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Abstract:



A study was conducted of the possible use of a silica-lignin hybrid as a novel support for the immobilization of lipase B from Candida antarctica. Results obtained by elemental analysis, Fourier transform infrared spectroscopy (FTIR), X-ray photoelectron spectroscopy (XPS), and atomic force microscopy (AFM), as well as the determination of changes in porous structure parameters, confirmed the effective immobilization of the enzyme on the surface of the composite matrix. Based on a hydrolysis reaction, a determination was made of the retention of activity of the immobilized lipase, found to be 92% of that of the native enzyme. Immobilization on a silica-lignin matrix produces systems with maximum activity at pH = 8 and at a temperature of 40 °C. The immobilized enzyme exhibited increased thermal and chemical stability and retained more than 80% of its activity after 20 reaction cycles. Moreover immobilized lipase exhibited over 80% of its activity at pH range 7–9 and temperature from 30 °C to 60 °C, while native Candida antarctica lipase B (CALB) exhibited the same only at pH = 7 and temperature of 30 °C.
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1. Introduction


Immobilization is commonly used as an effective tool for improving the stability and catalytic properties of enzymes [1,2]. Immobilization allows for enhancing the purity of the bounded enzyme, as well as its selectivity [3,4,5]. Moreover, the form of the enzyme is changing from homogenous into heterogenous after immobilization, making separation of the biocatalysts from the reaction mixture easier [6]. Binding of the biomolecules to the solid support results in the creation of the interactions that may increase rigidity and support stabilization of the tertiary and quaternary structures of the protein [7,8]. Thus, denaturation and deactivation caused by negative effects of the inhibitors and harsh reaction conditions are reduced [9,10].



The most commonly immobilized enzymes are lipases—proteins of the hydrolase group responsible for a wide range of processes of hydrolysis and transesterification of compounds of various kinds [11,12,13]. In this process use is made of a wide range of supports, of both organic and inorganic origin, to which the protein is attached in order to improve its properties [14,15].



In the case of lipase immobilization, special attention is paid to the hydrophobic carriers, mainly modified and unmodified polymers [16]. In hydrophobic conditions, at the organic-aqueous interface, an increase in the lipase activity is observed and this phenomenon is called interfacial activation [17]. Under these conditions, the oligopeptide lid covering the active center of the lipase undergoes rearrangements, making catalytic sites of the enzyme accessible for the substrate molecules [18,19].



Chitin is commonly used as a support for the immobilization of lipases. Due to the properties and wide availability of this material, it has been used in the immobilization of porcine pancreatic lipase. It has been shown that attaching the enzyme to the chitin surface produces systems with increased thermal and chemical stability [20]. A suitably prepared chitin matrix has also been used to immobilize the lipase from Candida rugosa. The resulting immobilized protein systems performed well in non-conventional biocatalysis, and may find applications in fields including advanced chemical synthesis and pharmaceutics [21].



Another nontoxic biopolymer support is chitosan, a derivative of chitin with similar properties. The replacement of acetyl with amino groups makes this compound an attractive support for the immobilization of lipases. Rattanaphra and Srinophakun [22] used chitosan as a support to immobilize lipase. They tested their products in the transesterification of both sunflower and jatropha oil with methanol, finding that the transformation of sunflower oil is activated more easily by immobilized lipase.



With respect to inorganic supports, it is becoming increasingly popular to exploit the magnetic properties of magnetite. These features make separation of the catalyst from the reaction environment easier. Wang et al. [23] combined these properties with those of chitosan, using such a material for the immobilization of lipase from Thermomyces lanuginosus. This is a cheap and effective way to obtain stable systems with immobilized lipase. Chen et al. [24] used amine-functionalized Fe3O4-C nanoparticles, while Hou et al. [25] used magnetic-graphite composite nanosheets for lipase immobilization. Analysis showed that such systems have high catalytic ability.



However, the most commonly used inorganic support for lipase, as well as other enzyme immobilization is silica [26,27,28,29]. A lipase immobilized on magnesium silicate hydrate (MSH) has been used for selective esterification of conjugated linoleic acid isomers with ethanol [30]. Another type of silica, SBA-15, was modified by ionic liquids and used for lipase immobilization [31]. In that research it was analyzed how the pore size of SBA-15 silica affects the immobilization process and the properties of the resulting systems [32]. It was found that all of the silica materials used perform very well as supports for the immobilization of biocatalysts, and the resulting systems exhibit increased stability and a high level of hydrolytic activity.



To increase the chemical functionality of silica, it was decided to combine it with lignin—an interesting biopolymer which is a by-product of paper production, and has an average molecular mass of 10,000 u [33,34]. An attempt was made to combine the good adsorption properties and high stability of silica with those of lignin (a biopolymer of organic origin) in order to create a biocompatible material with high affinity to proteins, and to use it for the first time to immobilize lipase. The presence of numerous functional groups in the lignin molecule, especially hydroxylic, carboxylic, and phenolic groups on its surface, make it ideal for the selective adsorption of peptides. Due to the presence of various groups, complementary with functional groups present in the peptide structure, lignin has a good affinity for the peptides that allow for effective binding. In the present work, lipase type B from Candida antarctica was immobilized on the surface of silica-lignin hybrid. This is an innovative study, having the aim of producing systems of immobilized enzymes with potential applications in processes of esterification and transesterification. This work is related to our previous work on the use of a chitin-lignin material as a matrix in enzyme immobilization [35]. However, in the present study we perform a wider spectrum of analysis (including AFM and porous structure characteristics), and the effects of storage time, pH and temperature on the catalytic properties of the immobilized enzyme are examined in detail. The kinetic characteristics of the immobilized lipase are also determined.




2. Results and Discussion


2.1. Porous Structure Characterization


Determination of the parameters of the porous structure (BET surface area, total volume and mean size of pores) of the silica-lignin matrix provides indirect information about the material’s sorption properties. The same parameters were determined for the systems following immobilization, formed after different process times using enzyme solutions of variable concentration. The values obtained are given in Table 1. However it should be mentioned that measurements were made under dry conditions and may differ in comparison with the results obtained under wet conditions.



Table 1. Porous structure parameters of silica, silica-lignin matrix, and of the products following immobilization.







	
Immobilization Time

	
Enzyme Solution Concentration (mg/cm3)

	
Porous Structure Characterization




	
BET Surface Area (m2/g)

	
Total Volume of Pores (cm3/g)

	
Mean Size of Pores (nm)






	
Silica

	
262

	
0.12

	
3.84




	
Silica-lignin matrix

	
194

	
0.09

	
2.72




	
1 min

	
0.5

	
161

	
0.08

	
2.46




	
1 h

	
157

	
0.07

	
2.41




	
24 h

	
155

	
0.07

	
2.21




	
1 min

	
1.0

	
159

	
0.07

	
2.42




	
1 h

	
152

	
0.06

	
2.23




	
24 h

	
147

	
0.05

	
2.14




	
1 min

	
3.0

	
147

	
0.05

	
2.39




	
1 h

	
145

	
0.05

	
2.26




	
24 h

	
140

	
0.05

	
2.09










The silica-lignin matrix has a defined porous structure with average pore size 2.72 nm, total pore volume 0.09 cm3/g, and surface area 194 m2/g. These facts stay in agreement with previously published results related to the synthesis of the silica-lignin hybrid [36,37]. The immobilization process causes small changes in both the size of the pores and the porous structure of the support, leading to a reduction in the pore size and pore volume parameters, which might be explained by the immobilization of a small amount of the enzyme in the silica pores, as well as significant changes in the surface area of the products, which provides indirect evidence of the effective deposition of the enzyme [38,39]. The greatest differences in values between the products and the matrix, notably a reduction in surface area by more than 50 m2/g, were recorded for the system obtained following an immobilization process lasting 24 h with a lipase solution of concentration 3 mg/mL.



The results confirmed the effectiveness of the immobilization, and also show that the duration of the process and the concentration of the protein solution can affect the quantity of attached protein. This observation is in agreement with results obtained by Souza et al. [40] and Gao et al. [41], who showed that prolongation of the process results in the immobilization of a greater quantity of enzyme.




2.2. FTIR Spectroscopy


Figure 1a shows the spectrum for the lipase B from Candida antarctica which underwent immobilization, and for the silica-lignin matrix. Figure 1b shows spectra for the enzyme-support systems resulting from the immobilization.


Figure 1. FTIR spectra of silica-lignin matrix and lipase B from Candida antarctica (a) and products following immobilization (b).
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The spectrum for the matrix contains signals generated by chemical groups from both silica and lignin, which confirms that the hybrid material was correctly obtained. These are bands with maxima at the following wavenumbers: 3580 cm−1 for –OH groups (stretching vibrations), 1104 cm−1 and 813 cm−1 for Si–O–Si groups (stretching and bending vibrations, respectively), 968 cm−1 for Si–OH groups (stretching vibrations) and 479 cm−1 for Si–O groups (stretching vibrations), these groups being characteristic for silica; and 2937 cm−1 and 2843 cm−1 for C–H bonds (stretching vibrations), 1690 cm−1 for C=O groups (stretching vibrations), 1610 cm−1, 1517 cm−1 and 1423 cm−1 for stretching and bending vibrations of CAr–CAr bonds and below 1000 cm−1 for bending vibrations of C–O bonds, these being characteristic for lignin. The presence of all of these signals provides proof of the effective formation of a silica-lignin material [42].



The FTIR spectrum of the lipase B from Candida antarctica shows the presence of signals with maxima at the following wavenumbers: 3480 cm−1 and 3274 cm−1 for –OH and –NH groups (stretching vibrations), 2936 cm−1 for C–H bonds (stretching vibrations), 1653 cm−1, 1554 cm−1 and 1252 cm−1 for amide I, II, and III bands, 1410 cm−1 for –OH groups (bending vibrations), and 1146 cm−1, 1080 cm−1 and 1042 cm−1 for stretching vibrations of C–O–C bonds [43].



The FTIR analysis of the products following immobilization (Figure 1b) revealed the presence of bands at the following wavenumbers: 3475 cm−1 for –OH and –NH groups, 2940 cm−1 and 2845 cm−1 for C–H bonds, 1681 cm−1 for C=O bonds, 1657 cm−1, 1552 cm−1, and 1252 cm−1 for amide I, II, and III bands, 1612 cm−1, 1517 cm−1, and 1425 cm−1 for CAr–CAr aromatic bonds, 1415 cm−1 for –OH groups, 1107 cm−1 and 815 cm−1 for Si–O–Si groups, 969 cm−1 for Si–OH groups, and 481 cm−1 for Si–O bonds. The presence of bands originating both from the support and from the enzyme confirms the effective immobilization of the protein on the surface of the silica-lignin matrix.



It should be noted that small changes in the intensity of peaks corresponding to particular functional groups on the spectra of the products following immobilization may suggest hydrogen interactions between the matrix surface and the enzyme [44].




2.3. Elemental Analysis


Table 2 contains the results of elemental analysis for the silica-lignin matrix, and also for the systems with immobilized lipase. Changes in the content of such elements as carbon, hydrogen, nitrogen, and sulfur provide an indirect indication of how the time of the immobilization process and the concentration of the enzyme solution affect the quantity of immobilized protein.



Table 2. Elemental composition of silica, silica-lignin materials and products following immobilization.







	
Immobilization Time

	
Enzyme Solution Concentration (mg/cm3)

	
Elemental Content (%)




	
C

	
H

	
N

	
S






	
Silica

	
0.18

	
0.78

	
-

	
-




	
Silica-lignin matrix

	
3.91

	
0.91

	
0.14

	
0.12




	
1 min

	
0.5

	
4.28

	
1.05

	
0.18

	
0.11




	
1 h

	
4.47

	
1.07

	
0.20

	
0.13




	
24 h

	
5.12

	
1.14

	
0.22

	
0.11




	
1 min

	
1.0

	
4.57

	
1.10

	
0.18

	
0.10




	
1 h

	
4.87

	
1.20

	
0.19

	
0.11




	
24 h

	
5.34

	
1.34

	
0.23

	
0.13




	
1 min

	
3.0

	
5.35

	
1.23

	
0.39

	
0.12




	
1 h

	
5.89

	
1.34

	
0.40

	
0.12




	
24 h

	
6.23

	
1.46

	
0.41

	
0.11










The obtained silica-lignin matrix and used in the immobilization process has a carbon content of 3.91%, a hydrogen content of 0.91%, and trace amounts of nitrogen (0.14%) and sulfur (0.12%). The data obtained are typical for this type of material, and confirm its correct preparation [36]. The presence of sulfur in the hybrid material, which does not appear directly in the composition of either of the precursors, is explained by the use of sodium sulfide in the kraft process by which lignin is obtained [37]. The small quantity of nitrogen is associated with the process of functionalization of silica with a compound from the aminosilane group to increase its affinity to the lignin surface.



The elemental composition of the systems following immobilization shows an increase in the content of carbon, nitrogen, and hydrogen in the samples, compared with the pure matrix. Occurrence of the sulfur in the samples after CALB immobilization is related both to the use of the sodium sulfide and presence of the cysteine in the structure of the lipase. This provides indirect evidence of the effectiveness of the process, because these elements are the chief components of the lipase structure [45]. The increase in the percentage content of nitrogen in the systems following immobilization is linked to its presence in the structure of the enzyme. The greatest percentage content of the elements analyzed here is found in the systems produced by immobilization lasting for 24 h from a protein solution of concentration 3 mg/mL. These results suggest that it is in these process conditions that the greatest quantity of biocatalyst is immobilized on the surface of the silica-lignin matrix, and that both parameters have an effect on the properties of the resulting systems with immobilized lipase.




2.4. Atomic Force Microscopy


Atomic force microscope measurement is an effective method for obtaining surface topography. The pseudo-3D AFM images of the silica-lignin support and the product following 1 h of immobilization of lipase B from Candida antarctica from a solution at a concentration of 1 mg/mL are presented in Figure 2.


Figure 2. Pseudo-3D AFM images of silica-lignin matrix (a) and product following enzyme immobilization (b) for scanning at 300 nm × 300 nm.



[image: Catalysts 07 00014 g002]






The AFM images show significant differences in the surface morphology of the samples before and after immobilization of the lipase. The AFM results for the silica-lignin matrix show that the material has a surface with a maximum height of 2 nm. It also has a large number of pores of varying depth (0.05–0.4 nm) and diameters of about 3 nm, corresponding to the pore size diameters of a similar material obtained previously [46].



The image of the sample after immobilization of lipase B from Candida antarctica shows that the surface of the silica-lignin matrix is uniformly covered by the enzyme layer and the diameters of pores are much smaller than in the sample before immobilization. There are also bright points observed, at a maximum height of 3.8 nm, which may be related to the presence of the lipase molecule immobilized on the hybrid surface. These observations are similar to those previously reported by Ghosh et al. [47] and Jeyapragasam and Saraswathi [48], and fully confirm the effective immobilization of the lipase on the silica-lignin matrix surface.




2.5. XPS Analysis


The surface composition of the silica-lignin matrix and silica-lignin + lipase products was examined by means of X-ray photoelectron spectroscopy (XPS). Figure 3 shows the survey spectra of both analyzed materials. On the surface of the silica-lignin matrix such elements as carbon, oxygen, silicon, and sodium were identified. The surface of the silica-lignin with lipase following immobilization for 1 h from a solution of concentration 1 mg/mL, consists of all of these elements, as well as nitrogen, whose content was examined.


Figure 3. X-ray photoelectron spectra of silica-lignin matrix and silica-lignin + lipase products after immobilization.
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Surface analysis of the silica-lignin matrix confirmed that the material consists of silicon oxide (as verified by the detailed XPS Si 2p spectrum) and an organic compound with a relatively high content of carbon–oxygen bonds. The XPS C 1s spectrum of the silica-lignin matrix is very similar to that obtained for pure lignin [49]. The surface of this material is slightly contaminated by sodium and iodine atoms. The presence of these elements in the material is attributed to the lignin preparation procedure, which includes the application of iodine and sodium compounds.



Deposition of lipase onto the silica-lignin matrix results in a change in the surface composition. The fraction of silicon atoms observed on the surface is somewhat smaller than on the material before lipase immobilization. On the other hand, carbon concentration is about 50% higher. These observations are reasonable if it is considered that the enzyme is deposited onto the silica and its molecules screen part of the photoelectron signal coming from the SiO2. It is noteworthy that the iodine signal is also diminished.



An important piece of evidence for the successful immobilization of lipase is the additional nitrogen signal. Since the structure of lignin does not contain nitrogen atoms, the XPS N 1s signal presumably comes wholly from the lipase, which as an enzyme contains amino acids, and hence –NH2 moieties. In Figure 4 the XPS N 1s spectra from the silica-lignin + lipase system and native lipase are compared. Both spectra consist of a relatively symmetric peak located at a binding energy of 400.1 eV. The full width at half maximum (FWHM) of the XPS N 1s peak from the product after immobilization was 2.2 eV, larger than the FWHM of the peak from the pure enzyme (1.8 eV). The small difference is presumably due to the higher dispersion of lipase molecules on the surface of the silica-lignin matrix. The location of the N 1s peak is characteristic for many carbon–nitrogen and hydrogen–nitrogen bonds. According to Stevens et al. [50] the XPS N 1s line located at a binding energy of 400.1 ± 0.1 eV is characteristic for amino acids and peptides. The peak is representative of the three nitrogen atoms with delocalized positive charge, as well as of amide N–C=O linkages.


Figure 4. N 1s spectra of silica-lignin + lipase product after immobilization (a), and pure lipase (b).



[image: Catalysts 07 00014 g004]







2.6. Desorption Tests of the Immobilized Lipase B from Candida antarctica


CALB immobilized onto the surface of the silica-lignin hybrid were incubated in the presence of 1% Triton X-100 and 0.5 M NaCl. Retention of the catalytic activity after incubation is presented in the Figure 5.


Figure 5. Relative activity of the lipase B from Candida antarctica CALB after desorption from silica-lignin support by 1% Triton X-100 and 0.5 M NaCl.
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CALB immobilized onto the silica-lignin hybrid exhibit about 30% of its initial activity after 24 h of elution by Triton X-100 and less than 10% when eluted by NaCl. The lower activity noticed for the immobilized enzyme after treatment with sodium chloride suggest that CALB is bounded to the matrix via mixed adsorption. Lower activity is observed after sodium chloride treatment as compared to the samples treated with Triton X-100 due to the fact that Na+ ions can effectively exchange CALB molecules.



However it should be noticed that the decrease in the lipase activity is mainly related to the desorption of the enzyme from the matrix, but also to the partial inactivation of the CALB caused by the presence of surfactant and inorganic salt. Moreover, according to Peirce et al., inactivated lipase may remain on the surface of the matrix, but does not exhibit catalytic activity [51].




2.7. Suggested Mechanism of Attachment of the Enzyme to the Silica-Lignin Matrix


Based on the results of the analysis, the authors attempted to indicate a mechanism for the attachment of the lipase to the surface of the silica-lignin matrix. The proposed mechanism of enzyme adsorption, based on the formation of hydrogen bonds, is shown in Figure 6.


Figure 6. Proposed mechanism for the attachment of lipase B from Candida antarctica to the surface of the silica-lignin matrix.
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Analysis of the test results, including FTIR, shows that the particles of the enzyme are attached to the surface of the support by means of hydrogen bonds. The presence of a significant quantity of carbonyl groups in the silica-lignin material, as well as –NH2 groups contained in the lipase structure, provide the possibility of such interactions between enzyme and matrix [52]. As a result of the process of oxidation of lignin, ortho-quinone groups are formed in its structure, as investigated by Milczarek and Inganas [53]. Properly designed oxidation of lignin makes it possible to combine the biopolymer with silica, as we have shown in our previous studies [39,44,54]. When these interactions occur, an intermediate ring is formed, which ensures that the bonds formed are stable and makes it harder for the lipase to be washed off the surface of the support during successive catalytic cycles [55]. However, it should be noted that the presence of amino groups on the silica surface means that single particles of the lipase may attach to them instead of to the lignin, as is also shown in Figure 6.




2.8. Retention of Hydrolytic Activity


The catalytic activity of the immobilized and native lipase was assessed spectrophotometrically based on the hydrolysis reaction of para-nitrophenyl palmitate (p-NPP). Analysis was performed on samples obtained after different process times and using solutions of the protein at different concentrations, in order to identify the immobilized enzyme systems with the greatest retention of hydrolytic activity (Figure 7).


Figure 7. Retention of the catalytic activity of the immobilized enzymes depending on the immobilization time and the enzyme solution concentration.
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The calculated hydrolytic activity of all systems after immobilization was lower than that of the native enzyme. The results clearly indicate that both time of immobilization and the concentration of the enzyme solution have a significant effect on the catalytic ability of the immobilized lipase. In the initial stages of the adsorption process larger quantities of the enzyme can be immobilized from the 3.0 mg/mL solution than from the 0.5 mg/mL solution. In fact, in the case of the 0.5 mg/mL solution, lower expressed activity is observed, which might be related to the hydrophilic/hydrophobic character of the silica-lignin material. Silica possesses mainly hydroxyl groups on its surface (hydrophilic surface properties) that can produce lipase inactivation and result in lower activity. When the concentration of the enzyme solution increased (a greater amount of the enzyme is presented in the solution) higher amounts of enzyme particles are immobilized at the more hydrophobic regions of the support (related to the presence of the lignin). In these regions interfacial activation takes place, lipase is being activated, and higher activity retention is observed [56]. Moreover, the presence of the various regions at the support structure can generate various orientation of the enzyme molecules that resulting in various catalytic activity of the immobilized biocatalysts [57]. The use of a longer process time and higher concentration of biocatalyst leads to the adsorption of larger quantities of the enzyme, which has an unfavorable impact on the catalytic properties of the products. Similar observations were made by Sheldon and van Pelt [58], who showed that significant accumulation of enzyme molecules led to the creation of aggregates and caused blocking of the active sites of the enzyme, leading to a reduction in their activity. They have also revealed that longer immobilization time may lead to the enzyme degradation caused by the process conditions. Moreover longer immobilization time and accumulation of a greater amount of the enzyme not only blocks the lipase active center but also may induce some diffusional limitations. For enzyme solutions of lower concentration the adsorption process is slower and smaller quantities of the enzyme can be adsorbed and, hence, the observed catalytic activity for this parameter is higher. The highest retention of catalytic activity (92% of native lipase) is observed for systems formed after immobilization for 1 h using a solution of concentration 1 mg/mL. After a process carried out under these conditions, 16.72 mg of the lipase was immobilized per 1 g of the silica-lignin matrix. This value is almost five times higher than the quantity of lipase immobilized on the surface of silica by Forsyth and Patwardhan [59], which those authors claim to represent the maximum capacity of silica. Thus, combining silica and lignin into a hybrid material significantly increases the sorption capacity of the matrix in comparison with silica. The systems exhibiting the highest catalytic activity (duration of immobilization of 1 h, protein solution concentration 1 mg/mL) possess the best hydrolytic properties thus this products was, used in further analysis to determine its stability and durability.



2.8.1. Effect of pH


Enzymes exhibit their higher activity within a narrow pH range; hence, it is important to determine how immobilization affects the chemical stability of the biocatalyst. Figure 8 shows changes in the hydrolytic activity of the free and immobilized lipase in the pH range 3–11.


Figure 8. Effect of pH on activity of the native and immobilized lipase.
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The data presented in Figure 8 show changes in the catalytic activity of native and immobilized CALB as a function of the pH of the reaction system.



The immobilized lipase demonstrates high activity (over 80%) in the pH range 7–9, with a maximum in weakly alkaline conditions (pH = 8). Note should be made of the widening of the range of high activity of the protein when immobilized on the silica-lignin support, compared with the native enzyme, which has high catalytic ability only at pH = 7, meaning that even small changes in the chemical nature of the reaction environment cause significant changes in the activity of that biocatalyst. Experiments provided by Emregul et al. [60] and Dong et al. [61] concerning the immobilization of lipases on composite materials also indicated an increase in the pH stability of the immobilized enzyme. Matrix-bonded lipase exhibited activity of over 80% in the pH ranges 6–7 and 7.5–8, respectively. Nevertheless, the results of the present study show that lipase attached to a silica-lignin matrix exhibits even higher resistance to varying pH (activity over 80% in a pH range from 7 to 9). The increase in the chemical stability of the immobilized lipase is probably caused by conformational changes in the quaternary structure of the protein, resulting from immobilization [62].




2.8.2. Thermal Stability


The thermal stability of the products following immobilization is one of the most important parameters determining the possibility of using those systems in enzymatic reactions. It was determined how the temperature, in the range 10–80 °C, affects the hydrolytic activity of both the native enzyme and the immobilized product. The results are shown in Figure 9.


Figure 9. Thermal stability of native and immobilized lipase in the temperature range 10–80 °C.
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The native lipase B from Candida antarctica exhibits its highest catalytic activity at a temperature of 30 °C, and increasing the temperature causes a significant reduction in the activity of the protein. The lipase immobilized on the surface of the silica-lignin matrix is most active at 40 °C, and a further rise in temperature, even by another 20 °C, does not cause a significant deterioration. A similar study, using the natural polymer sporopollenin, was conducted by Tutarb et al. [63]. Those authors described the increase in the thermal stability of the immobilized enzyme and showed that lipase exhibits over 80% of its initial activity at temperatures of 30 and 40 °C; meanwhile, the product after immobilization on a silica-lignin matrix retains more than 80% of its initial hydrolytic activity across a wide temperature range from 30 °C to 60 °C. These results show that depositing the biocatalyst on this support significantly expands the range of temperatures at which the resulting system can be used. This is probably due to the increase in the stability of the entire protein structure brought about by the immobilization of the enzyme [64], as a result of which the protein molecule does not undergo deformation and, thus, becomes more resistant to denaturation [65].




2.8.3. Reusability


Since the immobilization process can have a significant impact on the duration of the catalytic activity of enzymes, changes in activity over 20 catalytic cycles were determined. After each individual reaction the product with immobilized lipase was separated from the reaction mixture, washed thoroughly with phosphate buffer, and reused. The results are shown in Figure 10.


Figure 10. Reuse stability of lipase immobilized on the silica-lignin hybrid matrix.
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The product with CALB immobilized on the silica-lignin support show only a small drop, of around 20%, in catalytic activity after 20 full reaction cycles. These results indicate that the immobilized enzyme, due to changes taking place in its molecule, retains catalytic activity for a much longer period of time. Its use may, therefore, lead to reductions in process costs [66]. The retention of a high level of activity after so many catalytic cycles may be linked to the creation of stable interactions between the lipase and the silica-lignin matrix, causing a significant reduction in the washing out of the enzyme from the surface of the inorganic-organic support. Furthermore, attachment of the protein to the solid support protects the enzyme against changes in its structure, making the whole particles more stable [67]. For the hydrolysis reaction of para-nitrophenyl palmitate to nitrophenol, after 20 catalytic cycles, immobilized lipase still retained 80% of its initial catalytic activity. In comparison, lipases from Candida rugosa and Rhizopus oryzae immobilized on silica gel by Ho et al. [68] preserved 80% of their initial activity after five repeated catalytic cycles. Thus, use of the silica-lignin matrix maintains the good catalytic properties of the immobilized enzyme for up to four times more reaction cycles.




2.8.4. Storage Stability


The storage stability of free and immobilized enzyme, stored at 4 °C and 20 °C, was investigated as described in Section 3.4. The results are shown in Figure 11.


Figure 11. Storage stability of the free and immobilized lipase stored at 4 °C and 20 °C.
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The catalytic activity of native lipase depends strongly on the storage temperature, while the free enzyme, when stored at 4 °C, retains around 70% of its original activity even after 20 days, the same protein stored at 20 °C for the same length of time retains only around 25% of its original catalytic ability. Much better results were obtained for the products following immobilization, for which the storage stability was higher than for the native lipase, irrespective of the storage temperature. It should be noted, however, that the temperature of storage of the products following immobilization does influence their catalytic ability. The systems stored at 4 °C, after the analyzed time period, retain almost all of their original activity (96%), while immobilized lipase stored at 20 °C shows a decline in activity by approximately 10%. Chen et al. [69] reported activity of lipase immobilized on chitosan microspheres at levels of 80% and 60% after storage at 4 °C for 5 and 20 days, respectively. Meanwhile Zhu et al. [70] found that lipase immobilized on silica-coated magnetic nanoparticles preserved 70% of its initial activity after 20 days, when stored at 20 °C. The results obtained in our research indicate that immobilization of Candida antarctica lipase B on a silica-lignin support significantly extends its catalytic activity compared with the free enzyme and with previously published results. This fact might be explained by the protection of the three-dimensional structure of the biocatalyst which leads to preservation of the active centers intact, as a result of which high catalytic activity of the immobilized lipase is observed [71].





2.9. Kinetic Parameters


The Michaelis–Menten constant (Km) and Vmax values were calculated based on spectrophotometric measurements according to Lineweaver–Burk plots for free and immobilized lipase.



The Km value of the native lipase calculated for p-NPP was 3.24 ± 0.39 mM, while for the immobilized lipase the value increased to 4.36 ± 0.32 mM. This means that the immobilized lipase B from Candida antarctica has a lower affinity to the substrate than the native enzyme. This observation is similar to that of Wang et al. [72], and results from the fact that the immobilization process causes loss of the enzyme flexibility that is necessary for effective substrate binding. In turn, the value of Vmax for the native enzyme is 33.05 ± 1.37 U/mg, decreasing to 29.36 ± 1.25 U/mg following immobilization, again, due to the lower affinity to the substrate.





3. Materials and Methods


3.1. Materials


Silica, in the form of the commercial product Syloid®244, was obtained from W.R. Grace and Co. (Columbia, MD, USA). Kraft lignin (product number 471003), N-(2-aminoethyl)-3-aminopropyltrimethoxysilane (97%), sodium meta-periodate (>99%), and lipase type B from Candida antarctica were supplied by Sigma-Aldrich (Saint Louis, MO, USA). Methanol and dioxane (laboratory grade) were purchased from Chempur Company (Gliwice, Poland). A phosphate buffer at pH = 7 was obtained from Amresco Company (Solon, OH, USA). para-nitrophenyl palmitate (p-NPP), Triton X-100 (laboratory grade), sodium chloride, and gum arabic were acquired from Sigma Aldrich (Saint Louis, MO, USA).




3.2. Matrix Preparation and Lipase Immobilization


The silica was modified by five parts by weight of N-(2-aminoethyl)-3-aminopropyltrimethoxy-silane, using as a solvent methanol:water in a ratio of 4:1 (v/v). A detailed description of this method of modifying SiO2 can be found in [73,74,75]. The lignin was dissolved in a mixture of dioxane and water in a ratio of 9:1 (v/v). An aqueous solution of sodium periodate (1.5 g in 30 mL of water) was also prepared, and this was added to the lignin solution. After the oxidizing agent had been added, the system was additionally mixed using a fast rotary mixer (Eurostar Digital (IKA Werke GmbH, Staufen im Breisgau, Germany) for 30 min in darkness. The pretreated silica was then added to the mixture, and the system was mixed for 1 h. The resulting silica-lignin hybrid material was placed in a vacuum evaporator to distill off the solvents. The product was dried in a convection dryer (Memmert, Schwabach, Germany) for 8 h at 105 °C. This process has been developed and described in detail in previously published work [43,44,45,46,47,48,49,50,51,52,53,54].



A quantity of 500 mg of the obtained silica-lignin matrix was placed in a reactor, 20 mL of a solution of the enzyme at the concentrations of: 0.5, 1.0, and 3.0 mg/mL in phosphate buffer at pH = 7 was added, and the mixture was placed on a shaker (IKA Werke GmbH, Staufen im Breisgau, Germany) for 1 and 30 min and for 1, 2, 4, and 24 h. The immobilized enzyme products were filtered under reduced pressure and dried at room temperature for 24 h.




3.3. Analysis of the Products Following Immobilization


In order to compare the porous structure parameters of the immobilized enzyme systems with those of the original support, surface area, total volume of pores and average pore diameter were determined using an ASAP 2020 instrument (Micromeritics Instrument Co., Norcross, GA, USA). The surface area was determined by the multipoint Brunauer–Emmett–Teller (BET) method using data for adsorption under relative pressure (p/p0). The Barrett–Joyner–Halenda (BJH) algorithm was applied to determine the pore volume and average pore size. For adsorptive characterization of each sample, three measurements were made. Due to the high accuracy of the instrument used, surface area was determined to an accuracy of ±0.1 m2/g, pore volume to ±0.01 cm3/g, and pore size to ±0.01 nm.



The effective immobilization of the enzyme was confirmed by the results of Fourier transform infrared spectroscopy (FTIR). Measurements were made on a Vertex 70 apparatus (Bruker, Billerica, MA, USA). Substances were analyzed as tablets prepared by mixing 250 mg of anhydrous KBr with 1.5 mg of the substance. Spectra were produced over a wavenumber range of 4000–420 cm−1, with a resolution of 0.5 cm−1.



The elemental composition of the matrix and products following immobilization was determined using a Vario EL Cube instrument (Elementar Analysensysteme GmbH, Langenselbold, Germany), which enables determination of the content in a sample of such elements as carbon, hydrogen, nitrogen, and sulfur, by means of high-temperature combustion. The results are given to ±0.001%, and each is obtained by averaging three measurements.



X-ray photoelectron spectra (XPS) were obtained using Al Kα (hν = 1486.6 eV) radiation with a Prevac system equipped with a Scienta SES 2002 (Scienta Omicron, Taunusstein, Germany) electron energy analyzer operating at constant transmission energy (Ep = 50 eV). The spectrometer was calibrated using photoemission lines (with reference to the Fermi level): EB Cu 2p3/2 = 932.8 eV, EB Ag 3d5/2 = 368.3 eV and EB Au 4f7/2 = 84.0 eV. The instrumental resolution, as evaluated by the full-width at half maximum (FWHM) of the Ag 3d5/2 peak, was 1.0 eV. The analysis chamber was evaluated during the experiments to lower than 1 × 10−9 mbar. Charging effects were corrected using the C 1s peak ascribed to aliphatic carbon bonds (CHx) and set to 285.0 eV. The XPS lines of other observed elements were shifted correspondingly. The reproducibility of the peak positions thus obtained was ±0.1 eV. The surface composition of the samples was obtained on the basis of the peak area intensities using the sensitivity factor approach and assuming homogeneous composition of the surface layer.



The AFM measurements were made using an Agilent 5500 (Palo Alto, CA, USA) atomic force microscope in intermittent contact mode. BudgetSensors All-in-One type levers with a resonance frequency of about 150 kHz were used for scanning. Data analysis was performed using the WSxM software [76]. The test material was applied to a mica surface that had previously been cleaned by mechanical stripping. A spin-coating method was used for distribution of the samples on the mica.




3.4. Hydrolytic Activity


The hydrolytic activity of the immobilized lipase was determined based on the spectrophotometric measurements (λ = 410 nm) made on Jasco V-750 (Oklahoma City, OH, USA) during the hydrolysis reaction of para-nitrophenyl palmitate (p-NPP) to para-nitrophenyl (p-NP) and palmitate acid, according to our previous work [39]. All reactions (performed in triplicate) were carried out with stirring at 1000 rpm at 30 °C for 2 min. For the model reaction of p-NPP into p-NP, 5 mg of the native enzyme and an appropriate amount of the product after immobilization containing 5 mg of the lipase were used. Activity retention (AR) after immobilization was calculated from the following equation:


[image: there is no content]



(1)




where A0 denotes the total initial activity of the lipase, and AI denotes the activity of the immobilized enzyme.



3.4.1. Effect of pH


The effect of pH was determined based on the same hydrolysis reaction, carried out with stirring at 1000 rpm at 40 °C for 2 min. The reactions were carried out at different pH values, ranging from 3 to 11. After incubation in a buffer solution at the appropriate pH for 1 h, the activity of the products obtained was measured spectrophotometrically. For each pH the extinction coefficient have been calculated separately at 410 nm.




3.4.2. Thermal Stability


Effect of the temperature on hydrolytic activity of the immobilized lipase was established using the hydrolysis reaction of p-NPP to p-NP. The reaction was carried out at constant temperature for 2 min with stirring at 1000 rpm over a temperature range from 10 °C to 80 °C at pH 8. The measurements were carried out on Jasco V-750 (Oklahoma City, OH, USA) spectrophotometer equipped with a Peltier-thermo cell holder (Oklahoma City, OH, USA).




3.4.3. Reusability


Reusability was estimated based on the reaction described above. After each hydrolysis step, the immobilized enzyme products were separated from the reaction mixture by centrifugation. The biocatalyst was then washed with 30 mL of phosphate buffer and dried for 24 h at ambient temperature, and used to catalyze a further reaction cycle.




3.4.4. Storage Stability


The storage stability of the native lipase and the products following immobilization was determined using the reaction described in details in Section 3.4. The hydrolytic activity after a given storage time was determined for samples stored at 4 °C and at 20 °C.





3.5. Kinetic Parameters


Kinetic parameters of free and immobilized lipase B from Candida antarctica were determined based on the reaction described in Section 3.4. The Michaelis constant (Km) and the maximum rate of reaction (Vmax) were calculated according to Lineweaver–Burk plots using the initial rate of reaction:
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where [S] denotes the concentration of the substrate, V and Vmax denote the initial and maximal rate of reaction, and Km denotes the Michaelis–Menten constant. Vmax is defined as the highest possible rate when all enzymes were saturated with the substrate. Km is defined as the substrate concentration that yielded half the maximum rate of reaction, reflecting the effective characteristics of the enzyme and the affinity between enzyme and substrate, as well as diffusion effects.




3.6. Desorption of the Immobilized CALB


Samples of the 500 mg of the immobilized CALB were suspended in 5 mL of 1% Triton X-100 in phosphate buffer or in 5 mL of 0.5 M NaCl solution. Samples were taken under stirring at 500 rpm. After 30 min and 1, 2, 4, 6, 9, 12, and 24 h samples were taken, centrifuged, and the activity was determined based on the p-NPP hydrolysis reaction (Section 3.4).





4. Conclusions


The authors have synthesized and then successfully used a functional silica-lignin matrix as a novel support for the immobilization of lipase B from Candida antarctica. The results of analysis, including FTIR, XPS, AFM, elemental analysis, and porous structure determination, confirmed the effective immobilization of the enzyme. These results also led to a description of a mechanism for the immobilization, based on hydrogen interactions. Sophisticated analysis was made of the catalytic activity and stability of the immobilized lipase, and the system with the highest activity retained 92% of the activity of the native enzyme. The immobilized enzyme exhibits its maximum activity at pH = 8 and at a temperature of 40 °C, while, for the native lipase, the corresponding values are pH = 7 and 30 °C. The immobilized lipase retains over 80% of its activity in the pH range 7–9 and the temperature range 30–60 °C. Moreover, this activity is also observed after 20 catalytic cycles and after 20 days of storage, irrespective of the storage conditions. The obtained system exhibits a slight decrease in the affinity of the immobilized enzyme to the substrate (higher Km values), associated with a decrease in the maximum reaction rate (Vmax). The prepared materials may have applications in many processes based on esterification and transesterification reactions and in the field of advanced biosensors. Hence, further investigations related to the potential applications of the obtained systems, as well as utilization of the silica-lignin hybrid as a matrix for broad variety of the various enzymes, will be undertaken.
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