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Abstract:



The main purpose of the study was to achieve effective immobilization of lipase B from Candida antarctica (CALB) onto 3D spongin-based scaffolds from Hippospongia communis marine demosponge for rapeseed oil transesterification. Successful immobilization onto the marine sponge skeleton was confirmed for the first time. Lipase B-containing biocatalytic system exhibited the highest catalytic activity retention (89%) after 60 min of immobilization at pH 7 and temperature of 4 °C. Immobilization was found to improve the thermal and chemical stability compared to free lipase, and retain over 80% of its initial catalytic activity over a wide range of temperature (30–60 °C) and pH (6–9). Additionally, immobilized lipase has good storage stability and retains over 70% of its initial activity even after catalyzing of 25 reaction cycles. The obtained product was used in a transesterification reaction of rapeseed oil with methanol and proved to be an efficient biocatalyst for biofuel production. The highest conversion value and fatty acids methyl esters (FAME) concentration were observed after a process conducted at 40 °C and pH 10. The possible mechanism of interaction between the enzyme and the spongin-based support is proposed and discussed.
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1. Introduction


The industrial use of enzymes has continued to grow over recent years, but their utilization in many commercial applications is limited by rapid loss of catalytic activity, affected by even slight changes to their optimal operational conditions [1]. Immobilization is commonly known as one of the best methods to enhance catalytic properties as well as stability and resistance against inhibitors of biocatalysts [2,3,4,5]. However, the greatest advantage of this process is that it allows catalysts to be obtained in heterogeneous form. Moreover, immobilization helps to overcome enzyme aggregation, typically observed for free enzymes in solution [6].



Generally, attachment of the proteins to the solid support takes place via physical interactions as well as the formation of covalent bonds [7]. Methods based on the adsorption of biocatalysts on the matrix surface are simple and the most widely applied. This might be explained by the fact that there are insignificant conformational changes in the structure of the enzyme and its active sites, thus catalytic activity is maintained at a high level [8,9]. An additional benefit of this method is that the matrix may be formed by a very broad group of materials of various origins, ranging from inorganic compounds via synthetic up to organic materials obtained from natural sources [10,11]. This last group of compounds is particularly interesting because of their renewability. They include, for instance, collagens, keratins, chitin, chitosan and cellulose [12]. Furthermore, since 1970, there has been an increase in the use of natural marine sponges as matrices for immobilization of diverse enzymes [13,14,15].



The increasing use of these materials is linked to their three-dimensional open fibrous network built of microfibers of various diameters, depending on the type of sponge [16]. This feature of their structure allows easy infiltration of the reaction substrates to the active sites of the immobilized enzyme, and thus helps to avoid diffusional limitations [17]. A promising support, which meets the above criteria, is found in diverse marine keratosan demosponges of the Dictioceratida order, which are cultivated worldwide under marine ranching conditions. One of the typical representatives of this order is Hippospongia communis whose skeleton consists of mineral-free fibrous spongin. This structural, halogenated keratin-like protein [18] is also well-known in applications for tissue engineering due to its biocompatibility and good mechanical resistance [19,20,21,22].



Spongin shows excellent sorption properties [23] and additionally increases the affinity of the material to diverse enzymes and helps to create strong and stable interactions [15].



Lipases (EC 3.1.1.3) are among the most commonly used biocatalysts, because of their wide application in esterification, transesterification and hydrolysis processes for a variety of chemical compounds. The high catalytic activity of the enzymes in such reactions is directly related to their chemical structure and the geometries of their active sites. Catalytic sites of these enzymes are made up of a three residues (His25T, Asp203 and Ser144) as reported by Derewenda et al. [24]. This triad is known from the very similar structure of the triad found in the serine proteinases. This type of the composition of the lipase active caused that lipases possess a unique and important property called interfacial activation [25,26]. This phenomenon thought to arise from the conformational changes occurring in the active site of the peptide under the influence of the hydrophobic interface. In these conditions, the oligopeptide lid of the active site opens, making it accessible to the reaction substrates [27,28]. Various types of lipases are known from their commercial use in biodiesel production, where they enable a high level of substrate conversion to be attained. A number of studies have pointed to the application of these enzymes, in immobilized forms, in the transformation of vegetable oils with short-chain alcohols. Results previously obtained have shown that transesterification can be carried out with satisfactory yield and high conversion rate of triglycerides under mild conditions and with short reaction times [29,30,31].



The present work, to the best of our knowledge, describes for the first time the use of marine sponges of the species Hippospongia communis as a natural and renewable source of spongin-based matrix as a stable and suitable scaffold for the immobilization of Candida antarctica lipase B (CALB). The products obtained, following immobilization, possess good operational stability and their chemical structure facilitates the creation of stable interactions between enzyme and matrix. Use of the immobilized lipase in the transesterification reaction of rapeseed oil with methanol has proved that they can fulfill an important role in these processes and enable the production of fatty acids methyl esters (FAME), an important material for the production of eco-friendly fuel—biodiesel. This is of great importance from the point of view of potential applications because lipase-spongin scaffold systems could be used on an industrial scale as efficient and environmentally friendly biocatalysts.




2. Results and Discussion


2.1. SEM and Digital Microscopy


The SEM images (Figure 1a–d) and digital light microscopy images (Figure 1e,f) show the spongin-based scaffolds isolated from H. communis skeletons before and after lipase immobilization, at different magnifications.


Figure 1. Scanning electron microscopy (SEM) images of spongin-based scaffold without (a,c) and with immobilized lipase B from C. antarctica (b,d) at various magnifications. The digital microscope images of the scaffolds prior and after enzyme immobilization are represented as (e,f), respectively.
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The marine keratosan demosponges exhibit a three-dimensional open network structure built from similar, branched spongin fibers with a slightly corrugated surface at a diameter of 20 μm [32,33]. SEM images taken after enzyme immobilization (process parameters: 2 h process duration, 4 °C, pH 7) confirmed the successful deposition of the lipase by the presence of enzyme aggregates on the surface of the spongin fibers, as mentioned previously [34]. These results are confirmed by observations from digital microscopy (Figure 1e,f). It should also be noted that sponge’s fibers are coated by the enzyme particles that formed aggregates of various shapes and sizes.




2.2. FTIR Spectroscopy


The spongin-based scaffolds, free CALB and obtained biocatalytic system were analyzed by FTIR. The spectra obtained for these materials are presented in Figure 2.


Figure 2. FTIR spectra of C. antarctica lipase B, spongin-based scaffolds and obtained biocatalytic system (process carried out at pH 7, T = 4 °C, t = 60 min, Cenz = 3 mg/mL).
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Detailed data on the most important signals present on the FTIR spectra, confirming effective enzyme immobilization, are given in Table 1.



Table 1. Characteristic wavenumbers (cm−1) of the signals present on the FTIR spectra for C. antarctica lipase B, spongin-based scaffolds and produced biocatalytic system.







	
Candida antarctica Lipase B

	
Spongin

	
Product Following Immobilization

	
Vibrational Assignment






	
3480

	
3435

	
3445

	
–OH stretching




	
3325

	
3292

	
3295

	
–NH stretching




	
2937

	
2927

	
2929

	
C–H stretching




	
1643

	
1647

	
1655

	
–NH deformational (amide I)




	
1542

	
1546

	
1538

	
–NH stretching (amide II)




	
1394

	
1375

	
1390

	
C–OH bending




	
1256

	
1243

	
1240

	
C–N stretching (amide III)




	
1026

	
1154, 1073

	
1150, 1065

	
C–O–C stretching




	
815

	
-

	
820

	
–NH2 deformational




	
645–535

	
640–530

	
580–530

	
C–C bending










The FTIR spectrum of the biocatalytic system (Figure 2) contains signals characteristic for the functional groups of the support and lipase. Most important is the presence of the peaks at wavenumbers 1655, 1538 and 1256 cm−1, related, respectively, to the vibrations of amide I, amide II and amide III bonds in the structure of the enzyme. The existence of these signals is asserted to be evidence of effective protein immobilization, as reported by Wong et al. [35]. Moreover, changes in the intensity of signals generated by particular functional groups, mainly –OH and–NH, indirectly confirmed successful immobilization of the lipase on the spongin-based scaffolds.



Additionally, slight changes in the maximal wavenumbers of the signals on the spectrum of the obtained biocatalytic system were noted. This may indicate that enzyme particles are attached to the surface of spongin via hydrogen bonds [36].




2.3. 13C CP MAS NMR Spectra


On the spongin-based scaffold spectrum (Figure 3a), the signals in the low-field part (20–70 ppm) could be assigned to aliphatic carbons and several functional groups characteristic for the spongin structure: C–NH2, C–OH, C–OR or C–COOR. Peaks at 92.2 and 172.1 ppm indicate the presence of aromatic carbons and carboxyl or ester groups (R–COOH or R–COOR), respectively.


Figure 3. Solid-state Cross-Polarization Magic Angle Spinning Carbon-13 Nuclear Magnetic Resonance (13C CP MAS NMR) spectra of: spongin-based scaffold (a); CALB (b); and the product following immobilization (c) (process parameters: pH 7, T = 4 °C, t = 60 min, Cenz = 3 mg/mL).
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The 13C CP MAS NMR spectrum of lipase B from C. antarctica is a typical protein spectrum with broad resonance signals, characteristic for large molecules. Specific assignments are not possible because of the low resolution of the spectrum. Nevertheless, according to Beinert et al. [37], signals below 50 ppm are typical for aliphatic carbons, and above 100 ppm for aromatic carbons. The band at 70.4 ppm corresponds to carbon connected to oxygen, while the peaks at 170.6 and 171.7 ppm are related to the presence of carbonyl groups in the structure of CALB [38].



In the spectrum of the obtained biocatalytic system, no significant changes are observed. This might be explained by the similar chemical structure of the spongin that built the sponge skeleton and the lipase. However, a low-frequency shift and signal splitting are observed. These changes are associated with changes in the chemical environment of selected carbon atoms caused by the immobilization process, related to the creation of new interactions (hydrogen bonds) between the enzyme and the support.




2.4. XPS Analysis


The surface composition of the C. antarctica lipase B, spongin-based scaffolds and obtained biocatalytic system was examined by means of X-ray photoelectron spectroscopy (XPS). The surface of all samples contains carbon, oxygen and nitrogen. Traces of calcium were identified on the surface of both samples based on sponges, and silicon only in the sample of unmodified sponges. The presence of these elements in low amounts is ascribed to the mineral skeletons of the sponges. Additionally, phosphorus and sodium XPS signals were observed in the spectrum of the immobilized lipase. The origin of these two elements is the phosphate buffer used during the preparation procedure. The elemental surface composition is calculated with the use of peak area intensities using the sensitivity factor approach, and is given in Table 2.



Table 2. Elemental composition of the surface of C. antarctica lipase, spongin-based scaffolds and produced biocatalytic system (process parameters: pH 7, T = 4 °C, t = 60 min, Cenz = 3 mg/mL).







	
Sample Name

	
Atomic %

	
Ratio of




	
C

	
O

	
N

	
Ca

	
Si

	
Na

	
P

	
N/C

	
O/C






	
C. antarctica lipase B

	
58.2

	
30.7

	
11.1

	
-

	
-

	
-

	
-

	
0.19

	
0.53




	
Spongin-based scaffolds

	
73.4

	
17.4

	
7.3

	
0.6

	
1.3

	
-

	
-

	
0.10

	
0.24




	
Spongin-based scaffolds + CALB

	
53.9

	
31.7

	
9.7

	
0.8

	
-

	
1.3

	
2.6

	
0.18

	
0.59










The elemental composition of the lipase reported by Tomizuka et al. [39] expressed as a C/O/N molar ratio is 61:25:14. The C/O/N molar ratio observed by XPS in the present study is 58:31:11. This shows that the surface analysis is in relatively good agreement with the chemical analysis of this enzyme. The surface composition of spongin fibers expressed as a C/O/N molar ratio is 75:18:7 (calcium and silicon signals were excluded from the calculation). This differs substantially from the C/O/N molar ratio of the lipase, mostly in view of the much higher content of carbon. Both samples are bio-organic systems, and as such may vary significantly in chemical composition. The elemental composition of the obtained biocatalytic system expressed as a C/O/N molar ratio is 56:33:10 (calcium, sodium and phosphorus signals were excluded from the calculation). These figures, within the boundaries of experimental error, correspond well with the ratio observed for pure lipase. The similarity of the C/O/N molar ratios for lipase and obtained biocatalytic system is therefore considered an indicator of successful enzyme immobilization.



Additional insight into the chemical composition of the surface of the examined materials may be given by analysis of the XPS C 1s peak. Since bio-organic specimens are chemically very complicated systems, the decomposition of the XPS spectrum can generate ambiguous results. Therefore, in the present study, the reasoning is mostly based on the changes in the XPS spectra envelope. The C 1s lines coming from C. antarctica lipase B, spongin-based scaffolds and produced biocatalytic system are shown superimposed in Figure 4. The binding energy regions characteristic for carbon-carbon bonds (C–C), hydroxyl or amino groups (C–O/C–N) and carboxylic groups or peptide bonds (CO(N)) are depicted above the spectrum.


Figure 4. X-ray photoelectron spectroscopy (XPS) C 1s spectra for C. antarctica lipase B, spongin-based scaffolds and the product after immobilization.
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The maximum of the C 1s line coming from lipase at a binding energy of 285.8 eV. Organic substances in which C–C bonds prevail are characterized by an XPS C 1s line with the maximum located in the region around 285 eV. The prominent shift of the maximum observed for lipase indicates that the contents of carbon-oxygen or carbon-nitrogen bonds are significant in that substance. Since lipase is a protein it contains a considerable number of amino groups, which give rise to the carbon bindings in the region around 286 eV. Moreover, there is an evident shoulder on the high-energy side of the spectrum at a binding energy of about 288 eV. This region is characteristic for the peptide bonds present in the lipase.



The envelope of the C 1s spectrum acquired for spongin-based scaffolds differs notably from the spectrum of lipase. The maximum is located at a binding energy of 285.0 eV, and the width of the peak is smaller than observed for lipase. This position indicates that the surface of the spongin contains mostly C–C bonds. There is also a small shoulder at about 288 eV, which can be attributed to the presence of carboxylic bonds. Since the surface concentration of nitrogen in the spongin is still relatively high (7.3 at. %) this region may also contain an XPS signal coming from peptide bonds. The sponges underwent a complex preparation procedure before the XPS analysis; therefore, their XPS spectrum differs from the ideal XPS spectrum of peptide. It is later treated as a fingerprint for the real biological material.



The XPS C 1s spectrum of the lipase immobilized on the spongin has a maximum at a binding energy of 285.3 eV, and its width is relatively large. The envelope of this spectrum is not identical but relatively close to the envelope observed for lipase. Microscopic analysis of this sample indicates that lipase agglomerates are attached to the fibrous structure of the spongin. This means that part of the surface is covered with lipase, but there is still a part of the spongin fiber free of the enzyme. This composition gives a superposition of the XPS signals coming from lipase and the uncovered spongin, and explains the shift of the C 1s peak maximum. Analysis of the C 1s line provides direct confirmation of lipase immobilization.



The XPS N 1s spectrum acquired from the obtained biocatalytic system is not identical to the XPS N 1s line observed for pure lipase powder (see Figure 5). The maximum of this spectrum is located at 400.2 eV. The envelope of the product is similar to the envelope observed for spongin-based scaffolds, while the N 1s line from lipase has a maximum at 399.7 eV. The C 1s spectrum is regarded as the most representative for the general chemical composition of the surface of the samples considered. It indicates that most of the surface is covered by lipase molecules. Moreover, the lipase structure contains many more nitrogen atoms than was observed for the surface of the spongin. Hence, most of the nitrogen atoms that contribute to the N 1s signal are expected to come from the lipase structure. Therefore the similarity between the envelopes of N 1s lines from spongin and the system after lipase immobilization is considered to be coincidental. However, the shift between the N 1s lines from free and immobilized lipase is considered to reflect the slight changes of chemical bonding in lipase induced by immobilization on the spongin surface.


Figure 5. X-ray photoelectron spectroscopy (XPS) N 1s spectra for C. antarctica lipase B, spongin-based scaffolds and the product after immobilization of lipase.
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Lipase is a macromolecule combining about 350 amino acids [40]. Therefore, its XPS spectrum is an average of multiple binding environments. Considering the N 1s line, the contribution from peptide bonds present in the lipase structure is expected to be the most prominent. The location of the N 1s line maximum for peptide bonds is usually reported to lie between 399.4 and 399.8 eV for proteins and more complicated peptides [41,42] while for simple peptides a value of about 400.1 eV is given [43]. The binding energy observed for pure lipase in the present experiments (399.7 eV) corresponds well with the former range. After immobilization, a shift of about 0.5 eV is observed for the N 1s line.



Considering the results obtained from other experimental techniques used in this study, the formation of hydrogen bonds between lipase and spongin is suggested. Unfortunately, because of the lack of direct XPS detection of hydrogen, the reasoning considering hydrogen bonding is limited. Attempts were made to explain the effects of hydrogen bond formation on the N 1s spectrum in a chemical environment similar to one considered by Kerber et al. [44]. In a complex system where –N–H–N– or –N–H–O– bonds are formed, the XPS patterns feature a positive shift in the N 1s line, as is observed in the present study. The magnitude of the shift can be as much as 1 eV. However, in the case of the macromolecule of lipase, only some of the peptide bonds are expected to participate in bonding with the surface of the spongin fibers. Therefore, the average effect on the N 1s line shift is smaller. This effect seems to be indirect evidence of the formation of hydrogen bonds during the immobilization of lipase on spongin-based scaffolds.




2.5. A Proposed Mechanism for CALB Attachment


It is important to evaluate the effect of the interactions on the properties of the resulting enzyme—spongin systems. For this purpose, this work attempted to determine the mechanism of the enzyme particles attachment. Based on the results obtained (FTIR, 13C NMR and XPS) it is claimed that the mechanism is based on the formation of hydrogen bonds, as presented in Figure 6.


Figure 6. Mechanism of the attachment of lipase B from C. antarctica to the surface of spongin fiber.
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Numerous carboxyl, hydroxyl as well as amine groups, characteristic for the specific amino acids that build spongin fibers, are present in the structure of the marine sponges skeletons [45]. Moreover, the presence of –NH2 groups in the enzyme particles allows the creation of stable hydrogen interactions between the immobilized lipase and the surface of the spongin [46]. Subtle changes in the intensity and position of certain peaks in the FTIR and 13C CP MAS NMR spectra of the samples before and after immobilization also suggest the formation of hydrogen bonds. However, creation of the limited number of ionic interactions, acid-basic forces, as well as chemical bonds cannot be excluded, as it was mentioned by Macario et al. [47].



It should be emphasized that attachment of the enzyme to the spongin surface via hydrogen bonds helps to retain the high catalytic properties of the immobilized lipase. Similar observations were made by Zhang et al. [48]. They assumed that retention of biocatalytic activity might be explained by the fact that interference of the matrix functional groups in the structure of the peptide is limited, thus no significant changes occur.




2.6. Lipase Activity Recovery


The activity of lipase immobilized on spongin-based scaffolds was optimized by adjustment of several reaction parameters. The results, obtained for the systems following immobilization characterized by the highest catalytic activity retention, are presented in Figure 7. They clearly show that its value strongly depends on all parameters of the immobilization process.


Figure 7. Immobilized lipase activity recovery as a function of temperature and process duration. The process was carried out at pH 7 from lipase solution at concentrations of: 1 mg/mL (a); and 3 mg/mL (b).
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The best catalytic properties were found when immobilization was carried out at a temperature of 4 °C, irrespective of process duration and initial enzyme concentration. This is the optimum temperature for storage of the protein, thus the stability of the enzyme structure is maintained. Immobilization carried out at 20 and 50 °C resulted in a slight decrease in catalytic activity recovery, possibly caused by partial inactivation of the biocatalyst during immobilization.



The catalytic properties increase continuously with prolongation of the immobilization time for both initial enzyme solutions and reached maximum after 60 min of the process duration. After that process time relative activity of the produced biocatalytic systems decrease. This finding is consistent with the results of past studies by Zhang et al. [49], which suggest that overloading of the enzyme particles creates steric hindrance effects and diffusional limitations. Moreover, adsorption of the lipase from this solution (concentration 3 mg/mL) produces systems with higher relative activity (up to 20%) in comparison with products following immobilization in the same conditions from an initial solution at a concentration of 1 mg/mL.



The highest relative activity (89%) is observed after 60 min of immobilization at 4 °C from a 3 mg/mL enzyme solution. Therefore, this biocatalytic system was selected for further analysis to determine its stability and reusability.




2.7. Immobilized Lipase Stability


The effect of temperature and pH on the activity of immobilized CALB was measured based on a hydrolysis reaction over the temperature range 10–80 °C, at pH 7 and in the pH range 3–11 at 40 °C. The results are presented in Figure 8.


Figure 8. Effect of: temperature (a); and pH (b) on the catalytic activity of free and immobilized lipase B from C. antarctica (immobilization conditions: pH 7, T = 4 °C, t = 60 min, Cenz = 3 mg/mL).
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The optimum temperatures for free and immobilized lipase are 30 and 40 °C respectively. The free enzyme preserved over 80% of its initial activity at 30 and 40 °C, while the immobilized peptide did so over a broader temperature range, from 30 to 60 °C. Lipase B from C. antarctica exhibits maximum activity at pH 7, whilst for the immobilized enzyme the equivalent value is pH 8. Lipase attached to the marine sponge retains over 90% of its initial activity in the pH range 6–9, whereas even slight changes in the reaction environment cause a decrease in the hydrolytic properties of the free lipase.



Improvement of thermal and chemical stability is an effect of the interactions created between the enzyme and the support. These protect the tertiary and quaternary structure of the enzyme from conformational changes. Additionally, binding of the enzyme to the carrier stabilizes the whole enzyme particle and preserves it against denaturation under harsh reaction conditions [50]. The results presented by Zhu et al. [51] also show an increase in the pH resistance of the immobilized lipase.



Cabrera-Padilla et al. reported that lipase from Candida rugosa immobilized on poly (3-hydroxybutyrate-co-hydroxyvalerate) in the pH up to 6.5 exhibit less than 40% of its relative activity [52]. In contrast, Elnashar et al. immobilized lipase onto grafted alginate-carrageenan beads via covalent bonding. The have found that immobilized lipase shows over 80% of its activity in narrower temperature range (45–55 °C) than lipase immobilized onto H. communis spongin-based scaffold [53]. Thus, use of the spongin-based biopolymer makes it possible to obtain even more stable biocatalytic system over a wider pH range, than previously published data.



For the potential application of the biocatalyst systems in industrial processes, it is very important to determine immobilized lipase storage and operational stability. The effect of the storage time and temperature and the number of repeated cycles on the activity of the immobilized enzyme is presented in Figure 9.


Figure 9. Effect of storage time at various temperatures (a); and repeated reaction cycles (b) on the catalytic activity of free and immobilized lipase B from C. antarctica (immobilization conditions: pH 7, T = 4 °C, t = 60 min, Cenz = 3 mg/mL).
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Immobilized lipase exhibits good reusability, while free lipase, due to its solubility, cannot be reused and recycled for successive reaction cycles. The creation of relatively strong interactions between the enzyme and support stabilizes the peptide particles. Additionally, stable interactions restrict leaching of the enzyme from the matrix [54]. Thereby, immobilized lipase possesses good reusability even after 20 catalytic cycles (over 80% of the initial activity). These results are in good accordance with the data presented by Bencze et al., demonstrating that immobilized C. antarctica lipase B retains about 90% of its initial activity [55]. However, Gremos et al. presented that commercial lipase B from Candida antarctica immobilized onto acrylic resin, after three catalytic cycles exhibit less than 70% of its initial activity [56]. This proved that CALB attached to the biopolymer matrix possesses much better reusability than lipase attached to the polymeric resins. Moreover, reusability of the attached enzyme is facilitated by the easy separation of the obtained systems by simple centrifugation.



Free lipase is unstable in buffer solution and its activity rapidly decreases, especially when stored at 20 °C (see Figure 9a). After 20 days of storage under these conditions the free enzyme retains less than 30% of its initial activity. Immobilization of C. antarctica lipase B improves the hydrolytic properties of the enzyme. Irrespective of storage temperature, after the same time, the biocatalysts attached to the sponge matrix retain over 80% of their initial activity. This phenomenon can be explained by the fact that the spongin-based scaffold protects the enzyme particles against inactivation by components of the reaction mixture [34]. CALB immobilized onto H. communis spongin-based scaffolds after storage for 20 days at 4 °C retain over 90% of its initial activity. In comparison, lipase from Candida rugosa immobilized on sporopollenin from Lycopodium clavatum after storage in the same conditions exhibit less than 75% of its initial activity [57]. These results suggest that used in this study biopolymer helps to held good catalytic properties of the immobilized lipase for a longer period of time.




2.8. Kinetic Parameters


C. antarctica lipase B immobilized on spongin-based scaffolds was analyzed for changes in kinetic parameters in comparison with the free enzyme. The Michaelis–Menten constant (Km) and Vmax were from a Lineweaver–Burk plot with various initial p-NPP concentrations under optimal reaction conditions.



The Km value of the free enzyme was 5.26 ± 0.47 mM, while for immobilized lipase the value is slightly higher, at 6.03 ± 0.52 mM. This suggests that sponge-bonded lipase has slightly lower affinity toward its substrates. Small changes in the Km value for immobilized lipase were also noted by Talbert et al. [58]. The lower value of Vmax for the immobilized enzyme (15.62 ± 0.94 U/mg) in comparison with free lipase (17.45 ± 0.97 U/mg) confirms the previous observations. These findings could be explained by steric effects that lead to blocking of enzymatic active sites after immobilization. Moreover, some conformational changes in the enzyme structure may occur during immobilization and may provide an additional explanation of the decrease in catalytic activity [59]. Obtained results stay in agreement with the results for catalytic activity retention (see Figure 7b).



In contrast, when lipase from Candida antarctica was immobilized onto silica SBA-15 almost five-times higher value of the Michaelis–Menten constant and five-times lower value of the Vmax were noticed [60]. Thus, presented in this work results suggest that open network of the used spongin-based scaffolds reduce diffusional limitation and facilitate maintaining of the high catalytic properties by immobilized CALB.




2.9. Rapeseed Oil Transesterification


The biocatalytic systems with CALB immobilized on spongin-based scaffolds were used in processes of transesterification of rapeseed oil. Results of the methanolysis of the oil over different reaction conditions are given in Table 3 and Figure 10.


Figure 10. Effect of the various reaction parameters on fatty acids methyl esters (FAME) concentration after conversion of rapeseed oil using immobilized lipase.
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Table 3. Influence of the process parameters on conversion of rapeseed oil triglycerides into fatty acids methyl esters (FAME) and glycerol using the immobilized lipase, where no/nm denotes the molar ratio of oil to methanol.







	
Sample Number

	
Temperature (°C)

	
pH

	
no/nm

	
Time (h)

	
Conversion (%)

	
TG (% w/w)

	
FAME (% w/w)

	
Glycerol (% w/w)






	
1

	
20

	
7

	
1:13.3

	
1

	
0.9 ± 0.1

	
99.1 ± 0.1

	
0.8 ± 0.1

	
0.1 ± 0.1




	
2

	
24

	
0.6 ± 0.1

	
99.4 ± 0.1

	
0.6 ± 0.1

	
0.0 ± 0.1




	
3

	
1:5.3

	
1

	
0.7 ± 0.1

	
99.3 ± 0.1

	
0.7 ± 0.1

	
0.0 ± 0.1




	
4

	
24

	
0.4 ± 0.1

	
99.6 ± 0.1

	
0.4 ± 0.1

	
0.0 ± 0.1




	
5

	
10

	
1:13.3

	
1

	
18.5 ± 0.5

	
81.5 ± 0.5

	
16.9 ± 0.5

	
1.6 ± 0.1




	
6

	
24

	
31.1 ± 0.7

	
68.9 ± 0.7

	
28.4 ± 0.7

	
2.7 ± 0.2




	
7

	
1:5.3

	
1

	
13.4 ± 0.4

	
66.7 ± 0.7

	
31.1 ± 0.7

	
2.2 ± 0.1




	
8

	
24

	
33.3 ± 0.7

	
86.6 ± 0.4

	
12.5 ± 0.7

	
0.9 ± 0.1




	
9

	
40

	
7

	
1:13.3

	
1

	
1.4 ± 0.1

	
98.6 ± 0.1

	
1.3 ± 0.1

	
0.1 ± 0.1




	
10

	
24

	
3.1 ± 0.2

	
96.9 ± 0.2

	
2.8 ± 0.21

	
0.3 ± 0.1




	
11

	
1:5.3

	
1

	
0.4 ± 0.1

	
99.6 ± 0.1

	
0.4 ± 0.1

	
0.0 ± 0.1




	
12

	
24

	
0.8 ± 0.1

	
99.2 ± 0.1

	
0.8 ± 0.1

	
0.0 ± 0.1




	
13

	
10

	
1:13.3

	
1

	
21.1 ± 0.4

	
78.9 ± 0.4

	
19.3 ± 0.4

	
1.8 ± 0.2




	
14

	
24

	
99.1 ± 0.9

	
0.0 ± 0.9

	
91.4 ± 0.9

	
8.6 ± 0.5




	
15

	
1:5.3

	
1

	
27.5 ± 0.6

	
72.5 ± 0.6

	
25.7 ± 0.6

	
1.8 ± 0.2




	
16

	
24

	
64.9 ± 0.8

	
35.1 ± 0.8

	
60.7 ± 0.8

	
4.2 ± 0.3










The most important factors influencing the conversion ratio were the process temperature and pH. Total conversion of oil samples was observed at 40 °C and pH 10, when the oil-to-methanol molar ratio was 1:13.3 and the reaction lasted for 24 h (sample 14). Changing the oil-to-methanol molar ratio to 1:5.3 caused the conversion to fall to 64.9% (sample 16). The differences between the samples with pH 7 were significant, and the conversion did not exceed 3.1%.



A study by Verdugo et al. [29] conducted with ethanol indicated 20 °C as the optimum temperature. However, in that study a non-immobilized enzyme was used. A study by Calero et al. [61] using immobilized lipase showed that the highest conversion occurs at 40 °C. These results correspond with those obtained in the present study. The fact that the best conversion occurs at that temperature may be related to the fact that the maximum activity of immobilized lipase is also observed at 40 °C (see Figure 8a).



The values of conversion ratio correspond to measurements of FAME concentration in the samples. Its highest content, almost 900 mg/mL, was observed in the sample with total conversion (sample 14). A drop in temperature from 40 to 20 °C results in a reduction of FAME concentration to 280 mg/mL. When the hydrolysis time was 1 h, the influence of temperature on the final quantity of FAME amount was practically negligible. Dizge and Keskinler [62] also obtained the best results for transesterification of canola oil into FAME and glycerol at 40 °C using immobilized lipase as catalyst; however, they applied a relatively high (6:1) methanol–oil molar ratio.



The biggest advantage of the H. communis spongin-based scaffold is its open, three-dimensional fibrous network that enables easy contact of the substrates with the active sites of the lipases, thus reducing the diffusional limitations. Moreover, porosity of the marine sponge scaffolds and the presence of many hydrophilic groups on its surface caused that glycerol might be adsorbed more often in these places, than onto the enzyme particles, that protect lipase before clogging, as it was reported earlier by Xu et al. [63].



The experiments proved that the lipase immobilized on 3D spongin-based scaffolds is an efficient catalyst of the transesterification reaction, allowing a high FAME concentration to be obtained after the process. Moreover, the conversion of rapeseed oil using the immobilized enzyme may be a promising source of glycerol, a substrate of interest to many branches of industry.





3. Materials and Methods


3.1. Materials


Hippospongia communis sponges, collected on the Mediterranean coast in Tunisia, were purchased from INTIB GmbH (Freiberg, Germany). Acetic acid, sodium acetate, sodium phosphate monobasic, sodium phosphate dibasic and tris(hydroxymethyl) aminomethane were supplied by Sigma-Aldrich (St. Louis, MO, USA). Sodium hydroxide, methanol, ethanol, propan-2-ol, orthophosphoric acid and hydrochloric acid (all laboratory grade) were purchased from Chempur (Gliwice, Poland). Lipase type B from Candida antarctica (CALB) (isoelectric point in the range 6.0–6.5), Coomassie Brilliant Blue G-250, para-nitrophenyl palmitate (p-NPP), para-nitrophenol (p-NP), gum arabic and Triton X-100 (laboratory grade) were supplied by Sigma-Aldrich (St. Louis, MO, USA). Commercially available rapeseed oil, used in the transesterification reaction, was provided by a local company (ADM Company, Szamotuły, Poland).




3.2. Preparation of Spongin-Based Scaffolds from Hippospongia communis Demosponge


For the proper preparation of the spongin-based scaffolds from H. communis demosponges their cell- and debris-free skeletons were initially washed with distilled water to dissolve water soluble salts. After that selected skeletons were immersed in 3 M HCl for 72 h at 24 °C to dissolve possible calcium carbonate microparticles of natural origin. The scaffolds (Figure 11) were rinsed with distilled water until the pH reached 7. Finally, the spongin-based scaffolds were dried at 50 °C for 24 h and stored in plastic bags at room temperature.


Figure 11. Purified 3D spongin-based scaffold isolated from H. communis demosponge.
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3.3. Lipase Immobilization


An amount of 500 mg of the previously prepared spongin scaffolds were placed in a reactor, and 10 mL of CALB solution at a concentration of 1 or 3 mg/mL was added. The mixture was then placed on a shaker (IKA Werke GmbH, Staufen im Breisgau, Germany) for a specified period of time (from 1, 30, 60 and 120 min). After the process, obtained biocatalytic systems were centrifuged for 20 min (4000 rpm at the temperature of 4 °C) and dried for 48 h at ambient temperature.




3.4. Analysis of Products Following Immobilization


SEM images were recorded on an EVO40 scanning electron microscope (Zeiss, Munich, Germany). Samples were first coated with Au for a 15 s by PV205P coater (Balzers, Zurich, Switzerland).



Digital images of the spongin scaffolds and the products following immobilization were created using a VHX 5000 digital microscope (Keyence, Osaka, Japan).



FTIR spectra of the spongin-scaffolds, free lipase and the product following the immobilization were made using Vertex 70 (Bruker Optics, Billerica, MA, USA) apparatus. Substances were analyzed as KBr pellets (wavenumber range of 4000–400 cm−1, resolution of 0.5 cm−1).



13C CP MAS NMR spectra were obtained on a Bruker DSX spectrometer (Bruker Optics, Billerica, MA, USA). Before measurement around 100 mg of the sample was selected samples of approximately 100 mg were placed in a ZrO2 rotator at a diameter of 4 mm. Measurements were made using single pulse excitation with high-power proton decoupling at 100.63 MHz in a standard MAS probe (spinning speed of 8 kHz, pulse repetition 10 s).



X-ray photoelectron spectroscopy (XPS) was performed using Al Kα (hν = 1486.6 eV) radiation in a Prevac system (Prevac, Rogów, Poland). The electron energy analyzer Scienta SES 2002 (Scienta Omicron, Taunusstein, Germany) operated at constant transmission energy (Ep = 50 eV). The spectrometer was calibrated according to the photoemission lines of energy bonding (EB): EB Cu 2p3/2 = 932.8 eV, EB Ag 3d5/2 = 368.3 eV and EB Au 4f7/2 = 84.0 eV.



The carbon conductive double-sided adhesive discs were used to attach the samples to a molybdenum sample holder. Correction of charging effects was done assuming that the C 1s line component corresponding to aliphatic carbon bindings (CHx) is located at the binding energy of 284.8 eV.




3.5. Hydrolytic Activity


The relative hydrolytic activity was estimated based on the spectrophotometric measurements during model reaction of para-nitrophenyl palmitate hydrolysis, using previously published procedure with slight modifications [64]. The amount of the released p-NP was measured at λ = 410 nm by using Jasco V-750 UV–Vis spectrophotometer (Jasco, Tokyo, Japan). The relative activities of the immobilized CALB were calculated using a standard calibration curve for p-NP. The amount of biocatalyst that liberates 1 μmol p-NP per minute is defined as the one unit of lipase activity. All reactions, made in triplicate, were conducted for 2 min at 30 °C with stirring at 1000 rpm. In the hydrolysis process 10 mg of the free lipase and an appropriate amount of the product following immobilization containing 10 mg of the enzyme was used. Amount of the immobilized lipase was evaluated according to Bradford method [65]. The retention of the catalytic activity (AR) of the immobilized lipase was calculated according to following equation:
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where: A0 denotes the total initial activity of the free enzyme, and AI denotes the activity of the immobilized lipase.




3.6. Stability of Immobilized Lipase


To evaluate effect of pH, temperature, storage time and number of catalytic cycles on the relative activity of the free and immobilized lipase, hydrolysis reaction of p-NPP into p-NP was used. All measurements were made in triplicate. The relative activities of the immobilized CALB were calculated using standard calibration curve of p-NP.



Effect of pH on the activity of the immobilized protein was evaluated in the pH range 3–11. Activity of the analyzed systems was measured spectrophotometrically after their incubation in a buffer solution at the appropriate pH for 2 h.



Effect of temperature on the products following immobilization was estimated in a temperature range from 10 to 80 °C. For this purpose, hydrolysis reaction was carried out at the desired temperature.



The relative activity was evaluated every 2 days for free and immobilized form of lipase stored for 20 days in a buffer at pH 7, at both 4 and 20 °C.



Activity retention of the immobilized lipase during repeated recovery cycles was evaluated over 20 catalytic cycles. Immobilized lipase was centrifuged from the reaction mixture after each reaction cycle, washed with 10 mL of phosphate buffer, dried, and used to catalyze the next reaction cycle.




3.7. Kinetic Parameters


The Michaelis–Menten constant (Km) and the maximum rate of reaction (Vmax) of the free and immobilized lipase were evaluated based on the hydrolysis of p-NPP under optimal reaction conditions with various concentrations of p-NPP. According to Lineweaver–Burk plots apparent kinetic parameters (Km and Vmax) were calculated.




3.8. Rapeseed Oil Transesterification


To evaluate the effectiveness of rapeseed oil bioconversion the transesterification experiments were conducted as follows. To 100 mL glass flasks, 5 mg of the immobilized lipase, and 10 mL of rapeseed oil and methanol (molar ratio 1:5.3 or 1:13.3) were added. When necessary, in order to maintain the pH 10, few microliters of 0.1 M NaOH solution was added to the samples. Then, the samples were incubated on a shaker platform in different incubation time (1 or 24 h), temperature (20 or 40 °C) and pH (7 or 10). In all experiments the immobilized lipase retaining the highest catalytic activity was used. The most convenient conditions of the immobilization process (2 h process duration, 4 °C, pH 7) were established at previous stages of the study.



FAME and glycerol quantification analysis based on the method described by Luna et al. [28]. A gas chromatograph coupled with mass spectrometer (Pegasus 4D GCxGC-TOFMS, LECO Corp., St. Joseph, MO, USA) with a capillary column (BPX5—5% phenyl equivalent, SGE Int., Melbourne, Australia) was used. The ion source and transfer line temperature were set at 250 °C. As the carrier gas helium was applied (a flow rate of 1.0 mL/min). One microliter of the sample was injected in split mode (1:99). The oven temperature was set and at 55 °C maintained for 5 min, then a heating ramp was applied up to 300 °C at a rate of 10 °C/min, and the temperature of the oven was maintained at 300 °C for 15 min. As an internal standard, hexadecane was used. The transesterification efficiency of the immobilized lipase was presented as the conversion ratio, which is defined as the ratio of the mass of produced FAME to the theoretical mass of FAME after total transesterification.





4. Conclusions


In this work, spongin-based scaffolds were used for the first time as a support for the immobilization of lipase B from C. antarctica. Highly sensitive methods such as XPS and 13C CP MAS NMR were used not only to prove the immobilization of the lipase, but also to determine the mechanism by which this enzyme is attached to the spongin surface, which is most probably based on hydrogen bonds. Analysis showed that the highest catalytic activity is maintained after a process carried out for 60 min at a temperature of 4 °C and pH 7. Moreover, immobilized lipase exhibits a significant improvement in thermal and chemical stability in comparison with free lipase, and retains over 80% of its initial activity even after 20 days of storage at 4 °C or after catalyzing 20 reaction cycles. The biocatalytic systems were used as catalysts in the transesterification reaction of rapeseed oil with methanol. The results clearly show that lipase immobilized on marine sponge, under optimal conditions, enables 100% conversion of the triglycerides to FAME and glycerol. This work presents a useful protocol to produce stable and active immobilized CALB on the surface of spongin-based scaffolds, which may also be applied to immobilization of other enzymes.
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