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Abstract: During recent decades, the use of enzymes or chemoenzymatic cascades for organic
chemistry has gained much importance in fundamental and industrial research. Moreover, several
enzymatic and chemoenzymatic reactions have also served in green and sustainable manufacturing
processes especially in fine chemicals, pharmaceutical, and flavor/fragrance industries. Unfortu-
nately, only a few processes have been applied at industrial scale because of the low stabilities of
enzymes along with the problematic processes of their recovery and reuse. Immobilization and
co-immobilization offer an ideal solution to these problems. This review gives an overview of all the
pathways for enzyme immobilization and their use in integrated enzymatic and chemoenzymatic
processes in cascade or in a one-pot concomitant execution. We place emphasis on the factors that
must be considered to understand the process of immobilization. A better understanding of this
fundamental process is an essential tool not only in the choice of the best route of immobilization but
also in the understanding of their catalytic activity.

Keywords: enzymes; immobilization; chemoenzymatic cascades; biocatalysis; nanomaterials

1. Introduction

Biocatalysis has been recognized as a valuable tool for the development of more sus-
tainable methods in organic synthesis [1]. In the synthesis of fine chemicals, the remarkable
chemo-, regio-, and stereoselectivity of enzymes and their ability to operate under mild
conditions might not only allow for the development of alternatives to some methods
based on traditional non-enzymatic catalysts but also broaden the repertoire of synthetic
routes to a given compound to include greener (chemo)enzymatic routes [2,3]. Moreover,
biocatalysts are biodegradable and obtained from renewable sources and can convert
renewable biomass to commodity chemicals, thus playing a key role in the transition of a
petroleum-based economy to a biobased economy [4].

The development of recombinant DNA technology in the 1970s, as well as advances in
protein engineering and bioinformatics in recent decades, have made a huge contribution
to expanding the use of enzymes in organic synthesis by providing tools to overcome
limitations traditionally associated with biocatalysis [4–6]. Prospection and production
of enzymes has become easier, thus widening the repertoire of available biocatalysts, and
methods for optimization of enzymatic properties, such as scope, activity, selectivity, and
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stability have been developed. Nevertheless, the use of enzymes in industrial processes
for the obtaining of fine chemicals remains challenging. An important aspect of the de-
velopment of a cost-effective and industrially suitable biocatalytic process relies on the
recycling and recovery of the biocatalyst [7]. This issue has been addressed by immobiliza-
tion. Immobilization not only makes enzymes recoverable and reusable but also improves
their tolerance to organic solvents, by suppressing aggregation and denaturation caused
by unfolding, and enables them to be used in continuous flow reactors [4,8,9]. Although
immobilization usually leads to a decrease in enzymatic activity, this is compensated by
reusability and stability, thus leading to higher productivity [4].

Cascade reactions are considered an important approach for the development of
greener processes in organic synthesis. Performing two or more concurrent or consecu-
tive reactions in a one-pot fashion without isolation of intermediates may lead to more
selective reactions due to fast removing of unstable intermediates, increase yields by shift-
ing equilibrium in reversible reactions, lead to overall higher atom economy, reduce the
generation of waste and consumption of resources and result in economic and environ-
mental benefits [10,11]. Advantages of biocatalysis can be brought together with benefits
of cascade reactions through the combination of enzymes in multi-enzymatic multistep
processes [10,12–17] as well as the combination of enzymes and non-enzymatic catalysts,
such as metals, in chemoenzymatic cascades [13,18,19]. Although multi-enzymatic catalysis
is facilitated by compatibility and usually similar operational conditions between enzymes,
chemoenzymatic cascades are more challenging due to incompatibility issues. On the
other hand, chemoenzymatic cascades offer opportunities to combine the strengths of
both biocatalysis and the chemocatalysis field, thus broaden possibilities and bringing
versatility [20–23].

In the current above-described scenario, co-immobilization of multi(bio)catalysts in
a single support to give materials with multicatalytic function offers the traditional ad-
vantages associated with immobilization itself, such as improvement of catalysts stability
and recovery, as well as additional benefits that have the potential to improve cascade effi-
ciency and overcome typical challenges inherent to the development of cascade processes.
For instance, co-immobilization can bring different (bio)catalysts in close proximity, thus
avoiding diffusion of intermediates to the reaction media bulk, in a similar way to natural
biochemical cascades, and allows for synergetic effects between catalysts. Conversely, co-
immobilization of enzymes and chemocatalysts can offer compartmentalization strategies
to overcome incompatibility issues [15,16,24–26]. Co-immobilization of (bio)catalysts is a
promising but also challenging field whose advances might come from multidisciplinary
efforts involving areas such as chemistry, biology, and material sciences. Herein we de-
scribe immobilization techniques and strategies for co-immobilization of multibiocatalysts
as well as the combination of enzymes and chemocatalysts to provide multicatalytic hybrid
materials. The basis of most common immobilization techniques is covered and strategies
for obtaining multicatalytic materials designed to promote cascade reactions towards the
synthesis of fine chemicals are highlighted.

2. Co-Immobilization of Enzymes
2.1. Co-Immobilization of Enzymes into Solid Supports

Enzymes are an intelligent and interesting option to be used as catalyst in chemical
reactions, mainly due to their high activity and unique selectivity. In the recent years, the
use of enzymes has become more popular in chemical and food processing [27], being
the efficiency of catalytic activity dependent on reaction parameters such as pH, solvent
and temperature, as well as the type of enzyme studied. Enzymes can be used in free
or immobilized form for biocatalytic process [28]. Unfortunately, immobilized enzymes
still suffer from higher prices compared to the free form, despite the stability and activity
improvements that can be achieved by immobilization techniques [29].

Since 1916, immobilization of biocatalyst into solid supports had been growing in-
tensely, allowing its use in several biocatalytic processes and generating a great scien-
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tific impact [30]. Since the early ages of enzyme immobilization, several immobilization
techniques have been reported with different enzyme types and functions [31–38]. Im-
mobilization of enzymes into support provides convenient handling and separation of
the biocatalyst from reaction medium. Furthermore, it often increases enzyme stability
towards denaturation by autolysis, denaturation by organic solvents or by heat, as well as
boosting the enzyme activity in some cases, which results from the creation of a microenvi-
ronment in which the enzyme acts, in contrast to the bulk solution [39,40]. Additionally,
these supported enzymes can be used for several applications such as biomedical [41],
biosensors [42], analytical determinations [43], biocatalyzed reactions [44], analytical, and
preparative separations [45].

Immobilization of enzymes can be defined as the attachment of the target molecules to
a support resulting in reduced or complete loss of their mobility. In most cases, immobiliza-
tion can lead to partial or total loss of biocatalytic activity. The decrease in activity can arise
from changes in protein conformation after immobilization, structural modifications on the
protein during immobilization, or changes in the protein microenvironment resulting from
its interaction with the support [46]. To retain a maximum enzymatic activity, the origins of
these effects need to be understood, especially those related to the structural organization
of the protein on the immobilization surface [47].

It is widely believed that the loss in activity is due to attachment of proteins on the
immobilization support through several amino acid residues [48]. This results in a random
orientation of the immobilized biomolecule and in increased structural deformation due
to multipoint attachment. Several researchers have explored ways to orient proteins on
surfaces, such that orderly organization, single point attachment and accessibility of the
active site (or binding site) are possible [49].

The preservation of native structure requires careful determination of attachment sites
most resistant to conformational change prior to immobilization. It was claimed that such
conformationally oriented immobilization strategy would lead to good steric accessibility
of the active binding site and to increased overall stability of the protein. Thus, for example,
sites that are localized far from the binding site, such as carbohydrate side chains of glyco-
proteins, or cysteine residues that can be introduced by site-directed mutagenesis at desired
locations, are good candidates for immobilization [49]. Most random immobilizations
occur through exposed residues such as lysine, which are usually located on the surfaces
of the proteins and are not involved in the binding site. However, there is a possibility
of multipoint attachments resulting in loss of activity, due to conformational changes or
obstruction of the binding site of the immobilized protein [50].

In 2013, Sheldon and Pelt [9] proposed the categorization of enzyme immobilization
techniques into three main categories: adsorption, covalent bonding and entrapment.
The first category is a physical method dependent on adsorption forces and electrostatic
interactions between the enzyme and a matrix. Immobilization by covalent bond involves
formation of a covalent bond between the terminal residues of the biomolecule and a
functional group on the support, while encapsulation or microencapsulation methods
refers to the entrapment of an enzyme in polymeric matrices [9,51].

The immobilization techniques cited herein present some advantages and drawbacks.
Adsorption is usually effective, cheap and simple but frequently reversible, while cova-
lent attachments are durable and effective, but expensive and can reduce the enzyme
performance in some cases. Encapsulation can present diffusional problems and reduce
mass-transfer values, which is inherent in membrane reactor-confinement [11]. The nature
of the support can vary from biopolymers, such as cellulose and chitosan, to synthetic
resins, such as zeolite or silica. However, no specific method or support is suitable for all
enzymes and applications due to differences in composition and chemical characteristics
of enzymes, specific characteristics of the developed process, and the different properties
of substrates and products [52].

Different matrices and materials have been used for the co-immobilization of two or
more biocatalyst for synthetic purposes. Some of them are summarized in Table 1.
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Table 1. Matrices used for co-immobilization of enzymes for synthetic purposes. GDH = glycerol dehydrogenase, PDOR = 1,3-
propanodiol oxidoreductase, GDHt = glycerol-dehydratase, LDH = lactate dehydrogenase, GlDH = glutamate dehydrogenase,
SDR = short-chain dehydrogenase/reductase from Thermus theruophiles, G-DH = glucose dehydrogenase, XDH = xylose
dehydrogenase, ADH = alcohol dehydrogenase, FDH = formate dehydrogenase, FaldDH = formaldehyde dehydrogenase,
ScP = sucrose phosphorylase, CbP = cellobiose phosphorylase, CdP = cellodexrtin phosphorylase,ωTA =ω-transaminase, L-
AlaDH = L-alanine dehydrogenase, CAL-B = Candida antarctica B lipase, β-Gal = β-galactosidase, PDH = polyol dehydrogenase,
CHMO = cyclohexanone monooxygenase, CelA = cellulase, β-Gl = β-glucosidase, GOx = glucose oxidase, α-AMA = α-
amylase, MAM = maltogenic amylase, HRP = horseradish peroxidase, GA = glucoamylase, MCF = mesocellular siliceous
foam, AKR = aldo-keto reductase, D-HA = D-hydantoinase, D-CA = D-carboamylase, DKR = dynamic kinetic resolution,
PaoABC = periplasmic aldehyde oxidase, CAT = catalase, β-FFA = β-fructofuranosidase, MOF = metal–organic framework,
CA = carbonic anhydrase, AGE = N-acyl-D-lucosamine-2-epimerase, NAL = N-acetylneuraminate lyase, CSS = CMP-syalic acid
synthetase, CMP = cytidine monophosphate, BDH = 2,3-butanediol dehydrogenase, P450 = monooxygenase from cytochrome
P450, NHS = N-hydroxy-succinimide.

Matrix Immobilization Method Enzymes Applications

TiO2 nanoparticles adsorption GDH/PDOR/GDHt Conversion of glycerol to
1,3-propanediol [53]

Amberlite-XAD7 adsorption LDH/GlDH Reductive amination of
α-ketoglutarate [54]

Silica gel adsorption SDR/G-DH
Reduction of ethyl

benzoylformate to ethyl
(S)-mandelate [55]

Silica-coated magnetite
nanoparticle adsorption XADH/ADH Oxidation of xylose to xylonic

acid [56,57]

Cellulose membrane adsorption FDH/FaldDH/ADH Methanol synthesis from CO2 [58]

Anioinic macroporous
poly)methyl methacrilate
particles (ReliSorb SP400)

adsorption ScP/CbP/CdP Synthesis of
cello-oligosaccharides [59]

Anioinic macroporous
poly)methyl methacrilate
particles (ReliSorb SP400)

adsorption P450/G-DH C-H hydroxylation reactions [60]

Ni2+-containing agarose beads
Metal coordination,

covalent bond ADH/GlDH Alcohol oxidation, ketone
reduction [61]

Co2+-containing agarose
microbeads

Metal coordination ADH/ωTA/L-AlaDH Alcohol oxidation/reductive
amination cascade [62]

Octyl-agarose beads Adsorption, ion exchange CAL-B/β-Gal Ester hydrolysis [63]

Amino-functionalized
methacrylic polymer Covalent bond PDH/CHMO Alcohol oxidation/Bayer–Villiger

reaction cascade [64]

Amino-functionalized agarose Covalent bond CHMO/G-DH Bayer–Villiger reaction [65]

Epoxy-functionalized agarose Covalent bond P450/G-DH C-H hydroxylation [66]

Amino-functionalized
iron-based magnetic

nanoparticles
Covalent bond CelA/β-Gl/GOx/HRP Carboxymethylcellulose

hydrolysis [67]

Amino-functionalized
iron-based magnetic

nanoparticles

Covalent
bond/Combi-CLEAs α-AMA/MAM Starch conversion to maltose [68]

Amino-functionalized
silver dendrites Covalent bond DOx/GA Starch hydrolysis/glucose

oxidation cascade [69]

Amino-functionalized MCF Covalent bond AKR/G-DH β-ketoester reduction [70]

Alginate Entrapment AKR/G-DH β-ketoester reduction [70]
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Table 1. Cont.

Matrix Immobilization Method Enzymes Applications

Alginate Entrapment LacA/CalA/β-Gl Conversion of lignocellulosic
biomass to saccharides [71]

Epoxy-functionalized silica Covalent bond LDH/G-DH Pyruvate reduction to lactate [72]

Hydrazide-functionalized
methacrylate polymer Covalent bond GOx/HRP Glucose oxidation [73]

Amino-functionalized
polystyrene nanoparticles Covalent bond GOx/HRP Glucose oxidation [74]

Amino-functionalized
silica nanoparticles Covalent bond, protein fusion BDH/FDH Ketone reduction [75]

NHS-magnetic
sepharose beads Covalent bond, protein fusion P450/PdR/PdX Hydroxylation reactions [76]

- Combi-CLEA GOx/HRP Glucose oxidation [77]

- Combi-CLEA ADH/G-DH Ketone reduction [78]

Alginate, chitosan encapsulation D-HA/D-CA Hydantoin DKR and
decarboxylation [79]

Silicious hydrogel encapsulation PaoABC/CAT Aldehyde oxidation [80]

Silicious hydrogel encapsulation β-FFA/GOx Production of lactosucrose from
sucrose and lactose [81,82]

ZIF-8 (MOF) encapsulation ADH/LDH Pyruvate reduction to lactate [83]

ZIF-8 (MOF) encapsulation FDH/GDH Methanol synthesis from CO2 [84]

ZIF-8 (MOF) encapsulation CA/FDH/GDH Formate synthesis from CO2 [85]

Polyurethane hollow
nanofibers encapsulation FDH/FaldDH/ADH/GlDH Methanol synthesis from CO2 [86]

Polymersome encapsulation AGE/NAL/CSS Synthesis of
CMP-N-acetylneuramic acid [87]

2.1.1. Co-Immobilization of Enzymes through Adsorption

Adsorption is the simplest and oldest method of immobilizing enzymes onto supports.
This technique is based on physical adsorption (e.g., hydrogen bonding, hydrophobic
interactions, van der Waals force, and their combinations) of the enzyme onto the surface of
water-insoluble carriers [88]. Adsorbed enzymes are protected from aggregation, proteoly-
sis and interaction with hydrophobic interfaces. This method became popular for enzyme
immobilization because of its simplicity and efficiency [89,90]. Carriers in this segment
must have mechanical and chemical resistance, be insoluble in water and have a high
surface area in order to be eligible for adsorption immobilization protocols [91]. Among the
several supports developed so far, mesoporous silicates are probably the most used [92]. In
1992, the discovery of silicates group with a precise pore size distribution, pore sizes in the
range of 20–300 Å, and amorphous silica surfaces, offered the possibility of adsorbing or
entrapping molecules within their pores [93]. Since the first developments, these supports
have improved the field of enzyme immobilization [51]. Mesoporous silicates provide a
sheltered protected environment in which reactions with its substrates can proceed [94].
The usage of porous silica allows superficial modifications with the introduction of different
functional groups such as alkyl, amino, carboxyl, thiol, among others aiming to enable
repulsion or electrostatic attraction between the silicate support and the biological molecule
of interest [95–98].

Natural and modified activated carbon-based materials have been explored as carrier
for enzyme immobilization. Activated carbon-based materials showing high surface area
ranging between 600 and 1000 m2·g−1 and pore volumes between 300 and 1000
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been described to be ideal in improving enzyme activity upon their immobilization [99].
The particle size of the material and their porosity are also important parameters that
allow for different strategies in immobilization method. Depending on the size of the
pores as well as their arrangement, the accessibility to the enzymes can be affected. In
2002, Novozymes started commercialization of Lipozyme® TL IM, a robust cost-effective
lipase from Thermomyces lanuginosus immobilized on silicate (300–1000 µm particle size).
The large particle size distribution enabled the use of this biocatalyst in a continuous flow
reactor and the hydrophilic carrier retains the required water needed to maintain enzyme
activity in a continuous process. On the other hand, the surface area of 1071 m2·g−1, pore
volume of 1.05 cm3·g−1 and pore diameter of 3.85 nm favor excellent enzyme adsorp-
tion [100]. Agostinelli and co-workers [101] have proposed an ingenious immobilization
process based on polyketone polymer as a support for enzyme immobilization. The immo-
bilization procedure was carried out exclusively via a large number of hydrogen bonds
between the -NH groups of the polypeptide chain and the carbonyl groups of the polymer.
A high binding capacity and extraordinary stable immobilization was observed. More-
over, activity measurements showed that immobilized enzymes retain their fully catalytic
characteristics [102].

Even though some adsorption strategies allow efficient immobilization, it can lead to
structural modifications on the biocatalyst [51,103,104]. Thyparambil and co-workers [103]
reported that loss in α-helix content of silica-adsorbed lysozyme was related to a decrease
in enzyme activity.

An alternative approach is the use of ionic exchange methodology that is also proposed
as a tool to solve some enzyme stability problems [105]. This method is a multipoint
process in which the enzyme interacts with the support only when a high number of ionic
interactions to compensate for the ionic strength of the media is established between the
protein and the polymer. Polyethylenimine (PEI) is perhaps one of the most studied ionic
polymer used on this strategy [106–109]. Modification of immobilized enzymes with PEI
has been proposed as part of a new strategy for enzyme co-immobilization. The possibility
of using ionic polymers for physical crosslinking of the enzyme molecules immobilized via
physical interactions and to prevent enzyme leakage during operation has been recently
discussed. Unfortunately, this was studied in an enzyme biocatalyst modified with PEI for
other goal. The limitation of this methodology may be the release of many enzymes into
the reactor during operation, decreasing the activity of the enzyme and contaminating the
product [110].

2.1.2. Co-Immobilization of Enzymes through Covalent Bonds

An interesting method of enzyme immobilization can be achieved by the formation of
covalent bonds between the biocatalyst and the matrix. Covalent bonds commonly provide
the strongest linkages between enzyme and support, compared with other types of enzyme
immobilization methods and it occurs between functional groups on the surface of support
and amino acid residue on the surface of the enzyme (Table 2).

Table 2. Different methods for covalent binding of enzymes to supports [35,111–114].

Reaction Support-Enzyme Linkage

Diazotization
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immobilized enzymes with PEI has been proposed as part of a new strategy for enzyme 
co-immobilization. The possibility of using ionic polymers for physical crosslinking of the 
enzyme molecules immobilized via physical interactions and to prevent enzyme leakage 
during operation has been recently discussed. Unfortunately, this was studied in an 
enzyme biocatalyst modified with PEI for other goal. The limitation of this methodology 
may be the release of many enzymes into the reactor during operation, decreasing the 
activity of the enzyme and contaminating the product [110]. 

2.1.2. Co-Immobilization of Enzymes through Covalent Bonds 
An interesting method of enzyme immobilization can be achieved by the formation 

of covalent bonds between the biocatalyst and the matrix. Covalent bonds commonly 
provide the strongest linkages between enzyme and support, compared with other types 
of enzyme immobilization methods and it occurs between functional groups on the 
surface of support and amino acid residue on the surface of the enzyme (Table 2). 

Table 2. Different methods for covalent binding of enzymes to supports [35,111–114]. 

Reaction Support-Enzyme Linkage 
Diazotization  

Alkylation and 
arylation 

 

 
Schiff’s base formation 

 

Imidamide formation 
 

Amidation reaction 
 

Thiol-Disulphide 
interchange  

Alkylation and arylation
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2002, Novozymes started commercialization of Lipozyme® TL IM, a robust cost-effective 
lipase from Thermomyces lanuginosus immobilized on silicate (300–1000 μm particle size). 
The large particle size distribution enabled the use of this biocatalyst in a continuous flow 
reactor and the hydrophilic carrier retains the required water needed to maintain enzyme 
activity in a continuous process. On the other hand, the surface area of 1071 m2·g−1, pore 
volume of 1.05 cm3·g−1 and pore diameter of 3.85 nm favor excellent enzyme adsorption 
[100]. Agostinelli and co-workers [101] have proposed an ingenious immobilization 
process based on polyketone polymer as a support for enzyme immobilization. The 
immobilization procedure was carried out exclusively via a large number of hydrogen 
bonds between the -NH groups of the polypeptide chain and the carbonyl groups of the 
polymer. A high binding capacity and extraordinary stable immobilization was observed. 
Moreover, activity measurements showed that immobilized enzymes retain their fully 
catalytic characteristics [102]. 

Even though some adsorption strategies allow efficient immobilization, it can lead to 
structural modifications on the biocatalyst [51,103,104]. Thyparambil and co-workers 
[103] reported that loss in α-helix content of silica-adsorbed lysozyme was related to a 
decrease in enzyme activity. 

An alternative approach is the use of ionic exchange methodology that is also 
proposed as a tool to solve some enzyme stability problems [105]. This method is a 
multipoint process in which the enzyme interacts with the support only when a high 
number of ionic interactions to compensate for the ionic strength of the media is 
established between the protein and the polymer. Polyethylenimine (PEI) is perhaps one 
of the most studied ionic polymer used on this strategy [106–109]. Modification of 
immobilized enzymes with PEI has been proposed as part of a new strategy for enzyme 
co-immobilization. The possibility of using ionic polymers for physical crosslinking of the 
enzyme molecules immobilized via physical interactions and to prevent enzyme leakage 
during operation has been recently discussed. Unfortunately, this was studied in an 
enzyme biocatalyst modified with PEI for other goal. The limitation of this methodology 
may be the release of many enzymes into the reactor during operation, decreasing the 
activity of the enzyme and contaminating the product [110]. 

2.1.2. Co-Immobilization of Enzymes through Covalent Bonds 
An interesting method of enzyme immobilization can be achieved by the formation 

of covalent bonds between the biocatalyst and the matrix. Covalent bonds commonly 
provide the strongest linkages between enzyme and support, compared with other types 
of enzyme immobilization methods and it occurs between functional groups on the 
surface of support and amino acid residue on the surface of the enzyme (Table 2). 

Table 2. Different methods for covalent binding of enzymes to supports [35,111–114]. 

Reaction Support-Enzyme Linkage 
Diazotization  

Alkylation and 
arylation 

 

 
Schiff’s base formation 

 

Imidamide formation 
 

Amidation reaction 
 

Thiol-Disulphide 
interchange  
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2002, Novozymes started commercialization of Lipozyme® TL IM, a robust cost-effective 
lipase from Thermomyces lanuginosus immobilized on silicate (300–1000 μm particle size). 
The large particle size distribution enabled the use of this biocatalyst in a continuous flow 
reactor and the hydrophilic carrier retains the required water needed to maintain enzyme 
activity in a continuous process. On the other hand, the surface area of 1071 m2·g−1, pore 
volume of 1.05 cm3·g−1 and pore diameter of 3.85 nm favor excellent enzyme adsorption 
[100]. Agostinelli and co-workers [101] have proposed an ingenious immobilization 
process based on polyketone polymer as a support for enzyme immobilization. The 
immobilization procedure was carried out exclusively via a large number of hydrogen 
bonds between the -NH groups of the polypeptide chain and the carbonyl groups of the 
polymer. A high binding capacity and extraordinary stable immobilization was observed. 
Moreover, activity measurements showed that immobilized enzymes retain their fully 
catalytic characteristics [102]. 

Even though some adsorption strategies allow efficient immobilization, it can lead to 
structural modifications on the biocatalyst [51,103,104]. Thyparambil and co-workers 
[103] reported that loss in α-helix content of silica-adsorbed lysozyme was related to a 
decrease in enzyme activity. 

An alternative approach is the use of ionic exchange methodology that is also 
proposed as a tool to solve some enzyme stability problems [105]. This method is a 
multipoint process in which the enzyme interacts with the support only when a high 
number of ionic interactions to compensate for the ionic strength of the media is 
established between the protein and the polymer. Polyethylenimine (PEI) is perhaps one 
of the most studied ionic polymer used on this strategy [106–109]. Modification of 
immobilized enzymes with PEI has been proposed as part of a new strategy for enzyme 
co-immobilization. The possibility of using ionic polymers for physical crosslinking of the 
enzyme molecules immobilized via physical interactions and to prevent enzyme leakage 
during operation has been recently discussed. Unfortunately, this was studied in an 
enzyme biocatalyst modified with PEI for other goal. The limitation of this methodology 
may be the release of many enzymes into the reactor during operation, decreasing the 
activity of the enzyme and contaminating the product [110]. 

2.1.2. Co-Immobilization of Enzymes through Covalent Bonds 
An interesting method of enzyme immobilization can be achieved by the formation 

of covalent bonds between the biocatalyst and the matrix. Covalent bonds commonly 
provide the strongest linkages between enzyme and support, compared with other types 
of enzyme immobilization methods and it occurs between functional groups on the 
surface of support and amino acid residue on the surface of the enzyme (Table 2). 

Table 2. Different methods for covalent binding of enzymes to supports [35,111–114]. 

Reaction Support-Enzyme Linkage 
Diazotization  

Alkylation and 
arylation 

 

 
Schiff’s base formation 

 

Imidamide formation 
 

Amidation reaction 
 

Thiol-Disulphide 
interchange  

Schiff’s base formation
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2002, Novozymes started commercialization of Lipozyme® TL IM, a robust cost-effective 
lipase from Thermomyces lanuginosus immobilized on silicate (300–1000 μm particle size). 
The large particle size distribution enabled the use of this biocatalyst in a continuous flow 
reactor and the hydrophilic carrier retains the required water needed to maintain enzyme 
activity in a continuous process. On the other hand, the surface area of 1071 m2·g−1, pore 
volume of 1.05 cm3·g−1 and pore diameter of 3.85 nm favor excellent enzyme adsorption 
[100]. Agostinelli and co-workers [101] have proposed an ingenious immobilization 
process based on polyketone polymer as a support for enzyme immobilization. The 
immobilization procedure was carried out exclusively via a large number of hydrogen 
bonds between the -NH groups of the polypeptide chain and the carbonyl groups of the 
polymer. A high binding capacity and extraordinary stable immobilization was observed. 
Moreover, activity measurements showed that immobilized enzymes retain their fully 
catalytic characteristics [102]. 

Even though some adsorption strategies allow efficient immobilization, it can lead to 
structural modifications on the biocatalyst [51,103,104]. Thyparambil and co-workers 
[103] reported that loss in α-helix content of silica-adsorbed lysozyme was related to a 
decrease in enzyme activity. 

An alternative approach is the use of ionic exchange methodology that is also 
proposed as a tool to solve some enzyme stability problems [105]. This method is a 
multipoint process in which the enzyme interacts with the support only when a high 
number of ionic interactions to compensate for the ionic strength of the media is 
established between the protein and the polymer. Polyethylenimine (PEI) is perhaps one 
of the most studied ionic polymer used on this strategy [106–109]. Modification of 
immobilized enzymes with PEI has been proposed as part of a new strategy for enzyme 
co-immobilization. The possibility of using ionic polymers for physical crosslinking of the 
enzyme molecules immobilized via physical interactions and to prevent enzyme leakage 
during operation has been recently discussed. Unfortunately, this was studied in an 
enzyme biocatalyst modified with PEI for other goal. The limitation of this methodology 
may be the release of many enzymes into the reactor during operation, decreasing the 
activity of the enzyme and contaminating the product [110]. 

2.1.2. Co-Immobilization of Enzymes through Covalent Bonds 
An interesting method of enzyme immobilization can be achieved by the formation 

of covalent bonds between the biocatalyst and the matrix. Covalent bonds commonly 
provide the strongest linkages between enzyme and support, compared with other types 
of enzyme immobilization methods and it occurs between functional groups on the 
surface of support and amino acid residue on the surface of the enzyme (Table 2). 

Table 2. Different methods for covalent binding of enzymes to supports [35,111–114]. 

Reaction Support-Enzyme Linkage 
Diazotization  

Alkylation and 
arylation 

 

 
Schiff’s base formation 

 

Imidamide formation 
 

Amidation reaction 
 

Thiol-Disulphide 
interchange  
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2002, Novozymes started commercialization of Lipozyme® TL IM, a robust cost-effective 
lipase from Thermomyces lanuginosus immobilized on silicate (300–1000 μm particle size). 
The large particle size distribution enabled the use of this biocatalyst in a continuous flow 
reactor and the hydrophilic carrier retains the required water needed to maintain enzyme 
activity in a continuous process. On the other hand, the surface area of 1071 m2·g−1, pore 
volume of 1.05 cm3·g−1 and pore diameter of 3.85 nm favor excellent enzyme adsorption 
[100]. Agostinelli and co-workers [101] have proposed an ingenious immobilization 
process based on polyketone polymer as a support for enzyme immobilization. The 
immobilization procedure was carried out exclusively via a large number of hydrogen 
bonds between the -NH groups of the polypeptide chain and the carbonyl groups of the 
polymer. A high binding capacity and extraordinary stable immobilization was observed. 
Moreover, activity measurements showed that immobilized enzymes retain their fully 
catalytic characteristics [102]. 

Even though some adsorption strategies allow efficient immobilization, it can lead to 
structural modifications on the biocatalyst [51,103,104]. Thyparambil and co-workers 
[103] reported that loss in α-helix content of silica-adsorbed lysozyme was related to a 
decrease in enzyme activity. 

An alternative approach is the use of ionic exchange methodology that is also 
proposed as a tool to solve some enzyme stability problems [105]. This method is a 
multipoint process in which the enzyme interacts with the support only when a high 
number of ionic interactions to compensate for the ionic strength of the media is 
established between the protein and the polymer. Polyethylenimine (PEI) is perhaps one 
of the most studied ionic polymer used on this strategy [106–109]. Modification of 
immobilized enzymes with PEI has been proposed as part of a new strategy for enzyme 
co-immobilization. The possibility of using ionic polymers for physical crosslinking of the 
enzyme molecules immobilized via physical interactions and to prevent enzyme leakage 
during operation has been recently discussed. Unfortunately, this was studied in an 
enzyme biocatalyst modified with PEI for other goal. The limitation of this methodology 
may be the release of many enzymes into the reactor during operation, decreasing the 
activity of the enzyme and contaminating the product [110]. 

2.1.2. Co-Immobilization of Enzymes through Covalent Bonds 
An interesting method of enzyme immobilization can be achieved by the formation 

of covalent bonds between the biocatalyst and the matrix. Covalent bonds commonly 
provide the strongest linkages between enzyme and support, compared with other types 
of enzyme immobilization methods and it occurs between functional groups on the 
surface of support and amino acid residue on the surface of the enzyme (Table 2). 

Table 2. Different methods for covalent binding of enzymes to supports [35,111–114]. 

Reaction Support-Enzyme Linkage 
Diazotization  

Alkylation and 
arylation 

 

 
Schiff’s base formation 

 

Imidamide formation 
 

Amidation reaction 
 

Thiol-Disulphide 
interchange  

Amidation reaction
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2002, Novozymes started commercialization of Lipozyme® TL IM, a robust cost-effective 
lipase from Thermomyces lanuginosus immobilized on silicate (300–1000 μm particle size). 
The large particle size distribution enabled the use of this biocatalyst in a continuous flow 
reactor and the hydrophilic carrier retains the required water needed to maintain enzyme 
activity in a continuous process. On the other hand, the surface area of 1071 m2·g−1, pore 
volume of 1.05 cm3·g−1 and pore diameter of 3.85 nm favor excellent enzyme adsorption 
[100]. Agostinelli and co-workers [101] have proposed an ingenious immobilization 
process based on polyketone polymer as a support for enzyme immobilization. The 
immobilization procedure was carried out exclusively via a large number of hydrogen 
bonds between the -NH groups of the polypeptide chain and the carbonyl groups of the 
polymer. A high binding capacity and extraordinary stable immobilization was observed. 
Moreover, activity measurements showed that immobilized enzymes retain their fully 
catalytic characteristics [102]. 

Even though some adsorption strategies allow efficient immobilization, it can lead to 
structural modifications on the biocatalyst [51,103,104]. Thyparambil and co-workers 
[103] reported that loss in α-helix content of silica-adsorbed lysozyme was related to a 
decrease in enzyme activity. 

An alternative approach is the use of ionic exchange methodology that is also 
proposed as a tool to solve some enzyme stability problems [105]. This method is a 
multipoint process in which the enzyme interacts with the support only when a high 
number of ionic interactions to compensate for the ionic strength of the media is 
established between the protein and the polymer. Polyethylenimine (PEI) is perhaps one 
of the most studied ionic polymer used on this strategy [106–109]. Modification of 
immobilized enzymes with PEI has been proposed as part of a new strategy for enzyme 
co-immobilization. The possibility of using ionic polymers for physical crosslinking of the 
enzyme molecules immobilized via physical interactions and to prevent enzyme leakage 
during operation has been recently discussed. Unfortunately, this was studied in an 
enzyme biocatalyst modified with PEI for other goal. The limitation of this methodology 
may be the release of many enzymes into the reactor during operation, decreasing the 
activity of the enzyme and contaminating the product [110]. 

2.1.2. Co-Immobilization of Enzymes through Covalent Bonds 
An interesting method of enzyme immobilization can be achieved by the formation 

of covalent bonds between the biocatalyst and the matrix. Covalent bonds commonly 
provide the strongest linkages between enzyme and support, compared with other types 
of enzyme immobilization methods and it occurs between functional groups on the 
surface of support and amino acid residue on the surface of the enzyme (Table 2). 

Table 2. Different methods for covalent binding of enzymes to supports [35,111–114]. 

Reaction Support-Enzyme Linkage 
Diazotization  

Alkylation and 
arylation 

 

 
Schiff’s base formation 

 

Imidamide formation 
 

Amidation reaction 
 

Thiol-Disulphide 
interchange  Thiol-Disulphide interchange
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2002, Novozymes started commercialization of Lipozyme® TL IM, a robust cost-effective 
lipase from Thermomyces lanuginosus immobilized on silicate (300–1000 μm particle size). 
The large particle size distribution enabled the use of this biocatalyst in a continuous flow 
reactor and the hydrophilic carrier retains the required water needed to maintain enzyme 
activity in a continuous process. On the other hand, the surface area of 1071 m2·g−1, pore 
volume of 1.05 cm3·g−1 and pore diameter of 3.85 nm favor excellent enzyme adsorption 
[100]. Agostinelli and co-workers [101] have proposed an ingenious immobilization 
process based on polyketone polymer as a support for enzyme immobilization. The 
immobilization procedure was carried out exclusively via a large number of hydrogen 
bonds between the -NH groups of the polypeptide chain and the carbonyl groups of the 
polymer. A high binding capacity and extraordinary stable immobilization was observed. 
Moreover, activity measurements showed that immobilized enzymes retain their fully 
catalytic characteristics [102]. 

Even though some adsorption strategies allow efficient immobilization, it can lead to 
structural modifications on the biocatalyst [51,103,104]. Thyparambil and co-workers 
[103] reported that loss in α-helix content of silica-adsorbed lysozyme was related to a 
decrease in enzyme activity. 

An alternative approach is the use of ionic exchange methodology that is also 
proposed as a tool to solve some enzyme stability problems [105]. This method is a 
multipoint process in which the enzyme interacts with the support only when a high 
number of ionic interactions to compensate for the ionic strength of the media is 
established between the protein and the polymer. Polyethylenimine (PEI) is perhaps one 
of the most studied ionic polymer used on this strategy [106–109]. Modification of 
immobilized enzymes with PEI has been proposed as part of a new strategy for enzyme 
co-immobilization. The possibility of using ionic polymers for physical crosslinking of the 
enzyme molecules immobilized via physical interactions and to prevent enzyme leakage 
during operation has been recently discussed. Unfortunately, this was studied in an 
enzyme biocatalyst modified with PEI for other goal. The limitation of this methodology 
may be the release of many enzymes into the reactor during operation, decreasing the 
activity of the enzyme and contaminating the product [110]. 

2.1.2. Co-Immobilization of Enzymes through Covalent Bonds 
An interesting method of enzyme immobilization can be achieved by the formation 

of covalent bonds between the biocatalyst and the matrix. Covalent bonds commonly 
provide the strongest linkages between enzyme and support, compared with other types 
of enzyme immobilization methods and it occurs between functional groups on the 
surface of support and amino acid residue on the surface of the enzyme (Table 2). 

Table 2. Different methods for covalent binding of enzymes to supports [35,111–114]. 

Reaction Support-Enzyme Linkage 
Diazotization  

Alkylation and 
arylation 

 

 
Schiff’s base formation 

 

Imidamide formation 
 

Amidation reaction 
 

Thiol-Disulphide 
interchange  

Schiff’s base formation
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Schiff’s base formation 
 

Ugi reaction 

 
Mercury-sulfide 

formation  
Gamma-Irradiation 
induced coupling  

M = matrix radical; E = enzyme radical 

The different possibilities of interactions allow the investigation of different matrices 
and its functional groups, such as synthetic polymers and biopolymers, with the great 
advantage of localization of enzyme on support surface [115]. 

Polymeric materials are commonly used for controlled drug delivery and as support 
for biomolecules. Modification of the surface of enzymes, using synthetic biocompatible 
polymers such as poly(ethylene glycol) (PEG) [8], is a well-established tool to increase the 
functional stability of the enzyme [101]. Polymers containing hydroxyl, amino, amide, and 
carboxyl groups have been used for enzyme immobilization, and, because of their 
advantages, polymer supports have gained more attention for applications in biosensors 
and biochips in recent years [36,113]. 

Biopolymers or biopolymer blends are also of considerable importance on 
immobilization and have been widely used as supports for biocatalyst reactions as they 
are mainly water-insoluble polysaccharides [116–118]. These materials form an inert 
aqueous gel characterized by high gel strength, even at low concentration. Moreover, due 
to their chemical characteristics they may be prepared to bind enzymes in a reversible or 
irreversible way. In addition, they are relatively cheap and environmentally friendly. 
Likewise, with the usage of bifunctional reagents, it is possible to create cross-links that 
strengthen their structure, increasing their thermal and mechanical resistance [119]. 

Among all biopolymers, cellulose is one of the most important biomass resources due 
to its abundance. On the other hand, with the rapid progression of nanotechnology, 
“nanocellulose” has emerged as a material with properties such as distinct morphology 
and geometrical dimensions, high specific surface area and mechanical robustness which 
make it greatly useful as support for enzyme immobilization [120,121]. The low toxicity, 
great renewability and biodegradability of cellulose and nanocellulose matrix have made 
them commonplace in industrial applications. Similarly, various enzymes, such as laccase 
[122], cyclodextrin glucanotransferase [123], glucose oxidase, Penicillin G acylase [124], 
and lipases from Candida rugosa [125] have been immobilized onto diverse forms of 
cellulose. 

Chitosan is a biomolecule derivative from chitin, this copolymer of glucosamine and 
N-acetyl glucosamine is obtained via the N-deacetylation of chitin [126]. Chitin is another 
naturally abundant polymer, which is transformed into chitosan via enzymatic 
deacetylation or chemical treatment [127]. In fact, advances in nanocarrier area show 
different forms to fashion a chitosan support [128], since despite numerous advantages of 
chitosan, the use of the biopolymer in a blend is more advantageous because the pure 
biopolymer is not sufficiently robust for extensive use under industrial settings due to 
bead softness and sensitiveness to pH, particularly to acidic media [129]. Researchers have 
already used a hybrid biopolymer composite of chitosan and chitin nanowhiskers as 
support material. This blend presents advantages such as mechanical strength, 
biocompatibility and non-toxicity, as well as the high concentrations of surface amino and 
hydroxyl groups that can facilitate the crosslinking to the enzyme [130]. 

Ugi reaction
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Schiff’s base formation 
 

Ugi reaction 

 
Mercury-sulfide 

formation  
Gamma-Irradiation 
induced coupling  

M = matrix radical; E = enzyme radical 

The different possibilities of interactions allow the investigation of different matrices 
and its functional groups, such as synthetic polymers and biopolymers, with the great 
advantage of localization of enzyme on support surface [115]. 

Polymeric materials are commonly used for controlled drug delivery and as support 
for biomolecules. Modification of the surface of enzymes, using synthetic biocompatible 
polymers such as poly(ethylene glycol) (PEG) [8], is a well-established tool to increase the 
functional stability of the enzyme [101]. Polymers containing hydroxyl, amino, amide, and 
carboxyl groups have been used for enzyme immobilization, and, because of their 
advantages, polymer supports have gained more attention for applications in biosensors 
and biochips in recent years [36,113]. 

Biopolymers or biopolymer blends are also of considerable importance on 
immobilization and have been widely used as supports for biocatalyst reactions as they 
are mainly water-insoluble polysaccharides [116–118]. These materials form an inert 
aqueous gel characterized by high gel strength, even at low concentration. Moreover, due 
to their chemical characteristics they may be prepared to bind enzymes in a reversible or 
irreversible way. In addition, they are relatively cheap and environmentally friendly. 
Likewise, with the usage of bifunctional reagents, it is possible to create cross-links that 
strengthen their structure, increasing their thermal and mechanical resistance [119]. 

Among all biopolymers, cellulose is one of the most important biomass resources due 
to its abundance. On the other hand, with the rapid progression of nanotechnology, 
“nanocellulose” has emerged as a material with properties such as distinct morphology 
and geometrical dimensions, high specific surface area and mechanical robustness which 
make it greatly useful as support for enzyme immobilization [120,121]. The low toxicity, 
great renewability and biodegradability of cellulose and nanocellulose matrix have made 
them commonplace in industrial applications. Similarly, various enzymes, such as laccase 
[122], cyclodextrin glucanotransferase [123], glucose oxidase, Penicillin G acylase [124], 
and lipases from Candida rugosa [125] have been immobilized onto diverse forms of 
cellulose. 

Chitosan is a biomolecule derivative from chitin, this copolymer of glucosamine and 
N-acetyl glucosamine is obtained via the N-deacetylation of chitin [126]. Chitin is another 
naturally abundant polymer, which is transformed into chitosan via enzymatic 
deacetylation or chemical treatment [127]. In fact, advances in nanocarrier area show 
different forms to fashion a chitosan support [128], since despite numerous advantages of 
chitosan, the use of the biopolymer in a blend is more advantageous because the pure 
biopolymer is not sufficiently robust for extensive use under industrial settings due to 
bead softness and sensitiveness to pH, particularly to acidic media [129]. Researchers have 
already used a hybrid biopolymer composite of chitosan and chitin nanowhiskers as 
support material. This blend presents advantages such as mechanical strength, 
biocompatibility and non-toxicity, as well as the high concentrations of surface amino and 
hydroxyl groups that can facilitate the crosslinking to the enzyme [130]. 

Mercury-sulfide formation
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Schiff’s base formation 
 

Ugi reaction 

 
Mercury-sulfide 

formation  
Gamma-Irradiation 
induced coupling  

M = matrix radical; E = enzyme radical 

The different possibilities of interactions allow the investigation of different matrices 
and its functional groups, such as synthetic polymers and biopolymers, with the great 
advantage of localization of enzyme on support surface [115]. 

Polymeric materials are commonly used for controlled drug delivery and as support 
for biomolecules. Modification of the surface of enzymes, using synthetic biocompatible 
polymers such as poly(ethylene glycol) (PEG) [8], is a well-established tool to increase the 
functional stability of the enzyme [101]. Polymers containing hydroxyl, amino, amide, and 
carboxyl groups have been used for enzyme immobilization, and, because of their 
advantages, polymer supports have gained more attention for applications in biosensors 
and biochips in recent years [36,113]. 

Biopolymers or biopolymer blends are also of considerable importance on 
immobilization and have been widely used as supports for biocatalyst reactions as they 
are mainly water-insoluble polysaccharides [116–118]. These materials form an inert 
aqueous gel characterized by high gel strength, even at low concentration. Moreover, due 
to their chemical characteristics they may be prepared to bind enzymes in a reversible or 
irreversible way. In addition, they are relatively cheap and environmentally friendly. 
Likewise, with the usage of bifunctional reagents, it is possible to create cross-links that 
strengthen their structure, increasing their thermal and mechanical resistance [119]. 

Among all biopolymers, cellulose is one of the most important biomass resources due 
to its abundance. On the other hand, with the rapid progression of nanotechnology, 
“nanocellulose” has emerged as a material with properties such as distinct morphology 
and geometrical dimensions, high specific surface area and mechanical robustness which 
make it greatly useful as support for enzyme immobilization [120,121]. The low toxicity, 
great renewability and biodegradability of cellulose and nanocellulose matrix have made 
them commonplace in industrial applications. Similarly, various enzymes, such as laccase 
[122], cyclodextrin glucanotransferase [123], glucose oxidase, Penicillin G acylase [124], 
and lipases from Candida rugosa [125] have been immobilized onto diverse forms of 
cellulose. 

Chitosan is a biomolecule derivative from chitin, this copolymer of glucosamine and 
N-acetyl glucosamine is obtained via the N-deacetylation of chitin [126]. Chitin is another 
naturally abundant polymer, which is transformed into chitosan via enzymatic 
deacetylation or chemical treatment [127]. In fact, advances in nanocarrier area show 
different forms to fashion a chitosan support [128], since despite numerous advantages of 
chitosan, the use of the biopolymer in a blend is more advantageous because the pure 
biopolymer is not sufficiently robust for extensive use under industrial settings due to 
bead softness and sensitiveness to pH, particularly to acidic media [129]. Researchers have 
already used a hybrid biopolymer composite of chitosan and chitin nanowhiskers as 
support material. This blend presents advantages such as mechanical strength, 
biocompatibility and non-toxicity, as well as the high concentrations of surface amino and 
hydroxyl groups that can facilitate the crosslinking to the enzyme [130]. 
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M = matrix radical; E = enzyme radical 

The different possibilities of interactions allow the investigation of different matrices 
and its functional groups, such as synthetic polymers and biopolymers, with the great 
advantage of localization of enzyme on support surface [115]. 

Polymeric materials are commonly used for controlled drug delivery and as support 
for biomolecules. Modification of the surface of enzymes, using synthetic biocompatible 
polymers such as poly(ethylene glycol) (PEG) [8], is a well-established tool to increase the 
functional stability of the enzyme [101]. Polymers containing hydroxyl, amino, amide, and 
carboxyl groups have been used for enzyme immobilization, and, because of their 
advantages, polymer supports have gained more attention for applications in biosensors 
and biochips in recent years [36,113]. 

Biopolymers or biopolymer blends are also of considerable importance on 
immobilization and have been widely used as supports for biocatalyst reactions as they 
are mainly water-insoluble polysaccharides [116–118]. These materials form an inert 
aqueous gel characterized by high gel strength, even at low concentration. Moreover, due 
to their chemical characteristics they may be prepared to bind enzymes in a reversible or 
irreversible way. In addition, they are relatively cheap and environmentally friendly. 
Likewise, with the usage of bifunctional reagents, it is possible to create cross-links that 
strengthen their structure, increasing their thermal and mechanical resistance [119]. 

Among all biopolymers, cellulose is one of the most important biomass resources due 
to its abundance. On the other hand, with the rapid progression of nanotechnology, 
“nanocellulose” has emerged as a material with properties such as distinct morphology 
and geometrical dimensions, high specific surface area and mechanical robustness which 
make it greatly useful as support for enzyme immobilization [120,121]. The low toxicity, 
great renewability and biodegradability of cellulose and nanocellulose matrix have made 
them commonplace in industrial applications. Similarly, various enzymes, such as laccase 
[122], cyclodextrin glucanotransferase [123], glucose oxidase, Penicillin G acylase [124], 
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The different possibilities of interactions allow the investigation of different matrices
and its functional groups, such as synthetic polymers and biopolymers, with the great
advantage of localization of enzyme on support surface [115].

Polymeric materials are commonly used for controlled drug delivery and as support
for biomolecules. Modification of the surface of enzymes, using synthetic biocompatible
polymers such as poly(ethylene glycol) (PEG) [8], is a well-established tool to increase the
functional stability of the enzyme [101]. Polymers containing hydroxyl, amino, amide,
and carboxyl groups have been used for enzyme immobilization, and, because of their
advantages, polymer supports have gained more attention for applications in biosensors
and biochips in recent years [36,113].

Biopolymers or biopolymer blends are also of considerable importance on immobi-
lization and have been widely used as supports for biocatalyst reactions as they are mainly
water-insoluble polysaccharides [116–118]. These materials form an inert aqueous gel char-
acterized by high gel strength, even at low concentration. Moreover, due to their chemical
characteristics they may be prepared to bind enzymes in a reversible or irreversible way. In
addition, they are relatively cheap and environmentally friendly. Likewise, with the usage
of bifunctional reagents, it is possible to create cross-links that strengthen their structure,
increasing their thermal and mechanical resistance [119].

Among all biopolymers, cellulose is one of the most important biomass resources
due to its abundance. On the other hand, with the rapid progression of nanotechnology,
“nanocellulose” has emerged as a material with properties such as distinct morphology and
geometrical dimensions, high specific surface area and mechanical robustness which make
it greatly useful as support for enzyme immobilization [120,121]. The low toxicity, great
renewability and biodegradability of cellulose and nanocellulose matrix have made them
commonplace in industrial applications. Similarly, various enzymes, such as laccase [122],
cyclodextrin glucanotransferase [123], glucose oxidase, Penicillin G acylase [124], and
lipases from Candida rugosa [125] have been immobilized onto diverse forms of cellulose.

Chitosan is a biomolecule derivative from chitin, this copolymer of glucosamine and
N-acetyl glucosamine is obtained via the N-deacetylation of chitin [126]. Chitin is another
naturally abundant polymer, which is transformed into chitosan via enzymatic deacetyla-
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tion or chemical treatment [127]. In fact, advances in nanocarrier area show different forms
to fashion a chitosan support [128], since despite numerous advantages of chitosan, the
use of the biopolymer in a blend is more advantageous because the pure biopolymer is
not sufficiently robust for extensive use under industrial settings due to bead softness and
sensitiveness to pH, particularly to acidic media [129]. Researchers have already used a hy-
brid biopolymer composite of chitosan and chitin nanowhiskers as support material. This
blend presents advantages such as mechanical strength, biocompatibility and non-toxicity,
as well as the high concentrations of surface amino and hydroxyl groups that can facilitate
the crosslinking to the enzyme [130].

The materials and general methods mentioned above have been exploited for co-
immobilization of two or more enzymes in a single solid support for enzymatic one-
pot cascade reactions [12,15,16,26,131–133]. Co-immobilization of enzymes is challenging
since the co-immobilization method must be suitable for the different enzymes to be
immobilized and control of the localization of different enzymes and activity ratio might
be required for an efficient cascade. On the other hand, co-immobilization has been
suggested to increase the efficiency of cascade reactions through a “microdomain effect”
by creating specific microenvironments in which intermediates are “pseudo-trapped” by
reversible interactions so that their dilution into the reaction bulky is prevented. The result
is an increased effective concentration of both intermediates and enzymes and improved
transport between different sites, thus leading to more efficient cascade reactions [15].

The simplest strategy for co-immobilizing enzymes is random co-immobilization, which
can be achieved by mixing enzyme solutions with supports [26]. Random co-immobilization
of enzymes by adsorption for cascade reactions has been reported [26,53,54,134,135]. For
instance, Liu and co-workers [55] described the co-immobilization of a short-chain dehy-
drogenase/reductase and a NAD(P)-dependent glucose dehydrogenase on silica gel for the
preparation of ethyl (S)-mandelate from ethyl benzoyl formate. In this cascade reaction, the
short-chain dehydrogenase/reductase catalyzes the enantioselective reduction of a prochiral
carbonyl group at the expense of NADPH as a reducing cofactor, which is then converted
to NADP+. NADPH is then regenerated by oxidation of glucose catalyzed by a glucose
dehydrogenase so that this expansive cofactor is allowed to be used in catalytic amounts,
while the readily available, non-expensive glucose is used as the final reducing agent. Using
the dual-enzyme catalyst, the reaction could be performed in 1.5 h with 72% conversion
and >99% enantiomeric excess. The dual-enzyme catalyst showed improved thermostability
in comparison to the free enzymes and could retain 60% of its activity after being reused
30 times at 55 ◦C. Similarly, co-immobilization of xylose dehydrogenase and an ADH for
cofactor regeneration on magnetite-silica core–shell nanoparticles has been reported and
employed in the obtaining of xylonic acid from xylose [56,57]. In comparison to the free
enzymes, the dual-enzyme catalyst was found to be more effective in a broader range of
temperature (15–35 ◦C) and pH (6–8). Moreover, the dual catalyst showed a half-life four
times higher and retained 65% of its initial activity after five consecutive reaction cycles.

More sophisticated co-immobilization strategies using adsorption as immobiliza-
tion have been recently reported to achieve controlled distribution and localization of
enzymes [16,54,58,136,137]. For instance, Zhong and co-workers [59] reported the use
of protein fusion to obtain three phosphorylases bearing cationic modules composed of
58 amino acids containing multiple histidine residues. Because of the high affinity of the
module to anionic support, a uniform co-immobilization of the enzymes could be achieved,
so that the activity ratio of the enzymes in the as-obtained multicatalytic material could
be controlled. The support used in this work, namely ReliSorb SP400, consists of macro-
porous polymethacrylate particles with 700–200 µm diameter and pores with 80–100 nm
diameter so that the pores were larger and therefore accessible to all the enzymes used
(11–14 nm). The anionic character of the support results from the presence of sulfonate
groups on its surface. The multi-enzymatic catalyst was employed in a cascade reaction for
the production of cello-oligosaccharides from sucrose and glucose. Noteworthy, a proper
activity ratio between the enzymes is a crucial feature in this cascade to avoid the obtaining
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of oligosaccharides with a high degree of polymerization, which precipitates in reaction
media. A different strategy to promote uniform and homogeneous co-immobilization to
achieve colocalization of two enzymes was reported by Rocha-Martín and co-workers [61].
They described the immobilization of an ADH and a GDH as the second enzyme for
cofactor regeneration in agarose beads bearing Ni2+ sites and glyoxyl groups. The ADH
was first immobilized while the GDH was then sequentially immobilized in the presence
of imidazole, which competes with the enzyme for Ni2+ sites. This procedure allowed
for colocalization of enzymes in the same bead and resulted in a more efficient cascade in
comparison to dual catalysts without an optimal distribution of enzymes. Interestingly,
colocalization of three enzymes in the same bead of a support was achieved by Velasco-
Lozano and co-workers [62] by co-immobilizing His-tagged enzymes ADH, L-AlaDH, and
ω-TA (ω-transaminase) into agarose microbeads featuring Co2+ sites. Experiments showed
that the three enzymes could be localized at the outer surface of the porous beads with
4 nm between the enzymes. The multi-enzymatic catalyst was employed in a redox neutral
cascade for the synthesis of amino alcohols from diols. In this process, ADH catalyzes the
oxidation of a terminal hydroxyl group of a diol to give a hydroxyl aldehyde at the expense
of NAD+. The hydroxyl aldehyde is then converted to an amino alcohol in a reaction
catalyzed by a ω-TA that also converts L-alanine, the amine donor, to pyruvate. The
cycle is completed by conversion of pyruvate to L-alanine, which also regenerates NAD+.
Noteworthy, cofactor recycling was found to be more efficient when the cascade was per-
formed with the multi-enzymatic catalyst in comparison to the use of the three enzymes
immobilized in different beads, thus suggesting a beneficial effect of enzyme colocalization.

A challenging feature of co-immobilization is the use of the same conditions for immo-
bilizing different enzymes in the same support, which are usually not the optimal condition
for each enzyme. In addition, co-immobilization usually has the disadvantage that the
stability of the multi-enzymatic catalyst is limited to the stability of the least stable enzyme.
Peirce and co-workers [63] reported a strategy to overcome these issues, which was applied
to the co-immobilization of lipase B of Candida Antarctica (CAL-B) and β-galactosidase
from Aspergillus oryzae (β-gal) through adsorption on octyl-agarose beads. First, CAL-B
is incubated with the support for immobilization through adsorption. The octyl-agarose
beads with adsorbed CAL-B are then treated with a solution of polyethyleneimine (PEI)
to give PEI-coated beads, on which β-gal enzymes are then immobilized through ion
exchange. The introduction of a PEI-coating allowed for the immobilization of β-gal un-
der different conditions to those used for co-immobilization of CAL-B. Importantly, the
protective PEI-layer also allowed for reloading of β-gal without affecting CAL-B, so that
the dual catalyst could be “regenerated” instead of being discharged after deactivation
of the least stable enzyme, thus improving reusability. Experiments showed that β-gal
could be desorbed from the dual catalyst after use by treatment with NaCl solution without
affecting CAL-B activity and loading and new β-gal could be adsorbed onto the PEI-coated
agarose beads containing adsorbed CAL-B.

Co-immobilization of enzymes through covalent binding to supports have been re-
ported to build multi-enzymatic catalyst for cascade reactions [64]. A simple method
for covalent co-immobilization of a Bayer–Villiger monooxygenase (BVMO) and a glu-
cose dehydrogenase (DGH) on amino-functionalized agarose beads through amide bonds
was reported by Delgove and co-workers [65]. Co-immobilization was achieved by in-
cubating both enzymes simultaneously with the support to promote ionic absorption,
followed by the addition of EDC to promote amide bond formation between the en-
zymes and the support and the addition of NaCl to remove enzymes that were not cova-
lently bound to the matrix. The dual-enzyme catalyst was employed in the conversion of
3,3,5-trimethylcyclohexanone to the corresponding ε-caprolactone through a biocatalyzed
Bayer–Villiger reaction, while glucose dehydrogenase was used for cofactor (NADPH)
regeneration. The conditions used for the co-immobilization procedure were determined
as a compromise between the optimum conditions for separate immobilization of each
enzyme since high concentrations of EDC were found to improve BVMO immobilization
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but also to deactivate GDH. The resulting dual-enzyme catalyst presented a BVMO/GDH
dehydrogenase ration of 1:0.5. Notably, the reaction times for the co-immobilized enzymes
were found to be shorter in comparison to the separately immobilized enzymes, which
was ascribed to a better cofactor diffusion between the enzymes in the former. Importantly,
the dual-enzyme catalyst also led to better recyclability and better overall conversion over
15 cycles when compared to free and separately immobilized enzymes. Simultaneous
covalent co-immobilization of enzymes has also been reported as a simple method obtain-
ing a multi-enzymatic catalyst employed in the hydrolysis of carboxymethylcellulose [67].
For this purpose, cellulose, β-glucosidase, glucose oxidase, and horseradish peroxidase
enzymes were co-immobilized onto the surface of amino-functionalized magnetic nanopar-
ticles using the glutaraldehyde method. Co-immobilization led to some loss of activity but
resulted in a multifunctional nanobiocatalyst with improved thermostability that could also
be easily handled and separated from reaction media due to the magnetic properties of the
nanoparticles. Examples of simultaneous or simple sequential covalent co-immobilization
of enzymes for cascade reaction include co-immobilization of glucose oxidase and glu-
coamylase on silver dendrites hierarchical nanostructures for the obtaining of gluconic
acid from starch [69], among others [26,70,72,73,138].

Strategies for controlling the localization of different covalently co-immobilized en-
zymes have been reported. For instance, proximity between two different enzymes in
dual-enzyme catalysts has been achieved by obtaining protein conjugates [74] or combi-
CLEAs [68] and further immobilizing them in into solid supports covalently. A sophisti-
cated strategy was reported by Tan and co-workers [76] to co-immobilize monooxygenase
of Pseudomonas putida (P450cam) together with P. putida ferredoxin (PdX) and ferredoxin
reductase (PdR). This multi-enzymatic system catalyzes reactions that are attractive for
organic syntheses, such as enantioselective epoxidation of alkenes, hydroxylations, and
decarboxylation of fatty acids to produce alkenes. Co-immobilization, however, is challeng-
ing, since the enzymes must be aligned and in close proximity but also maintain mobility.
This goal could be achieved through protein fusion with subunits of the proliferating
cell nuclear antigen (PCNA) from Sulfolobus solfataricus. PCNA is composed of subunits
PCNA1, PCNA2, and PCNA3. By covalently immobilizing PCNA2 on a solid support and
add PCNA1 fused to PdR and PdX and PCNA3 fused to P450cam, the proper localization of
the three enzymes could be achieved through PCNA assembly due to the affinity between
the three subunits.

Co-immobilization of enzymes into solid carriers for the synthesis of fine chemicals
through cascade reactions is a developing field. Despite the so far reported methods and
strategies, such as those mentioned above, new strategies and cascade reactions using
multicatalytic catalysts in preparative scales are still to be developed.

2.2. Cross-Linked Enzymes Aggregates—CLEAs

The carrier-free enzyme immobilization is an alternative to the carrier-bound enzyme
methodologies. The carrier-free immobilization dispenses the need to use expensive
matrices and avoids the volumetric yield reduction caused by the presence of such materials.
One of the most used and promising carrier-free enzyme immobilization methodologies
is the cross-linked enzyme aggregates (CLEAs). CLEAs are generated through covalent
bond formation between free enzymes. Usually, CLEAs are relatively easy to produce and
show a reasonable recovery rate, which impacts their technological application costs [139].
The first production of CLEAs was reported by Cao et al. [140], who developed Penicillin
Acylase CLEAs. The CLEAs production protocols are generally simple, and the first and
one of the most critical steps is enzyme precipitation via the addition of precipitation agents
as salts, organic solvents, and specific polymers. For this reason, CLEAs use is becoming
popular even in biopharmaceuticals production [141]. The most significant difficulty for
CLEAs application is the limited aggregates diffusion in solution and its recovery process.
Those limitations can be diminished using some additives, which will be further described.
In Figure 1, we showed a simplified protocol for CLEAs production.
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Despite being a very empirical process, where many conditions are enzyme-specific, a
resumed description of protocols can be organized. CLEAs production can be summarized
in the following steps: enzyme production, enzyme solution preparation, precipitation,
crosslinking generation, CLEAs characterization.

Enzyme production: Interesting enzymes could be isolated from natural organisms
or produced via heterologous expression in a different organism host. With the develop-
ment of DNA recombinant technology and genetic-engineered hosts, as modified versions
of E. Coli, enzymes’ recombinant production became a prominent strategy for biotechnol-
ogy application of such natural catalysts. Many protocols are available, and they can be
optimized for each enzyme. Different protocols for recombinant enzyme production can
be found in a variety of reviews [142,143]. Purified enzymes are obtained using different
chromatographic techniques. The most common ones are affinity chromatography (usu-
ally Ni2+ affinity chromatography), size-exclusion chromatography, and ion-exchange
chromatography [142].

Enzyme solution preparation: The enzyme solution can be constituted of a purified
enzyme or cell lysate. It is essential to prepare the enzyme solution to enable and favors
the downstream steps: precipitation and crosslinking. Hence some variables are important
to be considered, such as enzyme concentration, which is recommended to be between
2 and 100 mg/mL, and the presence of reactive amino acid residues on enzyme surface
to a crosslinking formation such as lysine [139]. Another important feature is the addi-
tion of additives that can perform different functions in CLEAs production. They can
improve enzyme activity, thermostability, pH stability, solvent stability, immobilization
yield, selectivity, and diffusion rate.

Some additives can be used as co-feeders to prevent protein inactivation due to
excessive cross-links formation or to enhance crosslinking formation when the enzyme has
a low number of reactive residues. Bovine serum albumin (BSA) [144] and soy protein [145]
are examples of additives. Polymers, such as PEI [146], chitosan [147], dextrin [148] and
xanthan [148], and detergents, such as X100 [149], tween 80 [149], and SDS [149], among
other substances, have also being used as additives. The diversity of additives, together
with their variety of functions, gives CLEA’s production and technological applications
many possibilities.
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Recently, promising protocols were developed to facilitate CLEAs recovery after each
reaction by co-immobilizing them on magnetic nanoparticles. Then, the co-immobilized
CLEAs can be easily isolated from the reaction solution by applying an external magnetic
field [150,151]. Another proposed innovation is the addition of porous-making agents,
such as starch, to mitigate intra-particles diffusion limitations [152]. Another interesting
methodology to enhance CLEAs activity is called bioimprinting, in which a substrate,
substrate-analog, cofactor, or cofactor-analog molecule is added to the initial enzyme
solution inducing the bound-enzyme conformation. The presence of ligands stabilizes
active enzyme conformation over the crosslinking formation and can be removed by
washing [139,153]. Diaz-Vidal et al. used olvanil as a bioimprint molecule on the production
of Candida antarctica lipase B (CAL-B) CLEAs. By doing so, they enhanced the enzyme
conversion rate 1.6 times over the CAL-B-CLEA [9].

Enzyme precipitation: Precipitation is carried out by adding precipitation agents to the
enzyme solution. The precipitation agents shall precipitate the enzymes without causing
denaturation or other substantial structural changes. The best precipitation agents can be
selected by performing a screening study with precipitation agents and conditions [151].
The most used precipitation agents are salts [149], (for example, ammonium sulfate, ammo-
nium chloride, and sodium sulfate), organic solvents (for example, acetone [141], tert-butyl
alcohol [145], dimethoxyethane [145], ethanol [151], isopropanol [152]), and specific poly-
mers [151] (for example, polyethylene glycol, chitosan, and polyethyleneimine). Experi-
mental parameters often used to analyze the precipitation process success are precipitation
ratio (the mass of the precipitated enzyme/mass of the original enzyme sample), structural
and activity conservation over precipitation, evaluated by measuring the enzyme activity
before and after the precipitation process by resuspending enzymes in buffer solution.

Crosslinking generation: the covalent-bound aggregates are generated by adding
chemical crosslinking agents in the enzyme precipitates. The most used crosslinking agents
are directed towards amides (glutaraldehyde, polyethyleneimine, diepoxides [154]) and
carbonyls groups (when treated with carbodiimide [155]). Glutaraldehyde is the first-choice
and most characterized crosslinking agent [114]. In addition to varying the crosslinking
agents, screening for other experimental parameters such as crosslinking agent concen-
tration, pH, crosslinker size, temperature, and reaction time can change the observed
cross-link outcomes reactions. Those related experimental variations can impact CLEAs
thermo- and organic solvent stability, reusability, and specificity. Considering the complex-
ity of factors that influence the crosslinking step efficiency, Goetze et al. [156] successfully
applied response surface methodology (RSM) to analyze some parameters (enzyme concen-
tration, glutaraldehyde concentration, and reaction time) to establish the optimal CLEAs
formation conditions.

Characterization of enzyme aggregates: Many physical-chemical properties of CLEAs
are evaluated during the different steps described above and used to classify experimental
variations that can be performed to optimize CLEAs production. The most important
ones are enzyme activity, thermal, pH, and organic solvent stability; the recovered ac-
tivity, calculated with Equation (1) [150], the immobilization yield, defined as the ratio
between the amount of enzyme immobilized and total enzyme amount in the initial enzyme
solution [152], reusability, and morphology.

Recovered activity (%) :
(

Total CLEA′s activity
Total free enzyme activity

)
×100 (1)

CLEA’s surface morphology can be characterized through electronic scanning mi-
croscopy (SEM) [152] and atomic force microscopy (AFM) [157]. Fourier transform in-
frared spectroscopy (FTIR) can be used to analyze the efficiency of bounds formation in
CLEAs [158], to verify the presence of functional groups for covalent bond formation
between enzymes and functionalized magnetic nanoparticles [150] as well as identify the
presence of some bounds in magnetic nanoparticles used as additives in CLEAs [159].
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Solid-state nuclear magnetic resonance (NMR) spectroscopy is a promising technique
that can describe changes in the secondary and tertiary structure of enzymes in the aggre-
gates, which would be crucial information on CLEAs characterization. However, as far
as we know, there is no publication exploiting this valuable resource, which shows new
possibilities of CLEAs research improvement.

Co-immobilization by Crosslinking: Two or more different enzymes can be co-
immobilized via CLEAs methodology. Such aggregates, named combi-CLEAs, are very
useful in cascade enzymatic reactions. Combining multiple enzymes in a single CLEA can
bring advantages such as stability enhancement compared to isolated enzymes, optimized
mass transfer due to enzyme colocalization, fast intermediate consumption, and a high
recovery rate [26]. The same protocols mentioned above for single enzyme CLEAs produc-
tion can be applied to multiple enzymes co-immobilization via crosslinking. Combi-CLEAs
protocols are case-specific, and some empirical factors need to be optimized as the relative
concentration ratio of different enzymes and the crosslinking strategy [160]. Zhang et al.
co-immobilized horseradish peroxidase (HRP), glucose oxidase (GOx), and Concanavalin
A (ConA) using CLEAs methodology. In this study, ConA was used as a molecular glue to
promote aggregation before the crosslinking step promoted by glutaraldehyde, as shown
in Figure 2 [77]. The substrate uptake by the synthesized Combi-CLEAs improved due
to the natural affinity of glucose to ConA, which reduced the glucose oxidase’s Michaelis
constant (Km) [161], i.e., the substrate concentration required for the enzyme-catalyzed
reaction to reach a rate corresponding to the half of the maximum reaction rate value. More-
over, it was observed a faster intermediate consumption by HPR, the second enzyme in
cascade reaction, and consequently, a higher overall activity of combi-CLEAs was obtained.
Yang et al. [162] reported the co-immobilization of monoamine oxidase and putrescine
oxidase through CLEAs methodology using two different strategies: (i) crosslinking the
two separated enzymes (combi-CLEAs); and (ii) crosslinking the two enzymes fused using
molecular biology strategies (monoamine oxidase and putrescine oxidase—CLEAs-MAPO).
They compared the efficiency of both strategies to identify biogenic amines in fermented
foods. The combi-CLEAs exhibited a higher thermostability and yield than CLEAs-MAPO.
Additionally, Combi-CLEAs showed a notable enhancement in thermostability compared
to free enzymes, which could be a good feature for commercial kits to detect biogenic
amines due to the extended biocatalyst half-life. Hu et al. applied the combi-CLEAs
methodology to improve the efficiency of reactions involving cofactor recycling by co-
immobilizing the ketoreductase (KRED) with glucose dehydrogenase (GDH) via CLEAs
to enantioselectively reduce the prochiral ketone with KRED and regenerate the cofactor
using GDH [78].
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2.3. Enzyme Co-Immobilization by Encapsulation

The enzyme encapsulation method consists of the enzyme aggregation within a 3D
matrix, while substrates and products should be able to be transported into and out of
the membrane, by mass transfer [79]. One of the potentials of encapsulation is a physical
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inhibition of enzymatic denaturation due to heating, dehydration, or changes in the ionic
strength of the solution [163]. These assignments still can be improved according to the
chosen immobilization matrix, whereas the interaction with the enzyme can improve
the catalytic stability and turn the system more advantageous. Among several matrices
applied on encapsulation technology, the (bio) polymers capable of forming a gel, as well
as nanofibers have been successfully applied in several reactions in organic synthesis,
especially when there is a need to use organic solvents, high temperatures, and coupling of
different biocatalysts in cascade reaction.

In these strategies, enzymes can be associated with the polymer through in situ
gelling techniques, coprecipitation, and still be associated with chemical and heterogeneous
catalysts, which makes it possible to be carried out in a one-pot approach.

2.3.1. Gel Encapsulation

Aranaz and co-workers [79] investigated the production of D-p-hydroxyphenyl-
glycine (D-p-HPG), a precursor of amoxicillin synthesis, from D, L-hydroxyphenyl hydan-
toin (D, L-HPH), in the so-called “Hydantoinase process” (Figure 3), which is a potential
producer of optically pure amines from a wide range of D, L-5-monosubstituted hydantoins.
The crude cell extract from over-expressed Agrobacterium radiobacter has been encapsulated
by two different methods: one-step procedure (V-I), in which the sodium alginate solu-
tion and the crude cell extract were directly poured into a solution containing chitosan
and calcium; in two-step procedure (V-II), calcium-alginate capsules were coated with
chitosan. For both biocatalysts, the highest yield of D-p-HPG has been obtained with an
enzymatic load of 2 mg/mL of protein in the alginate solution, when compared to the
production in the presence of free enzymes. Moreover, 100% of conversion on D-p-HPG
was achieved when stirring increased to 100 rpm for both biocatalysts. However, for
values below 100 rpm, the V-I biocatalyst reached higher percentages of synthesis, since
due to its preparation method it presents a less dense membrane structure. For pH, the
biocatalyst V-I showed a maximum production between pH values of 7.8 to 8.4, while for
catalyst V-II it was 8.5. When compared to the free extract, whose optimum value is 7.4,
the immobilization of the catalysts led to the reaction at a more alkaline pH, which favors
the racemization of L-HPH to D-HPH. Regarding the reuse of biocatalysts, V-I was reused
5 times without any loss of activity. For V-II, this value was 4 times.
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Another cascade reaction application using gel encapsulation was reported by Mckenna
and co-workers [80], which provides the production of 2,5-furandicarboxylic acid (FDCA)
from 5-hydroxylmethylfurfural (HMF), a product of dehydration of lignocellulose. In
a previous work by the group [164], a step-by-step reaction was used: first, under the
presence of catalase, galactose oxidase M3-5 variant (GOaseM3-5) catalyzes the oxidation
of HMF to 2,5-diformylfuran (DFF), followed by the addition of periplasmic aldehyde
oxidase ABC (PaoABC) for double oxidation from DFF to FDCA, passing through the
intermediate 5-formylfuran-2-carboxylic acid (FFCA). For the conversion of HMF to FDCA
to be carried out in a continuous one-pot reaction (Figure 4a), there was the addition of
the radish peroxidase enzyme (HPR), known to increase the activity of GOase. First, the
best condition for obtaining DFF by the action of the GOaseM3-5, HPR, and catalase set
was identified, reaching a conversion of 91%. The second step was to use this condition to
choose the best concentration of PaoABC for the conversion of HMF to FDCA, which re-
sulted in a conversion of FDCA. The last step consisted of choosing ways to immobilize the
enzymes PaoABC and catalase to facilitate their reuse. Different forms of gel encapsulation
were tested for PaoABC, while using CLEA immobilization for catalase. The best result for
encapsulation was found using polyethyleneimine (PEI) as a matrix, which enabled a con-
version from DFF to FDCA (in 90 min) close to that of free PaoABC (in 60 min). Then, they
proceeded to an immobilization formulation of PaoABC and catalase (Figure 4b). When
only the encapsulated PaoABC was used, there was a great decrease in the production of
FDCA. When an encapsulation was performed for both enzymes, they could be reused
three times, with conversion close to 70%; encapsulation of PaoABC and CLEA-Catalase
showed a 20% conversion in the first cycle, which makes it a poor strategy. The best result
was obtained when CLEA-Catalase was combined with the already encapsulated PaoABC,
which meant that the biocatalysts could be reused 14 times without loss of production,
using 200 mM DFF solution as a substrate. However, no study was carried out integrating
the oxidation of HMF to DFF, by free GOaseM3-5 and HRP, and oxidation of DFF to FDCA,
with the immobilized PaoABC and catalase.
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Other examples of applications of enzymatic co-immobilization by gel encapsulation
are given by studies of Long and co-workers [81,82] on the production of lactosucrose.
Sankar et al. [71] co-immobilized laccase, cellulose, and β-glucosidase for the pretreatment
of lignocellulosic biomass.

2.3.2. Metal–Organic Framework (MOF) Encapsulation

Metal–organic frameworks (MOFs) have recently garnered consideration as an at-
tractive solid substrate because the highly tunable MOF framework can not only serve
as an inert host but also enhance the selectivity, stability, and/or activity of the enzymes.
Wu et al. [165] created a new biocatalyst using a coprecipitation process of glucose oxidase
(GOx) and horseradish peroxidase (HRP) in an aqueous solution containing zinc ions and
2-methylimidazole, under ambient conditions. The product formed (GOx and HRP/ZIF-8),
in which the enzymes were co-immobilized in ZIF-8, a zeolite imidazolate MOF based on
zinc and 2-methylimidazole, was tested for its ability to detect glucose using 2,2′-azino-bis
(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS) as chromogenic substrate. For this to
happen, GOx must convert glucose to gluconic acid, while the H2O2 generated serves as a
substrate for HRP to oxidize ABTS2− to ABTS−, whose absorbance is measured at 415 nm.
As a result, good linearity was obtained for concentrations between 0–100 µM of glucose.
As for its stability, after 7 days of storage in pH 7.4 phosphate buffer saline solution at room
temperature, the biocatalyst retained about 80% of its initial enzymatic activity, while free
enzymes lose 50% of their activity within 2 days.

In his work using GOx and HRP, Chen and co-workers [83] created the catalyst
NMOF@ GOx/HPR, in which both enzymes are co-immobilized in a nanocrystaline ZIF-
8 MOF. The reaction, which consists of using H2O2 to oxidize the compound Amplex
Red to Resofurin, catalyzed by HPR, was 7.5 times higher using the new biocatalyst in
comparison with the reaction in a homogeneous medium. When compared to the co-
encapsulation of the same enzymes in SiO2 and acrylamide hydrogel, these biocatalysts
increased only 2 and 2.5 times in comparison with the homogeneous medium, respectively.
Immobilization of β-galactosidase (β-Gal) was also tested in conjunction with GOx and
HRP, resulting in the catalyst NMOF @β-Gal/GOx/HRP. The lactose hydrolysis cascade
by β-Gal, which generates galactose and glucose, which is a substrate for GOx, was
5.3 times greater for the new biocatalyst, compared to the reaction in a homogeneous
medium. In the same work, they also tested the ability to use NMOFs to operate cascades
with enzymes that require cofactors. To do this, they first covalently linked NAD+ to
the phenylboronic acid conjugated poly (allylamine) polymer, followed by encapsulation
in NMOF with alcohol dehydrogenase (AlcDH). AlcDH reduces the polymer-NAD+ to
polymer-NADH, by ethanol, which in turn reduces methylene blue (MB+) to MBH. This
encapsulation resulted in a 5 times greater reduction when compared to the reaction in
a homogeneous system. Afterward, the AlcDH/NAD+ -polymer system was coupled to
the enzyme NAD+-dependent lactate dehydrogenase (LacDH) and encapsulated in ZIF-8.
In the presence of LacDH, the polymer-NADH, which was generated by the reduction of
polymer-NAD+ by AlcDH to oxidize ethanol to acetaldehyde, reduces pyruvic acid to lactic
acid. There was a 4.7-fold increase in pyruvic acid to lactic acid when compared to the free
system. Furthermore, the GOx/HRP and AlcDH/NAD+–polymer/LacDH cascades did
not significantly decrease after three weeks of storage at room temperature. Other GOx and
HRP co-encapsulation methodologies for glucose detection have been described [166,167].

The combination of enzyme co-immobilization and membrane co-enzymes by MOF
was used by Zhu and co-workers [84] for the reduction of CO2 to methanol (Figure 5a).
Additionally, using precipitation formation biocatalyst methodology, the pairs of enzymes
formate dehydrogenase (FDH) and L-Glutamic dehydrogenase (GDH), formaldehyde dehy-
drogenase (FalDH) and GDH, alcohol dehydrogenase (ADH) and GDH were encapsulated
with or without nicotinamide adenine dinucleotide (NADH). The products enzymes/ZIF-
8 and Enzymes and Co-enzymes/ZIF-8 (Figure 5b) were tested directly in an aqueous
medium, containing NADH, L-glutamate and saturated with CO2, and immobilized in a
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pervaporation cell equipped with a PVDF membrane, which can separate methanol and
water (Figure 5c). The highest concentration of methanol, 15 mM, was obtained for the
Enzymes and Co-enzymes/ZIF-8 biocatalysts immobilized on the membrane in the se-
quential order of reactions (OECMM), for 4 h of operation and total flux of 25.3 g·m−2·h−1.
This is due to the greater proximity of NADH with the enzymes, since it is available within
the MOF, in addition to biocatalyst positioning in the membrane, which allows a better
transfer of intermediates, and separation of the product through the PVDF membrane. The
highest amount of methanol, around 18 µmol, was verified at 12 h of the experiment, in the
OECMM reaction, but its production rate decreases, once the enzymes lose their activity.
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Another application using NADH regeneration by GDH was proposed by Ren et al. [85],
for the conversion of CO2 to formate. For this, the Co-IMR and Mix-IMR biocatalysts were
created. The first contains carbonic anhydrase (CA), FDH, NADH, GDH, and PEI mixed
in zinc nitrate solution and precipitated in 2-methylimidazole solution; the second consists
of ZIF-8 containing CA and Fate DH, and another ZIF-8 with NADH, GDH, and PEI. For
the experiments, these catalysts and free enzymes were tested in a PBS solution containing
CO2 and L-glutamate. When the Co-IMR biocatalyst without PEI was tested, there was no
production of format, which may indicate that there was a loss of NADH, since it is not
tied to ZIF-8 by PEI. The same result was obtained for Co-IMR without GDH. The highest
yield was found in the system with free enzymes. However, the Co-IMR biocatalyst can be
used for up to 8 cycles with a productivity loss of 50%. At the end of the eighth cycle, its
accumulated yield was 4.5 times the yield when using free enzymes.

2.3.3. Nanofibers Encapsulation

The use of hollow nanofibers with encapsulated enzymes to reduce CO2 to methanol
has been reported [86]. On the inner surface of the nanofiber, Fate DH, ADH and GDH
are encapsulated together with NADH and poly (allylamine hydrochloride) (PAH), which
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acts as an anchorage for enzymes and the cofactor. On the outer surface of the nanofiber,
CA is immobilized. After encapsulation, all enzymes retained more than 60% compared to
their activity when in the free system. For free enzymes, the NADH-based methanol yield
of the homogeneous system was 36%, while the immobilized system achieved a yield of
103%, with a maximum concentration of 68.8 µM of methanol. After 10 cycles of reuse, the
catalyst retained more than 80% of its original activity, with a cumulative methanol yield
of 940%.

2.3.4. Polymersomes

Klermund and co-workers [87], used the encapsulation technique in polymersomes for
the synthesis of CMP-N-acetylneuraminic acid (CMP-Neu5Ac) from N-acetylglucosamine
(GlcNAc), pyruvate, and cytidine triphosphate (CTP). For this, the allosteric enzyme N-acyl-
D-glucosamine 2-epimerase (AGE) and its cofactor adenosine triphosphate (ATP) convert
GlcNAc to N-acetylmannosamine (ManNAc), which into a condensation aldol catalyzed by
N-acetylneuraminate lyase (NAL), reacts with pyruvate and forms N-acetylneuraminic acid
(Neu5Ac). This, by the action of CMP-sialic acid synthetase (CSS), is activated with cytidine
triphosphate (CTP) and converted to (CMP-Neu5Ac). Since AGE is inhibited by CTP,
this enzyme, together with ATP, was encapsulated within the lumen of the polymersome.
The enzymes NAL and CSS were immobilized on the outer surface, using hydrophobic
peptide anchors. To enable the mass transfer of GlcNAC and ManNAc into and out of the
polymersome, respectively, the channel protein OmpF G119D was incorporated into the
membrane. With that, a concentration of 0.87 mM of CMP-Neu5Ac was obtained, with
93 h of reaction. For a system with free enzymes, no product formation was verified.

3. Co-Immobilization of Enzymes and Non-Enzymatic Catalysts

Co-immobilization of enzymes and non-enzymatic catalysts on insoluble matrices has
recently emerged as a useful strategy in the development of one-pot/one-step chemoen-
zymatic cascades. The resulting single hybrid catalysts have been termed multicatalytic
materials (MCMs) or multicatalytic hybrid materials (MCHM) [168] or chemo–bio nanore-
actors (CBNs) [20]. In comparison to the conventional use of two separated catalysts,
combining them in the same material may confer advantages such as operationally simpler
procedures for cascade reactions, easier recovery of both catalysts, and synergism between
the catalytic steps. In addition, compartmentalization can be provided by designing multi-
catalytic materials in which different catalysts occupy distinct “active sites”, thus being an
approach for circumventing incompatibility between catalysts, particularly chemocatalysts
and enzymes. Some matrices that have been used for co-immobilization of enzymes and
chemocatalysts are summarized in Table 3.

Table 3. Matrices used in the co-immobilization of chemo- and biocatalysts. CAL-B = Candida antarctica B lipase, DKR = dy-
namic kinetic resolution, KR = kinetic resolution, ADH = alcohol dehydrogenase, PDA = polydopamine, CAL-A = Candida
antarctica A lipase, MOF = metal–organic framework, LAAO = L-amino acid oxidase, NaDC = sodium deoxycholate,
Mi—methyl-imidazol, MBN = metal-biosurfactant nanocomposite.

Matrix Biocatalyst/Chemocatalyst Applications

Siliceous mesocellular foam
CAL-B/Pd DKR of amines [169]; ketone reduction/KR

cascade [170,171]

Laccase/Pd Oxidation of alcohols [172] and 2-substituted-
2,3-dihydroquinazolin-4(1H)-ones [173]

Silica nanoparticles CAL-B/Pd DKR of amines [174,175]; aldehyde
reduction/alcohol esterification cascade [176]

Silica-coated iron oxide nanoparticles CAL-B/Pd DKR of amines [177]

Dendritic organosilica nanoparticles
CAL-B/Pd DKR of amines [178]

Pd/ADH Pd/Cu-catalyzed Liebeskind–Strogl
reaction/bioreduction cascade [178]
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Table 3. Cont.

Matrix Biocatalyst/Chemocatalyst Applications

PDA nanostructures Pd, Pt/CAL-B; Pd, Pt/CAL-A DKR of amines [179]

UiO-66 (MOF)
Pd/CAL-B aldehyde reduction/alcohol esterification

cascade [180]
Pt/LAAO Oxidative deamination of L-tryptophan [181]

ZIF-67 (MOF) Pd/CAL-A Nitroaldol reaction/DKR of alcohols
cascade [182]

HKUST-1 (MOF) Cu/ADH Benzaldehyde oxidation [183]

NaDC/Mi MBN Shvö’s catalyst/CAL-B DKR of alcohols and amines [184]

Carbon nitride (C3N4) Pd/CAL-B aldehyde reduction/alcohol esterification
cascade [185]

There are fewer reports of co-immobilization of enzymes and chemocatalysts to date
when compared to co-immobilization of enzymes solely. Although most enzymes are
compatible with each other and operate under similar conditions, mutual inactivation and
different, divergent operational conditions are often a crucial issue in the development
of chemo–bio hybrid catalysts. On the other hand, co-immobilization per se can tackle
this challenge by improving (bio)catalyst stability and providing compartmentalization in
some cases. Most examples of chemo–bio hybrid catalysts rely on the co-immobilization of
lipases and transition metals, especially CAL-B and Pd. Pioneered by Reetz and Schimossek
in the 90 s [186], the combination of Pd and immobilized lipases in a conventional “two
catalysts” one-pot-one-step cascade has been shown feasible, being a well-established
method for dynamic kinetic resolution of amines, in which enzymatic kinetic resolution
and Pd-mediated amine racemization take place concurrently. Because some lipases
are thermostable and tolerant to organic solvents, they are a convenient choice for the
development of hybrid catalysts to be employed in one-pot/one-step cascades.

3.1. Co-Immobilization of Enzymes and Metals in Siliceous Materials

The concept of co-immobilizing enzymes and metals into porous matrices to provide
a single heterogeneous hybrid catalyst was first reported by Bäckvall’s group [169]. For
this purpose, Pd nanoparticles were immobilized in a siliceous mesocellular foam (MCF)
functionalized with aminopropyl groups to furnish a Pd0-AmP-MCF, which had been
previously reported by Bäckvall’s group as a heterogeneous catalyst for the racemization
of amines [187]. Taking advantage of amino groups in the porous of the support, lipase
B of Candida antarctica (CAL-B) was then immobilized into Pd0-AmP-MCF by covalent
link through the addition of glutaraldehyde (Figure 6). A stepwise co-immobilization
procedure in which metal immobilization takes place first was required since the harsh
conditions needed to generate Pd nanoparticles would lead to enzyme inactivation. The
procedure for lipase immobilization, in turn, did not cause significant metal clustering,
so that well-dispersed Pd nanoparticles with 1–2 nm size range in the as-prepared hybris
catalyst were observed by TEM and STEM analysis. Enzymes and Pd nanoparticles were
immobilized in the same cavities with loadings of 15.5 wt.% and 4.80 wt.%, respectively.
Reducing lipase loading did not result in an improvement of Pd-mediated racemization rate,
thus suggesting that although being in the same pore, enzyme and metal were separated
enough to prevent mutual deactivating. The hybrid catalyst was assayed in the DKR of
1-phenylethylamine to furnish the product with 95% yield and 99% ee (enantiomeric excess)
in 16 h (Scheme 1). For comparison, 89% yield and 99% ee were achieved by performing
the reaction with separated immobilized Pd and lipase in MCF at the same loadings. The
higher efficiency of the hybrid catalyst was ascribed to the proximity of Pd and CAL-B,
which could allow a more efficient cooperative catalysis with KR and racemization steps
occurring in the same cavity. The hybrid catalyst, however, could not be used for more
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than two cycles to obtain the product with good yields in reasonable reaction times. The
poor recyclability was ascribed to enzyme denaturation and suggested to be related to the
polar character of the support. Nevertheless, this was the first report of a DKR performed
by a single heterogeneous catalyst.
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The co-immobilization of Pd and lipase in cavities of MCF as described by Bäck-
vall [169] has also been reported by Magadum and Yadav [170,171]. For instance, a CAL-
B/Pd hybrid catalyst was employed in a one-pot two steps reduction/kinetic resolution
cascade to give enantiopure (R)-phenyl ethyl acetate from acetophenone (Scheme 2) [170].
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The method for co-immobilization of metal and enzyme into MCF introduced by
Bäckvall [170] has also proven useful to produce a laccase/Pd hybrid catalyst [172]. Lac-
cases are copper enzymes that can oxidize compounds under mild conditions employing
molecular oxygen as an oxidizing agent to give water as a byproduct. Combination of
laccase and Pd in a single heterogeneous catalyst allowed for oxidation of alcohols in
aqueous media and room temperature to give aldehydes in good to excellent isolated
yields (Scheme 3) [172]. In this reaction, laccase acts as an oxygen-activating catalyst while
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Pd serves as an oxidizing catalyst. Molecular oxygen could be used as the terminal oxidant
while hydroquinone was required as an electron transfer mediator in catalytic amounts. It
is worth noting that control experiments using each catalytic component at a time showed
that the triple action of the hybrid catalyst, hydroquinone, and air are required for the
reaction to occur to a reasonable extent. The reaction could be performed both under
oxygen atmosphere (oxygen balloon) and in an open-air flask, though the latter provided
minor yields, and the catalyst could be reused at least seven times without a drop in yield.
In addition, the catalyst was also found to oxidize secondary alcohols to ketones, to convert
cyclohexanol into phenol, and to promote aerobic oxidative aromatization of N-heterocyclic
compounds, thus being able to oxidize C-O, C-C, and C-N bonds. The ease of recovery and
recyclability of laccase/Pd hybrid catalyst could be further improved by co-immobilizing
Pd nanoparticles and enzymes into magnetic MCF [173].
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Co-immobilization of Pd and lipase on the surface of silica nanoparticles have been re-
ported to provide heterogeneous hybrid catalysts for dynamic kinetic resolution of amines.
The multicatalytic materials are prepared by adsorption of Pd nanoparticles by reduction
of Pd(II) in the presence of silica nanoparticles, which are then functionalized with amino
groups to allow covalent attachment of lipase through glutaraldehyde or epichlorohydrin
method [174]. A similar method has been reported for the co-immobilization of Pd and
lipase on the surface of silica-coated iron oxide nanoparticles to produce a magnetic hybrid
catalyst [177]. The usefulness of this easily recoverable heterogeneous hybrid catalyst was
showed in the DKR of 1-phenylethylamine in both batch and continuous flow conditions
resulting in high conversions and enantioselectivity.

Dendritic organosilica nanoparticles (DONs) are hydrophobic materials with ordered
center-radial mesoporous channels presenting internal surface areas that can be easily
accessed. The use of DONs to co-immobilize Pd and lipase CAL-B has been recently
reported [178]. In this work, Pd was immobilized in DONs through in situ reduction,
which was followed by immobilization of lipase through physical adsorption. The as-
prepared nanocatalyst containing metal nanoparticles and enzymes was coated with a
hydrophilic polydopamine shell through self-polymerization of dopamine on DONs inter-
face to give a core–shell nanocatalyst in which the catalytic sites are in the hydrophobic
core and protected by a hydrophilic shell, which could also allow for better dispersion in
water. Both PDA-shell-protected and non-protected nanocatalysts were used for DKR of
1-phenylethylamine in toluene at 60 ◦C. The latter was found to be more efficient and lead
to a higher yield than the former, which, conversely, showed better recyclability, which
was ascribed to the protective PDA shell. The versatility and potential of the concept
were demonstrated by the co-immobilization of an alcohol dehydrogenase (ADH) from
Rhodococcus rubber and Pd in DON to give a PDA-coated hybrid catalyst to promote a
two-step one-pot cascade reaction involving a Pd/Cu-catalyzed Liebeskind–Strogl reaction
to obtain phenyl methyl ketones and an asymmetric bioreduction for the synthesis of
enantiopure alcohols (Scheme 4). A major challenge in this cascade relies on the mutual
inactivation of ADH and copper ions, which could be circumvented using a core–shell
PD/ADH hybrid catalyst, since the protective PDA shell was found to prevent copper
ions to enter the internal microenvironment, thus preserving the enzyme. In addition, the
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Pd/ADH core–shell hybrid nanocatalyst could provide the product with a yield higher
than 60% and ee higher than 95% when used for the fourth run without any detectable
leaching of metal and enzyme. Better dispersibility in water due to the PDA shell, im-
proved absorption of organic reactants due to hydrophobic nature of the core, and decrease
in the diffusion distance between reaction intermediates due to proximity of catalysts were
suggested to important advantages of this type of hybrid catalyst.
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The above-mentioned strategies have been found to be useful in the development of
heterogeneous metal-enzyme hybrid catalysts with improved performance and ease of re-
covered, though its scope beyond Pd and lipases and laccases is still to be exploited. In this
sense, compartmentalization of chemo- and bioactive species within a single nanocatalyst
might be advantageous or even crucial to overcome incompatibility issues and to expand
the repertoire of hybrid chemobiocatalysts. For this purpose, Zhang and co-workers [175]
designed a core–shell type nanoreactor in which metal and enzyme are immobilized in
separated domains. The hybrid catalyst was prepared by immobilizing Pd through in
situ reduction of Pd(II) on mesoporous silica nanosphere modified with amino groups
(NH2-MSN) to give the core material Pd/NH2-MSN, which was then protected with a sac-
rificial silica layer through treatment with TEOS and 1,2-bis(trimethoxysily)ethane (BTME)
to provide yolk-shell nanospheres (Pd/NH2-MSN@BTME). The yolk-shell nanospheres
were further coated with a mesoporous silica through a biphasic stratification approach
that allowed for a mesoporous silica shell presenting a dendritic pore structure presenting
large pores (Figure 7). CAL-B enzyme immobilization on the so-prepared yolk-shell@shell
nanospheres was performed through adsorption, resulting in high enzyme loading due to
adsorption in mesochannels instead of on the outer surface. Nitrogen sorption isotherm
studies revealed mesopores with mean size of 2.3 nm in the inner core and pores with
mean size of 7.2 nm in the outer shell. Such hierarchical structures were suggested not
only to allow high enzyme loading on the outer shell but also to prevent diffusion of
enzymes to the inner core, thus ensuring proper separation of metal and enzyme sites.
This hybrid catalyst has been found to catalyze DKR of 1-phenylethylamine with excellent
enantioselectivity and high conversions (98%) after 8 h at 70 ◦C but moderate yield (63%)
due to decreased selectivity resulting from side reactions in the racemization step. DRK
of 1-phenylethylamine was also carried out with a mixture of monofunctional Pd and
lipase catalysts immobilized in the same fashion as the hybrid yolk-shell@shell catalyst
and was showed to require longer reaction times (12 h) to achieve lower conversion (69%)
and somewhat lower yield (55%). The higher efficiency of the hybrid catalyst was ascribed
not only to catalyst compartmentalization but also to the diffusion pathway provided for
the reactants along the nanospheres. The hybrid catalyst could be reused at least three
times but not without a loss in efficiency and a decrease in yield from 63% to 41%, although
morphological parameters of the catalyst were retained.
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A similar core–shell approach to produce nanocatalysts in which metal and enzyme
are spatially separated has been reported by Gao and co-workers [179]. In this work, a
bimetallic Pd-Pt core coated with polydopamine (PDA) was prepared in a single step
through treatment of metal precursors with the surfactant Pluronic F127 and dopamine in
aqueous solutions. Oxidative polymerization of dopamine led to the reduction of metal ions
so that no additional reducing agent was required, whereas Pluronic F127 was found to play
an important role in preventing particles agglomeration and producing mesopores. The
resulting polydopamine bimetallic core–shell structure (Pd-Pt@PDA) presented mesopores
sizes of about 3 nm in the core and 8 nm in the shell. Enzymes were then covalently
immobilized on the PDA shell to give hybrid Pd-Pt@PDA@enzyme nanocatalysts (Figure 8).
The versatility of this method was demonstrated for the co-immobilization of Pd and Pt
with lipases CAL-B and CAL-A, and organophosphorus hydrolase (OPH), the metal-lipase
hybrids being used in DKR of amines and the latter in a hydrolysis/nitro reduction cascade
assay for conversion of parathion-methyl to 4-aminophenol. DKR of amines with Pd-
Pt@PDA@CAL-B could be performed with high yields (85–99%) and enantioselectivity
(94–98% ee) for six different benzylic amines. Recycling studies showed no evidence of
metal or enzyme leaching after five cycles but a decrease in enzyme activity, which was
suggested to account for a decrease in yield and increase in byproducts.

Another approach for producing hybrid catalyst with metal and enzymes in separate
locations relies on loading metal nanoparticles inside the pores of mesoporous silica
nanoparticles and immobilizing enzymes on the surface through hydrophobic interactions.
This approach was employed by Zhang and co-workers [176] to co-immobilize Pd and
CAL-B. Importantly, they have shown that the hydrophobicity of the hybrid catalyst
could be tailored by postmodification of Pd-loaded silica nanoparticles surface with alkyl
chains through reaction with trimethoxy(octadecyl)silane before enzyme immobilization
step. The enhanced hydrophobicity of the surface of nanoparticles allowed for higher
enzyme loading, easier diffusion of nonpolar substrates across the nanostructure, and
better dispersion in organic solvents. The hydrophobic surface was also suggested to be
beneficial for CAL-B, which is an enzyme that displays interfacial activation. The hybrid
catalyst was showed to be efficient in a one-pot reduction/transesterification cascade to
synthesize benzyl hexanoate from benzaldehyde and ethyl hexanoate. Comparative studies
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suggested a cooperative effect of Pd and CAL-B in the hybrid catalyst since lower yields
were obtained by performing the cascade reaction with Pd and CAL-B as distinct catalysts.
In addition, only 0.11% Pd leaching, and no morphological changes were observed in the
Pd/CAL-B hybrid catalyst after four times of reuse, whereas cascade reaction yield could
be catalyzed to give a yield of 80% of that obtained in the first run.
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3.2. Co-Immobilization of Enzymes and Metals in Non-Siliceous Materials

Metal–organic frameworks (MOFs) have been emerging as useful matrices for enzyme
immobilization. Among advantages of MOFs are their high surface areas, high porosity,
adjustable pores with dimensions compatible with enzyme sizes, and diversity of synthetic
methods and architectures Importantly, these matrices present tunability, their properties
being tuned by the choice of metal and organic linker or through post-synthetic methods.

Although reports of immobilization of one or more enzymes in MOFs are more abun-
dant, some examples of co-immobilization of bio- and chemocatalysts for the more chal-
lenging chemoenzymatic cascades have been recently reported. For instance, a Pd/CAL-B
hybrid catalyst could be obtained using UiO-66-NH2, which is a MOF composed of Zr-oxo
clusters and 2-aminotherephthalic acid [180]. Metal and enzymes were in separate sites,
which was achieved by preparing MOFs with pore sizes smaller than 5 nm so that Pd
nanoparticles were immobilized through in situ reduction within the pores while lipases
were physically adsorbed on the surface, thus leading to compartmentalization (Figure 9).
In addition, the use of benzoic acid during the preparation of the MOF allowed for further
tuning of hydrophobicity through the exchange of benzoic acid with lauric acid. A proper
hydrophobicity may not only improve protein adsorption but also account for a better
dispersion of the hybrid catalysts in organic solvents, which is especially advantageous for
chemoenzymatic cascades involving hydrophobic reactants and intermediates or reaction
that cannot be performed in water. The usefulness of the Pd/CAL-B hybrid catalyst based
on UiO-66-NH2 was showed in a metal-mediated reduction/lipase-catalyzed esterifica-
tion cascade reaction in toluene to obtain benzyl hexanoate from benzaldehyde and ethyl
hexanoate leading to 100% yield in 8 h. The hybrid catalyst could be reused at least three
times with a loss of 20% in yield and leaching of Pd of 1.08%, whereas no leaching but
denaturation of the enzyme was suggested to occur.
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The strength of hybrid catalyst in chemoenzymatic cascade and the usefulness of MOF
as a supporting material were demonstrated in a recent work on the co-immobilization of
L-amino acid oxidase (LAAO) and Pt nanoparticles on UiO-66 [181]. LAAO catalyzes the
oxidation of alpha-amino acids using O2 as oxidant and FAD as cofactor to give alpha-keto-
carboxylic acids and H2O2 as the byproduct. Because H2O2 promotes decarboxylation
of alpha-keto-carboxylic acids, its removal is required to achieve satisfactory yields. To
address this issue, Wu and co-workers [181] designed a MOF-based hybrid catalyst con-
taining LAOO and Pt nanoparticles, in which Pt was for the decomposing H2O2 to O2 and
water, thus avoiding decarboxylation of the target compound. To avoid mutual inactiva-
tion between Pt and LAOO, a compartmentalization approach was envisaged in which
metal nanoparticles would be located inside of UiO-66 structure while enzymes would
be adsorbed on the surface. In addition, pore sizes of Angstrom-dimension within the
MOF would ensure channeling of H2O2 from enzyme to metal site, thus allowing for its
instant decomposition. This hybrid catalyst was successfully obtained by incorporating
Pt nanoparticles in inside MOF matrix through the addition of Pt nanoparticles to the
solution of precursors of UiO-66 to perform coprecipitation and then incubating the result-
ing Pt-containing MOF (Pt@UiO-66) with LAAO to provide the hybrid catalyst as a MOF
with Pt nanoparticles immobilized inside, and enzymes adsorbed on the surface (Pt@UiO-
66@LAAO) (Figure 10). A hybrid catalyst with optimum metal and enzyme loadings was
employed in the oxidation of L-tryptophan to give indole-3-pyruvic acid with 99% yield,
which was found to be far higher than that obtained with the free enzyme (41%) (Scheme 5).
The crucial role of compartmentalization in avoiding inactivation and the porous structure
to provide H2O2 channeling was corroborated by comparative experiments with both
catalysts in their free form or immobilized in a non-compartmentalized fashion.

Figure 10. Preparation of a Pt/LAAO catalyst [181]. Reprinted with permission from [181]. Copyright
(2020) American Chemical Society.
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MOFs have also shown to be useful for co-immobilization of chemo- and biocatalysts
in close proximity, resulting in catalytic synergism in a cascade reaction involving enzymatic
and metal catalysis as well as Lewis acid catalysis promoted by coordinatively unsaturated
metal cations on the MOF structure. The preparation of a MOF-based Pd/lipase hybrid
catalyst has been recently reported, in which both catalysts were located inside a single
porous of a highly mesoporous MOF ZIF67, a cobalt-based imidazolate framework [182]. In
this work, polyvinylpyrrolidone (PVP) was used during the preparation of ZIF67 to achieve
proper pore dimensions and defect-rich metal nodes, since PVP is a metal-coordinating
bulky polymer able to induce partial disruption of the Co(II) catenation process. Immobi-
lization of Pd was performed by adding PVP-coated Pd nanocrystal during crystallization
and the resulting Pd-containing MOF was then incubated with the lipase CAL-A to provide
the MOF-based hybrid catalyst (Figure 11). Because the pore sizes remained in the range of
20–40 nm after Pd immobilization, the lipase could be infiltrated inside the porous instead
of being adsorbed on the surface, thus leading to three catalytic species, i.e., enzyme, Pd,
and Co(II) within a single nanoreactor space. This multimodal hybrid catalyst was found
to be useful in a three-step cascade involving Lewis acid-catalyzed nitroaldol reaction,
followed by DKR of the resulting alcohol through Pd-mediated racemization and lipase-
catalyzed esterification with vinyl acetate. The reaction was performed with 5 different
benzylic aldehydes to give enantiopure esters (ee > 99%) with excellent yield (96–99%) in
21–30 h. The hybrid catalyst could be used for at least five runs but not without losses in
yield (from 99% to 86%) and enantioselectivity (>80% ee) and the requirement of slightly
longer reaction times probably due to enzyme and Pd leaching.
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In addition to the approaches of co-immobilizing metal nanoparticles and enzymes
that were discussed herein, catalysts with enzymatic and chemocatalytic activities have
also been reported in which the MOF serves as both matrices for enzyme immobilization
and as chemical catalysts itself through their metal nodes. For instance, the immobilization
of a NAD+-dependent alcohol dehydrogenase (ADH) inside a Cu-based MOF HKUST-
1 through encapsulation has been reported [183]. The HKUST-1 matrix was found to
promote regeneration of NAD+ from NADH at the expense of H2O2 so that a cofactor
regeneration system could be coupled to the oxidation reaction catalyzed by the enzyme.
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The immobilized enzyme was tested for benzyl alcohol oxidation to benzaldehyde, leading
to a modest yield (28%), which was nevertheless 4.3 higher than the yield obtained with the
free enzyme. This work reveals a promising innovative strategy for cofactor regeneration
in reactions catalyzed NAD+-dependent enzymes, which remains an important challenge
in the field of biocatalytic oxidation of alcohols.

Similar to MOFs, metal-biosurfactant nanocomposites (MBNs) are nanomaterials
composed of metal and organic ligands, the latter being biosurfactant molecules. Con-
versely, MBNs are soft nanomaterials, and their hydrophobic nature makes them suitable
for immobilization of hydrophobic catalysts and use in organic solvents. Co-encapsulation
of lipase and Shvö catalyst, a Ru-based metal–organic complex used to promote racem-
ization in DKR processes, has been reported as an approach to obtain a hybrid catalyst
for chemoenzymatic DKR of alcohols and amines [184]. Co-encapsulation was performed
in a single step by mixing enzyme CAL-B, Shvö catalyst, Co(II), sodium deoxycholate
(NaDC), and methyl-imidazol (Mi) and resulted in nanostructures with enzymes as the
core and metal–organic catalyst embedded in micropores (Figure 12). This artificial metal-
loenzyme was found to be more efficient than separated single (bio)catalysts in the DKR of
1-phenylethanol and 1-phenylethylamine in toluene. The estimated short distance of less
than 8.5 nm between the lipase and Shvö catalyst was suggested to improve transportation
of reaction intermediates, which could improve efficiency and mitigate the formation of
side products, therefore contributing to high yields. In addition, the hybrid catalyst could
be reused for five cycles with only slight leaching of enzyme and metal–organic catalyst
and loss of less than 30% of activity in the DKR of 1-phenylethanol, while a loss of more
than 50% of activity was observed for the reaction with 1-phenylethylamine.
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The use of carbon nitride (C3N4) for co-immobilization of Pd nanoparticles and CAL-B
has been recently reported [185]. C3N4 is a material that can be obtained through the decom-
position of dicyanide amide in the air at high temperatures and is composed of repeated
tri-s-triazine units that form packed 2D conjugated planes. Wang and co-workers [185] have
reported the obtaining of a hybrid catalysts in which Pd nanoparticles were immobilized
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in C3N4 through in situ reduction and the resulting material was treated with CAL-B and
glutaraldehyde to covalently immobilize the enzyme counterpart. Pd nanoparticles with an
approximate diameter of 3.0 nm were found to be located all over the nanocatalyst whereas
lipases were suggested to be immobilized on the surface. A layer of enzymes on the surface
was believed to protect the tiny Pd nanoparticles from re-oxidation since the percentage of
Pd(II) was found to be 22% in Pd/CAL-B hybrid catalyst in contrast to the percentage of 55%
of Pd(II) encountered in C3N4 nanocatalyst containing Pd solely. The hybrid catalyst with
optimum Pd and CAL-B loadings of 0.5% and 2.0%, respectively, was tested for a cascade
reaction involving metal-mediated reduction and lipase-catalyzed transesterification in
toluene at room temperature for 12 h to provide benzyl hexanoate from benzaldehyde
and ethyl hexanoate in 79% yield. The hybrid catalyst could be reused four times without
leaching of metal, but yield dropped to 26% mainly due to loss of enzymatic activity.

4. Conclusions

The development of catalytic cascade reactions to telescope multistep synthesis is a
promising approach to achieve efficient processes with reduced environmental impact. Bio-
catalytic cascades can gather benefits of both biocatalysis and cascade concept towards
greener synthetic methods whereas chemoenzymatic cascades can also count on chemo-
catalysis versatility to broaden the repertoire of synthetic transformations. The develop-
ment of (chemo)enzymatic cascade with practical uses and economic viability to reach in-
dustrial applications, however, is a challenging task. In this, scenario, co-immobilization of
(bio)catalysts in supports might become a crucial technology which enables catalytic syner-
gism and recyclability, leading to higher efficiency and cost-effectiveness. Co-immobilization
strategies for the obtaining of multicatalytic materials designed for providing close prox-
imity of catalysts or circumvent incompatibility issues have been recently reported. Nev-
ertheless, optimization of enzyme uses and productivity is still needed to allow for the
transition of proofs-of-concept to practical applications. Co-immobilization of catalysts for
cascade reactions is a field in development that might be benefitted from multidisciplinary
efforts in the next years, including the development of novel materials and studies on the
effects of cascade on kinetic and thermodynamics of processes.
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