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1. Introduction

The evolution of biocatalysis has undergone an unprecedented boost in response to
the human demand for sustainable chemistry, which should enable researchers to make the
most complex, selective and specific compounds with minimal ecological impact [1–5]. In
this context, researchers have tried to mimic living beings’ metabolic chains to transform
simple and cheap substrates into very complex ones. This involves the use of multi-
enzymatic systems to catalyze these multi-cascade reactions [6–10]. Nowadays, mimicking
natural evolution mechanisms [11,12], fusion proteins may be generated by coupling two
enzymes with their corresponding active centers in a single peptide chain [13–20]. The
considerable developments in techniques to generate artificial enzymes have permitted
the creation of new active centers on existing enzymes to generate plurizymes, which have
been used to catalyze cascade reactions [21–23].

It is in this context of catalyzing cascade reactions that the interest in enzyme co-
immobilization has led to considerable development in recent times [24–27], with an
important focus in controlling the spatial ordering of the enzymes [28–32]. Enzyme co-
immobilization enables the second and further enzymes in the cascade chain can be exposed
to a high concentration of their respective substrates (products of the modification catalyzed
by the previous enzyme) [33,34]. However, these kinetic gains must compensate for the
problems generated by co-immobilization [35].

The co-immobilization of enzymes means the use of the same support and involves a
protocol for all related enzymes [24–27,35]. Enzyme immobilization is no longer just a way
to recover and reuse enzymes, but also a potent tool to solve many enzyme limitations [36]:
enzyme stability can be improved; enzyme activity, selectivity or selectivity may be tuned;
inhibitions may be reduced; and resistance to deleterious reagents may be increased [36].
Even enzymes immobilization may be associated with their purification [37]. The standard
co-immobilization of enzymes requires that under all co-immobilized enzymes, the sur-
face must be identical. Obviously, only through serendipity can the same supports and
immobilization protocols occur be optimal for all involved enzymes. When using a porous
support, the size of the largest co-immobilized protein will determine the pore diameter of
the support [36]. And usually, a larger pore diameter means a lower loading capacity and
weaker mechanical resistance.

One point that is usually ignored is the possibility that one of the co-immobilized
enzymes may be much more unstable than the others [35]. This means that after a few
operation cycles, some of the enzymes may decrease their activity to a level that makes the
previous enzyme ratio optimization inefficient. When using standard co-immobilization
strategies, this may involve the necessity to discard immobilized enzymes that are fully
active [35]. If, as in some instances, the reuse of a support is interesting from an industrial
point of view, the possibility of reusing one or several co-immobilized enzymes to build
new combibiocatalysts becomes appealing [35]. This way, new strategies where the most
stable enzymes are immobilized following a strategy that is different to the one used for
the least stable enzymes (which must be immobilized via a reversible immobilization
technique) have been developed [35]. Thus, the most stable co-immobilized enzymes may

Catalysts 2023, 13, 1488. https://doi.org/10.3390/catal13121488 https://www.mdpi.com/journal/catalysts

https://doi.org/10.3390/catal13121488
https://doi.org/10.3390/catal13121488
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/catalysts
https://www.mdpi.com
https://orcid.org/0000-0003-4976-7096
https://doi.org/10.3390/catal13121488
https://www.mdpi.com/journal/catalysts
https://www.mdpi.com/article/10.3390/catal13121488?type=check_update&version=3


Catalysts 2023, 13, 1488 2 of 3

be converted into ionic exchangers via physical or chemical modification, and the least
stable enzymes may be then immobilized over them [38]. After their inactivation, the least
stable enzymes may be released to the medium and the biocatalyst reused to build a new
combibiocatalyst. Heterofunctional supports, which have chemically reactive moieties
and adsorbent ones, have been also utilized for this purpose [39]. Similarly, most stable
enzymes may be covalently immobilized on supports that, as reaction end point, require a
blocking step [40]. This blocking can be used to render the support with physical adsorbent
capacity, which enables the reversible immobilization of less stable enzymes [40].

Considering the important role of enzyme immobilization in the final design of in-
dustrial biocatalysts, the co-immobilization of several enzymes must be performed after a
careful evaluation of the advantages and disadvantages [35].

This Special Issue shows some examples of instances where enzyme co-immobilization
offers advantages, and also shows the problems derived from the use of co-immobilized
enzymes [41].

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Singh, S.; Kumar Sharma, P.; Chaturvedi, S.; Kumar, P.; Deepak Nannaware, A.; Kalra, A.; Kumar Rout, P. Biocatalyst for the

synthesis of natural flavouring compounds as food additives: Bridging the gap for a more sustainable industrial future. Food
Chem. 2024, 435, 137217. [CrossRef]

2. Lozano, P.; García-Verdugo, E. From green to circular chemistry paved by biocatalysis. Green Chem. 2023, 25, 7041–7057. [CrossRef]
3. Chook, K.Y.; Aroua, M.K.; Gew, L.T. Enzyme Biocatalysis for Sustainability Applications in Reactors: A Systematic Review. Ind.

Eng. Chem. Res. 2023, 62, 10800–10812. [CrossRef]
4. Sheldon, R.A.; Woodley, J.M. Role of Biocatalysis in Sustainable Chemistry. Chem. Rev. 2018, 118, 801–838. [CrossRef]
5. Choi, J.-M.; Han, S.-S.; Kim, H.-S. Industrial applications of enzyme biocatalysis: Current status and future aspects. Biotechnol.

Adv. 2015, 33, 1443–1454. [CrossRef]
6. Schrittwieser, J.H.; Velikogne, S.; Hall, M.; Kroutil, W. Artificial Biocatalytic Linear Cascades for Preparation of Organic Molecules.

Chem. Rev. 2018, 118, 270–348. [CrossRef]
7. Petschacher, B.; Nidetzky, B. Biotechnological production of fucosylated human milk oligosaccharides: Prokaryotic fucosyltrans-

ferases and their use in biocatalytic cascades or whole cell conversion systems. J. Biotechnol. 2016, 235, 61–83. [CrossRef]
8. Marpani, F.; Pinelo, M.; Meyer, A.S. Enzymatic conversion of CO2 to CH3OH via reverse dehydrogenase cascade biocatalysis:

Quantitative comparison of efficiencies of immobilized enzyme systems. Biochem. Eng. J. 2017, 127, 217–228. [CrossRef]
9. France, S.P.; Hepworth, L.J.; Turner, N.J.; Flitsch, S.L. Constructing Biocatalytic Cascades: In Vitro and in Vivo Approaches to de

Novo Multi-Enzyme Pathways. ACS Catal. 2017, 7, 710–724. [CrossRef]
10. Xu, M.-Q.; Wang, S.-S.; Li, L.-N.; Gao, J.; Zhang, Y.-W. Combined cross-linked enzyme aggregates as biocatalysts. Catalysts 2018,

8, 460. [CrossRef]
11. Yourno, J.; Kohno, T.; Roth, J.R. Enzyme evolution: Generation of a bifunctional enzyme by fusion of adjacent genes. Nature 1970,

228, 820–824. [CrossRef] [PubMed]
12. Tsoka, S.; Ouzounis, C.A. Prediction of protein interactions: Metabolic enzymes are frequently involved in gene fusion. Nat.

Genet. 2000, 26, 141–142. [CrossRef] [PubMed]
13. Bulow, L. Characterization of an artificial bifunctional enzyme, beta-galactosidase/galactokinase, prepared by gene fusion. Eur. J.

Biochem. 1987, 163, 443–448. [CrossRef] [PubMed]
14. Roberts, I.N.; Jeenes, D.J.; MacKenzie, D.A.; Wilkinson, A.P.; Sumner, I.G.; Archer, D.B. Heterologous gene expression in Aspergillus

niger: A glucoamylase-porcine pancreatic prophospholipase A2 fusion protein is secreted and processed to yield mature enzyme.
Gene 1992, 122, 155–161. [CrossRef] [PubMed]

15. Du, L.; Cui, X.; Li, H.; Wang, Y.; Fan, L.; He, R.; Jiang, F.; Yu, A.; Xiao, D.; Ma, L. Enhancing the enzymatic hydrolysis efficiency of
lignocellulose assisted by artificial fusion enzyme of swollenin-xylanase. Ind. Crop. Prod. 2021, 173, 114106. [CrossRef]

16. Xia, Y.; Wu, Z.; He, R.; Gao, Y.; Qiu, Y.; Cheng, Q.; Ma, X.; Wang, Z. Simultaneous degradation of two mycotoxins enabled by a
fusion enzyme in food-grade recombinant Kluyveromyces lactis. Bioresour. Bioprocess. 2021, 8, 62. [CrossRef]

17. Liao, L.; Zhang, Y.; Wang, Y.; Fu, Y.; Zhang, A.; Qiu, R.; Yang, S.; Fang, B. Construction and characterization of a novel glucose
dehydrogenase-leucine dehydrogenase fusion enzyme for the biosynthesis of l-tert-leucine. Microb. Cell Fact. 2021, 20, 3.
[CrossRef]

18. Fabara, A.N.; Fraaije, M.W. Production of indigo through the use of a dual-function substrate and a bifunctional fusion enzyme.
Enzym. Microb. Technol. 2020, 142, 109692. [CrossRef]

19. Mourelle-Insua, Á.; Aalbers, F.S.; Lavandera, I.; Gotor-Fernández, V.; Fraaije, M.W. What to sacrifice? Fusions of cofactor
regenerating enzymes with Baeyer-Villiger monooxygenases and alcohol dehydrogenases for self-sufficient redox biocatalysis.
Tetrahedron 2019, 75, 1832–1839. [CrossRef]

https://doi.org/10.1016/j.foodchem.2023.137217
https://doi.org/10.1039/D3GC01878D
https://doi.org/10.1021/acs.iecr.3c00832
https://doi.org/10.1021/acs.chemrev.7b00203
https://doi.org/10.1016/j.biotechadv.2015.02.014
https://doi.org/10.1021/acs.chemrev.7b00033
https://doi.org/10.1016/j.jbiotec.2016.03.052
https://doi.org/10.1016/j.bej.2017.08.011
https://doi.org/10.1021/acscatal.6b02979
https://doi.org/10.3390/catal8100460
https://doi.org/10.1038/228820a0
https://www.ncbi.nlm.nih.gov/pubmed/4920435
https://doi.org/10.1038/79847
https://www.ncbi.nlm.nih.gov/pubmed/11017064
https://doi.org/10.1111/j.1432-1033.1987.tb10889.x
https://www.ncbi.nlm.nih.gov/pubmed/3104037
https://doi.org/10.1016/0378-1119(92)90043-O
https://www.ncbi.nlm.nih.gov/pubmed/1452022
https://doi.org/10.1016/j.indcrop.2021.114106
https://doi.org/10.1186/s40643-021-00395-1
https://doi.org/10.1186/s12934-020-01501-2
https://doi.org/10.1016/j.enzmictec.2020.109692
https://doi.org/10.1016/j.tet.2019.02.015


Catalysts 2023, 13, 1488 3 of 3

20. Baklouti, Z.; Delattre, C.; Pierre, G.; Gardarin, C.; Abdelkafi, S.; Michaud, P.; Dubessay, P. Biochemical characterization of a
bifunctional enzyme constructed by the fusion of a glucuronan lyase and a chitinase from Trichoderma sp. Life 2020, 10, 234.
[CrossRef]

21. Alonso, S.; Santiago, G.; Cea-Rama, I.; Fernandez-Lopez, L.; Coscolín, C.; Modregger, J.; Ressmann, A.K.; Martínez-Martínez, M.;
Marrero, H.; Bargiela, R.; et al. Genetically engineered proteins with two active sites for enhanced biocatalysis and synergistic
chemo- and biocatalysis. Nat. Catal. 2020, 3, 319–328. [CrossRef]

22. Fernandez-Lopez, L.; Roda, S.; Gonzalez-Alfonso, J.L.; Plou, F.J.; Guallar, V.; Ferrer, M. Design and Characterization of In-One
Protease-Esterase PluriZyme. Int. J. Mol. Sci. 2022, 23, 13337. [CrossRef]

23. Roda, S.; Fernandez-Lopez, L.; Benedens, M.; Bollinger, A.; Thies, S.; Schumacher, J.; Coscolín, C.; Kazemi, M.; Santiago, G.;
Gertzen, C.G.W.; et al. A Plurizyme with Transaminase and Hydrolase Activity Catalyzes Cascade Reactions. Angew. Chem.—Int.
Ed. 2022, 61, e202207344. [CrossRef]

24. Schmid-Dannert, C.; López-Gallego, F. Advances and opportunities for the design of self-sufficient and spatially organized
cell-free biocatalytic systems. Curr. Opin. Chem. Biol. 2019, 49, 97–104. [CrossRef]

25. Tan, Z.; Cheng, H.; Chen, G.; Ju, F.; Fernández-Lucas, J.; Zdarta, J.; Jesionowski, T.; Bilal, M. Designing multifunctional biocatalytic
cascade system by multi-enzyme co-immobilization on biopolymers and nanostructured materials. Int. J. Biol. Macromol. 2023,
227, 535–550. [CrossRef]

26. Júnior, A.A.D.T.; Ladeira, Y.F.X.; França, A.D.S.; Souza, R.O.M.A.; Moraes, A.H.; Wojcieszak, R.; Itabaiana, I.; Miranda, A.S. Multi-
catalytic hybrid materials for biocatalytic and chemoenzymatic cascades—Strategies for multicatalyst (Enzyme) co-immobilization.
Catalysts 2021, 11, 936. [CrossRef]

27. Xu, K.; Chen, X.; Zheng, R.; Zheng, Y. Immobilization of Multi-Enzymes on Support Materials for Efficient Biocatalysis. Front.
Bioeng. Biotechnol. 2020, 8, 660. [CrossRef]

28. Andrés-Sanz, D.; Diamanti, E.; Di Silvo, D.; Gurauskis, J.; López-Gallego, F. Selective Coimmobilization of His-Tagged Enzymes
on Yttrium-Stabilized Zirconia-Based Membranes for Continuous Asymmetric Bioreductions. ACS Appl. Mater. Interfaces 2022, 14,
4285–4296. [CrossRef]

29. Ali, M.Y.; Chang, Q.; Su, Y.; Wu, J.; Yan, Q.; Yin, L.; Zhang, Y.; Feng, Y. Ordered Coimmobilization of Multimeric Enzyme Arrays
with Enhanced Biocatalytic Cascade Performance. ACS Appl. Bio Mater. 2021, 4, 3027–3034. [CrossRef]

30. Li, Y.; Wang, J.; Huang, F.; Zhang, Y.; Zheng, M. DNA-directed coimmobilization of multiple enzymes on organic−inorganic
hybrid DNA flowers. Front. Bioeng. Biotechnol. 2022, 10, 951394. [CrossRef]

31. Luo, J.; Ma, L.; Svec, F.; Tan, T.; Lv, Y. Reversible Two-Enzyme Coimmobilization on pH-Responsive Imprinted Monolith for
Glucose Detection. Biotechnol. J. 2019, 14, 1900028. [CrossRef] [PubMed]

32. Grajales-Hernández DADiamanti, E.; Moro, R.; Velasco-Lozano, S.; Pires ELópez-Gallego, F. Spatial Organization of Immobilized
Multienzyme Systems Improves the Deracemization of Alkyl Glyceryl Ethers. ACS Catal. 2023, 13, 15620–15632. [CrossRef]

33. Zhang, Y.; Tsitkov, S.; Hess, H. Proximity does not contribute to activity enhancement in the glucose oxidase-horseradish
peroxidase cascade. Nat. Commun. 2016, 7, 13982. [CrossRef]

34. Idan, O.; Hess, H. Diffusive transport phenomena in artificial enzyme cascades on scaffolds. Nat. Nanotechnol. 2012, 7, 769–770.
[CrossRef]

35. Arana-Peña, S.; Carballares, D.; Morellon-Sterlling, R.; Berenguer-Murcia, Á.; Alcántara, A.R.; Rodrigues, R.C.; Fernandez-
Lafuente, R. Enzyme co-immobilization: Always the biocatalyst designers’ choice. . .or not? Biotechnol. Adv. 2021, 51, 107584.
[CrossRef] [PubMed]

36. 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. [CrossRef]

37. 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. [CrossRef]

38. Carballares, D.; Rocha-Martin, J.; Fernandez-Lafuente, R. Chemical amination of immobilized enzymes for enzyme coimmobiliza-
tion: Reuse of the most stable immobilized and modified enzyme. Int. J. Biol. Macromol. 2022, 208, 688–697. [CrossRef]

39. Arana-Peña, S.; Mendez-Sanchez, C.; Rios, N.S.; Ortiz, C.; Gonçalves, L.R.B.; Fernandez-Lafuente, R. New applications of
glyoxyl-octyl agarose in lipases co-immobilization: Strategies to reuse the most stable lipase. Int. J. Biol. Macromol. 2019, 131,
989–997. [CrossRef]

40. Morellon-Sterling, R.; Carballares, D.; Arana-Peña, S.; Siar, E.-H.; Braham, S.A.; Fernandez-Lafuente, R. Advantages of Supports
Activated with Divinyl Sulfone in Enzyme Coimmobilization: Possibility of Multipoint Covalent Immobilization of the Most
Stable Enzyme and Immobilization via Ion Exchange of the Least Stable Enzyme. ACS Sustain. Chem. Eng. 2021, 9, 7508–7518.
[CrossRef]

41. Høst, A.V.; Morellon-Sterling, R.; Carballares, D.; Woodley, J.M.; Fernandez-Lafuente, R. Co-Enzymes with Dissimilar Stabilities:
A Discussion of the Likely Biocatalyst Performance Problems and Some Potential Solutions. Catalysts 2022, 12, 1570. [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.

https://doi.org/10.3390/life10100234
https://doi.org/10.1038/s41929-019-0394-4
https://doi.org/10.3390/ijms232113337
https://doi.org/10.1002/anie.202207344
https://doi.org/10.1016/j.cbpa.2018.11.021
https://doi.org/10.1016/j.ijbiomac.2022.12.074
https://doi.org/10.3390/catal11080936
https://doi.org/10.3389/fbioe.2020.00660
https://doi.org/10.1021/acsami.1c20738
https://doi.org/10.1021/acsabm.0c01148
https://doi.org/10.3389/fbioe.2022.951394
https://doi.org/10.1002/biot.201900028
https://www.ncbi.nlm.nih.gov/pubmed/31116006
https://doi.org/10.1021/acscatal.3c02615
https://doi.org/10.1038/ncomms13982
https://doi.org/10.1038/nnano.2012.222
https://doi.org/10.1016/j.biotechadv.2020.107584
https://www.ncbi.nlm.nih.gov/pubmed/32668324
https://doi.org/10.1039/D2CS00083K
https://doi.org/10.1016/j.biotechadv.2015.03.006
https://doi.org/10.1016/j.ijbiomac.2022.03.151
https://doi.org/10.1016/j.ijbiomac.2019.03.163
https://doi.org/10.1021/acssuschemeng.1c01065
https://doi.org/10.3390/catal12121570

	Introduction 
	References

