaOH solution was added to the mixture and heated at 100°C using a heating block for 5 min. After cooling, 2 mL of 14% boron trifluoride-methanol solution was added to the mixture. The mixture was heated at 100°C for 30 min. After cooling the mixture to 30–40°C, 1 mL isooctane solution was added and shaken for 30 s. Immediately, 5 mL saturated sodium chloride was added and shaken. After the sample was cooled to room temperature, the water layer and isooctane layer were separated. The isooctane layer was dehydrated with anhydrous sodium sulfate and used as a test solution. The solution was analyzed for the fatty acid content using a gas chromatograph (GC) (7890A, Agilent Technology, Palo Alto, CA, USA). The GC conditions for fatty acid analysis were as follows: 100 m 0.25 mm 0.20 m SP-2560 capillary column (Supelco, Bellefonte, PA, USA), 125–240°C oven temperature (125°C for 4 min, 125–170°C for 5 min, 180–210°C for 20 min, 210–240°C for 15 min), 240°C injection temperature, 250°C detector temperature, 1 L injection volume, and 1.2 mL/min flow rate.



Determination of Volatile Flavor Compounds

The volatile compounds of lemon seed oil samples were extracted by headspace- solid phase microextraction (HS-SPME) and analyzed using a gas chromatography/mass spectrometry (GC/MS) technique by following the method described earlier (24). Two hundred milliliters of 3-octanol was put into 5 mL of the sample, and 5 g sodium sulfate was added into the mixture. The volatile compounds of the samples were extracted by solid-phase microextraction (SPME) fiber (50/30-μm DVB/CAR/PDMS Supelco, Bellefonte, PA, USA) after shaking the mixture at 40°C for 30 min on a heating platform agitation at 400 rpm. The pre-conditioned (according to the manufacturer's instruction) SPME was inserted into the headspace, where extraction was carried out for 30 min under continuous heating and agitation by a magnetic stirrer. The fiber was then desorbed into the GC injector for 25 min.

The GC/MS analysis was carried out using an Agilent 7890B GC (Agilent Technologies Inc., Santa Clara, CA, USA) system coupled to an Agilent MSD 5977B quadruple mass spectrometer (Agilent Technologies Inc., Santa Clara, CA, USA). The capillary column used was of 60 m length, 0.25 μm i.d., 0.25 μm film thickness (DB-WAX, Agilent Technologies, Middleburg, OI, USA). The sample was injected by placing the SPME fiber at the GC inlet for 25 min with the splitless mode. The oven temperature of the GC was initially maintained at 40°C for 2 min, then increased to 220°C at the rate of 3°C/min and held at 220°C for 10 min. Helium was used as the carrier gas at a constant flow rate of 1 mL/min. A series of n alkanes (C6-C22) was analyzed under the same conditions to obtain the Linear Retention Index values for the reaction mixture components. In full-scan mode, the electron ionization mass spectra in the range of 35–350 m/z were recorded at 70 eV electron energy. The mass spectrometer was operated in electron impact mode with an electron energy of 70 eV and an emission current of 50 μA and scanned from m/z 28 to 450 at 1.7 scans/s. The mass spectra were obtained in full-scan mode and compared with the Wiley 275 mass spectral database (Agilent Technologies, Santa Clara, CA, USA).



Statistical Analysis

Data were subjected to an analysis of variance using SAS 9.4. Differences between the means at p < 0.05 were identified using Tukey's test. The average value of three replicates was reported unless otherwise mentioned.




RESULTS


Yield, Peroxide Value, and Acid Value of Lemon Seed Oil

The yield, peroxide value, and acid value of the lemon seed oil extracted by different methods are shown in Table 1. The extraction yields for RP-170, RP-100, CP, and SF were 29.28, 26.65, 35.85, and 32.08%, respectively. The AVs of the oil samples were in the range of 1.75–2.70. The peroxide value was in the range of 13.72–27.41 in all treatments.


Table 1. Yield, peroxide value (POV), and acid value (AV) of lemon seed oil extracted using different methods.

[image: Table 1]



Physicochemical Properties of Lemon Seed Oil

The physicochemical properties of lemon seed oil, which are shown in Table 2, play an important role in oil formation and stability. The refractive index of lemon seed oil was in the range of 1.470–1.471, which was almost the same in different samples. The density of lemon seed oil was highest in SF, followed by that in RP-170, and was lowest in RP-100 and CP. The viscosity of lemon seed oil was 92.67–104.67 cP.


Table 2. Physicochemical properties of lemon seed oils extracted using different methods.
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Color and Browning Color Intensity of Lemon Seed Oil

Hunter's color and BCI were indicators of consumer preference. The color values of lemon seed oil produced using four different extraction methods significantly varied (Table 3). The L-values of RP-170, RP-100, CP, and SF were 24.54, 25.01, 24.78, and 36.32, respectively. The a-values of RP-170, RP-100, CP, and SF were 0.97, 0.61, 1.28, and 1.76, respectively. The b-values of RP-170, RP-100, CP, and SF were 1.27, 1.35, 3.11, and 12.94, respectively. The values of the two roasted samples RP-170 and RP-100 were lower than those of the non-roasted samples. The BCI was lowest in SF and highest in RP-100. The BCI values of the four samples were significantly different, with the highest value in RP-100 (2.84) and the lowest value in SF (0.668) (Table 3).


Table 3. Color value and browning color intensity of lemon seed oils extracted using different methods.
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Mineral Content

The total mineral content of the oil samples was substantially reduced in SF 93.42 (mg/kg) compared to that in other methods (364.65–594.85 mg/kg) of oil extraction (Table 4). Interestingly, the amount of Zn was significantly high in SF among the four methods, and that of Na was higher than in RP-170 and RP-100. Several mineral elements, including Ca, Cu, K, and Mo, were significantly high in CP compared to other methods of oil extraction.


Table 4. Mineral contents (mg/kg) of lemon seed oils extracted using different methods.
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Antioxidant Potential

The total polyphenol and flavonoid contents and DPPH free radical scavenging potential of oil samples significantly (p < 0.05) varied by the method of extraction (Table 5). The highest antioxidant potential of lemon seed oil was found for SF, and the lowest was in RP-170. The total polyphenol and flavonoid contents were significantly high in SF (165.90 μg GAE/mL and 21.69 μg QE/mL), followed by that in RP-100 (145.08 μg GAE/mL and 15.99 μg QE/mL), CP (119.59 μg GAE/mL and 13.23 μg QE/mL), and RP-170 (82.46 μg GAE/mL and 11.88 μg QE/mL).


Table 5. DPPH radical scavenging activity and total polyphenol and flavonoid contents of lemon seed oils obtained by different extraction methods.
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Fatty Acid Content of Lemon Seed Oil by Different Extraction Methods

The fatty acid composition of oil samples obtained from different methods of oil extractions was significantly different (Table 6). In particular, the contents of five major fatty acids, C16:0, C18:0, C18:1n9c, C18:2n6c, and C18:3n3, were higher than the contents of other fatty acids. The contents of saturated fatty acids C16:0 and C18:0 reached a high value using the RP-100 (16.868 g/100 g) and CP (3.412 g/100 g) methods. The contents of unsaturated fatty acids in the lemon seed oil samples were higher than those of saturated fatty acids.


Table 6. Fatty acid content of lemon seed oils extracted using different extraction methods (g/100 g).
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Volatile Flavor Content

The profiles of the volatile flavor compounds detected in the oil samples are shown in Table 7. The major constituent in the samples was monoterpene substances. The contents of γ-terpinene, α-pinene, sabinene, β-pinene, and β-myrcene (1.97, 0.17, 0.77, 0.18, and 0.71 peak area %) in lemon seed oil obtained in CP were higher than in other methods. The limonene content was high in RP-170 (27.39 peak area %) and CP (27.24 peak area %) as compared to that of the other methods (Supplementary Figures 3–6).


Table 7. Volatile compounds of lemon seed oil extracted using different extraction methods (Unit: peak area %).
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DISCUSSION

Extraction is a major step in seed oil processing because it is highly associated with the quality and quantity of oil extracted. The selection of appropriate oil extraction technique is, therefore, critical for enhancing the yield and quality of the oil. In the present study, we compared the yield and quality of lemon seed oil extracted by four different techniques. It is assumed that if the seeds are roasted for a long time at high temperature, the tissues are broken, and oil will be extracted easily, but it is also known that high heat and a long roasting time destroy the suitability of tissues for extraction and lower the oil yield (25). As a result, the yields of RP-170 and RP-100, in which oil was extracted after the seeds were roasted at high temperature, were lower than those of CP and SF, in which oil was extracted without applying heat. A higher oil yield was also found in rosehip seed extracted with the CP method compared to that of SF method (26). Generally, the acid value of fresh oil is approximately <1.00 (27). The acid value of the oil sample extracted by SF was close to that of the fresh oil, but the other three oil samples exceeded the value. It has been reported that the stability of the peroxide value is increased as the roasting temperature of the sample increases (28). The acid value and peroxide value obtained in the present study were higher than that found in a previous study (29). The refractive index is indicative of the turbidity of the oil (30), which may determine the rancidity of edible oils and fats (31). The increasing density affects the tendency of oil to cream (30). Viscosity is particularly important when considering the utility of oil as a lubricant. The refractive index (1.47) of lemon seed oil extracted using the cold-pressed and solvent extraction methods (29) was comparable with that obtained in the present study.

The lightness and yellowness values of CP oil were comparable with that obtained in the lemon seed oil (29). The difference in the color values and BCI of different samples might be due to the difference in antioxidants (32) and Maillard's reaction (33). The higher BCI of RP-170 and RP-100 might be due to roasting the seeds at high temperatures (34). The amounts of mineral elements such as Ca, K, and Mg that are reported to provide health benefits for the prevention and treatment of essential hypertension (35) were higher in CP. However, Zn and Fe, which are often lacking in the human diet (36), were high in two different samples SF and RP-100, respectively. Overall, the oil extracted using the SF method contained approximately four times fewer total minerals than that of the other three methods. Similarly, the antioxidant potential, measured through DPPH free radical scavenging potential and the total polyphenol and flavonoid content, was significantly high in the SF method. A higher total phenolic content was also observed in the Nigella sativa seed oil extracted by SF than CP methods (37). Phenolic compounds are considered to possess antioxidant properties in vegetables and other foods (38, 39), and provide numerous health benefits (40). A considerable amount of mono- and polyunsaturated fatty acids in lemon seed oil indicates the substantial potential of using it as an edible oil (41). The quality of unsaturated fatty acids found in citrus is expected to provide good quality as an edible oil (42). Unsaturated fatty acids are found to be good for human health (43, 44).

To the best of the authors' knowledge, this is the first report on the comparison of volatile flavor compounds of lemon seed oil extracted by different techniques. Guneser and Yilmaz (17) found that the concentration of the majority of aromatic volatile compounds was higher in the lemon seed oil extracted by CP method than in the solvent extraction method. However, there are several reports on the volatile flavor compounds of other parts of the lemon; for instance, peel and leaf (45), flower organs, pollen (46, 47), and peel (48–50). Cannon et al. (48) found more than 150 flavor compounds in lemon peel, including some sulfur monoterpenoids, non-terpenoid esters, and aldehydes, that could not be identified in nine other citrus species (51). Thus, lemon provides a wide variety of special flavor compounds for the food, beverage, cosmetic, pharmaceutical, and fragrance industries. One of the important monoterpenes found in lemon seed oil was limonene. Monoterpenes such as limonene are effective in early cancer treatment, and limonene is currently being evaluated in clinical trials for stage-I cancer patients (52). Lemon seed oil shows potential utility in the food and pharmaceutical industries. Limonene is present in several citrus oils, including lemon (53). Limonene is sweet, has a lemon-like fragrance, and is extensively used as an additive in several industrial products, such as perfumes, soaps, foods, and beverages, and is an alternative of petroleum in cleaning products and paints (54). Lemon seed oil could be potential biodiesel due to possessing essential features of biodiesel, such as viscosity and density that are comparable with the European standard (55). Several physical and chemical properties of lemon seed oil were also studied for their utility as biodiesel (15). Moreover, few biodiesel properties, including acid value, water content, and flash and combustion points, are also highly dependent on the conditions of the production process (56). In the same study, the qualities of biodiesel produced from rapeseed, sunflower, and high oleic sunflower were found to be better than those obtained from soybean, Cynara cardunculus L., Brassica carinata, and Jatropha curcas. Biodiesel fuels are environmentally friendly compared to fossil fuels due to their biodegradability and non-toxic properties, and they provide engine lubricity to low sulfur diesel (57–59).



CONCLUSION

Lemon seed oils extracted using four different methods were investigated. A higher amount of total mineral was found in RP-100 and CP, whereas that of Zn was higher in SF. The total polyphenol and flavonoid contents were significantly higher in SF. The polyunsaturated fatty acid content was higher in RP-170. The results showed that the method of oil extraction could significantly affect the physicochemical, nutritional, and antioxidant properties of lemon seed oil. Thus, this study provides insight into the utility of various methods of oil extraction based on their specific use in the food, beverage, cosmetic, pharmaceutical, and/or fragrance industries.
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