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Abstract

:

Pomegranate-seed residue (PSR) was used in a new strategy for the simultaneous production of Yarrowia lipolytica lipase by submerged fermentation and its immobilization by adsorption. This biocatalyst—the fermented solid residue containing the adsorbed lipase (fermPSR)—was evaluated in hydrolysis reactions and in structured lipid synthesis. In shake flasks, yeast extract and urea were the best nitrogen sources for lipase production with PSR and their simultaneous use increased the lipase production even further. This result was confirmed in a 3.5-liter bioreactor, with lipase activity in an extracellular medium of 40 U/mL. A maximum reaction rate (Vmax) of 49.5 µmol/min/g, a Michaelis–Menten constant (Km) of 207 µmol/L, and a turnover number (Kcat) of 130 s−1 were determined for the new biocatalyst, fermPSR, for the hydrolysis of p-nitrophenyl laurate (p-NPL) into p-nitrophenol. The conversion of p-NPL into p-nitrophenol in subsequent reactions confirmed fermPSR’s potential for industrial hydrolytic reactions. The production of structured lipids from vegetable oil and free fatty acids by fermPSR evidences the versatility of this new biocatalyst.
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1. Introduction


Pomegranate (Punica granatum L.) is a berry-fruit-bearing plant species cultivated in several regions of the world, including tropical Africa, South America, and Europe. During its processing, about 60% of residues are produced, including seeds (10%) [1]. These seeds contain 12 to 20% oil [2,3,4], with a unique fatty-acid profile, especially punicic acid, which represents 70 to 76% of total fatty acids. Unsaturated fatty acids, such as oleic and linoleic acids, also contribute to this profile [5]. Considering the importance of the rich fatty-acid composition of pomegranate oil for human health, many studies have focused on its extraction [6,7]. However, some of these compounds still remain in the residual solid, which can be used as raw material for microbial growth and to obtain high-value products [8], such as lipases [9].



Lipases can catalyze the hydrolysis of triglycerides, and in low amounts of water, they can also catalyze the synthesis of various esters [10,11]. These enzymes can be produced in fermentation processes by several microorganisms, such as the yeast Yarrowia lipolytica. This species is non-pathogenic and, therefore, GRAS (generally regarded as safe) products can be obtained from its metabolism [12].



Lipases can be used in free or immobilized form. The latter form is preferable because of several advantages, such as higher enzyme stability and potential reuse, which reduces the enzymatic-process cost [9,13]. An interesting approach to immobilization is the spontaneous adsorption of enzymes into solid residue during the fermentation process, which has been reported in recent years with promising results [9,13,14,15]. The solid residues of the culture medium also work as supports that keep the enzyme adsorbed [13]. Thus, during the fermentation of agro-industrial waste using submerged fermentation, two products with added value are obtained with this new strategy, the crude enzymatic extract (free enzyme) and the fermented solid containing the adsorbed enzyme (immobilized enzyme), which is often discarded after fermentation.



Therefore, this work aimed to explore this new strategy for the simultaneous production (submerged fermentation) and immobilization (by adsorption) of Y. lipolytica lipase using pomegranate-seed residue and to evaluate the potential use of the fermented solid residue containing the adsorbed lipase as a biocatalyst in hydrolysis reactions and structured lipid synthesis. Subsequent reactions with the biocatalyst were also tested to determine its reuse.




2. Materials and Methods


2.1. Materials


Pomegranate-seed residue (PSR) used in the fermentations was provided by the Food and Nutritional Biochemistry Laboratory of the Federal University of Rio de Janeiro, after a study of oil extraction [16]. PSR was previously dried in a Fabbe-Primar drying oven (model 219) at 65 °C and then ground in a laboratory mill. The flour was sieved in a 0.80-millimeter-mesh-size sieve and stored in polyethylene bags until its use. Peptone and yeast extract used was from Kasvi (Paraná, Brazil) and urea, ammonium chloride, ammonium sulfate, and potassium phosphate were from Sigma Aldrich Brazil. The tryptone was from Himedia (Mumbai, India) and corn-seep liquor was obtained from Ingredion Brazil. The p-nitrophenyllaurate (p-NFL) was obtained from Sigma Aldrich Brazil and dimethyl sulfoxide was obtained from Isofar (Rio de Janeiro, Brazil).




2.2. Physicochemical Characterization of PSR


Proximate composition analysis of PSR was performed according to the methods described by Institute Adolfo Lutz [17] and Official Methods of Analysis of AOAC International [18]. The following parameters were determined: moisture, lipids, ash, proteins, and total carbohydrates by difference (Nifext). All analyses were performed in triplicate.




2.3. Lipase Production


2.3.1. Strain and Inoculum Preparation


A wild-type strain of Yarrowia lipolytica (IMUFRJ 50682), isolated from Guanabara Bay, Rio de Janeiro (Brazil), was used to produce the lipase [19]. Cells were pre-cultivated in YPD medium (w/v: yeast extract 1%; peptone, 2%; glucose, 2%), at 28 °C, 160 rpm, for 72 h. The pre-cultured cells were used in sufficient amounts to start lipase production with 1 g of cells (dry weight)/L.




2.3.2. Lipase Production in Erlenmeyer Flasks


Lipase production in Erlenmeyer flasks was performed in 250-milliliter flasks containing 60 mL of production medium. In preliminary experiments, lipase-production medium was prepared with distilled water and PSR, 25 g/L, with and without different organic and inorganic nitrogen sources (urea, ammonium chloride, ammonium sulfate, corn-steep liquor, yeast extract, tryptone, soy tryptone, peptone, peptone/extract yeast, and urea/yeast extract) in a fixed concentration of 2 g/L. The combination of the best sources was preliminarily tested in increasing concentrations (until 4 g/L). Next, a central composite rotatable design (CCD) 22, with three replications at the central point, was used to evaluate the ideal concentrations of the best nitrogen sources (urea and yeast extract) for lipase production with PSR (Table 1).



All these experimental samples were inoculated with 1 g dry weight of cells/L and incubated at 28 °C in a rotary shaker at 250 rpm for 70 h. Samples were collected during the bioprocess to determine extracellular lipolytic activity.




2.3.3. Lipase Production in Bioreactor


The best culture medium to produce lipase, determined in Erlenmeyer flasks, was used in larger-scale production process, with a New Brunswick Microferm MF-114 bioreactor (effective volume of 3.5 L). Lipase production was carried out with mechanical agitation of 600 rpm, aeration rate of 1.5 L.min−1 and temperature of 28 °C, for 90 h. Samples taken every 6 h were centrifuged at 4 °C, 2000× g for 5 min, and the supernatant was collected and frozen (−20 °C) for further evaluation of extracellular lipase activity.



Once the time for maximum extracellular lipase activity was determined in experiments that lasted 90 h with sampling amount of 5 mL, lipase production was performed again in the same conditions, but without taking samples and stocking all the cell-free medium and the fermented solid residue after the fixed time. This procedure was followed to obtain a larger volume of crude lipase extract with high activity and the fermented pomegranate seed residue (fermPSR) was freeze-dried (LC 1500, Terroni, São Carlos, Brazil) for evaluation as an immobilized biocatalyst.





2.4. Freeze-Dried Fermented-Pomegranate-Seed Residue (fermPSR) Characterization


2.4.1. Physicochemical Characterization of Freeze-Dried fermPSR


Freeze-dried fermPSR was evaluated for protein content (described in Section 2.2) and microscopic morphology in an optical microscopic (Nikon, model Eclipse E100LED) to check the possible adhesion of cells on the surface of the material.




2.4.2. Kinetic-Biocatalyst Parameters of Freeze-Dried fermPSR


Kinetic parameters, Michaelis–Menten constant (Km), and maximum reaction rate (Vmax) of freeze-dried fermPSR were determined from hydrolysis reactions of p-nitrophenyl laurate (p-NPL), with substrate concentrations ranging from 20 to 3000 μM. The extracellular crude extract was also tested for comparison. The hydrolysis reaction was carried out in a 1-milliliter cuvette in a spectrophotometer (Shimadzu model UV-1800) at 37 °C for 100 s and the absorbance at 410 nm was recorded to monitor p-nitrophenol production. Km and Vmax were obtained using a nonlinear regression of reaction rate versus substrate-concentration data using the Michaelis–Menten kinetic model. The substrate’s binding free energy (ΔGE-S), the renewal number (Kcat), and the transition-state free energy (ΔGE-T) were also determined, as shown in Equations (1)–(3) [20].


   K  c a t   =    V  m a x      E t     



(1)






  Δ  G  E − T   = − RTln    K  c a t      K m     



(2)






  Δ  G  E − S   = − RTln  1   K m     



(3)




where Et is the protein concentration (μmol/mL), R is the universal ideal gas constant (8.314 × 10−3 kJ/mol.K), and T is the experimental temperature (310 K).




2.4.3. Hydrolysis and Synthesis Reactions with Freeze-Dried fermPSR as Biocatalyst


For the evaluation of freeze-dried fermPSR as an immobilized biocatalyst, experimental hydrolysis and synthesis reactions were performed. The hydrolysis experiments were performed using p-nitrophenyl laurate (p-NPL) as substrate, following the procedure described for lipase-activity analysis (Section 2.6.2). For the synthetic experiments, the production of structured lipids by acidolysis reaction with olive oil and lauric acid (12:0) was determined following the methodology described by Akil et al. [21]. The reactions were initiated by the addition of 200 mg of freeze-dried fermPSR in 50-milliliter mini-reactors containing 3.56 g of TAGs (olive oil) and 1.6 g of lauric acid (2:1 molar ratio: lauric acid: olive oil). A control experiment was performed with this same proportion of TAG and lauric acid, but without the enzyme, which was subjected to the same conditions as described here for the reactions with enzyme. Mini-reactors were kept at 37 °C for 15 min with magnetic stirring at 500 rpm. Next, the reacted substrate was collected and 3.0 mL of 5% Na2CO3 (w/v) and 7.0 mL of methanol (99.99%) were added to stop the reaction and encourage the separation of structured lipids (SL) of free fatty acids. The reaction medium was centrifuged at 3000× g for 10 min at 25 °C and the upper phase containing the SL was stored. The fatty-acid composition of the structured lipid formed was determined by gas chromatography. The amount of lauric acid obtained in the control experiment was deducted from the results with the enzyme.





2.5. Reuse of Freeze-Dried fermPSR in Biocatalysis Reactions


The reuse of freeze-dried fermPSR as a biocatalyst was performed by determining product concentration (p-nitrophenol) after successive reactions (4 cycles). These reactions were performed according to Section 2.4.3, and at the end of each cycle, the reaction system (substrate + biocatalyst) was transferred to a 50-milliliter falcon tube and centrifuged at 2000× g for 10 min. Next, the supernatant was collected, and the precipitate was used in a new cycle. The amount of product formed in the first cycle was defined as 100%. To evaluate desorption of the enzyme during reuse, fermPSR was subjected to magnetic stirring (500 rpm) in mini reactors with phosphate buffer at 37 °C for 60 min. Protein concentration was determined every 5 min.




2.6. Analytical Procedures


2.6.1. Cell Concentration


Cell concentration was determined by measuring the optical density in a spectrophotometer, with subsequent conversion to cell dry weight using a standard curve.




2.6.2. Lipolytic Activity


Lipase activity of the extracellular crude-enzyme extract was determined by monitoring the absorbance of p-nitrophenol production at 410 nm in a spectrophotometer (Shimadzu model UV-1800) at 37 °C for 100 s as a result of the hydrolysis of p-nitrophenyl laurate (p-NPL) [22]. For the freeze-dried fermented-pomegranate-seed residue (fermPSR), lipase activity was examined by adding 25 mL of p-NPL (560 μM) to 5 mg of freeze-dried fermPSR. This system was kept under magnetic stirring at 37 °C for 5 min and the reaction monitored by checking the absorbance (410 nm) at intervals of 30 s for 5 min. One unit of lipase activity is equivalent to the amount of enzyme required to produce 1 μmol p-nitrophenol/min.




2.6.3. Determination of Fatty-Acid Composition by Gas Chromatography (GC)


The fatty-acid composition of the structured lipid produced during synthesis reactions was determined by GC in a GC-2010 gas chromatograph (Shimadzu, Japan) equipped with a split/splitless inlet, in an Omegawax GC column (30 m×0.32 mm ID and 0.25 µm film thickness) and a flame-ionization detector (FID). Fatty-acid methyl esters (FAMEs) were prepared according to Lepage et al. [23] and injected into the GC. The chromatographic peak identities of the samples were determined based on retention time from commercial FAME standards (Supelco 37 FAME mix, Sigma-Aldrich, Brazil). The efficiency of incorporation (%) of lauric acid into the structured lipids produced was calculated from the peak area.





2.7. Statistical Analysis


The experimental data obtained were analyzed statistically using the software STATISTICA 7.1 (StatSoft, Inc., Tulsa, OK, USA). The obtained models were statistically verified by analysis of variance (ANOVA) and the significance determined by Fisher’s statistical test (Test F), using a 5% significance level. The variance explained by the models was observed by the coefficient of determination (R2).





3. Results and Discussion


3.1. Proximate Composition of Pomegranate Seed Residue (PSR)


Figure 1 shows the image of the PSR after oil extraction and after drying and milling processes. This flour (Figure 1b) was used for lipase production in a submerged culture. The proximate composition of PSR flour revealed a higher carbohydrate content in relation to lipid and protein (Table 2). Still, lipid and protein contents were significant and could help provide nutrients and inducers for the lipase-production process.



The content of pomegranate-seed oil (12 to 20%) reduced to 3.54 in the PSR, as expected, since the PSR was obtained through oil extraction [16]; however, some oil remained in this residue, which was potentially good for microbial lipase production.



Guzmán-Lorite et al. [24] extracted and characterized protein from PSR using two different methods: pressurized liquid extraction and high-intensity focused ultrasound. High-intensity focused ultrasound yielded 11.4 ± 0.9 g protein/100 g, which was higher than that obtained with the pressurized liquid extraction (8.1 ± 0.3 g protein/100 g). The PSR of the present study was obtained after supercritical extraction [16] and presented a higher concentration of protein (12.57%), which is also important for lipase production.




3.2. Lipase Production with Pomegranate-Seed Residue


A culture medium composed simply of distilled water and PSR was ineffective for lipase production (Figure 2), possibly due to deficiencies in some of the important elements for yeast growth and enzyme production, mainly vitamins and nitrogen. Similar results were also reported by Pereira et al. [9] when studying lipase production using mango residue. Thus, PSR was supplemented with different nitrogen sources. The results of lipase production are also shown in Figure 2.



The best sources of nitrogen (used individually) for the lipase production were yeast extract and urea, with a maximum production after 11 h for the yeast extract (369 U/L) and after 19 h for the urea (383 U/L) (Figure 2a). Yeast extract is effective at supplementing culture medium because it is a good nitrogen source and also provides vitamin components [25]. Galvagno et al. [26] and Novotný et al. [27] have also shown that yeast extract and urea significantly increase lipase production. The different maximum production times detected for the nitrogen sources (Figure 2a) were probably due to the secretion of lipases into the extracellular medium, which usually occur when the carbon source is scarce, and the nitrogen source exerts a direct influence on this process [28]. Ammonium chloride, ammonium sulfate, corn-steep liquor, tryptone, soy tryptone, and peptone were not effective at extracellular lipase production from PSR in the conditions studied. Even the combination of peptone and yeast extract, which are usually found in lipase-production media [28], was not as effective as the yeast extract or the urea. Lipase production with yeast extract and without PSR was carried out to verify whether this nitrogen source, which is also a carbon source, is sufficient for enzyme production. However, low lipolytic activity was detected (maximum 90 U/L after 20 h), evidencing that PSR is fundamental for lipase production.



As the yeast extract and urea were the nitrogen sources that led to the best lipase-production results, these compounds were tested simultaneously (Figure 2b). The results confirmed the importance of both nitrogen sources together (urea/yeast extract, 2 g/L (1:1); urea/yeast extract, 3 g/L (2:1); and urea/yeast extract, 4 g/L (1:1)), with the values of lipase activity increasing in line with their concentration (1160 U/L, 2 g/L; 1576 U/L, 3 g/L; 2051 U/L, 4 g/L). It seems that the lipase production was highest in the intersection (after 16 h) between the individual maximum production values (11 and 19 h), showing the synergistic effect of the compounds. In this sense, a central composite rotatable design was proposed to assess the influence of this synergistic effect on lipase production, as shown in Table 1.



The extracellular lipase activity ranged from 285.55 (5.9 g/L of nitrogen source) to 14,161.17 U/L (3.1 g/L of nitrogen source), which was significantly superior to the variation in the central points (7615.04 to 9990.86) (Table 1), indicating that the different concentrations of nitrogen sources influenced the lipase production. It is also possible to observe that when the urea concentration was higher than the yeast-extract concentration, the lipase activity reduced significantly (at least 16 times). The analysis of variance and the importance of the effects were verified using the Fisher test (F test), with a significance level of 10%. The model with the linear and quadratic effects of the variables was not significant and, therefore, non-significant terms were eliminated. This new ANOVA is presented in Table 3.



The reduced model had no significant lack of fit (p > 0.10), which indicates that it adequately described the process (Table 3). The high value of R2 (0.913) also revealed a good correlation between the experimental and predicted data. Equation 4 represents the mathematical model with real variables (yeast extract and urea concentration) for the lipase activity.


LA (U/L) = 19790.55 − 1470.61YE − 5424.52U



(4)




where LA is the lipase activity in 16 h of fermentation, and YE and U represent the values of yeast extract and urea concentrations, respectively.



Due to the non-significance of the model’s quadratic terms, the optimum value for lipase production was not determined (Figure 3). However, there was a tendency towards an increase in lipase activity when the urea concentration tended to lower values (<0.5 g/L) and the yeast-extract concentration reached average values (±3.0 g/L). In these conditions, the lipase production was approximately 17,000 U/L.



The best combination of yeast extract and urea (3.0 g/L and 0.1 g/L, respectively) was used for the submerged cultivation of Y. lipolytica, a bioreactor with PSR, to produce lipase (Figure 4). An extracellular lipase activity of approximately 40,000 U/L was detected after 21 h. The second possible lipase peak (50–60 h) might have been related to the other lipases produced by this yeast, such as cell-wall-associated lipases, which can be released to extracellular medium when the carbon source is scarce [28]. However, the productivity would have been lower, which led to our choice of the peak at 21 h. The solid residue obtained after 21 h of cultivation in these conditions was centrifuged and separated from the supernatant containing the extracellular lipase, and from the cells that formed a layer between the supernatant and the solid. Subsequently, it was freeze-dried; the product, which is referred to in this study as freeze-dried-fermented-pomegranate-seed residue (freeze-dried fermPSR), was tested for lipase activity. A high hydrolytic activity in p-NPL was detected for this solid (69.83 ± 8.84 U/g) and, therefore, it was used as a biocatalyst in subsequent tests. A control test was performed with PSR and no activity was detected.




3.3. Freeze-Dried Fermented-Pomegranate-Seed Residue (fermPSR) as a Biocatalyst


The protein concentration of the freeze-dried fermPSR was determined to verify whether protein enrichment from the adsorption of enzymes or cells occurred, but no significant difference was observed between the protein concentration before and after the fermentation process, probably because of the detection capacity of the method. An optical microscopic visualization of the PSR and fermPSR revealed no significant alteration in surface morphology after Y. lipolytica’s growth, not even the presence of adherent cells (data not shown). The enzyme activity associated with the cells separated from the solid showed no lipase. These results reinforce the argument that the enzyme activity found in the solid residue after the fermentation process was due to the physical adsorption of lipases on this support and not to the Y. lipolytica cells.



The influence of the substrate concentration (p-NPL) on the lipase activity of the fermPSR (immobilized biocatalyst) was determined. The Michaelis–Menten nonlinear kinetic model was used to obtain the apparent kinetic parameters Vmax and Km (Table 4). High values for the determination coefficients were found for the adjustment of this model (R2 = 0.978). The turnover number (Kcat), free-energy-substrate binding (ΔGE-S), and free energy of transition-state binding (ΔGE-T) were also calculated (Table 4).



The Vmax calculated per gram of biocatalyst (fermPSR) was low in comparison to the other Y. lipolytica immobilized lipases (175 U/mg of protein of lipase immobilized in chitosan–alginate beads [27], 731 U/g of lipase immobilized in cell debris [29], and 2904 U/g of lipase immobilized on magnetic nanoparticles [30]). However, for Km, a lower value (0.21 mM) was observed for the fermPSR in relation to the other immobilized Y. lipolytica lipases (2.52 mM, [29]; 0.93 mM, [30], which reveals the higher affinity of this biocatalyst towards the substrate. Pereira et al. [31] observed a reduction in enzyme-substrate affinity with the encapsulation of the Y. lipolytica lipase in the alginate and chitosan beads. Nevertheless, the Km obtained for their immobilized biocatalyst (0.04 mM) was lower than the fermPSR. The turnover number (Kcat) detected for the fermPSR was low, considering that for all the enzymes it ranged from 1 to 104 s−1, but it was not very far from the Y. lipolytica lipase encapsulated in the alginate and chitosan beads (606 s−1). The free-energy-substrate binding (ΔGE-S) revealed that the free lipase (8.7 kJ/μmol, [27]) needed a smaller amount of energy for the formation of the enzyme–substrate complex than the fermPSR. The free energy of the transition-state binding (ΔGE-T) indicated grater reaction spontaneity for the free lipase (−18.9 kJ/μmol, [27]). Nevertheless, the possibility of reusing the immobilized catalyst favors its choice.




3.4. Hydrolysis and Synthesis Reactions with Freeze-Dried fermPSR


The freeze-dried fermPSR was used in the p-NPL hydrolysis and in the structured lipids synthesis (olive oil + lauric acid). For the hydrolysis reaction, the production of approximately 120.0 ± 22.3 µmol/L of p-nitrophenol was achieved in 10 min of reaction, which corresponded to 24.4% of the possible theoretical yield.



Structured lipids (SLs) are triacylglycerols that have been restructured to change the position and composition of fatty acids from their original form [21]. In this test, we chose to produce SLs with a medium-chain fatty acid (lauric acid, 12:0) esterified at the sn-1 and sn-3 positions and a long-chain unsaturated fatty acid (oleic acid, 18:1n-9) esterified at the sn-2 position of the glycerol backbone. In this sense, we used olive oil—mostly composed of triacylglycerols with oleic acid in all positions—and lauric acid, a medium-chain fatty acid. By adding a strictly 1,3-regioselective lipase (Y. lipolytica lipase) [21], the lauric acid would probably have been incorporated exclusively in SL sn-1 and sn-3. For the structured-lipids synthesis, an incorporation efficiency of approximately 9.0 ± 1.9 % was observed after 15 min of reaction. Akil et al. [21] found an optimal incorporation efficiency of 30% when producing structured lipids using Y. lipolytica lipase immobilized in chitosan–alginate beads as a biocatalyst. Although the incorporation efficiency was not as high with the fermPSR, these experiments showed that it is possible to use this biocatalyst in structured-lipids synthesis. In addition, it is important to mention that an optimization of the reaction conditions was not performed for the fermPSR, which could have improved these results.




3.5. Reuse of Freeze-Dried fermPSR in Hydrolysis


To explore the reuse of the new biocatalyst, four reaction cycles were tested in the hydrolysis reactions. Figure 5 shows the reusability of the fermPSR in the p-NPL hydrolysis.



The activity of the new biocatalyst reduced by more than 50% in the second reaction cycle and retained approximately 20% of its initial activity after the fourth reaction cycle. This is probably because the natural immobilization of the enzyme during fermentation occurred through physical adsorption, which resulted in a weak bond between the enzyme and the support. With a lower amount of catalyst in the support because of desorption, the increase in reaction time could have helped to achieve the product concentration of the first cycle. However, the p-nitrophenol concentration also reduced in the second cycle (approximately 60%) after 10 min. In successive reactions, it decreases to approximately 20%. A test was performed using magnetic-stirring mini-reactors with phosphate buffer and fermPSR at 37 °C (Figure 6). The increase in the protein concentration detected in the buffer evidences the desorption of the enzyme during the reactions. Despite the considerable reduction in enzymatic activity and product formation, the use of fermPSR in the hydrolysis reaction of the p-nitrophenyl laurate could have been advantageous, since it had already been used for microbial growth and was again used as a biocatalyst.





4. Conclusions


PSR without nitrogen supplementation was not sufficient to produce extracellular lipase. Yeast extract and urea were the best nitrogen sources tested to supplement PSR, with a lipase production of 369 U/L and 383 U/L, respectively. When these sources were combined, an activity of approximately 17,000 U/L and 40,000 U/L was obtained for Erlenmeyer flask and bioreactor cultures, respectively. A high hydrolytic activity in the p-NPL was detected in the solid residue after fermentation—fermPSR (69.83 U/g). The determination of the kinetic parameters of the fermPSR showed low Vmax and good affinity for the substrate (low Km) in comparison to other immobilized Y. lipolytica lipases. The use of the fermPSR in the hydrolysis of p-nitrophenyl laurate showed good results and the possibility of reusing this biocatalyst in these reactions. The production of structured lipids using the fermPSR was low, but possible. Therefore, the results presented here show that PSR has significant potential for use as a culture medium for extracellular lipase production and also as a support for the physical adsorption of enzymes and the formation of new biocatalysts.
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Figure 1. PSR after oil extraction (a) and milling for use in fermentations (b). 
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Figure 2. Kinetic profile of extracellular lipase activity during submerged cultivation of Yarrowia lipolytica in Erlenmeyer flasks with pomegranate-seed residue (PSR) with and without supplementation of nitrogen sources: (a) testing of several nitrogen sources with PSR; (b) the best nitrogen sources (urea and yeast extract) with PSR and their combination. 
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Figure 3. Response surface of the central composite rotatable design (CCD) for extracellular lipase production by Y. lipolytica cultivated in Erlenmeyer flask for 16 h with PSR supplemented with yeast extract and urea. 
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Figure 4. Kinetic profile of extracellular lipase activity during submerged cultivation of Yarrowia lipolytica in 3.5-liter bioreactor with PSR with yeast extract (3 g/L) and urea (0.1 g/L). 
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Figure 5. Reusability of fermPSR in hydrolysis reaction with p-nitrophenyl laurate. The enzymatic activity of the first round was set to 100%. 
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Figure 6. Desorption test for the fermPSR in phosphate buffer at 37 °C with magnetic stirring of 500 rpm. 
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Table 1. Matrix of experimental runs for the central composite rotatable design for lipase production by Yarrowia lipolytica cultivated in Erlenmeyer flasks for 16 h in pomegranate-seed residue (PSR) supplemented with yeast extract and urea.






Table 1. Matrix of experimental runs for the central composite rotatable design for lipase production by Yarrowia lipolytica cultivated in Erlenmeyer flasks for 16 h in pomegranate-seed residue (PSR) supplemented with yeast extract and urea.





	
Run

	
Real Values (Corresponding Coded Levels)

	
Extracellular Lipase Activity (U/L)




	
Yeast Extract (g/L)

	
Urea (g/L)






	
1

	
2.0(−1)

	
0.5(−1)

	
13,120.81




	
2

	
2.0(−1)

	
2.5(+1)

	
502.45




	
3

	
4.0(+1)

	
0.5(−1)

	
11,685.13




	
4

	
4.0(+1)

	
2.5(+1)

	
530.41




	
5

	
1.6(−1.41)

	
1.5(0)

	
10,450.85




	
6

	
4.4(+1.41)

	
1.5(0)

	
3127.25




	
7

	
3.0(0)

	
0.1(−1.41)

	
14,161.17




	
8

	
3.0(0)

	
2.9(+1.41)

	
285.55




	
9 (C)

	
3.0(0)

	
1.5(0)

	
9990.86




	
10 (C)

	
3.0(0)

	
1.5(0)

	
7615.04




	
11 (C)

	
3.0(0)

	
1.5(0)

	
8191.85








C: central point.
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Table 2. Proximate composition of PSR.
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	Constituent
	Concentration (%)





	Moisture
	8.65 ± 0.02



	Protein
	12.57 ± 0.09



	Lipids
	3.54 ± 0.34



	Carbohydrates
	72.62 ± 0.83



	Ashes
	2.49 ± 0.07
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Table 3. Analysis of variance (ANOVA) for the central composite rotatable design for extracellular lipase production by Y. lipolytica cultivated in Erlenmeyer flask for 16 h with pomegranate-seed residue (PSR) supplemented with yeast extract and urea.
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	Factor
	Sum of Square
	DF
	Mean Square
	F-Value
	p-Value
	R2





	Yeast extract (L)
	17,301,489
	1
	17,301,489
	11.2669
	0.0784
	0.913



	Urea (L)
	235,403,403
	1
	235,403,403
	153.2965
	0.0065
	



	Lack of fit
	21,085,205
	6
	3,514,201
	2.2885
	0.3351
	



	Pure error
	3,071,216
	2
	1,535,608
	
	
	



	Total
	276,861,314
	10
	
	
	
	







DF: Degree of freedom. L: Linear term. F-value: Test for comparing model variance with residual (error) variance. R2: Coefficient of determination.
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Table 4. Kinetic and thermodynamic parameters for the immobilized lipase (freeze-dried fermPSR).
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	Parameters
	Value





	Vmax (µmol/min/g)
	49.47



	Km (µmol/L)
	206.96



	Kcat (s−1)
	129.83



	ΔGE–S (kJ/µmol)
	13.72



	ΔGE–T (kJ/µmol)
	1.20







Vmax: maximum reaction rate. Km: Michaelis–Menten constant. Kcat: turnover number. ΔGE-S: free-energy-substrate binding. ΔGE-T: free energy of transition-state binding. fermPSR: fermented-pomegranate-seed residue.
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