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Abstract

:

Membrane separation has brought about a significant change in the food processing industry because it could operate separation at low temperature without a reduction of nutrients and bioactive compounds. Citrus limon L. Burm. cv Femminello comune juice, an Italian IGP (Protected Geographical Indication) product, was subjected to the ultrafiltation (UF) process using a cellulose acetate membrane, with a cut-off of 100 kDa, subjected to different transmembrane pressures (TMP, 05–1.5 bar). Untreated and ultra-filtrated (UF) juices were investigated for physicochemical parameters including pH, titratable acidity (TA), total soluble solids (TSS) and ascorbic acid content. Total phenols (TPC) and flavonoids (TFC) contents were also determined. Rutin, hesperidin, eriocitrin, and neohesperidin were selected as markers and quantified by HPLC. Antioxidant potential was investigated by using DPPH, ABTS, and FRAP tests. RACI was used to identify the sample with highest antioxidant potential. The hypoglycemic activity was examined using carbohydrates hydrolyzing enzymes assay. The application of increasing pressures across the membrane led to a reduction in TSS without causing a loss of bioactive compounds in terms of TPC and TFC. UF juice obtained with TMP of 1.5 bar (J3) showed a significant amount of eriocitrin and hesperidin with concentrations of 15.8 and 10.5 mg/100 mL, respectively. This sample showed the highest antioxidant potential and exhibited a promising α-amylase and α-glucosidase inhibitory activity with IC50 values of 31.1 and 35.3 mg/mL, respectively. Collectively our results support the use of cellulose acetate membrane to obtain an ultra-filtered juice with significant health potential.
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1. Introduction


The development of separative membranes has been particularly important in the food processing industry [1,2]. The membranes exploit the different chemical-physical properties of the mixtures to obtain the separation of the components at low temperature and with less energy use.



Among the membrane-based separating techniques, ultrafiltration (UF) is one of the most widely used methods, especially for fruit juice clarification. UF juice has a longer shelf-life due to a lack of pectin [3,4,5,6].



Citrus species are a rich source of bioactive products including flavonoids, phenols, ascorbic acid and terpenes, and are well-known for their health-promotion values [7,8,9]. Citrus limon fruits are the main fruit trees grown throughout the world. Citrus is primarily valued for the fruits, which is either eaten alone as fresh fruit, processed into juice, or added to dishes and beverages.



Citrus fruits possess several biological properties including antioxidant, anti-inflammatory antiviral, and anticancer activities, effects on platelet aggregation and capillary fragility. More recently, therapeutic values related to cardiovascular diseases and age related macular degeneration have been reported. These health properties are linked to the high amounts of phytochemicals and in particular flavonoids available in this fruit [10]. Due to the popularity of health effects and in particular the antioxidant activity upon intake of fresh fruits, the demand for fresh fruit juices has rapidly increased. In this context, Citrus juices have received much attention because of their nutritional and antioxidant properties and because nowadays the prevention of health problems through nutrition is promoted intensively [11].



Oxidative stress is a complex reaction in which Radical Oxigen Species (ROS) are involved. Wright et al. [12] showed that an ROS excess can cause β-cell dysfunction, impaired glucose tolerance and type 2 diabetes mellitus (T2DM). Moreover, ROS have also been implicated in the progression of T2DM complications, including vascular dysfunction. Additionally, the excess of glucose in plasma determined a reaction between glucose and proteins with formation of glycation end-products, triggering production of ROS [13]. With the postulation that hyperglycaemia leads to generation of ROS, it follows that a treatment able to counteract oxidative stress and post-prandial glucose peak is a suitable strategy to prevent this disease.



The present study was designed to test the effect of ultrafiltration membrane processing on chemical composition and antioxidant activity of C. limon from Rocca Imperiale (Calabria, Italy).



For this purpose, total phenols and flavonoids contents were measured. Rutin, hesperidin and neohesperidin were selected as markers and quantitatively analyzed by HPLC. The radical scavenging activity was investigated by DPPH and ABTS tests. FRAP test was also performed. The hypoglycemic effects were determined by using α-amylase and α-glucosidase inhibition tests.




2. Materials and Methods


2.1. Chemicals and Reagents


Reagents used in this study were obtained from Sigma-Aldrich S.p.a. (Milan, Italy). Solvents of analytical grade were purchased from VWR International s.r.l. (Milan, Italy). Acarbose from Actinoplanes sp. was obtained from Serva (Heidelberg, Germany). Rutin, hesperidin, eriocitrin, and neohesperidin were purchased from Extrasynthese (Genay-France).




2.2. Plant Material and Juice Preparation


Fruits from Citrus limon L. Burm. were collected in Rocca Imperiale (Latitude: 40.1108, Longitude: 16.5811, Calabria, South of Italy) during December 2012. These fruits belong to a spontaneous mutation of the cultivar “Femminello commune”. A set of fruits representative of this cultivar was obtained harvesting fruits at full fruit size at maturity from 20 plants. Fruits were examined for integrity and absence of dust and insect contamination, were peeled and devoid of seeds and squeezed with domestic squeezer to obtain the juice that is characterized by a yellow citrine color. Juice was stored at 4 °C prior to analysis.




2.3. Ultrafiltration Process


C. limon juice was processed in a pilot ultrafiltration (UF) system (Osmonics, MN, USA). The system consisted of a 200 mL stainless steel feed tank, a feed pressure pump, a pressure control system, a thermometer, a feed flow meter, two manometers for the measure of the inlet and outlet pressures. A data acquirement system connected to the system allows monitoring of the transmembrane pressure and the axial feed flow rate. The permeate fluxes were measured by using a digital balance connected to the system. Moreover, the UF system was equipped with a flat sheet regenerated cellulose membrane (C100F) supplied by the NADIR Company (MICRODYN-NADIR, Wiesbaden, Germany) with a cut-off of 100 kDa and membrane surface area of 44.0 cm2. Experiments were performed according to the total recycle and the batch concentration mode. In the batch concentration mode, UF system was operated at three different transmembrane pressures of 0.5, 1.0 e 1.5 bar and at a temperature of 25 °C. For membrane preparation, the module was rinsed with distilled water for 10 min three times before the use of the juice.




2.4. Physiochemical Characteristics of C. Limon Juice


C. limon juice was weighed and the percentage of juice was estimated. The total soluble solids (TSS) was determined using a Digital Hand-Held Pocket Refractometer (Atago, Milan, Italy) with scale range of 0–32° Brix [14]. pH was measured by using an Orion Star™ A211 pH Benchtop Meter (Fischer Scientific, Milan, Italy). The titratable acidity (TA) determination was done using a NaOH standard solution and phenolphthalein indicator. Results are expressed as a percentage of citric acid using the formula of American Organization Analytical Chemists (AOAC) [15]: acid % = (0.1 × 0.064 × V in mL of NaOH used × 100)/mL of the sample juice.




2.5. Ascorbic Acid Content


The content of ascorbic acid was evaluated using the method described in AOAC [15], with some slight modifications. 50 mL of juice and 50 mL of oxalic acid (4%) were mixed. 10 mL of this mixture was treated with 2,6-dichlorophenol indophenol dye as indicator. The ascorbic acid content is expressed in mg/100mL of juice according to the following formula: Ascorbic acid (mg/100 mL) = [Titer × Dye factor × Volume made up × 100]/[Aliquot of sample used × Volume of sample].




2.6. Total Phenols and Flavonoids Content


The Folin–Ciocalteu method was used to determine the total phenols content as previously described [16]. Briefly, sample was mixed with Folin–Ciocalteu reagent (0.2 mL), 15% Na2CO3 (1 mL), and distilled water (2 mL). The absorbance was measured at 765 nm after 2 h of incubation by using a UV–Vis Jenway 6003 spectrophotometer (Carlo Erba, Milan, Italy). The total phenols content is reported as mg gallic acid equivalents/100 mL of juice (Table 1).



The total flavonoids content was evaluated as previously described [17]. The absorbance was measured at 510 nm. The total flavonoids content is expressed as mg quercetin equivalents/100 mL of juice (Table 1).




2.7. HPLC-DAD Analyses


Rutin, hesperidin, eriocitrin and neohesperidin selected as marker were quantified by HPLC. HPLC analyses were realized using an HPLC system HP 1100 equipped with two pumps, DAD (Diode Array Detector) detector (280 nm) (Agilent, Cernasco sul Naviglio, Milan, Italy), column oven, injector and a C18 RP column (Phenomenex Luna 5 lm C18, 250 × 4.60 mm) (Phenomenex, Inc., Bologna, Italy). The column temperature was 30 °C. The mobile phase was H2O/formic acid (0.1%) (A) and acetonitrile (B) with a flow rate of 1 mL/min (2 min, 100%). The elution gradient started with 100% A for 2 min, increased to 100% B for 2 min to 30 min followed by a return to 100% A in 5 min, and a final isocratic part with 100% A to 36 min.




2.8. Antioxidant Effects


2.8.1. DPPH (2,2-diphenyl-1-picrylhydrazyl) Assay


The DPPH radical scavenging assay was applied using the procedure previously described [18]. The DPPH solution (1.0 × 10−4 M) and treated and UF juice at different concentrations (62.5–100 µg/mL) were mixed. The absorbance was measured at 517 nm against blank without DPPH reagent. The DPPH radical-scavenging activity was calculated following the equation: DPPH radical-scavenging activity (%) = [1−(sample absorbance with DPPH–sample absorbance without DPPH)] × 100. Results are reported as IC50 values (μg/mL).




2.8.2. ABTS, 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) Assay


The ABTS method was employed following the procedure previously reported [18]. A 7 mM ABTS solution with 2.45 mM potassium persulphate was used to produce ABTS radical. Afterwards, the solution was diluted with ethanol until an absorbance of 0.70 ± 0.05 read at 734 nm was obtained. Successively, 25 μL of sample at concentrations ranging from 25 to 400 μg/mLwas added to 2 mL of ABTS ethanolic solution and left to react for 6 min at room temperature. The ABTS radical scavenging activity was calculated following the equation: ABTS scavenging activity (%) = [(A0 – A)/A0] × 100 where A0 is the absorbance of the control reaction and A is the absorbance in the presence of samples. Ascorbic acid was used as positive control. Results are reported as IC50 values (μg/mL).




2.8.3. Ferric Reducing Ability Power (FRAP) Assay


The FRAP test measures the ability of antioxidants to induce the reduction of TPTZ (2,4,6-tripyridyl-s-triazine)-Fe3+. This assay was performed using the procedure previously described [19]. In brief, a FRAP mixture of 2.5 mL of 10 mM tripyridyltriazine (TPTZ) solution in 40 mM HCl, 2.5 mL of 20 mM FeCl3 and 25 mL of 0.3 M acetate buffer (pH 3.6) was prepared. Untreated and UF juice (2.5 mg/mL) was dissolved with 1.8 mL of FRAP reagent. The absorbance was read at 595 nm. FRAP value is expressed as μM Fe(II)/g. Butylated hydroxytoluene (BHT) was used as a positive control.





2.9. RACI Calculation


Relative Antioxidant Capacity Index (RACI) is a statistical application useful to estimate the antioxidant ability of samples from different in vitro tests [19]. The standard score is calculated by using the following equation: (x−μ)/σ, where x is the raw data, μ is the mean, and σ is the standard deviation.




2.10. In Vitro Hypoglycaemic Activity


The α-amylase method was performed following the procedure previously described [18]. A solution with starch, α-amylase enzyme and 3,5 dinitrosalicilic acid was prepared. Both untreated and UF juices were added to this solution and left to incubate for 5 min at 25 °C. The absorbance was read at 540 nm. Acarbose was used as positive control. For the inhibition of α-glucosidase, the methodology previously described by Loizzo et al. [18] was used. In the first step of experiment, a solution of maltose and o-dianisidine was prepared. Both untreated and UF juices were added to this solution and left to incubate for 5 min at 37 °C. In the second step, the enzyme was added to the solution and left to incubate for 30 min at the same temperature. The stop of the enzymatic reaction was obtained by using perchloric acid. The supernatant of tube of step one was mixed with the colorant o-dianisidine and peroxidase/glucose oxidase (PGO) and left to incubate for 30 min at 37 °C. After this time, absorbance was read at 500 nm. Acarbose was used as positive control.




2.11. Statistical Analysis


Experiments were performed in triplicate. Data are expressed as means ± standard deviation (S.D.). Prism GraphPad Prism version 4.0 for Windows (GraphPad Software, San Diego, CA, USA) was used to calculate sample concentration that determined a 50% of inhibition (IC50). An analysis of variance (ANOVA) was performed using SPSS 17.0 (SPSS inc., Chicago, IL, USA) to determine significant differences among the treatments. Significant differences were calculated using Tukey’s post-hoc tests. Differences at p < 0.05 were considered to be statistically significant and at p < 0.01 were considered to be highly significant. A multicomparison Dunnett’s test was applied in order to investigate the differences between sample and positive control in all bioassays (*p < 0.01).





3. Results and Discussion


3.1. Juice Content and Physicochemical Parameters


C. limon from Rocca Imperiale was squeezed to obtain a percentage of juice of 45.2% (Table 1).



This juice content is in line with those reported by the IGP document (juice content > 30%) and in line with C. limon juice content that is in the range 30.22% for Monachello to 58.42 for Meyer variety [20]. Our juice showed a content similar to Santa Tereza variety (46.27%) [20]. Pearmeate flux as function of time monitored at three different TMP is reported in Figure 1.



The difference between the treated and untreated samples was statistically significant (p < 0.05) as reported in Table 1. pH, citric acid and ascorbic acid contents were not significantly affected by TMP as reported in Table 1. A lower pH was recorded in juice from C. limon Santa Tereza variety (Ph = 2.21) [20]. As expected, UF determined a reduction of TSS mainly at TMP of 1.5 bar (2.7 °Brix) vs. untreated juice (8.5 °Brix).




3.2. Bioactive Compounds


C. limon juice is a promising source of bioactive constituents with 151.7 and 20.8 mg/100 mL of TPC and TFC, respectively (Table 2). The ultrafiltration process indicated that as the applied pressure increased, an enrichment of permeate in phenols and total flavonoids was observed. Previously, Espamer et al. [21] analyzed the effect of microfiltration on C. lemon juice quality and proved that permeate juice presented a TA, pH and TSS comparable to the untreated juice and with an optimal TMP of 0.6 bar. More recently, Chornomaz et al. [22] showed that clarification of lemon juice with membrane prepared with tubular polyvinylidene fluoride and polyvinylpyrrolidone produced a product similar to the natural one and with a good permeate flux.



A clarified orange juice with similar parameters to our untreated juice, except for TSS, was obtained by Cassano et al. [23]. In this case a tubular polyvinylidene difluoride (PVDF) membrane with a cut-off of 15 KDa was used. The UF juice was characterized also by a promising polyphenols content and total antioxidant activity. In the clarification of Citrus juices excellent performances have also been obtained with PVDF/PMMA with a TMP of 1 bar obtaining the complete removal of soluble solid [24].



HPLC analysis quantified rutin, hesperidin, eriocitrin, and neohesperidin. Eriocitrin and hesperidin are the two main abundant compounds of untreated juice with concentrations of 16.7 and 14.1 mg/100 mL juice, respectively. Differences between treated and untreated samples were statistically significant (p < 0.01). Among permeate juices, the sample treated with a TMP of 1.5 bar contained the higher amount of these compounds with concentrations of 15.8 and 10.5 mg/100 mL juice for eriocitrin and hesperidin, respectively. Rutin and neohesperidin are contained in concentrations of 2.9 and 6.0 mg/100 mL juice, and 2.8 and 5.7 for untreated juice and J3, respectively. Generally, the application of increasing pressures caused an increase in the presence of the markers in the permeate due to a forced passage through the membrane. Our data are in agreement with those reported by Gattuso et al. [25] in which eriocitrin and hesperidin obtained a mean of 16.7 and 20.5 mg/100 mL juice, respectively. These values are higher than that found in commercial lemon juice where a mean of 16.0, 7.07 and 1.45 mg/100 mL juice were found for eriocitrin, hesperidin and neohesperidin, respectively. The differences between natural and commercial lemon juice flavonoids composition was investigated also by Hajimahmoodi et al. [26]. Thirty-eight natural and sixty-two branded lemon juices were injected in HPLC. Eriocitrin and hesperindin were found in the range 3.24–10.68 and 49.06–104.84 μg/mL, respectively. The comparison of data from literature about the flavonoids composition of Citrus species indicated that C. limon was characterized by a moderate flavonoids content independently of the varieties and was dominated by hesperidin and eriocitrin [27]. A lower TPC content of 0.322 mg GAE per 100 mL of juice was found by Fejzić & Ćavar [28].




3.3. Antioxidant Activity


Herein, the antioxidant activity of untretated juice and ultrafiltrated juices (J1–J3) was investigated and compared. A concentration-effect relationship was found for all extracts in all tests, except for FRAP test (Table 3). The radical scavenging activity was assessed by using ABTS and DPPH assay. Due to the different nature of radicals, a different response to antioxidant compounds could be registered. Moreover, researchers recommend the use of different methodologies in order to obtain more reliable data [29].



As reported in Table 3, juice UF at TMP of 1.5 bar showed the best antioxidant activity with IC50 values of 35.2 and 37.3 μg/mL for DPPH and ABTS, respectively. Sample J1 showed the highest FRAP value (52.7 μM Fe(II)/g).



The statistical approaches RACI was used in order to recognize samples with the highest antioxidant activity. As evidenced in Table 3, sample J3 showed the highest antioxidant potency.



A great variability in FRAP values (29.58–660.13 μg/mL) were found when natural and commercial lemon juice were tested [26]. A higher FRAP value of 122.75 μM Fe(II)/g was recorded for concentrated lemon juice [30]. Recently, Xi et al. [31] compared the phenolic composition and antioxidant potential of seed, peel, whole fruits and juice of different C. limon (Feiminailao, Cuningmeng Limeng, Pangdelusaningmeng, Beijingningmeng) and showed that peels and whole fruit had significantly higher levels of phenols than other investigated portions. In particular, Cuningmeng Limeng, Pangdelusaningmeng varieties contained the higher phenols content together with the higher antioxidant potential.




3.4. Carbohydrate Hydrolysing Enzymes Inhibitory Activities


In this work, the inhibitory activity of juice and UF juice on α-amylase and α-glucosidase was investigated. Inhibitors of both enzymes are commonly used for the treatment of hyperglycemic conditions due to the blocking of carbohydrates breakdown in the small intestine [32]. All samples are able to inhibit both enzymes in a concentration dependent manner (Table 4).



UF juice obtained with a transmembrane pressure of 1.5 bar showed the highest inhibitory activity with IC50 values of 31.1 and 35.5 μg/mL for α-amylase and α-glucosidase, respectively. Both values are lower than that found for acarbose (positive control).



Correlation analysis revealed that neither of identified markers are alone responsible of the hypoglycemic effect.



Several research articles showed that members of Citrus family are able to regulate glycaemia. Percentages of 75.55 and 70.68% were found against α-amylase and α-glucosidase by C. hystrix juice, whereas C. maxima showed percentages of inhibition of 79.75 and 72.83% against α-amylase and α-glucosidase, respectively [33].



Data obtained with C. limon juice are better than that obtained in our previous investigation with C. clementina juice in which IC50 values of 226.6-243.2 and 77.8–200.9 μg/mL for α-amylase and α-glucosidase, respectively, were found [15]. Riaz et al. [34] evidenced that C. limon juice administration (0.2–0.6 mL/kg per day) decreased blood glucose level in a dose-dependent manner. A potent hypoglycemic effect was also demonstrated for bergamot juice administered for 30 days in 237 patients [35]. Moreover, Hamed et al. [36] revealed that administration of 0.5 mL of C. paradisi juice twice a day for 12 days determined a significant decrease of serum glucose level in both normo-glycemic and diabetic rats. The hypoglycemic activity of Citrus juice was confirmed by Mallick & Khan [37] that compared the effect of C. sinensis and C. paradisi at three different doses (0.1, 0.3 and 0.5 mL/kg). C. sinensis determined a significant reduction of blood glucose level and rise in plasma insulin level at lowest concentration of 0.1 mL/kg. A similar effect required administration of C. paradisi at 0.5 mL/kg. A significant effect on glycemic control was observed when combination of C. sinensis and C. paradisi juices were administered in alloxan-induced diabetic rats.



Among phytochemicals identified in Citrus, flavonoids are considered responsible for the hypoglycemic effect of these species. These phytochemicals are able not only to inhibit α-amylase and α-glucosidase enzymes but also to inhibit sodium-dependent glucose transporter 1 (SGLT1), enhance insulin-dependent glucose uptake and at the same time reduce hepatic glucose output, and stimulate insulin secretion [33,38,39].



Untreated and UF juices contained rutin, eriocitrin, hesperidin and neohesperidin. Hesperidin exhibited both α-glucosidase and α-amylase inhibitory activity with IC50 values of 15.89 and 26.04 μM and together with neohesperidin are able to inhibit amylase-catalyzed starch digestion [33].



Moreover, Sahnoun et al. [40] demonstrated that hesperidin has 51 polar contact with the enzyme-binding site and that this contact is higher than that found for acarbose. Neohesperidin was also able to reduce serum glucose and glycosylated serum protein in vivo [41]. Also, rutin demonstrated to inhibit both α-glucosidase and α-amylase with IC50 values of 0.037 and 0.043 μM, respectively [42].





4. Conclusions


The application of cellulose acetate membrane for ultrafiltration of C. limon juice determined a significant reduction of TSS as requested by the relevant industries and consumers without affecting the healthy properties of the juice. In fact, at maximum TMP applied to the system, the resulting permeate showed a promising antioxidant activity due to the preserved ascorbic acid, and the TPC and TFC content. It also showed significant carbohydrate hydrolyzing enzyme inhibitory activities due to the high content of flavonoids hesperidin and neohesperidin.
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