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Abstract: A significant interest was granted lately to enzymes, which are versatile catalysts character-
ized by natural origin, with high specificity and selectivity for particular substrates. Additionally,
some enzymes are involved in the production of high-valuable products, such as antibiotics, while
others are known for their ability to transform emerging contaminates, such as dyes and pesticides, to
simpler molecules with a lower environmental impact. Nevertheless, the use of enzymes in industrial
applications is limited by their reduced stability in extreme conditions and by their difficult recovery
and reusability. Rationally, enzyme immobilization on organic or inorganic matrices proved to be one
of the most successful innovative approaches to increase the stability of enzymatic catalysts. By the
immobilization of enzymes on support materials, composite biocatalysts are obtained that pose an
improved stability, preserving the enzymatic activity and some of the support material’s properties.
Of high interest are the polymer/enzyme composites, which are obtained by the chemical or physical
attachment of enzymes on polymer matrices. This review highlights some of the latest findings in
the field of polymer/enzyme composites, classified according to the morphology of the resulting
materials, following their most important applications.

Keywords: enzyme immobilization; biocatalyst; multilayer; cross-linking agents; polymer/enzyme
complexes; enzyme activity; environmental protection; biosensors; biomedical applications

1. Introduction

Enzymes are mainly proteins that act as catalysts in biological processes, reducing
the activation energy required for various chemical transformations. Unlike chemical
catalysts, enzymes operate under moderate conditions of temperature and pH. Due to
their increased stability and mild conditions of use, low toxicity, and low environmental
impact, enzymes have a great industrial potential. The applications of enzymes cover a
large range of fields, such as food (winemaking, cheeses, splitting proteins, clarification of
juices, etc.), medical and pharmaceutical (classic drugs and systems with controlled release
of active compounds, synthesis of biologically active compounds, protecting implants from
the action of microorganisms etc.), cosmetics (manufacturing of hair dyes, skin care prod-
ucts), textile industry (cellulose splitting, natural fiber dyeing and processing technologies,
fiber bleaching), paper manufacturing industry (bleaching, pulp processing), obtaining
cleaning products (stain removal), chemical synthesis (favoring some chemical processes),
environmental protection (degradation of some pollutants, discoloration of wastewater),
and biosensors [1–4]. The reduced stability of enzymes with industrial process parameters
(high temperatures, extreme pH, and the presence of organic solvents) and their difficult
separation have led to numerous techniques’ development to improve the performance of
enzyme-catalyzed reactions. Therefore, enzyme immobilization technologies using differ-
ent types of support materials have been implemented. The immobilization of enzymes
can be achieved by chemical or physical binding on a specific support material and lead
to the fabrication of composite catalysts with improved stability over a large range of
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conditions. The support material used for enzyme immobilization is of capital interest
since it influences the properties of the obtained biocatalyst, determining the stability,
enzymatic activity, and level of reusability of the biocatalyst [5]. There are various organic
and inorganic support materials that can be employed in the immobilization of enzymes,
starting with metal oxides, silica, or natural and synthetic polymers, and culminating with
hybrid materials based on metal nanoparticles, graphene, or carbon nanotubes. Among
them, polymers are of particular importance because they can provide a large number of
functional groups capable of interacting with enzymes, ensuring their binding and, at the
same time, maintaining the substrate accessibility to the active site of the enzyme. The
use of polymeric materials allows for obtaining composite materials with a large spectrum
of properties, such as hydrophilic or hydrophobic character, porosity, and the flexibility
of the support matrix. The use of natural polymers ensures a series of additional proper-
ties, such as biocompatibility, biodegradability, and lack of toxicity, leading to obtaining
polymer/enzyme composite materials that can be used in a large number of applications,
including in the medical and food fields, while the use of synthetic polymers is more
economically feasible and ensures a better control of the properties of the polymer/enzyme
composite materials thus obtained. These materials are characterized by increased stability
at high temperatures and extreme pH or, in the presence of organic solvents, can be reused
in a large number of reaction cycles without a significant loss of catalytic activity, and
offer a plethora of potential applications. Their properties can be easily tuned by selecting
a certain polymeric matrix or material morphology. Additionally, secondary treatments,
such as chemical cross-linking, can be used to enhance the materials’ stability. Here, the
methods for obtaining polymer/enzyme composites are classified according to material
shape/morphology. Recent examples from the last 10 years’ literature on the fabrication
of composite materials by enzyme immobilization, as well as their potential applications,
are presented, with a special interest in subjects of concern, such as water treatment or
chemical catalysis.

2. Enzymes—Structure, Activity, and Characteristics

Most enzymes are protein molecules of natural or artificial origin, capable of catalyzing
an important number of chemical reactions, such as protein digestion, the metabolic
reaction involving fatty acids and glycerides, and the transformation of some chemical
compounds into their corresponding isomers [2]. Enzymes can be obtained from different
natural sources of animal origin (e.g., pepsin, trypsin) or vegetal origin (e.g., α-amylase,
cellulase), or can be produced by wild-type microorganisms or by inserting their gene,
encoding the targeting enzyme, into plasmids and later isolated, fractionated, and purified
by chromatography. In recent years, microbial cultures have become the favored source
for acquiring enzymes due to ethical concerns. In the case of artificial enzymes, these are
chemical compounds that are able to recreate enzymatic functions. Such molecules are the
nanozymes that can replace enzymes and are used especially in the medical field. Enzymes
can be classified according to the type of chemical reaction they catalyze, named according
to the nomenclature proposed by the Enzymology Commission [6], divided into seven
classes, as presented in Figure 1.

The catalytic activity of the enzymes is a result of the presence of active centers in their
structure. The active site of the enzymes represents the structural element belonging to its
tertiary structure at which the chemical reaction takes place, by binding the substrate to the
active center. The matching of the substrate to the active center is generally characterized
by high selectivity. The active centers of the enzyme represent 10–20% of its total volume.
The binding of the substrate to the active center is achieved through hydrogen bonds,
hydrophobic forces, or electrostatic or van der Waals interactions and determines the
formation of the activated substrate–enzyme complex, also known as the Michaelis complex.
The catalytic activity of the enzymes is closely related to the structure of the active center
and the mode of interaction with the substrate. Although the active sites of enzymes show
high specificity, several general assumptions are valid for all types of enzymes: the active
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center of the enzyme is small as compared with the dimension of the protein structure; it
has a three-dimensional structure and allows the formation of secondary interactions with
the substrate. At the same time, the active centers of the enzyme are located in cavities
generated by both secondary and tertiary structures so that the interaction with a solvent is
considerably reduced [7].
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3. Methods of Enzyme Immobilization on Polymeric Supports

The most important disadvantages of enzymes are related to their instability in several
factors, such as temperature, pH, and the presence of organic solvents that can lead to
the inhibition of enzyme activity, but also to difficulties in separating enzymes from the
reaction medium and the purification of the reaction products. Additionally, enzymes show
reduced stability when used in turbulent or continuous flow industrial processes and are
difficult to be reused [2]. Therefore, alternative methods have been proposed to improve the
characteristics of enzyme catalysis, with a reduction in the costs of the usage of biocatalysts.
To limit these disadvantages, as well as to increase the stability of enzymes in conditions
of high temperature and extreme pH, or in the presence of solvents, the immobilization
of enzymes has been imposed as an effective technique to enhance the enzymatic stability
and to increase their reusability. By immobilization, composite materials of different sizes
and shapes are obtained, with different properties and characteristics, but with the main
advantage of increasing the biocatalyst stability over time. Additionally, a facile separation
and the reusability of the immobilized enzymes recommend them as biocatalysts that can
be successfully used in industrial processes.

The first studies on enzyme immobilization were carried out in 1916 by Nelson and
Griffin [8], who studied the immobilization of invertase using charcoal and aluminum
hydroxide. The results suggested that by immobilization, the activity of the enzyme did
not decrease considerably, a conclusion that opened new research perspectives in the field
of enzyme immobilization. Subsequently, the scientific community’s interest in enzyme
immobilization grew exponentially, with a large number of immobilization methods being
developed, many already being applied in industrial processes.

From the first research study on enzyme immobilization up to now, a large number
of immobilization techniques have been proposed (Figure 2). Regarding enzyme immobi-
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lization methods, three main techniques have been established: adsorption on a support
material, entrapment (encapsulation) in a support matrix, and covalent bonding [9].
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remarkable advantages of immobilized enzymes.

Another method for enzyme immobilization is cross-linking, which is achieved by
covalently bonding enzymes with the formation of enzymatic crystals or aggregates. Crys-
tals or enzyme aggregates are formed through the cross-linking of enzymes, but without
requiring a support material, the reason why this method of immobilization will not be
presented in this paper.

Immobilization methods differ in terms of the chemical and physical interactions that
occur between the enzyme and the support, but also by the selection of the support matrix
that must ensure the formation of stable enzyme/support composites. In terms of the
established interactions, immobilization methods can be classified into chemical methods
(covalent bonding and cross-linking) and physical methods (adsorption and entrapment).

3.1. Immobilization by Adsorption

Enzyme adsorption on a support material is the simplest known immobilization
method, based on nonspecific physical interactions that occur between the enzyme and the
support material, such as hydrogen bonds, van der Waals bonds, and hydrophobic interac-
tions [10]. To avoid the discharge of the enzyme in the reaction medium, it is necessary to
ensure certain reaction conditions that prevent desorption, such as the presence of organic
solvents or the preservation of certain temperature and pH values [11]. The materials used
as a support for enzyme adsorption must ensure the formation of physical interactions with
the enzyme, without leading to conformational changes, and can be natural [12,13] and
synthetic polymers [14,15], inorganic silica [16], montmorillonite [17], graphene [18], and so
on. The composite materials obtained by adsorption are characterized by chemical and ther-
mal stability, affinity for enzymes, the existence of reactive functional groups, reusability,
availability, and optimal fabrication costs [19]. Due to the weak and reversible interactions
between enzymes and the substrate, the support materials can be easily reused even after
the inactivation of the enzyme. Another advantage of immobilization by adsorption is that
it does not require the use of additional chemical compounds, such as cross-linking agents.
The immobilization conditions are relatively mild and do not lead to enzyme denaturation
or loss of catalytic activity during the immobilization, while the physical forces involved
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in immobilization are weak and reversible. The main disadvantage of immobilization by
adsorption is related to the fact that these materials are susceptible to changes under the
action of pH, temperature, or ionic strength, which may lead to enzyme desorption or to its
conformational distortion [19].

3.2. Immobilization by Entrapment

Entrapment involves the immobilization of enzymes inside a support matrix, with the
formation of composite materials that include the biocatalyst, allowing its interaction with
the substrate, but reducing the risk of release of the enzyme from the support matrix. The
support material can be represented by micro- or nanoparticles, membranes, films, fibers,
or plates. The formation of the support/enzyme composite occurs either by the formation
of a solid matrix around the enzyme, by the formation of chemical bonds between the
support and the enzyme (by cross-linking or polymerization), or by physical gelation. A
similar enzyme immobilization method is encapsulation, which involves the formation
of a protective barrier similar to a membrane that “locks” the enzyme inside the support
material [20]. Among the materials employed to entrap enzymes, the most popular are
chitosan (CHI), calcium alginate (ALGCa), κ-carrageenan, collagen, and gelatin, but also
synthetic polymers, such as polyurethanes or polyacrylamide (PAM).

An important parameter of entrapment is represented by the porosity of the support
material, which must be high enough to allow the diffusion of the substrate towards
the enzyme to favor the catalytic reaction, but low enough to block the desorption of
the biocatalyst [10]. Other parameters of interest in entrapment are the dimension and
geometry of the support material, the presence of functional groups on its surface, and the
hydrophilicity/hydrophobicity of the material [20].

3.3. Immobilization by Covalent Bonding

In immobilization by chemical methods, the most used is the covalent bonding, which
involves the formation of chemical bonds between the support and the enzyme under the
action of some reactive chemical agents, such as glutaraldehyde (GA) or epichlorohydrin.
Genipin, a naturally occurring cross-linking agent, was also used in enzyme immobiliza-
tion [21]. The most widely used method for covalent bonding is the formation of imide
bonds between the enzyme and the support material. The formation of such linkages re-
quires either the existence of carbonyl-type groups on the surface of the support material or
the functionalization of the support, introducing reactive functional groups on the surface
that allow the formation of bonds with the amino or carboxyl groups of the enzymes [4,11].

Immobilization by covalent bonding involves the formation of strong bonds between
the enzyme and the support material, which ensures increased stability of the biocatalyst
and reduces the risk of enzyme desorption. However, through the covalent bonding of
the enzyme to the support material, conformational changes can occur that hinder or even
block the interaction of the substrate with the enzyme active center [11].

Another variant of immobilization is based on affinity between enzymes and particular
chemical compounds and involves the formation of specific chemical bonds between the
enzyme and the support material, which allows the immobilization of the enzyme while
ensuring a maximum number of active centers available for interaction with the substrate.
One such example is the use of glycoproteins or proteins as spacers between the enzyme and
the support material. Through the occurrence of specific interactions between proteins and
enzymes, the attachment of the enzyme can be ensured while maintaining the availability
of the active center [11].

4. Polymer/Enzyme Composite Materials

By immobilizing enzymes in organic or inorganic support matrices, stable composite
materials with good catalytic activity are obtained. Materials used as a support in enzyme
immobilization (Figure 2) must possess a series of characteristics, such as physical, chemical,
and thermal stability; availability and low cost; large specific surface area; increased
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permeability; biocompatibility; and resistance to microbiological contamination [11,22].
Additionally, the support material should ensure an efficient binding to the enzyme and
favor the diffusion of the substrate towards the catalytic center [23].

The main types of materials used in enzyme immobilization are inorganic compounds,
such as metal oxides, silica, clays, and porous glass, or organic compounds, such as
carbon-based materials, natural polymers (CHI, sodium alginate (ALGNa), ALGCa, gelatin,
cellulose, etc.), and synthetic polymers (PAM, polyethyleneimine (PEI), etc.). Among them,
polymers have prevailed in the enzyme immobilization technology due to their increased
availability, low cost, biocompatibility, and high chemical reactivity. It is also worth
mentioning that the use of synthetic polymers in enzyme immobilization has an interesting
advantage: the starting material can be the monomer itself, giving the composite material an
even wider spectrum of properties. Through a careful selection of the monomer, properties
such as the solubility of the support matrix, porosity, stability, and satisfactory mechanical
properties can be ensured, while also being able to introduce a large number of functional
groups, such as carboxyl, carbonyl, epoxy, or amine, which ensure the effective binding
of the enzyme to the support material [5]. Hybrid materials obtained based on polymers
are of particular interest, especially for biomedical and biotechnological applications, due
to the possibility of using natural polymers, characterized by high bioavailability and
biocompatibility [23].

By immobilizing enzymes in polymeric materials, different types of polymer/enzyme
composites can be obtained, characterized by increased catalytic activity, as well as superior
mechanical characteristics, stability in process conditions, and easy recovery and reusability
of the biocatalyst [24]. They can be classified according to the nature of the used polymers
(natural, artificial, or synthetic), the type of support material used (polymer based only or
obtained with hybrid support materials), and the immobilization method used (materials
obtained by enzyme adsorption, by entrapment, by covalent bonding), but also according
to the morphology of the composite material (fibers, thin films, hydrogels, micro- and
nanoparticles, and core–shell particles).

The composite materials, thus, obtained have high stability and increased affinity
for biological molecules and preserve the catalytic activity of the immobilized enzyme.
Moreover, the introduction of an inorganic component into the matrix leads to improved
mechanical properties, as well as a decrease in the chemical reactivity of the material and,
implicitly, an increase in its stability in the presence of some toxic chemical agents.

4.1. Polymeric Fibers

Polymeric fibers are usually obtained by electrospinning a polymer solution, and are
of high interest for enzyme immobilization because they display a large specific surface area
and allow the immobilization of enzymes through the formation of physical or chemical
bonds, obtaining composite materials with good catalytic properties [25]. Added to these
advantages is the fact that supports in the form of fibers have high porosity, allowing
an efficient mass transfer and favoring the transformation of the substrate under the
action of the enzyme. Additionally, their surface can be easily modified to ensure good
enzyme immobilization [26]. The immobilization of enzymes on the surface or inside of
the polymer fibers can be ensured by their adsorption, entrapment, covalent bonding,
and electrospinning of a mixture of polymer and enzyme or by retaining the enzyme as
aggregates or crystals on the surface of the fibers [10,26].

In recent years, the interest of the scientific community in obtaining polymer/enzyme
composite fibers has increased considerably, with a large number of studies being published
in this direction, such as the selected examples in Table 1.
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Table 1. Polymer/enzyme composite fibers.

Enzyme Polymer Immobilization Method Observations Reference

Alcohol dehydrogenase

polystyrene
poly(D,L-lactide-co-glycolide) Covalent bonding Stable for 7 catalytic cycles, maintaining ~20% of

the enzymatic activity [5]

Poly(vinyl alcohol) (PVA) Covalent bonding Stable for 8 cycles of reaction, maintaining 60%
of the initial enzymatic activity [27]

α-Amylase
PVA Entrapment stable at 80 ◦C, maintaining 80% of the

enzymatic activity at pH = 8 [28]

Ethyl cellulose entrapment stable for 15 catalytic cycles, maintaining 50% of
the enzymatic activity [29]

Cyclodextrin—
glucan transferase PVA Covalent bonding A 31% increase in the enzymatic activity

compared with the control sample [30]

Horseradish peroxidase

PVA
PAM Entrapment Stable for 25 catalytic cycles, maintaining 54% of

the enzymatic activity [31]

Polyamide Adsorption
covalent bonding

Capable of degrading 70% of the targeted dyes
(Reactive Black 5 and malachite green) [32]

Keratinolytic protease PVA Covalent bonding 88% efficiency in the degradation of
chicken feathers [33]

Laccase

Zein Covalent bonding Used as a time–temperature indicator for food
quality control [34]

Poly(methyl methacrylate) (PMMA)
Polyaniline

Adsorption
Covalent bonding

Stable for 10 catalytic cycles maintaining 80% of
the enzymatic activity [35]

CHI
PVA Covalent bonding Used as a time-temperature indicator for

food samples [36]

Polystyrene
Poly(D,L-lactide-co-glycolide) Covalent bonding Stable for 7 catalytic cycles, maintaining ~20% of

the enzymatic activity [5]

Lysozyme CHI
Covalent bonding Stable for 9 reaction cycles, 70% of the enzyme

activity is maintained [37]
Adsorption

Papain PVA Covalent bonding Stable after 14 days of storage, maintaining 40%
of the initial activity [38]

In a recent study, Bayazidi and collaborators described the absorption of lysozyme in
cellulose fibers [37]. The obtained results demonstrate that at least 9 reaction cycles may
be performed using the immobilized enzyme maintaining about 70% of its activity. At the
same time, the loss of activity of the immobilized enzyme compared with that of the free
enzyme is only 12%, being correlated with normal phenomena of hampering of some active
centers of lysozyme during the immobilization processes, but also with the difficulty of
the substrate diffusion towards the active centers of the enzyme. In another study, Jhuang
and collaborators obtained composite biocatalysts by immobilizing laccase in electrospun
zein fibers [34]. Composite fibers showed improved enzyme stability, with 81% activity
retained after 10 days of storage at 4 ◦C. A similar strategy was proposed by Jankowska and
collaborators, who used PMAA and polyaniline fibers for laccase immobilization, using
adsorption and covalent bonding to anchor the enzyme to the support material [35]. The
method allowed the retention of about 110 mg/g enzyme by adsorption and of 185 mg/g
support material by covalent bonding. Regarding the stability of the obtained composites,
both types of fibers kept more than 80% of their activity after 30 days of storage and
could be used in at least 10 reaction cycles. The same team of researchers proposed the
immobilization of horseradish peroxidase by adsorption and covalent bonding, using as
support material polyamide fibers obtained by electrospinning [32]. Following the tests
carried out, the optimal immobilization parameters of the enzyme were established for the
two methods, obtaining the best immobilization yields at 50 ◦C and pH = 7 in the case of
adsorption and at 60 ◦C and pH = 7 in the case of covalent bonding. Regarding the stability
of the composites, it was observed that fibers with covalently bound enzymes retain about
80% of their activity after 30 days of storage, while those obtained by adsorption and the
enzyme in its native state lose considerably their activity after 15 days of storage.
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4.2. Polymeric Hydrogels

Hydrogels are chemically or physically cross-linked three-dimensional polymer net-
works. They are versatile materials that can be successfully used in enzyme immobilization,
as suggested by the large number of studies carried out in this field. The use of hydrogels
in enzyme immobilization comes with several important advantages, such as the lack
of toxicity, the biodegradability of the polymer matrix, and the easy, economical, and
environmentally friendly methods of fabricating the matrix [39]. They are easy to man-
ufacture, swell strongly in contact with water, and can be successfully used as matrices
for the controlled release of active compounds. The most used methods for obtaining
polymer/enzyme composite hydrogels are entrapment and covalent bonding. For the
fabrication of hydrogels for enzyme immobilization, different natural polymers were used,
with ALGNa, CHI, and gelatin being particularly noted, as shown in Table 2.

Table 2. Polymer/enzyme composite hydrogels.

Enzyme Polymer Immobilization Method Observations Reference

Alkaline phosphatase CHI Covalent bonding 71% immobilization yield [40]

Carboxypeptidase A CHI Covalent bonding 86% immobilization yield [41]

Horseradish peroxidase

CHI Entrapment ~93% immobilization yield [42]

PAM Entrapment able to catalyze the degradation of 90% of the dye sample tested [43]

ALGCa Entrapment Successfully used for the oxidation of azo-dye Orange II [44]

Laccase

CHI Entrapment Stable for 12 catalytic cycles, maintaining 90% of the enzymatic activity [45]

PAM Entrapment ~73% maximum immobilization yield [46]

Agar-agar Entrapment ~80% maximum immobilization yield [46]

Gelatin Entrapment ~64% maximum immobilization yield [46]

Pectin Entrapment Removed ~60% of azo dye Amido Black 10B after 10 catalytic cycles [47]

Lipase

CHI Covalent bonding Best results registered for the use of glycidol + ethylenediamine as
cross-linking agents [48]

CHI Adsorption
Covalent bonding 99% immobilization yield for the covalent bonding [49]

An example of composite enzyme/polymer hydrogels was proposed by de Oliveira
and collaborators, who used ALGCa spheres for pectinase immobilization [50]. The biocat-
alyst obtained by immobilizing the enzyme showed increased thermal stability compared
with the free enzyme. Deng and collaborators immobilized polygalacturonase in ALGNa
spheres, obtaining stable composite particles at different temperatures and pH, while the
biocatalyst kept 60% of its activity after 3 cycles of use [51]. A series of hydrogels used
for enzyme encapsulation was proposed by Rehman and collaborators, who immobilized
polygalacturonase in ALGNa, agar-agar, and PAM spheres [52]. Analyzing the results
obtained after immobilization, the following aspects were noticed: the largest amount of
enzyme was immobilized in PAM spheres (89% of the enzyme was successfully entrapped
in the polymer matrix), followed by agar-agar hydrogels (80% of immobilized enzyme)
and by ALGNa spheres (46% immobilized enzyme). Regarding the thermal stability and
reusability of the biocatalyst, an increase in the optimal temperature could be observed in
the case of the enzyme immobilized in ALGNa and agar spheres, as well as the maintenance
of more than 80% of the activity after 2 cycles of use. Additionally, the use of the biocatalyst
in a larger number of reaction cycles was observed; the enzyme immobilized in ALGNa
spheres lost its activity after 7 cycles of use, while the enzymes immobilized in agar-agar
and PAM could be used in 10 reaction cycles, preserving about 20% of the catalytic activity.
Awad and collaborators used κ-carrageenan hydrogels as a support for the immobilization
of proteases obtained from Aspergillus welwitschiae by bonding with polyamidoamine and
GA, studying the influence of polyamidoamine concentration on the amount of immo-
bilized enzyme [53]. The best results were obtained when using polyamidoamine in the
concentration range 0.8–2.4% at pH = 2.1 and 9.3. The studies carried out on the stability



Chemistry 2022, 4 1320

over time of the composites revealed that they maintain about 90% of their activity after
8 weeks of storage.

Dhiman and collaborators obtained composite materials by entrapping β-mannase
in ALGNa and β-cyclodextrin spheres, with an immobilization yield of 91.5% [54], the
biocatalyst exhibiting an increase in pH and temperature stability of about one pH unit
and 5 ◦C. The authors also studied the enzymatic activity of the biocatalyst by quantifying
the amount of hydrolyzed sugars in carob gum. The obtained results showed that the
composite material can be reused up to 15 times with the maintenance of about 70% of
the enzyme activity, observing that after 30 days of storage, it maintains about 60% of its
catalytic activity.

4.3. Polymeric Micro- and Nanoparticles

Composite materials with nano/micrometric dimensions represent stable and efficient
supports for enzyme immobilization. This category of materials includes particles obtained
from natural or synthetic polymers (CHI, ALGNa, PEI, etc.), but also composite particles
obtained using mixtures of polymers or different types of resins. The stability of this type
of composite material is generally ensured by cross-linking [55,56]. Table 3 shows some
examples of micro- and nanoparticles obtained from enzymes and polymers.

Table 3. Polymer/enzyme composites as micro- and nanoparticles.

Enzyme Polymer Immobilization Method Observations Reference

Acetylcholinesterase CHI Covalent bonding 81% enzymatic activity after 60 days of storage [57]

Alginate lyase CHI Covalent bonding Antibacterial activity against P. aeruginosa [58]

Catalase
Diamine oxidase CHI Covalent bonding 100% enzymatic activity after storage for 5 months at −20 ◦C [59]

Cellulase ALGNa Covalent bonding 67% enzymatic activity after 10 reaction cycles [60]

Cyclodextrin
glycosyltransferase

ALGNa
gelatin Entrapment Can be used for the synthesis of β-cyclodextrin (highest yield

of 8.6 g/L) [61]

Glycerol dehydrogenase ALGNa
gelatin Entrapment Enzymatic activity was halved after 21 days of storage [62]

Horseradish peroxidase CHI
PEG Entrapment Immobilization yield of 65.8% for CHI and 51.7% for CHI/PEG [63]

Inulinase CHI Covalent bonding Suitable to hydrolyze inulin (84.5% at 125 rpm after 4 h) [64]

Laccase Polyurea Covalent bonding Able to degrade Congo red and RBBR dyes [65]

Lactase ALGNa
Guar gum Covalent bonding ALG/guar gum/ trehalose exhibiting the highest stability at

storage, freezing and freeze/thaw cycles [66]

Lipase

ALGCa Covalent bonding 50% enzymatic activity after 4 cycles of reaction [67]

CHI Adsorption 33% yield in the synthesis of 1,3-dicaproyl-2-palmitoyl glycerol [68]

CHI
ALG Entrapment 100% enzymatic activity after 5 reaction cycles [69]

In a 2020 study, Işik and collaborators immobilized acetylcholinesterase by covalent
bonding on CHI microspheres [57]. The polymer/enzyme microparticles thus obtained
showed increased storage stability (maintenance of about 80% of the activity after 60 days)
and the possibility of using the biocatalyst up to 30 times without an important loss of
catalytic activity. Li and collaborators obtained CHI nanoparticles with low molar mass that
they were subsequently used for the immobilization of alginate lyase, observing that the
enzyme maintains 68.7% of its activity after immobilization, and also that the immobilized
enzyme is more stable with temperature variations and pH than the native enzyme [58].
Regarding the reusability of the composite, the authors observed that the CHI and alginate-
lyase-based material could be successfully used in 6 reaction cycles, maintaining more than
60% of its activity.

Another option for obtaining polymer/enzyme composites is represented by the use
of a mixture of biopolymers. In a 2019 study, Ozaltin and collaborators embedded trypsin
and protease of microbial origin into a polymer matrix obtained by blending CHI with
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ALGNa [70]. The obtained composites showed an enzyme encapsulation efficiency of about
54% for trypsin and 65% for protease, with reasonable stability to environmental factors.
A similar method was proposed by Traffano-Schiffo and collaborators, who immobilized
laccase in guar gum and ALGNa microparticles [66].

4.4. Core–Shell Particles

Core–shell particles are a distinct type of composite material obtained by depositing
a thin film of an organic material (usually a polyelectrolyte) on a support, generally of
inorganic nature. The deposition of the organic film on the support material can be
performed in a single step, by precipitation, adsorption, or covalent bonding, obtaining
a core–shell material with a single layer, or in a multistep process, obtaining multilayers’
core–shell composites. Core–shell composite materials are characterized by high stability, a
very good capability to interact with charged chemical species, and satisfactory mechanical,
swelling, and permeability properties. Additionally, core–shell composites obtained with
natural polymers are generally biocompatible. These properties facilitate the use of core–
shell composites as matrices for enzyme immobilization. Depending on the number of
layers of organic material deposited on the support, core–shell microparticles can be
classified into single-layer or multilayer composite materials [71].

4.4.1. Single-Layer Core–Shell Composite Materials

Single-layer core–shell composite materials are generally obtained by depositing a
polyelectrolyte on the surface of a support material, which results in the formation of
an outer layer rich in functional groups. These functional groups can interact with the
functional groups of the enzymes by forming covalent bonds or electrostatic or hydrogen
bonds, leading to their binding to the support material. Materials obtained by depositing
a polymer layer on a metallic core with magnetic properties can also be included in the
category of core–shell composite materials. Magnetic particles can be modified with poly-
mers, by either in situ treatment, to stabilize the particles during synthesis, or ex situ, by
forming polymer films covering the magnetic particles [19]. Their use in the fabrication
of composites with enzymes is due to the special properties of these support materials,
namely, large specific surface area, good ability to incorporate enzymes, and their effective
immobilization. Additionally, magnetic particles have low toxicity and facilitate the separa-
tion of the biocatalyst from the reaction medium based on the magnetic properties they
possess [11,72]. Table 4 shows some examples of single-layer core–shell composites used in
enzyme immobilization.

Table 4. Single-layer core–shell polymer/enzyme composite materials.

Enzyme Polymer Immobilization Method Observations Reference

Acrylamidase ALG
CHI Covalent bonding Optimal enzymatic activity at pH = 8.5 and 65 ◦C [73]

Carboxylesterase ALG
CHI Entrapment 80% enzymatic activity after storage at 4 ◦C for 40 days [74]

Glucoamylase CHI Covalent bonding 80% enzymatic activity after 10 cycles of reaction [75]

β-galactosidase Bacterial cellulose Covalent bonding 80% enzymatic activity after 12 cycles of use [76]

Laccase

CHI Entrapment 78% decolorization of textile effluent samples [77]

CHI Covalent bonding
adsorption

84% immobilization yield, 78% decolorization of textile
effluent sample [78]

CHI Entrapment More than 70% enzymatic activity after 10 cycles of use [79]

Lipase
CHI Covalent bonding 67% enantioselectivity in the acetylation of racemic atenolol [80]

CHI Covalent bonding 95% enzymatic activity after 7 days of storage at 25 ◦C [81]

Oleate hydratase CHI Covalent bonding 75% enzymatic activity after 5 cycles of reaction [82]

An example is proposed by Bedade and collaborators, who obtained CHI-coated
ALGCa microparticles activated with 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
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hydrochloride (EDH) and with N-hydroxysuccinimide (NHS) in which they immobilized
acrylamidase by covalent bonding with citric acid, obtaining an immobilization yield of
about 75% under optimal immobilization conditions [73]. The biocatalyst thus obtained
was distinguished by increased stability at temperature and pH. The catalytic activity of
the composite biocatalyst was maintained at approximately 80% upon storage for 10 days
at 4 ◦C and pH = 7, as compared with only 40% of activity maintained in the case of
free acrylamidase, stored under the same conditions. Another example was proposed by
Girelli and collaborators, who immobilized laccase isolated from Tinea versicolor species
in a core–shell material obtained from silica and CHI, obtaining a composite with good
catalytic properties [76]. The obtained biocatalyst showed about 40% activity after 7 months
of storage and an optimal activity at pH = 3 and 50 ◦C.

Wang and Jiang obtained polymer/enzyme composite materials by covalently binding
glucoamylase onto two types of particles: CHI nanoparticles and CHI-coated magnetic
microparticles [75]. Both types of composite materials showed satisfactory catalytic activity.
In terms of storage stability, the nanocomposites presented better properties; they could be
stored for about 2 months, preserving more than 80% of the activity. About the reuse of
the biocatalyst, the magnetic microparticles showed superior performance, being reused
up to 10 times without a significant loss of catalytic activity. Monteiro and collaborators
obtained CHI-functionalized Fe3O4 nanoparticles that they used for lipase immobilization
by cross-linking with GA and by adsorption [78]. By determining the yield of the enzyme
immobilization by cross-linking with GA or by adsorption, the authors observed a strong
influence of the immobilization method on the amount of enzyme retained in the composite
materials. In the case of cross-linked nanoparticles, the immobilization yield was about
84%, while for non-cross-linked nanoparticles, the immobilization yield was only 44%.

A similar method for obtaining composite materials was proposed by Magro and
collaborators, who used magnetic particles coated with CHI to immobilize pectinase,
obtaining micro- and nanoparticles, but also macroparticles [83]. The tests performed on
the three types of particles showed that the macroparticles covered with CHI have the
greatest stability and reusability; maintaining about 85% of their activity after 25 cycles
of use. Another interesting example was proposed by Tizchang and collaborators, who
obtained core–shell composite materials by covering silicon dioxide nanoparticles with
covalently bonded β-galactosidase entrapped in bacterial cellulose nanocrystals [76]. The
composites created in this manner exhibited a high stability at temperature and pH and
were used in 12 reaction cycles maintaining 80% of the enzymatic activity.

4.4.2. Multilayer Core–Shell Composite Materials

Multilayer composite materials are obtained by layer-by-layer deposition of ionic
polymers of opposite charge, with the formation of multilayered shells. Their self-assembly
occurs as a result of the physical interactions between the support and the polyelectrolyte
layers or between the polyelectrolyte layers. Additionally, weak physical forces (van der
Waals, hydrogen bonds, hydrophobic interactions) can occur between the functional groups
of the component materials, but strong bindings can also be established (electrostatic,
covalent, coordinative bonds) [84]. Core–shell materials with polyelectrolyte multilayers
can be obtained by immersion, spray deposition, centrifugation, electrodeposition, or
microfluidic assembly, on both flat and spherical support materials [85].

The use of multilayered materials for the immobilization of enzymes is a subject in-
tensely debated by the scientific community. This deposition method has several important
advantages, such as easy manufacturing; the possibility of using a large number of polyelec-
trolytes, including those of natural origin; and the versatility of the obtained structures. By
layer-by-layer deposition, various types of materials can be obtained, including spherical
microparticles, capsules, and thin films, but also hybrid materials [86]. Among them, the
most representative are the spherical particles that have the advantage of providing a large
specific surface and that can be used in a large number of applications in the biomedical,
pharmaceutical, cosmetic fields, as sensors or in the retention and degradation of some
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pollutants. The immobilization of enzymes on layer-by-layer support materials can be
achieved by different methods, as shown in Figure 3. The enzymes can be adsorbed or
cross-linked inside/on the surface of layer-by-layer microparticles, can be entrapped inside
layer-by-layer capsules, or can be layer-by-layer assembled on core materials, together with
an oppositely charged polymer.
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The immobilization of enzymes on layer-by-layer particles gives rise to versatile
composite materials, which can incorporate high amounts of biocatalyst while preserving
their activity and increasing enzyme stability. Table 5 shows some examples of layer-by-
layer polymer/enzyme composite materials.
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Table 5. Multilayer core–shell polymer/enzyme composite materials.

Enzyme Polymer Immobilization Method Observations Reference

Glucosidase

Polystyrene sulfonate (PSS)
Polyallylamine hydrochloride (PAH) Entrapment 60% enzymatic activity after 15 reaction cycles [86]

CHI
PSS Adsorption Used as a biosensor, exhibited high sensitivity and

operational stability [87]

Horseradish
peroxidase

PSS
PAH Covalent bonding 90% enzymatic activity after 10 cycles of reaction [88]

PAH
PSS Entrapment 90% enzymatic activity after 30 days of storage at 4 ◦C [89]

Lipase PEI Covalent bonding The enzymatic activity of the multilayer embedding
different types of lipases was around 190 U/g [90]

Lysozyme

PDMAEM
ALGNa Adsorption The immobilization yield was around 5.5% [91]

PEI Covalent bonding The immobilization of lysozyme did not strongly
influenced the surface charge of the material [92]

Pepsin

PEI
PMMA Adsorption The amount of pepsin immobilized was around 200 mg/g [93]

PEI Covalent bonding The amount of pepsin immobilized was around 200 mg/g [92]

PDMAEMA
ALGNa Adsorption The amount of pepsin immobilized was around 200 mg/g [91]

An example is presented by Perazzini and collaborators, who immobilized horseradish
peroxidase on aluminum microparticles, followed by layer-by-layer deposition of PSS and
PAH [88]. The immobilization of the enzyme was achieved with a high yield (95%), the
enzyme retaining 68% of the initial activity. The authors also analyzed the possibility of
reusing the biocatalyst, noting that the immobilized enzyme maintains about 82% of its
activity after 10 reuse cycles, compared with only 20% of the activity in the case of the
enzyme in its native state.

Zhang and collaborators obtained polymer/enzyme composite microparticles based
on polyelectrolytes and glucosidase [86]. CaCO3 microparticles with glucosidase and
CaCO3 microparticles with glucosidase and polydopamine (PDA) were used as support,
on which PSS and PAH were deposited layer by layer. After polyelectrolyte deposition, the
CaCO3 core was dissolved by treatment with ethylenediaminetetraacetic acid, resulting in
PSS/PAH capsules entrapping the enzyme. The composite materials thus obtained were
used to catalyze the conversion of maltose into isomaltose, observing increased stability
and the possibility of reusing this biocatalyst. Thus, the authors demonstrated that the
biocatalyst with PDA maintains more than 50% of its activity after 15 reuse cycles and
about 35% of its activity when stored for 20 days. The biocatalyst without PDA lost its
activity after 5 cycles of reuse and maintained about 25% of its activity after 20 days, while
the enzyme in the native state could not be reused and was deactivated after only 12 days
of storage. The increased stability of the biocatalysts is the result of the polymer coating
that protects the enzyme from the action of environmental factors, which acts as a physical
barrier against the desorption of the enzyme from the capsule and favors the optimal
folding of the glucosidase molecules as a result of the electrostatic interactions that are
established between the PAH chains and the negatively charged groups localized on the
enzyme surface. Additionally, the use of PDA allowed the deposition of a denser protective
layer, which increased the stability of the biocatalyst.

Arana-Peña and collaborators obtained composite microparticles by layer-by-layer
deposition of different types of lipases (lipase A, lipase B extracted from Candida antarc-
tica species, lipases extracted from Rhizomucor miehei and Thermomyces lanuginosus, and a
commercially available phospholipase) and PEI on octyl-agarose microspheres [90]. The sta-
bility of the microparticles was ensured by cross-linking with GA, the obtained biocatalyst
showing a satisfactory enzymatic activity.
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4.5. Thin Polymeric Films

Another type of polymer/enzyme composite material is represented by those de-
posited on flat surfaces. These can be represented by thin films or composite membranes,
obtained either by the superficial immobilization of some enzymes or by the layer-by-layer
deposition of the component materials (Table 6).

Table 6. Polymer/enzyme composite thin films.

Enzyme Polymer Immobilization Method Observations Reference

Alkaline phosphatase

PSS
PAH Adsorption

The manufactured films were able to prevent the
enzyme leaching

[94]

PSS
Poly(diallyldimethylammonium

chloride) (PDADMAC)
Adsorption [94]

Bromelain CHI Covalent bonding The films exhibited improved
mechanical characteristics [95]

Catalase Collagen Covalent bonding ~50% enzymatic activity after 22 cycles of use [96]

Glucose oxidase Poly(aniline-co-anthranilic acid) Adsorption The film was used as a sensor for glucose with a
limit of detection of 14 ± 2 µM [97]

Glucosidase Polyaniline
PAA Covalent bonding The film was used as a glucose sensor [98]

Horseradish peroxidase Poly(aniline-co-anthranilic acid) Adsorption The film was used as a sensor for glucose with a
limit of detection of 14 ± 2 µM [97]

Laccase Poly(vinylidene fluoride) Covalent bonding The composite film was able to retain 97.1% of
Congo red [99]

Lipase Polylactic acid
Polyethylene glycol (PEG) Covalent bonding 70% enzymatic activity after 30 days of storage [100]

Lysozyme

CHI Entrapment The amount of enzyme immobilized was
dependent on the immobilization time [101]

PAH
PAA

Poly(2-hydroxyethyl
methacrylate)-g-poly(acrylic acid)

Adsorption The immobilization of the enzyme leads to a
400% increase in the film thickness [15]

Polycaprolactone
PEG Entrapment

The film exhibited antimicrobial activity against
Escherichia coli, Bacillus subtilis, Enterococcus

faecalis, and Staphylococcus aureus strains
[102]

Homma and collaborators obtained polymer/enzyme composites in the form of thin
films using polyaniline and PAA as well as glucose oxidase [98]. The polymer films
were obtained by the electrochemical polymerization of aniline in the presence of PAA
and subsequently used for the covalent immobilization of glucose oxidase. The obtained
materials were used as amperometric sensors for glucose detection, demonstrating the
feasibility of using these composites as sensors. He and collaborators obtained collagen-
based composite films by adsorption and covalent binding of catalase; the materials thus
obtained showed increased stability of enzyme activity [96]. Meridor and Gedanken
obtained composite materials by adsorbing α-amylase on a PEI film, previously activated
with HNO3 [14]. The biocatalyst thus obtained was used for the hydrolysis of starch to
maltose, observing increased stability of the material and, at the same time, maintaining
the catalytic activity within optimal limits, the determined kinetic parameters being close
to the values obtained for the free enzyme. In a recent study, Li and collaborators obtained
composite films based on PEG and polylactic acid in which they immobilized lipase by
covalent binding with GA and 1,6-hexamethylene diamine [100]. The authors observed
that the immobilization of the enzyme facilitated the increase in optimal temperature of the
biocatalyst by about 5 ◦C and in pH by one unit, at the same time demonstrating that the
immobilized enzyme is more stable at temperature and storage time. The activity of the
biocatalyst was maintained at about 70% upon storage for 30 days and could be reused for
6 reaction cycles with more than 80% of activity maintained.
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4.6. Polymer/Enzyme Complexes

Coacervation is a process that involves the formation of complex structures through
electrostatic interactions between polymers with opposite charges, which determines them
to self-assemble in an aqueous medium, with the elimination of counterions in the medium.
This can be explained by the coexistence of two phenomena: one of an entropic nature,
due to the loss of counterions, and one of an enthalpic nature, generated by the coulombic
attractions between the two polyions of opposite charges [103]. Increasing the polymer
concentration causes a strong phase separation, obtaining a phase rich in polymer (the
interpolyelectrolyte complex) and one rich in solvent [104]. The association of polyelec-
trolytes determines the formation of different types of complexes: stoichiometric (insoluble)
interpolyelectrolyte complexes, nonstoichiometric complexes (in the form of stable dis-
persions), and interpolymeric coacervates (soluble structures in aqueous medium) [103].
The process is influenced by pH and ionic strength, which determines the assembly of
the polymers. In addition to electrostatic interactions, other types of secondary interac-
tions contribute to the formation of complexes: hydrogen bonds, van der Waals forces, or
hydrophobic interactions [105]. The structure and properties of the obtained complexes
depend on a large number of factors, both intrinsic (polymer molar mass, charge density,
etc.) and extrinsic (mixing speed, pH, ionic strength, etc.) [106]. The presence of salts
favors the complexation of polyelectrolytes until reaching a maximum, after which their
destabilization and dissociation occur. Instead, low salt concentrations reduce electrostatic
interactions, favoring the rearrangement of polymer chains with complex formation [107].
Enzyme/polymer complexes are easy to obtain and have satisfactory stability. Table 7
shows some examples of polyelectrolyte/enzyme complexes.

Table 7. Polymer/enzyme complexes.

Enzyme Polymer Immobilization Method Observations Reference

Glucose oxidase CHI
carrageenan Adsorption 80.2% enzymatic activity in pH = 1.2 solution, 73.3% in

chitosanase solution and 66.4% in pepsin solution [13]

Horseradish peroxidase CHI
β-cyclodextrin Adsorption Able to completely degrade textile dyes after 15 days

of operation [108]

Lysozyme

β-conglycinin Adsorption The amount of enzyme immobilized was strongly influenced
by the presence of NaCl [109]

κ-carrageenan Adsorption The microparticles were able to entrap 70% curcumin [110]

Sodium caseinate Adsorption Stable complexes at pH~11 [111]

κ-carrageenan Adsorption Stable complexes at pH~11 [112]

A-amylase

λ-carrageenan Adsorption 70% of enzyme activity after exposure to pH = 3 for 1 h [12]

Pectin Adsorption Unstable at pH < 3 [12]

PEI
PAA Adsorption The enzymatic activity after immobilization was around 80% [113]

β-galactosidase
ALGNa Adsorption Maximum enzymatic activity at pH = 5 [114]

ALGNa
í-carrageenan Adsorption Maximum enzymatic activity at pH = 7 [115]

Zheng and collaborators obtained complexes based on lysozyme and β-conglycinin, by
their self-assembly in the presence of NaCl [109]. The authors observed that the formation
of the composites is strongly influenced by the concentration of salt, that of lysozyme, but
also by pH, the variation of these parameters determining different self-assembly behaviors
and obtaining more or less soluble complexes. In a recent study, Jin and collaborators
obtained polymer/enzyme composites by self-assembling α-amylase with λ-carrageenan
and pectin [12]. The composite obtained with λ-carrageenan showed better catalytic prop-
erties, maintaining about 70% of its activity at pH = 3, while the complexes obtained with
pectin showed lower stability. At the same time, the α-amylase/λ-carrageenan composite
showed better storage stability. Briones and Sato tested the immobilization capacity of
glucose oxidase in complexes based on CHI and different types of carrageenan (κ-, λ-,
ι-) at charge ratios of 3 and 5 [13]. The highest immobilization yield was obtained for
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the CHI/κ-carrageenan complex with a charge ratio of 3 (79% of immobilized enzyme),
followed by the same complex at a charge ratio of 5 (62.5% of immobilized enzyme). The
stability of the polymer/enzyme complexes was tested by treatment with chitosanase and
pepsin, noting that the best stability was registered for the CHI/κ-carrageenan complex,
which maintained 80.2% of its activity in a strongly acidic medium, 73.3% of the activity in
the presence of chitosanase, and 66.4% of the activity in the presence of pepsin.

5. Applications of Polymer/Enzyme Composite Materials

Polymer/enzyme composite materials are distinguished by high stability, specificity,
and selectivity, as well as easier separation and reusability. These are biocatalysts with
industrial applicability, ensuring the sustainability and efficiency of industrial processes
due to the advantages they offer. Unlike chemical catalysts, biocatalysts operate at mild
temperature and pH conditions, have higher selectivity, are nontoxic, and can be used in a
greater number of applications (Figure 4).
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Although limited by technological barriers, the use of polymer/enzyme materials
on an industrial scale is beginning to increase; these biocatalysts are successfully used
in applications, such as juice clarification, paper bleaching, and the degradation of some
polluting agents. A critical examination is necessary to determine the type of composite
material suitable for a particular application, but examples in the literature show that
polymer/enzyme composite materials find applications in areas of interest, such as the
pharmaceutical industry, food industry, chemical synthesis, and environment protection.

5.1. Applications in Environmental Protection

One of the most important problems our society is facing is the increasing level of
water, air, and soil pollution. While pollution is generally hard to mitigate, novel techniques
for the efficient removal of pollutants are deeply investigated. A special interest is raised
by water pollution since water is a very good solvent for a lot of dangerous chemicals,
such as dyes, pesticides, and metal ions, which can pass from water sources to plants,
animals, and even humans and raise important health concerns due to their toxicity,
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bioaccumulation, and carcinogenic effects [116]. The use of polymer/enzyme composite
materials in environmental applications has attracted increased interest in recent years
due to their versatility and stability, satisfactory catalytic activity, and the possibility of
reusing the material without an important loss of catalytic activity [117]. Several studies
have reported the use of composite polymer/enzyme systems for the removal of organic
compounds found in wastewater, such as phenols, pesticides, and dyes.

Bilal and collaborators immobilized manganese peroxidase in composite microspheres
obtained from PVA and ALGNa, which they subsequently used in sorption studies of some
dyes from simulated and real polluted water samples [118]. Studies in simulated polluted
water revealed that composite particles with immobilized peroxidase were able to discolor
water samples by 78–92%, depending on the type of dye dissolved in the water, as compared
with only 57–74% discoloration when treating water samples with the free enzyme. The
materials were later used in the treatment of polluted water samples taken from textile
factories and printing houses, containing mixtures of dyes, obtaining satisfactory results. In
another study, Aricov and collaborators used laccase/CHI composite microspheres for the
removal of indigo carmine, attaining the full discoloration of the sample after 14 min [119].

Enzymes immobilized in polymer fibers can also be successfully used in the retention
and degradation of some pollutants in wastewater. An example in this regard is proposed
by Maryšková and collaborators, who obtained composite fibers based on polyamide and
PEI in which they immobilized laccase and subsequently used it to treat polluted water
samples with different emerging contaminants [120]. The authors used three types of water
samples: deionized water, polluted river water treated by ultrafiltration, and polluted
water to which citrate buffer solution was added. A mixture of pollutants consisting of
bisphenol A, 17 α-ethynyl estradiol, triclosan, and diclofenac was added to these samples
at an initial concentration of 10 mg/L. Following the treatment with the composite fibers
with laccase, the retention of all four contaminants was noticed in a proportion of at least
10–20%. The best results were recorded when using deionized water, with the percentage
of destroyed pollutants varying between 73.6% for triclosan and 17.5% for diclofenac.

Leonties, and collaborators studied the discoloration of water samples employing
laccase/CHI/PAA composite microparticles [121]. The degradation efficiency of these
composites was 90% for both naphthol green and indigo carmine, achieved in about
9 and 10 min, respectively. Vera and collaborators used composite materials based on
laccase and poly(glycidyl methacrylate) for the enzymatic degradation of diazinon, an
insecticidal compound from the class of organophosphorus compounds [122]. The use
of the biocatalyst in the presence of 2,2-azino-bis-(3-ethylbenzothiazoline-6-sulfonic) acid
allowed the total degradation of the pollutant after 48 h of contact and about 88% of
the amount of the pollutant, in the absence of the mediator. A study by Lassouane and
collaborators used composite materials based on CHI and laccase for the degradation of
bisphenol A [123]. After optimizing the degradation conditions, the authors achieved a
pollutant degradation efficiency of over 99%, demonstrating at the same time that the
biocatalyst can be successfully used in at least 10 reaction cycles, with about 70% of the
activity maintained.

5.2. Catalysts for Chemical Industry

Enzymes are biological catalysts distinguished by increased specificity. Due to their
versatility, they can catalyze a large number of chemical transformations of interest, such
as the digestion of proteins or carbohydrates, the degradation of organic pollutants to
nontoxic small molecular compounds, or the transformation of substrates into products
of interest, such as drug intermediates, antibiotics, or organic acids. The increased use of
polymer/enzyme composites as catalysts is the result of their stability, easy separation, and
reusability, making them suitable candidates for industrial processes.

In a recent study, Pereira Cipolatti and collaborators used composite microparticles
based on polyurethane and lipase, coated with trehalose to obtain two organic acids (eicos-
apentaenoic acid and docosahexaenoic acid) that are used in the food industry and some
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mandelic acid derivatives with pharmaceutical applications [124]. The authors demon-
strated that lipase-based composite microparticles can be successfully used to obtain
compounds of interest, showing increased catalytic activity, as well as stability at tem-
perature, in a wide pH range, and storage time. In another study, Pan and collaborators
used composite biocatalysts obtained from CHI-coated magnetic microparticles covalently
decorated with lipase [125]. The biocatalysts thus obtained were used for the enantioselec-
tive acylation of a racemic mixture of L-phenylethylamine. The authors observed that the
use of the composite biocatalyst allows the acylation reaction to take place at an elevated
temperature without denaturation of the enzyme. Additionally, the biocatalyst could be
reused in up to 7 reaction cycles, maintaining about 60% of the activity.

Polymer/enzyme composites also find applications in the cosmetic and perfume in-
dustry, especially as catalysts for obtaining chemical compounds of interest. An example in
this sense was proposed by Melo and collaborators, who tested the catalytic activity of some
composite materials obtained by encapsulating lipase B isolated from Candida antarctica in a
composite matrix consisting of CHI and sodium polyphosphate [126]. The biocatalyst was
used to obtain benzyl acetate (synthetic jasmine flavor) under different reaction conditions.
The authors demonstrated that the obtained composite biocatalyst shows increased stability
under the tested process conditions, being stable in a wide pH range (pH = 4–10), at high
temperatures (maximum activity at around 55–60 ◦C and total inactivation at temperatures
higher than 80 ◦C), but also in the presence of different organic solvents, the best catalytic
activity being recorded when using a mixture of dimethyl sulfoxide and phosphate buffer
solution (pH = 7). Additionally, this biocatalyst was successfully reused in 5 reaction cycles
with the maintenance of about 86% of the enzyme activity. Tudorache and collaborators
reported the fabrication of lipase/ALGCa and lipase/κ-carrageenan composite beads that
can be used as catalysts for the conversion of α-pinene to oxy-derivatives, followed by
isomerization to campholenic aldehyde and trans-carenol, compounds of interest for the
cosmetic and fragrance industry [127].

5.3. Biosensors

Biosensors find applications in the detection of molecules of interest in various fields,
including the medicine, cosmetic, and food industries, but also pollution control and
environmental protection. Biosensors based on immobilized enzymes are characterized
by a high specificity for the molecule of interest, have the ability to mediate a chemical
reaction between the receptor and the analyte, and allow the conversion of the chemical
response into an electrical response [128]. Additionally, biosensors have increased stability
and low environmental impact, in recent years, the use of polymer/enzyme composites
being established as one of the most versatile and economical detection methods [128].

In a recent study, Tutunaru and collaborators developed a composite biosensor based
on acetylcholinesterase grafted on carboxyl-modified single-walled carbon nanotubes
and poly(3,4-ethylenedioxythiophene), which was subsequently used for the detection of
organophosphate insecticides in apple juice [129]. The biosensor thus obtained was able
to successfully detect and recover dichlorvos, with detection limits of 0.447 and 5.54 ppb,
depending on the detection method.

Recently, Cano-Raya and collaborators reported the fabrication of a biosensor for
pyrocatechol by immobilizing laccase in polyamide 6 microparticles subsequently deposited
on a semipermeable support material allowing substrate diffusion [130]. To determine
the selectivity of the biosensor, the authors tested three substrates: pyrocatechol and
two of its isomers, resorcinol and hydroquinone, observing an extremely good selectivity
of the biosensor for the target analyte. In addition to high selectivity and satisfactory
analytical response under controlled conditions, the authors also observed that the obtained
composite biosensor can be successfully used in the detection of pyrocatechol from natural
water samples. Thus, the authors tested river water samples collected from various areas
and in different seasons, to which they added well-determined amounts of pyrocatechol.
The authors obtained pyrocatechol recovery rates of over 97% for all samples tested. A
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recent example was proposed by Aldea and collaborators, who fabricated a biosensor
based on glucose oxidase and PMMA electrospun fibers, coated with a gold layer and
deposited on a poly(ethylene terephthalate) film [131]. The sensor exhibited a sensitivity of
3.1 µA·cm−2·mM−1 and a detection limit of 0.22 mM.

5.4. Antimicrobial Applications

Based on the antimicrobial activity of some natural polymers, such as CHI, but also of
some enzymes, polymer/enzyme composites can be used to inhibit the development of
some microorganism strains. Among the most significant enzymes with antimicrobial activ-
ity, lysozyme exhibits a growing interest based on its ability to lyse a cell wall peptidoglycan
layer of Gram-positive bacteria.

In a recent study, Bayazidi and collaborators showed that cellulose fibers with immobi-
lized lysozyme show antimicrobial activity against Staphylococcus aureus, Escherichia coli, Lis-
teria monocytogenes, Yersinia enterocolitica, Aspergillus niger, and Saccharomyces cerevisiae [37].
Li and collaborators obtained composite nanoparticles based on CHI and alginate lyase
and tested their antimicrobial activity on a Pseudomonas aeruginosa strain, observing that the
immobilized enzyme showed higher antimicrobial activity than the free enzyme [58]. Thus,
the biofilm formed by Pseudomonas aeruginosa in the presence of the CHI/alginate-lyase
composite was only 21 µm thick, as compared with ~49 µm observed in the presence of the
free enzyme and ~87 µm in the absence of any inhibitory agent. In a recent study, Yuan and
collaborators demonstrated the potential biomedical applications of composite membranes
obtained by layer-by-layer deposition of lysozyme and collagen on a fibroin and nylon
6 support material [132]. The antimicrobial activity of the composite membranes was
demonstrated on a Staphylococcus aureus strain. The authors observed a decrease of about
98% in the proliferation capacity of the bacterial culture compared with the unmodified
membrane. Moreover, these composite membranes with embedded lysozyme showed in-
creased biocompatibility, allowing the development of fibroblast cultures. Baidamshina and
collaborators recently reported the fabrication of composite materials with antimicrobial
properties by immobilizing papain in a CHI matrix [133]. About 90% of papain’s enzymatic
activity was maintained in the microparticles, with an extended stability at higher tempera-
ture and pH range. The authors demonstrated that the obtained materials can act efficiently
on a bacterial biofilm formed by Staphylococcus aureus and Staphylococcus epidermidis species.

5.5. Biomedical Applications

Another area of interest for the use of polymer/enzyme composites is represented by
the fabrication of materials with biomedical applications. This field can include materials
for tissue engineering, implants, systems with controlled release of active substances, and
biosensors of medical interest, but also catalysts to obtain biologically active substances. In
a 2020 research study, Filho Moreira and collaborators reported the fabrication of a com-
posite material with applications in tissue engineering by immobilizing papain in alginate
microparticles [134]. The use of this composite is based on the biomedical properties of
the two-component materials: alginate, recognized for its properties of stimulating cell
regeneration, and papain, involved in the depletion of necrotic tissues. In brief, the enzyme
is released through a controlled diffusion, about 64% released for 24 h.

Another potential biomedical application of polymer/enzyme composites is related
to the prevention of microbial contamination of some implants. Recently, Teske and col-
laborators reported novel composite films based on papain and poly(L-lactic acid) with
antimicrobial properties [135]. The composite material was customized by cross-linking
papain, under the action of 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride,
on the polymer surface. The antimicrobial activity was tested against a Clostridioides dif-
ficile strain, one of the common pathogens responsible for the occurrence of nosocomial
infections, observing a reduction of about 20% of the biofilm formed on the surface of a
cardiovascular implant. Another example was proposed by Visan and collaborators, who
used a composite coating based on lysozyme, polycaprolactone, and PEG to prevent the
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microbial contamination of some Ti implants [102]. The composite film exhibited increased
antibacterial activity against both Gram-positive and Gram-negative microbial strains.
The results highlighted that the composite film inhibited the growth of Escherichia coli,
Bacillus subtilis, Enterococcus faecalis, and Staphylococcus aureus strains.

Numerous enzymes successfully catalyzed the transformation of some compounds
into pharmacological species, this category including antibiotics [136], analgesics [137], and
some anti-inflammatory drugs [138]. An example is presented by Gilani and collabora-
tors, who studied the production of (S)-naproxen under the action of three biocatalysts:
CHI/lipase composite microparticles, CHI/lipase microparticles cross-linked with GA, and
microparticles obtained by lipase immobilization in a commercial resin of Amberlite XAD7
type [138]. The authors studied the influence of various parameters on the hydrolysis
process of the naproxen methyl ester racemic mixture, determining the optimal conditions
for obtaining (S)-naproxen. The optimal parameters were a reaction time of 24 h, in the
presence of isooctane and 2-ethoxyethanol as solvent/cosolvent, at 35 ◦C and pH = 7,
successfully reused in about 10 reaction cycles.

5.6. Applications for Food Industry

Composite materials with immobilized enzymes are finding increasing use in the food
industry. One of their most important applications is in the clarification and discoloration
of fruit juices, in order to increase their appearance, stability, and shelf life. The most used
types of enzymes for juice clarification are peroxidases and laccases that are able to oxidize
phenolic compounds in juices, responsible for sediment formation and changes in their
appearance, taste, and smell [139].

Irshad and collaborators used composite materials obtained by immobilizing pectinase
in CHI microspheres for the clarification of some fruit juices (apple, mango, peach, and
apricot), the use of the biocatalyst leading to a considerable reduction of turbidity, viscosity,
and discoloration of fruit juice samples [140]. Bilal and collaborators used gelatin spheres
with manganese peroxidase for the clarification of some fruit juices [139]. Following the
experiments, a 36.6% decrease in juice turbidity was observed, as well as a 42.7% reduc-
tion in juice color intensity. The proposed method has a number of important economic
advantages, such as the possibility of reusing the composite material, easy separation, and
increased stability over time and with environmental factors.

Benucci and coworkers reported papain immobilization on CHI-clay nanocomposite
films. One of these films was efficiently used to reduce haze potential and the protein
content of white wines [141]. Fernandez-Pacheco and collaborators immobilized a commer-
cially available β-glucosidase on ALGCa beads in order to improve white wine aroma by
the depletion of flavorless glycosides. The immobilized enzyme displays a superior hy-
drolytic activity, their activity maintained at 96.5% after reutilization for seven times [142].

Another area of interest for the food industry is represented by the prevention of mi-
crobiological contamination of some food products. In this regard, Wang and collaborators
tested the antimicrobial activity of some composites obtained by immobilizing lysozyme
and ALGNa on cellulose acetate nanofibers [143]. The composite materials showed in-
creased stability and reusability, with the maintenance of about 70% of the enzyme activity
after 4 cycles of use. At the same time, the authors showed the antibacterial activity of these
composites against a Staphylococcus aureus strain from UTH milk, at two temperature values,
4 and 25 ◦C, respectively. Additionally, it was observed that the inhibitory action of com-
posite fibers depends on the number of layers of lysozyme and ALGNa deposited on the
support material, the best results being recorded for composites with nine composite layers.

Another application for the food industry is represented by the decontamination of
some food products. In this sense, Bedade and collaborators studied the degradation of
acrylamide from coffee samples, under the action of a composite biocatalyst obtained by
immobilizing acrylamidase on ALGNa microparticles coated with CHI [73]. The authors
studied the retention of the contaminant under the action of the enzyme under static
and dynamic conditions, demonstrating the retention of 100% of acrylamide in the studies
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performed using a batch column under optimal conditions. At the same time, the biocatalyst
could be used in 4 reaction cycles with the maintenance of about 80% of the activity.

6. Conclusions

Composite materials obtained by enzyme immobilization on different types of solid
supports are efficient biocatalysts that find applications in numerous fields. Their use,
on both a laboratory and industrial scale, is ensured by their increased stability, as well
as by the specificity for different substrates and the possibility of recovery and reuse of
the enzyme catalyst. Additionally, the use of polymer/enzyme composite materials can
considerably reduce the contamination of the reaction product, as well as of the biocatalyst,
thus reducing the costs associated with long-term enzyme usage.

In recent years, numerous studies have been carried out in this direction, with many
studies reporting polymer/enzyme composite materials with various functionalities and
applications. Additionally, a significant number of scientific reports/reviews have focused
on presenting enzyme immobilization methods and the advances made in the field of
polymer/enzyme composite materials. As for the directions of use of polymer/enzyme
composite materials, they find applications in fields of interest for both the scientific
community and the industry, including here the retention and degradation of pollutants,
the synthesis of chemical compounds of high value, biosensing, the fabrication of materials
with antimicrobial properties, and food processing.

Although there is no method that is generally accepted as the most suitable to produce
an ideal biocatalyst, each immobilization method presents a number of noteworthy advan-
tages, among which the most significant are closely related to stability and reusability of
the biocatalyst. The choice of a method to fabricate the composite material and, especially,
the choice of the support matrix for immobilization depend on the structure and properties
of the enzyme of interest, as well as on the intended applications. Thus, a large number of
customizations are possible, with numerous studies reporting particular combinations of
enzymes, polymers, and support materials of organic or inorganic nature. Additionally,
there are differences between the methods of immobilization of the enzyme (physical or
chemical, inside the matrix or on its surface), as well as in the final form of presentation
of the materials, several different morphologies being available. Nevertheless, intensive
research in the field on enzyme/polymer composite material is needed in order to establish
suitable biocatalysts for every particular application.
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