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The development of enzyme immobilization started in the middle of the previous century as a potential answer to the problem of the enzyme recovery and reuse [1]. These biocatalysts were very expensive at that time and their single use could only be performed on very high added value products or in academia. Nowadays, the price of enzymes has decreased and some enzymes are commercialized for one use even in moderately cheap product production (e.g., Eversa to produce biodiesel [2]). However, immobilization has many positive effects that can justify its development and use. Together with enzyme reuse, immobilization can improve enzyme stability for different reasons: broadening the enzyme operation window [3,4], improving enzyme activity, selectivity or specificity [5,6] and even becoming coupled to enzyme purification [7]. That way, immobilization remains as an important tool in the design of industrial biocatalysts [8]. Moreover, far from being a mature discipline, many of the factors that determine the immobilized enzyme performance still remain unsolved [8]. A proof of the interest and potential of enzyme immobilization is the fact that many Special Issues in MDPI journals in 2022 or those still open in 2023 are related in some sense with this objective. Among them is this Special Issue, Enzyme Immobilization IV. It is the fourth issue on this topic that I have edited in Molecules. In this new issue, 10 papers have been collected.



Many of the contributions published in this issue are related to the immobilization of lipases, perhaps the most used enzyme family in biocatalysis [9,10]. In the first one, Guimarães et al. show the way in which the immobilization of Eversa in the form of magnetic cross-linked enzyme aggregate transform the enzyme in a suitable biocatalyst for the transesterification of waste cooking oil with different alcohols, producing valuable biolubricants, when the free enzyme was very poorly efficient for this goal [11]. A second paper shows the possibility of modulating the properties of a lipase from the extremophilic microorganism Serratia sp. USBA-GBX-513 by using different immobilization protocols [12]. This lipase modulation has been the object of many different publications [5,6], but there are not many papers describing immobilization of enzymes from extremophiles [13]. Another paper exemplifies that enzyme immobilization may be compatible with any other enzyme modulation strategy [14]. In this case, the immobilized commercial lipases Lipozyme®TL (TLL-IM) (lipase from Thermomyces lanuginosus), Lipozyme®435 (L435) (lipase B from Candida antarctica), Lipozyme®RM (RML-IM), and LipuraSelect (LS-IM) (both from lipase from Rhizomucor miehei) were submitted to mineralization processes [15], in a similar form to the preparation of nanoflowers using free enzymes [16]. This modification permitted to employ the benefits of enzyme mineralization (changes in activity and enantiospecificity in these examples) [15] without the problems derived of the small size and fragile nature of nanoflowers [16]. Another paper uses the commercial immobilized lipase Lipozyme 435 to produce xylose oleate in methyl ethyl ketone from xylose and oleic acid [17]. The last paper, using only lipases, shows the enzymatic synthesis of ascorbyl palmitate catalyzed by the commercial immobilized lipases Amano Lipase PS, Lipozyme® TL IM, Lipozyme® Novo 40086, Lipozyme® RM IM and Lipozyme® 435, selecting Lipozyme® 435 for further studies [18]. Using 2-methyl-2-butanol as solvent, the global results could be improved, and the biocatalyst was used in a basket reactor with very good results (yields remained over 80% after four sequential batches).



Five immobilized lipases are also some of the examples of the paper from Braham et al., where it was shown that the inactivation conditions and immobilization protocol determine the intensity and sense effects of some salts on enzyme stability [19]. This paper uses other enzymes as examples of this complex effect of the salts on the immobilized enzyme stabilities: three proteases, two glycosidases, and one laccase, penicillin G acylase and catalase.



The enzyme β-galactosidase is the second most utilized enzyme in this Special Issue. In the first example, the enzyme is immobilized and stabilized by immobilization on gold nanoparticles modified with polyvinyl alcohol [20]. Another paper shows the β-galactosidase immobilization on a Bacillus subtilis spore [21]. The authors introduce the spore divergent cohesin modules that can specifically bind to the target enzyme bearing the matching dockerins. The paper shows the results obtained utilizing five different pairs of cohesins and dockerins. The last paper on this enzyme family shows biomineralization strategy for the formation of hybrid nanocrystals from β-galactosidase [22]. An important effect of metal ions and pH on the immobilization yield and the recovered activity was determined. In silico studies identified the ion binding sites under the different conditions. The synthesis of galacto-oligosaccharides was accomplished with these biocatalysts.



The last paper is on the immobilization of penicillin G acylase [23,24] on vinyl sulfone activated supports [25]. These supports have been recognized recently as very well suited to yield intense multipoint covalent attachment [3], and the enzyme had previously immobilized/stabilized on glyoxyl and epoxy supports [26,27]. However, the immobilization failed on vinyl sulfone agarose beads. The authors were able to force the enzyme immobilization using high ionic strength and enabling the hydrophobic enzyme adsorption on the moderately hydrophobic support surface, achieving very good stabilization results after optimization of the multi-point covalent immobilization [25].






Conflicts of Interest


The author declares no conflict of interest.




References


	



Liese, A.; Hilterhaus, L. Evaluation of immobilized enzymes for industrial applications. Chem. Soc. Rev. 2013, 42, 6236–6249. [Google Scholar] [CrossRef] [PubMed]

	



Monteiro, R.R.C.; Arana-Peña, S.; da Rocha, T.N.; Miranda, L.P.; Berenguer-Murcia, Á.; Tardioli, P.W.; dos Santos, J.C.S.; Fernandez-Lafuente, R. Liquid lipase preparations designed for industrial production of biodiesel. Is it really an optimal solution? Renew. Energy 2021, 164, 1566–1587. [Google Scholar] [CrossRef]

	



Rodrigues, R.C.; Berenguer-Murcia, Á.; Carballares, D.; Morellon-Sterling, R.; Fernandez-Lafuente, R. Stabilization of enzymes via immobilization: Multipoint covalent attachment and other stabilization strategies. Biotechnol. Adv. 2021, 52, 107821. [Google Scholar] [CrossRef]

	



Mateo, C.; Palomo, J.M.; Fernandez-Lorente, G.; Guisan, J.M.; Fernandez-Lafuente, R. Improvement of enzyme activity, stability and selectivity via immobilization techniques. Enzyme Microb. Technol. 2007, 40, 1451–1463. [Google Scholar] [CrossRef]

	



Rodrigues, R.C.; Ortiz, C.; Berenguer-Murcia, Á.; Torres, R.; Fernández-Lafuente, R. Modifying enzyme activity and selectivity by immobilization. Chem. Soc. Rev. 2013, 42, 6290–6307. [Google Scholar] [CrossRef]

	



Garcia-Galan, C.; Berenguer-Murcia, Á.; Fernandez-Lafuente, R.; Rodrigues, R.C. Potential of different enzyme immobilization strategies to improve enzyme performance. Adv. Synth. Catal. 2011, 353, 2885–2904. [Google Scholar] [CrossRef]

	



Barbosa, O.; Ortiz, C.; Berenguer-Murcia, Á.; Torres, R.; Rodrigues, R.C.; Fernandez-Lafuente, R. Strategies for the one-step immobilization-purification of enzymes as industrial biocatalysts. Biotechnol. Adv. 2015, 33, 435–456. [Google Scholar] [CrossRef]

	



Bolivar, J.M.; Woodley, J.M.; Fernandez-Lafuente, R. Is enzyme immobilization a mature discipline? Some critical considerations to capitalize on the benefits of immobilization. Chem. Soc. Rev. 2022, 51, 6251–6290. [Google Scholar] [CrossRef]

	



Salgado, C.A.; dos Santos, C.I.A.; Vanetti, M.C.D. Microbial lipases: Propitious biocatalysts for the food industry. Food Biosci. 2022, 45, 101509. [Google Scholar] [CrossRef]

	



Pereira, A.S.; de Souza, A.H.; Fraga, J.L.; Villeneuve, P.; Torres, A.G.; Amaral, P.F.F. Lipases as effective green biocatalysts for phytosterol esters’ production: A review. Catalysts 2022, 12, 88. [Google Scholar] [CrossRef]

	



Guimarães, J.R.; Miranda, L.P.; Fernandez-Lafuente, R.; Tardioli, P.W. Immobilization of Eversa® transform via CLEA technology converts it in a suitable biocatalyst for biolubricant production using waste cooking oil. Molecules 2021, 26, 193. [Google Scholar] [CrossRef]

	



Ruiz, M.; Plata, E.; Castillo, J.J.; Ortiz, C.C.; López, G.; Baena, S.; Torres, R.; Fernandez-Lafuente, R. Modulation of the biocatalytic properties of a novel lipase from psychrophilic Serratia sp. (USBA-GBX-513) by different immobilization strategies. Molecules 2021, 26, 1574. [Google Scholar] [CrossRef]

	



Cowan, D.A.; Fernandez-Lafuente, R. Enhancing the functional properties of thermophilic enzymes by chemical modification and immobilization. Enzyme Microb. Technol. 2011, 49, 326–346. [Google Scholar] [CrossRef]

	



Rodrigues, R.C.; Berenguer-Murcia, Á.; Fernandez-Lafuente, R. Coupling chemical modification and immobilization to improve the catalytic performance of enzymes. Adv. Synth. Catal. 2011, 353, 2216–2238. [Google Scholar]

	



Guimarães, J.R.; Carballares, D.; Tardioli, P.W.; Rocha-Martin, J.; Fernandez-Lafuente, R. Tuning Immobilized commercial lipase preparations features by simple treatment with metallic phosphate salts. Molecules 2022, 27, 4486. [Google Scholar] [CrossRef]

	



da Costa, F.P.; Cipolatti, E.P.; Furigo Junior, A.; Oliveira Henriques, R. Nanoflowers: A new approach of enzyme immobilization. Chem. Record 2022, 2, e202100293. [Google Scholar] [CrossRef]

	



Gonçalves, M.C.P.; Amaral, J.C.; Fernandez-Lafuente, R.; Junior, R.S.; Tardioli, P.W. Lipozyme 435-mediated synthesis of xylose oleate in methyl ethyl ketone. Molecules 2021, 26, 3317. [Google Scholar] [CrossRef]

	



Holtheuer, J.; Tavernini, L.; Bernal, C.; Romero, O.; Ottone, C.; Wilson, L. Enzymatic synthesis of ascorbyl palmitate in a rotating bed reactor. Molecules 2023, 28, 644. [Google Scholar]

	



Braham, S.A.; Siar, E.-H.; Arana-Peña, S.; Carballares, D.; Morellon-Sterling, R.; Bavandi, H.; de Andrades, D.; Kornecki, J.F.; Fernandez-Lafuente, R. Effect of concentrated salts solutions on the stability of immobilized enzymes: Influence of inactivation conditions and immobilization protocol. Molecules 2021, 26, 968. [Google Scholar] [CrossRef]

	



Alshanberi, A.M.; Satar, R.; Ansari, S.A. Stabilization of β-galactosidase on modified gold nanoparticles: A preliminary biochemical study to obtain lactose-free dairy products for lactose-intolerant individuals. Molecules 2021, 26, 1226. [Google Scholar] [CrossRef]

	



Wang, H.; Jiang, X.; Qian, Y.; Yin, L. Constructing an efficient display by using Cohesin-Dockerin interactions. Molecules 2021, 26, 1186. [Google Scholar] [CrossRef] [PubMed]

	



Tavernini, L.; Romero, O.; Aburto, C.; López-Gallego, F.; Illanes, A.; Wilson, L. Development of a hybrid bioinorganic nanobiocatalyst: Remarkable impact of the immobilization conditions on activity and stability of β-galactosidase. Molecules 2021, 26, 4152. [Google Scholar] [CrossRef] [PubMed]

	



Valle, F.; Balba’s, P.; Merino, E.; Bollvar, F. The role of penicillin amidases in nature and in industry. Trends Biochem. Sci. 1991, 16, 36–40. [Google Scholar] [CrossRef] [PubMed]

	



Arroyo, M.; de la Mata, I.; Acebal, C.; Castillón, P.M. Biotechnological applications of penicillin acylases: State-of-the-art. Appl. Microbiol. Biotechnol. 2003, 60, 507–514. [Google Scholar] [CrossRef]

	



da Rocha, T.N.; Morellon-Sterlling, R.; Rocha-Martin, J.; Bolivar, J.M.; Gonçalves, L.R.B.; Fernandez-Lafuente, R. Immobilization of penicillin G acylase on vinyl sulfone-agarose: An unexpected effect of the ionic strength on the performance of the immobilization process. Molecules 2022, 27, 7587. [Google Scholar] [CrossRef] [PubMed]

	



Alvaro, G.; Fernandez-Lafuente, R.; Blanco, R.M.; Guisán, J.M. Immobilization-stabilization of penicillin G acylase from Escherichia coli. Appl. Biochem. Biotechnol. 1990, 26, 181–195. [Google Scholar] [CrossRef]

	



Mateo, C.; Abian, O.; Fernández-Lorente, G.; Pedroche, J.; Fernández-Lafuente, R.; Guisan, J.M.; Tam, A.; Daminati, M. Epoxy sepabeads: A novel epoxy support for stabilization of industrial enzymes via very intense multipoint covalent attachment. Biotechnol. Prog. 2002, 18, 629–634. [Google Scholar] [CrossRef]












	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the author. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






nav.xhtml


  molecules-28-01373


  
    		
      molecules-28-01373
    


  




  





media/file0.png





