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Abstract: In recent years, enzyme immobilization has been presented as a powerful tool for the
improvement of enzyme properties such as stability and reusability. However, the type of support
material used plays a crucial role in the immobilization process due to the strong effect of these
materials on the properties of the produced catalytic system. A large variety of inorganic and
organic as well as hybrid and composite materials may be used as stable and efficient supports for
biocatalysts. This review provides a general overview of the characteristics and properties of the
materials applied for enzyme immobilization. For the purposes of this literature study, support
materials are divided into two main groups, called Classic and New materials. The review will be
useful in selection of appropriate support materials with tailored properties for the production of
highly effective biocatalytic systems for use in various processes.

Keywords: enzymes; enzyme immobilization; inorganic and organic supports; hybrid materials;
biocatalysts and bioprocesses

1. Introduction

Enzymes are well-known as highly effective and efficient catalysts of a wide variety of processes
characterized by high selectivity and activity. Additionally, enzymes may reduce the number of
reaction steps and quantities of hazardous solvents needed and thus make a process more inexpensive
and environmentally friendly [1]. For these reasons enzymes have become extremely important
catalysts which exhibit great potential in many practical applications in industries ranging from
food to pharmaceuticals [2]. The use of enzymes in multiple catalytic processes has resulted in
studies leading to significant improvement of the enzyme properties. One of the most important
and widely used techniques is enzyme immobilization in which catalysts are attached to a solid
support that is insoluble in the reaction mixture [3]. The greatest advantage of immobilization is that it
significantly improves the stability of the biomolecules under various reaction conditions and enhances
the reusability of biomolecules over successive catalytic cycles [4]. Moreover, after binding the enzyme
molecules, the catalysts change from a homogeneous to a heterogeneous form, which facilitates simple
separation of the biocatalytic system from the reaction mixture and results in products of higher
purity [5,6]. Various immobilization techniques have been developed, including adsorption, covalent
binding, entrapment, encapsulation and cross-linking [7]. These differ in the type and character of
the interactions formed and in the form and type of the support materials used. Selection of the most
appropriate immobilization method and support material depends strongly on the type and conditions
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of the catalytic process as well as the type of the enzyme [8]. However, it should be emphasized that
the selection of the support materials is the most crucial challenge due to the major impact the support
material may have on the properties of the biocatalytic system.

A very broad variety of materials of various origins can be used as supports for enzyme
immobilization. These materials may, in general, be divided into organic, inorganic and hybrid
or composite. The support should protect the enzyme structure against harsh reaction conditions and
thus help the immobilized enzyme to retain high catalytic activity [9]. Moreover, use of a suitable
material, for example hydrophobic carriers in lipase immobilization, may additionally increase the
activity of the biocatalyst [10,11]. However, there are some limitations in this area, because the matrix
must not have a negative effect on the structure of the enzyme and should not disturb the enzyme more
than is required to create stable enzyme–matrix interactions. Additionally, there should be affinity
between the functional groups of the two materials to allow the formation of these enzyme–matrix
interactions and effective binding of the enzyme to the support. This is particularly important in the
case of covalent immobilization [12]. The carrier should expose the active sites of the catalyst for
easy attachment of substrate molecules and to reduce diffusional limitations of the substrates and
products [13]. The main required features of support materials for effective enzyme immobilization
are summarized in Figure 1.
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Figure 1. Main features of support materials used for enzyme immobilization.

Nevertheless, it should be remembered that the appropriate selection of a matrix is directly
related to the type of enzyme and to the process in which the biocatalytic system will be used. For
the purposes of this literature review, the materials used as supports for enzyme immobilization
have been classified as Classic materials (Section 2), which are the most commonly used and New
materials, which offer especially desirable properties (Section 3). The latter type is also currently used
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in immobilization and not only allow effective enzyme binding but also increase the applicability of
the resulting biocatalytic systems.

2. Classic Support Materials for Enzyme Immobilization

Since the beginning of the work to develop the immobilization techniques, there has been a
need to define a group of materials to which enzymes may be attached. In general, materials have
been sought which offer high stability, availability, relatively low price and high affinity to the bound
enzymes. A wide variety of materials of both inorganic and organic origin have been evaluated as
effective supports for biocatalysts and are classified for the purposes of this review as Classic materials
(Figure 2). Although Classic materials have been less frequently applied in recent years, they remain an
important group of materials used for the immobilization of enzymes.
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2.1. Inorganic Materials

2.1.1. Silica and Inorganic Oxides

Silica is one of the most frequently used inorganic support materials for enzyme immobilization.
Its high thermal and chemical resistance and good mechanical properties make it a suitable material
for many practical applications. Silica offers good sorption properties due to its high surface area
and porous structure. These properties allow effective enzyme attachment and reduce diffusional
limitations [14,15]. Moreover, the presence of many hydroxyl groups on the surface of silica
facilitates enzyme attachment and favours its functionalization with surface modifying agents such as
glutaraldehyde or 3-aminopropyltriethoxysilane (APTES) [16]. Another advantage of this material
is that it can be used in many different forms. Enzymes belonging to many catalytic classes, for
example oxidoreductases, transferases, hydrolases and isomerases, have been immobilized with the
use of sol-gel silica, fumed silica, colloidal silica nanoparticles and silica gel as supports [17–21]. The
biocatalytic systems obtained demonstrate high catalytic activity retention and good thermal and pH
resistance. For example, lipases immobilized on a silica gel matrix and on mesoporous silica retained
respectively 91% and 96% of the activity of the free enzyme [22,23].

In previous studies, among other inorganic oxides, titanium, aluminium and zirconium oxides
have also been used for the immobilization of many enzymes, for example lipase, cysteine, urease
and α-amylase [24–27]. These supports are known for their high stability, mechanical resistance
and good sorption capacity. Moreover, these materials are inert under various reaction conditions,
which facilitates their application as supports for various classes of enzymes. Due to the presence of
many hydroxyl groups on their surface, these materials are highly hydrophilic; this enhances enzyme
immobilization and surface modification modified that favours the formation of relatively stable
enzyme–matrix interactions.
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2.1.2. Mineral Materials

Minerals are also used as support materials to produce recoverable biocatalytic systems with
enhanced enzyme stability under reaction conditions. They are abundant in nature, are easily available,
offer high biocompatibility and can be used as obtained without further advanced treatment and
purification, which makes them relatively cheap [28]. Moreover, the presence of many functional
groups (such as –OH, COOH, C=O, –SH, –NH2) on the surface of the minerals allows the formation
even of covalent bonds between the enzyme and the support and facilitates modification of the
minerals. When additional functional groups are introduced, the adhesion area and hydrophobicity
of the support increases while steric hindrances may be reduced [29]. The minerals used as
supports for enzyme immobilization are mainly clay materials such as bentonite, halloysite, kaolinite,
montmorillonite and sepiolite [30–32] though the group also includes the mineral hydroxyapatite
known as calcium apatite [33,34]. In theory, enzymes belonging to many catalytic classes can
be attached without limitation to the surface of mineral materials but in practice the most often
immobilized are lipases, α-amylases, tyrosinases and glucose oxidases. Enzymes immobilized on
minerals are used mainly in environmental engineering for waste and wastewater treatment as well as
in biosensors to improve linear range and detection limit [35]. For example, according to Chrisnasari et
al., glucose oxidase immobilized on bentonite modified by tetramethylammonium hydroxide retains
over 50% of its initial activity after five repeated catalytic cycles [36].

2.1.3. Carbon-Based Materials

Carbon-based materials such as activated carbons and unmodified and modified charcoals have
been used as effective and valuable support materials in enzyme immobilization, especially during the
last two decades. The well-developed porous structure of these materials, with pores of various sizes
and volumes and the high surface area (up to 1000 m2/g) mean that these materials contain numerous
contact sites on their surface for enzyme immobilization [37]. High adsorption capacity, the abundance
of many functional groups and minimal release of fine particulate matter make carbon-based materials
suitable carriers for the adsorption immobilization of various enzymes [38]. For example, unmodified
charcoal support was used for the immobilization of amyloglucosidase. The immobilized enzyme
when used for starch hydrolysis without any additional treatment retained over 90% of the free enzyme
catalytic activity [39]. According to Silva et al. use of activated carbon for adsorption attachment of
pancreatin allows a total immobilization yield that results in the creation of biocatalytic systems with
good catalytic properties [40].

2.2. Organic Materials

It is well known that there is no universal support material suitable for all enzymes for all of
their applications. Inorganic carriers have certain limitations, such as limited biocompatibility, lower
affinity to biomolecules and reduced possibilities to create various geometrical shapes. Moreover,
a cross-linking agent such as glutaraldehyde is usually required to create covalent bond between
the enzyme and an inorganic support. Due to these reasons, some materials of organic origin are
also used for the immobilization of various enzymes under different immobilization protocols. In
general, organic support materials can be divided into two groups: (i) synthetic materials (mainly
polymers) and (ii) renewable materials obtained from natural sources (biopolymers). Both groups
have been widely used since the beginning of enzyme immobilization for the attachment of different
types of biocatalysts.

2.2.1. Synthetic Polymers

The greatest advantage of synthetic polymers as support materials is that the monomers that
build the polymeric chain can be selected according to the requirements of the enzyme and process
in which the product of immobilization will be used [41,42]. The type and quantity of the monomers
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determine the chemical structure and properties of the polymer. The composition of the monomers
strongly affects the solubility, porosity, stability and mechanical properties of the polymer. A chemical
feature that is directly related to the monomer structure is the presence of reactive chemical moieties
in the polymeric chain. A very wide range of verified chemical functional groups may be observed
in the structure of polymers. They include, for example, carbonyl, carboxyl, hydroxyl, epoxy, amine
and diol groups, as well as strongly hydrophobic alkyl groups and trialkyl ammine moieties [43,44].
These groups facilitate effective enzyme binding and also functionalization of the polymer surface. The
type of functional groups determines whether the enzyme is anchored to the matrix via for example
adsorption or by the formation of covalent bonds, since it is mainly these two types of immobilization
that take place when synthetic polymeric supports are used. Additionally, the type and quantity of
functional groups determine the hydrophobic/hydrophilic character of the matrix and therefore its
ability to form polar or hydrophobic interactions with the enzyme [45]. Moreover, by using polymeric
supports, control of the length of the matrix–enzyme spacers has been achieved. Longer spacers
allow the enzyme to retain higher conformational flexibility, while shorter spacers can protect the
biomolecules against thermal inactivation and reduce leaching of the enzyme [46].

Various polymer materials can be used as effective supports and improve properties of the
immobilized enzyme such as thermal stability and reusability. The polymer layers play a very
important role in protecting the active sites of the enzyme from negative effects of the ingredients
of the reaction mixture and the process conditions. However, it should be noted that synthesis
of a polymer with the desired properties and functional groups is usually a time-consuming and
costly process. Different polymers containing various functional groups have been used for enzyme
immobilization. For example, α-amylase was covalently immobilized on polyaniline via –NH groups,
while tyrosinase was immobilized via –NH and C=O groups on polyamide 66 (Nylon 66) without any
linkers [47,48]. In another study, commercial lipase was immobilized by covalent binding on strongly
hydrophobic polystyrene microspheres activated by epoxy groups [49]. In a hydrophobic environment,
lipase exhibits extremely high catalytic properties which are related to the phenomenon called
interfacial activation. Furthermore, polyurethane foam has been used for covalent immobilization
of inulinase [50]. Bai et al. used polyvinyl alcohol modified by glutaraldehyde as a support for the
immobilization of laccase via –OH groups. After immobilization, as a result of the strong interactions,
the product was characterized by good storage stability and reusability which make it suitable for use in
biosensors to detect bisphenol A [51]. Glucose oxidase, an antimicrobial enzyme, was immobilized on
amino- and carboxyl-plasma-activated polypropylene film. The introduction of these groups enhanced
the affinity of the polymer to the enzyme [52]. Commercially available ion exchange resins—for
example Amberlite and Sepabeads—have also been used, respectively, for the immobilization of
enzymes such as α-amylase and alcohol dehydrogenase [53,54].

2.2.2. Biopolymers

An alternative to the use of synthetic polymers as matrices for enzymes is the use of
biopolymers—polymers of natural origin. Biopolymers include carbohydrates but also proteins
such as albumin and gelatin [55]. Materials such as collagen, cellulose, keratins and carrageenan as
well as chitin, chitosan and alginate are examples of biopolymers used for immobilization [56–59].
Biopolymers possess a unique set of properties, from biodegradability to harmless products,
biocompatibility and non-toxicity, to an outstanding affinity to proteins, which make them suitable
supports for enzymes [60]. Their natural origin and biocompatibility minimizes their negative impact
on the structure and properties of enzymes and thus the immobilized proteins retain high catalytic
activities. Furthermore, the availability of reactive functional groups in their structure—mainly
hydroxyl but also amine and carbonyl moieties—enables direct reaction between the enzyme and
matrix and facilitates modification of their surface [61]. Above all, however, these materials are
renewable and easy to obtain; in many cases they are by-products of various industries, which makes
them inexpensive and reduces the costs associated with the immobilization process [62]. Biopolymers
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are used for immobilization by adsorption and covalent binding; however, their ability to create
various geometrical configurations and propensity for gel formation mean that they are also used for
immobilization by encapsulation and entrapment.

Chitosan on the basis of a literature survey can be considered the most frequently used biopolymer
for enzyme immobilization. Chitosan can be applied in various forms and shapes. For example, Shi
et al. used chitosan microspheres cross-linked by glutaraldehyde for the immobilization of nuclease,
which is an important enzyme in genetic engineering [63]. In another study, glucose isomerase
was adsorbed in macroporous chitosan beads prepared by chelation with various metal ions [64].
As reported by Kim et al. cellulose nanocrystals obtained from cotton linter cellulose can be used
for immobilization by non-specific adsorption interactions of Candida rugosa lipase with high loading
efficiency [65], whilst lipase was immobilized by entrapment by Tumturk et al. using κ-carrageenan
hydrogels [66]. Vegetable and marine sponges characterized by an open fibrous network that reduces
diffusional limitations have also been used as matrices for the immobilization of lipases, mainly via
hydrogen bonds [67,68]. It may be concluded that biopolymers can be used to immobilize enzymes
belonging to various catalytic classes with the retention of good catalytic properties. Moreover, the
produced biocatalytic systems offer improved thermal stability and in general are noted for their
good reusability.

Special attention should also be paid to alginates. Their remarkable abilities for gelation, mainly
using sodium or calcium ions and for the creation of capsules in which single or multiple enzymes can
be immobilized, mean that these materials are used principally for encapsulation and entrapment [69].
However, due to the relatively low mechanical stability of alginate gels and diffusional limitations
in the transport of the substrates and products, their utilization in immobilization is restricted to a
few applications only [70]. For example, Betigeri and Neau immobilized lipase in calcium alginate
beads by entrapment, while Kocaturk and Yagar encapsulated polyphenol oxidase in copper alginate
beads and obtained high immobilization yields [71,72]. The products exhibited good catalytic activity
retention but their reusability was poor due to leaching of the enzyme from the matrix.

Agarose is a popular choice among biopolymers for use in enzyme immobilization. This linear
heteropolysaccharide biopolymer consists of β-D-galactose and 3,6-anhydro-α-L-galactose units, linked
by β-1-4 glycosidic and α-1-3 glycosidic bonds [73]. Like alginates, agarose also exhibits great ability
for gelation which can occur at temperatures of agarose solution below 35 ◦C, without addition of any
ions and results in formation of highly ordered stable and rigid structures [74]. It is worth mentioning
that the 3-D architecture of this hydrophilic material remains almost unaltered in the presence of
various organic solvents and does not shrink or swell under such conditions [75]. The ability of agarose
gel to form various forms, such as beads, capsules or fibres, has led to this organic support material
being of the great interest for industrial applications. For example, Prakash and Jaiswal used agarose
beads for simple physical entrapment of thermostable α-amylase. The practical application of the
resulting biocatalytic system was tested for removal of starch stains from clothes and the reusability of
agarose immobilized enzyme was found to be up to five cycles [76]. In another study, a cross-linked
agarose bead support highly activated with aldehyde groups was applied for multipoint covalent
attachment of the commercial enzyme Depol™ 333MDP (β-1,4-endoxylanase). A high immobilization
efficiency of over 85% was observed and the immobilized enzyme showed significant improvement of
thermal stability compared to free protein [77].

2.3. Summary of Classic Materials

Classic materials used for enzyme immobilization of both inorganic and organic origin have been
described in the above sections. Inorganic support materials, such as inorganic oxides, minerals or
carbon-based materials, are characterized mainly by good thermal and chemical stability as well as by
excellent mechanical resistance. These materials are also known for their good sorption properties
which are a result of their well-developed porous structure and usually high surface area that ensures
numerous contact sites for effective enzyme immobilization. In contrast, synthetic polymers and
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biopolymers, also grouped under Classic materials, offer numerous functional groups that facilitate
even covalent binding of enzymes without cross-linking agents. Additionally, biopolymers are usually
characterized by high protein affinity as well as biocompatibility that limits negative effects of the
support on the structure of enzymes. Moreover, irrespective of their origin, Classic materials for enzymes
immobilization are usually abundant in nature (mineral, biopolymers) or are easy to synthesize
(inorganic oxides, synthetic polymers) which makes them relatively cheap. These facts have meant that
these support materials still play an important role as carriers for use for immobilization of enzymes.

The Classic materials and types of enzymes that may be immobilized using of these supports are
summarized in Table 1 together with information about immobilization type, cross-linking agents and
binding group.

Table 1. Summary and selected examples of Classic materials of both inorganic and organic origin
applied for enzymes immobilization.

Support Material Binding
Groups

Cross-Linking
Agent

Immobilization
Type Immobilized Enzyme Reference

Inorganic Materials

Sol-gel silica –OH – adsorption lipase from Aspergillus niger [20]

Silica gel –OH, C=O glutaraldehyde covalent
binding commercial lipase [22]

γAl2O3 –OH – adsorption cysteine proteinases from Solanum
granuloso-leprosum [25]

ZrO2 –OH – adsorption α-amylase from Bacillus subtilis [26]

Montmorillonite –OH 3-aminopropyl-
triethoxysilane

covalent
binding

glucoamylase from Aspergillus
niger [31]

Hydroxyapatite –OH – adsorption glucose oxidase from Aspergillus
niger [34]

Bentonite –OH, –NH2

tetramethyl
ammonium
hydroxide

covalent
binding

glucose oxidase from Aspergillus
niger [36]

Commercial
activated carbon –OH, C=O – adsorption cellulose from Aspergillus niger [37]

Activated charcoal –OH, C=O,
COOH – adsorption papain [38]

Activated charcoal –OH, C=O,
COOH – adsorption amyloglucosidase [39]

Organic materials

polyaniline –N–H, C=O glutaraldehyde covalent
binding α-amylase [47]

polystyrene C=O, epoxy
groups

poly(glycidyl
methacrylate)

covalent
binding lipase [49]

poly(vinyl alcohol) –OH, C=O glutaraldehyde covalent
binding laccase from Trametes versicolor [51]

polypropylene –OH plasma
activated

covalent
binding Glucose oxidase [52]

Cellulose
nanocrystals –OH – adsorption lipase from Candida rugosa [65]

Luffa cylindrica
sponges

–OH, C=O,
COOH – adsorption lipase from Aspergillus niger [67]

chitosan –OH, –NH2 – entrapment lipase from Candida rugosa [71]
agarose –OH – entrapment α-amylase [76]

3. New Support Materials for Enzyme Immobilization

Possibilities for practical applications of immobilized enzymes are continuing to grow. For this
reason, discovery and use of New materials with desired properties, tailored to particular enzymes,
has recently become extremely important. These materials, of both organic and inorganic origin, are
characterized by exceptional thermal and chemical stability and very good mechanical properties.
Moreover, these support materials are produced in various morphological shapes with controllable
particle sizes, usually at nanoscale, which make them suitable for use with enzymes. Furthermore, these
materials possess remarkable quantities of various functional groups, corresponding to the chemical
groups of the proteins, which enhance enzyme binding and surface modification [78]. However,
particularly during the last decade, scientific attention has been directed towards hybrid and composite
materials, which combine properties of both composite precursor types and thus maximize their
advantages [79]. Hence, with the use of New materials (see Figure 3) as enzyme supports, control of
the technological process is improved, the immobilized enzymes exhibit enhanced catalytic efficiency
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and the purity and quality of the reaction products increase compared to the processes catalysed by
enzymes immobilized using the Classic materials.Catalysts 2018, 8, x FOR PEER REVIEW    8 of 26 
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3.1. Inorganic Materials

3.1.1. Magnetic Particles

The separation of biocatalysts from the reaction mixture after the catalytic process is one of the
crucial problems that must be solved when immobilized enzymes are used. One possible solution
is attachment of the enzyme molecules to magnetic iron oxide nanoparticles (MNPs) and simple
separation of the biocatalytic system with the use of an external magnetic field [80]. MNPs are also
known for their large surface area and the abundance of hydroxyl groups on their surface which
enables their easy modification and strong (covalent) binding of the enzyme. These are very important
features. High mechanical stability and low porosity, however, which minimize steric hindrances, are
also relevant for the creation of a stable enzyme–matrix biocatalytic system [81]. According to Netto et
al. many enzymes grouped within the oxidoreductases, hydrolases or transferases can be immobilized
on the surface of magnetic nanoparticles to create generally stable systems offering high reusability
and easy separation from the reaction mixture [82]. There are several examples that demonstrate
these advantages. Mehrasbi et al. immobilized lipase on magnetic nanoparticles functionalized with
3-glycidoxypropyltrimethoxysilane. The immobilized enzyme when used to catalyse the production
of biodiesel from waste cooking oil, maintained 100% of its initial activity even after six reaction
cycles [83]. In another study, Aber et al. immobilized glucose oxidase by adsorption on unmodified
MNPs and used the resulting system for decolourization of Acid Yellow 12. After 15 catalytic cycles
the immobilized glucose oxidase retained more than 90% of its initial properties [84]. Atacan et al.
used magnetic nanoparticles, pre-treated with gallic acid, for the covalent immobilization of trypsin.
Their results showed that the MNPs-trypsin biocatalyst can degrade bovine serum albumin with high
efficiency [85].

3.1.2. Mesoporous Materials

A feature that distinguishes mesoporous supports from other materials used for enzyme
immobilization is the possibility of tailoring the properties of the support to the biomolecules by
adjusting the synthesis conditions and obtaining matrices with a desired pore structure [86,87].
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These kinds of carriers contain mesopores with diameters of usually 2 to 50 nm, with a narrow and
regular pore arrangement, surface areas as high as 1500 m2/g and pore volumes of around 1.5 cm3/g,
which make them suitable supports for various biomolecules [88]. Enzymes can be immobilized on
mesoporous materials by covalent binding or by encapsulation. In both techniques of immobilization,
however, the enzyme is placed in the pores of the support, which means that the structure of the
protein is protected and good catalytic properties are generally retained. When the enzyme is located
in the pores of the carrier, diffusional limitations must also be taken into account because the transport
of substrates and products is restricted [89]. Nevertheless, in view of their water insolubility, thermal
and chemical stability, hydrophilicity and the presence of sufficient chemical groups for the binding of
catalysts, mesoporous materials fulfil most of the requirements for effective enzyme matrices [90].

Materials such as zeolites, carbons and sol-gel matrices, as well as precipitated and ordered
mesoporous oxides are included in the mesoporous group [91–93]. For example, various mesoporous
silica materials are frequently used. Lipases from Candida antarctica and from Candida rugosa have been
immobilized via non-specific interactions without any intermediate agents on SBA 15 and MCM 41
mesoporous silica, respectively and used as catalysts in organic synthesis [94,95]. The reusability of
the immobilized enzymes was found to be significantly improved, because they could be reused for at
least five reaction cycles without significant loss of their activity. SBA 15 and MCM 41 silicas were also
used for adsorption immobilization of alkaline protease [96]. The immobilized enzyme attained its
maximum loading (589.43 mg/g) when SBA 15 silica was used. The products of immobilization also
had good pH and temperature stability. In another study, Mangrulkar et al. immobilized tyrosinase
on the mesoporous silica MCM-41 and used the resulting biocatalytic system for the detection of
phenol. The lowest concentration of phenol detectable by the immobilized tyrosinase was found to be
1 mg/L [97]. As mentioned above, mesoporous materials can also be used for enzyme encapsulation.
Wang and Caruso used mesoporous silica spheres for the immobilization of catalase, protease and
peroxidase and showed that after immobilization the lifetime of all tested enzymes was improved
compared to their free forms [98].

3.1.3. Nanoparticles

Nanoparticles of both inorganic and organic origin with diameters of up to 30 nm have been
extensively studied in recent years as potential supports for enzyme immobilization. However, for the
purpose of this review, attention is focused on nanoparticles of inorganic origin as these materials are
attracting growing interest due to the fact that they generally significantly improve the immobilization
yield and the efficiency of the biocatalytic system obtained [99,100]. Nanoparticles provide a large
surface area for enzyme binding that leads to higher loading of the enzyme on the matrix surface
and increased immobilization yield. The greatest advantage, however, of nanoparticles over other
inorganic materials is their ability to minimize diffusional limitations. Enzyme molecules are attached
to the surface of the nonporous particles and their active sites are exposed for wide contact with
substrates [101,102]. This means that biocatalytic systems based on nanoparticles usually provide high
catalytic activity retention [103].

Various inorganic nanomaterials such as nanogold [104] and graphene [105] can be used as
matrices for enzyme immobilization. Most frequently, however, inorganic oxide nanoparticles
are used. For example, Hou et al. used titania nanoparticles for the immobilization of carbonic
anhydrase by glutaraldehyde and immobilized over 160 mg of the enzyme per gram of the matrix.
The product was used for biomimetic conversion of CO2 [106]. In another study, lipase from
Rhizomucor miehei was covalently immobilized on silica nanoparticles modified by octyltriethoxysilane
and glycidoxypropyltrimethoxysilane. The immobilized lipase proved to be a very thermostable
biocatalyst [107]. Notably, both biocatalytic systems achieved over 90% catalytic activity retention.
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3.1.4. Ceramic Materials

Ceramic materials are known for their extremely high resistance to temperature, pressure and
chemicals (organic solvents, bases, acids). These features make them very promising materials for use
as supports for industrial applications of immobilized enzymes [108]. Ceramic supports also offer good
mechanical stability. Hence, when the enzymes become catalytically inactive, they can be relatively
easily regenerated and used for the immobilization of a new biocatalyst [109]. Hydroxyl groups are
mainly present on the surface of these materials. This favours mainly adsorption immobilization of
enzymes, based on non-specific interactions. For covalent attachment of biomolecules, additional
surface modification is necessary. Ceramic materials such as alumina, zirconia, titania, silica, iron oxide
and calcium phosphate have been used as biomolecule carriers. It should be added that these materials
can also be used in the form of ceramic foam or composite (TiO2/Al2O3) ceramic membranes [110,111].

Ebrahimi et al. physically immobilized β-galactosidase using a ceramic material in the form of a
membrane as a support. The system was used to catalyse a transgalactosylation reaction of lactose to
produce galactosyl-oligosaccharides. The immobilized enzyme was used for continuous production of
oligosaccharides and its efficiency reached 40% under optimal process parameters [112]. Wang et al.
immobilized horseradish peroxidase on a ceramic material (cordierite) which had been modified
by N-β-amino-ethyl-γ-aminopropyl-trimethoxysilane for covalent attachment of the enzyme. The
biocatalytic system was used to remove oil from wastewater. The highest recorded removal efficiency
was close to 92% and the system exhibited good reusability [113].

3.1.5. Carbon Nanotubes

Carbon nanotubes are a new type of support material that has been more and more widely used in
recent years. Both single-walled and multi-walled carbon nanotubes are characterized by an ordered,
nonporous structure, large surface area and biocompatibility. Moreover, they exhibit outstanding
thermal, chemical and mechanical resistance [114,115]. Carbon nanotubes are also relatively amenable
to functionalization to further increase their affinity to enzymes and favour the formation of strong
enzyme–matrix interactions [116]. Unlike other materials, carbon nanotubes enhance the transfer
of electrons between the substrate and the immobilized enzyme. They are thus most frequently
used for the immobilization of oxidoreductases and are applied in biosensors for the detection of
various compounds such as phenol and its mono- and multi-substituent derivatives, bisphenols or
pharmaceuticals, i.e., diclofenac or tetracycline. However, other groups of enzymes (transferases and
hydrolases) have also been immobilized with the use of carbon nanotubes [117,118].

In one reported study, glucose oxidase was immobilized on carbon nanotubes and further
cross-linked with chitosan. The results confirmed that the transfer rate of electrons was strongly
enhanced [119]. In another study α-glucosidase was covalently immobilized on multi-walled carbon
nanotubes functionalized by amine groups. The system so obtained was used in a biosensor for
measuring the antidiabetic potential of medicinal plants [120]. The immobilized enzymes used in
both biosensors exhibited greatly improved sensitivity and time of response and thus better detecting
properties. The biosensors also offered relatively good storage stability as indicated by their activity
which remained almost unaltered over 30 days.

3.1.6. Graphene and Graphene Oxide

Graphene and graphene oxide (GO) among carbon-based materials have also attracted great
attention as support materials for enzymes. This interest reflects their unique features such as
biodegradability, two-dimensional structure, high surface area and pore volume as well as good
thermal and chemical stability [121]. Additionally, the presence of many various functional groups,
such as carboxylic (COOH), hydroxyl (–OH) or epoxide groups, facilitates creation of strong
enzyme-matrix interactions without linking agents or modification of the graphene surface [122].
Due to these features, enzymes like lipases [123] or peroxidases [124] can be immobilized on GO
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surfaces mainly by adsorption, covalent binding or entrapment [125]. It is also worth mentioning that
graphene-based materials may even enhance enzyme biocatalytic activity. Moreover, graphene-based
supports are characterized by antioxidant properties and may enhance removal of free radicals (i.e.,
hydroxyl or dithiocyanate) from reaction mixtures [126]. This results in improved protection of enzyme
molecules from inactivation.

For example, horseradish peroxidase (HRP) was covalently immobilized on reduced graphene
oxide nanoparticles functionalized with glutaraldehyde. Kinetic parameters (turnover number (kcat)
and catalytic efficiency (kcat/KM)) of the immobilized enzyme increased after its attachment, thus
demonstrating enhancement of the catalytic properties of the HRP. Moreover, reusability was also
significantly improved, as indicated by immobilized enzyme which maintained over 70% of its
initial activity after 10 catalytic cycles [127]. In another study, D-psicose 3-epimerase (DPEase) was
immobilized on non-modified graphene oxide and applied for production of the rare sugar D-psicose,
an epimer of D-fructose. After immobilization, the efficiency of biocatalytic conversion of D-fructose to
D-psicose was improved. Thermal stability of immobilized DPEase was also significantly enhanced, as
the graphene-bounded enzyme exhibiting a half-life of 720 min that was 180 times higher than the
half-life of free D-psicose 3-epimerase (4 min) [128].

3.2. Organic Materials

As already mentioned, the properties of the immobilized enzyme are strongly dependent on the
structure and characteristics of the matrix. In general, the organic materials classified here as New
materials are mainly the same materials and containing very similar chemical groups as those described
in Section 2.2. However, here these organic materials appear in completely different forms and as a
result have very different properties. These materials may for example be used in the form of single
particles, fibres of nanometre size, or membranes. These supports increase the performance, efficiency
and stability of the immobilized biomolecules and render the latter more reusable. Moreover, control
of the process is improved and processes can be carried out in a continuous manner, which makes
them cost-effective [129]. Hence, biocatalytic systems based on these materials can become attractive
for applications in industrial-scale processes. Selected cases of the use of New materials of organic
origin for enzyme immobilization are discussed below.

3.2.1. Electrospun Materials

The great potential of electrospun materials as supports for enzyme immobilization results
from their many functional and structural advantages. These materials are known for their length
(electrospun nanofibers), uniformity of diameter and diversity of composition. They also have
high porosity and surface areas, which lead to high enzyme loading [130]. The nanometre sizes
of these materials provide additional benefits mainly related to low hindrance of mass transfer
and reduced diffusional limitations. As a result, the efficiency of the immobilized enzyme can be
increased. Electrospun support materials are also known for other useful properties, for example
their biocompatibility, nontoxicity, biodegradability, high mechanical strength and hydrophilicity,
which make them suitable matrices for various types of biocatalysts [131,132]. It should also be noted
that due to the presence of various functional moieties on their surface, electrospun nanomaterials
can be easily modified to favour enzyme attachment and increase the activity of the enzyme [133].
A very wide range of synthetic polymers such as poly(vinyl alcohol), polystyrene, polyacrylamide
and polyurethane, as well as biopolymers such as chitin, chitosan, alginate and cellulose, may be used
to produce electrospun carriers [134–136]. Their great advantage over other matrices is the fact that
because of the variety of materials used to produce electrospun supports, they can be obtained with
properties tailored to the enzyme and the process. Enzymes can be immobilized on these materials by
adsorption and covalent binding (surface attachment) as well as by encapsulation carried out at the
same time as the support is formed, which additionally reduces the costs of the process [137].
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For example, Canbolat et al. used poly(ε-caprolactone) to immobilize catalase by encapsulation
using layering methods. Moreover, to enhance the catalytic activity of the enzyme, its molecules were
combined with cyclodextrin before immobilization. The results indicated that the addition of cyclic
oligosaccharides had a positive effect on the catalytic properties of the biocatalyst. It should also
be noted that immobilization by encapsulation results in higher stability of the catalase because the
enzyme is protected from negative effects of the reaction conditions [138]. Weiser et al. used polyvinyl
alcohol nanofibers for the immobilization by entrapment of five different types of lipase for the kinetic
resolution of racemic secondary alcohols by acylation in inorganic media. The study proved that the
activity of all tested lipases was enhanced by stabilization of the active conformation of the enzyme.
Furthermore, after immobilization of the biomolecules, the turnover frequency of the reaction increased
due to a reduction in mass transfer limitations, which was directly related to the structural properties
of the polymeric nanofibers [139]. In another study, poly(vinyl alcohol) or polylactic acid nanofibers
in the form of a membrane were used for adsorption immobilization of Candida antarctica lipase B.
The biocatalytic system was used for the kinetic resolution of 1-phenylethanol and 1-phenyl acetate.
Polyvinyl alcohol membrane with immobilized lipase may be used in both organic and water media;
however, the lipase immobilized on polylactic acid fibres preserved higher activity and exhibited
higher enantiomer selectivity. Nevertheless, due to the protection afforded by the nanofibers, both
immobilized systems demonstrated excellent stability even over 10 reaction cycles [140].

3.2.2. Polymeric Membranes

As has been described above, polymeric materials can be used in enzyme immobilization in
the form of beads, powders, fibres or foams. However, in recent years there has been growing
interest in the use of commercially available polymeric membranes. This is mainly because they have
easily tuneable properties which make them suitable for many groups of enzymes [141,142]. These
membranes have a large surface area that allows efficient enzyme attachment. The membranes also
offer good porosity as well as well-defined pore sizes and structure, which facilitate the immobilization
of biomolecules not only on the surface of the support but also in its pores [143]. The reaction mixture
passing through the membrane therefore has relatively easy access to the active sites of the enzyme,
which reduces diffusional limitations. Moreover, membranes with tailored properties can easily be
prepared in different shapes and various geometrical configurations [144]. The membranes are also
generally insoluble and are known for their mechanical stability, hence they fulfil the requirements for
performing as suitable carriers for enzyme immobilization.

Many types of synthetic polymers can be used for the preparation of membranes, for example
poly(vinyl alcohol), polyurethane and poly(vinylidene fluoride) [145,146]. However, membranes
made from biopolymers, for example from chitosan or cellulose, can also be used as enzyme support
materials [147]. Depending on the type of material used, various functional groups are present in the
membrane that not only favour effective enzyme immobilization but also enable modification of the
membrane for covalent binding of biomolecules. It should also be noted that in addition to membranes
obtained on a laboratory scale, commercially available ultra- and nanofiltration membranes can also
be used for enzyme immobilization and examples such as GR51PP, NF270 and NTR7450 may be
mentioned [148–150]. However, the greatest advantage of polymeric membranes as biomolecule
support matrices, in comparison with other materials, is the fact that no additional separation and
purification of the reaction mixture is required; the catalytic process can take place and products can
be isolated from the reaction mixture in the same step [151]. It is also worth noting that polymeric
membranes, as supports for enzymes, play a crucial role particularly in the case of enzymatic membrane
reactors (EMR).

3.3. Hybrid and Composite Materials

In the light of the above-mentioned unique features and properties of inorganic and organic
matrices, many studies have been carried out with the aim of combining them to maximize their
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benefits. The possibility of selecting and combining precursors to meet the requirements of a given
enzyme and the process in which it is to be used facilitates more precise control of the enzyme
immobilization process. Additionally, the biocatalytic systems thus produced can be used in a wider
range of practical applications [152]. Combined and reinforced materials usually exhibit properties not
observed for their individual components. Hybrids and composites usually make it possible to stabilize
the interactions between an enzyme and a support and make biocatalysts more mechanically resistant
and stable under reaction conditions. It should be added that hybrid supports in general provide a
suitable environment for biomolecules that favours the retention of high catalytic properties by the
immobilized enzyme, makes the biocatalytic system reusable and protects it against conformational
changes during storage [153]. An additional benefit of the use of composite supports is the fact
that these materials are suitable for enzymes belonging to all catalytic classes. Hence, in the quest
for support materials for enzyme immobilization, particular attention should be paid to hybrid or
composite materials obtained by the conjugation of: (i) organic-organic; (ii) inorganic-inorganic, or (iii)
organic-inorganic precursors.

3.3.1. Organic-Organic Hybrids

As described above, many types of polymers of synthetic and natural origin can be used as
supports for enzymes. However, to increase their usability, they can be combined to obtain products
with enhanced properties which are better suited to the enzyme and the technological process.
Organic-organic hybrids may be synthesized by connecting together the following: (i) two synthetic
materials, for example polyaniline and polyacrylonitrile, polyethyleneimine, with epoxy-activated
acrylate copolymer or poly(acrylic acid) and polyvinyl alcohol [154–156]; (ii) a synthetic polymer with
a biopolymer, such as poly(acrylic acid) and cellulose, polyvinyl alcohol and chitosan, or polyaniline
and chitosan [157–159]; (iii) two biopolymers, such as chitosan and alginate, chitin and lignin or
cellulose and dextran [160–162]. For instance, combining a synthetic polymer having good pH and
thermal resistance and mechanical stability with a biopolymer known for its biocompatibility and
high affinity to biocatalysts and using the resulting hybrid as an enzyme support, could result in a
stable, reusable biocatalytic system with the retention of good catalytic properties [163]. Additionally,
through appropriate selection of precursors, the hydrophobic/hydrophilic character of the matrix can
be controlled to increase the strength of the interactions formed between the enzyme and support and
to enhance the catalytic activity of the biomolecule [164]. The greatest advantage of these materials
is the possibility of forming them into various shapes and sizes. The materials can be used as
enzyme supports in the form of particles, fibres, tubes, beads, membranes or sheets [165–167]. The
wide variety of available organic-organic hybrids makes these materials suited for immobilization of
enzymes belonging to all catalytic classes by adsorption, covalent binding and also by entrapment or
encapsulation [168,169]. For example, two monomers, polylactic acid and polyethylene glycol, were
used to produce micro- or nanofibers by an electrospinning technique. The material thus produced
had high porosity, a large surface area, the ability to incorporate functional additives, which are
all excellent properties as a matrix for enzyme attachment. In the study, alkaline phosphatase was
immobilized via biotin-streptavidin interactions on surface of the matrix. The bound enzyme exhibited
good stability and reusability over a long storage time so this system may be a promising platform
for the development of biosensors [170]. Polyvinyl alcohol–hypromellose is an example of an organic
hybrid produced by merging a synthetic polymer with a semisynthetic biopolymer which is an
inert derivative of methylcellulose. This material was used for the immobilization of lipase from
Burkholderia cepacia without any cross-linkers. The resulting biocatalytic system was used for the
synthesis of phenethyl butyrate in nonpolar medium and proved to be a successful catalyst, achieving
99% conversion of the phenethyl alcohol and vinyl butyrate used as substrates. The protective effect of
the polymeric hybrid support resulted in the retention of high catalytic activity by the immobilized
lipase and the activation energy of the reaction was found to be lower when the immobilized enzyme
was used [171]. Matto and Husain employed a calcium alginate–starch hybrid gel as a carrier for
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adsorption immobilization and entrapment of peroxidase. The presence of many hydroxyl groups in
the starch structure enhanced the surface attachment of the enzyme, while the capacity of alginate for
gelation favoured the entrapment of peroxidase. The entrapped enzyme was found to be significantly
more stable against pH, temperature, solvents and inhibitors like urea or heavy metals, compared
to the surface-immobilized enzyme. Moreover, this form of immobilized peroxidase retained over
70% of its original activity even after seven repeated reaction cycles [172]. In a study by Abdulla and
Ravindra, equal proportions of alginate and κ-carrageenan were used to produce a novel biopolymeric
hybrid for lipase immobilization by entrapment. The resulting biocatalyst was employed in biodiesel
production from Jatropha oil and ethanol. Under optimal process conditions, total transesterification of
triglycerides to fatty acid ethyl esters was achieved. This biocatalytic system also demonstrated good
reusability as indicated by retention of over 75% of its initial activity after six cycles. The results suggest
that lipase immobilized on an alginate–κ-carrageenan hybrid could be an efficient and environmentally
friendly biocatalyst for biodiesel production [173]. Another application of a composite built from two
biopolymers was reported by Nupur et al. who combined chitosan and calcium alginate and used the
resulting hybrid in the form of beads for entrapment immobilization of penicillin G amidase (PGA).
The immobilized PGA demonstrated high thermal and storage stability and good reusability. The
enzyme entrapped in alginate–chitosan hybrid beads was found to have several advantages and could
be used in the organic synthesis of 6-aminopenicillanic acid with high efficiency [174].

3.3.2. Organic-Inorganic Hybrids

A very wide range of materials of both organic and inorganic origin can be combined to create
hybrid or composite supports for the immobilization of enzymes. The most frequently used inorganic
precursors include silica, inorganic oxides such as zinc and titanium oxides, as well as minerals, carbon
materials and magnetic nanoparticles [175–178]. They can be combined with polymers of synthetic
origin, for example polyacrylonitrile, polyethyleneimine and polyvinyl alcohol [179,180], as well as
with biopolymers such as chitosan, lignin and alginate [181,182]. These materials are mainly used for
the adsorption or covalent immobilization of hydrolases, oxidoreductases and transferases but the
encapsulation of these enzymes in carriers of this type has also been reported [183]. Organic-inorganic
hybrids display great potential as support materials for enzymes; such hybrids provide good stability
and mechanical resistance and very high affinity to biological molecules. The high stability and
often also chemical inertness are related to features of the inorganic precursor. The good ability to
bind enzymes is due to the organic components since synthetic polymers and biopolymers have
many functional moieties in their structures that are able to interact with the chemical groups of
biocatalysts [184]. As a result of their stability and functionality, hybrids in this group can be used
for many practical applications, which is their greatest advantage. Many different combinations of
organic and inorganic substances have been used to produce functional organic-inorganic composites
and hybrids for enzyme immobilization. For example, Zhao et al. combined the stability and
mechanical resistance of silica with the biocompatibility and gelation properties of chitosan and
achieved immobilization of glucose isomerase on silica–chitosan hybrid microspheres via simple in
situ encapsulation. The immobilized enzyme was further used as a catalyst for the conversion of
glucose to fructose. The relative activity of the enzyme was found to be above 90% over a wide
pH range of 6–8, a temperature range of 40–80 ◦C, a storage time of 3 months and after 15 repeated
catalytic cycles [185]. In another study, a silica–dialdehyde starch (SiO2-DAS) mixed hybrid, offering
high enzyme binding capacity due to the presence of polysaccharide in the structure, was used for the
immobilization of cellulose. The product maintained higher activity over broader pH and temperature
ranges than the free enzyme. Moreover, the immobilized cellulase exhibited higher affinity to the
substrates as well as better reusability and storage stability. This product might therefore be used
as an effective biocatalyst for cellulose bioconversion [186]. Miranda et al. reported the synthesis of
an eco-friendly poly-L-leucine-rehydrated hydrotalcite nanohybrid material and its effective use for
tyrosinase immobilization without bifunctional linkers. They used the resulting biocatalytic system in
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the asymmetric epoxidation reaction of chalcone. The nanohybrid-based biocatalyst exhibited excellent
activity and enantioselectivity. The product also demonstrated good reusability, with unaltered
activity after five consecutive runs. Thus, this biocatalytic system could find potential applications in
protein engineering, biomedicine and catalysis [187]. Chang et al. combined natural clay composed
of montmorillonite and layer silicates with chitosan, which exhibits good gelation abilities. The
inorganic-organic hybrid was further cross-linked with glutaraldehyde and finally applied in the form
of wet and dry beads for the immobilization of β-glucosidase. The covalently bound enzyme exhibited
high stability over wide pH and temperature ranges. Additionally, the properties of wet and dry beads
were compared and it was found that use of the dried materials led to higher catalytic efficiency [188].
In another study, the conductive properties of carbon nanospheres were combined with the gelation
ability of sodium alginate for entrapment immobilization of glucose oxidase and its use for biosensing
of glucose. Under optimal measurement conditions, the biosensor achieved very good performance
for glucose over a wide linear concentration range, with a detection limit of 0.5 µM. The biosensor also
exhibited satisfactory reproducibility and good long-term stability [189].

3.3.3. Inorganic-Inorganic Hybrids

Besides the types discussed above, inorganic-inorganic hybrid and composite materials also
possess many features which make them interesting potential supports for enzyme immobilization.
In general, inorganic hybrids exhibit good pH and thermal stability, mechanical resistance and
chemical inertness. Moreover, their precursors are easily available and in many cases their synthesis
is simple and hence relatively cheap [190]. A variety of functional groups such as carbonyl (C=O),
carboxyl (COOH), amine (–NH2) and epoxy are present on the surface of inorganic-inorganic materials,
although the most frequently observed are hydroxyl (–OH) groups. These groups determine the
hydrophilic character of inorganic composite supports and increase their affinity to biomolecules [191].
Additionally, the presence of many functional groups enhances immobilization efficiency and allows
easy functionalization of the surface [192]. Besides simple modification, the presence of various
chemical moieties allows the production of combined materials with desired technological features
and high affinity for enzymes, which makes these materials promising for practical applications.
For example, sol-gel derived silica was combined with multi-walled carbon nanotubes (MWCNTs)
and used for the non-specific immobilization of lipase from Candida rugosa. The biocatalytic system
thus obtained was applied in esterification reactions in organic media, with high efficiencies. The
immobilized lipase also exhibited good reusability as indicated by almost unaltered initial activity
after five catalytic cycles due to the protective effect of the MWCNTs [193]. In another study, Zhu
et al. used carboxyl-functionalized silica-coated magnetic nanoparticles (SCMNPs) as a carrier for
covalent immobilization of porcine pancreatic lipase. The addition of the magnetic nanoparticles to
the composite enabled easy separation of the biocatalytic system from the reaction mixture using a
magnetic field. The immobilized lipase exhibited enhanced activity compared to the free enzyme and
good thermal resistance, with high catalytic efficiency at 70 ◦C [194].

The presence of many functional moieties enables the attachment of enzymes belonging to many
catalytic classes, including hydrolases and oxidoreductases [195,196] and the potential use of all known
immobilization techniques. For example, glucose oxidase was entrapped in nanozeolites combined
with magnetic nanoparticles and multi-walled carbon nanotubes [197]. In another case, β-glucosidase,
α-chymotrypsin and lipase B from Candida antarctica were successfully covalently immobilized on
the surface of magnetic nanoparticles activated by N,N-disuccinimidyl carbonate [198]. In general,
silica is one of the most commonly used precursors for inorganic hybrids. However, other inorganic
components such as inorganic oxides, minerals, clays, noble metal nanoparticles and carbon-based
materials may also act as precursors for inorganic-inorganic enzyme supports [199–202]. An interesting
example of an inorganic-inorganic composite used for enzyme immobilization is a combination of
calcium carbonate and gold nanoparticles (CaCO3-AuNPs). This support was used by Li et al. for
adsorption immobilization of horseradish peroxidase and further to produce a mediator-free hydrogen
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peroxide biosensor. Due to the good electrical conductivity of the CaCO3-AuNPs inorganic hybrid, as
well as the favourable orientation of the enzyme molecules on the surface of the matrix, the biosensor
exhibited strong activity toward H2O2 reduction and achieved a good linear response over a wide
range of hydrogen peroxide concentrations and a relatively low limit of detection (1.0 × 10−7 M) [203].
In another study, the ability of carbon nanotubes to direct electron transfer and the high surface area
of titanium dioxide were exploited to create TiO2–carbon nanotube microparticles for adsorption
immobilization of glucose oxidase by non-specific interactions. The immobilized enzyme was further
used to build a biosensor for glucose detection. Electrochemical analysis showed the biosensor to have
high efficiency, sensitivity and reproducibility and the capacity to detect glucose up to concentrations
of 3 mM [204]. In another such system, multi-walled carbon nanotubes provided a highly porous
conductive network that enhanced electrochemical transduction, while CaCO3 acted as a host carrier
for immobilization of tyrosinase by entrapment. This inorganic hybrid with immobilized enzyme was
used as a highly effective and sensitive dopamine or catechol biosensor. The biocatalytic system was
shown to be resistant to the effects of inhibitors and interferents and its parameters remained unaltered
in the presence of uric and ascorbic acid [205].

3.4. Summary of New Materials

Table 2 summarizes the most important types of New materials and enzymes that may be
immobilized by using these carriers. Moreover, information about binding groups, immobilization
type or cross-linking agents are also presented.

Table 2. Summary and selected examples of New materials of inorganic, organic and hybrid origin
applied for enzymes immobilization.

Support Material Binding
Groups

Cross-Linking
Agent

Immobilization
Type Immobilized Enzyme Reference

Inorganic Materials

magnetic nanoparticles epoxy groups 3-glycidoxypropyl-
trimethoxylsilane covalent binding lipase from Candida

antarctica [83]

–OH – adsorption glucose oxidase from
Aspergillus niger [84]

silica SBA-15 –OH – adsorption alkaline protease [96]
mesoporous silica –OH – encapsulation catalase [98]

silica mesoporous nanoparticles epoxy groups 3-glycidoxypropyl-
trimethoxylsilane covalent binding lipase from Rhizomucor

miehei [107]

TiO2 nanoparticles –OH – adsorption carbonic anhydrase [106]

cordierite –NH2

N-β-aminoethyl-γ-
aminopropyl-

trimethoxysilane
covalent binding horseradish peroxidase [113]

multi-walled carbon nanotubes –NH2
3-aminopropyl-
triethoxysilane covalent binding α-glucosidase [120]

reduced graphene oxide C=O glutaraldehyde covalent binding horseradish peroxidase [127]

Organic materials

electrospinning fibres of
polycaprolactone C=O - adsorption catalase [138]

electrospinning nanofibers of
polyvinyl alcohol –OH - encapsulation lipase from Burkholderia

cepacia [140]

polyethersulphone membrane - - adsorption
Phosphotriesterase

lactonase from Sulfolobus
solfataricus

[145]

NTR7450 membrane - - adsorption casein glycomacropeptide [150]

Hybrid/composite materials

polyaniline-polyacrylonitrile
composite –N–H - encapsulation glucose oxidase [154]

cellulose-poly(acrylic acid) fibres –OH, COOH - covalent binding horseradish peroxidase [157]
chitosan-alginate beads –NH2, –OH - entrapment amyloglucosidase [160]
graphene oxide-Fe3O4 –OH, C=O cyanuric chloride covalent binding glucoamylase [177]

silica-lignin –OH, C=O - adsorption glucose oxidase form
Aspergillus niger [178]

polyacrylonitrile-
multi-walled carbon nanotubes

–N–H, C=O,
–OH

N-Hydroxy-
succinimide covalent binding catalase [179]

silica-graphene oxide particles –OH, C=O N-Hydroxy-
succinimide covalent binding cholesterol oxidase [199]

ZnO-SiO2 nanowires –OH – cross-linking horseradish peroxidase [202]
CaCO3-gold nanoparticles –OH, C=O – adsorption horseradish peroxidase [203]
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New materials with tailored properties are increasingly frequently used as supports for enzymes
both due to limitations in application of Classic materials and also to improve the properties of the
immobilized enzymes. Materials belonging to the New materials group can facilitate easy separation of
biocatalytic systems from reaction mixtures (magnetic nanoparticles) or enable avoidance of enzyme
particles overloading on the surface of the carrier (nanoparticles and mesoporous materials). Moreover,
materials such as graphene or graphene oxide enhance transfer of electrons between immobilized
enzyme and substrate and result in increased catalytic activity of the biomolecules. The greatest
advantage of the materials of organic origin classified as New materials is that they can be formed
in various geometrical shapes such as fibres or membranes and reduce diffusional limitations and
improve the efficiency of the biocatalytic processes. Within New materials, there is continuing and
growing interest in hybrid materials. Hybrid supports may be synthesized through the combination of
precursors of different origin and their properties can be tailored to the requirements of the biocatalysts
as well as to the technological process in which the product will be used after immobilization. Hybrid
supports are characterized by good thermal and chemical stability and mechanical resistance and
usually ensure stable, covalent binding of the enzyme.

4. Summary

Inorganic materials such as inorganic oxides, minerals and carbon-based materials and materials
of organic origin, including synthetic and natural polymers, may be classified as Classic support materials
used for the immobilization of enzymes. These carriers are characterized by good stability under
harsh reaction conditions, high availability or relatively simple synthesis and consequently low price.
In general, these groups of support materials can be used for the immobilization of all classes of
enzymes through the use of all immobilization techniques although adsorption immobilization is
the most common. In view of the properties of these materials, the formation of highly specific
interactions between the enzyme and the support is usually limited. Therefore, immobilization is
based on non-specific hydrogen interactions. In some cases, however, where for example there is a
high affinity of functional groups, the formation of covalent bonds cannot be excluded. The wide use
of Classic materials as supports for enzymes is also linked to the more cost-effective immobilization
process since these carriers do not require complicated preparation procedures and immobilization
is usually fast and simple. Classic materials will continue to play a significant role as supports for the
immobilization of enzymes from many catalytic classes for many practical applications ranging from
the synthesis of highly pure chemical compounds to food processes and wastewater treatment.

The wide group of support materials which for the purposes of this review are called New
materials for enzyme immobilization can offer properties designed for particular enzymes or for the
requirements of a given technological process. These materials have come into use due to certain
defects of the Classic materials and to the relatively low efficiencies of catalytic conversions carried out
with biocatalysts bound to Classic materials. Inorganic materials in the New materials group include
magnetic nanoparticles, which enhance fast and simple separation of the immobilized enzyme from the
reaction mixture by means of an external magnetic field and mesoporous materials with a hierarchic
pore structure, which ensures the uniform distribution of biomolecules in the matrix pores and thus
reduces overloading of the enzymes and maintains catalytic activity at a high level. There are also
materials of organic origin, such as electrospun membranes; depending on the material used for their
production, these materials can significantly increase the transfer of electrons, which is a key step in
many biocatalytic transformations. However, special interest particularly in recent years has been
paid to applications of hybrid and composite New materials for enzyme immobilization. As has been
described, these materials are synthesized from combinations of precursors of inorganic, organic and
mixed inorganic and organic origin. They are designed to offer high stability, good affinity for enzymes
and the presence of many chemical functional groups compatible with the chemical moieties present
in the protein structure. Because of these features, biomolecules are attached mainly via covalent
bonds and this ensures the good reusability and operational stability of the resulting biocatalytic
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systems. New materials will be employed more and more extensively in the future for immobilization
of enzymes. Their applications will not be limited to the creation of biocatalytic systems for use in
synthesis; hybrids and composite materials will also be used to production of biocatalytic cells and
biosensors for the detection of various compounds in medicine and in environmental monitoring, as
well as for remediation of hazardous compounds.

It should be emphasized that in presented literature review the materials have been considered
regardless of the type/mode of enzyme immobilization methodology employed, thus the treatise is
universal with respect to this regard. However, for creation of stable and efficient biocatalytic systems,
the attachment technique must be optimized individually for the specific enzyme, the specific material
and the biocatalytic process to be employed.
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Abstract: Cellulase from Aspergillus niger was immobilized on a synthesized TiO2–lignin hybrid
support. The enzyme was effectively deposited on the inorganic–organic hybrid matrix, mainly via
physical interactions. The optimal initial immobilization parameters, selected for the highest relative
activity, were pH 5.0, 6 h process duration, and an enzyme solution concentration of 5 mg/mL.
Moreover, the effects of pH, temperature, and number of consecutive catalytic cycles and the
storage stability of free and immobilized cellulase were evaluated and compared. Thermal and
chemical stability were significantly improved, while after 3 h at a temperature of 50 ◦C and pH 6.0,
the immobilized cellulase retained over 80% of its initial activity. In addition, the half-life of the
immobilized cellulase (307 min) was five times that of the free enzyme (63 min). After ten repeated
catalytic cycles, the immobilized biocatalyst retained over 90% of its initial catalytic properties.
This study presents a protocol for the production of highly stable and reusable biocatalytic systems
for practical application in the hydrolysis of cellulose.

Keywords: enzyme immobilization; cellulases; titania-lignin hybrid; immobilized cellulase stability;
cellulose hydrolysis

1. Introduction

Cellulases are classified as hydrolytic enzymes [1] and include at least three types of biocatalysts:
endo-(1,4)-β-D-glucanase (EC 3.2.1.4), exo-(1,4)-β-D-glucanase (EC 3.2.1.91), and β-glucosidases
(EC 3.2.1.21) [2–4]. They are produced by bacteria and microbes; however, the main enzyme acquisition
process is based on fungi, which provide the highest production index [1,5,6]. The most frequently
used for the production of cellulases are strains of cellulolytic fungi such as Aspergillus, Humicola,
Penicillium, and Trichoderma [7,8]. Cellulases are responsible for the process of depolymerization
of cellulose by delamination of the cell walls, which is a consequence of cellulose hydrolysis [1,6].
These biocatalysts have numerous practical applications in many fields of industry and agriculture.
Commercial cellulases have been available for several decades, and have found applications in several
important branches of industry, particularly in the wood and cellulose-paper industries, as well as
in other branches including the conservation of thermoplastic polymers and plastics, bioconversion
of cellulosic materials to organic solvents, fermentation processes, detergents, textiles, laundry, and
the food and feed industries [9]. In view of the broad application of these enzymes, it is necessary
to develop novel and more stable materials to enable the aforementioned processes to be carried out
more efficiently.

Immobilization is a technique of confining cells or enzymes on organic, inorganic, or hybrid
carriers [10]. Depending on the method of immobilization, the binding of the biocatalyst may occur
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more or less permanently. This technique is intended to increase the efficiency of catalytic processes,
reduce the associated costs, and improve the properties of enzymes [10], mainly its stability at harsh
reaction conditions, as variable reaction parameters might affect enzymes’ properties. Among others,
the most important properties are pH and temperature, as protein denaturation is caused mainly
by abovementioned parameters [11]. Immobilization of enzymes enables the retention of catalytic
activity, which results in the possibility of reusing the biocatalytic system. Moreover, easier and
faster separation of immobilized enzymes from the reaction mixture makes them more attractive for
industrial applications [11,12]. The immobilization of biocatalysts also prevents protein from entering
the process in a mobile phase reactor containing the reagents, resulting in cleaner products [13].

As has already been noted, immobilization processes are of great importance and are used in
many branches of industry, mainly in the pharmaceutical, food, chemical, and biological industries,
but also in research and implementation of new technological solutions. The use of immobilized
enzymes might result in greater process efficiency compared with the use of free biocatalysts, by
better utilizing the potential of raw materials [11–14]. Various enzyme immobilization methods
have enabled the development of industrial technology on a larger scale, reducing the costs of
production. At present, there are several well-known techniques that rely on physical or chemical
interactions [11,14]. Immobilized enzymes are a subject of great interest, which will certainly grow, as
the properties of many of the biocatalysts are not yet fully known. Furthermore, the possibility of their
immobilization may contribute to a steady progress in their development and use in bioprocesses and
in the field of biosensing [15,16].

The continuous development of technology helps obtain more effective and stable materials with
targeted industrial applications. Nowadays, novel hybrid or composite material with immobilized
enzymes, achieved by creating an innovative biocatalytic system, are increasingly used in many fields
of industry, like pharmaceutical, chemical, and food industries. A combination of inorganic and
organic components can provide advanced features such as better thermal and chemical resistance or
electrokinetic and biological stability. For instance, Tao et al., used magnetic Fe3O4–SiO2 nanoparticles
for the selective immobilization of cellulase [17]. The novel hybrid material, due to the influence of the
metallic oxides, exhibited enhanced adsorption parameters as well as biocompatibility and bioactivity.
Similar findings are reported by Velmurugan et al., who confirmed that a newly developed MgO–Fe3O4

material was suitable for cellulose immobilization [18]. Furthermore, Hong et al., obtained a polyhedral
oligomeric silsesquioxane-silica-titania (POSS–SiO2–TiO2) hybrid material for cellulase immobilization
for biocatalytic applications [19]. In other studies laccase was successfully immobilized on TiO2

nanoparticles and TiO2 nanoparticle functionalized polyethersulfone (PES) membranes. The results
revealed that both the immobilization procedures and the properties of the immobilization supports
have significant impacts on the biocatalyst performance [20]. In addition, Hou et al. showed in [21]
great potential for the application of the TiO2 based biocatalytic nanoparticles and membranes for CO2

conversion in a gas–liquid membrane contactor. These examples show that it is extremely important to
continue research into the development of novel support materials for enzyme immobilization, which
will lead to the creation of more effective and stable biocatalytic systems.

The main research goal of the present study was to evaluate a functional hybrid titanium
dioxide–lignin hybrid material in terms of its suitability for the immobilization of cellulase, and
to use the resulting biocatalytic system in the hydrolysis process of cellulose. The synthesized hybrid
support was concisely characterized, immobilization of the enzyme was confirmed, and the effect of
various operational conditions on the enzyme’s stability and activity, as well as its reusability and
storage stability, were examined.
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2. Results

2.1. Synthesis of Titania–Lignin Hybrid Material and Cellulase Immobilization

The thermal stability of the TiO2 modified by poly-L-lisine (PLL), lignin activated by
sodium (meta)periodate and the synthesized TiO2–lignin hybrid material was determined using
thermogravimetric analysis (TGA) (Figure 1). Commercial titanium dioxide after surface modification
exhibited extremely high thermal stability, losing only about 2% of its mass in the analyzed temperature
range, which might be explained by the evaporation of physically bound water. The thermogravimetric
curve of the activated lignin showed a significant decrease in mass of the activated biopolymer
consisted in three mass loss stages, at temperatures up to 200 ◦C (marked in yellow) and in the
temperature ranges 200–600 ◦C (marked in blue) and 650–1000 ◦C (marked in red), linked respectively
to the removal of physically bound water, decomposition of the lignin structure, and elimination of
carbon and hydrogen atoms [22]. The synthesized TiO2–lignin hybrid showed relatively good thermal
stability: up to a temperature of 1000 ◦C it lost about 10% of its mass. The high thermal stability
(characteristic for TiO2) and the shape of the TGA curve for the obtained material, similar to that
recorded for lignin, also proved the effective connection of TiO2 and lignin.

Catalysts 2017, 7, 374  3 of 17 

 

2. Results 

2.1. Synthesis of Titania–Lignin Hybrid Material and Cellulase Immobilization 

The thermal stability of the TiO2 modified by poly-L-lisine (PLL), lignin activated by sodium 
(meta)periodate and the synthesized TiO2–lignin hybrid material was determined using 
thermogravimetric analysis (TGA) (Figure 1). Commercial titanium dioxide after surface 
modification exhibited extremely high thermal stability, losing only about 2% of its mass in the 
analyzed temperature range, which might be explained by the evaporation of physically bound 
water. The thermogravimetric curve of the activated lignin showed a significant decrease in mass of 
the activated biopolymer consisted in three mass loss stages, at temperatures up to 200 °C (marked 
in yellow) and in the temperature ranges 200–600 °C (marked in blue) and 650–1000 °C (marked in 
red), linked respectively to the removal of physically bound water, decomposition of the lignin 
structure, and elimination of carbon and hydrogen atoms [22]. The synthesized TiO2–lignin hybrid 
showed relatively good thermal stability: up to a temperature of 1000 °C it lost about 10% of its mass. 
The high thermal stability (characteristic for TiO2) and the shape of the TGA curve for the obtained 
material, similar to that recorded for lignin, also proved the effective connection of TiO2 and lignin. 

 
Figure 1. Results of thermogravimetric analysis of modified TiO2, activated lignin and TiO2–lignin 
hybrid. 

The Fourier-transform infrared (FTIR) spectrum of the TiO2–lignin hybrid (Figure 2) contained 
many signals characteristic for functional groups of both modified precursors, which indirectly 
confirmed the effective synthesis of the hybrid support. Among these signals, the most important 
are those at wavenumbers 3450 cm−1, 2940 cm−1, 1680 cm−1, and around 1100 cm−1, attributed 
respectively to stretching vibrations of –OH groups, C–H bonds, C=O groups, and C–O and C–O–C 
bonds in the lignin structure [23]. Signals were also observed in the wavenumber range  
1600–1450 cm−1 and at 720 cm−1, representing, respectively, stretching vibrations of CAr–CAr bonds in 
the structure of the biopolymer, and Ti–O–Ti bonds. 

In the FTIR spectrum of free cellulase from Aspergillus niger, the most important signal is that at 
3430 cm−1, characteristic for amine groups, which are mainly responsible for attachment of the 
enzyme to the solid support, as well as peaks around 1665 cm−1 and 1530 cm−1, generated by 
stretching vibrations of amide I and amide II bands. The FTIR spectrum of the produced biocatalytic 
system contains signals characteristic for cellulase as well as for the hybrid matrix. This suggested 
that the biocatalyst was successfully deposited on the surface of the support material. This is proven 
by the presence of a peak at 1090 cm−1 (C–N stretching vibrations) and changes in the intensity of 
signals generated by amine groups (3430 cm−1), C–H bonds (2930 cm−1), and amide bands, in 
comparison with the FTIR spectrum of the TiO2–lignin hybrid before enzyme binding. 

Figure 1. Results of thermogravimetric analysis of modified TiO2, activated lignin and TiO2–lignin hybrid.

The Fourier-transform infrared (FTIR) spectrum of the TiO2–lignin hybrid (Figure 2) contained
many signals characteristic for functional groups of both modified precursors, which indirectly
confirmed the effective synthesis of the hybrid support. Among these signals, the most important
are those at wavenumbers 3450 cm−1, 2940 cm−1, 1680 cm−1, and around 1100 cm−1, attributed
respectively to stretching vibrations of –OH groups, C–H bonds, C=O groups, and C–O and C–O–C
bonds in the lignin structure [23]. Signals were also observed in the wavenumber range 1600–1450 cm−1

and at 720 cm−1, representing, respectively, stretching vibrations of CAr–CAr bonds in the structure of
the biopolymer, and Ti–O–Ti bonds.

In the FTIR spectrum of free cellulase from Aspergillus niger, the most important signal is that at
3430 cm−1, characteristic for amine groups, which are mainly responsible for attachment of the enzyme
to the solid support, as well as peaks around 1665 cm−1 and 1530 cm−1, generated by stretching
vibrations of amide I and amide II bands. The FTIR spectrum of the produced biocatalytic system
contains signals characteristic for cellulase as well as for the hybrid matrix. This suggested that the
biocatalyst was successfully deposited on the surface of the support material. This is proven by the
presence of a peak at 1090 cm−1 (C–N stretching vibrations) and changes in the intensity of signals
generated by amine groups (3430 cm−1), C–H bonds (2930 cm−1), and amide bands, in comparison
with the FTIR spectrum of the TiO2–lignin hybrid before enzyme binding.
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Figure 2. Results of Fourier-transform infrared (FTIR) analysis of cellulase from Aspergillus niger,
TiO2–lignin hybrid and the product after enzyme immobilization (immobilization conditions: pH = 7.0,
T = 4 ◦C, t = 6 h, Cenz = 5 mg/mL).

Based also on the results of the analysis of the porous structure parameters of the TiO2–lignin
support material before and after immobilization, some additional conclusions can be drawn.
The synthesized TiO2–lignin hybrid before enzyme attachment had a relatively low surface area
of around 10 m2/g, while for the matrix after cellulase immobilization, this parameter decreased to
about 8 m2/g. This might suggest that effective enzyme attachment was achieved. Moreover, a decrease
was recorded in the pores diameter and pores volume in the samples after immobilization. The hybrid
biocomposite had pores with a mean diameter of 3.3 nm and a volume of 0.005 cm3/g, while after
cellulase immobilization these parameters fell to 1.7 nm and 0.003 cm3/g.

2.2. Cellulase Immobilization

Besides confirmation of effective cellulase binding, the effect of initial immobilization parameters
(process time and concentration of enzyme solution) on the quantity of immobilized enzyme and its
relative activity was also evaluated (Figure 3).
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Figure 3. Effect of immobilization time on the relative activity of the immobilized cellulase. Inset: effect
of immobilization time on the amount of the enzyme immobilized on the TiO2–lignin hybrid.



Catalysts 2017, 7, 374 5 of 17

As Figure 3 shows, the products after immobilization exhibited lower catalytic activity than
free cellulase (relative activity up to 85%). When solution concentrations of 1 and 3 mg/mL were
used, the highest relative activities, of around 30% and 80% respectively, were recorded after 12 h
of the process. The amount of immobilized cellulase increased with process duration, irrespective
of the concentration of the initial enzyme solution (Figure 3 inset). After 12 h of immobilization, 19,
55, and 76 mg of the biocatalyst per 1 g of the support material was deposited from solutions of 1,
3, and 5 mg/mL respectively. The results indicated that with increasing process time, the relative
activity of the immobilized enzyme increased along with the amount of bounded cellulase, except in
the case of the 5 mg/mL solution. When cellulase solution at this concentration was employed, the
highest relative activity, about 85%, was obtained after 6 h of immobilization. Further increase in the
immobilization time caused the relative activity of the bound cellulase to decrease.

As has already been mentioned, the immobilization technique used led to the attachment of
cellulase molecules mainly via physical and ionic interactions, but the formation of covalent bonds
cannot be excluded. Electrokinetic measurements showed that the zeta potential of the titania–lignin
hybrid matrix took negative values over the whole of the analyzed pH range, which indicates
that the surface of the support material was negatively charged during immobilization. Under the
immobilization conditions (acetate buffer at pH 4.8), the enzyme molecules were positively charged
(the IEP of cellulase is around 5). These facts imply that effective biocatalyst immobilization occurred
mainly via electrostatic and ionic interactions. To verify this statement, solutions of sodium chloride
at various ionic strengths were applied in cellulase desorption tests, because this salt might elute the
enzyme by way of ionic exchange (Figure 4) [24].
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Figure 4. Effect of Triton X-100 and NaCl solution on the relative activity of free and immobilized onto
TiO2–lignin hybrid cellulase from Aspergillus niger.

Figure 4 shows that the relative activity of the immobilized cellulase treated with 1% Triton X-100
and NaCl solutions at various molar concentrations declined gradually during the first 6 h of treatment,
which suggests elution of the enzyme from the matrix. The further decrease in relative activity is
insignificant (less than 10% in all cases), which indicates that desorption occurred in the initial stages of
the test and is limited in its later stages. After treatment with 1% Triton X-100 for 12 h, the immobilized
cellulase retained over 40% of its relative activity. When the immobilized biocatalyst was incubated in
sodium chloride solutions at molarities of 0.1; 0.3, and 0.5 M, a more significant drop in the relative
activity was observed. The produced systems finally exhibited 25%, 18%, and 0% of its relative activity,
respectively. Additionally, to verify if the immobilized enzyme was eluted from the support material
following the treatments or was deactivated by such treatments, amount of the immobilized enzyme
retained on the matrix, after 6 and 12 h of desorption process was evaluated (Table 1).
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Table 1. Amount of the immobilized cellulase remained after desorption process, at different conditions.

Type of Eluent

Amount of Immobilized Enzyme (mg/g)

Desorption Time

6 h 12 h

1% Triton X-100 25.8 ± 1.3 22.4 ± 1.6
0.1 M NaCl 20.3 ± 1.5 12.6 ± 1.2
0.3 M NaCl 16.8 ± 0.6 6.9 ± 0.9
0.5 M NaCl 9.7 ± 1.0 5.1 ± 1.1

It can be seen from Table 2, that amount of the immobilized enzyme that remained on the surface
of the hybrid material after desorption, irrespectively of the type and ionic strength of the eluent,
is about 10–20% higher than amount of the immobilized cellulase, which corresponds to the evaluated
relative activity of the biocatalytic system after desorption. The biggest differences were noticed for
0.5 M NaCl solution. After 6 and 12 h of the process, the surface of the titania–lignin hybrid retained
9.7 and 5.1 mg of the enzyme per 1 g of the support. These values corresponded to the relative activity
of 18.3% and 9.7%, meanwhile, the noticed values of relative activity were 11.2% and 0%.

2.3. Stability Study of Immobilized Cellulase

Various process parameters such as pH and temperature might affect the ability of the immobilized
cellulase to degrade cellulosic material. Thus, in this study, the effect of the aforementioned parameters,
as well as the chemical and thermal stability of the free and immobilized enzyme, were examined and
compared. Moreover, the reusability and storage stability of the free and immobilized enzyme under
different conditions were tested. Kinetic parameters for both forms of the enzyme were evaluated
to verify how immobilization affected the affinity of the enzyme to the substrate molecules and its
catalytic efficiency.

2.3.1. Effect of pH

The effect of pH on the relative activity of free and immobilized cellulase was studied over a
broad range of pH values, from 3.0 to 9.0 (Figure 5a).

The maximum relative activity was recorded at pH 5.5 for the free enzyme, and at pH 6.0 for
the immobilized enzyme, as expected, since acidic cellulase was used in this study. Although the
graph showed similar trends for the free and immobilized biocatalyst over the whole of the analyzed
pH range, the immobilized biomolecules have higher relative activity than the free ones in the same
pH conditions. The immobilized cellulase exhibited over 80% of its relative activity at pH values
from 4.5 to 6.0, as the free catalyst did so only at pH values from 5.0 to 6.0. The bound enzyme also
exhibited about 20% higher relative activity (76%) than the free enzyme (54%) at pH 3.0. The results
also indicated a significant decrease in cellulase activity when the pH is above or below its optimum
value. This was especially visible in alkaline conditions: at pH 9.0, both biocatalysts retained less
than 40% of their activity. To test the chemical stability of the free and immobilized cellulase, both
enzymes were incubated for 3 h under their optimal reaction conditions (Figure 5b). After 3 h, the free
cellulase retained about 20% of its initial activity, as the immobilized enzymes incubated at pH 5.0 and
6.0 retained over 75% of their activity, which proved that cellulase attached to a TiO2–lignin hybrid
support has higher thermal stability than the free enzyme.
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Figure 5. (a) Effect of pH on the relative activity of free and immobilized cellulose; (b) Chemical stability
of free and immobilized enzyme after incubation for 3 h under optimal pH and temperature conditions.

2.3.2. Effect of Temperature

The effect of temperature on the relative activity of free and immobilized cellulase from
Aspergillus niger was studied between 30 and 80 ◦C, under optimal pH conditions for free and
immobilized cellulase (Figure 6a).

The free enzyme exhibited its maximum activity at 50 ◦C and retained 80% of its activity in a
temperature range from 45 to 60 ◦C. At temperatures below 50 and above 60 ◦C the catalytic activity
of the free biocatalyst significantly decreased, suggesting that the free enzyme is unstable in these
conditions due to denaturation of the peptide structure [25]. By comparison, the immobilized cellulase
exhibited its highest activity at temperatures of 55 and 60 ◦C, and retained over 80% of its maximum
activity over a wide temperature range from 40 to 70 ◦C. In addition, the drop in relative activity above
70 ◦C is less significant that in the case of the free enzyme, while at 80 ◦C the bound cellulase exhibited
over 60% of its relative activity. To determine the thermal stability of the immobilized cellulase, the
free enzyme was incubated for 3 h at 50 ◦C and the immobilized cellulase at 50 and 60 ◦C (Figure 6b).
After 3 h, the relative activity of the immobilized cellulase remained at a high level (over 75% and 80%,
at temperatures of 50 and 60 ◦C, respectively). Meanwhile, there was more significant decline in the
catalytic properties of the free enzyme, which after 3 h of incubation had lost almost 80% of its activity.
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Figure 6. (a) Effect of temperature on the relative activity of free and immobilized cellulose; (b) Thermal
stability of free and immobilized enzyme after incubation for 3 h under optimal temperature and
pH conditions.

2.3.3. Storage Stability and Reusability

The storage stability of free and immobilized cellulase at 4 and 25 ◦C was evaluated by measuring
the enzyme’s relative activity every 5 days for 30 days (Figure 7a).

It can be seen that, irrespective of the storage temperature, the immobilized enzyme was
characterized by higher activity than the free cellulase: after 30 days of storage at 4 and 25 ◦C,
it retained over 95% and 85% of its initial activity, compared with less than 75% and less than 40% in
the case of the free enzyme. These results indicated that the immobilization strategy used in this study
improved the storage stability of the cellulase.
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(b) Reusability of the immobilized cellulase.

In this study, reusability of the bounded enzyme was evaluated over ten consecutive cycles of
cellulose hydrolysis (Figure 7b). As can be seen, the relative activity of the immobilized cellulase
remained almost unaltered during repeated catalytic cycles, and after ten cycles it retained 93% of its
initial activity.

2.4. Kinetic Parameters of Free and Immobilized Cellulase

It is clear that, with changes in the three-dimensional structure of the enzyme, and its pH and
temperature profiles as a result of immobilization, its kinetic parameters might also be affected.
Kinetic parameters, including Km, Vmax, and turnover number (kcat), were determined for both free
and immobilized cellulase by measuring the initial reaction rates during the hydrolysis of cellulose
with various initial concentrations of substrate, under optimal process conditions (Table 2).

Table 2. Kinetic parameters of cellulase from Aspergillus niger, free and immobilized on TiO2–lignin hybrid.

Kinetic Parameters Free Cellulase Immobilized Cellulase

Km (mM) 2.06 ± 0.85 2.63 ± 0.96
Vmax (U/mg) 159 ± 11 125 ± 19

kcat (s−1) 145 ± 19 114 ± 15
kcat/Km (s−1·mM−1) 70.5 ± 3.5 43.6 ± 3.2

t1/2 (min) 63 ± 13 307 ± 21

It can be seen that for the immobilized cellulase the value of Km reached 2.63 mM, which is higher
in comparison with free enzyme (2.06 mM), while the Vmax value recorded for the immobilized enzyme
(159 U/mg) was lower than for free cellulase. Nevertheless, higher values of the Michaelis–Menten
constant and lower values of Vmax after immobilization are typical for immobilized biocatalysts.
A similar pattern was observed for turnover number (kcat), which after immobilization took a value of
114 s−1, and is lower than noticed for the free enzyme (145 s−1). In consequence, the value of catalytic
efficiency (kcat/Km) recorded for the immobilized cellulase (43.6 s−1·mM−1) is also significantly lower
than that of the free biocatalyst (70.5 s−1·mM−1). This can be explained by the decrease in the affinity
of the immobilized biomolecules to the substrate molecules. Nevertheless, it should be emphasized
that the half-life (t1/2) calculated for the immobilized cellulase (307 min) is almost five times as long as
that of the free enzyme (63 min).



Catalysts 2017, 7, 374 10 of 17

3. Discussion

3.1. Synthesis of Titania-Lignin Hybrid Material and Cellulase Immobilization

The synthesized TiO2–lignin hybrid support was found to have relatively high thermal stability,
significantly higher than that of activated kraft lignin. The improvement in thermal stability was a
direct result of the incorporation of titanium dioxide particles, known to be highly thermo-resistant,
into the hybrid material. The presence of various chemical moieties, such as –OH, C=O, and C–O,
in the structure of the synthesized material facilitated the attachment of the cellulase molecules and
the formation of relatively stable interactions. From the FTIR spectrum of the free enzyme, it can be
concluded that the biocatalyst was attached mainly through the amine groups (–NH2) present in its
structure. However, particular attention should be paid to the shifts in the signals attributed to amide I
bands from 1665 cm−1 (free enzyme) to 1645 cm−1 (immobilized cellulase), which suggests a mixed
mechanism of interaction based mainly on the formation of physical and ionic interactions as well as
covalent bonds between the enzyme and support [26]. By contrast, Tao et al. used a magnetite–silica
hybrid support modified by arginine for the immobilization of cellulase. They observed that at pH
above 5.0, the enzyme is negatively charged while arginine is positively charged, and in consequence,
the formation of electrostatic interactions was strongly favored [17]. Moreover, after immobilization,
the values of BET (Brunauer–Emmett–Teller) surface area, mean pores size, and pores volume were
reduced, which suggests that the enzyme particles may be immobilized in the pores of the support as
well as on its surface [27].

3.2. Cellulase Immobilization

During the study, it was also investigated how the catalytic activity of the immobilized enzyme
depends on the initial immobilization parameters, namely the concentration of enzyme solution and
immobilization time. The best catalytic properties were recorded for the system obtained after 6 h
of immobilization from a cellulase solution with a concentration of 5 mg/mL, even though a greater
amount of the enzyme was immobilized after a longer process time. This fact might be explained by
the overloading of enzyme particles on the surface of the hybrid support, causing steric hindrances
and diffusional limitations in transport of the reaction mixture components to the active sites of the
enzyme [28]. In consequence, the relative activity of the immobilized enzyme decreased. Thus, the
above parameter values were determined as the optimal immobilization conditions.

To confirm the type of interactions formed between the cellulase and hybrid support, solutions
of Triton X-100 and sodium chloride at various concentrations were used to determine their effect
on the activity of the immobilized enzyme. A significant decrease in relative activity might suggest
that the cellulase is linked to the hybrid support mainly via hydrogen bonds and ionic interactions.
The formation of these types of interactions is related to the presence of negative and positive charges
on the surface of the matrix and in the structure of the enzyme, respectively in the conditions of
the immobilization process. However, such interactions are unstable under the conditions of the
desorption tests. In fact, the immobilized enzyme retained its catalytic properties, which indicates that
covalent bonds are also present between the biomolecules and support material [29]. This is confirmed
by the findings of Hirsh et al., who used polystyrene film after surface activation by plasma immersion
ion implantation. They reported that, when cellulase was immobilized via covalent bonds, desorption
was strongly reduced and the enzyme retained its catalytic properties [30]. Moreover, changes in the
relative activity of immobilized cellulase after treatment with NaCl solutions at various concentrations
indicated that the ionic strength of the solutions affected the catalytic activity of the immobilized
cellulase. It also should be added that this statement is confirmed by the results of the immobilized
enzyme retained on the surface of the support after desorption, which is higher than the amount of
the enzyme corresponding to the measured relative activity. This could suggest that the enzyme is
not only desorbed by the eluent, but partially might be also deactivated by the treatment, which is
particularly noticeable in the presence of 0.5 M NaCl.
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3.3. Stability Study of Immobilized Cellulase

During the immobilization process, the structure of biocatalysts may be altered, causing changes
in their activity and stability. It has been shown that immobilized cellulase exhibited higher stability
than the free enzyme over the analyzed pH range; however, the catalytic properties are significantly
better in acidic than in alkaline conditions. This might be explained by the fact that in a basic
environment, ionic groups present in the cellulase molecules form an electrostatic repulsion which
influences the three-dimensional structure of the enzyme, leading to disruption and destruction of
the active sites of the cellulase, and thus impairing its catalytic properties [31]. Similar observations
were reported by Khorshidi et al., who cross-linked cellulase aggregates on amine-functionalized
Fe3O4–silica core–shell magnetic nanoparticles. They recorded a large decrease in the enzyme’s
catalytic properties at pH values above 5.0 [32]. By comparison, in this study, the relative activity
of immobilized cellulase measured at pH 7.0 was around 80%, proving that application of the
titania–lignin hybrid as a support significantly improved the pH resistance of the cellulase. This may
be explained by the protective effect of the hybrid support against conformational changes caused by
harsh pH conditions [33] and by the fact that after immobilization, interactions between the biocatalyst
and carrier are formed which stabilize the entire structure of the enzyme [34]. Results relate to the
thermal stability clearly show that the stability of the cellulase was improved after immobilization on
the TiO2–lignin hybrid. This was probably because the immobilization process provided an additional
external backbone and stabilization for the molecules of cellulase, as a result of the formation of
interactions between the enzyme and support [35]. Moreover, as an effect of immobilization, thermal
vibrations of cellulase biomolecules were reduced, which limited conformational changes caused
by heat and helped to maintain the proper globular structure of the entire biomolecule [36,37].
Similar findings to those presented in this study were reported by Sanchez-Ramirez et al., who
used another inorganic–organic hybrid support (chitosan-coated magnetic nanoparticles) for covalent
immobilization of Trichoderma reesei cellulase, and found that the resulting biocatalytic system exhibited
its maximum activity at 60 ◦C. In addition, after 3 h of incubation at that temperature, it retained
about 60% of its initial activity; however, an increase in the temperature by 10 ◦C caused the relative
activity to drop significantly, to below 40% [38]. By contrast, cellulase immobilized on the titania–lignin
support retained over 80% of its activity after 3 h of incubation at 70 ◦C.

The storage stability of cellulase from Aspergillus niger was found to be significantly improved
following immobilization. This can probably be attributed to a reduction in the dissociation of peptide
subunits and in the enzyme denaturation rate [39]. A significant increase in the storage stability of
immobilized cellulase was also reported when graphene oxide supplemented by magnesium oxide
nanoparticles was used as a support. In that study, after 30 days of storage the free enzyme retained less
than 20% of its initial catalytic activity, compared with over 80% for the immobilized biocatalyst [40].
It was also found that the immobilized cellulase can be used in as many as ten reaction cycles without
significant loss of activity. The observed slight decrease in catalytic properties is probably related to
the relatively weak strength of the interactions (mainly ionic interactions and van der Waals forces)
between the enzyme and support, which causes partial leakage of the catalyst from the support.
Moreover, the immobilized cellulase may undergo partial inactivation as a result of its repeated
use [41]. Nevertheless, the results clearly show that immobilization is an effective tool to ensure the
reusability of cellulase in the hydrolysis of cellulose. Earlier studies of cellulase immobilization have
reported the retention of about 40% and 70% of initial activity after eight biocatalytic cycles, when
the enzyme was attached to, respectively, magnetic nanoparticles consisting of hematite and ferrite
activated by glutaraldehyde, and magnetic nanoparticles encapsulated in polymer nanospheres [34,42].
Such improvement in the operational stability and reusability of cellulase makes it more suitable for
large-scale processes and greatly increases its economic viability.
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3.4. Kinetic Parameters of Free and Immobilized Cellulase

The observed increase in the value of Km and simultaneous decrease in Vmax reflect a lower affinity
to the substrate, and consequently a lower maximum reaction rate, in the case of the immobilized
enzyme. These changes are probably related to the creation of diffusional limitations and changes in
the structure of the enzyme caused by its attachment to the solid support, which blocks active sites
of the enzyme and restricts transport of the substrates [43]. In addition, the decrease in the turnover
number after immobilization suggests that the binding process has a negative effect on substrate
conversion by the immobilized cellulase. However, a significant (fivefold) increase in the enzyme’s
half-life was recorded, indicating that cellulase attached to the TiO2–lignin hybrid support retains
its catalytic properties for a longer time than the free enzyme. These findings are in agreement
with the data on thermal and chemical stability, which show a significant improvement in the
stability of the cellulase after immobilization. The foregoing observations are in agreement with data
published by Senyay-Oncel and Yesil-Celiktas, which showed that after the immobilization of cellulase
on commercially available NaY zeolite, its substrate affinity and reaction rate also decreased [44].
Nonetheless, their study found much more significant changes in Km (a 100% rise), Vmax (a 30% drop),
and kcat (a 50% drop) than in the present study.

4. Materials and Methods

4.1. Materials

Cellulase from Aspergillus niger (EC 3.2.1.4, product number 22178), poly-L-lisine (PLL), kraft
lignin, sodium (meta)periodate, cellulose, glucose, Whatman® qualitative filter paper (Grade 1 circles,
diam. 15 mm), 3,5-dinitrosalicylic acid (3,5-DNS), sodium chloride, Triton X-100, phosphate buffer
(PBS) at pH 7, acetate buffer at pH 4.8, Coomassie Brilliant Blue G-250 (CBB G-250), and bovine
serum albumin (BSA) were delivered by Sigma-Aldrich (St. Louis, MO, USA). Commercially available
titanium dioxide (product name Tytanpol® R-001) was supplied by Grupa Azoty SA (Tarnów, Poland).
Sodium hydroxide, hydrochloric acid, dioxane, 96% ethyl alcohol, and 85% phosphoric acid were
delivered by Chempur (Katowice, Poland).

4.2. Synthesis of TiO2–Lignin Hybrid Support Material

The synthesis of a titania–lignin hybrid support was carried out in three steps, using the method
described in our previous work [45,46] with some modifications. In this study, the titanium dioxide
was modified with poly-L-lysine (PLL), in view of its peptide nature and to increase the amount of
reactive chemical groups for the effective binding of lignin. For surface functionalization of TiO2,
it was suspended in PBS at pH 7, then a 10% (w/w) solution of PLL was added. The mixture
was shaken for 12 h (KS260 Basic, IKA Werke GmbH, Staufen im Breisgau, Germany) at 4 ◦C and
centrifuged (Eppendorf Centrifuge 5810 R, Hamburg, Germany), and washed with deionized water to
remove unbound PLL and PBS. In the next step, kraft lignin was activated by sodium (meta)periodate.
Finally, the activated lignin and modified titanium dioxide were linked at a mass ratio of 1:1.

4.3. Immobilization of Cellulase from Aspergillus niger

Immobilization was carried out using 0.25 g of the previously obtained TiO2–lignin hybrid
support, to which 10 mL of a solution of cellulase from Aspergillus niger, at concentrations of 1.0,
3.0, and 5.0 mg/mL in acetate buffer at pH 4.8, was added. The mixture was shaken for a specified
period of time (1, 2, 3, 6, 9, or 12 h) in a KS 4000i Control incubator (IKA Werke GmbH, Staufen
im Breisgau, Germany) at a temperature of 4 ◦C. Finally, the products were centrifuged (Eppendorf
Centrifuge 5810 R, Hamburg, Germany) and washed several times with the acetate buffer to remove
unbound enzyme.
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4.4. Characterization of the Hybrid Support and Product after Immobilization

Thermogravimetric curves for the modified TiO2, activated lignin, and synthesized TiO2–lignin
hybrid material (sample weight approximately 10 mg) were obtained using a Jupiter STA449F3
apparatus (Netzsch, Selb, Germany). Measurements were made at a heating rate of 10 ◦C/min over
the temperature range 25–1000 ◦C under nitrogen flow (10 mL/min).

Porous structure parameters (BET surface area, pores diameter and pores volume) were
determined using an ASAP 2020 instrument (Micromeritics Instrument Co., Norcross, GA, USA).
The surface area was evaluated based on the multipoint BET (Brunauer–Emmett–Teller) method
using data for nitrogen adsorption under relative pressure (p/p0). The BJH (Barrett–Joyner–Halenda)
algorithm was applied to examine the mean size and total volume of pores.

Zeta potential measurements were made on a Zetasizer Nano ZS instrument (Malvern Instruments Ltd.,
Malvern, UK) equipped with an autotitrator. The measurements were performed in a 0.001 M NaCl solution
over the pH range 2.0–11.0. The zeta potential was computed using Henry’s equation.

Fourier transform infrared (FTIR) spectra were obtained using a Vertex 70 spectrophotometer
(Bruker, Billerica, MA, USA), analyzing samples in the form of KBr pellets at a resolution of 0.1 cm−1

over a wavenumber range of 4000–400 cm−1. Pellets were made by mixing 200 mg of anhydrous
potassium bromide and 2 mg of the sample.

The amount of cellulase immobilized on the hybrid support was evaluated based on the Bradford
method [47]. Briefly, amount of the cellulase was measured before and after immobilization at
wavelength 595 nm, using a calibration curve based on BSA solutions at known concentrations to
calculate the quantity of immobilized enzyme present, in mg of cellulase per gram of support.

4.5. Activity and Stability of Free and Immobilized Cellulase

The catalytic activity of free and immobilized cellulase was evaluated by measuring the quantity of
reducing sugars (glucose) during hydrolysis of the cellulose substrate. The concentration of glucose was
quantified using the previously described DNS method [48]. The activity measurements were carried
out as follows: 50 mg of cellulosic substrate (Whatman® paper) was placed in acetate buffer at pH 4.8,
and 10 mg of free or immobilized cellulase was added to the reactor. The mixture was incubated for
60 min at 50 ◦C. The reaction was terminated by the addition of 2 mL of 3,5-DNS. The resulting solution
was then incubated at 100 ◦C for 5 min in an oil bath, and after that time was immediately cooled in
ice. Samples were then diluted with distilled water and centrifuged (Eppendorf Centrifuge 5810 R,
Hamburg, Germany) to remove solid particles, and were subjected to spectrophotometric measurements
at 540 nm using a Jasco V-750 UV–Vis spectrophotometer (Jasco, Tokyo, Japan). The calibration curve of
glucose was used to determine the relation between absorbance and the quantity of reducing sugars.
All measurements were made in triplicate. One enzyme activity unit (U) of free and immobilized
cellulase was defined as the amount of enzyme that produced 1 µmol of glucose per minute.

The relative activity (AR) (Equation (1)) was defined as the percentage ratio of the activity of
cellulase at a specific value (Ai) to the enzyme’s maximum activity (Amax). Amax is the highest activity
among all values of enzymatic activity recorded in this study.

AR =
Ai

Amax
× 100% (1)

Also based on the above-mentioned reaction, the effect of pH and temperature on the activity of
immobilized cellulase, as well as its thermal and chemical stability, storage stability, and reusability,
were evaluated. The effect of pH was studied by incubating the reaction mixture with free or
immobilized cellulase at pH values ranging from 3 to 9 (pH was adjusted by the addition of 0.1 M HCl
or NaOH). The effect of temperature was evaluated over the temperature range 30–80 ◦C by incubating
the reaction mixture under the desired temperature conditions. pH and thermal inactivation curves
for free cellulase were examined after incubation of the free enzyme at pH 5.5 and a temperature
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of 50 ◦C for 3 h. Thermal inactivation curves of immobilized cellulase were evaluated after 3 h of
incubation at pH 6 at temperatures of 50 and 60 ◦C, while pH inactivation curves were examined after
3 h of incubation at 60 ◦C, at pH 5 and 6. The reusability of the immobilized cellulase was examined
by measuring enzymatic activity in ten consecutive reaction cycles. After each hydrolysis cycle, the
immobilized cellulase was separated from the reaction mixture by centrifugation and washed with
buffer solution before the next cycle. The enzymatic activity in the first cycle was defined as 100%,
and relative activity was calculated for the following cycles. Storage stability was evaluated every
5 days under optimum reaction conditions for free and immobilized cellulase stored at 4 and 25 ◦C,
in phosphate buffer at pH 7. The initial activity was defined as 100%.

The effect of 1% Triton X-100 and sodium chloride solutions at various concentrations (0.1–0.5 M)
on the relative activity of immobilized cellulase from Aspergillus niger was evaluated over a time of 12 h.
For this purpose, the immobilized enzyme was dispersed in sodium chloride or Triton X-100 solution.
After the specified period of time, the relative activity of the immobilized enzyme was evaluated based
on the hydrolysis reaction of the cellulosic substrate.

4.6. Kinetic Parameters of Free and Immobilized Enzyme

The Lineweaver–Burk plots were used to evaluate the kinetic parameters: the Michaelis–Menten
constant (Km), maximum reaction rate (Vmax), specificity constant (kcat/Km), and turnover number
(kcat) of free and immobilized cellulase. These parameters were evaluated based on the hydrolysis
reaction of cellulose substrate at different concentrations. Initial reaction rates were evaluated under
optimum reaction conditions.

5. Conclusions

The results presented in this study clearly demonstrate that cellulase, an industrially relevant
enzyme, was successfully immobilized on a hybrid TiO2–lignin support material. The immobilized
cellulase exhibited significant improvement in thermal and chemical stability (with relative activity
above 80% after 3 h of incubation). Furthermore, after 10 consecutive hydrolysis cycles the immobilized
cellulase retained over 90% of its initial activity, which confirms its operational stability, a relevant
feature for industrial applications. The approach described here provides an efficient and simple
method for the synthesis of a hybrid titanium dioxide–lignin material and its application as a support
material for the immobilization of cellulase. The produced biocatalytic system may be employed in
industrial applications without significant loss of its properties over several cycles. Moreover, the
synthesized hybrid material and the applied immobilization methodology might easily be used for the
immobilization of other biocatalysts.
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Upgrading of Biomass Monosaccharides by Immobilized
Glucose Dehydrogenase and Xylose Dehydrogenase
Jakub Zdarta,*[a, b] Manuel Pinelo,[b] Teofil Jesionowski,[a] and Anne S. Meyer[b]

Direct upgrading and separation of the monosaccharides from

biomass liquors is an overlooked area. In this work we

demonstrate enzymatic production of gluconic acid and xylonic

acid from glucose and xylose present in pretreated birchwood

liquor by glucose dehydrogenase (GDH, EC 1.1.1.47) and xylose

dehydrogenase (XDH, EC 1.1.1.175), respectively. The biocata-

lytic conversions were compared using two different kinds of

silica support materials (silica nanoparticles (nanoSiO2) and

porous silica particles with hexagonal pores (SBA 15 silica) for

enzyme immobilization. Upon immobilization, both enzymes

showed significant improvement in their thermal stability and

robustness at alkaline pH and exhibited over 50% activity even

at pH 10 and 60 8C on both immobilization matrices. When

compared to free enzymes at 45 8C, GDH immobilized on

nanoSiO2 and SBA silica displayed a 4.5 and 7.25 fold increase in

half-life, respectively, whilst XDH immobilized on nanoSiO2 and

SBA showed a 4.7 and 9.5 fold improvement in half-life,

respectively. Additionally, after five reaction cycles both

nanoSiO2GDH and nanoSiO2XDH retained more than 40%

activity and GDH and XDH immobilized on SBA silica maintained

around 50% of their initial activity resulting in about 1.5–1.6

fold increase in biocatalytic productivity compared to the free

enzymes.

Introduction

Bio-based conversion of biomass components by soluble or

immobilized enzymes has been presented as a promising and

efficient approach for sustainable production of valuable

chemical compounds under mild reaction conditions.[1,2] Use of

glucose dehydrogenase (GDH) (EC 1.1.1.47) and xylose dehy-

drogenase (XDH) (EC 1.1.1.175) is of interest in this regard

because these NAD+ dependent enzymes catalyze conversion

of D-glucose into gluconic acid and D-xylose into xylonic acid,

respectively.[3] Besides transformation of monosaccharides, the

enzymatic conversion adds a charge to the products, which can

facilitate separation of acid products from a mixed product

stream, for instance using membrane technology.[4] Both

gluconic acid and xylonic acid are classified by the US Depart-

ment of Energy among the top 30 potential high-value

compounds from biomass.[5] Gluconic acid is a mild organic

acid that has multiple applications in the food industry but also

in pharmaceuticals synthesis.[6] Xylonic acid is used as a

substrate for synthesis of 1,2,4-butanetriol and 1,2,4-butanetriol

trinitrate[7] and has moreover been projected for various uses in

the food, pharmaceutical and agriculture industries.[8] However,

the practical biocatalytic conversion of biomass components

using GDH and XDH is limited due to their relatively low

stability at extreme pH and temperature conditions.

A possible approach to overcome these limitations and at

the same time increase the biocatalytic productivity via max-

imizing enzyme “reuse” is enzyme immobilization.[4,9] Enzyme

immobilization may moreover reduce the complexity of

enzyme separation from the products after reaction.[6,10] Various

techniques and methods of immobilization such as adsorption,

covalent binding, entrapment or encapsulation have been

described previously.[11–13] Silica-based materials are frequently

used as support materials in enzyme immobilization due to

their thermal, chemical and mechanical resistance, good

sorption properties, and the presence of many hydroxyl groups

that facilitate enzyme binding.[14–16] Moreover, silica-based

materials are easy to obtain and relatively cheap, a feature of

particular significance in biomass valorization processes. None-

theless, data related to immobilization of glucose dehydrogen-

ase and xylose dehydrogenase on silica are limited.

As data about immobilization of glucose dehydrogenase

and xylose dehydrogenase are limited, a simple protocol is

required to use efficient and stable support materials for

immobilization of GDH and XDH which additionally facilitating

further separation of products of enzymatic conversion. Thus, in

the present study, we examine immobilization, characterization

and comparison of GDH and XDH on two types of silica support

materials – silica nanoparticles and mesoporous silica with

hexagonally ordered pores. As part of the study, we also

investigate the kinetics of the enzymatic conversions of

monosaccharides, and examine the effect of various pH and

temperature conditions on free and immobilized GDH and XDH

and evaluate the influence of these parameters on the enzyme

stability. The practical application of the biocatalytic systems is

validated by applying them for conversion of glucose and
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xylose present in authentic pretreated birch wood biomass

liquors.

Results and Discussion

GDH and XDH Immobilization

In this study, silica nanopowder of particle size in the range of

10–20 nm and pore diameters of around 2 nm size (nanoSiO2)

and mesoporous SBA 15 silica (<150 mm particle size) with

hexagonal pore morphology and pore size up to 20 nm (SBA

15) were used. It should be emphasized that type of the

support material is known to affect place of enzyme binding.

According to the previously published articles, using silica

nanoparticles, GDH and XDH are expected to be immobilized

on the particle surfaces, while in case of SBA silica, biomole-

cules are presumably bound mainly inside the SBA 15 silica

pores, as it is schematically presented in Figure 1.[14,15]

These expectations were confirmed by the images from

transmission electron microscopy and changes of the porous

structure parameters of silica-based materials after GDH and

XDH immobilization (Figure 2 and Table 1). After immobilization

of both enzymes surface area of the nanoSiO2 decreased

around two times and reached about 120 m2/g as its pore size

was unaltered after enzyme binding. Surface area of SBA 15

silica was intact after immobilization, meanwhile significant

changes were noticed in pore size and pore volume indicating

GDH and XDH immobilization into the pores of the hexagonal

silica.

The different ways of immobilization were thus anticipated

to produce different amounts of immobilized enzymes, highest

on the nanoparticles due to their high surface area: 2.8 mg

(560 U) of GDH and 534 U of XDH were immobilized on 1 g of

nanoSiO2, which was about 10–15% higher compared with SBA

15 (Table 2). Immobilization yield also followed this trend: when

nanoSiO2 was used, immobilization yield for GDH and XDH

reached 94 and 82%, whereas for SBA 15 it was 89 and 75%,

respectively, Hence, irrespective of the support material, a

higher quantity of the immobilized enzyme was noticed in case

of glucose dehydrogenase. Greater amounts of immobilized

GDH, as compared to XDH, are probably related to the three-

dimensional structure and amino acids composition of this

enzyme.[17] A possible explanation for this is that enzymes

molecules possessing more accessible amino acids in their

structure, like arginine, asparagine, glutamic acid or lysine and

are more effectively immobilized, as it was previously reported

for glucose-6-phosphate dehydrogenase.[18] Nevertheless, both

enzymes are linked to the silica by adsorption immobilization,

by creation of electrostatic interactions and hydrogen bonds

between mainly amino (@NH2), hydroxyl (@OH) and carbonyl

(@COOH) groups of the enzymes and hydroxyl groups of the

silica-based support.

The specific activity of GDH and XDH was 42.2 U/mg and

46.8 U/ml, respectively, indicating that both enzymes showed

similar catalytic activity in model reaction. The specific activity

of the immobilized enzymes was lower and reached 30.5 and

27.3 U/mg of the enzyme, respectively, for nanoSiO2GDH and

SBA15GDH, which corresponded to an activity retention of 72.3

and 64.7%, respectively. For nanoSiO2XDH and SBA15XDH,

these values were slightly lower and reached 29.0 and 24.6 U/

mg, respectively. Also noticed was a lower activity retention of

61.8% for nanoSiO2XDH and 52.6% for SBA15XDH. The lower

values of specific activity and activity retention noticed for

enzymes immobilized onto SBA 15 compared with nanoSiO2,

might be explained by two factors: (i) lower amount of

immobilized biocatalysts and (ii) hindered accessibility of the

enzyme active sites for the substrates molecules due to

immobilization of enzymes mainly into the pores of the

support. Nevertheless, lower activity of immobilized XDH

compared with GDH is probably related to the larger conforma-

tional changes of 3-D biomolecule structure that occur upon

immobilization, as reported earlier by Li et al.[19]

Figure 1. Schematic presentation of immobilization of glucose dehydrogen-
ase and/or xylose dehydrogenase: (a) on silica nanoparticles and (b) in pores
of hexagonal mesoporous silica.

Table 1. Porous structure parameters of nanoSiO2 silica and hexagonal
mesoporous silica SBA 15 before and after immobilization of glucose
dehydrogenase or xylose dehydrogenase.

Sample name BET surface
area [m2/g]

Pore volume
[cm3/g]

Pore size
[nm]

nanoSiO2 219.6 0.098 2.048
nanoSiO2GDH 118.3 0.087 2.046
nanoSiO2XDH 121.6 0.091 2.047
SBA 15 579.6 0.868 19.211
SBA15GDH 567.2 0.476 14.754
SBA15XDH 570.2 0.513 15.634

Table 2. Immobilization yield and amount of immobilized enzyme in different biocatalytic systems. Specific activity and activity retention of free and
immobilized GDH and XDH.

Analyzed parameter freeGDH nanoSiO2GDH SBA15GDH freeXDH nanoSiO2XDH SBA15XDH

Amount of immobilized enzyme’[mg/g]; *[U/g] – 2.8:0.1’
560:19*

2.5:0.1’
500:14*

– 534:16* 450:12*

Immobilization yield [%] – 94:3.5 82:2.8 – 89:3.0 75:2.7
Specific activity [U/mg] 42.2+0.9 30.5:0.8 27.3:1.1 46.8:1.7[a] 29.0:0.7 24.6:0.8
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There is no available literature about efficient immobiliza-

tion of XDH, and though there are some reports about

immobilization of GDH, results presented here go further than

previously published data. For example, Baron et al. used

controlled pore silica with average pore size of 500 Å, as a

support for Bacillus megaterium glucose dehydrogenase and

immobilized less than 0.5 mg of enzyme per 1 g of the

support,[20] whereas here we report a loading capacity of silica

nanoparticles of 2.8 mg/g, probably due to higher density of

hydroxyl groups on the surface of nanoSiO2.

Effect of Temperature and pH on Activity and Stability of
Free and Immobilized GDH

Free GDH as well as both of the GDH-based immobilized

systems exhibited the highest activity at 45 8C (Figure 3a). At

temperatures below optimum, free GDH was characterized by

slightly higher, but significantly different, activity than the

immobilized enzyme. But at higher temperatures (45–60 8C),
immobilized GDH showed better activity than the free

biocatalyst. This is particularly noticeable in the case of the

mesoporous SBA 15 silica support as GDH immobilized on this

material showed higher residual activity (53%) than free

enzyme (29%) even at a temperature of 60 8C. GDH is known as

an enzyme that exhibits catalytic activity only in multimeric

form. In a previous study, it has been shown that at temper-

atures above 50 8C, multimers tend to dissociate, which leads to

irreversible inactivation.[21] Since immobilization using silica

provided enzymes multipoint attachment and improved rigidity

of the enzyme, thermal dissociation of silica-bounded GDH

multimers could be prevented that lead to better activity

retention at higher temperatures.

Free and silica immobilized GDH showed similar pH profiles

which were, however, statistically significantly different over

whole analyzed pH range (6–10), as illustrated in Figure 3b.

However, nanoSiO2GDH and SBA15GDH exhibited about 10 and

15% enhancement of catalytic activity, respectively, particularly

at basic conditions (8.5–10), compared to free catalysts. A shift

of the pH optima from 8 (free GDH) to 8.5 (immobilized GDH)

was also observed. Changes in the pH and temperature profiles

could be explained by the fact that immobilization, in general,

leads to conformational changes of the structure of the

enzyme.[22] These changes occur mainly as a result of ionization

of side chains of active site amino acids. However, type, nature

and functional group of the matrix also play a significant role.

These factors lead to modifications of microenvironment

around the active site of the enzyme and in consequence affect

the pH and temperature profile of the immobilized biocata-

lysts.[23]

Evaluation of the thermal stability of the immobilized

enzyme is a crucial step in determining practical applications of

the produced biocatalytic systems. Binding of GDH to the silica

support significantly improved thermal stability of the enzyme:

after 45 min of heating at 45 8C, at pH 8, free enzyme

maintained 42.5% of its activity, while nanoSiO2GDH and

SBA15GDH retained 47 and 53% of catalytic activity, respec-

tively (Figure 3c). Moreover, after 210 min of incubation under

the same conditions, no catalytic activity was observed for free

GDH whereas immobilized enzyme was more stable and

retained about 30 and 35% of its activity when immobilized

using nanoSiO2 and SBA silica, respectively that might be

Figure 2. TEM images of the: (a) SBA 15 silica and (b) nanoSiO2 silica before enzyme immobilization; (b) and (e) after immobilization of glucose dehydrogenase;
(c) and (f) after immobilization of xylose dehydrogenase.
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explained by creation of a more suitable microenvironment

after immobilization as reported also by Li et al.[24] Since drop in

the relative activity of free GDH could be explained mainly by

thermal and chemical inactivation of the biocatalyst, decrease

in the activity of the immobilized enzyme could also partially

reflect leakage of GDH from the matrix. Nevertheless, the higher

relative activity noticed for SBA15GDH, as compared to

nanoSiO2GDH, is related to catalyst immobilization in the

hexagonal pores of the support, which ensures better protec-

tion of the enzyme molecules against harsh reaction conditions.

Significant improvement in the stability of the immobilized

GDH can also be observed in values of the inactivation constant

(kD) and enzyme half-life (t1/2) (Figure 3d). kD and t1/2 for free

glucose dehydrogenase was found to be 0.0174 1/min and

39.8 min, respectively, whereas inactivation constants of

nanoSiO2GDH and SBA15GDH were, respectively, 4.5 fold and

7.2 fold (0.0038 1/min and 0.0024 1/min) lower than of those of

the free enzyme. As a result, enzyme half-life was significantly

improved and reached 182.4 min for nanoSiO2GDH and

288.8 min for SBA15GDH. These findings are in agreement with

data reported earlier by Twala et al. who immobilized GDH on

functionalized ReSynTM polymer microspheres. However, in

their study, immobilized enzyme half-life increased two fold

after immobilization and further incubation at 45 8C compared

to the free catalysts, while in the current study, enzyme half-life

was improved much more (for about 4.5 fold). That is probably

related to the more suitable chemical microenvironment

created by the silica nanoparticles compared to polymeric

support.[1]

Effect of Temperature and pH on Activity and Stability of
Free and Immobilized GDH

The optimum temperature of free XDH was 40 8C, whereas for

nanoSiO2XDH and SBA15XDH, the optimum shifted slightly

upwards (45 8C) (Figure 4). Temperature profiles of free and

immobilized XDH were also statistically significantly different.

At temperatures below maximum, free enzyme showed higher

activity compared with immobilized enzymes. However, when

temperature exceed 40 8C, activity of free enzyme dropped

sharply while immobilized XDH retained significantly higher

activities. At 65 8C nanoSiO2XDH and SBA15XDH retained 69

and 64%, respectively, of their residual activity while free

biocatalyst showed less than 50% residual activity. The higher

temperature optimum recorded for immobilized XDH and the

significant improvement of immobilized enzyme activity at

higher temperatures are probably a result of creation of

enzyme-matrix interactions that form external enzyme back-

bones and increase rigidity of the biocatalyst.[25] Such changes

would have protected the active sites of the XDH against

conformational changes and denaturation at higher temper-

atures, and thus help to maintain high catalytic activity.

All tested XDH systems exhibited their optimum at pH 8

(Figure 4b). Moreover, their pH profiles were significantly differ-

ent, however, particularly at pH values close to neutral (6.5–8.5),

they were similar. Immobilization of XDH at basic pH (9–10)

resulted in nanoSiO2XDH and SBA15XDH showing about 10 and

20% higher activity, respectively, compared to the free catalyst.

Under strongly acidic or basic conditions, ionic groups

presented in the enzyme structure might be protonated or

deprotonated, respectively. These changes result in formation

of electrostatic repulsion between these groups, and hence

Figure 3. (a) Temperature profiles, (b) pH profiles and (c, d) Thermal stability of free and silica immobilized glucose dehydrogenase (GDH). Thermal stability of
free and silica immobilized GDH was examined under optimal temperature (45 8C) and pH (8) conditions. Inactivation constants (kD) were evaluated based on
the linear regression slope. All data are presented as means: standard deviation.
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destruction and degeneration of the enzyme active site and

decrease in catalytic properties of the enzyme.[28] Creation of

the enzyme-matrix interactions which limit dissociation of

enzyme subunits and stiffening the structure of the biomole-

cule after immobilization, caused that susceptibility of the

enzyme to conformational changes in pH decreases, and leads

to improvements of enzyme activity under harsh pH conditions.

Additionally, thermal stability of free and both silica-

immobilized XDH was studied. Although, after immobilization

activity decreased (Table 2), stability of immobilized XDH was

improved compared to the free enzyme (Figure 4c). After

180 min of incubation at pH 8 and 40 8C, free enzyme

completely lost its activity while nanoSiO2XDH and SBA15XDH

retained more than 50% of their initial activity. Moreover, after

240 min of incubation at 45 8C, XDH immobilized on silica

nanoparticles or in hexagonal silica retained over 25 and over

30% of activity, respectively. As stability and catalytic activity of

the enzyme after immobilization were improved, inactivation

constant (kD) and enzyme half-life (t1/2) were also enhanced

(Figure 4d). kD and t1/2 of free enzyme reached 0.0237 1/min and

29.2 min, respectively, while after immobilization on silica

nanoparticles the values were 0.005 1/min and 138.6 min,

respectively. When hexagonal SBA silica was used as support,

an even higher enzyme half-life (277.2 min) and lower inactiva-

tion constant (0.0025 1/min) were obtained. It might be

explained by the fact that due to immobilization in the pores of

the matrix, enzyme molecules are better protected compared

to attachment of biocatalysts onto the surface of the matrix.

Free enzyme on the other hand was subject to total

inactivation due mainly to thermal and chemical denaturation

caused by heating and contact with base. However, negative

effect of harsh reactive conditions on GDH and XDH was

strongly hampered after enzyme immobilization due mainly to

stabilization of the entire biocatalyst structure.

Kinetic Parameters of Free and Immobilized Enzymes

The KM Michaelis-Menten constant and the Vmax for free GDH

were found to be 16.1 mM and 7.7 U/mg, respectively. After

immobilization KM increased and reached 21.8 and 28.7 mM for

nanoSiO2GDH and SBA15GDH, respectively. Simultaneously, Vmax

dropped 35 and 45% for nanoSiO2GDH and SBA15GDH,

respectively, compared to free catalyst. Nevertheless, it should

be underlined that turnover number of immobilized biocata-

lysts was maintained almost unaltered as kcat of nanoSiO2GDH

and SBA15GDH were 97 and 94% of that of free GDH,

respectively (Table 3). Since turnover numbers of free and

immobilized glucose dehydrogenase are comparable, increase

in KM value could be explained by the fact that after

immobilization diffusional limitations occurred. As a result,

active sites of the silica-bounded GDH are less accessible to the

substrate and cofactor molecules, however, additional effects of

cofactor-matrix and substrate-matrix interactions cannot be

excluded either.[20] Thus, as suggested earlier by Zhou et al., a

higher concentration of substrates is required to enhance their

interactions with immobilized catalysts.[27] Moreover, as a result

of enzyme attachment to the support, some of the active sites

could be blocked, which reduces reaction rate and leads to

drop in the maximum reaction velocity (Vmax).
[30] Baron et al.,

who immobilized GDH from Bacillus onto DEAE-Sephadex

modified by glutaraldehyde, also made similar observations.

However, in their study KM was 4-fold greater after immobiliza-

Figure 4. (a) Temperature profiles, (b) pH profiles and (c, d) Thermal stability of free and silica immobilized xylose dehydrogenase (XDH). Thermal stability of
free and silica immobilized XDH was examined at optimal temperature (40 8C for free enzyme and 45 8C for immobilized enzymes) and pH (8) conditions.
Inactivation constants (kD) were evaluated based on the linear regression slope. All data are presented as means: standard deviation.
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tion and Vmax was simultaneously almost 4-fold lower compared

to the free enzyme.[20]

The KM and Vmax calculated for free XDH were 0.31 mM and

0.81 U/mL, respectively, and were comparable to those re-

ported in our previous study where Vmax has been found to be

0.56 U/mL.[31] The KM of nanoSiO2XDH and SBA15XDH were

about 10 and 50% higher, respectively, compared with KM of

free XDH. However, the increase of KM after immobilization

observed for XDH was less significant than for GDH immobi-

lized in this study. Simultaneously, a less significant drop of Vmax

was also noticed for immobilized XDH. These results could

indicate that diffusional limitations that occurred after XDH

immobilization were minimalized compared to GDH immobili-

zation. This effect is probably related to the smaller molecular

weight of XDH.[17] Nevertheless, the turnover number of

nanoSiO2XDH and SBA15XDH were about 80 and 70%,

respectively, of that of the free enzyme, which suggested that

some conformational changes in the structure of active site

amino acids occurred upon immobilization.[30] These results

support the data related to the retention of catalytic properties

by immobilized XDH presented above (Table 2). It also should

be emphasized that, irrespectively of the used enzyme, higher

values of KM were noticed for enzymes immobilized using SBA

silica, compared to nanoSiO2, indicating lower substrate affinity

to bounded GDH and XDH. It is related to the fact that using

mesoporous silica (SBA 15) higher diffusional limitations

occurred because biomolecules are immobilized mainly into its

pores, as in case of nanoSiO2 enzyme is attached onto the

surface of the support, as presented in Figure 1.

Conversion of Biomass Liquors

Investigation of stability of free and immobilized enzymes was

carried out based on model solutions of xylose and glucose.

Thus, to evaluate practical applications of the biocatalytic

systems produced, for conversion of glucose xylose two differ-

ent real biomass solutions: (i) a stream of monosaccharides

(glucose, xylose, arabinose) obtained after nanofiltration of PTL

and (ii) pretreated liquor (PTL), were used.

Conversion of glucose to gluconic acid in the stream of

monosaccharides by free GDH, nanoSiO2GDH and SBA15GDH

reached 76, 64 and 56%, respectively (Figure 5a), corresponding

to biocatalytic productivity values of 17.08, 14.41 and 12.56 mg

of gluconic acid per 1 mg of free, nanoSiO2 or SBA 15

immobilized GDH, respectively (Table 4). By contrast, trans-

formation of xylose from the same feed solution was lower and

achieved 67, 57 and 52% for free, nanoSiO2XDH and

SBA15XDH, respectively (Figure 5b), corresponding to a bio-

catalytic productivity of 0.180, 0.155 and 0.141 mg of xylonic

acid per 1 U of free, nanoSiO2 or SBA 15 immobilized XDH,

respectively as shown in Table 4. Higher conversion of glucose

Table 3. [a] [U/mL]Table 3
Kinetic parameters for free and silica immobilized GDH and XDH.

Analyzed parameter freeGDH nanoSiO2GDH SBA15GDH freeXDH nanoSiO2XDH SBA15XDH

KM [mM] 16.1 21.8 28.7 0.31 0.34 0.45
Vmax [U/mg] 7.7 5.1 4.1 0.81[a] 0.70 0.64
kcat [1/s] 79 77 75 27 21 19
kcat/Km [1/s*mM] 4.9 3.5 2.6 87.1 61.7 42.2

[a] [U/mL]

Figure 5. Conversion of (a) glucose to gluconic acid and (b) xylose to xylonic
acid catalyzed by free and silica immobilized GDH and XHD, respectively,
from monosaccharides solution and pretreated liquor (PTL). Dosage of
enzyme: 0.5 mg of free or immobilized GDH or 200 U of free or immobilized
XDH. All data are presented as means: standard deviation.

Table 4. Biocatalytic productivity of free and immobilized GDH (mg of gluconic acid per mg of enzyme) and free and immobilized XDH (mg of xylonic acid
per U of enzyme) after five consecutive catalytic cycles.

Analyzed parameter Biocatalytic productivity (GDH in [mg/mg]) and (XDH in [mg/U])
freeGDH nanoSiO2GDH SBA15GDH freeXDH nanoSiO2XDH SBA15XDH

Monosaccharides 32.11 52.44 45.61 0.307 0.502 0.461
PTL 31.12 51.10 39.08 0.204 0.336 0.279
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to gluconic acid was mainly due to two factors. First of all, a

greater amount of GDH was immobilized on silica carriers,

moreover, attached GDH exhibited higher specific activity and

activity retention compared to immobilized XDH. Second,

concentration of glucose was about five times lower than

xylose. The drop in conversion of both monosaccharides which

was observed for immobilized enzymes compared to the free

ones is related to decrease in enzyme activity upon immobiliza-

tion, and has also been observed in other studies.[31,32]

Conversion of glucose and xylose presented in crude PTL

(containing inhibitors) followed the same trend (Figure 5a,b).

However, compared to the stream of monosaccharides, in case

of the PTL feed solution, about 15 and 20% lower values of

conversion were achieved for glucose and xylose, respectively.

This is directly related to the presence of inhibitors, such as

formic and acetic acids or furans, in the feed solution, which

could inhibit enzyme catalytic properties. The presence of trace

amounts of phenols and monovalent (K+ or Na+) or divalent

(Mg2+ or Ca2+) ions could also affect activity of both enzymes

as reported earlier.[33] Nevertheless, the results presented clearly

show that investigated biocatalytic systems demonstrated

efficient conversion of monosaccharides and therefore could

find practical applications in the food industry as well as in

biorefinery.

Reusability of the Free and Immobilized GDH and XDH

One of the great advantages of immobilization is enhancement

of enzyme reusability in sequential conversion processes, which

leads to decrease in process costs. As can be seen, free GDH

and XDH gradually lost their catalytic properties: GDH was

inactivated after four catalytic cycles using a monosaccharides

stream and after four cycles using PTL as feed solution, while

XDH was inactivated after three catalytic cycles irrespective of

the feed solution used (Figure 6). On the other hand, immobi-

lized GDH retained around 70% of its initial activity and

immobilized XDH maintained around 60% of its catalytic

properties after three reaction cycles irrespective of the support

material and feed solution. Moreover, after five reaction cycles,

GDH and XDH immobilized using SBA 15 retained over 50% of

their initial activity during conversion of glucose and xylose

from monosaccharides solution, and over 40% of initial catalytic

properties when PTL was used as feed solution. This retention

of activity was higher than retention obtained when silica

nanoparticles were used as carrier, as after five reaction cycles

nanoSiO2GDH and nanoSiO2XDH maintained, respectively, only

43 and 39% of their catalytic properties with monosaccharides

solution, and 38 and 33%, respectively, of their catalytic

properties with PTL as feed solution.

The above results are in agreement with the data of

biocatalytic productivity. After five consecutive reaction cycles,

productivity of gluconic acid with the monosaccharides

solution as the feed by free GDH reached 32.11 mg of gluconic

acid per mg of enzyme. Productivity of nanoSiO2GDH was

about 1.6 fold higher (52.44 mg/mg), while productivity of

SBA15GDH was about 1.4 fold higher (45.61 mg/mg) compared

to the free enzyme (Table 4). Even higher increase in biocata-

lytic productivity of xylose was noticed using silica immobilized

XDH and monosaccharides solution. After five reaction steps

free XDH exhibited a productivity of 0.307 mg of xylonic acid

per 1 unit of XDH, while productivity of nanoSiO2XDH and

SBA15XDH was 0.502 mg/U (1.7 fold) and 0.461 mg/U (1.6 fold),

respectively. It should also be mentioned that lower values of

biocatalytic productivity of gluconic and xylonic acid were

observed using PTL as a feed solution; this result is directly

related to higher concentration of glucose and xylose in PTL

compared to in the stream of monosaccharides. These results

Figure 6. Reusability of the free and silica immobilized GDH and XHD evaluated based on consecutive conversion of glucose and xylose, respectively, using
monosaccharides solution after nanofiltration (a) and (b) and PTL (c) and (d) as feed solution. All data are presented as means: standard deviation.
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confirm that reusability of the immobilized GDH and XDH was

significantly improved. Nevertheless, it should be emphasized

that irrespective of the feed solution used, during initial

reaction cycles (up to third cycle), enzymes immobilized onto

silica nanoparticles exhibited higher catalytic properties, but in

further conversion steps, SBA 15 based systems showed higher

activity. This phenomenon could be explained by the fact that

enzyme immobilized in pores of hexagonal silica is better

protected before inactivation and elution from the matrix, and

thus its activity is less affected during the sequential conversion

process. Higher retention of catalytic activity by enzymes used

for conversion of both glucose and xylose from monosacchar-

ides solution is probably related to the fact that the amount of

enzyme inhibitors such as metal ions, inorganic acids and

furans was significantly reduced compared to their presence in

the PTL solution. Nevertheless, gradual decrease in enzyme

activity after just a few catalytic cycles could be explained by

several factors, such as enzyme inhibition by product, structural

modification of the enzymes as well as by catalyst inactivation

caused by their thermal and pH denaturation.[34] It should be

also mentioned that due mainly to adsorption interactions,

some enzyme leakage from the matrix (up to 30% after last

cycle) also occurred as a contributory factor. Earlier studies

reported that glucose-6-phosphate dehydrogenase encapsu-

lated in silica-based hydrogels retained less than 40% of its

initial activity just after one reaction cycle,[35] as in another

study, 40% of activity retention was observed after seven

reaction cycles when glucose-6-phosphate dehydrogenase was

immobilized in alginate.[23]

Conclusions

Our study provides proof-of-concept for the immobilization of

glucose dehydrogenase (GDH) and xylose dehydrogenase

(XDH) on silica nanoparticles and hexagonal mesoporous

SBA15 silica, and application of the obtained biocatalytic

systems for effective conversion of glucose and xylose from

biomass liquors. Specific activity of free GDH and XDH (assessed

as NADH consumption during reduction of glucose and xylose,

respectively) was comparable and reached 42.2 U/mg and

46.8 U/mL, respectively. After immobilization, both enzymes

exhibited high catalytic activity retention, but better loadings

and activity retention were obtained for GDH and XDH

immobilized on the surface of silica nanoparticles than on the

mesoporous silica particles, which confirms that type of support

material affects properties of the biocatalytic systems obtained.

Nevertheless, both silica-immobilized enzymes are character-

ized by improved thermal stability, with half-life of SBA15GDH

and SBA15XDH being increased 7.25 and 9.5 fold, respectively

as compared to free biocatalysts, after incubation for four hours

at 45 8C. However, immobilization did not affect the pH optima

of any of the two enzymes, regardless of the type of silica

immobilization material, and the immobilized enzymes showed

the same high activity over a broad range of pH (over 50%

activity at pH range 8–10). Robustness at higher pH, above the

pKa of gluconic and xylonic acid, is of particular interest,

because this feature facilitates simple separation of the gluconic

and xylonic acid from reaction mixture even by a simple

membrane filtration. Additionally, the immobilized enzymes

exhibited improved reusability; not only was their catalytic

activity retained after five consecutive reaction cycles but the

biocatalytic productivity was improved about 1.6 fold by

nanoSiO2GDH and nanoSiO2XDH compared to the free en-

zymes. The data thus clearly shown that immobilization of GDH

and XDH is an attractive approach for efficient transformation

of glucose and xylose into valuable products. Hopefully, the

data may stimulate further development of the use of

monosaccharide dehydrogenases in biorefining and separation

of monosaccharides in genuine biomass liquors.

Experimental Section

Chemicals and Reagents

Commercially available silica nanopowder of 10–20 nm particle size
(nanoSiO2) and mesoporous SBA 15 silica (<150 mm particle size)
with hexagonal pore morphology and pore size up to 20 nm (SBA
15) used in this study were provided by Sigma-Aldrich (Steinheim,
Germany). Tris-HCl buffer, phosphate buffer, b-nicotinamide ad-
enine dinucleotide hydrate (NAD+), b-nicotinamide adenine
dinucleotide, reduced disodium salt hydrate (NADH), D-glucose, D-
xylose and glucose dehydrogenase from Pseudomonas sp. (GDH)
(EC 1.1.1.47) were purchased from Sigma-Aldrich (Steinheim,
Germany). Xylose dehydrogenase (XDH) (EC 1.1.1.175) was provided
by Megazyme (Bray, Wicklow, Ireland). All chemicals were of
analytical grade and were used as received from the suppliers
without further purification.

Real Liquors

The pretreated liquor (PTL) used in this study was obtained after
combined acid and hydrothermal pretreatment of the biomass. For
pretreatment, diluted sulfuric acid and high temperature steam
(180 8C) were injected in the reactor containing soaked wood for a
10 min. After pretreatment, the liquid fraction was separated from
the solids by pressing in reactor. Prior to use, the PTL was filtered
using the microfiltration membrane GR40PP (MWCO 100 kDa) at
4 bar in an Amicon 8050 (Millipore, Burlington, MA, USA) stirred cell
to clarify the solution. The concentration of monosaccharides,
glucose, xylose and arabinose was 13.3 g/L, 55.2 g/L, and 2.1 g/L,
respectively. The stream of monosaccharides without inhibitors
(inorganic acids and furans) containing glucose (10.3 g/L), xylose
(48.8 g/L) and arabinose (1.9 g/L) was obtained after nanofiltration
of PTL at 40 bar using a NF90 nanofiltration membrane (MWCO
200–400 Da) in a stainless steel stirred cell (HP4750, Sterlitech
Corporation, Kent, WA, USA).

Immobilization of GDH and XDH

For the immobilization of GDH and XDH, 50 mg of silica nano-
particles or silica SBA 15 was immersed in 2 mL of enzyme solution
in phosphate buffer at pH 7 containing 0.15 mg (30 U) of GDH or
30 U of XDH. The immobilization was carried out by incubation of
the silica support (nanoSiO2 or SBA 15) with each enzyme solution
for 3 h at 4 8C in an IKA KS 4000i control incubator (IKA Werke
GmbH, Germany) with mixing at 200 rpm. The immobilized
enzymes (nanoSiO2GDH, SBA15GDH, nanoSiO2XDH, SBA15XDH)
were recovered from the solution by centrifugation at 4000 rpm for
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15 min (Sigma 4 K15, Sigma Laborzentrifugen GmbH). The protein
content in the samples after immobilization (amount of immobi-
lized enzyme (mg/g)) was determined by the Bradford method
[Equation (1)] as the difference in the initial enzyme dosage and
the concentration of protein present in the supernatant after
immobilization[36] and considering mass of the support material,
according to Equation 1. From the results of the Bradford method,
immobilization yield (%) was calculated [Equation (2)].

Amount of immobilized enzyme ¼ ciV i @ csV s

msupport
ð1Þ

Immobilization yield ð%Þ ¼ ciV i @ csV s

ciV i

? 100% ð2Þ

where ci and cs denote concentration of enzyme before and after
immobilization (mg/mL or U/mL), Vi and Vs denote volume of the
solution (mL) before and after immobilization, and msupport is the
mass of the support material (g).

GDH and XDH Activity

Activity assays for GDH and XDH were performed spectrophoto-
metrically during kinetic reduction of NAD+ to NADH, as presented
below, using a standard calibration curve of NADH. One unit of free
or immobilized enzyme activity was defined as the quantity of
enzyme required to produce 1 mM of NADH per minute under the
assay conditions. Specific activity values (U/mg) of free and
immobilized enzymes are presented as initial enzyme activity
retained per unit mass of enzyme, and per unit mass of enzyme
and solid support, respectively. The activity retention (%) of
immobilized enzyme was defined as the percentage activity of the
immobilized GDH and XDH compared to the catalytic activity of
free enzymes. All measurements were done in triplicate and error
bars are presented as means : standard deviation.

GDH Activity Assay

Catalytic activity of free and immobilized GDH was evaluated
spectrophotometrically by measuring the absorbance at l=
340 nm (Shimadzu UV1280, Shimadzu, Japan) during kinetic
reduction of NAD+ to NADH. The reaction was carried out for
2 min in a styrene cuvette with a volume of 1 mL of reaction
mixture containing 20 U of free or immobilized GDH, 3 mM NAD+
and 50 mM D-glucose in Tris-HCl buffer at pH 8, 458C.

XDH Activity Assay

Activity of free and immobilized XDH was determined spectropho-
tometrically by following changes in the absorbance at l=340 nm
during kinetic reduction of NAD+ to NADH.[37] The reaction was
carried out in a styrene cuvette with a volume of 1 mL of reaction
mixture containing 30 U of free or immobilized XDH, 3 mM NAD+
and 70 mM D-xylose in Tris-HCl buffer at pH 8 for 2 min at 458C.

pH Profiles of Free and Immobilized Enzymes

The pH profiles of free and immobilized GDH and XDH were
examined using the methodology described above, at pH values
ranging from 6 to 10 at 45 8C. The pH of the solution was adjusted
using 0.1 M HCl and 0.1 M NaOH. All measurements were made in
triplicate and error bars are presented as means : standard
deviation.

Temperature Profiles of Free and Immobilized Enzymes

The temperature profiles of free and immobilized glucose dehydro-
genase and xylose dehydrogenase were evaluated based on the
above-mentioned methodology at temperatures varying from 30 8C
to 60 8C in steps of 5 8C, at pH 8. Prior to spectrophotometric
measurements, free and immobilized enzymes were incubated at
the desired temperature for 30 min. All measurements were made
in triplicate and error bars are presented as means : standard
deviation.

Stability of Free and Immobilized Enzymes

Stability of both free and immobilized enzyme over time was
evaluated after incubating the native and immobilized enzymes for
240 min under optimum pH and temperature conditions. For free
and silica immobilized GDH, the optima were 45 8C and pH 8, while
for free and silica immobilized XDH, the optima were pH 8 and
40 8C and pH 8 and 45 8C, respectively. The relative activity of free
and immobilized enzyme was further determined after a specified
period of time. The initial activity of free GDH and XDH was defined
as 100% activity. The inactivation constant (kD), and half-life (t1/2)
were evaluated based on the linear regression slope. All measure-
ments were made in triplicate and error bars are presented as
means : standard deviation.

Kinetic Parameters of Free and Immobilized Enzymes

Examination of the kinetic parameters – the Michaelis-Menten
constant (KM), maximum reaction rate (Vmax), turnover number (kcat)
and specificity constant (kcat/KM) – of free and immobilized GDH and
XDH was performed based on the model enzymatic reactions (see
section GDH and XDH activity), using various concentrations of
NAD+ . The kinetic parameters were calculated based on Hanes-
Wolf plots under optimum assay conditions.

Glucose and Xylose Conversion

In the presented study, two biomass liquors were used which
contained monosaccharides only (monosaccharides stream) and
monosaccharides with inhibitors (PTL) (see section Real liquors).
The reaction was performed in glass tubes. For the reaction, 1 mL
of monosaccharides solution or PTL was used to which was added
0.5 mg of free or immobilized GDH or 200 U of free or immobilized
XDH and 10 mM of NAD+ . Prior to the reaction, the pH of mixture
was adjusted to 8 and to 8.5 for GDH and XDH, respectively using
0.1 M NaOH. After 30 min of the process, the reaction was
terminated by addition of 2 mL of 1 M HCl and the mixture was
subjected to HPLC analysis.

Conversion of glucose to gluconic acid by GDH and xylose to
xylonic acid by XDH was evaluated based on the results of High
Performance Liquid Chromatography (HPLC) and calculated using
Equation 3. Shimadzu Corp. (Japan) equipment was used in the
HPLC-analysis (LC-20AD, DGU-20A3, SIL-20AC, SCL-10 A, CTO-10A).
The column system consisted of an Aminex HPX-87H Ion Exclusion
Column (300 mmV8.7 mm) (Bio-Rad) and a security guard (H+)
pre-column. The temperature was 63 8C, the eluent was 4 mM
H2SO4 and the flow rate was 0.6 mL/min. Carbohydrates and acids
were detected using a refractive index detector (RID-10 A). Samples
were diluted with the eluent to obtain concentrations of mono-
saccharides, and acids in the range of 0.05–5 g/L and 0.025–3 g/L,
respectively.
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Conversion ð%Þ ¼ CF @ CP

CF

? 100% ð3Þ

where CF and CP denote xylose or glucose concentration (g/L) in
feed solution and after enzymatic conversion, respectively.

Reusability Study of Free and Immobilized Enzymes

The reusability of the free and immobilized GDH and XDH was
examined by measuring conversion of xylose and glucose in the
stream of monosaccharides and pretreated liquor, according to
methodology presented in the above section, over five consecutive
reaction cycles. After each conversion cycle, the immobilized GDH
and XDH was separated from the reaction mixture by centrifuga-
tion and washed with Tris-HCl buffer solution before the next cycle.
Free enzyme was separated from the reaction mixture by nano-
filtration at 4 bar in an Amicon 8050 (Millipore, USA) using an NF90
membrane. The conversion of glucose and xylose by GDH and
XDH, respectively, in the first catalytic cycle was defined as 100%.
The biocatalytic productivity of free and immobilized enzyme was
expressed as mass of product formed (mg) by mass of the enzyme
used.

Statistical Analysis

Statistically significant differences were determined by one-way
ANOVA performed in SigmaPlot 12 (Systat Software Inc., USA) using
Tukey’s test. Statistical significance was established at a p<0.05
level.
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Abstract: The conversion of biomass components catalyzed via immobilized enzymes is a promising
way of obtaining valuable compounds with high efficiency under mild conditions. However,
simultaneous transformation of glucose and xylose into gluconic acid and xylonic acid, respectively,
is an overlooked research area. Therefore, in this work we have undertaken a study focused on
the co-immobilization of glucose dehydrogenase (GDH, EC 1.1.1.118) and xylose dehydrogenase
(XDH, EC 1.1.1.175) using mesoporous Santa Barbara Amorphous silica (SBA 15) for the simultaneous
production of gluconic acid and xylonic acid. The effective co-immobilization of enzymes onto the
surface and into the pores of the silica support was confirmed. A GDH:XDH ratio equal to 1:5
was the most suitable for the conversion of xylose and glucose, as the reaction yield reached over
90% for both monosaccharides after 45 min of the process. Upon co-immobilization, reaction yields
exceeding 80% were noticed over wide pH (7–9) and temperature (40–60 ◦C) ranges. Additionally,
the co-immobilized GDH and XDH exhibited a significant enhancement of their thermal, chemical
and storage stability. Furthermore, the co-immobilized enzymes are characterized by good reusability,
as they facilitated the reaction yields by over 80%, even after 5 consecutive reaction steps.

Keywords: glucose dehydrogenase; xylose dehydrogenase; enzymes immobilization; co-immobilization;
silica SBA 15; biomass conversion

1. Introduction

Over the last decades, the number of porous materials has significantly increased. Due to their
various properties, such as a high porosity, defined pore structure and size, as well as numerous
functional groups, they find application in many fields of science and industry [1]. Mesoporous silicas,
due to their properties, are widely employed in different fields, such as catalysis, adsorption, enzyme
immobilization or drug delivery [1,2]. Among others, Santa Barbara Amorphous 15 silica (SBA 15) is a
great example of these materials, owing its name to the place where it was discovered. The structure of
the SBA 15 mesoporous silica is composed of hexagonal, two-dimensional internal pores with diameters
between 5 nm and 30 nm [3]. Due to such a system, SBA 15 silica is characterized by a considerably
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expanded surface area, which is why it is a good material for the adsorption of various compounds
and/or enzyme immobilization [4]. In contrast to other types of silicas, during the adsorption or
immobilization of biologically active substances (for example enzymes) using mesoporous SBA 15,
the substances are adsorbed inside the pores, resulting in changes in their volume and size, as well as a
better protection of the attached molecules against harsh reaction conditions [5].

As has already been mentioned, numerous molecules, including enzymes, can be attached using
the mesoporous silica SBA 15. Immobilization is the process leading to the total or partial limitation of
the movement of substances or biological materials by binding them to a carrier. There are three main
types of immobilization: (i) without a carrier, (ii) inside the carrier or (iii) onto a carrier [6]. By applying
the enzyme to the carrier, the scope of its action is usually broadened, the separation of products from
the reaction mixture is enhanced, and the reuse as well as biocatalytic productivity of the biomolecules
are improved [7]. However, the selection of a support material plays a key role in the immobilization
process. A carrier that is ideal for any type of enzyme has not yet been created; however, among other
materials, silica-based materials seem to be a suitable enzyme support due to their susceptibility to
surface modification, their non-toxicity, as well as their chemical and physical stability. Moreover,
silica possesses numerous hydroxyl groups that promote immobilization, by both covalent binding
and adsorption [6]. Mesoporous silica materials, embracing SBA 15, have been previously used as
supports for the immobilization of enzymes for various applications, including processes of biomass
pretreatment and its further conversion. For instance, Xie et al. confirmed that by immobilizing
the biomolecules on a carrier such as silica, their catalytic efficiency can be increased. The carrier
was completely inert during the transesterification of soybean oil, but enabled the easy removal of
the biocatalysts from the system. Furthermore, after five cycles of oil conversion, the SBA 15-based
catalytic system showed great stability and activity, as it retained over 90% of its initial activity [8].

Plant-based biomass is of particular interest, mainly due to the fact that it can be an alternative
for the fossil fuels platform, for the production of energy or biofuels, such as ethanol [7]. Biomass
consists mainly of cellulose, hemicellulose and lignin, compounds which might act as a platform for
obtaining valuable chemical substances [9]. Biomass is acquired from products, waste and residues
from agricultural and forestry production, as well as from part of the waste originating from industrial
processing. However, in order to obtain valuable compounds from biomass, it has to be properly
pretreated to release valuable sugars, such as pentoses (mainly xylose) and hexoses (mainly glucose).
Various pretreatment and conversion methods have been developed, including mechanical, physical
and biological techniques [10]. Nevertheless, due to mild process conditions, the limited requirement
for sophisticated apparatuses and high selectivity, biological methods based on enzymes are of
particular interest [11]. It should be emphasized that the effectiveness of hydrolysis or the conversion
of lignocellulose substrates depends on their effective preparation and the precise selection of the
enzyme combination.

In our previous study, we demonstrated and explored the protocol for the separate immobilization
of glucose dehydrogenase and xylose dehydrogenase using nano-SiO2 and mesoporous SBA 15 silica
supports. It has been established that, among others, immobilized enzymes exhibited a significantly
higher activity over a wide temperature and pH range as compared to the free form of the biocatalysts.
Furthermore, we have proved that immobilized biocatalysts are capable of an independent and efficient
conversion of xylose into xylonic acid and glucose into gluconic acid [12]. Nevertheless, further
study concerning the improvement of the process efficiency as well as facilitating its simplicity are
still highly required. In addition, we would like to emphasize that the literature data related to the
co-immobilization of enzymes for the simultaneous conversion of biomass compounds are limited.

Therefore, we have here undertaken a study related to the co-immobilization of two industrially
relevant enzymes—glucose dehydrogenase (GDH) and xylose dehydrogenase (XDH)—using
mesoporous SBA 15 silica for the efficient and concurrent conversion of glucose and xylose into
gluconic acid (GA) and xylonic acid (XA), respectively. As part of the research, we also determined
the optimal GDH:XDH activity ratio, as well as the effect of process duration and various pH and
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temperature conditions on the simultaneous production yield of GA and XA. Moreover, the parameters
that are important from a practical application point of view, such as the stability and reusability of the
co-immobilized biocatalysts, have also been investigated in detail.

2. Materials and Methods

2.1. Chemicals and Reagents

Commercial mesoporous SBA 15 silica (<150 mm particle size) with a hexagonal pore morphology
and pore size of up to 20 nm (SBA 15), glucose dehydrogenase from Pseudomonas sp. (EC 1.1.1.118)
(GDH), D-glucose (Glu), D-xylose (Xyl), gluconic acid sodium salt (GA), xylonic acid lithium
salt (XA), acetate buffer, phosphate buffer and tris-HCl buffer were provided by Sigma-Aldrich
(Steinheim, Germany). β-Nicotinamide adenine dinucleotide hydrate (NAD+), β-nicotinamide adenine
dinucleotide, reduced disodium salt hydrate (NADH), Coomassie Brilliant Blue CBB G-250, pyridine,
MSTFA, hexane, 96% ethanol, hydrochloric acid and 85% H3PO4 were purchased from Sigma-Aldrich
(Steinheim, Germany). Xylose dehydrogenase (EC 1.1.1.175) (XDH) was provided by Megazyme
(Bray, Wicklow, Ireland). All chemicals were of analytical grade and were used as received, without
further purification.

2.2. Co-Immobilization of GDH and XDH

For the co-immobilization of GDH and XDH, 100 mg of SBA 15 silica was immersed in 1 mL
of phosphate buffer at pH 8 containing 0.15 mg (30 U) of glucose dehydrogenase or 150 U of xylose
dehydrogenase. To evaluate the most suitable activity ratio of GDH:XDH, the immobilization was
carried out using various initial GDH:XDH ratios (1:1, 1:2, 1:5, 1:10). The immobilization was
performed via the incubation of the samples for 2 h at 4 ◦C using an IKA KS 4000i control incubator
(IKA Werke GmbH, Staufen im Breisgau, Germany) with mixing at 150 rpm. Afterwards, the obtained
biocatalytic systems were centrifuged for 15 min (4000 rpm at a temperature of 4 ◦C) and used for
the glucose and xylose conversion experiments. The amount of co-immobilized enzymes (U/g) was
determined spectrophotometrically (Jasco V-750 spectrophotometer, Jasco, Tokyo, Japan) based on the
Bradford method [13] and was considered as the difference between the initial enzyme amount and
the concentration of the proteins in the supernatant after immobilization, also taking into account the
mass of the used support material. Based on these measurements, the immobilization yield was also
determined by considering the initial and final concentrations of the enzyme and the volume of the
solution before and after immobilization.

2.3. Activity and Kinetic Parameters of the Free and Immobilized Enzymes

The activity of the free and co-immobilized glucose dehydrogenase and xylose dehydrogenase was
examined based on the spectrophotometric measurements at λ= 340 nm (Jasco V-750 spectrophotometer,
Jasco, Tokyo, Japan), carried out based on the model reaction of the reduction of the enzymatic cofactor
NAD+ to NADH. Briefly, the reaction was performed in 3 mL of phosphate buffer at pH 8 containing
20 mM of NAD+, and 100 mM of D-glucose or D-xylose, to which 10 U of GDH and 50 U of XDH (the
ADH:XDH ratio was 1:5) of the free or co-immobilized enzymes was added. The reaction mixture was
than vigorously shaken on a KS260 Basic incubator (IKA Werke GmbH, Staufen im Breisgau, Germany)
at 40 ◦C for 5 min. One unit of free or co-immobilized enzymes activity was defined as the amount of
the biocatalyst required to produce 1 mM of product per minute under the optimal assay conditions.
The specific activities of the free and co-immobilized GDH and XDH were expressed in U/mg or U/mL
(for XDH) and represent the initial enzyme activity retained per unit mass of enzyme, or per unit mass
of enzyme and solid support, respectively.

The kinetic parameters, Michaelis-Menten constant (KM) and maximum reaction rate (Vmax) of
the free and co-immobilized XDH and GDH were examined based on the above-presented reaction,
using various concentrations of NAD+, ranging from 0.01 to 50 mM, by measuring the initial reaction
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rates. The progress of the reaction was followed spectrophotometrically at λ = 340 nm (Jasco V-750
spectrophotometer, Jasco, Tokyo, Japan). The kinetic parameters were examined using a Hanes-Woolf
plot under optimum assay conditions.

2.4. Conversion of Glucose to Gluconic Acid and Xylose to Xylonic Acid Catalyzed by Free and
Co-Immobilized Enzymes

The simultaneous enzymatic conversion of glucose to gluconic acid and xylose to xylonic acid was
performed using an activity ratio of 1:5 of free or co-immobilized GDH:XDH. For this reason, 30 U of
GDH and 150 U of XDH of the free or co-immobilized biocatalysts were added to the 1 mL of reaction
mixture containing: 55 mM of D-glucose, 345 mM of D-xylose and 100 mM of NAD+ in phosphate
buffer at pH 8. The reaction was carried out for 60 min at 40 ◦C with mixing at 100 rpm using an IKA KS
4000i control incubator (IKA Werke GmbH, Staufen im Breisgau, Germany). After 60 min, the process
was terminated by adding 1 M HCl, and the obtained samples were analyzed by gas chromatography
(GC-MS) to determine the concentration of the gluconic acid, xylonic acid and reaction yield. One unit
of enzyme activity (U) of the free and co-immobilized enzymes was defined as the amount of GDH or
XDH that produced 1 µmol of gluconic and xylonic acid, respectively, per minute. The yields (%) of
the gluconic and xylonic acid were calculated as the ratio of the molar concentration of gluconic and
xylonic acid obtained in relation to the initial molar concentration of glucose and xylose, respectively.
All of the experiments were performed in triplicate, and error bars were presented as mean values ±
standard deviation.

2.4.1. Time Course of the Conversion of Glucose to Gluconic Acid and Xylose to Xylonic Acid

The effect of the process duration on the changes of the concentration of gluconic acid and
xylonic acid was determined based on the above-mentioned reaction performed under optimal
process conditions (pH 8, temperature 40 ◦C) over 60 min. The reaction was followed by collecting
samples at every specified period of time, and the production of GA and XA was evaluated using
GC-MS measurements.

2.4.2. Effect of pH and Temperature on Enzymatic Conversion of Glucose to Gluconic Acid and Xylose
to Xylonic Acid

The effect of the pH and temperature (pH and temperature profiles of co-immobilized GDH and
XDH) on the conversion of glucose and xylose was examined based on the above-mentioned reaction
over a pH ranging from 5 to 10 (at a temperature of 40 ◦C) using buffer solutions at the desired pH to
adjust the pH and at temperature values ranging from 20 to 70 ◦C with a step size of 10 ◦C (at pH 8).
After 60 min of the process, the reaction was terminated and the samples were analyzed using GC-MS.

2.4.3. Stability of the Free and Co-Immobilized GDH and XDH

The stability the free and co-immobilized GDH and XDH over time was determined based on the
simultaneous catalytic conversion of glucose and xylose, after incubating the samples for 120 min in a
phosphate buffer solution at pH 8 at 40 ◦C. After the specified period of time, the samples were used
to catalyze the conversion of glucose into gluconic acid and xylose into xylonic acid, as described in
Section 2.3. Furthermore, the samples were subjected to a GC-MS analysis, and, based on the obtained
results, the relative activity in terms of the GA and XA production was determined. The initial activity
of the free and co-immobilized GDH and XDH was defined as a 100% activity. The inactivation
constant (kD) and enzymes’ half-life values (t1/2) were determined based on the linear regression slope
for ln(RA) vs. time.

2.4.4. Storage Stability and Reusability of the Free and Co-Immobilized GDH and XDH

The storage stability of the free and co-immobilized GDH and XDH, stored in phosphate buffer at
pH 8 and 4 ◦C, was examined based on the above-mentioned reaction of glucose and xylose conversion
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over 20 days of storage. After the process, the samples were analyzed using GC-MS, and the results
were used to calculate the relative activity. For the purposes of the study of the storage stability,
the initial value of the activity of the free and co-immobilized GDH and XDH was defined as a
100% activity.

The reusability of the co-immobilized GDH and XDH was determined during the production
of GA and XA over ten repeated simultaneous conversion cycles of glucose and xylose carried out
under optimal process conditions for 60 min. After each conversion step, the biocatalytic system was
centrifuged from the reaction mixture, washed several times using a phosphate buffer at pH 8 and
placed into a fresh reaction solution. After the process, the samples were analyzed using GC-MS,
and the results were used to calculate the GA and XA yields.

2.5. Analytical Techniques

The morphology of the silica SBA 15 before and after the GDH and XDH co-immobilization was
investigated using a transmission electron microscopy (TEM) JEOL JEM-1200EX II (JEOL, Tokyo, Japan)
instrument at an accelerating voltage of 80 kV.

In order to identify the functional groups that were present on the surface of the analyzed materials
and to confirm the effective enzyme immobilization, Fourier transform infrared spectroscopy (FTIR)
was used. The samples were analyzed in the form of KBr pellets formed by mixing 1 mg of the sample
with 200 mg of anhydrous potassium bromide, over a wavenumber range of 4000–400 cm−1, with a
resolution of 1 cm−1 using a Bruker Vertex 70 apparatus (Bruker, Billerica, MA, Germany).

The porous structure parameters of the SBA 15 silica before and after immobilization
were determined using an ASAP 2020 instrument (Micromeritics Instrument Co., Norcross, GA,
USA). The surface area was determined based on the multipoint BET (Brunauer–Emmett–Teller)
method, while the mean size and total volume of the pores were examined based on the BJH
(Barrett–Joyner–Halenda) algorithm, using data for adsorption under relative pressure (p/p0) at 77 K.
The obtained values are presented as the mean of three measurements, and the equipment accuracy
(measured error) does not exceed 0.1% of the obtained values.

For the chromatography analysis, the samples were dried using a SpeedVac concentrator (37 ◦C,
ok. 4.5–5 h). The derivatization was preceded by the modification of the carbonyl groups with an
oxime formation (reaction with methoxamine). For that purpose, 50 µL of methoxyamine solution
(pyridine 20 mg/mL) was added to the samples and mixed well using a thermomixer (Eppendorf,
Hamburg, Germany) for 90 min, at 37 ◦C and 950 rpm. The oxime formation was followed by the
sylilation of the hydroxyl groups using 100 µL MSTFA and incubation for 30 min at 37 ◦C. The samples
were dissolved in 500 µL of hexane, mixed using a vortex, and then 500 µL of the samples were
transferred to chromatography vials. The samples were analyzed using a GC-MS/MS chromatograph
(Pegasus 4D, GCxGC-TOMFMS, LECO, St Joseph, MI, USA) with a BPX-5 column (28 m, 250 µm,
0.25 µm; SGE Analytical Science, Ringwood, Australia). The analyses were performed with helium
as a carrier gas (1 mL/min) for 36 min under the following conditions: 70 ◦C for 2 min, after which
the temperature was increased at 10 ◦C/min to 300 ◦C, and the final temperature was maintained for
10 min. The sample volume was 1 µL, and the dosage temperature was set to 250 ◦C. The temperature
of the ion source was equal to 250 ◦C with an electron energy of 70 eV, and the mass spectra between
33–800 m/z were recorded. The data were analyzed using Chroma TOF-GC software (v4.51.6.0), and
quantitative analyses for the ion signals at 217 m/z (xylonic acid) and at 333 and 292 m/z (gluconic acid)
were performed for all analyzed compounds. Calibration curves based on the measurement of the
analogous samples with the known xylonic acid and gluconic acid concentrations (in the range of 0.1
to 2 µg) were used to determine the contents of the compounds that were analyzed in the samples.

2.6. Statistical Analysis

All reactions and measurements were carried out in triplicate, and the presented error bars as well
as error values represent the mean values ± standard deviation. Tukey’s test by a one-way ANOVA
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was performed using SigmaPlot 12 (Systat Software Inc., San Jose, CA, USA). Statistically significant
differences were established at the level p < 0.05.

3. Results

3.1. Enzyme Co-Immobilization and Characterization

The characteristic of the SBA 15 silica material before and after co-immobilization and the
efficiency of the immobilization were examined based on images obtained using a transmission electron
microscope (TEM), changes in the porous structure parameters and Fourier transform infrared spectra
(FTIR). The SBA 15 silica exhibited a well-ordered hexagonal array of pores, similar to a honeycomb,
with the mesopores characterized by diameters of approx. 20 nm (Figure 1a). As can be observed in
Figure 1b, after the co-immobilization of GDH and XDH, the surface of the support material is coated
by the layer of the enzymes. Furthermore, it can be observed that after the deposition of enzymes,
the pores’ diameters decreased to approx. 13 nm. Based on the FTIR spectrum (Figure 1c) and the
presence of the signal at 3400 cm−1, which was attributed to stretching vibrations of –OH groups, it is
clear that hydroxyl groups are present on the silica surface. In addition, signals at a wavenumber range
between 1050 and 460 cm−1, characteristic for stretching and bending vibrations of ≡Si–O bonds, can be
observed. After the co-immobilization of GDH and XDH, additional signals with maxima at 3450 cm−1

(ν–OH groups), 2950 cm−1 (ν C–H bonds in CH2 and CH3), 1650 and 1545 cm−1 (ν amide I and amide II
bonds), 1020 cm−1 (ν C–O–C bonds) and 650 cm−1 (δ C–C bonds) appeared. The results of the analysis
of the porous structure parameters of the SBA 15 silica before and after the co-immobilization (Table 1)
showed that upon GDH and XDH co-immobilization, the surface area of the support material dropped
by around 35 m2/g. Furthermore, significantly lower values of the pore size and pore diameters of
around 40% were noticed.
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XDH co-immobilization.
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Table 1. The porous structure parameters of the SBA15 silica before and after the immobilization.

Sample Name BET Surface Area (m2/g) Pore Volume (cm3/g) Pore Size (nm)

SBA 15 564.8 0.804 20.362
SBA 15 + GDH + XDH 529.7 0.473 13.573

To follow the co-immobilization of the GDH and XDH and to examine the changes in the
substrate affinity of the biomolecules upon the c0-immobilization, the kinetic parameters of the
free and co-immobilized enzymes as well as their specific activity were examined and compared
(Table 2). It can be seen that the specific activity of the free GDH and XDH were comparable and
reached, respectively, 39.8 U/mg and 43.3 U/mL. Meanwhile, after the immobilization, the specific
activity of the co-immobilized GDH was lower and reached 25.9 U/mg. An even greater decrease was
observed for the co-immobilized xylose dehydrogenase, whose specific activity values were about
two times lower, as compared to the native enzyme, reaching 21.6 U/mg. It has also been found
that the Michaelis-Menten constant (KM) and the maximum reaction velocity rate (Vmax) for the free
GDH reached, respectively, 23.2 mM and 6.4 U/mg. By contrast, the KM and Vmax of the free XDH
were significantly lower and were found to be 0.116 mM and 0.63 U/mL. Nevertheless, the obtained
values are still in the range of the values of the kinetic parameters that are characteristic for both of
the above-mentioned enzymes. After the co-immobilization, the substrate affinity of both enzymes
decreased, as the KM value increased by around 30–40%, reaching 30.1 mM for GDH and 0.149 mM for
XDH. Furthermore, a lower substrate affinity finds its reflection in the lower values of Vmax for both
co-immobilized enzymes. The maximum velocity rate of the co-immobilized glucose dehydrogenase
dropped by around 30%, as compared to the free enzyme, and was found to be 4.6 U/mg, (6.4 U/mg
for the free GDH). Meanwhile, a less prominent decrease of the Vmax of the co-immobilized xylose
dehydrogenase of around 20% was noticed; as for the free XDH and co-immobilized XDH, these values
reached, respectively, 0.63 U/mL and 0.48 U/mg. Finally, in the present study, to examine the sorption
capacity of the SBA 15 toward enzymes’ co-immobilization, the total amount of the co-immobilized
GDH and XDH was also examined, resulting in 1458 U of the co-immobilized enzymes per 1 gram of
the silica support. This value corresponds to a total immobilization yield of 81%.

Table 2. Data representing the kinetic parameters (Michaelis-Menten constant (KM) and maximum
velocity rate (Vmax)) and specific activity of the free and co-immobilized GDH and XDH, as well as the
co-immobilization yield and amount of co-immobilized enzymes. * denotes (U/mL).

Sample Name KM (mM) Vmax (U/mg) Specific Activity (U/mg)

free GDH 23.2 ± 1.5 6.4 ± 0.6 39.8 ± 2.3
co-immobilized GDH 30.1 ± 1.6 4.6 ± 0.4 25.9 ± 2.1

free XDH 0.116 ± 0.008 0.63 ± 0.09 * 43.3 ± 1.8 *
co-immobilized XDH 0.149 ± 0.011 0.48 ± 0.07 21.6 ± 2.3

3.2. Enzymes Co-Immobilization and Gluconic Acid and Xylonic Acid Production

3.2.1. Effect of GDH:XDH Ratio on the Production of Gluconic Acid and Xylonic Acid

It is commonly known that xylose dehydrogenase and glucose dehydrogenase are characterized
by different catalytic activities and kinetics; hence, in order to achieve a high efficiency of gluconic
acid and xylonic acid production, as well as to optimize the required quantity of enzymes, the effect
of various GDH:XDH ratios on the conversion yield was examined (Figure 2). Although the highest
productivity of gluconic acid (95%) was noticed for a GDH:XDH ratio equal to 1:1 and 1:2, the observed
yields of xylonic acid were equal to approx. 50% and 60%, respectively. The maximal concentration
of xylonic acid (89%) was obtained when the GDH:XDH ratio was equal to 1:5, and in this case the
efficiency of the gluconic acid production was also very high and reached approx. 90%, which was
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very similar to the case of the above-mentioned ratios. Furthermore, the differences in the productivity
of both acids when comparing GDH:XDH ratios equal to 1:5 and 1:10 were insignificant. Therefore,
a GDH:XDH ratio of 1:5 was selected as the most suitable due to the fact that a smaller amount of
xylose dehydrogenase was used to achieve a high reaction yield.
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Figure 2. The effect of the ratio of the co-immobilized GDH:XDH on the production of gluconic acid
and xylonic acid. The results were analyzed statistically with p < 0.05; the lowercase letters refer to
statistical differences between the GA yields, while the uppercase letters refer to statistical differences
in the XA yields between the different samples.

3.2.2. Time Course of The Production of Gluconic Acid and Xylonic Acid Catalysed by
Co-Immobilized GDH and XDH.

The time course of the conversion of glucose and xylose catalyzed by co-immobilized GDH and
XDH was investigated in order to examine the optimal reaction time that allows for a high process
yield and in order to compare the productivity of the gluconic acid and xylonic acid. As can be seen in
Figure 3, irrespective of the analyzed enzyme, the concentration of the product increased gradually
during the first 30 min of the process and reached its maximum after 60 min, which for gluconic acid
was equal to 51 mM and for xylonic acid was equal to 307 mM. Simultaneously, the concentration of the
substrates also decreased gradually at the beginning of the process and reached a plateau after 60 min.
After this time, over 90% of the glucose and 85% of the xylose were converted into corresponding
acids, and the further prolongation of the reaction time did not result in higher concentrations of the
products. Moreover, the rapid action of the co-immobilized enzymes was confirmed by the fact that
the concentrations of the products exceeded 50% after 15 min and after 20 min of the process for GDH
and XDH, respectively.
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Figure 3. Time course for the reaction of: (a) the conversion of glucose into gluconic acid and (b) the
conversion of xylose into xylonic acid catalyzed by co-immobilized GDH and XDH under optimal
process conditions (the blue lines denote the glucose and xylose concentrations, while the red lines
denote the concentrations of gluconic and xylonic acid).
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3.2.3. Effect of pH and Temperature on The Production of Gluconic and Xylonic Acid Catalyzed by
Co-Immobilized GDH and XDH

The effect of the pH and temperature on the production yield of xylonic acid and gluconic acid
was studied over a wide range of pHs from 5 to 10 and temperature values ranging from 20 ◦C to
70 ◦C in order to evaluate the most suitable reaction conditions for the highest conversion of glucose
and xylose. It can be seen that in a slightly acidic and neutral environment (pH 5–8), the productivity
of gluconic acid was definitely higher than the productivity of xylonic acid (Figure 4a). Moreover,
under acidic conditions, both biocatalysts possessed the lowest activity and the process yield decreased
below 50%. The highest reaction yield was observed at pH 8 for both co-immobilized XDH and GDH.
Under such pH conditions, the productivity of gluconic acid was equal to 93%, while the xylonic acid
yield reached 89%. A high reaction efficiency was also noticed at pH 9, at which the productivity of
both acids was equal to approx. 85%. A high gluconic acid yield (90%) was also observed at pH 7;
however, at this pH, the productivity of xylonic acid reached 82%. Moreover, the co-immobilized
enzymes retained their high catalytic properties even at pH 10, as the yield of both analyzed acids
exceeded 80%. Based on Figure 4b, it can be noticed that at temperatures below 40 ◦C and above 60 ◦C,
the production yield of gluconic acid and xylonic acid was lower than 80%. This was particularly
observed at a temperature of 20 ◦C, at which the conversion of glucose and xylose was lower than
40%. On the other hand, the maximum productivity of gluconic acid and xylonic acid was noticed at
temperatures of 40 ◦C and 50 ◦C. The yields of gluconic acid and xylonic acid at 40 ◦C reached 93% and
89%, respectively, while at 50 ◦C they were equal to 91% and 88%. Moreover, it should be underlined
that the efficiency of the catalytic production of GA and XA was above 80%, even when the reaction
was carried out at 60 ◦C.
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Figure 4. The effect of the (a) pH and (b) temperature on the conversion of xylose into xylonic acid
catalyzed by co-immobilized GDH and XDH. The results were analyzed statistically with p < 0.05;
the lowercase letters refer to statistical differences between the GA yields, while the uppercase letters
refer to statistical differences in the XA yields between the different samples.

3.2.4. Stability of the Free and Co-Immobilized GDH and XDH

The determination of the stability of the co-immobilized enzymes over time under the process
conditions is a crucial step that strongly influences the possible practical applications of the obtained
biocatalytic systems. It can be seen that, irrespective of the type and form of the enzymes used,
a progressive decrease of the catalytic activity over time was observed (Figure 5). However,
the attachment of the glucose dehydrogenase to the silica support resulted in an enhancement
of its stability. After 120 min of incubation at pH 8 and 40 ◦C, the co-immobilized GDH retained 80%
of its initial activity; meanwhile, the free enzyme maintained less than 40% of its catalytic properties.
On the other hand, xylose dehydrogenase was characterized by a higher stability over the analysed
time range, as compared to GDH. Nevertheless, after co-immobilization using SBA 15 silica as a
support, XDH exhibited approx. 85% of its initial activity, while the free enzyme exhibited less than
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50% of its properties after the same period of time. A significant improvement of the stability of the
co-immobilized GDH is also reflected by the values of the inactivation constant (kD) and enzyme
half-life (t1/2). Free glucose dehydrogenase was characterized by kD and t1/2 equal to 0.0075 1/min
and 95.4 min, respectively; meanwhile, for the free XDH, these values were equal to 0.0061 1/min
and 115.7 min. As a result of the enzymes’ co-immobilization, the inactivation constant and enzyme
half-life were also significantly enhanced. For the co-immobilized GDH, these parameters were 3-fold
lower and 2.5-fold higher than those of the free enzyme (0.0025 1/min and 275.5 min), respectively,
whereas for the co-immobilized XDH the kD and t1/2 reached 0.0021 1/min and 323.7 min, which was
improved by more than 3-fold when compared to the native biocatalyst.
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Figure 5. The stability of free and co-immobilized GDH and XDH under optimal process conditions
(a). The inactivation constants (kD) were evaluated based on the linear regression slope for free and
co-immobilized GDH and XDH under optimal process conditions (b).

3.2.5. Storage Stability and Reusability of the Co-Immobilized GDH and XDH

The storage stability as well as reusability of the co-immobilized GDH and XDH are of particular
interest from a practical application point of view. The reusability of the co-immobilized biocatalysts
was examined on the basis of the conversion efficiency of xylose and glucose into xylonic acid and
gluconic acid over ten consecutive reaction cycles, while the storage stability was determined by
analyzing the relative activity of the co-immobilized GDH and XDH over 20 days of storage at 4 ◦C
(Figure 6a,b).
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The results of the reusability test (Figure 6a) showed that the productivity of gluconic acid and
xylonic acid was almost unaltered over the first five reaction steps and decreased only by approx. 10%.
The further reaction yield decreased more significantly and after ten conversion cycles reached approx.
60% and 55%, respectively, for gluconic acid and xylonic acid. The results of the storage stability of
the free and co-immobilized GDH and XDH (Figure 6b) indicate that both co-immobilized enzymes
were characterized by a better storage stability, as compared to the free enzymes. For the first five days
of storage, the catalytic activity of all the tested enzymes remained unaltered and after that started
to decrease. Finally, after 20 days of storage, the relative activity of the free GDH was equal to only
49%, while for the immobilized GDH it reached 84%. Furthermore, the co-immobilized XDH was also
characterized by a higher relative activity, which was equal to 91%, as the free biocatalyst retained only
approx. 65% of its initial properties.

4. Discussion

4.1. Enzyme Co-Immobilization and Characterization

The morphology and the presence of chemical groups in the structure of the SBA 15 silica before
and after immobilization as well as the immobilization effectivity were investigated using transmission
electron microscopy and FTIR spectra. Based on the TEM image of the pure silica matrix, it can be
observed that this material is characterized by ordered arrays of pores with diameters of approx. 20 nm,
which facilitate enzyme binding not only onto the surface of the support but also inside pores. Indeed,
after the co-immobilization of biomolecules, a uniform layer of the enzyme molecules can be seen
in the TEM image. Furthermore, GDH and XDH molecules are deposited both onto the surface as
well as into the pores of the silica material, which enhances the protection of the biomolecules against
inactivation and improves their stability [14]. These observations are in agreement with the results of
the porous structure analysis, which revealed a significant decrease of the pore size and pore volume,
indicating enzyme deposition into the pores of the matrix. The effective co-immobilization of glucose
dehydrogenase and xylose dehydrogenase was also indirectly confirmed by the presence of the signals
attributed to the –OH, C–H, amide I and amide II, C–O and C–C bands in the FTIR spectrum of the
SBA 15 after immobilization. Moreover, slight shifts (by approx. 5 to 10 cm−1) of signals attributed to
amide I and amide II toward lower wavenumber values were observed. This fact indicates that the
biomolecules were bounded by the adsorption immobilization, by the formation of hydrogen bonds
and electrostatic interactions between mainly amine groups present in the enzymes’ structure and
hydroxyl groups incorporated into the silica structure, as previously reported [15,16].

In the study we have also examined the specific activity of the free GDH and XDH and its changes
upon co-immobilization. As was expected, after their co-immobilization both enzymes exhibited a
lower specific activity. This fact might be related to changes in the microenvironment of the biocatalysts
upon immobilization, as well as to the limited access of the substrate molecules to the enzymes’ active
sites due to biomolecule deposition into the pores of the silica support [17]. Moreover, as suggested
earlier by Sánchez-Moreno, a more prominent decrease of the specific activity of the co-immobilized
XDH is probably related to larger changes of the three-dimensional conformation of the amino acid
residues in the active site of the XDH, as compared to the GDH [18]. Nevertheless, in the present study,
the specific activity of the co-immobilized GDH reached over 25 U/mg, which was significantly higher
than the specific activity of the glucose dehydrogenase co-immobilized with amine dehydrogenase
by Liu et al. using magnetic nanoparticles, whose specific activity was 18.7 U/mg [19]. These results,
together with the results representing the amount of immobilized enzyme (almost 1500 U of the
co-immobilized enzymes per 1 gram of the silica SBA 15 support) and high co-immobilization yield,
exceeding 80%, clearly show that mesoporous silica is a suitable carrier for enzyme co-immobilization
and facilitates the retention of high catalytic properties. By contrast, Delgove et al. co-immobilized
cyclohexanone monooxygenase and glucose dehydrogenase on an amino-functionalized agarose-based
support. In their study, the total co-immobilization yield reached around 75%, and a significantly
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lower enzyme loading was noticed, as less than 100 U of the enzymes were co-immobilized on the
agarose support [20].

To examine the changes in the substrate affinity of the jointly co-immobilized glucose
dehydrogenase and xylose dehydrogenase, the kinetic parameters of the free and immobilized
enzymes were examined. It can be seen that the Michaelis-Menten constant of both immobilized
dehydrogenases increased upon immobilization, indicating a lower substrate affinity. This fact is
directly related to the creation of the diffusional limitations in the transport of the substrates due to the
deposition of the biomolecules inside the pores of the support material. Another explanation might be
related to the fact that almost 1500 U of the enzyme was co-immobilized, which might lead to the local
enzyme overcrowding and blocking the enzymes active sites [21]. Furthermore, as suggested earlier
by Baron et al., due to the requirement of the GDH and XDH for cofactor molecules, an additional
interaction between the cofactor and support material as well as between the cofactor and substrate
molecules cannot be excluded, leading to a lower substrate affinity [22]. Simultaneously, a lower value
of the maximum velocity rate was also noticed for both co-immobilized enzymes. Thus, to overcome
this limitations and facilitate the reaction rate, a higher substrate concentration should be used in
reaction with the co-immobilized enzymes [23]. However, less significant changes in the values of
the kinetic parameters were observed in the case of the co-immobilized XDH. These observations are
in agreement with our previous study and might be explained by the lower molecular weight and
size of the XDH, as compared to the GDH, which reduces the diffusional limitations and enhances the
accessibility of the active sites for substrate molecules [24]. Nevertheless, we would like to emphasize
that information related to the immobilization of dehydrogenases is very limited; thus, the novelty of
the present study is certain.

4.2. Enzymes Co-Immobilization and Gluconic Acid and Xylonic Acid Production

It is known that, after the pretreatment, the concentrations of glucose and xylose in the biomass
liquors vary depending on the source of the biomass and the pretreatment method; however, the total
amount of xylose is usually approx. 5 to even 10 times higher than the glucose content [11,25].
Moreover, both co-immobilized enzymes are characterized by different activities as well as various pH
and temperature optima. Thus, it was crucial to find the most suitable process conditions that would
facilitate the achievement of a high reaction yield. In the first step of the investigation, the effect of
various GDH:XDH ratios was examined. It was established that at a GDH:XDH ratio equal to 1:5,
the highest conversion yield (over 90%) of glucose and xylose occurred. Although a higher conversion
yield of glucose was noticed at a lower enzyme ratio (1:1; 1:2), a low yield of xylose conversion was
also noticed due to the insufficient amount of xylose dehydrogenase in the system. On the other hand,
when a GDH:XHD ratio of 1:10 was used, the conversion of monosaccharides decreased. This might
be explained by the overcrowding of enzymes, which leads to steric hindrances, blocking the enzyme
active sites and, in consequence, lowering the conversion yield, as presented earlier by Zhang et al [26].
A significant effect of the optimal co-immobilized enzymes ratio for effective catalytic action was also
observed in our previous study. We found that a co-immobilized xylose dehydrogenase to alcohol
dehydrogenase ratio equal to 2:1 was the most effective for the simultaneous conversion of xylose and
cofactor regeneration [27]. However, in this study, a GDH:XDH ratio equal to 1:5 was selected as the
most suitable and was used in the further steps of the investigation.

It is also known that immobilization may alter the three-dimensional structure of enzymes, leading
to changes in their pH and temperature optima. According to our previous study and previously
published articles, glucose dehydrogenase from Pseudomonas sp. (EC 1.1.1.118) exhibited its highest
activity at a pH equal to approx. 8 and at 40 to 45 ◦C [12,28], while free xylose dehydrogenase
possesses its optimum at a pH equal to approx. 8 and at a temperature of 35 ◦C [12,29]. After enzyme
co-immobilization, the optimal conditions for the highest conversion of xylose and glucose were pH 8
and a temperature of 40 ◦C. Therefore, it could be concluded that the temperature optimum of XDH
was slightly shifted toward higher values, probably due to slight changes in the microenvironment
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of the enzyme active sites upon immobilization [30], while the optimal process conditions for GDH
were unaltered after immobilization. It should also be clearly stated that the free enzymes only
exhibited a high activity under the above-mentioned conditions, and changes in these parameters
resulted in a significant decrease of the conversion yield (data not presented). In contrast, the
co-immobilized enzymes were able to achieve an over 80% glucose and xylose conversion yield over a
wide range of pHs ranging from 7 to 10 and temperatures ranging from 40 to 60 ◦C. The significant
improvement of the enzyme activity and, in consequence, also of the conversion yield, as compared
to the free enzymes, might be explained by several factors. First of all, GDH and XDH are known to
be multimeric enzymes that tend to dissociate at temperatures over 50 ◦C [31]. Using silica-based
support materials, multipoint enzyme binding is facilitated, enhancing the rigidity of the biomolecules,
stabilizing their structure and preventing the dissociation of subunits. Furthermore, SBA 15 support
material provides a protective effect for the biocatalysts against harsh reaction conditions that lead to a
significant reduction of the conformational changes of the enzyme structure after immobilization [32].
Our observations stay in agreement with those noticed by Zhuang et al., who used silica SBA 15 for
the adsorption immobilization of alkaline protease. The immobilized enzyme exhibited over 20%
higher activity recovery over the whole analysed pH range (5–9) [33]. An even better protective
effect of mesoporous material on the enzyme activity was presented by Li et al., who synthesized
(3-aminopropyl) triethoxysilane (APTES) functionalized mesoporous SBA 15 silica for the covalent
immobilization of lipase from Candida rugosa. Due to the rigidization of the enzyme structure and
protective effect of the silica matrix, the covalently attached enzyme exhibited over 40% higher activity
over a temperature range of 40 ◦C to 70 ◦C, as compared to the free biocatalyst [34]. Nevertheless,
a decrease of the reaction yield at low temperatures and at an acidic pH is probably related to the
insufficient thermal activation of the enzyme as well as to the protonation of the ionic groups and side
chains of the enzyme, respectively. Due to these facts, electrostatic repulsion occurred, leading to the
distortion and/or destruction of the active sites of the biomolecules [35].

Data related to the thermal and chemical stability of the free and co-immobilized GDH and
XDH indicate that the stability of the biomolecules was significantly improved after immobilization
using SBA 15 silica, as the relative activity of both co-immobilized enzymes was approx. 20% higher
compared to free dehydrogenases. These results find a reflection in the values of the enzymes’
half-lives and inactivation constants, which upon immobilization were improved over 3-fold. This is
probably related to the fact that upon immobilization an external backbone for the biomolecules
was provided, stabilizing the entire enzyme structure due to the creation of the enzyme-support
interaction [36]. It has also been previously mentioned that GDH and XDH were immobilized into the
pores of the support, providing an additional protection of the biomolecules. Finally, the vibrations
of glucose dehydrogenase and xylose dehydrogenase caused by heating were limited, reducing the
conformational changes of the enzymes and facilitating the preservation of the proper enzyme shape
and properties [37]. The above-mentioned facts hampered the thermal and chemical denaturation of
the enzymes, which are the main reasons for the lower relative activity observed for the free enzymes.
These findings were also highlighted in another study by Karimi et al., who immobilized trypsin
by adsorption using nanostructured mesoporous SBA-15 with compatible pore sizes. The presented
results indicated that the adsorbed trypsin retained over 90% of its initial activity after 2 h incubation
at 45 ◦C [38].

The reusability and storage stability are of key importance from the point of view of practical
applications of the produced biocatalytic systems. The great advantage of the co-immobilized GDH
and XDH is associated with the significant improvement of the above-mentioned features, as they
retained over 80% of their initial catalytic properties after five consecutive reaction cycles and after
20 days of storage at 4 ◦C. The retention of a high activity might be explained by several factors,
which also improve the thermal stability of the co-immobilized GDH and XDH. Nevertheless, the fact
that dehydrogenases are also co-immobilized into the pores of hexagonal silica, providing protection
against inactivation caused by thermal and pH denaturation and limiting the elution of the enzyme
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from the support, should emphasized. However, a decrease in the conversion yield after several
reaction steps is probably related to the inhibition of the biomolecules by the substrates and products,
and/or to the enzymes’ inactivation by the repeated use and effect of process conditions [39]. Similar
observations have also been reported by Mureşeanu at al. and Wongvitvitchot et al., who immobilized,
respectively, laccase from Trametes versicolor and cellulase from Trichoderma reesei by adsorption using
SBA 15 silica as the support. In their studies, however, immobilized enzymes retained approx. 60% of
their initial catalytic activity [40,41].

5. Conclusions

The main difficulties for the widespread application of enzymatic systems for the conversion of
valuable biomass components are related to the high cost of the enzymes and their limited reusability.
Therefore, in this study, we present the simultaneous co-immobilization of glucose dehydrogenase and
xylose dehydrogenase using mesoporous SBA 15 silica for the concurrent conversion of glucose and
xylose into gluconic acid and xylonic acid, respectively. Based on the FTIR and TEM results, it has
been confirmed that the enzymes’ molecules have been effectively attached onto the surface of the
support as well as into its pores, ensuring the additional protection of the biomolecules against harsh
reaction conditions. It has been also established that the optimal GDH:XDH ratio for the highest yield
of GA and XA was equal to 1:5. The use of the above-mentioned system resulted in an approx. 90%
conversion of both glucose and xylose after just 60 min of the process. Furthermore, the stability of the
enzymes was significantly improved upon immobilization compared to the free GDH and XDH, as the
co-immobilized biocatalysts exhibited over a 30% higher activity after 20 days of storage and after 2 h
of incubation in harsh conditions. Finally, the co-immobilized enzymes showed a great reusability,
as after 5 reaction cycles the conversion yield of glucose and xylose reached over 80%. The presented
data clearly illustrate the exceptional potential of silica SBA 15 co-immobilized glucose dehydrogenase
and xylose dehydrogenase for the efficient simultaneous conversion of glucose and xylose into valuable
products. We believe that the present study may further stimulate the development of catalysts based
on immobilized enzymes for the conversion of biomass components; however, further studies in this
research area are still required.
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6. Górecka, E.; Jastrzębska, M. Immobilization techniques and biopolymer carriers. Biotechnol. Food Sci. 2011,
75, 65–86.

7. Datta, S.; Christena, L.R.; Rajaram, Y.R.S. Enzyme immobilization: An overview on techniques and support
materials. 3 Biotech 2012, 3, 1–9. [CrossRef] [PubMed]

8. Xie, W.; Fan, M. Immobilization of tetramethylguanidine on mesoporous SBA-15 silica: A heterogeneous
basic catalyst for transesterification of soybean oil. Bioresour. Technol. 2013, 139, 388–392. [CrossRef]

9. Roche, C.M.; Dibble, C.J.; Stickel, J.J. Laboratory-scale method for enzymatic saccharification of lignocellulosic
biomass at high-solids loadings. Biotechnol. Biofuels 2009, 2, 28–37. [CrossRef]

10. Jørgensen, H.; Pinelo, M. Enzyme recycling in lignocellulosic biorefineries. Biofuels Bioprod. Bioeng. 2017, 11,
150–167. [CrossRef]

11. Sueb, M.S.M.; Zdarta, J.; Jesionowski, T.; Jonsson, G.; Meyer, A.S.; Jørgensen, H.; Pinelo, M. High-performance
removal of acids and furans from wheat straw pretreatment liquid by diananofiltration. Sep. Sci. Technol.
2017, 52, 1901–1912. [CrossRef]

12. Zdarta, J.; Pinelo, M.; Jesionowski, T.; Meyer, A. Upgrading of biomass monosaccharides by immobilized
glucose dehydrogenase and xylose dehydrogenase. ChemCatChem 2018, 10, 5164–5173. [CrossRef]

13. Bradford, M.M. A rapid and sensitive method for the quantitation of microgram quantities of protein utilizing
the principle of protein-dye binding. Anal. Biochem. 1976, 72, 248–254. [CrossRef]

14. Srivastava, P.K.; Singh, S. Immobilization and applications of glucose-6-phosphate dehydrogenase: A review.
Prep. Biochem. Biotechnol. 2013, 43, 376–384. [CrossRef]

15. Eslamipour, F.; Hejazi, P. Evaluating effective factors on activity and loading of immobilized a-amylase
onto magnetic nanoparticles using response surface desirability approach. RSC Adv. 2016, 6, 20187–20197.
[CrossRef]

16. Gholamzadeh, P.; Ziarani, G.M.; Badiei, A. Immobilization of lipases onto the SBA-15 mesoporous silica.
Biocatal. Biotransform. 2017, 35, 131–150. [CrossRef]
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a  b  s  t  r a  c t

In  the  presented study synthesized  magnetic  nanoparticles  were  used as  an  inorganic  precursor  for  the
preparation  of novel magnetite-lignin  and  magnetite-chitin  hybrid  supports  for  enzyme  immobilization.
Effective  synthesis  of the  hybrids was confirmed  by  Fourier transform  infrared  spectroscopy  and powder
X-ray  diffraction  analysis. The materials exhibited  good thermal  stability and  surface areas  of 4.3  and
5.6 m2/g respectively.  The magnetite-lignin  +  trypsin  and magnetite-chitin  +  trypsin systems  were  found
eywords:
agnetic materials
ybrid supports
nzyme immobilization

to  have  good storage  stability  and  reusability. After  20  days  they retained  over 75%  and 90%  respectively
of their  initial activity,  and after  10 consecutive biocatalytic  cycles  retained  over 60% and  80% respectively
of their  initial  activity.  The kinetic  parameters of the  free and  immobilized  enzyme  were  also  compre-
hensively  examined  and  compared. The  results of peptide digestion tests  confirmed  the  high proteolytic

rypsi
rypsin
eptide digestion

activity  of the  produced  t

. Introduction

There have been many reports in recent years concerning
he various valuable features of magnetite, including chemical
nertness, biocompatibility, non-toxicity, good thermal stability
nd high surface area, together with its ferromagnetic proper-
ies, which facilitate its simple separation from a mixture by the
pplication of an external magnetic field [1–4]. In addition, many
aried materials can be  attached to the surface of magnetite to
orm magnetic hybrids [4,5]. Hybrids formed by the combina-
ion of inorganic and organic compounds are characterized by
omogeneity, thermal resistance, and mechanical, chemical and
lectrokinetic stability [6,7].  In particular, magnetic nanoparticles
f Fe3O4 have been investigated with biopolymers such as chi-
osan and cellulose [8–10] and with other components including
arbon nanostructures (graphene, multi- and single-walled car-

on nanotubes) [11–16],  as well as biomolecules such as peptides
17] and saccharides such as alginic acid [18], to produce func-
ional hybrid nanomaterials or nanocomposites. The incorporation

∗ Corresponding authors.
E-mail addresses: jakub.zdarta@put.poznan.pl (J. Zdarta),

eofil.jesionowski@put.poznan.pl (T. Jesionowski).

ttps://doi.org/10.1016/j.colsurfb.2018.05.018
927-7765/© 2018 Elsevier B.V. All  rights reserved.
n-based magnetic  biocatalytic  systems.
© 2018  Elsevier  B.V.  All rights  reserved.

of magnetic nanoparticles into hybrids gives these materials unique
features that have greatly enhanced their practical applications in
many fields of industry and science, for instance as adsorbents
of dyes, pigments or harmful ions [8],  as polymer fillers [5–7]
and in  the construction of biosensors [19].  However, in recent
years, magnetite, used as a base for hybrid materials, has also
been intensively studied as an enzyme carrier, mainly due to the
fact that magnetic nanoparticles facilitate the fast and simple iso-
lation of immobilized biomolecules using an external magnetic
field. In consequence, the reusability of the biocatalytic system is
greatly improved and products of higher purity can be obtained.
For instance, Atacan et al. immobilized trypsin on tannin-modified
magnetite nanoparticles [20]; Slováková et al. confined trypsin
on magnetite coated with silica [21]; and Nicolás et al. presented
interesting findings concerning the immobilization of  CALB (Can-
dida antarctica Lipase B)  on lysine-modified magnetic nanoparticles
[22].  Also Sun et al. used carboxymethyl chitosan-functionalized
magnetic nanoparticles for cross-linking immobilization of  trypsin
[23].  These magnetite hybrids have been shown to significantly
enhance the stability of the immobilized enzymes and make them

into more effective and reusable biocatalytic systems, as they
provide better adsorption parameters together with good biocom-
patibility or  bioactivity.

https://doi.org/10.1016/j.colsurfb.2018.05.018
http://www.sciencedirect.com/science/journal/09277765
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Trypsin (EC 3.4.21.4) is  an enzyme belonging to the hydrolase
roup. This biomolecule is classified as a  serine protease, a subclass
f enzymes catalyzing the breakdown of peptide and ester bonds on
he lysine and arginine amino acid residue side chain [24].  This ser-
ne protease is  a  globular protein of medium size, which is  produced
n the form of an inactive proenzyme: trypsinogen. The dominant
orms of trypsin are ˛-trypsin, whose structure contains two pep-
ide chains, and ˇ-trypsin, which has one protein chain. The two
orms differ in activity and thermal stability [25].  Trypsin is  suc-
essfully used in the separation of dissected cells or proteolysis of
aseins, which are the most important proteins found in milk. It  is
lso used in the food industry, especially in  the extraction of spices
nd aromas from vegetable proteins, the control of aroma forma-
ion in dairy products, the stabilization of beer and the production
f hypoallergenic food [26].

Due to the wide practical application of industrially relevant
nzyme, which is trypsin, we made an attempt to evaluate novel
mmobilization protocol using magnetic support materials. Thus,
he aim of the present study was to synthesize and character-
ze magnetite-lignin and magnetite-chitin hybrids with properties
uitable for trypsin immobilization. Effective enzyme immobiliza-
ion was confirmed and the quantity of attached enzyme was
etermined. An investigation was also made of storage stability and
eusability, features that are important for practical applications.
he kinetic characteristics of the free and immobilized enzyme
ere investigated and compared. Finally, the trypsin-based mag-
etic biocatalytic systems were successfully used for the digestion
f human serum albumin. Hydrolyzed fragments of albumin were
etected and identified via MALDI-TOF MS.

. Materials and methods

.1. Chemicals and materials

Iron(III) chloride hexahydrate, iron(II) chloride tetrahydrate,
etramethylammonium hydroxide solution, kraft lignin (lignin,

w ∼10  000 u), ˛-chitin from shrimp shells (chitin), trypsin
rom bovine pancreas (EC 3.4.21.4), N-˛-benzoyl-DL-arginine-
-nitroanilide hydrochloride (BAPNA), N,N-dimethylformamide,
-nitroanilide, benzamidine, Coomassie Brilliant Blue G-250
CBBG-250) dye, bovine serum albumin (BSA), dithiothreitol (DTT),
odoacetamide and ammonium bicarbonate were obtained from
igma-Aldrich (USA). Phosphate buffer at pH 7.2 (PBS) and 100 mM
ris-HCl buffer were supplied by Amresco (USA). Hydrochloric
cid, 85% phosphoric acid, 96% ethyl alcohol, calcium chloride and
cetic acid were purchased from Chempur (Poland). ˛-Cyano-4-
ydroxycinnamic acid (CHCA) and Peptide Calibration Standard
ere obtained from Bruker Daltonics (Poland).

.2. Synthesis of magnetite nanoparticles

Magnetite nanoparticles were synthesized by a  co-precipitation
ethod, as described in our previous work [27],  with slight
odifications. Briefly, iron(II) chloride and iron(III) chloride were

issolved in  2 M HCl in a  molar ratio of 2:1 and mixed in an atmo-
phere of inert gas (nitrogen) at 80 ◦C. During mixing, a  solution
f tetramethylammonium hydroxide solution was dropped in for

 h. Finally, the reaction mixture was centrifuged, washed several
imes with deionized water and dried at 50 ◦C for 12 h.

.3. Synthesis of magnetite-lignin and magnetite-chitin hybrid
aterials
In the first stage, chitin and lignin were ground on a  mechanical
ortar. In the second stage, 500 mg of each of the biopolymer was

laced in a  reactor in  100 mL  of deionized water, and 500 mg  of
iointerfaces 169 (2018) 118–125 119

the previously synthesized magnetite nanoparticles were added.
The mixture was then stirred for 2 h using an MS-H-S10 magnetic
stirrer (ChemLand, Poland). After synthesis, the hybrid materials
were separated from the mixture with the use of  a  magnet, washed
several times with deionized water, and dried at 40 ◦C for 12 h.

2.4. Trypsin immobilization

For the immobilization, 5 mL  of trypsin solution at a  concen-
tration of 5 mg/mL  in  phosphate buffer at pH 7.2 (containing 1 mg
of benzamidine) was added to  100 mg of the previously obtained
hybrid support. The mixture was shaken in  a  KS260 Basic incubator
(IKA Werke GmbH, Germany) at ambient temperature for 20 h.  The
biocatalytic systems obtained were then separated magnetically,
and washed five times with the phosphate buffer. The resulting
biocatalytic systems and filtrates were subjected to further analy-
sis.

2.5. Storage stability and reusability of free and immobilized
trypsin and desorption tests

Storage stability and reusability of the free and immobilized
trypsin were evaluated by the method of Gaertner and Puigserver
[28], based on the hydrolysis reaction of N-˛-benzoyl-DL-arginine-
4-nitroanilide hydrochloride (BAPNA) in N,N-dimethylformamide
to p-nitroanilide (pNA). The reaction was  performed at ambient
temperature in a  100 mM Tris-HCl buffer solution at pH 7.8  con-
taining 1 mM of BAPNA, 20 mM  of CaCl2 and 10 mg of free or
immobilized enzyme. The reaction was carried out for 30 min  and
was stopped by addition of 2 mL  of acetic acid. The quantity of  pNA
released was  measured spectrophotometrically (Jasco V750, Japan)
at � =  405 nm and determined based on the calibration curve of  p-
nitroanilide. All measurements were made in duplicate. One unit
of free or immobilized trypsin activity is defined as the quantity of
enzyme catalyzing the production of 1 �mol of  p-nitroanilide per
1 min  under assay conditions. For the study of  storage stability and
reusability, the initial value of free or immobilized enzyme activ-
ity was defined as 100% activity. Reusability was  evaluated over
10 consecutive catalytic cycles. After each reuse the immobilized
trypsin was  separated magnetically from the reaction mixture,
washed with a  phosphate buffer and reintroduced into a fresh reac-
tion mixture. Storage stability was  evaluated every two  days for free
and immobilized enzyme stored at 4 ◦C.

The desorption of immobilized trypsin by  phosphate buffer at
pH 7.2 and 0.1 M sodium chloride solutions was evaluated over
a time of 12 h. For this purpose, both the magnetite-lignin and
magnetite-chitin hybrids with immobilized trypsin were dispersed
in PBS and 0.1 M sodium chloride solution. After the specified
period of time, the amount of the trypsin eluted from the support
was evaluated based on the Bradford method [29].

2.6. Kinetic measurements of free and immobilized trypsin

The Michaelis–Menten kinetic constant (Km), maximum reac-
tion rate (Vmax), turnover number (kcat) and specificity constant
(kcat /Km)  of free and immobilized trypsin were determined as
described in  Section 2.5, using various initial concentrations
of BAPNA. Kinetic parameters were examined according to
Lineweaver–Burk plots under optimum reaction assay conditions.
All measurements were made in duplicate.

2.7. Digestion of human serum albumin by free and immobilized

trypsin

A human blood sample from a  healthy donor who had pro-
vided written informed consent (approval no. 926/166 15.09.2016
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Fig. 1. XRD patterns of raw  (magnetite, chitin, and lignin) and synthesized
20 J.  Zdarta et al. /  Colloids and Surfac

rom the Bioethical Committee of Karol Marcinkowski University
f Medical Sciences, Poznan, Poland) was harvested in collection
ubes with EDTA. Two microliters of plasma sample was  diluted
ith 50 mM NH4HCO3 to a final volume of 120 �L. Next 10 �L  of the
iluted sample was reduced with 5.6 mM DTT for 5 min  at 95 ◦C. The
ample was then alkylated with 5 mM iodoacetamide for 20 min  in
he dark. The proteins were digested with 2 �L of 0.5 �g/�L free
rypsin or 10 mg  of immobilized trypsin overnight at 37 ◦C. Each
ample was prepared for digestion in  duplicate.

Digested proteins were analyzed using MALDI-TOF/TOF. MALDI
pectra were acquired on an UltrafleXtreme mass spectrom-
ter (Bruker Daltonics, Germany) operating in  reflector mode
sing delayed ion extraction. Positively charged ions in  the m/z
ange 900–3500 were analyzed. For each sample, 0.5 �L was  co-
rystallized with CHCA matrix and spotted directly onto the MALDI
nchorChip target. The MS  spectra were externally calibrated using

he Peptide Calibration Standard mixture. Flex control v.  3.3 was
sed for the acquisition of spectra, and all further data processing
as performed using Flex analysis v. 3.3 and Biotools 3.2. Pro-

eins were identified using the Mascot (Matrix Science, London,
K) program against human albumin fasta. The protein search was
erformed using the following search parameters: precursor-ion
ass tolerance +/−0.3  Da; cysteine treated with iodoacetamide to

orm carbamidomethyl-cysteine and oxidized methionine. Trypsin
as set as the enzyme, with a  maximum of two missed cleavages.

.8. Characterization of hybrid materials and products after
mmobilization

The quality of the obtained hybrid materials was  verified by X-
ay diffraction on an X’pert Pro PANalytical (Netherlands) powder
iffractometer with Cu K  ̨ radiation. All  measurements were made
t room temperature. Structure refinement was performed using
he FULLPROF program.

Porous structure parameters (surface area, total volume
nd mean size of pores) were analyzed using an ASAP
020 apparatus (Micromeritics Instrument Co., USA). The BET
Brunauer–Emmett–Teller) method was used to determine the sur-
ace area using data for adsorption under relative pressure (p/p0)
t 77 K, and the BJH (Barrett–Joyner–Halenda) algorithm was used
o  evaluate pore volume and mean pore size.

The quantity of immobilized trypsin was determined using the
radford method, by measuring the quantities of trypsin in the sam-
les before and after immobilization. The quantity of immobilized
nzyme (expressed in milligrams of immobilized enzyme per gram
f support) was determined according to the calibration curve of
SA solutions at known concentration.

Magnetic characterization of the prepared hybrid materials was
arried out in the temperature range 2–300 K and in magnetic fields
p to 5T using a SQUID magnetometer (MPMS  Quantum Design,
SA). The temperature dependence of magnetization was mea-

ured in zero field cooled (ZFC) and field cooled (FC) conditions
n a magnetic field of 1 kOe. Hysteresis curves were recorded at
oom temperature and at 5 K.

. Results and discussion

.1. Characterization of hybrid materials

.1.1. XRD analysis
Figure 1 shows X-ray diffraction patterns for pure (magnetite −
e3O4, lignin, and chitin) and hybrid materials (M-C, M-L). For pure
e3O4, peaks related only to  the cubic structure were observed.
he lattice constant obtained from Rietveld refinement is close to
he values obtained in our previous study [27]. The broadening
magnetite-lignin (M-L) and magnetite-chitin (M-C) hybrid materials. The ticks rep-
resent Bragg positions corresponding to the cubic phase of Fe3O4.  The Miller indices
are shown for the most pronounced peaks for pure chitin and Fe3O4.

of the Bragg peaks is  mostly related to the size effect. The aver-
age crystalline size obtained from the Scherrer’s equation is about
16 nm.  Pure lignin, which is  an amorphous polymer, does not  shows
Bragg peaks in XRD pattern [30].  In contrast, chitin revels several
well-defined broad peaks corresponding to the crystallographic
order [31,32]. The most pronounced diffraction peaks observed
at 12.8◦,  19.3◦,  23.4◦, and 26.4◦,  corresponds to  the (021), (110),
(130), and (013) planes, respectively. Obtained result are typical
for ˛-chitin. The XRD patterns for the hybrids are composite of
the starting materials patterns. This provides confirmation that the
proposed methods of synthesis are effective, and additionally that
the synthesis procedure does not affect the crystal structure of the
starting materials. Additionally, detailed dispersive-morphological
and physicochemical characterization of the synthesized hybrid
materials was  carried out (see Supplementary Materials).

3.2. Characterization of systems after immobilization

3.2.1. Porous structure parameters and amount of immobilized
enzyme

As regards structural properties, magnetite has higher BET sur-
face area, pore sizes and pore volume (16.6 m2/g, 30.7 nm and
0.143 cm3/g) than the other precursors (lignin and chitin), mainly
due to its nanometric-scale particles (Table 1). The results are
due to  the formation of conjugates and agglomerates by  the mag-
netite particles. The porous structure parameters of  lignin and

chitin are significantly lower than those of magnetite mainly
due to  the natural origin of these materials. The hybrids have
BET surface areas of 4.3 and 5.6 m2/g for magnetite-lignin and
magnetite-chitin respectively; these values are higher than for
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Table  1
Porous structure parameters of magnetite, lignin, chitin and synthesized hybrid materials before and after trypsin immobilization, and quantity of immobilized trypsin and
immobilization yield.

Analyzed parameter Analyzed sample

Magnetite Lignin Chitin Magnetite-lignin Magnetite-lignin+ trypsin Magnetite-chitin Magnetite-chitin+ trypsin

BET surface area (m2/g) 16.6 1.1  2.5 4.3 4 5.6 5.1
Mean size of pores (nm) 30.7 12.5  23.4 21.2 19.6 27.6 24.2

3 0.035 0.089 0.082
155 ± 3.8 – 207.5 ± 5.6
62 ± 4 – 83 ± 5
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Fig. 2. Magnetization curves at room temperature for the studied hybrid materi-
als.  Upper inset: magnetization vs. temperature for pure  magnetite. Lower inset:
Total pores volume (cm /g) 0.143 0.002 0.015 0.038 

Amount of immobilized enzyme (mg/g) – –  – – 

Immobilization yield (%) – –  – – 

he pure biomaterials, but lower than for magnetite nanoparti-
les. The pore sizes and total pore volumes followed the same
attern. Trypsin immobilization led to  a  further decrease in all of
he analyzed parameters. The BET surface area, pore size and total
ore volume were 4 m2/g,  19.6 nm and 0.035 cm3/g respectively for
agnetite-lignin +  trypsin, and 5.1 m2/g, 24.2 nm and 0.082 cm3/g

or magnetite-chitin +  trypsin. The decrease in the porous struc-
ure parameters confirmed the effective immobilization of trypsin
33].  Furthermore, the drop in  the values of pore size and pores
olume suggested that trypsin was bound also in the pores of
he material [34]. It should also be noted that the larger drop in
he porous structure parameters of the magnetite-chitin support
fter immobilization is  linked to the greater amount of immobi-
ized trypsin (207.5 mg/g) compared with magnetite-lignin. Also a
igher immobilization efficiency (83%) was recorded with the use
f the magnetite-chitin material. The greater amount of immobi-
ized enzyme and higher immobilization efficiency observed for

agnetite-chitin support is  probably related to  the greater amount
f the functional moieties, such as hydroxyl, carbonyl and amine
roups, presented in  the structure of the chitin, and their higher
ccessibility, as compared to lignin, which are responsible for the
ffective binding of the enzyme. It also should be added, that chitin,
nd in consequence also magnetite-chitin support, are character-
zed by higher porous structure parameters, compared to lignin,
hat results in  greater amount of active sites allowing effective
ttachment of the enzyme molecules. These data are in agreement
ith the results obtained in  our previous study, in which ˛-amylase
as immobilized on a titania/lignin hybrid. A drop in the values of

ll analyzed parameters of samples after immobilization was  also
ecorded in that case, confirming the effective attachment of the
nzyme [35].

.2.2. Magnetic properties of the obtained systems
All of the prepared materials exhibit similar magnetic proper-

ies (Fig. 2). The magnetization at 300 K and 5 T  for pure nanosized
e3O4 (71 emu/g) is  lower than the theoretical value for bulk mag-
etite (92 emu/g) [36]. For the hybrid materials the magnetization
alues are significantly smaller, primarily due to the different quan-
ities of Fe3O4.  The change in magnetization may  also be related
o an increase in the shell layer thickness, as has been suggested
y other researchers [37].  At  5 K  (lower inset of Fig. 2) all materi-
ls show a  clear hysteresis of ∼450 Oe, while at room temperature
here is no hysteresis. For the temperature dependence of magneti-
ation (upper inset of Fig. 2)  we observed a  bifurcation for zero field
ooled (ZFC) and field cooled (FC) curves at ∼265 K.  The ZFC curve
as a  broad maximum at around 110 K, which may  indicate the
uperparamagnetic behavior of nanosized Fe3O4 particles. In the
iterature, a blocking temperature of 110 K was observed for Fe3O4
anoparticles with an average diameter of ∼10 nm [38,39]. On the
ther hand the FC curves increase monotonically with decreasing

emperature. Our results suggest that the performed modification
oes not change the magnetic properties of pure nanosized Fe3O4,
hich exhibits superparamagnetic behavior. It should be empha-

ized that the prepared hybrid materials can be easily separated
magnetization curves at 5 K for pure magnetite and M-C hybrid material (a)  mag-
netic separation of magnetite-chitin +  trypsin from reaction mixture solution by a
permanent magnet (b).

from water solution by applying an external magnet to the con-
tainer (Fig. 2b).

3.3. Free and immobilized trypsin stability

Reusability is an important factor for the practical applica-
tion of immobilized trypsin in protein digestion. In the case of
magnetic supports this property is  enhanced due to the easy
recovery of biocatalytic systems using magnets. The trypsin immo-
bilized on magnetite-lignin and magnetite-chitin hybrid supports
retained 61% and 80% respectively of its initial activity after 10 con-
secutive cycles (Fig. 3a). The higher activity of trypsin attached
to the magnetite-chitin support, in comparison with magnetite-
lignin hybrid, is probably related to the formation of stronger
enzyme–support interactions, due to the greater number of  func-
tional moieties present in this support material, which prevent the

leaching of enzyme molecules from the matrix [40].  The storage sta-
bility of free and immobilized trypsin was evaluated over 20 days
of storage. After this time the free enzyme had lost over 60% of its
catalytic activity, while trypsin immobilized on Fe3O4-lignin and
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Fig. 3. Reusability (a)  and storage sta

e3O4-chitin retained 69% and 84% respectively of its initial activ-
ty (Fig. 3b). This may  be attributed to an increase in  the stability
f the three-dimensional structure of the biocatalyst occurring as

 result of immobilization. Nevertheless, the good reusability and
torage stability of immobilized trypsin might also be explained by
he formation of relatively strong and stable interactions between
he enzyme and support. Formed interactions protect the trypsin
rom auto-dissociation and conformational changes during reuse
nd storage [41]. Obtained results are in agreement with the results
f  the desorption tests. When trypsin immobilized onto magnetite-
ignin and magnetite-chitin hybrids was incubated for 12 h at PBS
olution at pH 7.2 about 25 mg  and 17 mg  of the enzyme was  leaked
rom the matrix. On the other hand, when immobilized enzyme
as stored in 0.1  M NaOH solution for the same period of time,

reater amount of enzyme was desorbed. Around 70 mg  and less
han 40 mg  of trypsin, respectively, was eluted form magnetite-
ignin and magnetite-chitin support. Shifting of the maxima of the
ignals in  the FTIR spectra (detailed discussion is presented in Sup-
lementary Materials, Fig. 3S), results of the desorption tests as well
s presence of many functional moieties onto the surface of support
aterials suggest mixed adsorption (mainly hydrogen bonds) and

ovalent binding of the enzyme to the surface of hybrid supports
s it was presented in  the previous study [26,42].

.4. Kinetic study of free and immobilized enzyme

To investigate the changes undergone by the trypsin on immobi-
ization, kinetic parameters—the Michaelis–Menten constant (Km),

aximum reaction rate (Vmax) and turnover number (kcat)—were
alculated (Table 2). The Km value of the free enzyme was
.036 mM,  while for trypsin immobilized on magnetite-lignin and
agnetite-chitin supports it was 1.863 and 1.351 mM respectively.

ower values of Vmax were recorded for magnetite-lignin + trypsin
0.893 U/mg) and for magnetite-chitin +  trypsin (1.157 U/mg) than
or the free enzyme (1.486 U/mg). The lower affinity of the sub-

trate to  the immobilized biocatalysts (indicated by higher values
f Km), and consequently the lower values of Vmax recorded for
oth biocatalytic systems, may  be explained by the creation of
teric hindrances that limit transport of the substrates and block

able 2
inetic parameters of trypsin from bovine pancreas, free and immobilized on  hybrid mag

Kinetic parameters Free trypsin 

Km (mM)  1.036 ± 0.035 

Vmax (U/mg) 1.486 ± 0.105 

kcat (1/s) 87  ±  9 

kcat /Km (1/s*mM) 83.98 
 (b) of free and immobilized trypsin.

active sites of the enzyme [43].  However, lower substrate affin-
ity and lower maximum reaction rate were noticed for trypsin
immobilized onto lignin-based support indicating that amorphous
character of this biopolymer enhances creation of diffusional lim-
itations and decreases catalytic properties of the enzyme. These
observations are in agreement with results reported by Sun et al.,
who showed that trypsin immobilized on carboxymethyl chitosan-
functionalized magnetic nanoparticles also exhibited higher Km

and lower Vmax values than free enzyme. However, due to the
covalent immobilization of the enzyme in their study, an even
greater decrease in substrate affinity and maximum reaction rate
was recorded [44]. The value of the turnover number (85 1/s) com-
puted for trypsin attached to the magnetite-chitin support was
almost the same as for the free biocatalyst (87 1/s) and significantly
higher than for the magnetite-lignin +  trypsin system (53 1/s). The
results suggest that both obtained biocatalytic systems retained
their catalytic properties, but the magnetite-chitin hybrid support,
due to its spatial structure and properties, appears to be more suit-
able for the immobilization of trypsin, as is  also implied by the
results of proteolysis of human serum albumin (see Section 3.5).

3.5. Digestion of human serum albumin by free and immobilized
trypsin

The efficiency of digestion by immobilized trypsin was inves-
tigated using real biological samples. Human plasma samples
subjected to  proteolysis were analyzed by MALDI-TOF/TOF mass
spectrometry. For comparison, plasma digestion by the free enzyme
in solution was also investigated. Peptide mass spectra were
obtained with an MS  tolerance of ±0.3 Da. Because albumin
accounts for about 60% of blood plasma proteins, in  the next
steps we focused only on this protein. The obtained spectra were
compared and peptide fragments were identified using Mascot.
Figure 4 shows the mass spectra of digested plasma protein
fragments acquired using trypsin in solution and immobilized

trypsin. Direct comparison of all spectra showed a  high level of
similarity between the spectra of soluble and magnetite-chitin
immobilized trypsin: 59% of the signals present on the spec-
trum obtained from digestion by free trypsin were also observed

netic supports.

Magnetite-lignin + trypsin Magnetite-chitin +  trypsin

1.863 ± 0.085 1.351 ± 0.094
0.893 ± 0.092 1.157 ± 0.113
53  ± 8 85  ± 11
28.45 62.92



J. Zdarta et al. / Colloids and Surfaces B:  Biointerfaces 169 (2018) 118–125 123

F oteins
( ascot

o
l
m
w
l
t
c
b
c
m
s
m

T
L
v

ig. 4. Representative MALDI spectra of peptides obtained by  digestion of plasma pr
c)  trypsin. Asterisks show the specific fragments of human albumin identified by M

n the spectrum obtained from digestion using trypsin immobi-
ized on magnetite-chitin. Both spectra also contained the same

ost intensive albumin peptide peak at m/z 1149. This signal
as also present on the spectrum for magnetite-lignin immobi-

ized trypsin, but with a signal-to-noise threshold of 4.3, whereas
he same parameter for magnetite-chitin immobilized trypsin was
alculated as 110. The spectra obtained for magnetite-lignin immo-
ilized trypsin contained a  higher proportion of chemical noise
ompared with the soluble trypsin and trypsin immobilized on

agnetite-chitin nanoparticles. As  can be seen, the most inten-

ive peaks on these spectra, at m/z  1057, 1337 and 2185, were not
atched to plasma proteins. These peaks were also present on the

able 3
ist of identified albumin peptides obtained after plasma digestion with free or immobil
ariant. Unique fragments for immobilized digestion mode are in bold.

Calculated m/z Sequence Deviation (Da)

Free trypsin 

927.493 YLYEIAR −0.027 

933.519 LCTVATLR 

940.448 DDNPNLPR −0.02  

960.563 FQNALLVR −0.033 

1002.558 TPVSDRVTK 

1017.536 SLHTLFGDK 

1019.578 AFKAWAVAR −0.037
1029.46 CCKHPEAK −0.007 

1055.588 KYLYEIAR −0.037
1074.543 LDELRDEGK −0.033 

1083.595 YLYEIARR −0.043
1085.596 GVFRRDAHK 

1128.699 KQTALVELVK 

1138.498 CCTESLVNR −0.03  

1149.576 DAHKSEVAHR −0.03  
 with free (a), magnetite-chitin-immobilized (b)  and magnetite-lignin-immobilized
 analysis.

spectra for magnetite-chitin immobilized trypsin, but were com-
pletely absent on the spectra for the free enzyme. This suggests
that these unspecific signals may  be linked to  certain impurities
introduced into the samples during preparation of the nanomate-
rial.

According to Mascot analysis, a  large number of tryptic pep-
tides from albumin were detected and identified [45].  The peaks
labeled with asterisks were identified as peptides from the albu-
min  sequence. Digestion by magnetite-chitin immobilized trypsin

resulted in the identification of 36 peptides with albumin sequence
coverage of 51% (Table 3). The same procedure for magnetite-
lignin immobilized trypsin led to the identification of 17 fragments

ized trypsin. Measurement errors are given only for identified fragments for each

Magnetite-chitin+ trypsin Magnetite-lignin+ trypsin

−0.034
−0.037 −0.016
−0.023 −0.009
−0.039 −0.027
−0.063
−0.036

0.001

−0.03 0.021

−0.052 −0.016
−0.162

−0.028 0.033
−0.03 0.005
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Table 3 (Continued)

Calculated m/z Sequence Deviation (Da)

Free trypsin Magnetite-chitin+ trypsin Magnetite-lignin+ trypsin

1185.562 CCKHPEAKR −0.034 0.013
1195.589 CASLQKFGER −0.059 −0.059
1198.541 ETCFAEEGKK 0.07
1226.605 FKDLGEENFK −0.038 −0.044 −0.034
1231.694  QRLKCASLQK −0.205
1311.742 HPDYSVVLLLR −0.062
1342.635 AVMDDFAAFVEK −0.041 −0.045 −0.019
1371.567  AAFTECCQAADK −0.029 −0.027
1400.677 VGSKCCKHPEAK −0.059
1424.739 DAHKSEVAHRFK −0.038
1434.533 ETYGEMADCCAK −0.028 −0.017
1436.768 LKCASLQKFGER −0.033
1443.642 YICENQDSISSK −0.023 −0.037 −0.022
1467.843  RHPDYSVVLLLR −0.041
1490.905 QTALVELVKHKPK −0.182
1511.843 VPQVSTPTLVEVSR −0.044 −0.08 −0.043
1518.776  LDELRDEGKASSAK −0.014 −0.07
1546.797 LKECCEKPLLEK −0.02 −0.05
1552.598 CCAAADPHECYAK 0.02 0.085 0.072
1623.788  DVFLGMFLYEYAR −0.033
1627.727 ADDKETCFAEEGKK −0.009 −0.04
1639.938 KVPQVSTPTLVEVSR −0.011 −0.05 −0.052
1684.821  YICENQDSISSKLK 0.013
1714.797 QEPERNECFLQHK −0.013 −0.062 −0.076
1736.933  LSQRFPKAEFAEVSK −0.016
1795.884 DVFLGMFLYEYARR −0.016 −0.029
1898.995 HPYFYAPELLFFAKR −0.048
1910.932 RPCFSALEVDETYVPK −0.031 −0.039 −0.081
1932.037  SLHTLFGDKLCTVATLR −0.036 −0.074
1996.929 NECFLQHKDDNPNLPR −0.068 −0.068
2032.144 YTKKVPQVSTPTLVEVSR −0.05
2045.095 VFDEFKPLVEEPQNLIK −0.077 −0.009
2055.096 RHPYFYAPELLFFAKR −0.092
2086.838 VHTECCHGDLLECADDR 0.047
2124.987 AAFTECCQAADKAACLLPK −0.099
2157.09 ATKEQLKAVMDDFAAFVEK −0.14
2295.303 VPQVSTPTLVEVSRNLGKVGSK −0.03 −0.016
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2300.106 NYAEAKDVFLGMFLYEYAR −0.2
2585.118 VHTECCHGDLLECADDRADLAK 

2778.359 LVRPEVDVMCTAFHDNEETFLKK 0.00

nd 27% sequence coverage. For comparison, plasma digestion by
he free enzyme yielded a  sequence coverage of 61% with a pep-
ide number of 43. However, 11 unique fragments were found
fter digestion by  magnetite-chitin or magnetite-lignin immobi-
ized trypsin. The absence of these peaks on the spectra after
igestion by  free trypsin may  suggest some level of proteolysis
pecificity in the immobilized mode. The contribution of albumin
eptides to  the total ion current (TIC) was also determined. Ions for
lbumin fragments derived from digestion with magnetite-chitin
nd magnetite-lignin immobilized trypsin represented 43.37% and
4.25% of TIC respectively. For comparison, the corresponding value
or free trypsin was 51.35%. Trypsin is  an autodigestive enzyme,
nd the formation of autocatalysis products usually accompanies
he analyzed peptides. Therefore, in  the next step, the products
f autocatalysis were compared. However, only a signal with m/z
211 was present on both spectra obtained for immobilized trypsin.
oreover, the signal-to-noise thresholds for both signals were very

ow: 10  and 4.1 for magnetite-chitin and magnetite-lignin immo-
ilized trypsin respectively. These results confirm the utility of the
rypsin immobilized on nanomaterials in digestion, and suggest
hat the magnetite-chitin system is more efficient in the proteolysis
f biological samples, mainly due to immobilization of the greater
mount of trypsin and reduced diffusional limitations, as compared
o magnetite-lignin hybrid support.
0.401

4. Conclusions

In  this study, magnetite-lignin and magnetite-chitin hybrids, to
the best of our knowledge were for the first time synthesized, char-
acterized and used as support materials for trypsin immobilization.
The results of XRD and FTIR analysis confirmed the effective
synthesis of hybrid materials and enzyme immobilization. Over
150 mg and over 200 mg of trypsin per 1 g of  matrix were bound
to the surface of magnetite-lignin and magnetite-chitin hybrids
respectively, with immobilization yields of 62% and 83%. The immo-
bilized trypsin has been shown to have significantly improved
storage stability: after 20 days of storage trypsin immobilized on
magnetite-lignin and magnetite-chitin hybrids retained over 70%
and over 80% of its initial activity. Moreover, due to the increased
stability of immobilized trypsin and the use of magnetic supports,
the reusability of the systems was also improved. After 10 consec-
utive biocatalytic cycles, trypsin immobilized on magnetite-lignin
and magnetite-chitin hybrids retained respectively 69% and 84%
relative activity. The obtained biocatalytic systems were applied in
protein digestion, resulting in protein sequences similar to  the pep-
tide fragments obtained after digestion by free trypsin. Presented
results suggest that obtained hybrid materials in  the future might
also be  used for immobilization of different enzymes, however fur-
ther study in  this subject are required.
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 Bioremediation, a biologically mediated transformation or degradation of persistent chemicals into nonhazard-
ous or less-hazardous substances, has been recognized as a key strategy to control levels of pollutants in water
and soils. The use of enzymes, notably oxidoreductases such as laccases, tyrosinases, various oxygenases,
aromatic dioxygenases, and different peroxidases (all of EC class 1) is receiving significant research attention
in this regard. It should be stated that immobilization is emphasized as a powerful tool for enhancement of
enzyme activity and stability as well as for protection of the enzyme proteins against negative effects of harsh
reaction conditions. As proper selection of support materials for immobilization and their performance is
overlooked when it comes to comparing performance of immobilized enzyme in academic studies, this review
summarizes the current state of knowledge regarding thematerials used for enzyme immobilization of these ox-
idoreductase enzymes for environmental applications. In the presented study, thorough physicochemical charac-
teristics of the support materials was presented. Moreover, various types of reactions and notably operational
modes of enzymatic processes for biodegradation of harmful pollutants are summarized, and future trends in
use of immobilized oxidoreductases for environmental applications are discussed. Our goal is to provide an
improved foundation on which new technological advancements can be made to achieve efficient enzyme-
assisted bioremediation.
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1. Introduction

Over recent years the production and wide application of synthetic
chemical compounds has become essential in many branches of indus-
try. There are, however, some serious drawbacks related to the use of
these compounds because they are poorly biodegradable [1]. Interest
therefore continues to grow in remediation of endocrine disrupting
chemicals (EDCs), hormones, pesticides, synthetic dyes and pharma-
ceuticals because these substances may alter the functions of hormonal
and nervous systems, cause diseases of the male and female reproduc-
tive system, disorders and alterations of neurological and metabolism
and cause adverse effects in intact organisms [2–4]. These synthetic
chemicals exhibit genotoxic activity, can cause diabetes, obesity, cardio-
vascular diseases, reproductive disorder or even cancer [5, 6]. Another
cause for serious environmental concern is pollution of communal
wastewater and effluents released by the textile or paper industries, ag-
riculture or houses. Nowadays, there are a plenty of both physical and
chemical methods for removal of persistent compounds. One of the
most effective and eco-friendly of these methods is application of en-
zymes for biodegradation of hazardous pollutants.

Enzymes have for years been known as extremely efficient and
highly effective biocatalysts that additionally are characterized by high
chemo-, regio- and stereoselectivity. Furthermore, enzymes through
decreasing the amount of toxic solvents and reducing the number of
synthesis steps and activation energy, make the catalytic process more
cost-effective and environmentally friendly [7]. In the current review,
attention is given to laccases, tyrosinases, manganese and horseradish,
lignin and phenol peroxidases, however also other oxidoreductases
such as monooxygenases, oxygenases and even oxidases might be
employed as highly efficient green biocatalysts for remediation of envi-
ronmental pollutions [8], but literature references about efficient immo-
bilization of monooxygenases and oxygenases for environmental
protection are strongly limited. Above-mentioned types of enzymes
are able to catalyze redox-transformations and degradation of a large
number of organic compounds, in particular phenolic and non-phenolic
aromatic compounds such as phenol and its derivatives, EDCs, synthetic
and natural dyes, pesticides and pharmaceuticals [9, 10]. The catalytic
action of these enzymes might range from simple transformation of
contaminants to less toxic derivatives to manipulation of contaminated
environments or even to bioaccumulation of pollutants [11].

Enzyme immobilization can be accomplished in various ways, but
usually involves attachment of the enzyme molecules to a solid carrier,
which is usually insoluble in the reaction environment [12]. The result is
immobilized biocatalyst where the form of the enzyme has been
changed from homogenous (free enzyme) to heterogeneous
(immobilized enzyme). Enzyme immobilization allows maximal reuse
or recycling of the enzyme in continuous processes where the substrate
is fed continuously into the reaction to increase the biocatalytic produc-
tivity (amount of substrate molecules converted per amount of en-
zyme). Immobilized enzymes are usually characterized by enhanced
stability against harsh conditions of pH, temperature and pressure
[13]. Moreover, storage stability and reusability of the immobilized bio-
catalyst increases significantly compared with free enzyme [14]. So it
could be summarized that immobilization represent simple and effec-
tive routes for improvement of enzyme properties as compared to
application of the native biocatalysts [15]. The fivemain immobilization
techniques are covalent binding, adsorption, encapsulation, entrapment
and cross-linking. However, it should be emphasized that there is no
universal method for any particular enzyme [16]. Selection and optimi-
zation of themost suitable supportmaterial and technique of immobili-
zation is dependent on the type of the enzyme and biocatalytic process.
It should also be mentioned that proper selection of support for
enzymes such as laccases or tyrosinases for environmental applications
not only ensured highly efficient biodegradation of toxic compounds
but also protected enzyme molecules from denaturation and allowed
their reusability [17]. Many different materials can potentially be used
as support materials for enzyme immobilization. Nevertheless, the ma-
terial has to fulfill some requirements in order to be used as a carrier.
First, physicochemical features like the presence of chemical moieties,
large surface area or good sorption properties are crucial for establishing
of strong and stable interactions between the enzyme and a support
material [18]. It is important that for environmental use, support mate-
rials should also be biocompatible, non-toxic, and environmentally
friendly/acceptable and cannot negatively affect solution after biodegra-
dation. Also, hydrophilicity of the carrier, its structure and mechanical
or operational stability strongly affect the properties of the produced
biocatalytic system and ultimately determine successful immobilization
[19]. It should be stressed that for attachment of a biocatalyst for envi-
ronmental applications, materials of organic, inorganic aswell as hybrid
or composite origin have been frequently studied [20]. Their selection is
dictated by type of enzyme, type of biocatalytic conversion, character of
the process and required form and shape of biocatalytic beads, all of
which influence the efficiency of thewhole bioremediation process [21].

The present review briefly describes various immobilization proto-
cols used for binding of oxidoreductases. The main purpose of the liter-
ature study was to summarize and compare the current state of
knowledge about support materials for enzyme immobilization with
particular reference to immobilization of laccases, tyrosinases and
phenyloxidases and use of the resulting biocatalytic systems in the re-
moval of hazardous pollutants. The properties of inorganic, organic
and hybrid support materials required for effective enzyme binding
are specified and presented. Various types and configurations of degra-
dation processes, and types of reactors are highlighted. Furthermore,
the effect of operational parameters such as time, pH and temperature
on the removal efficiencies of undesirable compounds are compared,
as well as storage stability and reusability of the immobilized
biocatalysts. We also discuss present and future perspectives for appli-
cation of immobilized oxidoreductases for environmental protection
with emphasis on pollutants removal.

2. Enzymes for environmental applications

As previously mentioned, enzymes belonging to the oxidoreduc-
tases (EC 1), such as laccases, tyrosinases, manganese, lignin and horse-
radish peroxidases, and phenoloxidases, are the most frequently
employed for environmental applications [22]. These enzymes are
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being investigated due to their applicability as “green catalysts” in the
bioremediation of various dangerous chemicals such as phenols and
derivatives, bisphenols, organic dyes or pharmaceuticals [23]. They
have been found to be efficient biocatalysts for remediation of toxic
compounds, but the structures, cofactors and mechanisms of action
differ for each type of catalyst. Selected examples of the enzymes most
frequently used for environmental protection are discussed in detail
below.

2.1. Laccases

Laccases of various origin are the most commonly used for environ-
mental protection. Laccases, which are extracellular enzymes also
known as p-diphenol: dioxygen oxidoreductases (EC 1.10.3.2), are oxi-
doreductases omnipresent in plants and bacteria, however, laccases
from fungi like Trametes versicolor, Trametes vilosa or Cerrena unicolor
are of the greatest interest due to their high catalytic activity, availability
and low price [24]. Laccases, due to their low substrate specificity, are
enzymes that can catalyzewide range of reactions, mainly one-electron
oxidation of monophenols, diphenols and polyphenols as well as di-
amines, aromatic amines and related substances such asN-heterocycles,
phenothiazines and many others. These oxidation processes generate
reactive phenoxy radicals with a simultaneous reduction of oxygen to
water,without the need for hydrogen peroxide [25]. These laccases con-
stitute a wide group of multi copper oxidase enzymes that contain four
copper ions in their structure that exhibit different properties. A type-1
copper atom (T1) is responsible for the blue color of the laccase and to-
getherwith the type-2 atom (T2) and two atoms of type 3 (T3) take part
in oxidation-reductions reactions catalyzed by laccases [26]. In detailsd,
the bioconversion acts are initiated at the type-1 copper atom where
electrons from substrate molecules are extracted and transferred via
His-Cys-His triade to the T2/T3 group. Further, accumulated electrons
enable the oxidation reaction and simultaneously allow the reduction
of molecular oxygen to water [27]. It also should be added that laccases
are employed in various applications such as in the food, textile, fuel and
medical industries [28]. Due to theirwide substrate specificity and ubiq-
uitous properties, they are able to act on a wide range of phenolic com-
pounds and are increasingly used for bioremediation of environmental
pollutants from soils and water [29, 30]. The example of the catalytic
pathways of conversion of bisphenol A and tetracycline by laccase are
presented in Fig. 1. Most laccases are extracellular proteinswith isoelec-
tric points ranging from 3 to 7 for fungal laccases and around 9 for plant
laccases. Moreover, differences in optimal pH for both sources of
laccases have been found: fungal laccases exhibit maximal catalytic
properties at pH between 3.5 and 5 as laccases from plants have pH op-
tima around pH 7. Differences in the temperature optima between var-
ious laccases have also been found [31].

2.2. Tyrosinases

Tyrosinases, o-diphenol: oxygen oxidoreductases (EC 1.14.18.1),
also contain copper atoms in their active site. These copper atoms are
known as CuA and CuB and are coordinated by histidine residues [34].
Tyrosinases are frequently abundant in nature and are found in plants,
fungi, bacteria, insects and in mammalian issues [35]. They play a key
role in the synthesis of melanin – the dye that is responsible for the
color of human skin. Tyrosinases differ essentially from laccases in the
mechanism of oxidation of phenol and its derivatives. Although tyrosi-
nases also use oxygen as a cofactor, they generate quinones instead
of free radicals and water molecules as a by-product [36]. The mecha-
nism of catalytic action of tyrosinases has been defined as a two-step
consecutive reaction of monophenol hydroxylation to corresponding
ortho-diphenols and their further oxidation to ortho-quinones using
O2 molecules in both steps. Later release of water molecules terminates
catalytic oxidation and leads to a polymerization reaction of o-quinones
to macromolecular compounds [37] (See Fig. 2). Due to the fact that
tyrosinases can occur in various molecular forms, different intermedi-
ates may be formed during catalysis of phenolic compounds [9].
It should be clearly stated that due to their wide specificity, tyrosinases
similarly to laccases are able to catalyze transformation of various
compounds such as phenol, monophenols and its multisubstituted
derivatives, including chloro- and nitrophenols and bisphenols [38].
The effect of temperature and pH on the stability and activity of various
tyrosinases has been thoroughly analyzed. A previous study reported
pH ranging from 5.5 to 8 as the most suitable for the highest activity
of free tyrosinases [39]. The effect of temperature on the activity of
tyrosinases has also been studied. Published data showed that free
tyrosinases exhibit the highest activity at temperatures ranging from
30 to 40 °C and that activity significantly decreases above 60 °C.·It
should be added that most of tyrosinases under optimal conditions
exhibit relatively good stability and retain high activity (80–100%)
even for 8 h [40].

2.3. Lignin peroxidases

Besides laccases and tyrosinases, lignin peroxidases are also used for
remediation of hazardous phenolic compounds from water and soil.
Lignin peroxidase, 1,2-bis(3,4-dimethoxyphenyl)propane-1,3-diol:-
hydrogen peroxide oxidoreductase (EC 1.11.1.14), also known as LiP,
contains 1 mol of iron protoporphyrin (heme) as its cofactor for 1 mol
of protein [41]. Lignin peroxidases catalyze the oxidative depolymeriza-
tion of lignin in the presence of H2O2. Exemplary reaction,
which characterizes catalytic action of LiP (oxidation of 1,2-bis
(3,4-dimethoxyphenyl)propane-1,3-diol) could be presented as [42]:

1;2–bis 3;4–dimethoxyphenylð Þpropane–1;3–diol
þ H2O2⬌3;4–dimethoxybenzaldehyde
þ 1– 3;4–dimethoxyphenylð Þethane–1;2–diolþ H2O:

It should be added that LiP is characterized by low substrate specific-
ity with high, non-specific oxidation-reduction potential and is known
for its ability to oxidize aromatic phenolic andnon-phenolic compounds
aswell as a wide range of organic chemical compounds, such as xenobi-
otics with a redox potential of up to 1.4 V [43]. LiP was extracted for the
first time from Phanerochaete chrysosporium but these enzymes are also
known to be found in many microorganisms and white-rot fungi [44].
It should be mentioned further that lignin peroxidase is known from
its low optimum pH value, as these enzymes reach their maximum
catalytic activity at a pH near 3. The temperature optimum for LiP is
similar to other peroxidases and is within a range of 40 to 50 °C [45].

2.4. Manganese peroxidases

Another enzyme with high biotechnology potential that belongs to
the oxidoreductase group is manganese peroxidase (EC 1.11.1.13),
also known as Mn(II):hydrogen-peroxide oxidoreductase or MnP.
These glycosylated heme-containing enzymes can oxidize a wide
variety of phenolic compounds, such as dyes and various monomeric
and dimeric phenols as well as oxidize Mn(II) ions to Mn(III) using
hydrogen peroxide [46]. The catalytic cycle of MnP is initiated by bind-
ing of H2O2 and formation of an iron-peroxide complex and subsequent
transfer of 2 electrons from the heme resulting in formation of MnP
Compound I. Later, one water molecule is formed by subsequent
cleaving of the dioxygen bond and reduction proceeds through MnP
Compound II. Afterwards, monochelated Mn2+ ion acts as electron
donor for this porphyrin intermediate and is oxidized toMn3+. Another
Mn3+ is formed by reduction of Compounds II leading to regeneration
of native enzyme and releasing of the second water molecule [47].
Manganese peroxidase is a protein found in multiple forms with a
typical molecular weight ranging from 40 to 50 kDa [47]. MnPs exhibit
their maximal activity at Mn(II) concentrations above 100 μM and cal-
cium cations enhance their catalytic properties [48]. Manganese
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peroxidase was discovered for the first time in P. chrysosporium but in
later years the enzyme has also been found in bacteria and other
white-rot fungi [49]. The optimum temperature for the highest catalytic
activity of manganese peroxidases depends on its source, but in most
cases lies the range of 30 to 40 °C. These enzymes exhibit their highest
catalytic properties at slightly acidic pH levels of around 4 [50].
2.5. Horseradish peroxidases

Enzymes extracted from the roots of horseradish have also
been assessed in environmental applications. A number of distinctive
peroxidase isoenzymes have been found in nature, however, the most
abundant is horseradish peroxidase C [51]. Horseradish peroxidase
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(EC 1.11.1.7) or HRP is also a heme-containing enzyme that includes in
its structure iron(III) protoporphyrin and two atoms of calcium. The
presence of calcium atoms is important, because loss of calcium results
in significant decrease of enzyme activity and thermal stability [52].
Horseradish peroxidase catalyzes an oxidation reaction of phenolic
acids, aromatic phenols such as pyrogallol and their derivatives (i.e. var-
ious bisphenols), non-aromatic amines such as 4-aminoantipyrine,
indoles, etc. in the presence of hydrogen peroxide, producing two mol-
ecules of water. The second products of the catalytic reaction are radi-
cals that can result in formation of polymeric compounds as the final
products of oxidation [53, 54]. The main practical applications of HRPs
includes treatment of the wastewaters contain phenolic compounds,
environmental remediation, elimination of toxic compounds such as
dyes from drinking water and industrial [55–57]. HRP, particularly its
isoenzyme C, exhibits its greatest catalytic activity at temperatures of
25–40 °C and at neutral pH, close to 7 [58].

In recent years, lignolytic enzymes, such as laccase, tyrosinase, man-
ganese, lignin and horseradish peroxidases have been used in numerous
industrial processes, such as biomass conversion and chemical synthe-
sis. However their great oxidizing potential caused that they have
found an application in environmental protection to degrade xenobi-
otics, as dyes, pharmaceuticals and hazardous pollutants that are usu-
ally resistant to microbial biodegradation [59]. In our opinion, further
study leading to the development of the techniques that improve prac-
tical features of the lignolytic enzymes is highly required as might facil-
itate use of these important biomolecules for various biotechnology
applications and environmental protection.

3. Immobilization of enzymes

Many advanced research studies have been carried out in connection
with the low stability and reusability of enzymes. Immobilization, a pro-
cess through which the enzyme is bound to a solid support, changes the
form of the catalyst from homogenous (free enzyme) to heterogenous
(immobilized enzyme) [60]. Creation of interactions between the en-
zyme and a matrix (immobilization) stabilizes the peptide structure of
the biocatalyst and results in improvement of enzyme stability towards
strong pH, high temperature or the presence of organic solvents [61].
The possibility of separation of the biocatalytic system from the reaction
mixture is strongly enhanced and thus contamination of products by the
Table 1
Main immobilization techniques, their characteristic and advantages.

Immobilization
technique

Main functional groups of the
support

Type of interactions

Non-covalent
(adsorption)

–NH2, –SH, –OH, C=O, COOH,
epoxy groups

hydrogen bonds, ionic interactions,
hydrophobic interactions

Covalent binding –NH2, –SH, –OH, C=O covalent bonds

Encapsulation –NH2, –OH, ionic interactions, hydrophobic
interactions

Entrapment –NH2, –OH, C=O ionic interactions, hydrophobic
interactions, covalent bonds

Cross-linking C=O, –NH2 covalent bonds
enzyme particles is minimalized. Additionally, after the immobilization,
the biocatalysts can easily be removed by simple mechanical separation
or centrifugation without using sophisticated analytical techniques.
However, the greatest advantage of immobilization is the production
of an enzymatic system that could be reused in many catalytic cycles
without significant loss of its unique properties [62, 63].

According to the previously published reviews, methods of immobi-
lization have been classified in many different ways [64–66]. The
techniques differ between each other by the types of the created inter-
actions and by type and formof the solid support. In each case, for selec-
tion of the immobilization technique, a compromise has been made
between retention of high catalytic activity and operational benefits.
For the purpose of the current discussion, five different immobilization
techniques are distinguished, namely: (i) non-covalent (adsorption)
immobilization; (ii) covalent immobilization on a carrier; (iii) encapsu-
lation; (iv) entrapment and (v) cross-linking of the enzyme particles by
creation of the cross-linked enzyme aggregates (CLEA) and cross-linked
enzyme crystals (CLEC), as summarized in Table 1.

Non-covalent immobilization, also known as adsorption immobili-
zation, is based on the creation of non-specific interactions mainly via
hydrogen bonds and ionic and hydrophobic interactions. In effect, con-
formational changes in the enzyme particle are limited and retention of
high catalytic activities by the immobilized enzymes is usually observed
[67, 68]. Immobilization by covalent binding is based on the reaction of
functional groups of the support material with functional groups of the
enzyme (mainly –NH2, –SH and –OH). Creation of strong chemical
bonds between the biocatalyst andmatrix significantly reduces leakage
of the enzyme and enhances its reusability [69, 70]. When the biomole-
cule is immobilized by encapsulation or entrapment it is physically
placed in the pores of the support material but its structure remains
unaltered. Single enzymes as well as complex biocatalytic systems
built from different types of enzymes may by immobilized by the use
of these methods. The disadvantage of these techniques is that due to
the location of the enzyme within the porous system of the matrix,
transfer of the reaction mixture ingredients is more difficult [71].
Enzymes in the form of single crystals (CLEC) or as aggregates (CLEA)
are cross-linked within bifunctional compounds such as glutaraldehyde
(GA) or carbodiimides. Establishing covalent bonds through the use of
cross-linking agents allows formation of a stable structure without the
use of a solid support [72, 73].

Different techniques could be applied for immobilization of the same
enzyme, however, changes in the enzyme structure and its properties
are usually not equal with improvements of the biocatalysts properties.
Thus, mild process conditions are highly required to retain good cata-
lytic properties of the immobilized enzymes. Moreover, the more
simple is the immobilization method, such as adsorption immobiliza-
tion, the more cost effective is the process. As every enzyme differ
from each other, it could be concluded that proper selection of the
immobilization protocol is a key step to obtain biocatalytic systems
which might be applied for practical applications.
Strength of
interactions

Advantages

weak no enzyme modification, simple and inexpensive
reusability of the support

strong strong and stable interactions, multipoint attachment,
reducing of enzyme leakage

weak no enzyme modification, protection of the enzyme

weak/strong no enzyme modification

strong no support needed, high strength of interactions
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Fig. 3. Selected examples and themost important properties of supportmaterials used for
immobilization of enzymes for environmental application.
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4. Materials for immobilization of enzymes used for environmental
protection

As wasmentioned earlier, the main purpose of the current review is
to present and characterize various enzyme support materials that can
be applied in processes related to environmental protection. Free oxido-
reductases have been applied for removal ofmicropollutants from envi-
ronments, however, large-scale use of these enzymes in biodegradation
requires their immobilization to increase stability and prolong activity
[74]. These biocatalysts can be immobilized through the use of various
materials of different origin, from inorganic through organic to hybrids
and composite supports. The most important properties of selected
examples of these support materials are presented in Fig. 3. The great
variety of the possible carriers with regard to shapes, sizes and forms
means that enzymes can be immobilized via various protocols. In this
section the effect of different features of support material on enzyme
activity and biodegradation efficiency is presented and discussed.

4.1. Materials of organic origin

Manydifferentmaterials of organic origin, both natural and synthetic,
have been employed for immobilization of enzymes for environmental
protection using different immobilization techniques (See Table 2).

4.1.1. Biopolymers

4.1.1.1. Chitosan. As was previously stated, chitosan is one of the most
frequently used support materials for immobilization due to its easy
availability, low cost, biocompatibility and hydrophilicity. The presence
of many hydroxyl and amine groups in the structure of this biopolymer
facilitates effective binding of laccases and other peroxidases without
involving anymodifying or cross-linking agents [111]. The ability of chi-
tosan to create various forms, such as fibers, beads, microspheres or
membranes, enhances its application as a support material for enzymes
like laccase or lignin peroxidase and makes immobilized biomolecules
more stable. For instance, Zhang et al. have covalently attached laccase
from Coriolus versicolor via glutaraldehyde to the surface of chitosan.
The obtained biocatalytic system was used for biodegradation of
mono- and dichlorophenols and brought about the degradation of
over 90% of 2,4-dichlorophenol in water solution. Moreover,
immobilized enzyme was characterized by higher stability in compari-
son to free enzyme and exhibited good reusability [75]. In another
study, chitosan, chitosan microspheres with high specific surface area
and chitosan beads were used for immobilization of laccase, manganese
peroxidase and lignin peroxidase by entrapment, covalent binding and
adsorption, respectively. The produced biocatalysts, due to their wide
specificity, were used for degradation of synthetic and natural azo-
dyes in model and real water solutions. Enzymatic systems are charac-
terized by various thermal and chemical stabilities, but under optimal
conditions (temperature range 30–50 °C, pH range 5–8) they usually
enable degradation of over 70% of the pollutants. Lack of electronmedi-
ator and low transfer of the electrons aswell as complicated structure of
the dyes are the main factors, which limit biodegradation efficiency
[78]. However, the presence of the mediator agent is not necessary for
total degradation of the contaminating dye. As Jaiswal et al. have
shown, after 8 h at 37 °C laccase from papaya entrapped in chitosan
beads was able to remove Indigo carmine completely from water solu-
tion due among other factors to low diffusional limitation [79].

4.1.1.2. Alginates. Other extensively used support materials for environ-
mental applications of enzymes are various alginate salts derived from
brown algae, Phaeophyceae, under alkaline conditions. After gelation
under mild conditions and after addition of mono- or divalent cations
like Na+, Ca2+, Cu2+, Zn2+ andMn2+ [112], alginates are characterized
by viscosity and stiffness, which can easily be controlled by manipula-
tion of thepHandmolecularweight of the alginate solution. For enzyme
immobilization, alginates are used in the form of beads, hydrogels and
capsules. And as a consequence of the features and diversity of form of
alginates, immobilization of laccases, tyrosinases and other peroxidases
by alginatesmainly occurs through entrapment and encapsulation.Usu-
ally, after biomolecules have been immobilized in alginates, there is a
lack of covalent bonds between the enzyme and a support, and thus
functional groups of the matrix and the enzyme interact based on rela-
tivelyweak, ionic or adsorption forces [113]. Because interference in the
structure of the enzyme is strongly limited, immobilized enzymes usu-
ally retainmost of their catalytic properties. On the other hand, creation
of relativelyweak interactionsmight lead to leakage of the enzyme from
the matrix and result in a decrease in biocatalytic activity of the pro-
duced system. Additionally, lower catalytic properties may be related
to diffusional limitations in transport of the substrates and the products
through the alginates layer. Sodium and calcium ions are themost com-
monly used ions for gelation of alginates. For instance, calcium alginate
was used for immobilization of manganese peroxidase from G. lucidum
and tyrosinase from Agaricus bisporus [80, 81], and tyrosinase from
Streptomyces espinosus and laccase from Bacillus subtiliswere entrapped
in sodium alginate [82, 83]. Irrespective of metal cation used for gela-
tion, immobilized tyrosinases were used for removal of phenol from
water solutions. Immobilized enzyme exhibited high catalytic activity
and under optimal conditions was able to totally degrade phenol from
solution after 1 h of the process [81]. Silica ions have also been used to
increase the mechanical stability of the alginate. Silica alginates were
further used for encapsulation and entrapment of tyrosinase and the
obtained biocatalytic system then applied for biodegradation of
bisphenol A (BPA). This biocatalytic system not only allowed highly
efficient removal of BPA in a relatively short time, but most of all was
characterized by much higher pH and temperature resistance in com-
parison to free enzyme. However, fast drop of the catalytic properties
over consecutive catalytic cycles related to the enzyme leakage should
be presented as the weak point of this study [85]. Special attention
should also be paid to copper alginates as supports for environmentally
enzymes. Due to the fact that laccase contains three different copper
ions in its structure, utilization of supports containing copper ions
increases the bioactivity of the immobilized biomolecules. Laccases or
polyphenol oxidases were entrapped and encapsulated in materials
prepared in this way and used for degradation of natural and synthetic
dyes and phenol derivativeswith removal efficiencies that reached over
80%. However, the significant effect of copper ions on the immobilized
enzyme should be emphasized. Phetsom et al. encapsulated laccase



Table 2
Materials of organic origin used for immobilization of laccases, tyrosinases and lignin, manganese and phenols oxidases for biodegradation of various environmental pollutants.

Support material Enzyme Immobilization technique Contaminants Process conditions Removal
efficiency

Reference

Chitosan Laccase from
Coriolus versicolor

Covalent immobilization 2,4-dichlorophenol, 4-chlorophenol,
2-chlorophenol

pH 5.5, 35°C, 24 h 94%, 75%,
69%

[75]

Chitosan Laccase from
Trametes
pubescens

Entrapment Reactive Brilliant Blue X-BR, Remazol
Brilliant Blue R, Congo Red, Acid Black 172,
Methylene Blue, Neutral Red, Indigo Blue,
Naphthol Green B, Direct Fast Blue FBL,
Crystal Violet

pH 5, 50 °C, 55%, 50%,
55%, 70%,
25%, 45%,
45%, 40%,
60%, 20%

[76]

Chitosan microspheres Lignin peroxidase
and manganese
peroxidase from
Coriolus versicolor

Covalent
immobilization/cross-linking

Decolorizing of molasses waste water pH 8.4, 30 °C, 6 h 80% [77]

Chitosan beads Lignin peroxidase
from
Schizophyllum
commune IBL-06

Adsorption immobilization Synthetic textile dyes 30 °C, 4 h 95.5% [78]

Chitosan beads Laccase from
papaya

Entrapment Indigo Carmine pH 10, 37 °C, 8 h 100% [79]

Calcium alginate Manganese
peroxidase from
G. lucidum BL05

Entrapment Sandal tree reactive dyes pH 4.5, 35 °C, 12 h up to 95% [80]

Calcium alginate Tyrosinase from
Agaricus bisporus

Entrapment Phenol pH 7.2, 25 °C, 1 h 100% [81]

Sodium alginate Tyrosinase from
Streptomyces
espinosus

Entrapment Phenol 4 h up to 60% [82]

Sodium alginate Laccase from
Bacillus subtilis
MTCC 2414

Entrapment Orange 3R, Yellow GR, T-Blue 40 °C, 120 h 74%, 79%,
71%

[83]

Silica alginate Tyrosinase from
Agaricus bisporus

Entrapment Bisphenol A 20 °C, 24 h 100% [84]

Silica alginate Tyrosinase from
Agaricus bisporus

Encapsulation Bisphenol A 20 °C, 0.5 h 35% [85]

Alginate beads Polyphenol
oxidase from
Taraxacum
officinale

Entrapment synthetic dyes from industrial effluents 25 °C, 1 h 80% [86]

Alginate beads Horseradish
peroxidase

Entrapment Pyrogallol pH 7, 25 °C 75% [87]

Alginate beads Laccase from
Coriolopsis gallica

Entrapment Remazol Brilliant Blue R, Reactive Black 5,
Bismark Brown R, Lanaset Grey G

pH 5, 30 °C 24 h 90%, 81%,
53%, 87%

[88]

Alginate beads Laccase Entrapment Direct Blue 2 pH 5, 30 °C 86% [89]
Copper alginate beads Polyphenol

oxidase from
Cynarascolymus
L.

Entrapment L-DOPA pH 7, 25 °C 88% [90]

Copper alginate beads Laccase from
Lentinus
polychrous

Encapsulation Remazol Brilliant Blue R, Methyl red, Indigo
carmine, Bromophenol blue

30 °C, 2.5 h 89%, 91%,
100%, 86%

[91]

Cellulose Polyphenol
oxidase

Adsorption immobilization Phenol, 4-chlorophenol, 4-bromophenol pH 8, 5 h 20%, 30%,
45%

[92]

Cellulose paper Tyrosinase from
mushroom

Covalent immobilization L-DOPA pH 7, 22 °C, 2 h 70% [93]

Cellulose nanofibers Laccase Covalent immobilization Simulated dye effluent consist of Remazol
Black 5, Remazol Brilliant Blue R, Remazol
Brilliant Violet 5R, Reactive Orange 16 and
Reactive Red 120

30 °C, 12 h 39% [94]

Carboxymethylcellulose
beads

Polyphenol
oxidase

Covalent immobilization L-tyrosine pH 6.5, 25 °C 93% [95]

Diethylaminoethyl
cellulose

Tyrosinase from
mushroom

Covalent immobilization L-DOPA pH 9, 4 h 60% [96]

Thiolsulfinate-agarose Laccase from
Trametes villosa

Covalent immobilization Remazol Brilliant Blue R pH 4.8, 22 °C, 24 h 80% [97]

Gum Arabic Laccase Covalent immobilization Remazol Brilliant Blue R pH 5, 40 °C, 2 h 81% [98]
Green coconut fiber Laccase from

Aspergillus
Covalent immobilization Reactive Black 5, Reactive Blue 114, Reactive

Yellow 15, Reactive Yellow 176, Reactive Red
239, Reactive Red 180

pH 7, 35 °C 90%, 90%,
77%, 5%,
33%, 35%

[99]

Polyvinyl alcohol Horseradish
peroxidase

Covalent immobilization pyrogallol pH 6, 25 °C, 1 h 80% [100]

Polyvinyl alcohol capsules Laccase from
Trametes
versicolor

Encapsulation Saturn Blue L4G dye pH 5.5, 25 °C, 24 h 48% [101]

Polyvinyl alcohol beads Laccase from
Cyathus bulleri

Entrapment Acid Violet 17, Basic Green 4, Acid Red 27 pH 5.5, 30 °C, 90%, 95%,
90%

[102]

(continued on next page)
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Table 2 (continued)

Support material Enzyme Immobilization technique Contaminants Process conditions Removal
efficiency

Reference

Polyacrylamide hydrogel Lignin peroxidase
from P.
chrysosporium

Encapsulation Bisphenol A pH 5, 25 °C, 8 h 90% [103]

Polyacrylonitrile beads Tyrosinase Covalent immobilization Bisphenol A, Bisphenol B, Bisphenol F,
Tetrachlorobisphenol A

25 °C, 1.5 h 92%, 93%,
94%, 91%

[104]

Poly-N-vinylpyrrolidone Tyrosinase from
Agaricu sbisporus

Covalent immobilization Phenol 25 °C, 1 h 100% [105]

Poly(2-hydroxyethyl
methacrylate-co-glycidyl
methacrylate)

Laccase from
Trametes
versicolor

Covalent immobilization 3,5-dinitro salicylic acid pH 5, 55 °C, 2 h 75% [106]

Epoxy activated
polyethersulfone beads

Laccase from
Trametes
versicolor

Covalent immobilization Acid Red 1 pH 5, 65 °C, 10 days 88% [107]

Nylon membrane Polyphenol
oxidase from
Agaricus bisporus

Covalent immobilization Phenol, p-cresol, m-cresol, 4-chlorophenol,
4-methoxyphenol

25 °C, 8 h Over 80%
for p-cresol

[108]

Amberlite IRA 400 resin Lignin peroxidase
from
Phanerochaete
chrysosporium

Adsorption immobilization Kraft E1 effluent pH 3 and 7, 25 °C,
3 h

50% [109]

Anion-exchange resin Tyrosinase from
mushroom

Covalent immobilization p-cresol 25 °C, 72 h 83% [110]
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from Lentinus polychrous in Cu-alginate beads. The immobilized biomol-
ecule exhibited more than two times the catalytic activity of free
enzyme after 7 days of storage at pH 5.5 due to the presence of Cu2+

ions [91]. Alginates are also used in the formof beads for immobilization
mainly by entrapment of laccases, tyrosinases and various peroxidases.
Due to the mechanical stability of the capsules with biomolecules that
form beads, these products are commonly employed in bioreactors of
different configurations used for degradation of synthetic textile dyes
as well as phenol and its derivatives in water solutions. As reported by
Daassi et al., laccase from Coriolopsis gallica immobilized in alginate
beads exhibited over 80% of its catalytic activity over a wide pH range
from 5 to 9, but the free enzyme was most active only at pH 7. Further-
more, immobilized biocatalyst was characterized by high thermal sta-
bility. After incubation for 3 h at 55 °C, immobilized laccase still
exhibited over 80% of initial activity, meanwhile free laccase under the
same conditions completely lost its properties after 2 h of heating [88].

4.1.1.3. Cellulose. Another organic material used as support for environ-
mental enzymes is cellulose and its modified forms. Cellulose is known
from its great sorption capacity and the presence of many hydroxyl
groups in its structure. This facts allows effective attachment of enzyme
molecules and enhances opportunities for modification of cellulose sur-
faces by glutaraldehyde, diethylaminoethanol or introduction of epoxy
groups [114]. Cellulose is also relatively easy to obtain, is nontoxic and
biocompatible. The above-mentioned features taken together mean
that cellulose and its derivatives are suitable support materials for ad-
sorption or covalent immobilization of oxidoreductase enzymes. Appli-
cation of cellulose-based materials is therefore growing quickly as a
response to the importance of sustainable and cost-effective immobili-
zation. As a result, many new cellulosic materials with desired proper-
ties and stability are under development for attachment of
biomolecules. Sathishkumar et al. used cellulose nanofibers modified
by glutaraldehyde for covalent immobilization of laccase. Thermal and
pH stability as well as storage stability of the immobilized enzyme
was considerably improved compared to the free enzyme. Laccase-cel-
lulose nanofibers also exhibited great reusability and retained over
80% of the initial properties after five catalytic cycles. The biocatalyst
thus obtained was applied for decolorization of simulated dye effluent
(SDE) consisting of Remazol Black 5, Remazol Brilliant Blue R, Remazol
Brilliant Violet 5R, Reactive Orange 16 and Reactive Red 120. The
authors demonstrated that in the presence of the mediator,
1-hydroxybenzotriazole, decolorization of SDE reached around 40%.
Although the stability of the immobilized enzyme was improved,
changes in the structure of biomolecules due to covalent binding,
caused that relatively low biodegradation efficiency was achieved.
Also multiply of the dyes in the solution decreases process effectivity
[94]. In another study, cellulose modified by diethylaminoethanol
formed diethylaminoethyl-cellulose (DEAE-cellulose) was used by
Cienska et al. for immobilization of tyrosinase. The authors report that
tyrosinase immobilized on modified cellulose exhibited good storage
stability and great reusability, and could be used in five subsequent cat-
alytic cycles without loss of the initial activity. Moreover, after binding
to the polysaccharide support, the negative effect of the toxic mixture
component was strongly limited and the catalytic properties of the
enzyme were retained at a high level [96]. Firooz and his team have
also modified cellulose surfaces for covalent immobilization of
tyrosinase. They used commercially available sheets of Whatman
paper and immersed the sheets in a solution of ethylenediamine or
propylenediamine to introduce amine groups. Laccase immobilized on
amine-functionalized cellulose paper exhibited even higher catalytic
activity – over 150% of that of free enzyme – under optimal pH (7.0)
and temperature (35 °C) conditions. Although immobilized laccase is
characterized by lower substrate affinity (higher value of Michaelis-
Menten constant) than free enzyme, it still seems to be a very promising
biocatalyst for degradation of dihydroxyphenylalanine (L-DOPA) [93]. It
should be stated that other forms of cellulose such as cellulose beads or
cellulose beads modified by carboxyl groups (carboxymethyl cellulose)
may also be used for immobilization of polyphenol oxidases. The
resulting systems could be further used for degradation of phenolic
compounds and synthetic dyes, with efficiencies of over 90% [95].

4.1.1.4. Other biopolymers. Other biopolymers, mainly polysaccharides,
may also be used for immobilization of laccases. A broad range of mate-
rials, including agarose, κ-carrageenan, gum Arabic and other natural
products such as coconut fibers or wood sawdust, can be used as sup-
port for oxidoreductase immobilization [97, 98, 115]. These materials
are known for their biocompatibility and high affinity for peptides,
which makes them useful for many practical applications, including
industrial processes with immobilized enzymes. Gioia and co-workers
applied thiolsulfinate-agarose for reversible covalent immobilization
of laccase from Trametes villosa. The great advantage of this support ma-
terial is that after enzyme inactivation using a reducing agent like
dithiothreitol (DTT), the biomolecules can be easily removed from the
support surface and the matrix can be used for the next cycle of
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immobilization. Presented results indicated that after 24 h of the
process at 22 °C and pH 4.8, it would likely be possible to remove over
80% of Remazol Brilliant Blue R from textile industry effluents [97].
In another study, Cristovao et al. used green coconut fiber modified by
3-glycidoxypropyl-trimethoxysilane for immobilization of laccase at
pH 7 for one-point and at pH 10 formultipoint covalent immobilization.
Comparison of the systems so obtained showed that conducting the
process under neutral pH resulted in production of biocatalyst with
higher activity and affinity to the substrates. Both biocatalytic products
were used for decolorization of reactive textile dyes such as Reactive
Black 5 and Reactive Blue 114. Over 90% of the dyes could be degraded
in the solution through use of the laccase-coconut fiber system [99].

4.1.2. Synthetic polymers
Besides many different organic materials of natural origin, synthetic

polymers of different sizes and shapes are also used for immobilization
of laccases, tyrosinases and peroxidases. Due to the presence of many
functional moieties in the structure of synthetic polymers, the creation
of relatively strong interactions has been observed between the
enzymes and the support. Polymers can be formed into various shapes
that are tailored to enzymes and products according to the particular
immobilization application. Additionally, due to their structure and
high stability, synthetic polymers usually protect biomolecules against
degradation and enhance their stability. One of the most frequently
used polymeric supports for environmental enzymes is polyvinyl alco-
hol (PVA). PVA is rich in hydroxyl groups, and is a strongly hydrophilic
material which may be easily modified to achieve a suitable enzymatic
matrix. For instance, PVA was used as fibers, beads or microspheres
for covalent immobilization of horseradish peroxidase and for entrap-
ment and encapsulation of laccase [100–102]. Chhabra and his team
entrapped laccase from Cyathus bulleri in polyvinyl alcohol beads for
degradation of azo-dyes in a continuous packed column. The biocata-
lytic system they thus obtained, in addition to retaining high activity
(over 90%), was characterized by good storage stability (70% after 5
months of storage at 4 °C) and reusability (over 90% of initial activity
after 5 days of the process). Continuous batch decolorization in a packed
bed bioreactor under optimal conditions led to nearly 90% decoloriza-
tion of Acid Violet 17, Basic Green 4 and Acid Red 27 [102]. Other
common synthetic polymersmight also be useful for enzyme immobili-
zation. Laccases and tyrosinases of different origin as well as lignin or
manganese peroxidases could be immobilized mainly by encapsulation
or covalent immobilization through use of polyacrylamide hydrogel,
polyacrylonitrile beads, poly-N-vinylpyrrolidone or epoxy activated
polyethersulfone beads. The produced biocatalytic systems have been
utilized for various environmental applications, but these systems are
most commonly applied for degradation of phenol and its derivatives
and to allow selected removal of environmental contaminants at rela-
tively high efficiencies. For example, Nicolucci et al. applied tyrosinase
immobilized on polyacrylonitrile beads to eliminate bisphenol A, B, F
and tetracholorobisphenol A. In a degradation process carried out in
bed reactor, a degradation of over 90% was obtained for each of the
tested endocrine disruptor [104]. In study by Shesterenko and
co-workers, tyrosinase from Agaricus bisporus was immobilized on
poly-N-vinylpyrrolidone and used for removal of phenol. After 1 h of
the process at 25 °C, total degradation of phenol was observed [105].
Polyamide in the form of a nylon membrane has also been applied for
immobilization of polyphenol oxidases. This solution not only increases
stability of the immobilized enzyme and permits continuous use of the
immobilized oxidase, but also limits inhibition of the biocatalyst due to
easy separation of the product from the reaction mixture. Nylon mem-
brane with loaded enzyme was used for continuous biodegradation of
phenol and its derivatives carried out in a bioreactor; the system has
potential as a biocatalyst for biotransformation of phenols or bioremedi-
ation of phenol-polluted water [108]. Supports based on polymeric
resins have been used to achieve multisubunit or multipoint immobili-
zation of enzymes. Application of multipoint immobilization is required
as its usually prevents biomolecule structure from denaturation, inacti-
vation and structural damage and therefore helps to maintain catalytic
activity at a high level. However, on the other hand might also leads
to creation of diffusional limitations due to the blocking of enzymes
active sites. Thus, Satoh et al. used a commercially available anion-
exchange resin for covalent immobilization of mushroom tyrosinase.
The immobilized enzyme exhibited high catalytic properties and stabil-
ity under reaction conditions as well as reusability, as indicated by
almost unaltered enzyme activity after five repeated catalytic cycles.
Furthermore, a column-packed reactor with immobilized tyrosinase
was used for effective degradation of p-cresol and allowed its removal
at an efficiency of around 80%. To achieve higher effectivity of reactor,
additional hydrogen peroxide supply must be ensured, that is the
main limitation of the presented concept [110].

According to the references presented above it can be concluded that
application of organic support materials for enzymes used for environ-
mental decontamination is quite popular. The great advantage of these
materials is that they can be used in different shapes (particles fibers),
forms (membranes, beads) and sizes. For instance, nylon membrane,
fibers obtained from green coconut and chitosan microspheres was
applied for covalent immobilization of polyphenol oxidase, laccase
from Aspergillus and lignin peroxidase from Coriolus versicolor, respec-
tively and used for removal of various pollutants, like p-cresol, Reactive
Black 5 or evenwastewaters aftermolasses conversion [77, 99, 108]. Bio-
catalytic systems obtained, irrespectively of the applied form of support
material, allowed degradation of over 80% of hazardous compounds. As
it was also presented above, alginate-based materials were employed
for entrapment of i.e. tyrosinase from Streptomyces espinosus, manganese
peroxidase from G. lucidum BL05 or horseradish peroxidase and used for
degradation of natural reactive dyes, phenol or pyrogallol [80, 82, 87].
Obtained removal efficiencies that exceed 75% proved versatility of
these materials as the support that could be used for immobilization of
different enzymes and applied for removal of various contaminants. On
the one hand the great variety of the enzymes could be immobilized,
but on the other hand high diffusional limitations and leakage of the bio-
molecules from the support limit higher biodegradation efficiencies.

It could be concluded that using organic support for immobilization
of oxidoreductases, there is some freedom in selection of attachment
technique, because all above-mentioned immobilization protocols,
that could be applied results in production of immobilized enzymes
characterized by improved thermal, chemical and operational stability.
Biocatalytic systems based on the organic matrices are employed for
degradation of a very large number of environmental pollutants, rang-
ing from synthetic and natural dyes, through phenol and its derivatives,
tomore complex compounds like pharmaceuticals. However, compared
to the synthetic polymers, application of biopolymers have received
wider consideration over the recent years. Several factors can justify
this fact. Among others, the presence of many functional groups, ability
to form various geometrical structures that increase protection of en-
zymes against the reaction conditions, biocompatibility, abundance in
nature and fact that they are renewable should be enumerated. We
believe that even though biopolymers, such as chitosan, alginates or cel-
lulose are commonly used as a carriers for enzyme immobilization,
thesematerials still have a great potential which can be used to develop
amultidisciplinary approach covering the areas of biocatalysis, environ-
mental protection and bioprocess engineering.

4.2. Inorganic materials

Besides the many organic materials presented above, inorganic
supports are also widely used for immobilization of enzymes for envi-
ronmental applications. Inorganic materials are suitable for enzyme
immobilization due to their exceptional mechanical and chemical sta-
bility and electrical properties and are known for their large specific sur-
face area, which may even be up to 1000 m2/g for silica SBA 15 [116],
porous structure, and controllable nanometer sizes similar to that of
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enzyme molecules [117, 118]. The great advantage of inorganic supports
in comparison to other materials is that they can be obtained relatively
cheaply and simply due to their abundant presence and usually non-
complicated synthesis procedure. Moreover, the presence of many
hydroxyl, carbonyl and carboxyl groups on the surface of the inorganic
carriers causes easier enzyme attachment and facilitates support
functionalization through the use of surface modifying agents like glutar-
aldehyde or 3-aminpropyltriethoxysilane (APTES) [119]. Thus, inorganic
materials are commonly used for immobilization of laccases, tyrosinases
and phenoloxidases. Selected examples of the various inorganicmaterials
of different origins and their application for immobilization of laccases,
tyrosinases and lignin,manganese and phenol oxidases to biodegrade en-
vironmental pollutants are presented in Table 3, followed by discussion.

4.2.1. Silicas
Silica in various forms and sizes is the most commonly used inor-

ganic support material for immobilization of oxidoreductases for envi-
ronmental protection. It should be stressed that the hydrophilic
character of the silica surface as well as presence of many hydroxyl
groups on its surface leads to immobilization of biomolecules not only
via adsorption [125] but also by creation of covalent bonds [123, 127]
and even by encapsulation [131]. Special attention should be paid to
multiplicity of forms of silica which could be exploited for immobiliza-
tion. For example, mesoporous, ordered silica at pore sizes of 14.1 nm
was used for immobilization of lignin peroxidase from Phanerochaete
chrysosporium. The resulting product was used for degradation of Acid
Orange II and removed over 75% of the dye from water solution [122].
In another study, Nair and co-workers used mesoporous silica spheres
with a high surface area for covalent attachment of laccase from
Coriolopsis gallica using glutaraldehyde as cross-linking agent. The bio-
catalytic system thus produced was characterized by high catalytic
activity (over 380 U/g) and allowed for effective biodegradation of
bisphenol A, diclofenac and 17-α-ethinylestradiol at efficiencies of
over 70% for each compound [124]. Laccase from Cerrena unicolor has
been covalently immobilized via glutaraldehyde on the surface of silica
beads at control porosity with a pore size at around 375 Å. Immobilized
enzymewasmore active than its free form over a wide pH range from 4
to 9 and at temperatures of up to 70 °C. The resulting systemswere used
for elimination of 80% of bisphenol A, 40% of nonylphenol, and 60% of
triclosan from water solution [129]. An interesting example of use of a
silica matrix for immobilization of enzymes was presented by Sani et
al. In their study, they used semi-transparent and fluffy powder of silica
aerogel with a surface area of around 600m2/g for encapsulation of ty-
rosinase. The structure of thematrix strongly reduced diffusional limita-
tion in transport of the substrates and as a result helped to retain high
catalytic activity by the immobilized biomolecules. Furthermore, leak-
age of tyrosinase from the carrier was reduced by its encapsulation in
the silica matrix which also protected tyrosinase from harsh reaction
conditions. This effects resulted in reusability of the produced system,
which after 10 repeated degradation cycles still retained over 70% of
the initial catalytic properties. The biocatalytic systemwas used for deg-
radation of phenol in water solution. After 3 h of biodegradation under
optimal conditions (pH 7, 30 °C), over 90% of the pollutantwas removed
[131]. In summary, oxidoreductases have thus been immobilized on
various types of silica supports and applied for biodegradation of a sev-
eral organic compounds ranging from phenol and its derivatives, and
endocrine disrupting chemicals, to synthetic and natural dyes, with
high efficiencies, usually over 80%. However, it also should be noticed
that the limitation of the silica-based materials is fact that whit out sur-
face modification, usually adsorption immobilization occurred. This re-
sults in enzyme leakage and decrease in catalytic properties.

4.2.2. Inorganic oxides
Besides silica, other inorganic oxides such as titania, zinc oxide,

alumina andmagnetic iron (II,III) oxide are also used for immobilization
of enzymes for environmental applications due to the presence ofmany
functional groups, mainly hydroxyl and carbonyl groups. These mate-
rials are known from their high surface area and defined porosity that
enhance attachment of a large amount of enzyme and increase catalytic
activity of the produced systems. The above-mentioned materials are
characterized by thermal, chemical and mechanical resistance, which
in comparison with free enzyme significantly extends the tolerated pH
and temperature ranges over which immobilized enzyme exhibits
high catalytic activity. For instance, laccase covalently immobilized on
alumina pellets exhibited over 80% of its catalytic activity at pH 4 to 6
and at temperature from 35 to 60 °C. By contrast, free laccase exhibited
its maximum activity only at pH 4 and temperatures of 35–45 °C [126].
Another advantage of the inorganic oxides is that they can be used
in various morphological forms. Hou and co-workers used titania
nanoparticles for adsorption immobilization of laccase from Trametes
versicolor and degradation of 2,4-dichlorophenol and 2,6-dime-
thoxyphenol. The produced biocatalytic systems, besides increases in
thermal and chemical stability, seemed to be effective tools for biodeg-
radation of disubstituted phenol derivatives. At pH 3.5 and 25 °C, over
85% of 2,4-dichlorophenol and over 60% of 2,6-dimethoxyphenol were
removed from water solution [133]. In this study higher degradation
rateswere unachievable due to the sorption of the phenols on the nano-
particles. In consequence, actives sites are overloaded by the substrate
molecules and catalytic efficiency decreases. In recent years magnetite
has become a very promising support material for enzymes due to its
magnetic properties and easy separation of the produced biocatalytic
systems from the reactionmixture using external magnetic field. For in-
stance, Balaji et al. used this material for covalent binding of laccase
using glutaraldehyde and further for decolourization of water solution
by removal of Reactive Green 19A dye. According to the presented
results, over 75% of the dye was removed by using the described biocat-
alytic system. Moreover, use of magnetic particles for laccase immobili-
zation significantly increased reusability of the biocatalytic system and
facilitated control of the technological process [138].

4.2.3. Minerals
Inorganicmaterials such asminerals are also used for immobilization

of oxidoreductases. The biggest advantage of these materials is that they
are abundant in nature and inexpensive. They offer high surface areas,
the presence of various functional moieties, high sorption capacity and
stiffness as well as high thermal stability and resistance against mechan-
ical destruction [151]. Various minerals, for example halloysite, kaolin,
clays or bentonite could be used for immobilization of laccases and
peroxidases. Due to good resistance of these supports, irrespectively of
the material used, the produced biocatalytic systems are characterized
by increase in their stability in comparison to free enzyme and are
known for their great reusability. For instance, Chao and co-workers
used halloysite nanotubes modified by dopamine for effective covalent
immobilization of laccase from Trametes versicolor. The support material
exhibited high loading ability to enzyme binding which facilitated the
attachment of almost 170mg of the peptide on 1 g of the support. This
biocatalytic system was used for biodegradation of 2,4-dichlorophenol
in waste water. Under optimal operational conditions, laccase bound to
halloysite nanotubes was able to remove over 90% of the pollutants in
10 h [139]. In another study, horseradish peroxidase was immobilized
by adsorption on the surface of aluminum-pillared interlayered clay for
the treatment of wastewater polluted with phenolic compounds. After
immobilization, the systemexerted a perfect removal of phenol products
over a broader pH range of 4.5 to 9.3 than the free biocatalyst was able to
achieve. Furthermore, addition of polyethylene glycol to the wastewater
was shown to significantly enhance phenol removal efficiency while
reducing the amount of immobilized enzyme required to achieve a
removal efficiency of over 90% [142].

4.2.4. Carbon-based materials
Special attention should be paid to carbon-based materials from

among the very wide range of inorganic materials used for



Table 3
Materials of inorganic origin used for immobilization of laccases, tyrosinases and lignin, manganese and phenol oxidases for biodegradation of various environmental pollutants.

Support material Enzyme Immobilization
technique

Contaminants Process
conditions

Removal
efficiency

Reference

Silica SBA-15 Laccase from Trametes versicolor Adsorption
immobilization

Naphthalene pH 4.5, 5 h 30% [120]

Nanoporous silica beads Laccase from Trametes versicolor Adsorption
immobilization

2,4-dinitrophenol pH 5, 50 °C,
12 h

<90% [121]

Mesoporous silica Lignin peroxidase from Phanerochaete
chrysosporium

Covalent
immobilization

Acid Orange II pH 4, 35 °C 77% [122]

Mesoporous silica Laccase from Cerrena unicolor Covalent
immobilization

Bisphenol A, 4-nonylphenol,
Triclosan

pH 5, 1 h 80%, 40%, 60% [123]

Mesoporous silica spheres Laccase from Coriolopsis gallica Covalent
immobilization

Bisphenol A, Diclofenac,
17-α-ethinylestradiol

pH 5, 25 °C 90%, 85%, 70% [124]

Mesoporous 2D silica Lignin peroxidase Adsorption
immobilization

Phenol pH 5, 25 °C 60% [125]

Macroporous silica Phenol oxidase from Mycelia sterilia IBR
35219/2

Covalent
immobilization

Phenolic compounds of
the green tea extract

pH 5.2, 30 °C 45% [126]

Fumed silica Laccase from Coriolopsis polyzona Covalent
immobilization

Bisphenol A pH 7.5, 24 °C,
72 h

80% [127]

Sol-gel silica Rot fungi laccase Adsorption
immobilization

2,4-dichlorophenol,
2,4,6-trichlorophenol

25 °C, 4 h 95%, 100% [128]

Silica beads Laccase from Cerrena unicolor Covalent
immobilization

Bisphenol A, Nonylphenol,
Triclosan

pH 5, 30 °C 80%, 40%, 60% [129]

Silica gel Tyrosinase from mushroom Adsorption
immobilization

Phenol pH 6.8, 72 h 58% [130]

Silica aerogel Tyrosinase Encapsulation Phenol pH 7, 30 °C,
3 h

90% [131]

Diatom-biosilica particles Tyrosinase from mushroom Covalent
immobilization

Phenol, p-cresol, Phenyl acetate pH 7, 35 °C,
12 h

84%, 74%, 90% [132]

Titania nanoparticles Laccase from Trametes versicolor Adsorption
immobilization

2,4-dichlorophenol,
2,6-dimethoxyphenol

pH 3.5, 25 °C 85%, 63% [133]

Titania nanoparticles Laccase Adsorption
immobilization

Direct Red 31, Acid Blue 92,
Direct Green 6

pH 3, 25 °C,
1 h

87%, 84%, 83% [134]

Zinc oxide Horseradish peroxidase Covalent
immobilization

4-aminoantipyrine pH 4.5, 35 °C, <95% [135]

Alumina pellets Laccase Covalent
immobilization

Melanoidins pH 4.5, 28 °C,
6 h

47% [136]

Alumina pellets Laccase from Trametes hirsuta Covalent
immobilization

Basic Red 9, Reactive Blue 19,
Acid Blue 225

pH 4.5, 30 °C 62%, 85%, 78% [137]

Magnetic nanoparticles Laccase Covalent
immobilization

Reactive Green 19A pH 5, 25 °C 75% [138]

Halloysite nanotubes Laccase from Trametes versicolor Covalent
immobilization

2,4-dichlorophen pH 5, 30 °C,
10 h

93% [139]

Kaolin Horseradish peroxidase Adsorption
immobilization

Pyrogallol, Acid Violet 109 pH 5, 24 °C,
1 h

70%, 87% [140]

Vulcanic nanoclay Manganese peroxidase from
Anthracophyllum discolor

Adsorption
immobilization

Pyrene, Anthracene,
Fluoranthene,
Phenanthrene

pH 4.5, 35 °C,
24 h

86%, 65%, 15%,
10%

[141]

Aluminum-pillared
interlayered clay

Horseradish peroxidase Adsorption
immobilization

Phenol pH 5, 25 °C,
4 h

<95% [142]

Carbon nanotubes Lignin peroxidase from Ganoderma
lucidum

Covalent
immobilization

Remazol Brilliant Blue R pH 3.5, 25 °C,
24 h

78% [143]

Multi-walled carbon
nanotubes

Laccase from Myceliophthora
thermophile

Covalent
immobilization

Reactive Black 5 pH 5, 25 °C,
24 h

84% [144]

Multi-walled carbon
nanotubes

Tyrosinase from Agaricus bisporus Covalent
immobilization

Phenol pH 7, 25 °C,
24 h

85% [145]

Carbon nanospheres Horseradish peroxidase Covalent
immobilization

2,4 dichlorophenol,
4-methoxyphenol,
bisphenol A

pH 7, 25 °C,
1.5 h

95%, 99%, 52% [146]

Mesoporous carbon from
pecan shells

Laccase from Trametes versicolor Adsorption
immobilization

Acid Orange 7, Acid Blue 74,
Reactive Red 2, Reactive Black 5

pH 6, 30 °C,
72 h

94%, 92%, 48%,
5%

[147]

Fullerene C60 Laccase from Trametes versicolor Covalent
immobilization

Bisphenol A, Catechol pH 5, 25 °C,
24 h

23%, 33% [148]

Porous glass beads Laccase from Trametes versicolor Adsorption
immobilization

Reactive Blue 19, Dispersed
Blue 3, Acid Blue 74,
Acid Red 27, Reactive Black 5

pH 5, 23 °C, 76%, 82% 82%,
27%, 10%

[149]

Nanoporous gold Lignin peroxidase from Phanerochaete
chrysosporium

Adsorption
immobilization

Fuchsine, Rhodamine B,
Pyrogallol Red

pH 7, 25 °C,
10 h

85%, 75%, 87% [150]
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immobilization of enzymes for environmental applications. Carbon-
basedmaterials are considered as a valuable support for enzyme immo-
bilization because they have well-developed porous structures with
pores of various size or volume and high specific surface areas (up to
1000 m2/g), which means that these materials have a large number of
contact sites on their surface for enzyme immobilization [152].
Carbon-based materials are also characterized by the presence of
many functional groups on their surface [153]. Single-walled and
multi-walled carbon nanotubes are those mostly used for covalent
immobilization of laccases and tyrosinases. Carbon nanotubes could sig-
nificantly enhance the electron transfer rate between substrates and
laccase and as a consequence increase the catalytic activity of the
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immobilized biomolecules. Additionally, through the creation of rela-
tively strong chemical interactions between enzyme and support, car-
bon nanotubes increase the stability of the immobilized biomolecule
towards harsh reaction conditions and enhance its reusability. In addi-
tion to carbon nanotubes, other materials such as carbon nanospheres
or mesoporous carbon materials may also be used for immobilization
of horseradish peroxidase or laccase [146, 147]. Subrizi and his team
used multi-walled carbon nanotubes functionalized by poly
(diallyldimethylammonium chloride) for covalent immobilization of ty-
rosinase from Agaricus bisporus. The obtained biocatalytic systemswere
used for degradation of phenol in aqueous media and removed of over
85% of phenol after 24 h of the process. It should be noted that
immobilized tyrosinase was also able to catalyze removal of phenol de-
rivatives of complicated chemical structure that react only to a small ex-
tent with the native enzyme [145]. Another example of carbon-based
materials for laccase immobilization is fullerene C60. It was used by
Pang et al. for covalent immobilization of laccase from Trametes
versicolor and applied for degradation of bisphenol A and catechol in
water solution. Though immobilized laccase, due to creation of diffu-
sional limitations, exhibited lower affinity to the substrate (higher
value of Michaelis-Menten constant), it could still be used for efficient
degradation of the pollutants under mild reaction conditions [148]. As
the above-mentioned materials exhibited a great variety of advantages,
it should be considered that their synthesis and production is usually
complex and expensive.

4.2.5. Other inorganic materials
It should be added that other inorganic materials such as porous

glass, calcium carbonate and noble metals can also be used for oxidore-
ductase immobilization. Due to inertness, large surface area and elec-
tronic properties which provide good electron transfer between the
enzyme and a substrate, noble metals such as gold can be used for en-
zyme immobilization for environmental protection. Moreover, through
the use of glass nanoparticles, biomolecules can be attached to the sup-
port homogeneously and retain their rigidity and catalytic activity [154].
Qiu et al. used nanoporous gold particles with pores of diameter around
40 nm for adsorption immobilization of lignin peroxidase from
Phanerochaete chrysosporium. Gold-bounded enzyme retained over
two times higher catalytic activity than free enzyme after incubation
for 2 h at pH 5 and 45 °C. The resulting biocatalytic system was used
for degradation of fuchsine, rhodamine B and pyrogallol red and re-
moved over 75% of each compound [150]. Highly viscous liquids such
as porous glass was used as beads for adsorption immobilization of
laccase from Trametes versicolor. The obtained biocatalytic system,
which was characterized by high thermal stability, was used in a
recirculating packed or fluidized bed reactor for decolorization of textile
dyes like Reactive Blue 19, Dispersed Blue 3, Acid Blue 74, Acid Red 27
and Reactive Black 5. After 30 min treatment in a fluidized bed reactor
at pH 5 and 23 °C, over 80% of the Dispersed Blue 3 and Acid Blue 74
were removed from textile industry wastewater [149]. The limitation
in this this studywas the adsorption binding of the enzyme, as in the re-
circulationmode of the reactor it caused leakage of the laccase from the
support.

As has been clearly shown, various inorganic materials including in-
organic oxides (mainly silica or titanium dioxide), minerals, noble
metals and carbon based materials, such as single- and multi-walled
carbon nanotubes, are the most commonly used for immobilization of
oxidoreductases for environmental applications. For example, laccase
was covalently immobilized onto the surface of alumina pellets and
multi-walled carbon nanotubes without any additional cross-linker
[137, 145]. Produced immobilized enzymes were applied for degrada-
tion of Reactive Black 5 and Reactive Blue 19 with removal efficiencies
exceed 85% and showed great reusability. These materials are known
for their thermal and pH stability, mechanical resistance and good oper-
ational stability. Some attention should also be paid to the possibility of
reuse of selected inorganic compounds after enzyme deactivation as a
result of their high stability. Following immobilization on the surface
of inorganic compounds, the range of pH and temperature over which
the immobilized enzymes could effectively be used is often extended.
For instance, laccase from Trametes versicolor or Coriolopsis polyzona
was immobilized onto the surface of titania nanoparticles, porous
glass beads or fumed silica, respectively [127, 133, 149]. Obtained sys-
tems were used for degradation of phenol derivatives and reactive
dyes over a broad range pH from 3.5 up to 7.5 that confirmed stabiliza-
tion of enzyme structure in both, acidic and base conditions. It also
should be added that inorganic support materials, due to their presence
in nature or easy preparation methodology are relatively inexpensive,
which increases their application possibilities. According to the studies
reviewed above, biocatalytic systems for removal of toxic compounds
produced on the basis of inorganic supports bring highly efficient bio-
degradation of endocrine disruptor chemicals or dyes. To support this
statement it could be presented, that various fungal laccases,
immobilized onto the surface of nanoporous, mesoporous and sol-gel
silica were applied for degradation of 2,4-dinitrophenol, 2,4,6-
trichlorophenol, bisphenol A, diclofenac or triclosan [121, 123, 128]. It
should be emphasized that silica is very versatile support material as
each of the produced biocatalytic system degraded over 85% of the
contaminant.

Factors such as high stability, mechanical resistance, the presence of
many functional groups, mainly hydroxyl, and abundance in nature
caused that inorganic materials as supports for oxidoreductases are
commonly used for environmental applications. Enzymes may be effec-
tively attached to these materials principally mainly via adsorption im-
mobilization due to the good sorption properties of these carriers.
However, the formation of covalent bonds due to the presence of
many functional groups, should not be excluded, which results in crea-
tion of stable and reusable biocatalytic systems. It has been shown that
immobilized oxidoreductases could be applied in large scale processes
for effective remediation ofwastewater contaminatedwith toxic pollut-
ants. However, in our opinion some operational parameters still needs
an improvement. Even so, due to the enhanced sensitivity and selectiv-
ity of the enzymes after immobilization using for instance noble metals
or materials that enhance transfer of the electrons, biocatalytic systems
containing oxidoreductases could be soon applied not only for environ-
mental protection, but also in biosensors to detect even trace amounts
of various compounds in effluents from industry or in human body
fluids.

4.3. Hybrid materials

As previously mentioned, composite and hybrid materials as sup-
ports for enzymes have attracted researchers' attention over the last
two decades. A combination of the properties of their precursors maxi-
mizes the benefits of these materials andmakes them suitable supports
for enzymes for many practical environmental applications. Many com-
ponents of both organic and inorganic origin have been combined to
create new supports for immobilization of oxidoreductases. Increases
in stability and reusability of the immobilized enzyme can be achieved
by the use of these types of matrices. Hybrid/composite support mate-
rials also protect biomolecules against denaturation and loss of the bio-
activity under reaction conditions. Moreover, the properties of these
support materials are usually designed for selected enzymes and the
technological process in which the product will be applied after immo-
bilization. An additional advantage of thesematerials is that due to their
properties they can be applied in all immobilization techniques [155].
Selected examples of the various hybrid and composite materials used
for immobilization of enzymes for environmental pollutants degrada-
tion are presented in Table 4, followed by comments.

4.3.1. Inorganic-inorganic hybrid materials
With regards to inorganic materials, mainly inorganic oxides such as

silica or zinc and titaniumoxide are used to produce hybrid supports for



Table 4
Hybrid and composite support materials used for immobilization of laccases, tyrosinases and lignin, manganese and phenol oxidases for biodegradation of various environmental
pollutants.

Support material Enzyme Immobilization
technique

Contaminants Process conditions Removal
efficiency

Reference

Macroporous SiO2/ZnO nanowires Horseradish
peroxidase

Covalent
immobilization

Acid Blue 113, Acid Black 10 BX pH 7, 25 °C, 35 min 95%, 90% [156]

Multi-walled carbon
nanotube/cordierite

Horseradish
peroxidase

Covalent
immobilization

4-aminoantipyrine pH 7, 25 °C, 1 h 96% [157]

Silica/magnetic/methacrylyol particles Laccase from Trametes
versicolor

Adsorption
immobilization

Methyl Red pH 6, 35 °C, 12 h 90% [158]

Cu2+/silica magnetic particles Laccase Covalent
immobilization

2,4-dichlorophenol pH 5, 25 °C, 12 h 100% [159]

Silica magnetic particles Laccase Covalent
immobilization

2,4-dichlorophenol pH 5, 35 °C, 6 h 85% [160]

Magnetic mesoporous silica
nanoparticles

Laccase from Trametes
versicolor

Covalent
immobilization

Phenol 25 °C, 40 h 90% [161]

Magnetic tubular mesoporous silica Laccase Covalent
immobilization

Methoxychlor pH 4.5, 35 °C, 10 h 69% [162]

Magnetic nanoparticles/graphene oxide
nanocomposite

Horseradish
peroxidase

Covalent
immobilization

2-chlorophenol, 4-chlorophenol,
2,4-dichlorophenol

pH 6, 25 °C, 3 h 82%, 52%,
33%

[163]

Carbon mesoporous magnetic
composites

Laccase from Trametes
versicolor

Covalent
immobilization

Phenol, p-chlorophenol pH 6, 45 °C, 12 h 74%, 82% [164]

Magnetic chitosan/clay beads Laccase from Trametes
versicolor

Covalent
immobilization

Phenol pH 5, 25 °C, 4 h 80% [165]

Superparamagnetic/chitosan
microspheres

Tyrosinase Covalent
immobilization

Phenol pH 7, 25 °C, 48 h 65% [166]

Cyanuric chloride/silica magnetic
nanoparticles

Tyrosinase Covalent
immobilization

2,2′-azinobis-(3-ethylbenzothiazoline-
6-sulphonic acid)

pH 7, 35 °C, 1 h 95% [167]

Chitosan/SiO2 gel Polyphenol oxidase
from potato

Covalent
immobilization

Phenol pH 7, 25 °C, 24 h 86% [168]

Chitosan/biomimetic silica
nanoparticles

Manganese peroxidase
from Phanerochaete
chrysosporium

Covalent
immobilization

2,6-dimethoxyphenol pH 4.5, 30 °C, 1 h 95% [169]

Chitosan/CeO2 microspheres Laccase from Trametes
versicolor

Covalent
immobilization

Methyl Red, Orange II pH 6, 25 °C, 9 days 83%, 93% [170]

Chitosan/clay composite Tyrosinase from
mushroom

Covalent
immobilization

Phenol pH 7, 25 °C, 6 h 100% [171]

Chitosan nanoparticles/glass beads Laccase
Paraconiothyrium
variabile

Covalent
immobilization

Congo Red pH 5, 40 °C, 15 min 98% [172]

Chitosan/polyacrylamide hydrogel Laccase from Trametes
versicolor

Encapsulation Acid Orange 7, Malachite Green pH 5, 25 °C, 6 h 70%, 97% [173]

Chitosan/alginate/magnetic capsules Tyrosinase from
mushroom

Encapsulation Phenol, Bisphenol A pH 6, 25 °C, 39 h 100%, 85% [174]

Magnetic Cu alginate beads Laccase from Trametes
versicolor

Encapsulation Triclosan, Remazol Brilliant Blue R pH 5.2, 25 °C, 8 h 89%, 76% [175]

Alginate/SiO2 gel Polyphenol oxidase
from potato

Entrapment Phenol pH 7, 25 °C, 8 h 90% [176]

Poly(acrylamide-crotonic acid)/Na
alginate

Laccase from Trametes
versicolor

Covalent
immobilization

Acid Orange 52 pH 4.5, 30 °C, 6 h 73% [177]

Poly(vinyl alcohol)/Ca alginate beads Manganese peroxidase
from Ganoderma
lucidum IBL-05

Entrapment Sandal reactive dyes, Textile
wastewater

pH 5, 25 °C 92%, 80% [178]

Polyamide 6/chitosan nanofibers Laccase from Trametes
versicolor

Covalent
immobilization

Bisphenol A, 17-α-ethinylestradiol pH 5, 37 °C, 6 h 92%, 100% [179]

Poly(2-chloroethyl acrylate)/zeolite
particles

Laccase from Trametes
versicolor

Covalent
immobilization

Reactive Red 120 pH 6.5, 35 °C, 3 h 100% [180]

Poly(acrylic acid)/SiO2 nanofibers Laccase Covalent
immobilization

Triclosan pH 4, 30 °C, 2 h 60% [181]

Graphene oxide/latex hydrogel Laccase Covalent
immobilization

Remazol Brilliant Blue R pH 4.5, 25 °C, 17 h 100% [182]

Cu
tetra-aminophthalocyanine/magnetic
nanoparticles

Laccase from
Pycnoporuss anguineus

Covalent
immobilization

2,2′-azinobis-(3-ethylbenzothiazoline-
6-sulphonic acid)

pH 3, 45 °C 100% [183]

Poly(4-vinyl pyridine)/Cu(II) magnetic
beads

Laccase from Trametes
versicolor

Adsorption
immobilization

Reactive Green 19, Reactive Red 2,
Reactive Brown 10

pH 5.5, 30 °C, 18 h 64%, 88%,
91%

[184]

Poly (p-phenylenediamine)/magnetic
nanocomposite

Laccase Covalent
immobilization

Reactive Blue 19 pH 4, 25 °C, 2 h 90% [185]

Poly(styrene-co-methacrylic acid)
nanofibers

Horseradish
peroxidase

Covalent
immobilization

o-methoxyphenol pH 5, 2 h 80% [186]

Poly(lactic-co-glycolic acid) nanofibers Laccase from Pleurotus
florida

Covalent
immobilization

Diclofenac pH 4, 30 °C, 5 h 100% [187]

Poly(acryl-amide) gel Manganese peroxidase
from Ganoderma
lucidum IBL-05

Entrapment Textile dyes pH 5.5, 30 °C <70% [188]

Poly(methyl methacrylate-co-glycidyl Laccase from Trametes Covalent Procion Red, Reactive Green 5, pH 4, 45 °C, 10 h 81%, 60%, [189]

(continued on next page)
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Table 4 (continued)

Support material Enzyme Immobilization
technique

Contaminants Process conditions Removal
efficiency

Reference

methacrylate) cryogel versicolor immobilization Reactive
Brown 10, Reactive Green 19, Cibacron
Blue F3GA, Alkali Blue 6B, Brilliant Blue
6

74%, 66%,
63%, 60%,
62%

Poly(vinyl
alcohol)/4-hydroxybenz-aldehyde
cinnamate

Horseradish
peroxidase

Covalent
immobilization

2,2′-azinobis-(3-ethylbenzothiazoline-
6-sulphonic acid)

pH 4.5, 25 °C 98% [190]
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oxidoreductase immobilization. Other oxides, minerals, carbon-based
materials and noble metal ions are also frequently involved in the de-
sign of the new supports. Inorganic-inorganic hybrids are usually char-
acterized by inertness, resistance against harsh reaction conditions and
goodmechanical stability. As a result, the immobilized enzymealso pos-
sesses improved thermal and chemical stability and its structure is
protected by the composite matrix from denaturation [181]. A great ad-
vantage of inorganic-inorganic hybrids is that they may be used in a
wide variety of shapes and sizes, such as nanoparticles, nanowires, fi-
bers, tubes and even as membranes [159, 160, 192]. Sun et al. used
macroporous SiO2/ZnO nanowires modified by diethylene glycol
diglycidyl ether for covalent immobilization of horseradish peroxidase.
The immobilized enzyme exhibited high activity in decolorization of
azo dyes, like Acid Blue 113 and Acid black 10 BX, and removed as
much as 95 and90% of these dyes, respectively. The support-bonded en-
zyme was able to remove over 90% of the selected dye from a solution
containing dye at over 50mg/L after b1 h. Furthermore, storage stability
and reusability of the immobilized biomolecule was significantly im-
proved in comparison with the free enzyme [156]. Special attention,
though, among others inorganic materials should also be paid to mag-
netic particles representing by i.e. magnetite. Biocatalytic systems
based on hybrids incorporating magnetic particles may be easily sepa-
rated from reaction mixtures by an external magnetic field. Magnetite
particles for immobilization of laccases and removal of phenol deriva-
tives have been combined with silica particles or mesoporous carbon
material [161, 164]. Superparamagnetic nanoparticleswere successfully
deposited on graphene oxide sheets by ultrasound-assisted co-precipi-
tation by Chang and his team. Synthesized material was then used for
immobilization of horseradish peroxidase and applied for batch biodeg-
radation of 2-chlorophenol, 4-chlorophenol and 2,4-dichlorophenol. On
the one hand, removal efficiency was strongly affected by the number
and position of electron-withdrawing substituents in the phenol ring,
but on the other hand also lack of proper hydrogen peroxide supplying
limit high removal rates. Nevertheless, the highest removal efficiency,
over 80%, was observed for 2-chlorophenol. The results presented by
these authors suggest that storage stability and tolerance to changes
in temperature and pH of the immobilized biomolecules were better
than for the free biomolecules [163].

4.3.2. Inorganic-organic hybrid materials
Though magnetite is often combined with inorganic moieties, it can

be also mixed with organic materials such as biopolymers, for example
chitosan or alginates [166, 175] as well as synthetic polymers like poly
(p-phenylenediamine) or poly(4-vinyl pyridine) [184, 185]. In a bench
studymagnetite nanoparticleswere combinedwith chitosan to increase
the bioaffinity of the hybrid and with clay to increase stability and me-
chanical resistance of the hybrid. The producedmaterial was applied for
covalent immobilization of laccase from Trametes versicolor. In compar-
ison to the free enzyme, the immobilized biomolecules exhibited im-
proved storage stability and better tolerance to changes in pH and
temperature, and retained over 70% of initial activity after 10 repeated
cycles. This biocatalytic system was then used for phenol degradation.
After 4 h of treatment under optimal conditions, about 80% of phenol
was removed from solution [165]. In another study, highly
biocompatible chitosan core alginate capsuleswere enriched bymagne-
tite nanoparticles and used for encapsulation of mushroom tyrosinase.
The biomagnetic capsules thus obtained showed great storage stability,
faster removal rate and greater reproducibility. This biocatalytic system
could be applied for remediation of phenol and bisphenol A from real
environmental water samples, because after 39 h of treatment of this
process, 100% and over 85%, respectively, of the two pollutants were de-
graded [174]. In work by Bayramoglu and co-workers, synthetic poly-
mer - poly(4-vinyl pyridine) was grafted on magnetic nanoparticle
beads. Next, the polymer was chelated by Cu(II) ions for adsorption im-
mobilization of laccase from Trametes versicolor and enhancement of the
catalytic activity of the enzyme. The biocatalyst thus producedwas used
in an enzyme reactor for degradation of three textile dyes - Reactive
Green 19, Reactive Red 2 and Reactive Brown 10 - in a batch system.
The described results show that immobilized laccase could successfully
remove the three test dyes from water solution at efficiencies of 64%,
88% and 91%, respectively. However, as themain factor that limit the de-
colorization rate was the chemical structure and type of substitute
group of the dye molecules [184]. Biopolymers can also be combined
with other inorganic materials to create suitable supports for immobili-
zation of enzymes for environmental applications. For instance, chito-
san was mixed with silica or cesium oxide, minerals or glass beads
[169, 170, 172], while alginate was combined with silica gel [176]. An
interesting example of the creation of inorganic-organic hybrids was
presented by Dincer and co-workers. They mixed clay with chitosan
and cross-linked hybrid material by glutaraldehyde to form beads that
were used for covalent immobilization of tyrosinase. The authors re-
ported high enzyme activity and loading efficiency due to the presence
of many functional groups in the structure of the support. The
immobilized tyrosinase was used for degradation of phenol inwater so-
lution. After treatment for 6 h at 25 °C andpH 7, all of the phenolwas re-
moved. The biocatalytic system was able to retain over 50% of its initial
activity after seven repeated tests [171]. In this study achievement of
the better reusability was limited by the inhibition and inactivation of
the enzymes over consecutive catalytic cycles. Besides biopolymers,
synthetic polymers may also be combined with inorganic components
to form suitable matrices for immobilization of enzymes for environ-
mental protection. For instance, poly(2-chloroethyl acrylate) was com-
binedwith zeolite particles, as latex hydrogel wasmixedwith graphene
oxide to formed nanobeads. Both hybrids were then used for immobili-
zation of laccase and applied for degradation of textile dyes with high
efficiencies [180, 182]. Xu et al. used mesoporous SiO2 nanofibers and
connected them with poly(acrylic acid). Finally, the hybrid system
wasmodified by vinyl groups to increase its affinity for laccase. The syn-
thesizedmatrixwas characterized by amesoporous structure (pore size
1.73–3.54 nm) and a high specific surface area (542.91 m2/g) which
allowed covalent bonding of about 420 mg of the enzyme per 1 g of
the support. The immobilized biomolecule exhibited better storage sta-
bility and higher tolerance to harsh pH and temperature conditions in
comparisonwith free laccase. The biocatalytic system, after 2 h of triclo-
san treatment, under optimal process conditions (pH 4, 30 °C) removed
around 65% of the pollutant from water solution [181]. The factor that
limit degradation efficiency might be an enzyme overloading, which
blocked active sites of the biocatalysts and decrease their activity.
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4.3.3. Organic-organic hybrid materials
When there is a need for materials with more sophisticated features

such as special reactive functional groups or unusual shape, polymers
can be fixed with biopolymers or other synthetic polymer. Synthesized
organic-organic hybrids due to the presence of biopolymers, such as cal-
cium or sodium alginate, are biocompatible and non-toxic, because the
presence of the polymers such as poly(acrylamide-crotonic acid) or
polyvinyl alcohol ensures stability, mechanical resistance and stiffness
of the hybrid support [177, 178]. Polyamide 6/chitosan nanofibersmod-
ified by using two different spacers (bovine serum albumin and
hexamethylenediamine) have been used for immobilization of laccase
from Trametes versicolor and applied for biodegradation of endocrine
disrupting chemicals like bisphenol A and 17-α-ethinylestradiol. The
resulting biocatalytic systems proved to be efficient not only in removal
of a mixture of the pollutants (92% of bisphenol A removal, total degra-
dation of 17-α-ethinylestradiol) but also showed great reusability. After
three treatment cycles, the initial activity of this system was unaltered
[179]. It should also be mentioned that hybrid supports built from two
synthetic polymers may be used for immobilization of various oxidore-
ductases. Synthetic polymer hybrids are formed by polymerization
using various monomers with desired properties. These materials
exhibit chemical and mechanical stability and possess many desirable
functional groups and are characterized by a large specific surface
area that allows a great number of biomolecules to be attached in a
stable way mainly via covalent bonds. For example, horseradish
peroxidase was immobilized on composite poly(vinyl alcohol)/
4-hydroxybenzaldehyde cinnamate or poly(styrene-co-methacrylic
acid) nanofibers [186, 190]. The produced biocatalytic systemswere ap-
plied for degradation of phenol derivatives and were able to remove
over 80% of the pollutants from water solution. But the limitation of
the presented biocatalytic system was covalent binding of the mole-
cules and disruption in the structure of the enzyme active sites. In
another study, Uygun and co-workers used poly(methyl methacry-
late-co-glycidyl methacrylate) cryogel for immobilization of laccase
from Trametes versicolor and degradation of textile dyes effluent. The
immobilized enzyme degraded up to 80% of the selected dye with
degree of degradation dependent on the chemical structure and molec-
ular mass of the pollutants [189]. Sathishkumar et al. applied poly(lac-
tic-co-glycolic acid) nanofibers for covalent immobilization of laccase
from Pleurotus florida. The obtained biocatalytic system was used for
biodegradation of diclofenac from aqueous sources. The results the au-
thors present demonstrated that the environmental pollutant could be
completely transformed into non-hazardous compounds. Moreover,
their biocatalytic system exhibited great reusability. After three reuse
cycles diclofenac was completely removed. Additionally, after addition
of syringaldehyde, reusability of the system was extended to six cata-
lytic cycles. The immobilized laccase had better storage, pH and thermal
stability than the free biocatalyst [187]. It should be also noted that
when synthetic polymer hybrids are used, entrapment also takes
place. For this reason poly(acryl-amide) gel was used for entrapment
of manganese peroxidase from Ganoder malucidum IBL-05. The
immobilized enzyme exhibited good storage stability and could retain
over 50% of initial activity after storage for twomonths at 4 °C. The ther-
mal stability of the immobilized peroxidase was also significantly
improved. After incubation for 72 h at 50 °C, the enzyme retained over
40% of its initial properties while the free biomolecule was completely
inactive. The immobilized catalyst was further used for removal of tex-
tile dyes from real water solutions [188].

As has been clearly demonstrated various types of hybrids and com-
positematerials can be applied for immobilization of enzymes for reme-
diation of parlous pollutants. It is becoming more and more common to
use thesematerials due to the possibility of designing their properties to
fulfill the requirements of the technological process and of the enzyme.
Precursor materials may be chosen to protect of the enzyme structure,
increase thermal and chemical resistance of the immobilized biomole-
cules as well as to improve their catalytic properties. For example,
carbon nanotubes could enhance transfer of the electron during cata-
lytic reaction as the addition of Cu2+ ions in general increases the cata-
lytic activity of the oxidoreductases. For example, copper ions were
incorporated into the structure of tetra-aminophthalocyanine/magnetic
nanoparticles and poly(4-vinyl pyridine)/magnetic beads. Hybrid sup-
ports were further used for covalent and adsorption immobilization of
laccase from Pycnoporuss anguineus and Trametes versicolor, respec-
tively. Produced immobilized enzymes were applied for degradation
of 2,2′-azinobis-(3-ethylbenzothiazoline-6-sulphonic acid) and reactive
dyes and allowed total removal of pollutants from water solution [184,
186]. Presented examples proved that addition of inorganic ions into the
structure of polymeric matrix could significantly improve removal effi-
ciency. Other precursor materials are chosen in order to improve oper-
ational control of the remediation process. For instance, magnetic
nanoparticles make separation of the immobilized enzyme from reac-
tionmixture fast and simple as inorganic oxides ensure highmechanical
stability of the biocatalytic system and its reusability. Application of the
hybrid supports for enzymes and their use in bioremediation of envi-
ronmental pollutants, such as phenol and its derivatives, dyes and
even estrogens from wastewater, results in high efficiency of the
removal process. Pollutants like 2,4-dichlorophenol was efficiently
removed by laccase covalently immobilized on silica magnetic particles
and Cu2+/silica magnetic particles [159, 160] as organic dye Reactive
Green 19 was degraded with efficiency exceed 65% by laccase from
Trametes versicolor immobilized on poly(4-vinyl pyridine)/Cu(II)
magnetic beads or poly(methylmethacrylate-co-glycidylmethacrylate)
cryogel [184, 189]. Undesirable compounds are effectively trans-
formed into non-hazardous products, under mild conditions, whilst
immobilized enzymes retain their high catalytic activity over
repeated reaction cycles. Hybrids and composite materials can be
formed into the shape that will be most suitable for the process.
Therefore all techniques of immobilization may be used for immobi-
lization of laccases of various origins, and for tyrosinases or peroxi-
dases. However, note should be stated that proper selection of the
immobilization technique is required to avoid diffusional limitations
and enzyme inactivation. Hybrid support of inorganic-inorganic,
organic-organic and mixed inorganic-organic origin, like magnetic
nanoparticles/graphene oxide nanocomposite, chitosan/polyacryl-
amide hydrogel and alginate/SiO2 gel were applied for covalent
immobilization of horseradish peroxidase, encapsulation of laccase
from Trametes versicolor and entrapment of polyphenol oxidase,
respectively [163, 173, 176]. Immobilized enzymes were then used
for degradation of phenol and its derivatives and organic dyes with
removal efficiencies around 80% that proved versatility of the hybrid
materials. However, higher degradation rate is limited by the diffu-
sional limitations of reaction mixture.

Irrespectively of the origin of precursors, properties of the hybrid
and composites materials could be tailored to meet the requirements
of the enzymes and the process, making these materials particularly
interesting as support for immobilization. Therefore, we strongly sug-
gest more advanced research related to the application of the above-
mentioned materials as a carriers for oxidoreductases which should
result in formation of active biocatalytic systems for removal of hazard-
ous compounds with high efficiencies despite the fact that they are
expensive and methodology for their synthesis is usually complicated.
We also believe that hybrid and composite materials has continued to
grow during recent years, as these materials are also particularly inter-
esting in terms of potential for further exploitation. In the near future,
hybrid and composite supports materials could be used for immobiliza-
tion of enzymes for production of highly sensitive biosensors, as well as
for efficient, more specific and “cleaner” catalysts in chemicals synthe-
sis, ormight evenfindapplication in clinicalmedicine. It should bemen-
tioned that hybrids materials could be also used as an efficient and
stable support for co-immobilization of enzymes and application of
the resulting biocatalytic systems in multienzymatic bioconversion
processes.
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5. Effect of supportmaterials and immobilization technique on sub-
strates accessibility

As it was previously stated, laccases and tyrosinases requiredmolec-
ular oxygen as a substrate that is reduced towater during catalytic path-
ways of these enzymes [191, 192]. Similarly, peroxidases (LiP, MnP,
HRP) need hydrogen peroxide, that during reaction is also reduced to
water. The catalytic mechanismof laccases, tyrosinases and peroxidases
differ from each other, but accessibility of the molecular oxygen and
hydrogen peroxide, beside availability of phenolic substrates, is a key
factor that limits catalytic efficiency of the immobilized oxidoreductases
[193, 194].

To ensure high exposition of the enzyme active site for contact with
substrates, proper selection of immobilization protocol has to be done.
For instance, in case of adsorption immobilization by limited number
of formed interactions, interference in the structure of the enzyme
and amino acids rearrangements is reduced, as it facilitates easy binding
of O2 or H2O2. In contrast, covalent binding of the biocatalysts usually
disrupts the structure of enzyme and its catalytic site, whatmakes inter-
actions with reducing substrates more difficult. Enzymes immobilized
by encapsulation or entrapment are usually physically locked into the
matrix that limits structural changes of the biomolecules. But on the
other hand, significant diffusional limitations occurs that reduce effi-
cient transfer of substrates and decrease catalytic activity [195]. To sup-
port this statement some examples are presented below. For instance,
fungal laccases were immobilized by adsorption, covalent binding and
entrapment, using supports of organic origin, and applied for degrada-
tion of reactive dyes. Acid Orange 7 was almost totally removed from
water solution by adsorbed enzyme, as 80% of Reactive Yellow 15 and
about 50% of Remazol Brilliant Blue R were degraded by laccase
immobilized by covalent binding and entrapment, respectively [76, 99,
147]. Different values of removal efficienciesmight be explainedmainly
by various immobilization strategies and related to this different diffu-
sional limitations, which are the lowest in adsorption immobilization
and the highest in encapsulation due to enzyme surrounding by the
support layer. Formed diffusional limitations strongly influence accessi-
bility of the molecular oxygen and hydrogen peroxide to the active site
Synthetic polymers
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procedure 
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Fig. 4. Summary of advantages and disadvantages of supp
of the enzymes and in consequence affect effectivity of biodegradation
[196, 197].

When the supply of the oxygen or hydrogen peroxide is hindered,
mesoporous materials at highly ordered structure of pores should be
use, while they enable ease penetration of the oxygen or hydrogen
peroxide molecules. In consequence higher removal efficiencies might
be achieved using these materials. That proves, that application of vari-
ous matrix for immobilization of the same enzyme could results in dif-
ferent degradation values and indicates that structural composition
and properties of support material affect accessibility of O2 or H2O2.
Although most of the bioremediation processes using immobilized
oxidoreductases are carried out without additional supply of reducing
substrates there is a room for improvements leading to the higher
robustness of the enzymes and cost reduction. For instance, some addi-
tional process like bubbling, oxygenation, aeration and even simple
shaking could be applied to increase accessibility of the reducing
substrates for immobilized enzymes.
6. Summary and comparison of the support materials of various
origin

In the presented study it has been clearly shown that many various
materials of organic, inorganic and hybrid/composite origin could be
efficiently applied for immobilization of oxidoreductases for environ-
mental application. The most important advantages and disadvantages
of each type of the support materials were briefly summarized and are
presented in Fig. 4.

The multiplicity of the possible supports caused that their proper
selection is strongly governed by the type of the enzyme, immobiliza-
tion technique and undesirable compound that has to be removed.
For instance for immobilization of laccase from Trametes versicolor,
themost commonly applied oxidoreductase for environmental applica-
tion, materials of different hydrophilicity and functional moieties (–OH,
–NH2, C=O) of organic, inorganic and hybrid origin, such as chitosan
and poly(vinyl alcohol) capsules [76, 101], mesoporous silica and
Fullere C60 [121, 148] as well as magnetic chitosan/clay beads or poly
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(4-vinyl pyridine)/Cu(II) magnetic beads [165, 184] were applied. Also
mushroom tyrosinase was immobilized using wide range of support
materials, such as cellulose paper [83], silica gel [130] and chitosan/
clay and chitosan/alginate magnetic capsules [171, 174]. Obtained bio-
catalytic systems were applied for degradation of synthetic and natural
dyes and phenol and its derivatives with removal efficiencies usually
higher than 80%, which proves that immobilized oxidoreductases are
stable, irrespectively of the origin of support material. More attention
should be paid on immobilization of laccase and tyrosinase on hybrid
supports, such as poly(4-vinyl pyridine)/Cu(II)magnetic beads and chi-
tosan/alginate magnetic capsules by adsorption and encapsulation, re-
spectively. Immobilized laccase was used for degradation of Reactive
Brown 91 and removed over 90% of the dye [184] as encapsulated tyros-
inase degraded about 85% of bisphenol A fromwater solution [174]. Pre-
sented results prove that immobilized enzymes not only retain their
robustness but also might be easily separated from reaction mixture
by addition of magnetic particles. That suggest that hybrid and compos-
ite materials might be interesting for immobilization of laccases and
tyrosinases and their practical application on larger scale for bioremedi-
ation of pollutants. Although various supports could be used for immo-
bilization of laccases, tyrosinases and peroxidases, during selection of
the specific material for practical applications mainly its accessibility
and costs of its obtaining, purification and synthesis should be taken
into account. Also high stability in harsh process conditions and me-
chanical resistance are a crucial factors determining selection of the car-
rier for immobilization of oxidoreductases. As inorganic carriers and
biopolymers seems to be particularly interesting from the point of
viewof economyand stability, hybrid and compositesmaterials are out-
standingly attractive because they might be tailored and produced to
enhance catalytic activity of the immobilized enzymes and in conse-
quence to improve efficiencies of the processes carried out.

As it was previously mentioned, immobilization methodology also
strongly influence the selection of enzyme support. Highly porousmate-
rials, at high specific surface area facilitate adsorption immobilization
and enhance attachment of greater amounts of enzyme. As an example,
chitosan beads, titania nanoparticles, mesoporous carbon and silica/
magnetic/methacrylyol particles should be enumerated [78, 133, 147,
158]. Thesematerials were used for immobilization of laccase, tyrosinase
and even lignin peroxidase and applied for removal of mainly dyes and
phenol from water solutions with removal efficiencies not exceeding
90%. This might be related to the binding of great amount of enzyme,
which might leads to biomolecules overcrowding and in consequence
decrease in catalytic activity [196]. On the other hand, immobilization
of oxidoreductases on materials with numerous of functional groups fa-
cilitate covalent immobilization and multipoint attachment of the en-
zyme molecules. That is preferred in terms of improving stability of
immobilized enzyme, however might also lead to creation of diffusional
limitations in transport of substrates. From that point of view, particu-
larly interesting are hybrid materials, such as magnetic chitosan/clay
beads and poly(lactic-co-glycolic acid) nanofibers that were used for
covalent binding of laccase from Trametes versicolor and applied for deg-
radation of phenol and diclofenac, respectively [165, 187]. Even taking
into account diffusional limitations, stability of the enzyme was signifi-
cantly improved and allow total removal of phenol and diclofenac from
the tested solution. Inorganic materials such as mesoporous silica
spheres and halloysite nanotubes [124, 139] and organic carriers of nat-
ural origin like chitosan or coconut fibers could be applied for covalent
immobilization [75, 99]. The above-mentioned supports were used for
immobilization of all reviewed oxidoreductases and applied for biodeg-
radation of synthetic and natural dyes, pharmaceuticals and phenols
usually with efficiencies exceeding 80%. However, it should be empha-
sized that inorganic and organic materials for covalent attachment of
the enzyme usually require intermediate agents, such as glutaraldehyde,
that facilitate creation of covalent bonds. For immobilization of oxidore-
ductases also encapsulation and entrapment are applied. As supports for
these techniques of immobilizationmainly alginates-basedmaterials are
adapted due to their remarkable abilities for gelation under mild condi-
tions and high operational stability [78–91]. Also poly(vinyl alcohol)
beads, silica aerogel and hybrid chitosan/polyacrylamide hydrogel were
used for encapsulation of laccases and tyrosinases [102, 131, 173]. For
instance laccase was immobilized by encapsulation into chitosan beads
and by entrapment into copper alginate beads and they were applied
for degradation of Indigo carmine [79, 91]. Both biocatalytic systems
allowed total degradation of the dye, but addition of copper ions into
alginate beads increased activity of the laccase and caused that degrada-
tion process was four times shorter and was carried out in milder
temperature conditions (30 °C) as compared to chitosan beads (37 °C).
It is our belief that among the existing immobilization protocols, two
approaches are of particular interest. Firstly, immobilization of oxidore-
ductases in thewaywhere interference in the enzyme structure is highly
limited as it results in no conformational changes in the biocatalysts
structure and retention of high catalytic properties. The second approach
is a multipoint immobilization of the enzyme. As a result biomolecule is
permanently attached to the support material that results in the
improvement of the reusability of the immobilized biocatalysts. How-
ever, we would like to emphasize that selection of the most suitable im-
mobilization protocol is governed mainly by the type of the support and
practical requirements for the biocatalytic system.

Irrespectively of the origin, support materials could be applied for
biodegradation of the same type of the persistent pollutants. For
instance, fungal laccases covalently immobilized using mesoporous sil-
ica and polyamide/chitosan composite [123, 179] as well as mushroom
tyrosinase immobilized by entrapment using silica alginate and by cova-
lent binding on polyacrylonitrile beads [85, 104] were applied for reme-
diation of bisphenol A. Removal efficiencies ranging from 80%
(mesoporous silica) up to 92% (composite support) were noticed for
immobilized laccase as for tyrosinase it was 35% (silica alginate) and
90% (hybrid support). On the other hand, synthetic dyes could be
efficiently removed by oxidoreductases immobilized using wide range
of support materials. For example, for remediation of synthetic dye
Remazol Brilliant Blue R, laccase immobilized by covalent binding on
gum Arabic and graphene oxide/latex hydrogel and encapsulated into
magnetic Cu alginate beads were applied [97, 175, 182]. The remedia-
tion efficiencies varied from 80% (gum Arabic) to 100% (hybrid mate-
rial) for covalently immobilized enzyme. In case of encapsulated
laccase, mainly due to the occurrence of diffusional limitations, biodeg-
radation efficiency reached 76% and even the presence of copper ions in
the supportmaterial did not improve performance of the process. These
data clearly shows that porosity of the support material, type of surface
functional groups and immobilization technique strongly affect degra-
dation process of bisphenol A and Remazol Brilliant Blue R.

Many studies from research laboratories showpromising early stage
proof-of-concept results for application of oxidoreductases for environ-
mental application, however, they suffer because there is a significant
lack of work targeting the whole chain including production costs of
the immobilized enzymes, any scale-up advantages of manufacturing
of matrices and biocatalytic systems, as well as presenting their storage
stability and practical implementation. Also broader comparison of sev-
eral different types of immobilized enzymesystems, for example laccase
systems that have broad substrate selectivity, are warranted. Presented
studies and their limitations show that the time is now ripe for moving
to the next level of multidisciplinary assessment and there is a need to
involve the companies and environmental agencies in the research as
they should help to overcome various practical limitations. As the re-
sults of these studies we should obtain immobilization protocols
allowing production of universal biocatalytic systems for degradation
and remediation of hazardous pollutants.

7. General summary and remarks

In recent years, environmental pollutants such as synthetic and nat-
ural dyes, pharmaceuticals and phenol and its derivatives have become
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a very serious problem that needs to be solved to minimize the direct
threats posed by these compounds to the health and life of living organ-
isms. One possible way to remove hazardous contamination from
wastewater and soils is their biodegradation using enzymes. It has
been shown that phenyloxidase enzymes, such as laccase, tyrosinase
or lignin, manganese and horseradish peroxidases, as a members of ox-
idoreductase catalytic class, may catalyze oxidation and transformation
of numerous persistent compounds into non-toxic derivatives. These
processes were usually carried out without addition of cofactors or me-
diators except molecular oxygen or hydrogen peroxide, which are
widely available. The studies reviewed here can lead to a better under-
standing of enzymatic biodegradation and illustrate the following ben-
efits of oxidoreductase enzymes:

(i) biodegradation processes may be carried out in highly efficient
way under mild conditions,

(ii) removal of environmental contaminants is possible without use
of toxic solvents or high energy consumption, in accordance
with the rules of green chemistry,

(iii) remediation of pollutants may usually be carried out in more
cost-effective way, without the need for advanced equipment,

(iv) conversion of hazardous compounds into their non-toxic deriva-
tives may be achieved.

Despite the many promising results, it is evident that more research
is needed to clarify the levels of different pollutants and residual phar-
maceuticals locally, particular near industrial area and near hospitals.
Next, a much better understanding of the competitive kinetics of differ-
ent substrates on enzymatic removal by oxidoreductases, such as
laccases or tyrosinases is clearly missing. Lastly, durability and robust-
ness of different types of enzymes in genuine application environments
should be assessed. This review also shows the need for larger compar-
ative application trial among different types of enzymatic options for
removal of pharmaceutical residues in particular.

It should further be pointed out that the immobilization process is
frequently applied to increase stability of the enzymes and enhance
their reusability as well as to create insoluble biocatalyst that may be
reused. Here we have summarized and reviewed materials and their
properties that could be used as supports in immobilization of enzymes
for environmental applications. As we have described, materials of both
organic and inorganic origin aswell as hybrids and composites supports
have been be applied for immobilization of oxidoreductases. We have
also reported the key factors that determine selection of the support
for immobilization of enzymes for contaminants removal as being the
following:

(i) the presence of numerous functional groups for effective enzyme
binding,

(ii) good sorption properties,
(iii) good thermal and chemical resistance and mechanical and oper-

ational stability.

However, materials with desired properties that increase activity
and stability of the immobilized biocatalysts have also been examined.
Furthermore, we have summarized the possible ways to perform the
biodegradation processes and possibilities for increasing their
efficiency.

Thus, our aim has been to review support materials that may be
applied for immobilization of enzymes for environmental applications
and show how these materials affect catalytic activity and stability of
the biocatalysts. We wanted to present criteria for selection of support
materials to produce biocatalytic systemswhich have excellent catalytic
properties and good stability for use in modern remediation of undesir-
able pollutants from domestic and industrial wastewaters. Information
presented in this review could form a basis for evaluation of a novel,
highly efficient detoxification process conducted undermild conditions,
without utilization of a hazardous reagents, in accordancewith the rules
of green chemistry.

While applications of immobilized laccases have been well studied,
only few previous studies have dealt with the efficient use of other
oxidoreductases for environmental protection. The information
displayed on this review confirms that tyrosinases, and peroxidases
such as horseradish, manganese and lignin peroxidase show promise
as efficient treatments for removal of hazardous pollutants after immo-
bilization, even at industrial scale. The main challenge to this respect is
to build systems able to operate in continuous mode, so the operational
costs of such bioremediation processes can be reduced. Additionally,
further studies on the role of these enzymes on the removal of other
compounds such as hormones or antibiotics will have to be also
addressed in future studies.
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A B S T R A C T

In the modern era, the use of sustainable, environmentally friendly alternatives for removal of recalcitrant
pollutants in streams resulting from industrial processes is of key importance. In this context, biodegradation of
phenolic compounds, pharmaceuticals and dyes in wastewater by using oxidoreductases offers numerous ben-
efits. Tremendous research efforts have been made to develop novel, hybrid strategies for simultaneous im-
mobilization of oxidoreductase and removal of toxic compounds. The use of support materials with the options
for combining enzyme immobilization with adsorption technology focused on phenolic pollutants and products
of biocatalytic conversion seems to be of particular interest. Application of enzymatic reactors based on im-
mobilized oxidoreductases for coupling enzyme-aided degradation and membrane separation also attract still
growing attention. However, prior selection of the most suitable support/sorbent material and/or membrane as
well as operational mode and immobilization technique is required in order to achieve high removal efficiency.
Thus, in the framework of this review, we present an overview of the impact of support/sorbent material on the
catalytic properties of immobilized enzymes and sorption of pollutants as well as parameters of membranes for
effective bioconversion and separation. Finally, future perspectives of the use of processes combining enzyme
immobilization and sorption technology as well as application of enzymatic reactors for removal of environ-
mental pollutants are discussed.

1. Introduction

The total amount of active pharmaceutical ingredients used in the
medicine has exceeded 100,000 tons per year (Weber et al., 2016). This
number includes antibiotics, anti-inflammatory drugs, pain killers and
contraceptive hormones, and it is known that many of these substances
are introduced into the environment (Kümmerer, 2009). Another group
of pollutants includes dyes, colorants and pigments which are used in
various industrial sectors, such as textiles, food and other consumer
goods, in the amount of approx. 105 tons per year (Vikrant et al., 2018)
and are also commonly released into the environment. Consequently, the
risk of water pollution with such compounds is high and there are no
signs that this problem is decreasing. The reported values of specific
phenolic compounds, pharmaceuticals and dyes in aqueous environ-
mental systems such as hospital wastewaters, industrial effluents, surface
water, ground water and even seawater are scarce, but usually are

within the range from ng/L to μg/L for pharmaceuticals (Heberer, 2002;
Cruz-Morato et al., 2014) and to mg/L and even g/L for dyes (Li et al.,
2017; Vikrant et al., 2018), with large variations depending on the type
of substance, type of effluent and sampling places as well as the type of
the water reservoir (ground water, surface waters or wastewaters) which
contributes to a global scale of the problem (Table 1). These pollutants
may negatively affect living organisms as well as the ecosystem, thus
there is a need to remove them from the environment in order to ensure
a healthier and more sustainable development (Lonappan et al., 2016;
Rasheed et al., 2019). Data regarding the type, structure and level of the
selected examples of pharmaceutical environmental pollutants collected
from various reports was presented in Table 1.

Despite their highly diverse uses, the chemical structures of phenols,
dyes and pigments as well as some key antibiotics, pain kilers and
contraceptive hormones are similar in the sense that the majority of
compounds, but not all, contain a phenolic group in their chemical
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structure (Anku et al., 2017). As discussed below, phenolic compounds
and non-phenolic pharmaceuticals are target substrates for several
natural enzymes, which is why enzymatic conversion can be crucial for
the removal of these diverse compounds from the environment (Ba and
Kumar, 2017). Biodegradation with the use of enzymes seems to be a
promising strategy to control the level of dyes as well as pharmaceutical
pollutants and their derivatives in waters and soils, mainly because
enzymes are characterized by distinct selectivity and can catalyze tar-
geted conversion reactions. Inspection of the discussed data infers that
the reduction of the quantities of pharmaceutical residue compounds
present in the environment, particularly in wastewaters, is an important
environmental challenge (Ba et al., 2013; Barrios-Estrada et al., 2018a;
Zdarta et al., 2018a). However, it should be clearly stated that enzymes
cannot be used for detoxification of raw wastewater due to the high
content of organic and inorganic substances, which should be treated
before the recalcitrant phenols or pharmaceuticals. Thus, only properly
pretreated wastewater, without interferents and lower concentration of
pollutants, can be treated by oxidoreductases in order to remove toxic
compounds.

Enzymes which belong to the oxidoreductase class (EC 1.x.x.x,
where 1 denotes type of the catalytic group and type of catalyzed re-
action [redox - oxidation/reduction reactions for oxidoreductases], the
second and the third x denote the enzyme’s sub-class and sub-sub-class,
respectively, and describe the reaction with respect to the compound,
group, bond or product involved in the process, and the final x indicates
the position in the sub-sub class and denotes specific metabolites and
cofactors involved), such as tyrosinases, laccases and peroxidases
(Table 2) are increasingly investigated as green biocatalysts for the
removal of hazardous compounds, including phenol and its derivatives,
synthetic and natural dyes, pharmaceuticals and even hormones
(Cabana et al., 2009a, 2009b; Bilal et al., 2017a; Skoronski et al., 2017;
Bilal et al., 2019a; Costa et al., 2019). The oxidoreductases are gen-
erally known for their high specificity constants, however, they vary
depending on the type of enzyme, its origin and type of the substrate
(Baldrian, 2005). This means that these enzymes can not only effi-
ciently convert the above-mentioned compounds, but also exhibit high
affinity to the pollutants. This is particularly important due to the low
concentrations of phenols and their derivatives in wastewater. Notably,

Table 1
Selected examples of the various types of pharmaceutical environmental pollutantsa.

Type Compound Base chemical structurea Levels reported in
environment

References

Antibiotics Example: Tetracyclin Wastewaters: 280–540 ng/L
Ground waters: 4.4–9.3 ng/L
Surface waters: 5.7–8.7 ng/L

(Javid et al., 2016)

Pain killers Example: Paracetamol Wastewaters: 120–900 μg/L
Ground waters: 4.4/–30 ng/L
Surface waters: 0.3–4.5 μg/L

(Cruz-Morato et al., 2014; Sousa et al., 2016; Rivera-Jaimes
et al., 2017)

Antidepressants Example: Carbamazepine Wastewaters: 0.5 μg/L
Ground waters: N/A
Surface waters: up to 1.8 μg/
L

(Cruz-Morato et al., 2014, Sousa et al., 2016)

Anti-inflammatories Example: Naproxen Wastewaters: 13 μg/L
Ground waters: N/A
Surface waters: up to 1.6 μg/
L

(Cruz-Morato et al., 2014, Sousa et al., 2016)

Contraceptive hormones/
estrogenes

Example: Estradiol Wastewaters: 6.2–42.2 ng/L
Ground waters: 2.5 ng/L
Surface waters: 1–22 ng/L

(Adeel et al., 2017)

N/A – not available
a Several other pharmaceuticals do not contain a phenolic group, but some of their impurities do e.g. p-salicylic acid and 4-hydroxy iso-phthalic acid, which are

impurities of acetylsalicylic acid (aspirin). No immediate data are available on their occurrence in the environment.
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laccases (EC 1.10.3.2, where 10 denotes acting on diphenols and related
substances as donors, 3 denotes reaction with oxygen as acceptor and 2
indicates second place in this sub-sub group), which are produced by
both fungi and bacteria, can catalyse the conversion and hence “de-
struction” of many of the above-mentioned compounds via their ability
to catalyse the oxidation of phenolic OH-groups during the reduction of
oxygen to water (Lloret et al., 2013a, 2013b, 2013c; Tavares et al.,
2017). The main substrates of the laccases include monophenols,
polyphenols, methoxy-substituted phenols as well as aromatic amines
and diamines. On the other hand, tyrosinases (EC 1.14.18.1, where 14
denotes acting on paired donors, with incorporation or reduction of
molecular oxygen, 17 indicates acting with another compound as one
donor, and incorporation of one atom of oxygen and 1 indicates first
place in this sub-sub group) possess the narrowest substrate specificity.
They are mainly active in case of phenols and catechols, if they do not
bear electron-withdrawing substituents and O2 molecules required for
catalytic action. However, their mechanism is different compared to
that observed for laccases. The oxidation process catalysed by tyr-
osinases generates ortho-quinones (Land et al., 2003), whereas the
conversion with the use of laccases generates mainly reactive phenoxy
radicals as intermediate products (Bronikowski et al., 2017). Regard-
less, oligomers and polymers are formed as the products of the oxida-
tion of phenolic compounds in case of both enzymes. On the other
hand, horseradish peroxidase (EC 1.11.1.7), manganese peroxidase (EC
1.11.1.13), and lignin peroxidase (EC 1.11.1.14) where 11 denotes
acting on a peroxide as a separate acceptor, 1 denotes use of peroxides
as substrates and 7, 13 and 14 indicate the place of these enzymes in the
sub-sub group, are characterized by different substrate specificity.
These enzymes exhibit activity towards phenolics, aromatic amines and
also non-phenolic compounds with various efficiency and require hy-
drogen peroxide which is reduced to water during the catalytic con-
version of phenolic compounds. For instance, horseradish peroxidase is
a heme-containing enzyme which catalyses the oxidation of phenolic
acids, aromatic phenols and non-aromatic amines. Manganese perox-
idase can catalyse the oxidation of a wide spectrum of phenolic com-
pounds, different mono- and dimeric phenols, and even dyes. Mean-
while, lignin peroxidase oxidizes a wide range of aromatic phenolic and
non-phenolic compounds as well as other organic substances, such as
xenobiotics (Bilal et al., 2019b). Nevertheless all of the above-men-
tioned biocatalysts possess a high biotechnological potential and sev-
eral reports confirm their ability to catalyse the oxidation of a wide
range of hazardous environmental pollutants (Nicolucci et al., 2011;
Mukherjee et al., 2013; Le et al., 2016; Bilal et al., 2018a).

However, in order to efficiently exploit enzymes for such purposes –
involving low but significant concentrations of the problematic pollu-
tants in aqueous ecosystems – high efficiency and robustness of the
enzymatic reaction systems are of key importance. As it was previously
mentioned, the concentration of the pharmaceuticals in wastewaters
usually does not exceed several μg/L (Table 1) which affects the en-
zymatic kinetics and conversion rates. In order to enhance the removal
efficiencies of phenolic compounds by oxidoreductases, various med-
iators can be used (Husain and Husain, 2008). There are two possible
mechanisms of action of mediators. They may act as electron transfer
agents between the oxidoreductase and the substrate, in case of which
the oxidized form of the mediator diffuses from the enzyme catalytic
pocket and is able to oxidize the substrates molecules which are in-
accessible or too bulky for the enzymes. On the other hand, the med-
iator may expand the oxidizing capability of the oxidoreductases to-
wards oxidation of non-phenolic compounds at higher redox potential
by providing alternative reaction pathways of oxidation (Munk et al.,
2018). It should be mentioned that the addition of mediator agents also
alters the enzymatic kinetics. However, the Michaelis–Menten kinetic
model could be used to estimate the affinity of the oxidoreductases
towards different mediators and reaction substrates after the addition of
the mediators, and to evaluate the changes in the enzyme kinetics
(Lyons, 2003). The most frequently used mediator agents include e.g.Ta
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2,2′-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS), 1-hy-
droxybenzotriazole (HBT), N-hydroxyphthalimide (HPI) or 2,2,6,6-tet-
ramethylpiperidin-1-yloxy (TEMPO). However, the selection of a sui-
table mediator is directly associated with the enzyme (redox potential,
substrate specificity) and the type of substrate (Baiocco et al., 2006;
D’Acunzo et al., 2006). Although the use of mediators affects the costs
of the remediation process, their application is constantly growing over
recent years due to the significant improvement of the removal effi-
ciencies. Moreover, the use of such compounds may also significantly
reduce the duration of the process which at least partially justifies the
costs of the mediators.

It should also be mentioned that use of oxidoreductases has not been
scaling up yet due to several obstacles. The most important issue is
related e.g. to the market price of the enzymes. According to Sigma-
Aldrich web page, the price of the commercially available laccase from
Trametes versicolor is approximately equal to $1000 per 10 g, however
the costs of the mushroom tyrosinase and horseradish peroxidase are
higher and amount to approx. $2000 per 1 g and even $15000 per 1 g,
respectively (Sigma-Aldrich, 2019a, 2019b, 2019c). Moreover, these
enzymes suffer due to insufficient catalytic activity. Thus, it would not
be feasible to use the commercially available biocatalysts at an in-
dustrial scale. One of the possible solutions to overcome this problem is
the on-site production of enzymes and their purification to obtain
highly active biocatalysts which results in a reduction of total process
costs. Nevertheless, it is difficult to establish the total costs of the en-
zymes required for wastewater purification as they depend on several
factors, such as enzyme dosage, its activity, the type of removed com-
pounds and the required process efficiency (Liu et al., 2016). In addi-
tion, other strategies have been employed in order to improve the ef-
ficiency of enzymatic removal of hazardous pollutants. The most
important one is enzyme immobilization, which significantly improves
enzyme stability and reusability. Moreover, optimization of the process
conditions, particularly in terms of pH and temperature, as well as the
use of enzymatic reactors and recycling of enzymes should be high-
lighted and considered as promising to obtain high process efficiency
(Østergaard et al., 2015; Aguilar et al., 2018). Enzyme immobilization
facilitates the recycling and reusability of enzymes which allows to
reduce the cost of the process even by up to 50% (Jørgensen and Pinelo,
2017).

A notable number of scientific and technical (engineering) reports
testing novel enzyme immobilization strategies and reaction designs are
available, thus indicating that bioremediation via enzymatic technology
can be a new step forward which provides alternative strategies and
materials involving e.g. adsorption technology (Hai et al., 2007; Su
et al., 2016; Bilal et al., 2018c). Enzyme immobilization technology is
crucial for environmental technology to maximize the reuse of enzymes
in order to provide maximal biocatalytic productivity and hence lowest
possible enzyme costs (Jesionowski et al., 2014; Zucca and Sanjust,
2014; Bilal and Iqbal, 2019). Immobilization of the enzymes provides
long-term usability and high biological activity and effectivity of the
immobilized oxidoreductases for the removal of pharmaceutical pro-
ducts (Zdarta et al., 2018c) and other environmentally undesirable
phenolic compounds such as colorants (Ahmad et al., 2015). However,
the immobilization process also possess drawbacks, e.g. its costs, re-
quired equipment as well as conformational restrictions of the im-
mobilized enzyme which lead to a decrease of catalytic properties (Bilal
et al., 2018d). In addition, there is a need to find suitable support
material, characterized by operational resistance and the presence of
functional moieties which facilitate stable attachment of the biomole-
cules. Moreover, it should be emphasized that only a proper im-
mobilization allows for enzyme stabilization and retention of high
catalytic properties by the biomolecules (Adeel et al., 2018). From this
point of view, the particular interest is oriented to multipoint enzyme
immobilization which may improve the enzyme activity, specificity or
selectivity or even purify the enzyme (Bilal et al., 2019c, 2019d). This
technique facilitates stable binding of the enzyme which reduces

enzyme leakage and enhances the catalytic activity (Mateo et al., 2007).
Finally, oriented immobilization contributes to the fact that im-
mobilized biomolecules are deposited onto the surface in such way that
their active sites are accessible for the substrate molecules. This is cri-
tical for the oxidoreductases, as their active site require a proper en-
zyme-support connection to facilitate the efficient transfer or uptake of
the electrons to or from the support (Hernandez and Fernandez-
Lafuente, 2011). Nevertheless, enzyme immobilization combined with
substrate adsorption technology as well as the use of enzymatic bior-
eactors appear to be a particularly promising strategy.

Simultaneous enzymatic biodegradation with adsorption or se-
paration enhance the removal efficiency of pollutants using oxidor-
eductase-based systems at an industrial and environmentally-relevant
scale during bioremediation, and maximize the effectiveness of the
process combinations (Martínez-Hernández et al., 2016). The combi-
nation of conversion and removal results in numerous advantages, in-
cluding increased effectiveness of remediation, reduced time of the
process by avoiding product accumulation and potential inhibition and,
in turn, cleaner effluents; sorption is notably relevant as a new tech-
nology in such reactions due to the sorption of products of enzymatic
conversion. Additionally, by means of simultaneous sorption and bio-
degradation, easier operational control of the process and cost reduc-
tion can be achieved, which is important for high biocatalytic pro-
ductivity and thus competitive applications of immobilized enzymes
(Homem and Santos, 2011).

Furthermore, precise catalysis of low substrate levels and handling
of large volumes of effluents are required in order to efficiently convert
and remove environmental pollutants as these compounds are usually
present in dilute levels of μg/L. From this point of view, membranes-
based technologies are very suitable and of particular interest.
However, the use of enzymatic bioreactor systems involving im-
mobilized enzymes has been found to work effectively rather than re-
moval of pollutants by simple filtration, such as micro- or nanofiltration
(Rondon et al., 2015). The greatest advantage of bioreactors with im-
mobilized enzymes is the fact that biodegradation and removal pro-
cesses can occur separately, simultaneously or consecutively, de-
pending on the pollutant and the process requirements (Li et al., 2007).
Moreover, through careful process control, parameters such as pH and
temperature can be properly adjusted and maintained to ensure con-
stant operational conditions (Al-Khalid and El-Naas, 2012). These facts
contribute to a more effective and less expensive enzyme-catalysed
biodegradation of hazardous pollutants.

In this article, we review the current state of knowledge concerning
the application of simultaneous adsorption/enzymatic biodegradation
processes via employment of enzymatic bioreactors for the removal of
hazardous compounds. Various types of degradation processes, types of
reactors and their operating modes which allow to achieve the highest
removal efficiency, and properties of support material for enzyme im-
mobilization for such processes are highlighted and discussed. It is also
emphasized how the immobilization technique and operational para-
meters of the process affect the degradation of toxic compounds.
Possible directions and future trends for development of advanced
methods for removal of persistent pollutants by immobilized enzymes
are also presented and discussed.

2. Simultaneous enzymatic biodegradation and adsorption of
environmental pollutants

As it is well known, immobilized oxidoreductases are commonly
used to degrade numerous hazardous pollutants present in the en-
vironment. Nevertheless, it should be emphasized, that attempts are
currently made to combine biodegradation and adsorption methods in
order to develop even more efficient and economically justified stra-
tegies for the degradation of hazardous compounds (Fig. 1). This so-
lution concerns the use of the same material as support for enzyme
adsorption and/or covalent immobilization, which improves the
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stability and reusability of the biocatalyst, in order to achieve higher
bioconversion rates and simultaneous physical sorption of selected
undesired compounds, which enhances the total removal effectivity
(Antecka et al., 2018).

Although the biodegradation of hazardous compounds with the use
of immobilized enzymes is generally highly efficient, it also possesses
some limitations and disadvantages. First of all, due to the fact that
enzymes exhibit high catalytic properties only within relatively narrow
ranges of temperature and pH, incomplete removal or degradation of
pollutants is observed. Moreover, the formation of oligomeric and
polymeric products with high molecular weight may block the active
sites of the biomolecules and thus reduce the remediation ability of the
enzyme, as it has been reported in case of biodegradation of various
bisphenols (Gasser et al., 2014).

In contrast, adsorption is much less sensitive to changes of the
process conditions and can occurs over much wider pH and temperature
ranges, even when the enzyme has lost its catalytic properties. The
adsorption process is also very useful when biodegradation of a solution
with a high concentration of toxic compounds is carried out. Since
enzymes are highly efficient, mainly in lower concentration ranges, on
the one hand high concentrations may increase conversion rates, but on
the other the high quantity of pollutants extends the biodegradation
time, which in turn increases the costs of the process. Adsorption
strongly enhances the elimination of hazardous compounds and allows
to attain high removal efficiencies at a shorter time (Chung et al.,
2003). It should also be noted that adsorption of the pollutants may
occur in two ways:

(i) by adsorption of the hazardous pollutants (enzyme substrate),
(ii) by adsorption of the products of enzymatic conversion (biode-

gradation products) (Imran et al., 2012).

In the first case, adsorption not only increases the final efficiency of
the removal of toxic compounds, but also ensures the continuous supply
of substrates for high enzyme activity. However, adsorption is also used
for elimination of the biodegradation products. The compounds formed
after enzymatic treatment are usually less toxic, but are still undesired
in the reaction mixture. They can be removed by using appropriate
sorbents, making the solution even more environmentally friendly
(Castellana and Loffredo, 2014). It should be added that sorption pro-
cesses are generally less selective than enzymatic biodegradation,
which corresponds to the fact that a wider range of pollutants can be
removed. However, the reusability of the support material for the im-
mobilization of a new batch of enzyme is greatly limited by the fact that

various toxic compounds are adsorbed on its surface, which causes
fouling due to the affinity towards both the immobilized enzyme and
pollutants to be adsorbed. Fouling of the support may lead to a sig-
nificant loss of enzyme activity as well as changes in the physico-
chemical properties of the support. Furthermore, when pollutants are
adsorbed onto the surface of the matrix, active sites of the enzyme
molecules might be inhibited, which results in a decrease of enzymatic
activity. In addition, fouling of the support may also negatively affect
the structure of the enzyme, leading to its inactivation. In fact, fouling
of the support is one of the most important reasons which limits the
practical application of the simultaneous sorption/enzymatic degrada-
tion at a wider scale. Moreover, after adsorption of the pollutants, the
availability of the functional groups and porosity of the support de-
crease and, in consequence, a decrease of sorption capacity is also ob-
served. In this case, the regeneration of the sorbent is expensive and
unfavourable in terms of practical applications. This means that the
degradation parameters must be carefully controlled, which makes the
process more complex and less cost-effective (Zhou and Hartmann,
2013). Nevertheless, in order to retain high catalytic properties of the
immobilized enzyme and good sorption properties of the sorbent, there
is a need to regenerate the support. One of the possible solution is se-
lective desorption of the pollutant from the support material (Al-Jabari
et al., 2017). In this case, the enzyme remains immobilized onto the
support surface. However, this technique possess some limitations, e.g.
stable enzyme-support interactions or formation of the multipoint
biomolecules attachment are required to avoid enzyme leaching.
Moreover, a proper eluent should be selected to remove the pollutants
from the support. On the other hand, after inactivation of the im-
mobilized enzyme, mainly due to repeated use and complete loading of
the support with toxic compounds, there is a possibility to elute both
the inactive enzyme and adsorbed pollutant. This solution is much
easier, as compared to the previous one, however there is a risk that the
use of a toxic eluent may partially damage the structure of the support/
sorbent material.

The degradation of environmental pollutants by immobilized en-
zymes combined with adsorption process has become a subject area of
interest to many research groups, particularly during the last decade.
Nevertheless, we strongly believe that this approach should still be of
high interest and further studies should be undertaken to develop this
technique. This solution is highly effective due to the sorption of both
environmental pollutants as well as products of their enzymatic con-
version by the sorbent. These facts facilitate the process feasibility and
result in less toxic and less polluted effluents (Shen et al., 2011).
Moreover, catalytic properties of the biocatalyst are usually improved
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Fig. 1. Schematic diagram of simultaneous enzyme immobilization and sorption/biodegradation processes of environmental pollutants.
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Table 3
Materials of various origin used for simultaneous immobilization of oxidoreductases and adsorption/biodegradation of environmental pollutants.

Adsorption/
immobilization
material

Enzyme Immobilization
technique

Pollutants
(enzyme substrates)

Process
conditions

Sorption Degradation Reference

Total removal
efficiency

Alumina spherical pellets Laccase from Trametes
villosa

Adsorption
immobilization

Reactive Black 5 pH 5, 45 °C,
24 h

79% 5% (Zille et al., 2003)
82%

Alumina pellets Laccase from Trametes
versicolor

Covalent
immobilization

Reactive Black 5 pH 5, 50 °C,
36 h

<10% >90% (Osma et al., 2010)
100%

Multi-walled carbon nanotubes Laccase from Trametes
versicolor

Adsorption
immobilization

Bisphenol A, pH 7, 25 °C,
24 h

9% 71% (Pang et al., 2015)
80%

Catechol 5% 85%
90%

Epoxy-functionalized silica Laccase from
Myceliophthora
thermophila

Covalent
immobilization

Phenol, pH 4.5, 25 °C,
24 h

10% 70% (Mohammadi et al.,
2018)80%

p-Chlorophenol <5% 60%
60%

Hollow mesoporous carbon spheres Laccase from Trametes
versicolor

Covalent
immobilization

Tetracycline pH 5, 25 °C, 3
h

77% 55% (Shao et al., 2019)
100%

Potato dextrose agar Laccase from Pleurotus
ostreatus

Adsorption
immobilization

Municipal landfill
leachate

30 °C, 20 days 65% 15% (Loffredo et al.,
2014)>75%

Chitosan film Tyrosinase from
mushroom

Covalent
immobilization

p-Cresol, pH 7, 45 °C, 1
h

92% 100% (Yamada et al.,
2005)92%

m-Cresol, 94% 100%
94%

Catechol, 100% 98%
98%

p-Chlorophenol, 99% 100%
99%

m-Chlorophenol 68% 72%
70%

Cross-linked chitosan beads Laccase from Trametes
versicolor

Covalent
immobilization

Sulfur Blue 15, pH 6.5, 30 °C, 20% 65% (Nguyen et al.,
2016a)82%

Sulfur Brown GD 20% 50%

71%
Chitosan beads Manganese peroxidase Entrapment Textile effluent pH 4.5, 5 h 20% 90% (Bilal et al., 2016)

97%
Polyacrylonitrile Horseradish peroxidase Covalent

immobilization
Phenol pH 6, 25 °C <10% >90% (Wang et al., 2016)

95%
Chitosan/Fe membrane Laccase from

Myrothecium verrucaria
I-5

Adsorption
immobilization

Acid Red 73, pH 7, 28 °C,
12 h

30% 70% (Wen et al., 2015)
100%

Acid Blue 113 25% 70%
95%

Chitosan/Diaion WK-20 (cation
exchange resin)

Tyrosinase Covalent
immobilization

Phenol, pH 7, 25 °C, 2
h

100% 100% (Wada et al., 1993)
100%

p-Chlorophenol, 100% 100%
100%

p-Methoxypheno l, 100% 100%
100%

p-Cresol, 100% 100%
100%

Catechol 85% 90%
90%

Chitosan/Diaion WK-10 beads Tyrosinase from
mushroom

Covalent
immobilization

p-Cresol, 25 °C, 4 h 65% 98% (Tamura et al.,
2010)100%

4-n-Nonylphenol, 50% 99%
96%

4-sec-Butylphenol 60% 96%
100%

Chitosan/alginate beads Tyrosinase from
Agaricus bisporus

Entrapment Phenol 25 °C, 4 h 30% 85% (Ensuncho et al.,
2005)92%

Cellulose/cellulose fibril/maleic
anhydride

Laccase Covalent
immobilization

Chlorinated biphenyl pH 4, 25 °C, 3
h

45% 40% (Li et al., 2017)
85%

Polyacrylonitrile/montmorillonite/
graphene oxide nanofibers

Laccase from Trametes
versicolor

Covalent
immobilization

Catechol pH 4, 25 °C 60% 35% (Wang et al., 2014)
39%

Poly(vinyl alcohol)/poly(acrylic
acid)/SiO2

Horseradish peroxidase Covalent
immobilization

Paracetamol pH 3, 25 °C,
1.5 h

15% 83% (Xu et al., 2015)
98%

Polyvinyl alcohol/ halloysite beads Laccase from
Aspergillus sp.

Covalent
immobilization

Reactive blue pH 5, 25 °C, 8
h

16% 74% (Chao et al., 2018)
90%

Poly(D,L-lactide-co-glycolide)/multi-
walled carbon nanotubes

Laccase from Trametes
versicolor

Encapsulation Bisphenol A pH 5, 25 °C, 5
h

10% 85% (Dai et al., 2016)
95%

Poly(acrylic acid)/SiO2 nanofibrous
membranes

Laccase from
white-rot fun

Covalent
immobilization

Triclosan pH 4, 30 °C, 2
h

45% 20% Xu et al., 2014
65%

Poly(D,L-lactide-co-glycolide)
/polyethylene glycol/poly(p-
phenylene oxide) fibers

Horseradish peroxidase Encapsulation Pentachlorophenol pH 3, 25 °C, 2
h

55% 30% (Niu et al., 2013)
85%
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as a result of its immobilization. Although the type of the used enzyme
is associated with the environmental pollutant which should be re-
moved, the proper selection of the support/sorbent material is the
crucial step in this methodology as this material affects both enzyme
immobilization and sorption processes. Thus, examples of the materials
which are used for both enzyme immobilization and simultaneous ad-
sorption of toxic compounds were presented in Table 3 (to enable
clearer understanding, the sorption and biodegradation efficiencies
were presented separately).

2.1. Materials used for simultaneous adsorption of pollutants and enzyme
immobilization

Several different compounds of inorganic, organic and hybrid/
composite origin, characterized by various morphology, porous struc-
ture and different features have been applied for simultaneous enzyme
immobilization and sorption of pollutants. Selected examples of the
above-mentioned materials and removed pollutants were summarized
in Table 3. Nevertheless, materials used for concurrent biosorption and
biodegradation processes possess some limitations and must fulfil cer-
tain criteria in order to become effective support materials for biomo-
lecules and, at the same time, highly efficient sorbents. First of all, such
materials must offer high stability and mechanical resistance under
harsh reaction conditions (Zdarta et al., 2018b). Furthermore, their
porous structure, including pore diameter and surface area, should
grant them appreciable affinity not only for effective enzyme im-
mobilization, but also for adsorption of hazardous compounds
(Bhatnagar and Sillanpaa, 2010). Moreover, according to Loffredo and
Senesi (2006), high contents of carbon and oxygen and a stable che-
mical structure of the sorbent also increase adsorption efficiency.
However, the presence of many various functional groups on the sur-
face of the material is the most important feature for an effective im-
mobilization of enzymes and sorption of pollutants. This strongly en-
hances enzyme binding, but also determines the surface properties of
the material as a sorbent (Gao et al., 2011). For instance, a significant
amount of hydrophilic groups is essential for immobilized oxidor-
eductases, which exhibit better catalytic activity when supported using
hydrophilic supports (Strong and Claus, 2011). Moreover, it should be
clearly stated that improvement of enzyme stability and reusability is
usually observed after providing covalent bonds between the enzyme
and the support. In this case, heterofunctional supports are of particular
interest which are defined as materials that possesses several different
functional moieties capable to bind the protein (Barbosa et al., 2013;
Rodrigues de Melo et al., 2017). Groups which facilitate the formation
of the enzyme-support covalent bonds include e.g. glyoxyl, epoxy and
divinyl sulfone groups. Although such functional groups might be very
useful in enzyme immobilization, they possess several limitations. A
two steps immobilization protocol is required for most of these strate-
gies, in which the enzyme is immobilized by adsorption at first followed
by formation of covalent interactions at alkaline pH (Santos et al.,
2015). This might have negative effect on the protein structure and
enzyme activity (Barbosa et al., 2014). The use of glutaraldehyde (GA)
is an interesting alternative, as one the most universal and, in fact,
commonly used surface modifying agents. Techniques in which GA is
used are simple, efficient, relatively cheap and are among the most
frequently used in enzyme immobilization. Although glutaraldehyde
reacts mainly with primary amino groups in the enzyme structure,
biomolecules might also be bound by reaction of GA with thiols, phe-
nols and imidazoles moieties creating stable, single or multipoint en-
zyme-support interactions (Fernández-Lorente et al., 2006).

The simultaneous use of a material for enzyme immobilization and
for adsorption also means that the functional groups must not only be
compatible with chemical groups of the biomolecule, but should also
exhibit affinity to the pollutant or to the products of its bioremediation.
Due to the variation in the structure and chemistry of the immobilized
and/or adsorbed molecules, there is a great diversity of interactions

formed between the attached enzyme and support as well as the ha-
zardous pollutants and sorbent. In general, hazardous compounds may
be attached to the surface of sorbents by means of several complex
mechanisms, such as surface adsorption, ion exchange, complexation
(coordination) or chelation (Crini, 2006). On the other hand, enzymes
are linked with the matrix mainly by adsorption and covalent bonds,
however, immobilization by entrapment and encapsulation has also
been reported (Koyani and Vazquez-Duhalt, 2016; Bilal et al., 2017c).
Nevertheless, the immobilization of the enzyme onto the surface of the
support (adsorption and covalent immobilization) is particularly de-
sirable for removal of toxic compounds due to reduced diffusional
limitations and improved exposure of the biocatalysts active sites for
the substrates dissolved in the solution as well as adsorbed on the
support material (Bilal et al., 2018e). Thus, the selection of a material
with appropriate features plays a key role for effective immobilization
and sorption of pollutants. Additionally, the surface properties of the
sorbent should be selected in order to minimize the negative impact of
the adsorbed compound on the catalytic activity of the biomolecules.

2.1.1. Inorganic materials
A wide variety of different inorganic materials has been used for

simultaneous removal of hazardous pollutants by both immobilized
enzymes and by adsorption. Organic oxides including e.g. silica, tita-
nium, alumina and iron oxides have been used for the immobilization of
oxidoreductases and selective sorption of pollutants such as synthetic
and natural dyes, phenolic compounds and antibiotics due to the pre-
sence of many functional moieties, mainly hydroxyl groups, as well as
well defined porous structure, good sorption properties and high sta-
bility (Champagne and Ramsay, 2007; Kim et al., 2011; Yu et al., 2015).
There are also other inorganic materials, such as minerals and carbon-
based materials, which offer high stability and good sorption properties
that can be successfully applied for pollutant removal by enzymatic
oxidation and subsequent adsorption (Choi et al., 2008; Ding et al.,
2016). An interesting example of the utilization of inorganic oxides
(alumina) was reported by Zille et al. and Osma et al. Laccase was
immobilized by adsorption onto spherical alumina pellets or by cova-
lent binding onto Al2O3 pellets, respectively, and used for the deco-
lorization of industrial effluents containing Reactive Black 5. It was
found that in both cases the decolorization occurred due to two pro-
cesses: adsorption of the dye on the support material and its degrada-
tion by the laccase. However, an interesting phenomenon was observed:
when the biomolecule was attached to the matrix via weak adsorption
interactions, approx. 80% of the dye was removed due to the adsorption
process and only 4% was degraded by the immobilized laccase (Zille
et al., 2003). On the other hand, covalent binding of the biomolecules
completely reversed these proportions: in this case over 90% of the
Reactive Black 5 was biodegraded and less than 10% was adsorbed onto
the alumina pellets. These observations may be explained by the type of
the interactions formed between the enzyme and support. Covalent
immobilization of the enzyme and the usually accompanying multi-
point attachment of the biocatalysts resulted in the saturation of the
majority of active sites on the surface of the support. This limited the
number of free active sites available for the dye molecules and, as a
consequence, the sorption capacity of the material with immobilized
enzyme towards the dye was decreased (Osma et al., 2010). Further-
more covalent binding of the laccase increased its stability and enzyme
leakage was strongly reduced, which also enhanced the enzymatic re-
moval of the RB5 dye. Nevertheless, under optimal conditions, the
biodegradation process was highly efficient in both batch and con-
tinuous modes, indicating that such biocatalytic systems may be sui-
table for potential implementation at an industrial scale.

It can be briefly summarize that use of the inorganic materials as
support for simultaneous immobilization and removal of pollutants
allows to achieve high removal efficiencies which exceed 90%. A wide
range of toxic compounds may be removed, including dyes, phenols and
antibiotics. However, enzymatic conversion is the main mechanism of

J. Zdarta, et al. Biotechnology Advances 37 (2019) 107401

7



degradation of phenols, as the adsorption process enhances the total
removal efficiency. For this technique, mainly laccases are immobilized
using adsorption or covalent binding which facilitate the activity of the
used biocatalytic systems. Moreover, enzymes immobilized onto in-
organic materials are characterized by improved stability and excep-
tional operational and mechanical resistance.

Simultaneous enzyme immobilization and adsorption of toxic pol-
lutants using inorganic materials is facilitated due to the presence of
numerous functional groups, mainly hydroxyl, extraordinary stability
and their mechanical resistance. Using these materials, enzymes are
immobilized mainly by adsorption which protects their catalytic
properties due to the fact that the three-dimensional structure of the
biocatalysts is unaltered. However, due to the multipoint attachment,
elution of the enzyme molecules from the support is restricted.
Moreover, due to the presence of many functional moieties, the for-
mation of the covalent bonds also cannot be excluded, which ad-
ditionally reduces enzyme leakage. Also effective sorption of both en-
vironmental pollutants and products of their bioconversion is enhanced
by the presence of several functional groups. It should be emphasized
that among inorganic materials, inorganic oxides should be of parti-
cular interest for researchers and industrial applications. This is mainly
due to their well-developed surface area and porous structure (nu-
merous micropores and macropores) as well as particle sizes, defined
morphology and exceptional stability. These features are directly as-
sociated with the properties of the naturally occurring inorganic oxides
and the methodology of their synthesis which allows for the production
of materials with desired physico-chemical characteristics. Moreover, it
should be added that such materials are frequently and are easy to
obtain, which makes them relatively cheap. Furthermore, the use of
inorganic oxides for simultaneous enzyme immobilization and pollu-
tants adsorption results in high removal efficiencies. It should also be
added that inorganic oxides exhibit supplementary properties, such as
magnetic properties in case of magnetite or photocatalytic properties in
case of titanium, which, respectively, facilitate rapid separation of the
material after the process by using external magnetic field or may en-
hance the removal efficiency by photocatalysis.

2.1.2. Organic materials
Aside from many inorganic materials, biopolymers and synthetic

polymers are also used for simultaneous enzyme immobilization and
sorption of hazardous compounds. The presence of numerous of che-
mical moieties, such as: –OH, –NH2, C=O and COOH, in their structure
enhances efficient immobilization of biocatalysts and sorption of en-
vironmental pollutants from water solutions. Biopolymers of different
origin, abundant in nature, such as agar, starch and carrageenan, are
used for the simultaneous biodegradation and adsorption of toxic
compounds mainly due to their good sorption properties and relatively
low cost (Costa and Reis, 2004; Srinivasan and Viraraghavan, 2010;
Loffredo et al., 2014). Generally, due to the presence of functional
moieties and their natural origin, most of these materials exhibit rather
high affinity to peptides (Bilal and Iqbal, 2019). Moreover, due to their
negligible negative effect on the biocatalysts, biopolymeric supports
improve the operational and storage stability of the immobilized en-
zymes and prolong their catalytic activity which in consequence en-
hances the practical applications of the produced biocatalytic systems.
The most commonly used biopolymer is chitosan, in a variety of forms
and sizes. For instance, Nguyen et al. used chitosan beads crosslinked
by glutaraldehyde for the removal of sulfur dyes (Sulfur Blue 15 and
Sulfur Brown GD) from a water solution through biosorption and sub-
sequent degradation by immobilized laccase. Enzymatic biodegradation
was the leading mechanism of pollutant removal. Even at low laccase
concentration, over 70 and 80% of Sulfur Brown GD and Sulfur Blue 15,
respectively was removed at pH 6.5 from the dye solution at a con-
centration of 200 mg/L. However, when a mixture of dyes was treated
under the same conditions, the efficiency of removal of each dye sig-
nificantly decreased (Nguyen et al., 2016a). This is associated with the

fact that dye molecules compete with each other for access to the active
sites of enzymes and not every dye molecule could be converted due to
their overcrowding. That is the main limitation of the presented solu-
tion and more enzymes should be immobilized to increase the amount
of catalytic active sites in order to overcome this problem. In another
study, chitosan film was used as a support for covalent immobilization
of mushroom tyrosinase. The produced biocatalytic system was applied
for the biodegradation of phenol derivatives from artificial wastewater
and subsequent sorption of quinone derivatives formed after tyrosinase-
catalyzed oxidation of toxic compounds. It was found that pH 7 and a
temperature of 45 °C were the optimal conditions for both enzymatic
biodegradation and quinone adsorption, which additionally improved
the efficiency of the process. After biodegradation and subsequent
sorption of products of phenol bioconversion, over 90% of p-cresol, m-
cresol, catechol and p-chlorophenol were removed by this procedure
(Yamada et al., 2005). Apart from polymers of natural origin, synthetic
polymers are also used for simultaneous biodegradation and adsorption
of hazardous compounds. Monomers commonly applied in enzyme
immobilization, including polystyrene and polyvinyl alcohol, have also
been used for the production of materials for both attachment of lac-
cases or tyrosinases and the sorption of dyes or other phenolic deriva-
tives in one process (Leidig et al., 1999; Zhang et al., 2014). Wang et al.
investigated the use of polyacrylonitrile membranes for the im-
mobilization of horseradish peroxidase and further degradation of
phenol. The immobilized peroxidase was additionally crosslinked with
glutaraldehyde, which on the one hand reduced the elution of the
biomolecules from the matrix, but on the other hand significantly de-
creased the number of chemical moieties able to adsorb phenol. The
removal process could be divided into two steps: (i) adsorption of
phenol on the surface and in pores of the membrane to increase its
availability to the immobilized enzyme and (ii) enzymatic conversion.
Nevertheless, the main mechanism of removal was enzymatic biode-
gradation, and ultimately less than 10% of the phenol was removed by
sorption. With the use of the described system, almost total removal of
phenol from water solutions at concentrations up to 10 mg/L was
achieved, which suggests that a polyacrylonitrile membrane with im-
mobilized horseradish peroxidase has promising applications for the
removal of phenol from water solutions (Wang et al., 2016).

It can be briefly summarized that the use of organic materials of
both synthetic and natural origin, such as polyacrylonitrile or chitosan,
for simultaneous enzyme immobilization and adsorption of hazardous
compounds, mainly phenol and its derivatives and dyes, allows for their
removal from wastewaters with high efficiencies, which usually exceed
90%. Moreover, oxidoreductases retained their high catalytic properties
after immobilization as an effect of their attachment to the support,
mainly by stable covalent bonds. Due to this fact, enzymatic conversion
is the main mechanism which determines the removal processes of the
pollutants. Furthermore, a wide range of enzymes, including laccases,
tyrosinases and peroxidases, can be immobilized by adsorption, cova-
lent binding and even encapsulation using polymeric supports.
Nevertheless, in our opinion, biopolymers such as chitosan, are more
suitable for application in simultaneous immobilization and sorption
due to the presence of many chemical groups, formation of various
geometrical shapes (which is of particular interest for application in
bioreactors and in continuous processes) as well as biocompatibility
and frequent abundance in nature, that makes them renewable and
relatively cheap.

2.1.3. Hybrid and composite materials
During recent years, hybrid and composite materials are of parti-

cular interest among wide range of supports/sorbents used for enzyme
immobilization and simultaneous removal of pollutants. Hybrid mate-
rials may be a combination of inorganic-organic, inorganic-inorganic
and organic-organic species. The role of their formation results from the
possibility to obtain novel materials which combine the properties of
both components. Depending on the requirements, the hybrid materials
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may be synthesized using different methods, and the selection of an
appropriate method determines their physicochemical properties, such
as morphology and dispersive character, electrokinetic and thermal
stability as well as parameters of the porous structure and hydrophilic-
hydrophobic nature. A broad spectrum of synthesis methods allows to
design hybrid materials characterized by diverse physicochemical and
structural parameters suitable for enzyme immobilization and removal
of hazardous compounds. Another advantage is associated with the fact
that their properties may be freely designed by selection of the com-
ponents which are included in the hybrid materials as well as by means
of further treatment using different surface modifications with multi-
functional organic or bioorganic substances. On the other hand, com-
posite materials include at least two components – one of them is dis-
persed in the second one. The most commonly known composite
materials are polymers, metallic and ceramic composites. Compared to
hybrid materials, properties of the composite materials are not a sum of
the properties of its components. Nevertheless, both types of the above-
mentioned materials exhibit unique properties which enable their ap-
plication as effective supports/sorbents used for enzyme immobiliza-
tion and simultaneous removal of pollutants.

2.1.3.1. Organic-inorganic hybrid materials. There are numerous reports
concerning the use of combinations of precursors of different origin to
produce functional hybrid materials with different properties. For
example, polyacrylonitrile was combined with a naturally occurring
montmorillonite to create nanofibers, which were enriched with
graphene oxide to increase electron transfer. This material was used
for the immobilization of laccase from Trametes versicolor, and then for
the removal of catechol (Wang et al., 2014). Although addition of
graphene oxide enhanced the catalytic properties of the enzyme, most
of the functional groups of the precursors are involved in the formation
of a hybrid. In consequence, the amount of immobilized enzyme as well
as sorption capacity of the above-mentioned material are limited, which
is the main disadvantage of the proposed support/sorbent resulting in
relatively low total removal efficiency. In a similar study by Dai et al.
(2016), poly(D,L-lactide-co-glycolide)/multi-walled carbon nanotubes
hybrid fibers, produced via an electrospinning technique, were used for
the encapsulation of laccase. The resulting biocatalytic system with a
high electron transfer rate was further used for the biodegradation of
bisphenol A from a water solution. The immobilized enzyme exhibited
good storage stability and reusability, and was more stable than native
laccase even at a temperature of 60 °C. It has been reported that the
removal of BPA was mainly due to the enzymatic biodegradation, as
adsorption of the pollutant did not exceed 10%. Other synthetic
polymers, including poly(vinyl alcohol), poly(acrylic acid) and
polyamine, as well as biopolymers such as chitosan or alginate, have
also been combined with inorganic precursors such as silica, clays and
iron ions to produce stable and efficient materials for enzyme
immobilization and for further application of such systems in the
biodegradation and simultaneous adsorption of dyes, phenols and
pharmaceuticals (Perullini et al., 2010; Xu et al., 2015). The
combination of a biopolymer (chitosan) with iron ions and creation
of a hybrid membrane was suggested by Wen et al. (2015) for the
economical and effective degradation of dyes. The membrane
demonstrated excellent sorption capacity with respect to the laccase
as well as the dye. The results proved that the dyes can be removed by
the enzyme and the membrane synergistically; however, the dyes were
first adsorbed on the membrane and then degraded by the enzyme. This
solution improved substrate accessibility for the immobilized enzyme
which resulted in the total removal of Acid Red 73 and Acid Blue 113 at
mild conditions.

2.1.3.2. Organic-organic hybrid materials. Aside from combinations of
inorganic and organic precursors, hybrids produced by linking of
organic materials are also used. These materials are characterized by
biocompatibility and high affinity towards peptides which is highly

desirable for effective enzyme immobilization. Moreover, the presence
of functional moieties additionally increases the efficiency of sorption
properties of both hazardous pollutants and products of their
conversion. An interesting example was reported by Ensuncho et al.
(2005) regarding the combination of two biopolymers, chitosan and
alginate, to form a chitosan matrix crosslinked with glutaraldehyde
with an alginate-filled pore space, for entrapment immobilization of
tyrosinase from Agaricus bisporus. The produced beads presented good
mechanical properties and preserved the unique adsorption
characteristics of chitosan. The biocatalytic system was used for the
removal of phenol from water solution and further sorption of o-
quinone as the product of enzymatic conversion. This solution allowed
to retain good catalytic properties of tyrosinase over repeated
biodegradation cycles, while protecting the immobilized enzyme
against inactivation caused by the by-products of bioconversion. With
the use of this system, over 90% of the phenol was removed under
optimal conditions after four hours of the process. However, adsorption
efficiency reached approx. 30% as enzymatic conversion reached over
60%. Materials which combine synthetic polymers and biopolymers are
also used for effective simultaneous enzymatic biodegradation and
adsorption of pollutants. For instance, chitosan was linked with the
weakly acidic cation exchange resins Diaion WK10 and WK20.
Tyrosinase was then covalently immobilized on the hybrid material
and used for the removal of alkylphenols from aqueous solutions. In
both cases the enzyme exhibited its highest catalytic activity in the
temperature range of 30–45 °C and the pH range of 7–10. Under such
conditions, alkylphenols were effectively removed through quinone
oxidation by the immobilized biomolecules with efficiencies equal to
100% (Wada et al., 1993; Tamura et al., 2010). After enzymatic
oxidation, subsequent quinone adsorption by the chitosan beads was
observed. Moreover, the authors suggested that the removal efficiency
would increase with increased quantity of chitosan in the beads due to
the fact that quinone adsorption may exceed enzymatic conversion of
quinones at a certain point (Tamura et al., 2010). Furthermore, they
reported that the total amount of phenol was removed after two hours
from the solution by the immobilized tyrosinase and chitosan beads.
The presented solution is highly effective and ensures great enzyme
reusability due to the combination of cationic resin, responsible for
covalent binding of the tyrosinase, and chitosan, which plays a crucial
role in adsorption process (Wada et al., 1993). For efficient
encapsulation of horseradish peroxidase, the poly(D,L-lactide-co-
glycolide)/polyethylene glycol/poly(p-phenylene oxide) fibers were
produced via emulsion electrospinning. Furthermore, adsorption and
degradation of pentachlorophenol (PCP) by the immobilized peroxidase
was investigated. It was found that the sorption of PCP follows the
pseudo-second-order model and its efficiency reached 55%.
Additionally, sorption of the pollutant strongly enhanced the
efficiency of its removal, due to interactions between the adsorbed
pentachlorophenol and immobilized enzyme. A total removal efficiency
of over 85% of PCP at the temperature of 25 °C and pH ranging from 2
to 4 was observed. Moreover, after encapsulation by emulsion
electrospinning, the operational and storage stability of the
immobilized biomolecules were significantly improved. This indicates
that the produced biocatalytic system may find practical applications in
the biodegradation of PCP from actual wastewaters. However, it should
also be underlined that pH of the solution is the factor which limits the
application of the above-mentioned system in alkaline conditions, as no
adsorption and degradation were observed at pH above 4.7, due to the
deprotonation of PCP, enzyme inactivation and its leakage from the
support (Niu et al., 2013).

In order to briefly summarize the presented literature review, we
would like to highlight that there is a fairly wide group of support
materials of various origin that can be applied for the simultaneous
biodegradation and adsorption process; however, inorganic materials
characterized by good mechanical and operational properties together
with synthetic or natural organic substances known from their
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biocompatibility, are used most frequently. Aside from operational
stability, such materials must also exhibit good sorption properties, a
favorable and defined porous structure, and the presence of numerous
functional groups for effective enzyme binding and sorption of ha-
zardous pollutants. Over recent years hybrid and/or composite mate-
rials are also more and more commonly used for simultaneous im-
mobilization and adsorption, mainly due to their tailor-made properties
suitable for both the immobilized enzyme and pollutant or product of
its conversion to be adsorbed. Therefore we encourage to carry out even
more advanced studies in the topic of application of hybrid/composite
materials for oxidoreductase immobilization and toxic compounds
sorption, as the development of solutions resulting in high removal
rates of dyes or phenolic compounds could be important in terms of
environmental protection. However, we would like to emphasize that
each of the above-mentioned groups of materials also possesses dis-
advantages. For instance, most of the organic materials are character-
ized by low sorption properties due to low porosity and low surface
area. On the other hand, the presence of mainly hydroxyl groups on
surface of the inorganic materials results in the fact that their functio-
nalization is required to form stable enzyme-matrix interactions.
Moreover, hybrid materials, aside from exhibiting tailor-made proper-
ties, are relatively expensive to obtain.

This technique dates back to the beginning of the last decade, but a
rapidly growing interest in applications of the method has been ob-
served during the last few years. The greatest advantage of this method
is the fact that compounds which are resistant to enzymatic degradation
are effectively removed from polluted solutions by adsorption.
Additionally, due to the complex mechanism of remediation, a very
wide group of toxic compounds could be efficiently eliminated from
solution, usually with extraordinary efficiencies. However, reusability
of the matrix after inactivation of the enzyme is limited, since deso-
rption of the pollutants and regeneration of the sorbent are expensive
and unfavorable. Consequently, extensive research is still required to
improve the process control and efficiency, and to identify new groups
of compounds which may be used for effective simultaneous enzyme
immobilization and pollutant removal, thus increasing the applicability
of the method in the bioremediation of toxic compounds from waste-
waters and industrial effluents.

3. Enzymatic reactors for removal of environmental pollutants

Due to the increasing amount of pollutants prevalent in the en-
vironment, there is still a need to evaluate and develop efficient, eco-
friendly and cost-effective solutions for their removal. Aside from si-
multaneous enzyme immobilization and sorption of toxic compounds,
another interesting solution based on the use of enzymes is application
of bioreactors for biodegradation and removal of persistent substances
from wastewaters and industrial effluents. Enzymatic bioreactors
usually offer a very good flow regime, reducing the mass transfer lim-
itations which are commonly observed when heterogeneous catalysts
are used (Luckarift, 2008). These features mean that removal and bio-
degradation processes performed in bioreactors are usually character-
ized by high selectivity and efficiency. Furthermore, due to the reduced
time and energy consumption, processes carried out in bioreactors are
more environmentally friendly and cost-effective (Balcao et al., 1996).
Additionally, it should be emphasized that the effectivity of an enzy-
matic bioreactor is improved when immobilized enzymes are used as
catalysts, due to their improved stability and reusability compared to
free enzymes (Husain, 2017).

Many different configurations of enzymatic reactors for environ-
mental applications have been developed in recent years. In general,
these bioreactors may be divided into two groups: (i) enzymatic bior-
eactors (EBRs) and (ii) enzymatic membrane reactors (EMRs) (Nanba
et al., 2007; Rios et al., 2014). In both EBRs and EMRs immobilized
laccases, tyrosinases and other oxidoreductases (mainly horseradish
peroxidase) are employed for the removal of hazardous compounds.

However, there are great differences between these two types. EBRs are
frequently used in various operational modes, such as batch reaction or
continuous reaction, to increase the efficiency of the biocatalytic pro-
cess. However, after biocatalytic conversion, an additional step is re-
quired, namely the separation of the immobilized enzyme from the
reaction mixture. In the EMR, however, the catalytic action is si-
multaneous with membrane separation of the products from the reac-
tion mixture, which results in high purity of the products and reaction
effluents (Sanchez-Marcano and Tsotsis, 2002). Selected examples of
the use of EBRs with immobilized oxidoreductases for environmental
applications were reviewed in Section 3.1 whereas instances of the use
of EMRs for biodegradation and removal of hazardous pollutants were
discussed in detail in Section 3.2.

3.1. Enzymatic bioreactors (EBRs)

An enzymatic bioreactor, in broad terms, is a device in which en-
zyme-catalyzed transformation of substrates into products occur under
mild reaction conditions (Miyazaki and Maeda, 2006). Selection of the
reactor type and operational mode is conducted according to the pro-
cess conditions, enzyme activity and required product purity. Im-
mobilized oxidoreductases are, in general, used in two types of bior-
eactors: (i) batch reactors and (ii) continuous reactors (Webb et al.,
2004; Xue and Woodley, 2012; Barrios-Estrada et al., 2018b) as pre-
sented in Fig. 2.

Batch reactors used for the removal of environmental pollutants by
immobilized oxidoreductases include the stirred-tank reactor, the most
frequently used type of enzyme reactor, as well as the fluidized bed
reactor. Batch reactors are characterized by simplicity and flexibility of
use at an industrial scale, offer easy control of the process and are very
useful for slow reactions in a viscous mixture (Darnoko and Cheryan,
2000; Shimada et al., 2002). Furthermore, due to their simple con-
struction and relatively high efficiencies, batch reactors require less
capital investment than continuous processes. It should be added that
immobilized laccases and tyrosinases applied in batch bioreactors offer
very good reusability as they can often be used in more than ten con-
secutive biodegradation cycles (Srikanlayanukul et al., 2016). On the
other hand, the advantage of continuous-mode reactors is that im-
mobilized enzymes are constantly in contact with the stream of sub-
strates, which enhances the activity of the biomolecules. Moreover, the
flux of the reaction mixture through the biocatalytic beads can be
controlled to meet process requirements (Bolivar et al., 2011). The use
of a bioreactor in continuous mode also allows to avoid the usually
costly separation of the biocatalyst from the reaction mixture (Almeida
et al., 2003). In consequence, after detoxification by immobilized lac-
cases, effluent streams with a purity of over 95% can be obtained (Palli
et al., 2017). Since both batch and continuous processes have ad-
vantages in practical use, it is impossible to clearly indicate the best
operational mode.

It should be highlighted that the design of an enzymatic bioreactor

Fig. 2. Schematic representation of the batch-mode and continuous-mode en-
zymatic bioreactors for environmental applications.

J. Zdarta, et al. Biotechnology Advances 37 (2019) 107401

10



is a complex engineering task. Nevertheless, the key idea is to design
reactors capable of achieving the highest conversion rate and the
highest quality of products at the lowest costs. First of all, to ensure
high efficiencies of the enzymatic reaction, the bioreactor should pro-
vide optimal process conditions for the biomolecules, such as substrate
supply, product and by-product removal, controlled pH, temperature
and agitation speed (Benz, 2011; Le-Clech et al., 2006). Thus, prior to
bioreactor design, a detailed study concerning type of the enzyme and
substrate as well as conditions for the highest bioconversion efficiency
should be carried out. Furthermore, enzymatic bioreactors should en-
sure the efficient use of the biomolecules and their substrates, reduce
diffusional limitations and exhibit low energy requirements (Pino et al.,
2018). Finally, the bioreactors should be characterized by simplicity
and optimized volume of the vessel to ensure high rate of substrate
conversion per volume of the reactor.

Nevertheless, we would like to point out that selection of the most
suitable operational method is usually influenced by several variables,
such as enzyme stability, type of support materials, process time and
required purity of the solution after the process. However, to increase
the efficiency of the processes carried out in enzymatic bioreactors and
to enhance the biocatalytic properties of the enzymes, biomolecules in
immobilized form are commonly used. Support materials of inorganic,
organic and hybrid or composite origin may be used for the im-
mobilization of tyrosinases, laccases and horseradish peroxidase for
subsequent use in the biodegradation of hazardous pollutants. Selected
examples of biocatalytic systems used in enzymatic bioreactors (EBRs)
for environmental applications were summarized in Table 4.

As is shown in Table 4, materials of both inorganic and organic
origin as well as hybrids and composites are used as supports for the
immobilization of enzymes for application in bioreactors. These mate-
rials must be insoluble in the reaction environment and offer good
mechanical and operational stability, with regard to the long duration
of the process and its repeatability. Moreover, these supports are no-
table for their good sorption properties and the presence of many
functional groups in their structure, for effective binding of the enzyme
molecules to prevent elution of the catalyst from the support during the
process (Illaes and Wilson, 2003).

3.1.1. Inorganic materials as support materials in EBRs
Among various inorganic materials, minerals, silicas, inorganic

oxides such as γ-aluminum oxide, and carbon-based materials are the
most frequently used to produce enzyme-matrix systems for application
in EBRs (Kandelbauer et al., 2004). For example, in a study described
by Nguyen et al., laccase was immobilized by adsorption on granular
activated carbon, known for its good sorption properties, and applied
for the degradation of sulfamethoxazole, carbamazepine, diclofenac
and bisphenol A in a packed bed column bioreactor. The pollutants
were removed with efficiencies of over 90% by enzymatic degradation
following their adsorption onto activated carbon. The significantly
higher efficiency of bioremoval achieved in the EBR with immobilized
biomolecules compared to the EBR with free enzyme is associated with
the fact that after enzyme immobilization on carbon material, transfer
of electrons between the laccase and adsorbed substrate molecules was
enhanced and bioreactor effectivity was improved. Moreover, the
system demonstrated exceptional reusability: the immobilized bioca-
talyst retained its activity even after two months of continuous opera-
tion (Nguyen et al., 2016b).

3.1.2. Organic materials as support materials in EBRs
Synthetic polymers and biopolymers such as chitosan are also used,

due to their mechanical stability under operational conditions and
strong binding of the enzyme to the support. In view of their very good
gelation properties and the mechanical resistance of the formed beads,
alginates are a commonly used biopolymer (Ganaie et al., 2014). In
another study, polyurethane foam cubes were used for covalent im-
mobilization of laccase from Trametes versicolor by Yang et al. (2012).

This biocatalytic system was used in a packed bed reactor for deco-
lorization of Remazol Brilliant Blue R, Anthraquinone dye B4 and Acid
Black 24 from model and industrial wastewaters. The immobilized
laccase was used in five sequential degradation cycles and was able to
decolorize all tested dyes efficiently, even at a concentration of 2000
ppm. Furthermore, the duckweed test showed a significant reduction of
the toxicity of the effluents after enzymatic treatment. In another study,
alginate was additionally cross-linked by CuSO4 to form blue spherical
beads with entrapped laccase from Pleurotus ostreatus. Copper ions were
used not only for the gelation of the biopolymer, but also to enhance the
catalytic properties of the immobilized enzyme. A fixed bed reactor
with enzymatic beads working in continuous mode was used for de-
colorization of the anthraquinonic dye. Degradation efficiency of 70%
was achieved after four hours of the process at pH 4.5 and temperature
of 20 °C. The immobilized laccase exhibited remarkable reusability,
achieving a high efficiency of decolorization (over 60%) even after 20
catalytic cycles (Palmieri et al., 2005). Although copper ions improve
the activity of the immobilized laccase, the limitation of this solution,
resulting in approx. 70% degradation, is associated with fact that
formed coordinative bonds distort the enzyme structure and decrease
its properties. Moreover, cross-linking of the alginate beads resulted in
the occurrence of some diffusional limitations, which could additionally
decrease the total removal efficiency.

3.1.3. EBRs operational modes
Aside from type of the support material, the operational mode of the

bioreactor also affects its operational effectivity. As has been shown,
there are different types of enzymatic bioreactors with immobilized
enzymes for environmental applications working in batch and con-
tinuous modes. These may be classified as: (i) packed bed reactors, (ii)
fixed bed reactors, (iii) fluidized bed reactors and (iv) continuous flow
reactors (Williams, 2002). The type of used reactor as well as the
support material are selected appropriately to the enzyme and the type
of catalytic process. Moreover, the choice of reactor and operational
mode is usually intended to increase the operational effectiveness of the
equipment and the reaction yield. For example, Krastanov (2000) used
a continuous fixed bed tubular bioreactor with laccase from Pyricularia
oryzae and mushroom tyrosinase co-immobilized onto KC-Microperl
MP100, for a rapid degradation of phenols from aqueous solutions. The
bioreactor achieved high operational efficiency. With the use of the
described method, phenolic derivatives such as α-naphthol or catechin
could be totally removed from the mixture after a single pass through
the reactor. Moreover, after immobilization, the operational stability of
the immobilized enzymes with respect to particular substrate types,
such as 2,4-dichloropenol and guaiacol, was significantly improved. In
another study by Du et al. (2013), a fluidized bed reactor in which the
biocatalytic beads consisted of laccase immobilized by entrapment into
sodium alginate capsules was applied in order to increase the intensity
of contact between the enzyme and substrates and to reduce reaction
time. It was found that the optimal capacity of the bioreactor was 1.5 L
and the following conditions were optimal for the degradation of
pharmaceuticals: pH 5, temperature 20 °C and reaction time 100 min.
Under these conditions, more than 75% of the pharmaceuticals were
removed from wastewater. However, low mediator concentration and
insufficient quantity of used laccase should be indicated as the main
limitation factors which did not allow to achieve total removal effi-
ciency. As it was mentioned above, it is hard to clearly indicate and
suggest a universal and, at the same time, the most suitable operational
mode for the removal of all of the environmental pollutants by im-
mobilized oxidoreductases in EBRs. Thus we suggest careful con-
sideration of the type of the enzymatic bioreactor, taking the type and
form of the support material with immobilized enzyme into account, to
ensure enzymatic activity as high as possible and its contact with
stream of the substrates.
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3.1.4. Enzyme immobilization techniques in EBRs
Depending on the type and form of support material and the reactor

construction, enzymes can be immobilized via different techniques to
increase the efficiency of the degradation process. However, the main
concern is that the immobilized enzyme has to be strongly connected
with the support to prevent its elution during repeated reaction cycles
and to maintain good catalytic properties. Thus, mainly covalent im-
mobilization as well as entrapment are frequently applied, however,
adsorption, encapsulation and even cross-linking, are also used to
produce biocatalytic beads for bioreactors (McMorn and Hutchings,
2004). An interesting example was reported by Dayaram and Dasgupta
(2008) regarding the use of laccase from Polyporus rubidus for the de-
gradation of four reactive dyes commonly occurring in effluents. The
enzyme was immobilized via an entrapment method into calcium al-
ginate beads and used in an enzymatic column-packed reactor. The
biocatalytic system demonstrated excellent operational stability, and
over 85% of the dyes were removed from wastewater. Additionally, due
to the limited interference in the enzyme structure, the systems

produced by entrapment exhibited good storage stability as their
properties were unaltered after ten days of storage. Thus, immobiliza-
tion by entrapment may be indicated as a promising way to develop
easy and cost-effective methods for production of biocatalytic systems
for remediation of hazardous dyes. Moreover, it should be emphasized
that with the use of immobilized oxidoreductases as a beads in bior-
eactors, usually over 80% of toxic compounds can be removed. For
instance, phenol and its derivatives, such as p-cresol, catechol and 4-
methylcatechol, were biodegraded using a bioreactor with mushroom
tyrosinase covalently immobilized onto aminopropyl-controlled pore
glass. Under pH 6.5 and at ambient temperature, total removal of
phenolic compounds was observed. Additionally, in order to obtain
effluent which was as pure as possible after the enzymatic treatment,
adsorption of colored quinone-type biodegradation products on a
chitosan trap was applied (Girelli et al., 2006). This solution should be
indicated as particularly interesting since the pollutants were removed
via simultaneous enzymatic biodegradation by immobilized enzymes
and adsorption by support/sorbent material, which additionally

Table 4
Materials of various origin used for immobilization of laccases and tyrosinases for application in enzymatic bioreactors (EBRs) towards biodegradation of various
environmental pollutants.

Reactor type Process
conditions

Support material Enzyme Immobilization
technique

Pollutants
(enzyme substrate)

Removal
efficiency

Reference

Packed bed reactor pH 7, 28 °C,
60 days

Granular activated carbon Laccase from Aspergillus
oryzae

Adsorption
immobilization

Sulfamethoxazole,
Carbamazepine,
Diclofenac,
Bisphenol A

94%
92%,
95%,
97%

(Nguyen et al.,
2016b)

Packed bed reactor pH 4, 40 °C,
30 h

γ-Aluminum oxide pellets Laccase from
Trametes modesta

Covalent
immobilization

Lanaset Blue 2R,
Terasil Pink 2GLA,
Indigo Carmine,
Crystal Violet

100%,
70%,
99%,
97%

(Kandelbauer et al.,
2004)

Bioreactor pH 6.5, 20
°C, 7 h

Aminopropyl-controlled
pore glass

Tyrosinase from
mushroom

Covalent
immobilization

Phenol,
p-Cresol,
Catechol,
4-Methylcatechol,
4-Chlorophenol

60%,
100%,
100%,
100%,
100%

(Girelli et al., 2006)

Core-shell
microreactor

pH 6.5, 25
°C,
15 min

Superparamagnetic
hydrophobic particles/glass
plates

Laccase Covalent
immobilization

Syringaldazine 75% (Al-Kaidy and
Tippkotter, 2016)

Column-packed
reactor

pH 5, 28 °C,
5 days

Na-alginate beads Laccase from Polyporus
rubidus

Entrapment Reactive Blue,
Remazol Black 5,
Reactive Orange,
Congo Red

85%,
100%,
90%,
100%

(Dayaram and
Dasgupta, 2008)

Fluidized bed
bioreactor

pH 5, 20 °C,
100 min

Na-alginate beads Laccase Entrapment Pharmaceuticals 75% (Du et al., 2013)

Packed bed reactor 30 °C, 6 h Ca-alginate beads Laccase from
Streptomyces
psammoticus

Entrapment Phenol 70% (Niladevi and Prema,
2008)

Fixed bed reactor pH 4.5, 20
°C, 4 h

Cu-alginate beads Laccase from Pleurotus
ostreatus

Entrapment Remazol Brilliant Blue
R

70% (Palmieri et al.,
2005)

Bioreactor
pH 7, 25 °C,
12 h

Cu-alginate beads Laccase from
Ganoderma sp. KU-
Alk4,

Entrapment Indigo Carmine,
Remazol Brilliant Blue
R,
Bromophenol Blue,
Direct Blue 15

100%,
100%,
65%,
54%

(Teerapatsakul et al.,
2017)

Continuous-flow
microreactor

pH 5, 30 °C,
1 h

Glutaraldehyde and
paraformaldehyde

Laccase from Trametes
versicolor

Cross-linking Estrone,
17-β-Estradiol,
17-α-Ethinylestradiol

100%,
100%,
100%

(Lloret et al., 2013a,
2013b, 2013c)

Perfusion basket
reactor

pH 4.5, 35 °C Poly(ethylene glycol) and
glutaraldehyde

Laccase from Cirripectes
polyzona

Cross-linking Nonylphenol,
Bisphenol A,
Triclosan

95%,
100%,
100%

(Cabana et al.,
2009a, 2009b)

Packed bed reactor 25 °C, 5 days Polyurethane foam cubes Laccase from Trametes
versicolor

Covalent
immobilization

Remazol Brilliant Blue
R,
Anthraquinone dye B4,
Acid Black 24

100%,
98%,
65%

(Yang et al., 2012)

Packed bed reactor pH 7, 24 °C,
30 min

Eupergit C 250L Laccase from
Myceliophthora
thermophila

Covalent
immobilization

Estrone,
17-β-Estradiol,
17-α-Ethinylestradiol

65%,
80%,
80%

(Lloret et al., 2012)

Fixed bed tubular
bioreactor

pH 6.5, 25
°C, 60 h

KC-Microperl MP100 Co-immobilized laccase
Pyricularia oryzae and
tyrosinase

Covalent
immobilization

α-Naphthol,
4-Chlorophenol,
2-Chlorophenol,
p-Cresol

100%,
66%,
50%,
28%

(Krastanov, 2000)
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increased the removal efficiency, improved the purity of the effluents
and decreased their toxicity. In another study, laccase entrapped into
copper alginate beads was used in a bioreactor for remediation of se-
lected commercial aromatic dyes. The immobilized laccase exhibited
better stability than the free enzyme and higher efficiency in the re-
moval of various synthetic dyes under non-buffered conditions. The
airflow rate was the key parameter affecting degradation time and
number of batch runs. An airflow rate of 4 L/min was the most suitable
for degradation of Indigo Carmine and Remazol Brilliant Blue R. Under
this airflow, the total quantity of the dyes was removed from aqueous
solution at pH 7 and temperature of 25 °C (Teerapatsakul et al., 2017).

To summarize the application of EBRs equipment based on the
immobilized oxidoreductases for removal of environmental pollutants,
it can be concluded that conversion of hazardous compounds can be
achieved in a shorter time and under mild conditions. A great ad-
vantage of the EBRs is associated with the fact that materials of various
origin could be used as a supports for immobilized enzyme. However,
substances characterized by high stability and resistance as well as
numerous functional groups on their surface, which enable the creation
of stable enzyme-support interactions, such as inorganic oxides and
synthetic polymers should be of particular interest. As noted above,
enzymatic bioreactors can be classified as packed bed, fixed bed and
fluidized bed reactors, which can operate in both continuous and batch
modes. The selection of the bioreactor’s operational mode is usually
dictated by the process conditions, the type of pollutant and the form of
the immobilized enzyme. Various immobilization techniques can be
applied to improve process efficiency and different sizes and forms of
the produced biocatalytic beads may be obtained. The form of beads is
selected to increase the contact time of the enzyme with substrate
molecules and the efficiency of the reaction. It is governed mainly by
the operational mode of the process and concentration of the toxic
compound. Nevertheless, in our opinion, the spherical beads, usually at
nano- or microscale, based on materials characterized by high stability
and mechanical resistance should be of particular interest due to their
operational stability and low diffusional limitations between the im-
mobilized enzyme and ingredients of the reaction mixture. It should
also be added that the type and form of the support material also affects
the type of the immobilization. Although various techniques were ap-
plied, we encourage the use of covalent immobilization, as this method
enhanced the formation of stable, covalent enzyme-support interactions
which prevents enzyme elution and ensures high operational stability
and reusability of the formed biocatalytic beads. Furthermore, the
foregoing examples have shown that a wide range of toxic organic
compounds can be effectively removed with the use of EBRs; however,
the type of pollutant and the used biocatalyst strongly affect the bior-
emediation conditions. In our opinion, future research will focus in-
creasingly on the appropriate selection of the operational mode and the
form of the biocatalytic beads in order to maximize the efficiency of the
processes carried out in EBRs. As a result, enzymatic bioreactors should
be used as effective and efficient tools not only for the remediation of
hazardous compounds but also in biocatalytic conversion of biomass or
production of biofuels.

3.2. Enzymatic membrane reactors (EMRs)

Among enzymatic bioreactors, in recent years there has been an
increasing interest in the use of enzymatic membrane reactors (EMRs)
with the immobilized oxidoreductases for the biodegradation of en-
vironmental pollutants from wastewaters. The greatest advantage of
EMRs is that they combine selective mass transport with simultaneous
biocatalytic conversion. Thus, selective removal of products from the
reaction mixture is achieved. This increases the efficiency of the process
by enhancement of the conversion of product-inhibited molecules and
by forcing of thermodynamically unfavourable reactions (Rasera et al.,
2009). Enzymatic membrane reactors are applied at an industrial scale
mainly for production and bioconversion processes (Agustian et al.,

2011); however, in this review, particular attention is paid to the use of
EMRs in wastewater treatment as a sustainable, eco-friendly and effi-
cient alternative for the currently used techniques. Moreover, the recent
trends towards environmentally friendly technologies make EMRs an
attractive solution, because they operate under mild conditions in terms
of pH, temperature and pressure, reduce diffusional limitations, and
allow for easy separation of by-products. Moreover, they do not require
complex equipment or chemical additives (Brindle and Stephenson,
1996). The use of immobilized oxidoreductases in EMRs provides the
possibility of application of biocatalytic transformations carried out in
bioreactors at a large scale (Busca et al., 2008). Additionally, the high
reusability of the immobilized enzymes ensures that EMRs offer ex-
cellent operational stability, reusability and high productivity in re-
peated biodegradation cycles. Depending on the immobilization tech-
nique, the form of the immobilized biocatalysts and the required purity
of the products, microfiltration or ultrafiltration membranes can be
used in EMRs for applications in wastewater treatments (Prazeres and
Cabral, 2001). However, the most frequently used membrane config-
urations are: (i) flat sheet (frame and plate), (ii) hollow fibers and (iii)
tubular (Gallucci et al., 2011). In addition, enzymatic membrane re-
actors can operate in both batch and continuous modes. It should be
also strongly emphasized that EMRs use membranes as both a porous
separator, to selectively divide components of the reaction mixture, as
well as a matrix for enzyme immobilization. This solution allows to
reduce operation cost associated with the use of additional support
materials and provides an opportunity to design the optimal parameters
and duration of the process to achieve high efficiency and productivity
(Marshall et al., 1993). Enzymatic membrane reactors with im-
mobilized laccases, tyrosinases and other oxidoreductases “over” and
”in” the membranes are nowadays more and more frequently used for
the degradation of toxic compounds, mainly with regard to the in-
creased operability of the process and purity of the effluents (Fig. 3).
Different types of membranes of various origin as well as various im-
mobilization techniques are used to produce biocatalytic systems for
use in EMRs. Selected examples of the application of enzymatic mem-
brane reactors with immobilized oxidoreductases for the bioremoval of
environmental pollutants from aqueous solution were summarized in
Table 5.

3.2.1. Membranes properties and materials used in EMRs
As it was shown in Table 5, various materials of different origin

have been used to prepare membranes with immobilized enzymes for
use in enzymatic membrane reactors. The selection of membrane ma-
terial and its properties, including pore size, the presence of functional
groups, hydrophilicity and surface charge, have a crucial effect on the
catalytic activity and stability. For instance, membranes with small
pores may limit the access of the substrates to the enzymatic active sites
or block changes of the laccase conformation after attachment,

Fig. 3. Schematic representation of enzymatic membrane bioreactors for en-
vironmental application. Immobilized enzyme “over” the membrane means that
enzyme is immobilized on support material and placed in the reactor together
with the support (membrane is not a support and acts as a separation unit),
whereas in case of enzyme immobilized “in” the membrane, there is no support
material, the membrane acts as a support for biomolecules and a separation
unit.
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reducing the efficiency of the entire biocatalytic process (Butterfield
et al., 2001). On the other hand, it is known that the use of a permeable
membrane enables the integration of the separation process with the
chemical reaction. However, from a structural point of view, each pore
in the membrane may be considered as a separate microsystem. Thus,
the correct deposition of enzyme molecules in a membrane plays a
significant role in ensuring the capture of substrate molecules by the
immobilized enzymes and increasing the contact time between the
substrate and the biocatalyst (Hou et al., 2014), as high permeate flux
and, in consequence, shorter contact time may be the limiting factors
which significantly reduce the efficiency of the process. The selection of
a membrane with properties suitable for the immobilized biomolecules
and for the separation of the stream of substrates and products, and
stable under operational conditions, provides the possibility of precise
control of the process and can minimize losses of substrate and pro-
ducts. Furthermore, an appropriate selection of the membrane can lead
to a faster reaction rate and higher yields. It is also possible to achieve
lower operational costs and a cleaner products stream (Taboada-Puig

et al., 2016).
Nevertheless, membrane fouling is one of the most critical factor

influencing efficiency of the EMRs. This is due to the fact that fouling
may result in a decrease of the permeate flux and water permeability as
well as lead to the changes in membrane selectivity and retention due to
deposition of solid molecules onto membrane surface (Guo et al., 2012).
There are few main mechanisms of membrane fouling, such as pore
blocking, surface adsorption, gel or cake formation as well as inorganic
precipitation and biological fouling (Luo et al., 2014a). It should be
clearly stated that the fouling phenomenon depends on various factors,
however the most important include the type, material and properties
of the membrane, process conditions, nature of the solution and inter-
actions between membrane and a solutes (Pino et al., 2018). Enzymes
are usually immobilized into pores of the membrane, thus tend to form
internal fouling. However, biomolecules might also be deposited onto
the surface of the membrane. In this case, fouling is usually observed
due to cake layer formation. In order to counter the above-mentioned
facts, various strategies have been applied to completely avoid or at

Table 5
Reactor operational mode and materials of various origin used for immobilization of laccases, tyrosinases and peroxidases for application in enzymatic membrane
reactors for the biodegradation of various environmental pollutants.

Reactor operational
mode

Process
conditions

Support material Enzyme Immobilization
technique

Pollutants
(enzyme substrate)

Removal
efficiency

Reference

Continuous reactor pH 6, 25 °C Ceramic membrane Laccase from
Trametes versicolor

Covalent
immobilization

Tetracycline >75% (Abejon et al.,
2015)

Continuous reactor pH 6, 25 °C,
24 h

Ceramic membrane Laccase from
Trametes versicolor

Adsorption
immobilization

Bisphenol A 97% (Arca-Ramos
et al., 2015)

Continuous reactor pH 7, 24 h Ceramic membrane Laccase Covalent
immobilization

Sulfadiazine,
Penicillin G,
Doxycycline

99%
94%,
60%,

(Becker et al.,
2016)

Fully-recycling
continuous
reactor

pH 5.5, 22
°C, 48 h

Carbon nanotubes/ poly
(vinylidene fluoride)
membrane

Laccase from
Trametes versicolor

Covalent
immobilization

Bisphenol A,
Carbamazepine,
Diclofenac,
Clofibric acid,
Ibuprofen

90%,
45%,
75%,
40%,
60%

(Ji et al., 2016)

Batch reactor pH 6, 30 °C,
2 h

Chitosan membrane Laccase from Pleurotus
ostreatus 1804

Covalent
immobilization

Acid black 10 BX 95% (Katuri et al.,
2009)

Batch reactor 25 °C, 24 h Gelatin-ceramic
membrane

Laccase from
Trametes versicolor

Covalent
immobilization

Tetracycline 87% (de Cazes et al.,
2015)

Batch reactor pH 7, 25 °C,
48 h

Microporous
polypropylene hollow
fiber membranes

Co-immobilized laccase
from Rhus vernificera
and horseradish
peroxidase

Entrapment 3,4-Dimethylphenols,
4-Ethylphenol,
2-Hydroxy-1,2,3,4-
tetrahydronaphthalene,
2-Hydroxy-
decahydronaphthalene,
4-Hydroxy-biphenyl

80%,
56%,
87%,

34%,

85%

(Moeder et al.,
2004)

Isothermal and non-
isothermal
continuous
reactor

pH 7.5, 25
°C

Nylon membrane Laccase from
Rhus vernicifera

Covalent
immobilization

Hydroquinone >80% (Durante et al.,
2004)

Non-isothermal batch
reactor

pH 5.5, 25
°C, 1 h

Nylon membrane Laccase from
Trametes versicolor

Covalent
immobilization

Bisphenol A 85% (Diano et al.,
2007)

Isothermal and non-
isothermal batch
reactor

30 °C, 1 h Nylon membrane Laccase from
Trametes versicolor

Covalent
immobilization

Bisphenol A >95% (Mita et al.,
2009)

Continuous reactor pH 5.3, 30
°C, 2 h

Polyethersulfone
membrane

Laccase from Cerrena
unicolor

Adsorption
immobilization

Acid Blue 62 100% (Lewanczuk and
Bryjak, 2015)

Stirred tank
continuous
reactor

pH 5, 26 °C,
100 h

Polyethersulfone
membrane

Laccase from
Myceliophthora
thermophila

Covalent
immobilization

Estrone,
17-β-Estradiol, 17-α-
Ethinylestradiol

80%,
100%,
100%

(Lloret et al.,
2013a, 2013b,
2013c)

Non-isothermal batch
reactor

pH 5.5, 30
°C,
30 min

Polypropylene
membranes

Laccase from Trametes
versicolor

Covalent
immobilization

Phenol,
3-Methoxyphenol,
4-Acetamidophenol,

100%,
78%,
44%

(Georgieva et al.,
2010)

Batch reactor pH 4, 22 °C,
48 h

Poly(vinylidene
fluoride) membrane

Laccase from
Trametes versicolor

Adsorption
immobilization

Bisphenol A 95% (Jahangiri et al.,
2014)

Batch reactor pH 5, 25 °C,
24 h

Poly(vinylidene
fluoride) microfiltration
membrane

Laccase from
Trametes versicolor

Covalent
immobilization

N’,N’-(dimethyl)-N-(2-
hydroxyphenyl) urea

100% (Jolivalt et al.,
2000)

Fully-recycling batch
reactor

pH 7, 30 °C,
3 h

NF270 polyamide
membrane

Co-immobilized laccase
from Trametes versicolor
and horseradish
peroxidase

Adsorption
immobilization

Bisphenol A 95% (Escalona et al.,
2014)
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least to minimize the fouling effect. According to the previously pub-
lished reports, the most promising approach consist of operating in a
cross-flow filtration mode and using a properly pretreated solution,
without solids (Jørgensen and Pinelo, 2017, Pino et al., 2018).

The materials used as supports (membranes) in EMRs can be clas-
sified in three main groups: (i) inorganic (mainly ceramic), (ii) metallic,
and (iii) polymeric, however, biopolymeric and hybrid membranes are
also used. The applied materials should offer excellent stability and
good mechanical resistance to provide operational stability and re-
peatability for enzymatic bioreactors (Jochems et al., 2011). Also, the
presence of many functional groups in the structure of the material is
required for effective enzyme binding. For example, the presence of
numerous hydroxyl groups on the surface of a ceramic membrane with
a mean pore diameter of 1.4 μm was exploited for the covalent im-
mobilization of laccase. The membrane was then used in a continuous
enzymatic bioreactor for the degradation of tetracycline, a commonly
known antibiotic, in the treatment of effluents from hospital, municipal
and industrial wastewater. The results showed that the efficiency of
biodegradation strongly depended on the quantity of immobilized lac-
case. When this quantity was appropriately selected, 75% of the tetra-
cycline was removed under optimal conditions of pH 5 and temperature
of 25 °C. This demonstrates that in order to ensure the economic and
technical competitiveness of the proposed technique, all parameters
must meet the process requirements (Abejon et al., 2015). However,
high pore diameter, far exceeding the size of the tetracycline and en-
zyme molecules, is the factor which limits higher removal efficiency as
some of the pollutant molecules pass through the membrane un-
converted. Aside from inorganic membranes, some polymeric materials
also possess features which make them a suitable barrier for both en-
zyme immobilization and mixture separation. The use of poly-
ethersulfone, a hydrophilic, water-insoluble polymer with a high
quantity of free sulfone groups, enables the formation of effective in-
teractions with an immobilized enzyme. Moreover, this polymer is
known for its high resistance to mineral acids, alkalis and electrolytes,
at pH ranging from 2 to 13, and is commonly used as a skin layer
material for various membranes. A polyethersulfone membrane was
used for adsorption immobilization of laccase from Cerrena unicolor,
and the obtained system was applied for the degradation of Acid Blue
62 dye at he temperature of 30 °C and pH equal to 5.3. After two hours
of the process, total decolorization of the solution was observed. With
the EMR operating in continuous mode, the immobilized laccase was
used for dye removal for four days, achieving over 98% conversion of
Acid Blue 62. It should also be noted that the immobilized enzyme was
stable over six successive reaction cycles without additional aeration
(Lewanczuk and Bryjak, 2015). Nevertheless, at the membrane selec-
tion stage, particular care must be taken to prevent the destruction and
decomposition of the immobilized enzyme, so as to maintain the high
catalytic activity of the biomolecules during repeated catalytic cycles.
For this reason, a microporous polypropylene hollow-fiber membrane
was used for entrapment co-immobilization of laccase from Rhus ver-
nicifera and horseradish peroxidase. This membrane offers low inter-
ference in the structure of the enzyme, and thus the catalytic activity is
maintained at a high level. Moreover, the membrane protects the bio-
catalysts against the negative effects of the reaction conditions by the
formation of the shell by the membrane fibers around enzyme mole-
cules, and additionally increases the stability of the entrapped biomo-
lecules. The system was used in a batch reactor for the remediation of
selected hydroxylated aromatic compounds. It was demonstrated that
after 48 h of the process, the prepared membrane can remove ha-
zardous compounds from aqueous solution with efficiencies of over
80% (Moeder et al., 2004). The drawback of this solution is the fact,
that deposition of the enzyme into the membrane fibers is associated
with diffusional limitations which decrease the total removal efficiency.
Moreover, the use of membranes in bioreactors has a great impact on
the permeate flux. This is affected by the quantity of immobilized en-
zyme, the transmembrane pressure, the axial velocity and the

operational mode (He et al., 2017). Usually, substrate particles accu-
mulate on the top of the membrane, which on one hand ensures a
supply of new substrate molecules to the immobilized biocatalysts, but
on the other hand may create diffusional limitations and, in con-
sequence, decrease the remediation effectivity. This was observed in
case of a nylon membrane grafted with glycidyl methacrylate and
phenylenediamine, with covalently immobilized laccase from Trametes
versicolor, in a study by Diano et al. (2007). This biocatalytic system was
used for the bioremediation of water polluted with bisphenol A (BPA).
Under optimal conditions (pH 5.5 and temperature 25 °C), and after
only one hour over 85% of the BPA was remediated. It was also es-
tablished that the affinity of the immobilized laccase to the BPA mo-
lecules increased with an increase of temperature, under non-iso-
thermal conditions. Nevertheless, the formation of a substrate layer on
the membrane induced a diffusional resistance, which reduced the
catalytic efficiency of the immobilized enzyme.

Simultaneous catalytic action and separation, which is a significant
advantage of enzymatic membrane reactors, provides the ability to
retain undesired by-products and unreacted substrates above the
membrane and to obtain a stream of products characterized by high
purity. This is particularly important in the case of laccase enzymes,
due to the formation of products with high molecular mass (oligomers
and polymers) during the catalytic transformation of phenolic pollu-
tants (Nazari et al., 2007). The pore size of the membrane must be
selected appropriately for the used enzyme and the molecular weight of
the undesired compounds. The pore size must be such as to retain the
enzyme on the membrane’s surface and to prevent it from passing
through the membrane, so as to allow the bioreaction. Furthermore, the
pores should be large enough to allow the products to pass through and
to retain other ingredients of the reaction mixture. For example, com-
mercially available nylon membrane with a pore diameter of 0.2 μm
was used for covalent immobilization of laccase from Trametes versi-
color. The bioremediation of bisphenol A was investigated under iso-
thermal and non-isothermal conditions. After one hour of the process in
non-isothermal conditions, over 95% of the BPA was degraded. It was
also found that increasing the concentration of bisphenol caused a de-
crease in the efficiency of the membrane, due to overcrowding of the
substrate molecules. Nevertheless, it was shown that the membrane was
able to fully retain high-molecular-weight products of the reaction, as
these compounds were not detected in the effluent (Mita et al., 2009).

Various materials of different origin have been used for fabrication
of membranes which act as a support material for enzyme im-
mobilization and a separation barrier in enzymatic membranes re-
actors. The production of a membrane based on the selected materials
should be simple and such material should be characterized by me-
chanical resistance to ensure the long-term operational stability of the
membrane. From this point of view, in our opinion, synthetic polymers
should particularly attract growing attention as to fulfill the above-
mentioned requirements and moreover offer the presence of numerous
functional groups which enhance enzyme immobilization and may af-
fect selective membrane separation. However, the main drawback of
the polymeric materials as membranes is their tendency to undergo
fouling, which is highly undesirable as it could affect both the catalytic
conversion and flux properties. Aside from membrane materials, an-
other important factor which has to be taken under consideration
during membrane selection is its pore size, which on the one hand
ensures enzyme retention but on the other hand must ensure high flux-
regime to reduce operational time of the process and avoid enzyme
inhibition. Membranes with different pore sizes are used as supports in
EMRs, however, we strongly believe that the polymeric micro- and
ultrafiltration membranes are most suitable for both enzyme im-
mobilization and removal/separation of environmental pollutants, due
to their pore size as well as mechanical and operational stability.
Moreover, we would like to add that in the recently published studies
there is generally little information related to the costs of the mem-
branes for use in EMRs as they depend on membrane material,
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bioreactor operational mode and energy demand. Nevertheless, based
on the available data, it has been assumed that the total costs of the
membrane for use in bioreactor should not exceed 30% of the total costs
of bioreactor construction (Young et al., 2013; Lo et al., 2015).

3.2.2. EMRs operational modes
Apart from the type of the support material and the type of mem-

brane used, the configuration of an enzymatic reactor also has a sig-
nificant impact on its operational effectivity. There are two main types
of configuration for EMRs: (i) a reactor integrated with a membrane
operation unit and (ii) a reactor with a membrane used as an active
catalytic and separation unit (Lopez et al., 2002). Both configurations
can operate in batch and continuous mode. In the case of the reactor
with a membrane operation unit, immobilized enzymes usually circu-
late freely in the operational volume of the bioreactor. After the bio-
catalytic process, immobilized biomolecules are fully retained on the
retentate side following membrane filtration and are easy to reuse in
the next catalytic cycle. In the case of EMRs, in which the membrane is
used as a simultaneous catalytic and separation unit, enzymes are im-
mobilized on the surface of the membrane or are loaded inside its pores.
An enzymatic membrane reactor with laccase immobilized onto a
ceramic membrane, operating in continuous mode, was designed by
Arca-Ramos et al. (2015). The continuous removal of toxic compounds
was carried out from synthetic and actual biologically treated waste-
waters at pH 6 and temperature of 25 °C, for 48 h. After that time 97%
and over 70% of BPA was removed from the model and actual solution,
respectively. In contrast, a study by Katuri et al. (2009) present the use
of a batch mode reactor with laccase from Pleurotus ostreatus 1804
immobilized in a chitosan membrane for decolorization of Acid Black
10 BX. The optimal process parameters for each batch of the degrada-
tion cycle were established as follows: pH 6, temperature 30 °C and 2 h
process duration. Under these conditions, over 95% of the dye was
removed. Moreover, it was found that the EMR with immobilized lac-
case operating in batch mode was characterized by a short contact time
and ensured reusability of the immobilized biocatalyst for a number of
cycles. It also exhibited excellent operational stability in repeated ap-
plications of the immobilized laccase and achieved high efficiency of
dye removal. Although both solutions with enzyme immobilized “over”
and “onto/in” membrane are interesting, in order to avoid additional
expenses and to simplify the process and the equipment, we encourage
to develop solutions which utilize membranes as simultaneous catalytic
and separation unit. Moreover, the use of such systems allows to obtain
a stream of products characterized by higher purity.

3.2.3. Immobilization techniques for EMRs
In comparison with enzymatic membrane reactors with free bio-

molecules, EMRs with biocatalysts immobilized in the membrane or
onto its surface can significantly improve the reusability of enzymes
and limit their inhibition by product molecules. The technique of im-
mobilization, and consequently the form of the immobilized enzyme,
used to produce biocatalytic systems for EMRs is determined mainly by
the reactor configuration, but increasing the quantity of protein usually
increases the catalytic activity until it reaches the maximum, after
which the binding of additional amounts of the enzyme does not im-
prove the catalytic properties (Rekuc et al., 2010). Enzyme molecules
can be immobilized in or on the membrane via covalent bonds as well as
by various non-covalent interactions, such as electrostatic or hydro-
phobic adsorption and hydrogen bonds, or by entrapment (Zhao et al.,
2014). Nevertheless, enzymes for use in EMRs are immobilized mainly
by covalent binding or adsorption to ensure stable binding and reusa-
bility of the biocatalytic system. For example, an efficient technology
was developed based on an EMR with laccase from Myceliophthora
thermophila covalently immobilized with the use of polyethersulfone
membrane for continuous removal of estrogenic compounds from
wastewaters. The immobilized enzyme enabled the effective conversion
of estrone, 17-β-estradiol and 17-α-ethinylestradiol with efficiencies

over 80%. Moreover, the immobilized biocatalysts exhibited improved
thermal stability and excellent operational stability, allowing the en-
zymatic membrane reactor to operate effectively for 100 h, which
confirms its high productivity and potential as an enzymatic reactor
system (Lloret et al., 2013a, 2013b, 2013c). As immobilization is car-
ried out using covalent binding, a study associated with the optimiza-
tion of the amount of immobilized biocatalysts and some surface
modification of the membrane to increase enzyme-membrane distance
should be performed to achieve higher removal efficiency.

However, enzyme immobilization using membranes as support
materials is also a promising method for co-immobilization of bioca-
talysts, because it can be carried out under mild conditions in a single
step and the formed interactions maintain the enzymatic activity at a
high level (Luo et al., 2014b). The co-immobilization involves the in-
tegration of at least two types of enzymes immobilized on the same
matrix to increase the catalytic ability of the system for the conversion
of compounds (Morthensen et al., 2017). A very good example of this
technique was reported by Escalona et al. (2014). Laccase from Tra-
metes versicolor and horseradish peroxidase were co-immobilized by
adsorption onto the surface of a polyamide NF270 commercial mem-
brane to facilitate the removal of bisphenol A. It was found that over
95% of the BPA was removed after 3 h of the process at the temperature
of 30 °C and pH 7. The EMR coupled with an enzyme recycling system
was tested and found to achieve a similar removal efficiency to that of a
classic membrane reactor with co-immobilized laccase and horseradish
peroxidase. The nanofiltration membrane retained the products of BPA
remediation and produced an effluent of high purity. Additionally, only
approx. 30% flux decay was observed. The results show that the system
is very interesting from the point of view of potential large-scale ap-
plications.

Attention should also be paid to the immobilization of enzymes in
membranes using a simple and effective method based on membrane
fouling. The immobilization technique presented in Fig. 4 is based on
adsorption and/or entrapment of the biomolecules in the pores of the
membrane and/or on its surface, and is called fouling-induced enzyme
immobilization (Luo et al., 2013, 2015).

Based on the above-mentioned examples, it can be briefly con-
cluded, that enzymatic membranes reactors (EMRs) based on the im-
mobilized oxidoreductases still attract increasing attention for appli-
cation in conversion and removal of environmental pollutants over
recent years. Pure and less toxic effluents can be obtained mainly due to
the fact that high bioremoval efficiencies can be achieved under mild
conditions and due to simultaneous bioconversion and separation of
reaction mixture. This results from the selection of the most suitable
operational mode, membrane and technique of the immobilization. As
it was presented above, two operational modes are applied, however, in
our opinion, a bioreactor with a membrane acting as an biocatalytic and
separation unit should be of particular attention. In this solution, there
is no need to use additional support material because the membrane is
the matrix for the biomolecules. To ensure high operational efficiency
of the EMRs, stable and mechanically resistant membranes are required.
Attention should be paid to the polymeric, commercially available
membranes due to their availability and possibility of selection of
membranes with desired pores size. These membranes also offer the
presence of functional groups on their surface and in the pores, which
enhance the formation of covalent bonds. Formation of covalent linkage
prevents enzyme leakage and usually increases the reusability of the
system. Nevertheless, it should be emphasized that after proper selec-
tion of operational conditions, various environmental pollutants, such
as dyes, phenols, bisphenols and even estrogenes can be removed with
efficiencies usually exceeding 90%. It should be added that enzymatic
membranes reactors are also used in different branches of life sciences
and industry, such as pharmacy, chemical synthesis or biomass con-
version. This fact confirms the flexibility and significance of the EMRs-
based approaches in their application at the broad industrial scale.
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4. General remarks and future perspectives

Environmental pollutants, including a wide range of phenolic
compounds as well as natural and synthetic dyes, are produced as waste
substances by many branches of industry and consequently these
compounds occur in waters and soils. Their removal at an industrial
scale, in green and sustainable ways, has become an important problem
over recent years, which might be solved by the use of free or im-
mobilized biocatalysts such as laccases or tyrosinases. These enzymes
are able to convert numerous pollutants of environmental concern into
less toxic derivatives. To achieve high bioconversion efficiency, more
advanced solutions, based on immobilized oxidoreductases, have been
developed. Thus, in this review, we have presented brief information
regarding simultaneous sorption and biodegradation processes as well
as the use of bioreactors with immobilized enzymes for bioremediation
processes. We have highlighted the advantages of these processes and
established that with their use:

(i) bioconversion of environmental pollutants is carried out under
mild conditions, without organic solvents, in line with the princi-
ples of green chemistry;

(ii) total conversion of hazardous pollutants into less toxic compounds
can be achieved;

(iii) biodegradation can be carried out in more efficient and cost-ef-
fective ways;

(iv) one-step removal and separation of toxic compounds and their
conversion products can be achieved, to obtain an effluent stream
of high purity.

Information concerning support materials, immobilization techni-
ques, and the equipment and operational modes of bioreactors used for
the biodegradation of toxic compounds has also been presented which
allowed to indicate the most suitable solutions for achievement of high
process efficiency. We have also summarized the criteria for the se-
lection of factors which enable the production of highly stable and
highly resistant biocatalytic systems for the removal processes.

Although many methods which apply free or immobilized enzymes
for the biodegradation of hazardous compounds have been reported,
there is still a need to develop more advanced solutions that increase
the efficiency and cost-effectiveness of the removal process. Application
of enzymatic bioreactors and simultaneous separation and catalytic
conversion to be a promising option for large-scale bioremediation
processes under mild conditions in the future appears (meaning that the
reactions can be accomplished at the natural water temperature and
pH), in accordance with the rules of green chemistry. In contrast to
“industrial manufacture” processes, the discussed processes are focused
on the removal of undesirable compounds but not necessarily on the
production of a commercial product, hence particular attention has to
be paid to the operational efficiency and maximal conversion. Thus,
further studies to identify the most suitable and most long-term robust
carriers for oxidoreductases are required. Future development of

support/sorbent materials will be focused on use of microporous na-
nomaterials and their modification for: (i) targeting enzyme im-
mobilization, to retain high catalytic properties and (ii) selective
sorption of pollutants, by ensuring higher affinity of the sorbent to the
molecules of toxic compounds. Also hybrid/composite materials will be
intensively studied in future due to the possibility of fabrication of
tailored support, with desired properties for both enzyme immobiliza-
tion and adsorption. This will improve the biodegradation efficiency
even more and reduce the time and costs of the process. We strongly
believe that further study leading to new enzymes development will be
carried out, as there is still a need to look for oxidoreductases char-
acterized by high long-term and operational stability. Moreover, the
mechanism of catalytic conversion and oxygen/hydrogen peroxide
supply for oxidoreductases will be investigated in order to obtain high
biocatalysts efficiency. Future development of enzymatic reactors will
be focused on new, stable and reusable membranes with numerous
functional groups for stable binding of the biocatalysts. In our opinion,
the application of the solution using membrane as a support for im-
mobilization of oxidoreductase and, simultaneously, as separation unit
will also be more common. This solution enhances the bioconversion
efficiency and allows to obtain pure streams of effluents. Moreover,
future investigations will focus on the implementations of the devel-
oped solutions at large-scale applications for the bioremediation of
wastewaters. We hope that this review may provide certain suggestions
and ideas for the design and implementation of novel, more efficient
solutions for detoxification processes of actual wastewaters with the use
of immobilized oxidoreductases.
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A B S T R A C T

Due to its exceptional textural, morphological and mechanical properties, mesostructured cellular foam (MCF)
silica is a suitable support material for enzyme immobilization. However, the simple and efficient protocol of
enzyme immobilization using MCF is often overlooked. Thus, in the presented study, we describe the synthesis,
modification and characterization of mesostructured cellular foam silica for use in laccase immobilization. It has
been established that the synthesized materials are characterized by high surface area equal to approx.
550m2 g−1 and pores with diameters of approx. 20 nm, which makes them suitable for effective enzyme
binding. Furthermore, immobilization of the laccase onto both, unmodified and Cu-modified MCF has been
carried out, resulting in process yield of over 95% and 85%, respectively. Upon immobilization, irrespectively of
the support used, laccase retained higher activity (over 80%) at a wider temperature (20–40 °C) and pH (4–7)
range, as compared to the free enzyme, which exhibited such high activity only at pH 5 and 30 °C. In addition,
the reusability of the laccase immobilized onto MCF + Cu material has also been improved as it still retained
approx. 90% of its initial activity after 10 reaction cycles. Finally, the obtained biocatalytic systems have been
applied for degradation of tetracycline from aqueous solutions resulting in 100% removal of the antibiotic by the
MCF + Cu + lac system due to simultaneous adsorption and biocatalytic conversion.

1. Introduction

According to the IUPAC definition, mesoporous materials are
characterized by pores with diameters ranging from 2 to 50 nm and
usually possess pores at a volume up to 2 cm3 g−1 and high surface
area, which may reach even 1500m2 g−1 [1]. Furthermore, the mul-
tiplicity of the synthesis methods, such as sol-gel, microwave, hydro-
and solvothermal, precipitation in polar and nonpolar media as well as
sonochemical approaches, allow to obtain the tailor-made materials
with desired properties [2–10]. Mesoporous materials are also well-
known for their high chemical and biological stability, mechanical re-
sistance, biocompatibility as well as biodegradability and susceptibility
to surface functionalization. Due to the above-mentioned features,
mesoporous materials still attract growing attention for application in
various fields of science and engineering, including biomedicine, en-
ergy storage, separation, adsorption, catalysis and biocatalysis [11,12].

Currently, a great variety of the mesoporous materials is known and
frequently applied, among which carbon mesoporous materials as well

as inorganic oxides, such as titania, zirconia, alumina or even cerium
and tin oxide should be enumerated. However, since methods of their
synthesis have been developed at the turn of 1960s and 1970s, meso-
porous silica materials mainly are of particular interest due to their
remarkable textural properties, such as high surface area and pore vo-
lume [13]. Moreover, at the begging of 1990s, the first reports re-
garding the synthesis of mesoporous silica nanoparticles have been
published, opening new fields for potential application for the above-
mentioned materials. Various types of mesoporous silica have been
developed, among which the most commonly known and frequently
applied include Mobil Composition of Matter (Mobil Crystalline Mate-
rials, MCM), Santa Barbara Amorphous (SBA) and Mesostructured
Cellular Foam (MCF), which differ in terms of morphological structure
as well as the pore array, size and volume [14,15]. MCF is a wide class
of three-dimensional materials characterized by high stability and re-
sistance with surface area up to 1500m2 g−1 and pores with diameters
usually ranging from 20 to 50 nm, however with a narrow pore size
distribution [16]. Moreover, these materials are composed of uniform
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spherical cells interconnected by window pores, which is an advantage
in terms of better diffusion of reactants and products, and are known
due to their water insolubility, hydrophilic character and numerous of
hydroxyl functional groups [17]. These remarkable properties make
mesoporous silica materials suitable for use as a supports for enzyme
immobilization.

Enzyme immobilization is based on the attachment of the enzyme
molecules to the solid support that provides high activity and effectivity
of the biomolecules and improves their stability and reusability [18].
Furthermore, immobilization is a promising technology for maximiza-
tion of the enzyme biocatalytic productivity and their reuse to reduce
the operational costs of the catalytic processes [19,20]. Materials of
various origin may be used as supports for enzyme immobilization,
among which mesoporous silica materials are one of the most fre-
quently applied. For example, α-chymotrypsin and lipase were im-
mobilized in SBA-15 mesoporous silica and additionally cross-linked by
glutaraldehyde in the study by Kim et al. [21]. The presented approach
was very effective in enzyme leaching limitations and, as a con-
sequence, enhancement of the enzyme stability. In another study,
chloroperoxidase from Caldariomyces fumago was covalently im-
mobilized using SBA-15 silica and applied for the enzymatic oxidation
of azo dyes allowing for total removal of Acid Blue 120 and Direct Blue
85 [22]. Mesostructured cellular foams have also been previously used
as enzyme supports. For instance, Fried et al. [23] reported im-
mobilization of glucose-6-phosphate dehydrogenase onto MCF grafted
with aminosilanes with different chain length to select the most suitable
support for the highest enzyme activity. In another work, aminopropyl-
modified MCF was used for covalent immobilization of penicillin G
acylase through the Schiff base reaction. It has been shown that enzyme
attached by the covalent bonds exhibited improved stability compared
to biocatalyst adsorbed onto unmodified MCF [24]. Finally, enzymes
from oxidoreductase group, such as tyrosinase from Agaricus bisporus
have also been covalently immobilized using amine-grafted MCF by
Zynek et al. [25]. The presented data clearly indicated that stability of
the tyrosinase against thermal inactivation has been significantly im-
proved upon immobilization. Nevertheless, data regarding the im-
mobilization of laccase using mesoporous supports for removal of
pharmaceuticals are limited and simple as well as efficient protocols for
immobilization of laccase are still required. Up to date, laccase have
been immobilized by adsorption and covalent binding using mesos-
tructured siliceous cellular foams [26–29]. Properties of the free and
silica immobilized enzymes have been examined and compared and it
has been found that immobilized laccase exhibited improved stability
and higher activity over wider pH and temperature ranges, as compared
to free laccase.

Therefore, in the presented study, we have undertaken a research
concerning the synthesis of mesoporous cellular foam (MCF), its mod-
ification using copper ions and characterization including high-resolu-
tion transmission electron microscopy, energy dispersive X-ray spec-
troscopy as well as evaluation of porous structure parameters and
thermal stability. Furthermore, the obtained materials have been used
as a support for immobilization of laccase from Trametes versicolor and
the produced biocatalytic systems were applied for removal of tetra-
cycline from aqueous solutions. As part of the study, we have also
evaluated and compared the kinetic parameters of the immobilized
enzymes and examined the effect of various pH and temperature con-
ditions on the stability of free and immobilized laccase. Finally, the
biocatalytic systems have been applied for removal of tetracycline al-
lowing total removal of the antibiotic by simultaneous sorption of the
pollutant and its catalytic conversion.

2. Experimental

2.1. Materials

Laccase from Trametes versicolor (EC 1.10.3.2≥ 0.5 Umg−1),

tetracycline (≥98.0%), 2,2-azinobis-3-ethylbenzothiazoline-6-sulfo-
nate (ABTS, ≥99%), Coomassie Brilliant Blue G-250, phosphate,
acetate and Tris-HCl buffers at specific pH value, copper(II) sulfate,
tetraethyl orthosilicate (TEOS,> 99%), copper(II) chloride (97%),
1,3,5-timethylbenzene (> 99%) and ammonium fluoride (> 99%) as
well as methanol, 96% ethanol and 85% H3PO4 (all laboratory grade)
were supplied by Sigma-Aldrich. Pluronic P123 was manufactured by
BASF. In turn, HCl (35% v./v.) was bought from Chempur.

2.2. MCF synthesis and modification

MCF materials were obtained using the hydrothermal sol-gel pro-
cess according to Trejda and co-workers [30]. Pluronic P123 (32 g) was
dissolved in a HCl solution (70.08 g hydrochloric acid and 1142 g H2O).
Afterwards, after 1 h, tetraethyl orthosilicate (68.22 g) was added to the
mixture and then stirred at 40 °C for 20 h. Next, the mixture was heated
in the oven, at 100 °C for 24 h under static conditions. The solids were
then recovered by filtration, washed with distilled water, and air dried
at 60 °C for 12 h. The template was removed by calcination in air at
550 °C for 8 h.

Next, the unmodified MCF support was modified by incipient wet-
ness impregnation. The vessel with a weighted portion of the MCF was
charged dropwise with a water solution of copper(II) chloride. The mass
fraction of copper was kept as 10 wt% in respect to the support. The
vessel with the impregnated support was tightly closed with polyolefin-
paraffin foil and left to rest for 24 h. Next, the modified material was
dried for 1 h at 30 °C, then for 1 h at 40 °C and finally for 18 h at 60 °C.

2.3. Enzyme immobilization

For the immobilization of laccase from Trametes versicolor, 1 g of the
MCF and MCF + Cu support material was used, to which 10 mL of the
laccase solution at concentration of 5 mg mL−1 in acetate buffer at pH 5
was added. The mixture was shaken for 3 h in a KS 4000i Control in-
cubator (IKA Werke GmbH, Germany) with mixing at 150 rpm at a
temperature of 4 °C. Finally, the immobilized enzymes were centrifuged
(Eppendorf Centrifuge 5810 R, Germany) and washed several times
with the acetate buffer to remove the unbounded enzyme.

The amount of immobilized enzyme (mg g−1) was determined
based on the spectrophotometric measurements according to the
Bradford method [31] as the difference between the initial enzyme
dosage and the concentration of protein present in the supernatant after
immobilization and considering the mass of the support material. The
immobilization yield (%) was calculated considering the difference
between the amount of the enzyme in the supernatant before and after
immobilization and volume of the reaction mixture.

In order to calculate the enzyme leakage (%) from the support, both
immobilized laccases were incubated for 12 h at 30 °C in 20mL of
acetate buffer at pH 5 and were mixed at 200 rpm using an IKA KS
4000i Control incubator. The percentage of eluted enzyme was calcu-
lated based on measurement of the protein content in the biocatalytic
systems obtained after immobilization and the concentration of the
enzyme after the leakage test, based on the Bradford method.

2.4. Enzyme activity, stability and kinetic study

The activity, temperature and pH profiles as well as storage stability
and reusability of the free and immobilized laccases were evaluated
based on spectrophotometric measurements with a Jasco V-750 (Japan)
spectrophotometer at λ=420 nm, using ABTS as the substrate, ac-
cording to the methodology presented by Dai et al. [32], with a slight
modification. For each reaction, 10mg of the free or immobilized en-
zyme were used. The relative activity (AR) (eq. (1)) was defined as the
percentage ratio of the activity of laccase at a specific value (Ai) to the
enzyme's maximum activity (Amax). Amax is the highest activity among
all values of enzymatic activity recorded in this study.
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The pH profiles were examined over a pH range from 3 to 9, using a
buffer solution at an appropriate pH, at temperature of 30 °C. The
temperature profiles of the free and immobilized laccase were eval-
uated over a temperature range from 10 °C to 60 °C at a pH 5. The
reusability of the immobilized laccases was calculated based on spec-
trophotometric measurements over ten repeated reaction cycles. After
each reaction step, the tested biocatalytic system was separated from
the reaction mixture by centrifugation, washed several times with
buffer solution at pH 5 and added to a mixture containing fresh sub-
strate. Storage stability of the free and immobilized laccase was eval-
uated over 30 days of storage at 4 °C in acetate buffer at pH 5. For the
reusability and storage stability the initial activity of the biocatalysts
was defined as 100%.

The Michaelis–Menten constant (KM), the maximum rate of reaction
(Vmax) and turnover number (kcat) of free and immobilized laccases
were examined based on the oxidation reaction of ABTS as a substrate,
at concentrations from 0.01mM to 0.5mM under optimal process
conditions using various concentrations of the substrate solution. To
calculate the apparent kinetic parameters, the Hanes–Woolf plot was
applied.

2.5. Tetracycline removal

The obtained biocatalytic systems were tested in the removal ex-
periments of tetracycline. However, as MCF materials are known for
their good sorption capacity, the efficiency of adsorption of the phar-
maceutical using the unmodified and Cu modified MCF supports before
and after immobilization was examined prior to evaluating the effi-
ciency of the catalytic degradation of tetracycline.

2.5.1. Adsorption study
In order to evaluate the sorption properties of the MCF materials

before and after immobilization, the tests were performed using pure
support materials and biocatalytic systems with a thermally inactivated
laccase. Prior to the adsorption tests, the immobilized enzymes were
placed in a Memmert SF75 (Memmert, Germany) drier at 80 °C for 3 h
for enzyme inactivation. For each of the adsorption experiments,
100mg of the MCF material before immobilization and with the in-
activated enzyme were placed in vials with 10mL of tetracycline so-
lution at pH 5 and concentration 1mg L−1. The duration of the test was
90min. After a specified period of time, the concentration of tetra-
cycline was examined spectrophotometrically using a Jasco V-750
spectrophotometer at wavelength 355 nm, based on the calibration
curve of tetracycline. The adsorption efficiency (%) after a specified
period of time was calculated considering the initial concentration of
tetracycline and remaining concentration of the antibiotic after a cer-
tain time.

2.5.2. Biodegradation study
The biodegradation of the tetracycline by free and both MCF-im-

mobilized laccases was investigated in darkness using an IKA KS 4000i
incubator shaker (100 rpm). Briefly, 10 mg of free or immobilized lac-
cases were added to 10mL of tetracycline solution at pH 5 and con-
centration 1mg L−1. The experiment duration was 90min and progress
of the reaction was monitored spectrophotometrically at λ=355 nm
by collecting the samples (0.1 mL) every specified period of time. The
concentration of the antibiotic after biodegradation was calculated
based on a standard calibration curve of this compound. The removal
efficiency of tetracycline (%) was calculated according to the following
equation (eq. (2)):

=

−Tetracycline removal C C
C

(%) ·100%t0

0 (2)

where C0 denotes initial tetracycline concentration and Ct denotes the
remaining concentration of tetracycline after a certain time.

2.6. Analytical techniques

High-resolution transmission electron microscopic (HRTEM) mea-
surements were performed with a Hitachi HT7700 microscope (Hitachi,
Japan) operating at 100 kV. A small quantity of the sample was dis-
persed in 2mL of deionized water with the use of ultrasound. Then, 1 μL
of the solution was applied to a nickel mesh covered with a carbon film.

The surface composition of the samples before and after im-
mobilization was analyzed by energy dispersive X-ray spectroscopy
(EDS) using a Hitachi HT7700 microscope equipped with a UltraDry
detector and microanalysis system from Thermo Scientific.

XRD measurements were performed on a Bruker AXS D8 Advance
diffractometer with CuKα radiation generated radiation of the wave-
length α=0.154 nm in 2Ɵ range of 6–60° with the accuracy to 0.05°
(wide-angle range).

Fourier transform infrared (FTIR) spectra of the support materials
and samples after immobilization were recorded using a Vertex 70
apparatus (Bruker, Germany). The samples were analyzed in the form
of KBr pellets, by mixing 1.5 mg of the sample and 250mg of anhydrous
potassium bromide, over a wavenumber range of 4000–420 cm−1 (at a
resolution of 0.5 cm−1).

The porous structure parameters of the materials before and after
immobilization were determined using an ASAP 2020 instrument
(Micromeritics Instrument Co., USA). The surface area was evaluated
based on the multipoint BET (Brunauer–Emmett–Teller) method using
data for adsorption under relative pressure (p/p0) at 77 K. The mean
size and total volume of pores were calculated based on the BJH
(Barrett–Joyner–Halenda) algorithm.

Thermogravimetric analysis (TG) of the support materials was
performed using a Jupiter STA 449F3 apparatus (Netzsch, Germany).
Measurements were carried out over the temperature range from 25 °C
to 1000 °C under nitrogen flow of 10mLmin−1 at a heating rate of
10 °C min−1, with an initial sample weight of about 10mg.

2.7. Statistical analysis

All of the above-presented experiments were performed in tripli-
cate. The results were presented as mean value ± standard deviation.
Statistically significant differences were determined by using one-way
ANOVA performed using SigmaPlot 12 (Systat Software Inc., USA),
based on Tukey's test. Statistical significance was established at
p < 0.05.

3. Results and discussion

3.1. Physicochemical characterization

3.1.1. Morphological and surface composition study
It can be observed that the obtained MCF material is characterized

by a rather spherical pores with an average size of approx. 25 nm,
however, with a narrow pore size distribution (Fig. 1a). After MCF
functionalization by the copper ions, an additional layer can be seen on
the surface of the silica material, also resulting in a slight decrease of
the pores diameters (Fig. 1c). Upon laccase immobilization onto both
unmodified and modified MCF materials (Fig. 1b,d), irregular shapes
representing enzyme aggregates, with the size of approx. 10 nm, can be
observed, which confirms effective laccase deposition. Furthermore, it
can be observed that enzymes molecules have been deposited onto the
surface of the MCF as well as in its pores, which could provide a suitable
micro-environment for immobilizing laccase. Effective MCF functiona-
lization and laccase immobilization have also been confirmed by the
EDS result. After Cu2+ coating, the presence of peaks characteristic for
these ions can be seen, as signals assigned to carbon, nitrogen and sulfur
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(elements which are present in the enzyme structure) can be observed
on the EDS spectra after enzyme immobilization.

3.1.2. XRD and FTIR analysis
The XRD patterns of pure MCF and copper modified MCF before and

after laccase immobilization in a wide range of angles were presented in
Fig. 2. The presence of signals for MCF + Cu confirms the existence of a
substance in the crystalline form. A number of peaks at 2θ = 16.2°,
21.9°, 28.9°, and 33.9° was assigned to CuCl2, thereby confirming
successful preparation of the copper-modified sample [33]. The powder
XRD patterns of the pure MCF and modified MCF before and after
laccase immobilization confirmed its amorphous form. These materials
do not possess a long range order.

FTIR spectra of the MCF support material before and after laccase
immobilization have been obtained in order to characterize the che-
mical groups present on the surface of the materials (Fig. 3). A band
with maximum at 3320 cm−1, assigned to the stretching vibration of
–OH groups can be seen on the FTIR spectra of the MCF material before
enzyme immobilization. Furthermore, signals at 1055, 795 and
475 cm−1, characteristic for stretching vibrations of Si–O–Si bonds as
well as bending and out of plane vibrations of Si–O bonds, respectively,
can also be observed. After enzyme deposition on the MCF surface, ir-
respectively of the type of the support used, additional signals assigned
to the enzyme structure can be observed. Among others, the most im-
portant is the increase of the intensity of the peak assigned to the –OH
groups due to the presence of hydroxyl moieties in the enzyme

Fig. 1. HRTEM images and EDS spectra of: pure MCF (a), MCF + lac (b), MCF + Cu (c) and MCF + Cu + lac (d).
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structure. Moreover, small peaks with maxima at 1655, 1545 and ap-
prox. 1250 cm−1, characteristic for the amide I, amide II and amide III
bands, respectively, have also been observed. Finally, signals related to
the carbon skeleton of the enzyme at 2950 cm−1 (stretching vibrations
of C–H bonds) and approx. 600 cm−1 (bending vibrations of C–C bonds)
has appeared after immobilization. According to Wong et al. [34], the
presence of the above-mentioned signals as well as slight shifts of their
maxima towards higher wavenumbers indicate not only efficient en-
zyme immobilization but also retention of its catalytic properties.

3.1.3. Textural properties
In order to evaluate the textural properties, N2 adsorption/deso-

rption isotherms and pore size distribution for all prepared products
were carried out. The isotherms of all analyzed materials were typical
for type-IV with type H2 hysteresis loop, according to the IUPAC clas-
sification, which are characteristic for mesoporous structures (Fig. 4).
The results of analysis of the parameters of the porous structure of MCF
product indicate that the mentioned sample is characterized by a BET
surface area equal to 586.5 m2 g−1. The mean pore diameter (Sp) and
the total pore volume (Vp) of MCF material was equal to 22.1 nm and
2.218 cm3 g−1, respectively. After laccase immobilization on the MCF
sample (MCF + lac sample), the resultant BET surface area, mean pore
diameter and total pore volume were equal to 379.6 m2 g−1, 21.1 nm
and 1.657 cm3 g−1, respectively. Moreover, interpretation of

parameters of porous structure of the mentioned products confirmed
that the hysteresis loops of MCF and MCF + lac samples cover the
relative pressure range of p/p0=0.5–0.99. The amount of adsorbed
nitrogen reached a maximum value of 1538.3 cm3 g−1 and
1124.3 cm3 g−1 at p/p0 = 0.99 for MCF and MCF + lac samples, re-
spectively. The BET surface areas of the MCF + Cu and
MCF + Cu + lac samples were significantly lower than that of pure
MCF sample. The reduction of the BET surface area from 586.5 m2/g
(characteristic for MCF sample) to 431.9m2/g for MCF + Cu sample is
probably associated with the blocking of active sites by Cu ions, which
was used for functionalization of the support. The mean pore diameter
and the total pore volume of MCF + Cu material were equal to 18.0 nm
and 1.691 cm3 g−1, respectively. The interpretation of results of low-
temperature sorption of nitrogen for MCF + Cu + lac sample con-
firmed that the mentioned product is characterized with the lowest BET
surface area (406.2 m2 g−1). The total pore volume and mean pore
diameter of the analyzed sample were equal to 1.556 cm3 g−1 and
17.8 nm, respectively. The hysteresis loop of MCF + Cu and
MCF + Cu + lac samples covered the relative pressure range of p/
p0=0.6–0.99. The amount of nitrogen adsorbed reached a maximum
value of 1151.7 cm3 g−1 and 1062.7 cm3 g−1 at p/p0 = 0.99 for
MCF + Cu and MCF + Cu + lac samples, respectively. The mean pore
diameter and pore volume of MCF + lac, MCF + Cu and
MCF + Cu + lac samples were lower that respective values of the MCF

Fig. 2. Wide-angle XRD patterns of: pure MCF (a) and Cu modified MCF (b) before and after laccase immobilization.

Fig. 3. FTIR spectra of: pure MCF (a) and Cu modified MCF (b) before and after laccase immobilization.
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material. The decrease of BET surface area for the MCF + lac,
MCF + Cu and MCF + Cu + lac materials resulted from blocking the
surface functional groups of MCF product by the laccase biomolecules
or Cu ions. The obtained results which describe the parameters of the
porous structure of the MCF-based materials confirmed the changes in
the surface character of the analyzed products as well as the effec-
tiveness of the immobilization process of laccase or Cu ions deposition.
Our results are in agreement with previously published reports [35,36]
which also indicated that immobilization of strictly defined molecules
on MCF product had significant influence on the structure of meso-
porous support material.

3.1.4. Thermal stability
The thermal stability of MCF and MCF + Cu samples was de-

termined using TGA analysis (Fig. 5). The thermogram of the MCF
sample indicated a minor weight loss by approx. 4.5% in the tem-
perature range of 30–200 °C. The weight loss is mainly associated with
the local elimination of water molecules which interact with the surface
silanol groups. The next weight loss, by about 2%, was observed for
MCF material in the temperature range of 200–1000 °C. The TGA curve
of the MCF + Cu product showed a major weight loss by approx. 11%
in the temperature range of 30–100 °C. The next weight loss by about
4% was observed on the TG curve in the temperature range of
100–400 °C. Those losses are associate with the desorption of physi-
sorbed and chemisorbed water or probably with oxidation of Cu to
Cu2O, as reported in the literature [37–39]. The small endothermic and

exothermic effects recorded in the DTA curve are a confirmation of the
occurring changes. The third stage of the degradation, by approx. 10%,
in the temperature range of 400–620 °C, may be attributed to the slow
decomposition of copper in the MCF material leading to the formation
of copper oxide. The mentioned stage of the degradation is also asso-
ciated with a distinct endothermic effect observed on the DTA curve.

3.2. Enzyme immobilization and characterization

Based on the results presented in the above section, it is clear that
MCF materials are characterized by defined and well-developed surface
area, high thermal stability and possess numerous hydroxyl groups on
their surface. These properties make MCF materials suitable for appli-
cation as a supports for enzyme immobilization. Thus, in the further
steps of the research, we have undertaken the study to evaluate efficient
immobilization protocol of laccase from Trametes versicolor using MCF
and Cu doped MCF materials, to examine the effect of copper ions on
the activity of immobilized laccase. The immobilization process has
been characterized and kinetic parameters of the free and immobilized
enzymes have been calculated. Moreover, since it is known that the
catalytic activity is strongly affected by the process conditions, it was
important to examine optimal pH and temperature parameters as well
as storage stability and reusability of the immobilized enzymes. All of
the above-mentioned features of the immobilized laccases have been
evaluated to examine the practical application potential of the obtained
systems.

3.2.1. Immobilization yield and kinetic parameters
In order to examine the changes of the biocatalysts upon im-

mobilization, their kinetic parameters, such as the Michaelis–Menten
constant (KM), maximum reaction rate (Vmax) and turnover number
(kcat) were calculated (Table 1). It can be observed that the KM value of
free laccase was equal to 0.062mM and was lower by approx. 25% and
45% compared to the KM of MCF + lac and MCF + Cu + lac, re-
spectively. Consequently, approx. 20% lower values of Vmax for the
immobilized laccases (0.039mMmin−1 and 0.035mMmin−1 for
MCF + Lac and MCF + Cu + lac, respectively) were noticed, in
comparison to the free enzyme, which reached 0.047 mM min−1.
Higher values of Michaelis-Menten constant indicate lower substrate
affinity of the immobilized biocatalysts which leads to the decrease of
the maximal reaction rate (Vmax). This may be related to the formation
of steric hindrances upon immobilization, which limit the transfer of
substrates and products and block the enzyme active sites, as reported
previously [40]. All of these factors affect the catalytic action and might

Fig. 4. N2 adsorption/desorption isotherms and inset pore size diameters of: MCF and MCF + lac (a), and MCF + Cu and MCF + Cu + lac (b) materials.

Fig. 5. TGA curves of MCF and MCF + Cu samples.
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lead to its decrease. However, the value of the turnover number (kcat)
for the MCF + lac biocatalytic system (56 s−1) was almost unaltered as
compared to the kcat of free laccase (61 s−1). Surprisingly, even higher
kcat for the MCF + Cu + lac system (68 s−1) was noticed, indicating
that an activation effect of the copper ions on laccase activity occurred
[41]. The obtained results clearly show that the produced biocatalytic
systems retained their high catalytic properties but MCF + Cu support
material appears to be more suitable for laccase immobilization and its
further application for the removal of pharmaceuticals, as was also
implied by the results of tetracycline removal (Section 3.3). Further-
more, in the study, the immobilization process was also investigated to
examine the amount of immobilized enzymes and immobilization yield.
According to the data presented in Table 1, the amount of laccase ad-
sorbed onto MCF and Cu doped MCF reached 188mg g−1 and
170mg g−1, respectively, which corresponds to an immobilization
yield of 94% and 85%. The higher amount of the laccase immobilized
onto unmodified support and, in consequence, also higher im-
mobilization yield might be explained by the fact that after surface
modification with copper ions some of the active sites of the support
capable of enzyme binding were saturated by the metal ions, leading to
the decrease in enzyme sorption capacity. However, although the
amount of immobilized enzyme was lower when modified support was
used, this biocatalytic system retained higher activity in the further
tests, due to the activation effect of Cu ions, as mentioned previously.
The obtained results confirmed the exceptional capacity of the meso-
porous silicas towards enzyme immobilization and are in agreement
with the previously published studies. For instance, Zhao et al. [42]
used MCF silica and immobilized over 260 U of laccase per 1 g of the
support, whereas Rekuć et al. [27] reported immobilization of over 390
U of enzyme on 1 g of mesoporous silica carrier.

3.2.2. Effect of pH and temperature
Effect of pH (from 3 to 9) and temperature (from 10 °C to 60 °C) on

the activity of the free and immobilized enzymes was studied to plot pH
and temperature profiles of the biocatalysts and to examine optimal
process conditions. Based on Fig. 6a, it can be observed that the activity

of free and immobilized enzymes increased with the increase of pH,
reached its maximum at pH 5 and started to decrease with further pH
increase. Nevertheless, it should be emphasized that the relative ac-
tivity of the immobilized laccases reached over 70% at pH range from 4
to 7 (over 90% at pH 4 and 5) and was significantly higher compared to
that of free laccase, which exhibited activity of over 80% only at pH 5.
The decrease of the enzyme activity observed at basic pH might be
explained by the formation of hydroxide ions, which affect the internal
structure of the T2/T3 copper complex in the laccase molecule and, in
consequence, lead to the reduction potential of oxygen and decrease the
reaction efficiency [43]. The effect of the temperature on the relative
activity of the free and immobilized laccases was presented in Fig. 6b.
This indicates that catalytic properties of the tested biocatalysts in-
creased up to 30 °C, reached a maximum and then sharply decreased.
Nevertheless, MCF + Cu + lac and MCF + lac exhibited over 80% of
relative activity at temperature ranging from 20 °C to 40 °C and even
approx. 60% at 50 °C, which was much higher compared to free enzyme
at the same temperature conditions. The decrease of the relative ac-
tivity at higher temperatures (over 50 °C) is related to the partial en-
zyme inactivation due to thermal denaturation of the enzyme structure
[44].

Nevertheless, based on the presented results, it could be stated that
thermal and chemical stability of both the obtained biocatalytic systems
was improved as compared with the free laccase. This can be explained
by the protective effect of the MCF support material towards laccase
molecules. At the tested pH range, the surface of the support is nega-
tively charged and the enzyme is positively charged (IEP of MCF is
equal to approx. 2.5, IEP of laccase is equal to approx. 8.5), which fa-
cilitate the formation of strong enzyme-support interactions and, in
consequence, stabilize and rigidize the structure of the biocatalysts
[45]. Furthermore, enzyme molecules are deposited into the pores of
the support which protect them against denaturation and inactivation
due to harsh reaction conditions. Moreover, as it was expected, due to
activation effect of the copper ions, the MCF + Cu + lac exhibited
higher relative activity over the analyzed pH and temperature ranges,
which retained over 30% of its activity even at pH 8 and temperature
60 °C. Significant improvement of the thermal and chemical stability of
laccase immobilized onto MCF material was also observed by Zhao
et al. In their study, the immobilized enzyme exhibited the highest
activity at temperature equal to 50 °C and at pH equal to 3. However,
due to limitation of the conformational changes of the enzyme structure
upon immobilization, it retained over 50% of relative activity over
wider pH (form 4 to 6) and temperature range (35–55 °C) as compared
to free enzyme [42].

3.2.3. Storage stability and reusability
Reusability and storage stability are of key importance in terms of

practical application as they enhance the biocatalytic productivity and
contribute to a more cost-effective process. The storage stability of the

Table 1
Kinetic parameters of free and immobilized laccase and data describing per-
formed immobilization process.

Analyzed parameter Free laccase MCF + lac MCF + Cu + lac

KM (mM) 0.062 ± 0.003 0.079 ± 0.004 0.088 ± 0.003
Vmax (mM min−1) 0.047 ± 0.002 0.039 ± 0.003 0.035 ± 0.003
kcat (s−1) 61 ± 3 56 ± 4 68 ± 4
kcat/KM (mM−1 s−1) 983 ± 10 620 ± 8 772 ± 11
Immobilization yield (%) – 94 ± 3.5 85 ± 4.1
Amount of immobilized

enzyme (mg g−1)
– 188 ± 4.3 170 ± 4.6

Enzyme leaching (%) – 9 ± 2.1 13 ± 3.2

Fig. 6. Effect of: pH (a) and temperature (b) on the relative activity of free and immobilized laccase.
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MCF + lac and MCF + Cu + lac biocatalytic systems was examined
over 30 days (Fig. 7a). Immobilized enzymes retained over 95% of their
initial activity over 5 days. After that time, the relative activity slightly
decreased and after 30 days reached 88% and 82%, respectively for
MCF + Cu + lac and MCF + lac. These results indicate that storage
stability of the laccase was significantly improved after immobilization,
as the free enzymes retained less than 40% of their initial activity. To
examine the capability to reuse the obtained biocatalytic systems, they
were used in the 10 consecutive reaction cycles (Fig. 7b). The presented
results indicate that the produced immobilized enzymes were char-
acterized by exceptional reusability. After 5 reaction steps, the activity
of the MCF + Cu + lac system was almost unaltered, whereas the
activity of the MCF + lac decreased to 95%. Moreover, after 10 cycles,
laccase immobilized onto the unmodified and modified MCF retained
over 85% and 80% of its initial activity.

Significant improvement of the storage stability and reusability of
the immobilized laccase may result from several factors. Firstly, en-
zymes are immobilized not only onto the surface of the MCF but also
into its pores. As a result, the biomolecules are better protected against
inactivation due to reaction conditions. Moreover, the immobilization
into the pores of the support limited enzyme leakage as confirmed by
the desorption test, which indicated that after 10 reaction cycles less
than 25% of the laccase was eluted from the carrier. Moreover, as
suggested in our previous study, silica supports provide protective ef-
fect for enzyme molecules and stabilize their structure upon im-
mobilization [46]. Due to the above-mentioned facts, the obtained
systems retain their catalytic properties over storage time and may be
reused in consecutive reaction steps. Nevertheless, the observed de-
crease of the catalytic activity may be related to the partial elution of
the enzyme, its denaturation by the products of the catalytic reaction as
well as inactivation over time and reuse [47]. Similar results were also
noticed by Moghrabi-Manzari et al., who coimmobilized laccase and
2,2,6,6-tetramethylpiperidin-1-oxyl (TEMPO) mediator using meso-
porous SBA15 silica. Due to simultaneous coimmobilization of the en-
zyme and the mediator, the produced hybrid catalysts retained approx.
80% of its initial activity after 10 reaction cycles [36].

3.3. Tetracycline removal

The potential practical application of the produced biocatalytic
systems in environmental protection was tested by using the obtained
catalysts in the removal process of tetracycline, a commonly used an-
tibiotic. However, since MCF and other silica-based materials are
known from their high sorption properties, the adsorption efficiency of
tetracycline by pure MCF materials and materials with thermally in-
activated enzyme has also been examined in order to confirm the si-
multaneous adsorption/biodegradation mechanism of tetracycline re-
moval (Fig. 8). Surprisingly, although the MCF materials exhibit good
sorption properties towards pharmaceuticals [48,49], MCF and MCF

modified by Cu ions before enzyme immobilization removed less than
80% of tetracycline after 90 min of the process (data not presented).
This most likely resulted from the high molecular weight of tetra-
cycline, the sorption of which saturated the active sites on the surface of
the sorbent material. After immobilization of the enzyme, the sorption
capacity of the MCF materials with inactive biocatalysts towards tet-
racycline significantly decreased, due to the attachment of enzymes on
the surface of the support/sorbent material, and reached approx. 30%
and 20% for MCF + lac and MCF + Cu + lac, respectively. On the
other hand, free laccase exhibited high efficiency of tetracycline bio-
degradation as the removal rate reached 92% after just 30 min of the
process. However, even higher total removal efficiencies of the anti-
biotic were obtained when immobilized biocatalysts were used. MCF
doped with Cu ions completely removed tetracycline after 60 min of the
process whereas the MCF + lac system allowed to reach 91% biode-
gradation efficiency. Higher removal rate obtained for the process
carried out using the system based on modified MCF is associated with
the presence of copper ions, which enhanced the enzyme activity and
improved the transfer of electrons between the substrate and enzyme
active site, as mentioned above. It should be emphasized that the ob-
tained results clearly show that removal of tetracycline occurs as a re-
sult of simultaneous adsorption and catalytic biodegradation since the
total removal efficiency was achieved only when the immobilized
biocatalyst (MCF + Cu + lac system) was used, which makes them a
promising approach for application in wastewater treatment. Applica-
tion of separate adsorption and biocatalytic degradation was in-
sufficient to completely remove the antibiotic.

4. Conclusions

The presented study provides a proof-of-concept for the

Fig. 7. Storage stability (a) and reusability (b) of the immobilized laccase.

Fig. 8. Time course of the adsorption and biodegradation of tetracycline by
free, inactive and active immobilized laccase.
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immobilization of laccase using mesostructured cellular foam silica,
and application of the immobilized enzymes for efficient removal of
tetracycline from model aqueous solutions. The obtained materials
were characterized by spherical pores with diameters of approx. 25 nm,
which makes MCF a suitable support for laccase binding. In addition,
the synthesized MCF has been modified by copper ions to improve the
catalytic activity of the enzyme. It has been shown that higher enzyme
loading and immobilization yield, respectively equal to 188mg g−1 and
94%, were obtained for unmodified MCF, as compared to the Cu-
modified silica. However, laccase immobilized onto modified support is
characterized by higher activity over wider pH and temperature range,
conforming a positive effect of these ions onto the enzymatic activity. In
addition, the produced biocatalytic systems were characterized by im-
proved storage stability and reusability, since after 30 days of storage
and ten consecutive catalytic cycles the MCF + lac and
MCF + Cu + lac respectively exhibited approx. 80% and over 90% of
their initial activity. Furthermore, the presented data clearly shows that
laccase immobilized onto the modified MCF support allows for com-
plete removal of tetracycline from the aqueous solution at the con-
centration of 1 mg L−1 due to simultaneous adsorption and biocatalytic
conversion, which makes the presented approach attractive for prac-
tical applications. We strongly believe that the presented data may
stimulate further development of the use of MCF materials for enzyme
immobilization as well as application of the biocatalytic systems for
removal of hazardous compounds from aqueous solutions.
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Abstract: For the first time, 3D chitin scaffolds from the marine demosponge Aplysina archeri were used
for adsorption and immobilization of laccase from Trametes versicolor. The resulting chitin–enzyme
biocatalytic systems were applied in the removal of tetracycline. Effective enzyme immobilization
was confirmed by scanning electron microscopy. Immobilization yield and kinetic parameters were
investigated in detail, in addition to the activity of the enzyme after immobilization. The designed
systems were further used for the removal of tetracycline under various process conditions.
Optimum process conditions, enabling total removal of tetracycline from solutions at concentrations up
to 1 mg/L, were found to be pH 5, temperature between 25 and 35 ◦C, and 1 h process duration. Due to
the protective effect of the chitinous scaffolds and stabilization of the enzyme by multipoint attachment,
the storage stability and thermal stability of the immobilized biomolecules were significantly improved
as compared to the free enzyme. The produced biocatalytic systems also exhibited good reusability, as
after 10 repeated uses they removed over 90% of tetracycline from solution. Finally, the immobilized
laccase was used in a packed bed reactor for continuous removal of tetracycline, and enabled the
removal of over 80% of the antibiotic after 24 h of continuous use.

Keywords: chitin scaffolds; marine scaffolds; enzyme immobilization; laccase; tetracycline; pollutant removal

1. Introduction

Traditionally, diverse polymer-, carbon-, inorganic-, and hybrid-based ultralight porous
three-dimensional (3D) materials have been used for enzyme immobilization [1–4]. Recently, modern porous
3D printing scaffolds with complex internal structures and channels have been the focus of much
attention [5]. Our scaffolding strategy [6] is based, however, on naturally prefabricated 3D scaffolds of
poriferan (sponge) origin. These unique biopolymer-containing constructs offer alternative immobilization
matrices that can be isolated from demosponges cultivated worldwide, to provide appropriate supports for
a broad range of enzymes. Thus, demosponges of the order Dictioceratida (also known as commercial bath
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sponges) [7,8] represent a renewable source of proteinaceous spongin scaffolds which have recently
been reported as effective in applications in extreme biomimetics [9–12], waste treatment [13–17],
electrochemistry [18], and enzyme immobilization [19]. Meanwhile, marine demosponges of the order
Verongiida have been recognized as a renewable source of uniquely pre-structured 3D chitinous
scaffolds [20–28] which have found applications in tissue engineering [6,21,29–34], drug release [35], the
development of hybrid materials [36–40], and environmental science [41,42]. Chitin of invertebrate origin
has previously been studied by researchers in protein immobilization as a matrix for the immobilization of
enzymes [43–48], including lipases [49,50] and papain [51]. However, in this study we investigated the
ability of a unique, ready-to-use 3D chitinous scaffold isolated from the marine demosponge Aplysina
archeri (Figure 1) to immobilize laccase as a selected enzyme, and an innovative application of this unique
system in the removal of tetracycline by simultaneous adsorption and catalytic conversion.
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Figure 1. A selected air-dried fragment of Aplysina archeri sponge skeleton is rigid and represents the
typical tube-like morphology of verongiids (A). Decellularization with subsequent demineralization of
this construct [6,26] leads to isolation of the flexible chitinous scaffold (B–D), which reproduces the
shape, form, and structural features of the original tubular sponge skeleton, with a length of up to
1.5 m.

The laccase (EC 1.10.3.2) is an enzyme classified as multicopper oxidoreductase, that occurs
in numerous higher plants, several bacteria, and is secreted by many fungi [52]. Laccase catalyzes
the oxygen reduction reaction directly to water with the simultaneous oxidation of polyphenols,
aminophenols, polyamines, and lignins. The active center of the laccase contains four adjacent copper
atoms, which represent three types distinguished by their specific properties. Type I copper gives the
enzyme molecule blue color and is the site of oxidation of the substrate. Copper type II and two atoms
of copper type III form a three-atomic assembly in which binding and reduction of molecular oxygen to
water occurs. During each catalytic cycle of laccase, there is a reduction of one oxygen molecule to two
water molecules, accompanying oxidation of four substrate molecules to four substrate radicals [53].
Laccases find a variety of applications in many industries due to a number of reactions involving them.
This enzyme is used to remove impurities in wastewater thanks to the phenol oxidation reaction and
to degrade industrial waste [54]. It is also used on a large scale in the process of lignin degradation
and detoxification of aromas generated in this process [55]. In order to increase its activity and easier
separation of the enzyme from the post-reaction mixture laccase can be immobilized on a variety of
carriers, such as chitinous sponges.
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2. Materials and Methods

2.1. Chemicals and Materials

Samples of the verongiid demosponge Aplysina archeri (Higgin, 1875) (Figure 1) were collected
at depths of 10–25 m by scuba divers around the Caribbean islands of Saint Vincent and Curaçao in
May–June 2017, during the Pacotilles expedition. All permits required for the study were obtained
during that expedition, which complied with all relevant regulations [26]. The reagents used for
isolation of chitin sponge skeleton—sodium hydroxide, acetic acid, and hydrogen peroxide—were
supplied by Merck (Darmstadt, Germany). Reagents for enzyme immobilization—laccase from
Trametes versicolor (EC 1.10.3.2, activity ≥0.5 U/mg), 50 mM phosphate buffer (at pH 7–9), and
100 mM acetate buffer (at pH 3–6)—were supplied by Sigma Aldrich (St. Louis, MO, USA).
Tetracycline (>99%), 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) and Bradford
reagent used for examination of the quantity of immobilized enzyme were supplied by Sigma
Aldrich (St. Louis, MO, USA).

2.2. Isolation of Chitin Sponge Skeletons

Modified Standard Method

The isolation of chitinous scaffold from A. archeri was performed by a modified version of the
standard method proposed by Ehrlich et al. in 2007 [20]. First, a selected fragment of the sponge
(see Figure 1) was placed in deionized water for 1 h at 24 ◦C to remove water-soluble compounds.
A deproteinization process was then carried out using 2.5 M NaOH (Th. Geyer GmbH & Co. KG,
Renningen, Germany) at 37 ◦C for 24 h. The skeletal scaffold was next washed with distilled water to
neutral pH, and treated with 20% acetic acid (Th. Geyer GmbH & Co. KG, Renningen, Germany) at
24 ◦C for 6 h to remove residual calcium carbonates. It was then neutralized by rinsing with deionized
water [26]. Deproteinization and demineralization of the sponge skeleton were repeated for 144 h to
obtain a completely soft and pigment-free chitinous scaffold (Figure 2) for further use as a support in
enzyme immobilization.
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2.3. Laccase Immobilization

Prior to laccase immobilization, the chitinous scaffolds (Figure 2C) were cut into pieces weighing
5 mg. Then, 5 mg of the isolated scaffold was placed in a vial, to which 2 mL of laccase solution in
acetate buffer at pH 5 and concentration 5 mg/mL was added. The mixture was placed in an incubator
(IKA Werke GmbH, Staufen im Breisgau, Germany) and was shaken at 150 rpm for 1 h at 25 ◦C.
After enzyme immobilization the samples were removed from the mixture, washed with acetate
buffer at pH 5 to remove unbound enzyme, and used in tests involving the removal of tetracycline.
The supernatant after immobilization was subjected to spectrophotometric measurements to evaluate
the quantity of immobilized enzyme and the immobilization yield.

2.4. Characterization of Immobilized Enzymes

The amount of the immobilized enzyme was calculated based on the spectrophotometric
measurements using the Bradford protein assay method [56]. The amount of immobilized enzyme,
expressed in mg/g, was determined as the difference between the initial amount of enzyme and the
final laccase concentration in the mixture after immobilization, relative to the mass of the chitin scaffold.
Immobilization yield (%) was calculated by considering the difference in the amounts of the enzyme
before and after immobilization in both, supernatant after immobilization and acetate buffer used to
remove unbound enzyme, and the volume of the solution used in this process.

Activity assays for free and immobilized laccase were performed spectrophotometrically, based
on a model reaction using 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) as a substrate.
Briefly, 10 mg of free or immobilized enzyme was added to 5 mL of a mixture containing 10 mM
of ABTS in phosphate buffer at pH 5. The reaction was carried out for 60 min at 25 ◦C. After the
process, spectrophotometric measurements were made at wavelength 420 nm. One unit of free or
immobilized laccase activity was defined as the amount of enzyme needed to convert 1 mM of ABTS
per minute under the assay conditions. Based on the results, using a standard calibration curve for
ABTS, the specific activity of the free and immobilized enzyme (U/mg) was calculated as the initial
enzyme activity retained, respectively, per unit mass of enzyme and per unit mass of enzyme and
support. The activity retention (%) of immobilized laccase is presented as the percentage activity of the
immobilized laccase, relative to the catalytic activity of the free enzyme.

The kinetic parameters of the free and immobilized laccase—the Michaelis–Menten constant (KM)
and the maximum reaction rate (Vmax)—were examined based on the above-mentioned ABTS oxidation
reaction using solutions of substrate at concentrations ranging from 0.01 to 10 mM, performed under
optimal assay conditions. The apparent kinetic parameters (KM and Vmax) of free and immobilized
laccase were calculated using Hanes–Woolf plot.

The storage stability of free and immobilized laccase was tested spectrophotometrically over
30 days of storage at 4 ◦C in acetate buffer at pH 5. Storage stability was determined using ABTS as a
substrate, according to the methodology described above, by evaluation of the activity retention of free
and immobilized enzyme at specified time intervals.

The thermochemical stability of both free and immobilized laccase over time was examined after
incubating the samples for 120 min under optimum pH and temperature conditions (pH 5, temperature
25 ◦C). Spectrophotometric measurements were performed based on the reaction using ABTS as a
substrate. The relative activity of free and immobilized enzyme was determined at specified time
intervals. For clearer presentation of the data, in these experiments the initial activity of free laccase
was defined as 100% activity. The inactivation curves of free and immobilized enzyme, the inactivation
constant (kD) and the half-life (t1/2) were calculated based on the linear regression slope.

2.5. Removal of Tetracycline

The main objective of the study was to use the obtained biocatalytic systems for efficient
removal of tetracycline in various pH and temperature conditions and using antibiotic solutions
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at various concentrations. To determine the contributions of adsorption and catalytic conversion to
total tetracycline removal, experiments were performed to evaluate the efficiency of adsorption of
tetracycline by pure chitin sponge skeleton and by the sponge skeleton with immobilized enzyme
following thermal inactivation, as well as the efficiency of removal of the antibiotic by simultaneous
adsorption and catalytic conversion by the produced biocatalytic systems.

2.5.1. Adsorption of Tetracycline by Pure Chitin Scaffolds

Before the overall efficiency of tetracycline removal was evaluated, a determination was made of
the efficiency of adsorption of the antibiotic by the pure chitin scaffolds. For this purpose, 10 mg of
the chitinous scaffold was placed in vials, to which 10 mL of the tetracycline solution at appropriate
concentration was added. The process was carried out for 1 h. To examine the effect of pH, buffer
solution was used to adjust the pH to values ranging from 3 to 9 (acetate buffer at pH 3–6 and
phosphate buffer at pH 7–9). The experiments were performed at 25 ◦C, using tetracycline solution at
concentration 1 mg/L. Tests to establish the effect of temperature on the adsorption efficiency were
performed at temperatures ranging from 5 to 65 ◦C (10 ◦C step) using tetracycline solution at pH 5
and concentration 1 mg/L. The effect of antibiotic concentration on the efficiency of its adsorption was
determined at 25 ◦C using solutions at pH 5 and concentrations 0.1, 0.5, 1.0, and 3.0 mg/L. After the
adsorption process the chitinous sponges were separated and the reaction mixture underwent further
spectrophotometric measurements.

2.5.2. Adsorption of Tetracycline by Chitin Scaffolds with Thermally Inactivated Enzyme

In the next step, a determination was made of the efficiency of adsorption of tetracycline by chitin
scaffold with immobilized enzyme following thermal inactivation. For this purpose, the products
obtained after the immobilization stage were placed in a dryer for 2 h at 80 ◦C for enzyme inactivation,
and then used in the adsorption experiment. The adsorption tests were carried out for 1 h using 10 mL
of the tetracycline solution, to which 10 mg of the chitinous scaffold with inactive enzyme was added.
The effect of pH was examined over pH ranging from 3 to 9, at 25 ◦C using tetracycline solution at
concentration 1 mg/L. The effect of temperature on the efficiency of adsorption of tetracycline was
examined at temperatures from 5 to 65 ◦C (10 ◦C step) using antibiotic solution at concentration 1 mg/L
and acetate buffer at pH 5. The effect of concentration of tetracycline solution on the efficiency of
its adsorption was examined at 25 ◦C using solutions at pH 5 and concentrations 0.1, 0.5, 1.0, and
3.0 mg/L. After adsorption the chitinous skeletons were separated and the reaction mixture underwent
spectrophotometric measurements.

2.5.3. Removal of Tetracycline by Simultaneous Adsorption and Catalytic Conversion

The next step involved determination of the efficiency of removal of tetracycline by simultaneous
adsorption and catalytic conversion, catalyzed by the systems with immobilized enzyme. For this
purpose, to 10 mg of the freshly obtained biocatalytic systems, 10 mL of tetracycline solution at the
appropriate concentration was added. The process was carried out for 1 h. To evaluate the effect
of tetracycline concentration on the rate of its removal, solutions at concentrations 0.1, 0.5, 1.0, and
3.0 mg/L, in acetate buffer at pH 5, were used. The process was performed at 25 ◦C. To study the effect
of pH, solutions at concentration 1 mg/L at pH ranging from 3 to 9 were tested at 25 ◦C. The effect
of temperature on the efficiency of removal of tetracycline was examined over the temperature
range 5–65 ◦C (10 ◦C step) using antibiotic solution at concentration 1 mg/L at pH 5. After the
removal experiments the biocatalytic systems were separated and the reaction mixture underwent
spectrophotometric measurements.
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2.5.4. Reusability of Immobilized Laccase

The reusability of the immobilized laccase was examined according to the methodology described
above, by measuring the efficiency of removal of tetracycline over 10 repeated biocatalytic cycles using
10 mL of tetracycline solution at pH 5 and concentration 1 mg/L at 25 ◦C. After each removal cycle
the chitinous scaffolds with immobilized laccase were separated from the reaction mixture, washed
with pH 5 acetate buffer to remove unreacted substrates and products from the chitin scaffold, and
transferred to fresh tetracycline solution.

2.6. Removal of Tetracycline in Packed Bed Reactor

Continuous removal of tetracycline by the chitinous scaffolds with immobilized laccase was
performed in a packed bed bioreactor containing 500 mg of chitinous scaffold with immobilized laccase
(the amount of immobilized enzyme was approx. 1 g). A schematic illustration of the packed bed
reactor used in the study is presented in Figure 3. The process was performed for 24 h at temperature
25 ◦C using tetracycline solution at concentration 1 mg/L at pH 5. The tetracycline solution was placed
in a substrate vessel and was passed through the column at a flow rate of 2 mL/min using a peristaltic
pump. The effluents from the column were collected in separate vessels at specified intervals and
underwent spectrophotometric measurements. The efficiency of removal of tetracycline was calculated
using the following equation (Equation (1)):

Adsorption
Removal

E f f iciency (%) =
Ci −Ct

Ci
(1)

where Ci. denotes the initial tetracycline concentration and Ct. denotes the final tetracycline
concentration after treatment.
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2.7. Analytic Techniques

The morphology of the obtained chitinous materials before and after immobilization was examined
by transmission electron microscopy (TEM) performed on a Hitachi HT7700 instrument (Hitachi, Japan)
working in high contrast (HC) mode and operating at 100 kV. Prior to measurements, an appropriate
quantity of the sample was dispersed in 2 mL of deionized water with the use of ultrasounds (Ultrasonic
bath, Cavotator, Anaheim, CA, USA) and then 5 µL of the solution was applied on the nickel mesh
grid covered with a carbon film. SEM photographs were obtained using an EVO40 scanning electron
microscope (SEM, Zeiss, Oberkochen, Germany).

The structural features of the obtained chitinous scaffolds were observed using an advanced
imaging and measurement system consisting of a Keyence VHX-6000 (Keyence, Tokyo, Japan) digital
optical microscope and the swing-head zoom lenses VH-Z20R (magnification up to 200×) and
VH-Z100UR (magnification up to 1000×).

The quantity of immobilized enzyme, immobilization yield, activity of free and immobilized
enzyme, and efficiency of removal of tetracycline were examined based on spectrophotometric
measurements using a Jasco V750 UV-Vis spectrophotometer (Jasco, Tokyo, Japan). The measurements
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were performed at 595, 420, and 355 nm, respectively, for the Bradford method, ABTS, and tetracycline
removal experiments. The final concentrations of laccase after the immobilization process, ABTS after
oxidation, and tetracycline after treatment were obtained using calibration curves for bovine serum
albumin, ABTS, and tetracycline, respectively. The rate of adsorption/removal of tetracycline (%) in all
of the aforementioned experiments was calculated based on the Equation (1).

2.8. Statistical Analysis

All experiments and measurements in this study were performed in triplicate, and error values
are defined as means ± standard deviation. Statistically significant differences were determined by
one-way ANOVA using Tukey’s test, performed in SigmaPlot 12 (Systat Software Inc., Los Angeles,
CA, USA). Statistical significance was established at a level of p < 0.05.

3. Results

3.1. Characterization of Products after Immobilization

3.1.1. Morphological Analysis

In the first step of characterization, the surface morphology of the chitinous scaffolds before and
after immobilization of laccase was determined based on analysis of SEM and TEM images (Figure 4).
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From Figures 2 and 4a it can be seen that the surface of chitinous scaffold from A. archeri before
enzyme deposition is relatively uniform and smooth, being typically slightly folded after drying.
Furthermore, no kind of microdamage was observed in the SEM and TEM images. By contrast, upon
laccase immobilization, numerous aggregates with irregular shape and a size of around 500 nm are
present on the surface of the chitinous scaffold. These aggregates may be interpreted as agglomerates
of the enzyme molecules, and their presence confirms effective enzyme immobilization.

3.1.2. Characterization of the Immobilization Process and Kinetic Parameters of the Free and
Immobilized Laccase

After confirmation of efficient immobilization, the process as well as the resulting chitin-based
biocatalytic systems were characterized in terms of the process yield and the activity of the immobilized
enzymes (Table 1). Furthermore, apparent kinetic parameters (KM and Vmax) of free and immobilized
laccase were determined to examine changes in the substrate affinity of the enzyme upon immobilization.

Table 1. Parameters characterizing the immobilization process (amount of the immobilized enzyme,
immobilization yield, specific activity and relative activity of free and immobilized laccase, and kinetic
parameters of the free and immobilized enzyme.

Analyzed Parameter Free Laccase Immobilized Laccase

Immobilization yield (%) - 91 ± 0.6
Amount of immobilized enzyme (mg/g) - 1820 ± 90

Specific activity (U/mg) 56 ± 1.9 52.5 ± 1.5
Activity retention (%) - 89 ± 3.2

KM (mM) 0.093 ± 0.018 0.113 ± 0.022
Vmax (mM/s) 0.048 ± 0.008 0.045 ± 0.011

Vmax/KM (1/s) 0.516 0.398

From Table 1 it can be seen that after 1 h of laccase immobilization from solution at concentration
5 mg/L, the relatively high immobilization yield of 91% was achieved. This results in an extremely
high quantity of laccase immobilized on the chitinous scaffolds (around 1800 mg of the enzyme was
immobilized per 1 g of the support). It is also evident from the data that almost 90% activity was
retained by the immobilized laccase, as its specific activity was 52.5 U/mg, compared with 56 U/mg
for the free enzyme. The study also included evaluation of the kinetic parameters of the free and
immobilized laccase. Upon immobilization a slight increase in the value of the Michaelis–Menten
constant (KM), from 0.093 to 0.113 mM, was recorded. These results indicate a slightly lower substrate
affinity in the case of the immobilized biomolecules, reflected in the lower values of the maximum
reaction rate (0.048 mM/s) obtained for the immobilized laccase as compared to the free enzyme.
Consequently, a lower catalytic efficiency (0.516 1/s) was also recorded for the immobilized laccase.
Although the data show a slightly lower substrate affinity in the case of laccase bonded with the
chitinous scaffold, the changes do not exceed 20%, clearly indicating that the obtained systems can be
considered as a robust biocatalyst for further applications.

3.1.3. Storage Stability and Thermochemical Stability of Free and Immobilized Enzymes

The next part of the study concerned evaluation of changes in the relative activity of the free and
immobilized laccase over time under storage and under process conditions (pH 5, temperature 25 ◦C)
in order to determine their storage stability and thermochemical stability. The results are presented
in Figure 5.
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Figure 5. Storage stability of the free and immobilized enzyme (a) and stability under optimal process
conditions (pH 5, temperature 25 ◦C) (b,c). The error value in each of the experiments (based on the
mean and standard deviation from three experiments) does not exceed 3.5%.

From Figure 5a it can be seen that the activity of the free laccase decreased slightly from the
first day of the storage stability test, and after 15 days reached around 80%. After that time a more
gradual decrease in relative activity was recorded, and after 30 days of storage the relative activity
of the free laccase did not exceed 50%. By contrast, the relative activity of the immobilized enzyme
remained unaltered over the first 5 days of storage, and then began to decrease slightly. After 15 days
it reached 93%, and after 30 days of storage at 4 ◦C almost 85% of the initial catalytic activity was
retained, which is over 50% higher than the value for free laccase. The investigation also included
determination of thermochemical stability profiles of the free and immobilized laccase under process
conditions (pH 5, temperature 25 ◦C). The results (Figure 5b,c) clearly show that, although the initial
activity of the immobilized laccase was slightly lower (see Table 1), the enzyme bound to the chitinous
skeletons displayed a significant improvement in thermochemical stability as compared to the free
biomolecules. After 30 and 120 min of incubation at process conditions, the immobilized laccase
retained, respectively, 83% and 77% relative activity, indicating that the chitin-based biocatalytic
systems were quite stable and prevented inactivation of the enzyme. Meanwhile, the activity of free
laccase was gradually reduced: after incubation in the same conditions, after 15 and 120 min it retained,
respectively, around 80% and less than 40% of its activity. Furthermore, the inactivation constant (kD)
and half-life (t1/2) of free and immobilized laccase were examined and compared based on a linear
regression slope. The results are in agreement with the data presented above; the values of kD and t1/2

for the immobilized enzyme were found to be 0.0038 1/min and 182.4 min, respectively, while for the
free enzyme they were 0.0174 1/min and 39.8 min. Thus, the inactivation constant of the immobilized
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laccase was more than four times lower than that of the free enzyme, while the enzyme half-life was
increased by 4.5 times upon immobilization. The presented data clearly indicate that chitinous sponge
skeletons are suitable matrices for laccase immobilization and protect the immobilized biomolecule
against thermal and chemical inactivation.

3.2. Removal of Tetracycline

Following confirmation of the effective immobilization of laccase and evaluation of the stability of
the produced biocatalytic systems, in the next step of the investigation the immobilized laccase was
applied in the removal of tetracycline from water solutions under various process conditions, including
different pH, temperature, and tetracycline solution concentration. This was the main objective of the
study. Furthermore, as removal of tetracycline took place by simultaneous adsorption and biocatalytic
conversion, we decided to follow these processes in detail to examine their contributions to the total
removal of the antibiotic. It should be additionally noted that experiments on the use of pure chitinous
scaffolds and free enzyme for adsorption and conversion of tetracycline under the most suitable process
conditions (pH 5 and temperature 25 ◦C) result in removal rates of around 80% and 60%, respectively
(full data not presented), indicating that total removal of the antibiotic by the separately applied
techniques is not possible to achieve.

3.2.1. Effect of Concentration of Tetracycline Solution on Efficiency of Its Removal

In the first stage of the investigation, the effect of the concentration of tetracycline solution, in a
range from 0.1 to 3.0 mg/L, on the efficiency of its adsorption, catalytic conversion, and total removal
was determined at pH 5 and temperature 25 ◦C. The results are presented in Figure 6.
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Figure 6. Effect of initial concentration of tetracycline solution on the efficiency of its adsorption,
enzymatic conversion, and total removal by laccase immobilized on a chitin scaffold. The error value in
each of the experiments (based on the mean and standard deviation from three experiments) does not
exceed 3.5%. Adsorption efficiency denotes the efficiency of adsorption by the chitinous scaffold with
immobilized laccase following thermal inactivation.

From Figure 6 it is evident that from solutions at concentration 0.1, 0.5, and 1.0 mg/L tetracycline
was totally removed after 60 min of the process. A decrease of about 20% in the total efficiency of
removal of the antibiotic was observed in the case of a solution at the highest concentration (3.0 mg/L).
The data indicate that removal of tetracycline occurred as a result of simultaneous adsorption by the
chitinous skeletons and catalytic conversion by the immobilized laccase. Furthermore, the higher
is the tetracycline concentration, the lower the efficiency of its adsorption, which falls from 80% at
concentration 0.1 mg/L to 42% for a 3.0 mg/L solution of tetracycline. By contrast, the efficiency of



Biomolecules 2020, 10, 646 11 of 22

enzymatic conversion increased with increasing concentrations of antibiotic in the solution, reaching
around 40% for a concentration of 1.0 mg/L. The exception is the solution at the highest concentration,
for which the efficiency of catalytic conversion was lower (around 35%) as compared to the 1.0 mg/L
solution, and for which the lowest adsorption efficiency was recorded among all of the tested samples.

3.2.2. Effect of pH of Tetracycline Solution on Efficiency of Its Removal

It is recognized that pH may significantly affect both adsorption of the pollutant and the catalytic
action of the immobilized laccase. Therefore, in the next step of the investigation, the effect of the pH
of tetracycline solution on the efficiency of its removal was examined over a wide pH range from 3 to 9,
at temperature 25 ◦C and using tetracycline solution at concentration 1.0 mg/L. The data obtained are
presented in Figure 7.
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Figure 7. Effect of pH of tetracycline solution on the efficiency of its adsorption, enzymatic conversion,
and total removal by laccase immobilized on a chitinous scaffold. The error value in each of the
experiments (based on the mean and standard deviation from three experiments) does not exceed 3.5%.
Adsorption efficiency denotes the efficiency of adsorption by the chitinous scaffolds with immobilized
laccase following thermal inactivation.

It can be seen that the total efficiency of removal of tetracycline increased from 85% at pH 3 to
reach 100% at pH 5, and then began to decrease, to around 55% at pH 9. Nevertheless, it should be
noted that the total removal efficiency exceeded 90% in a pH range from 4 to 7, and remained above
80% at pH 3 and pH 7. These results are significantly higher than the efficiencies of adsorption by pure
chitinous sponges and conversion by free enzyme, which were 80% and 60%, respectively, at pH 5, and
decreased further on even slight changes in pH. It should be recalled that the removal of tetracycline
took place by simultaneous adsorption and biocatalytic conversion. The adsorption process showed
comparable efficiencies, at around 55%, at pH values ranging from 3 to 7; a decrease of around 15%
in this parameter was recorded at highly basic pH (pH 8 and pH 9). By contrast, the contribution
of catalytic conversion to the total removal of tetracycline is significantly higher in acidic conditions,
reaching a maximum of around 40% at pH 5 and pH 6. Further increases in pH caused the efficiency of
enzymatic action to fall to 30% at pH 7 and less than 15% at pH 9.

3.2.3. Effect of Temperature on Efficiency of Removal of Tetracycline

Process temperature is another important parameter which may affect the efficiency of both
adsorption and catalytic conversion, and as a consequence the total rate of removal of tetracycline.
Therefore, the effect of temperature was examined over a wide range, from 5 to 65 ◦C, using tetracycline
solution at pH 5 and concentration 1.0 mg/L. The results are presented in Figure 8.
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Figure 8. Effect of temperature on the efficiency of adsorption, enzymatic conversion and total removal
of tetracycline by laccase immobilized on chitin scaffolds. The error value in each of the experiments
(based on the mean and standard deviation from three experiments) does not exceed 3.5%. Adsorption
efficiency denotes the efficiency of adsorption by the chitinous scaffolds with immobilized laccase
following thermal inactivation.

From Figure 8 it can be seen that the efficiency of removal of tetracycline rose with increasing
temperature, reached its maximum (100%) at 25 and 35 ◦C, and then decreased with further increase
of the process temperature. However, although 100% removal was recorded only at 25 and 35 ◦C,
the rate remained above 90% at temperatures of 45 and 55 ◦C, and over 80% of the antibiotic was
removed at 15 ◦C and even at 65 ◦C. These results indicate that the obtained biocatalytic systems are
capable of effectively eliminating tetracycline by simultaneous sorption and catalytic action over a
much wider temperature range than in the case of adsorption by pure sponges and conversion by free
laccase. Nevertheless, it should be highlighted that, although the efficiencies of adsorption and catalytic
conversion exhibited similar profiles over the whole analyzed temperature range, the adsorption
efficiency was about 20% higher than the efficiency of catalytic conversion of the antibiotic, reaching
a maximum of around 60% at 35 ◦C. Notwithstanding, even at 65 ◦C, over 50% of the tetracycline
was removed by adsorption. From Figure 8 it is also evident that the highest contribution of catalytic
conversion to antibiotic removal occurred at temperatures ranging from 25 to 45 ◦C, and reached
around 40%. At higher and lower temperatures, lower rates of catalytic conversion were recorded;
however, even at 65 ◦C, over 25% of the pollutant was removed by the catalytic action.

3.2.4. Reusability of Immobilized Laccase

Immobilization appears to be the most promising technique for improving enzyme stability,
resulting in the possibility of multiple use of immobilized biomolecules in repeated reaction cycles.
This property is of particular interest from an industrial point of view, since it facilitates cost reduction
and enhances process control. Therefore, in the present study, the recyclability of the immobilized
laccase was examined over 10 repeated batch tests of tetracycline degradation under optimal process
conditions (Figure 9).
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Figure 9. Reusability of the immobilized laccase over repeated catalytic cycles. The error value in
each of the experiments (based on the mean and standard deviation from three experiments) does not
exceed 3.5%.

From Figure 9 it is evident that the immobilized biocatalyst offers exceptional reusability, as
the efficiency of removal of tetracycline decreased only slightly over 10 reaction cycles. Furthermore,
over the first three catalytic cycles the biocatalytic system is capable of removing 100% of tetracycline
from the solution, and even after 10 repeated steps the immobilized laccase enables removal of over 90%
of the tetracycline. Although the contributions of each technique to the total removal of the antibiotic
over repeated biocatalytic cycles were not determined in this part of the study, the observed decline
in removal efficiency may be related to both a decrease in the sorption efficiency and decline in the
catalytic properties of the immobilized laccase.

3.2.5. Removal of Tetracycline Using a Packed Bed Bioreactor

To evaluate the possible practical application of the produced chitin-based biocatalytic systems in
the removal of antibiotics, such as tetracycline, from wastewaters, a packed bed bioreactor containing
chitinous scaffolds with immobilized laccase was constructed for the first time for continuous removal
of tetracycline. The process was performed over 24 h under the most suitable conditions for the highest
removal of the antibiotic. Results are presented in Figure 10.
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Figure 10. Efficiency of tetracycline removal over 24 h in a packed bed bioreactor containing chitinous
scaffolds with immobilized laccase. The error value in each of the experiments (based on the mean and
standard deviation from three experiments) does not exceed 3.5%.

The experiment was performed over 24 h; however, it should be highlighted that the process
time was measured from the collection of the first drop of effluent after treatment. From Figure 9 it is
evident that over the first 6 h of the process total removal of the tetracycline was achieved. Further,
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a slight drop in the removal efficiency was recorded; however, even after 16 h of the continuous
process, over 90% of the antibiotic was removed. Finally, 83% of the tetracycline was removed by
the biocatalytic system after 24 h of continuous operation, by way of simultaneous adsorption and
catalytic action. This provides clear indication of the enormous potential of the produced materials in
practical applications.

4. Discussion

As was stated above, the main objective of the study was to use A. archeri sponge skeletons as
a unique source of 3D chitinous scaffolds to serve as a support for enzyme immobilization, and to
apply the obtained biocatalytic systems in the removal of tetracycline, as a model pollutant present in
wastewaters. Effective immobilization of the enzyme was confirmed, and the effect of various process
conditions on the efficiency of removal of the antibiotic was examined. Finally, a new packed bed
bioreactor was constructed to evaluate the removal rate in a continuous process.

4.1. Characterization of Products Following Immobilization

In the first stage of the investigation, the morphology of the chitinous scaffolds before and after
laccase immobilization was examined based on SEM and TEM images to check the suitability of
the scaffolds as supports for enzyme deposition and to confirm effective binding of the enzyme.
As shown in Figure 4, the chitinous scaffolds have an open, three-dimensional structure that facilitates
transfer of the substrate and products to the immobilized molecules and reduces transfer limitations.
The clearly visible, irregular shapes with sizes of a few micrometers, present on the chitin fibers
after immobilization, should be interpreted as an enzyme aggregates. This clearly confirms effective
deposition of the enzyme onto the surface of the chitinous scaffolds. Similar observations confirming
laccase attachment were made in our previous study, in which scaffolds based on Hippospongia communis
spongin were used for immobilization of laccase [19].

As shown, a very high immobilization yield of 91% was achieved, corresponding to the
extraordinary amount of immobilized enzyme (1820 mg of laccase deposited per 1 g of chitinous
scaffold). The high immobilization yield and large quantity of deposited enzyme may be explained
by the exceptional sorption properties of A. archeri chitin [26] as well the presence of numerous
functional groups typical for this aminopolysaccharide, mainly carbonyl and hydroxyl, that are
capable of providing effective and stable enzyme binding [46]. However, it should be highlighted
that although the interactions formed are stable, they are based mainly on hydrogen bonds and
adsorption interactions. For this reason, interference in the structure of the enzyme and its distortion
upon immobilization are limited [57]. This is a possible explanation of the high specific activity of
the immobilized laccase (52.5 U/mg) as compared to the free enzyme (56 U/mg), corresponding to an
activity retention of 89% [58]. By contrast, Das et al. immobilized laccase on magnetic iron nanoparticles
and obtained specific activity of the immobilized protein was about 15 U/mg, that was almost two
times lower as compared to free laccase (30 U/mg) [59]. Similar results were reported by Lin et al.
who noticed specific activity of 20.1 and 30.1 U/mg for immobilized and free enzyme, respectively.
However, in their tests chitosan/CeO2 microspheres were used as a support in the immobilization of
laccase from Trametes versicolor [60]. In another study by Ramirez-Montoya et al. the specific activities
of free laccase and laccase immobilized on a mesoporous carbon obtained from pecan shells were
found to be 10.85 and 0.038 U/mg, respectively [61]. Therefore, it might be assumed that presented in
our study significantly higher specific activity of the immobilized laccase indicates production of an
effective biocatalyst.

Furthermore, kinetic parameters of the free and immobilized enzymes were determined, to
investigate changes in enzyme–substrate affinity before and after immobilization. A slight increase in
the KM value, of about 20%, and a similar drop in the maximum rate were obtained for immobilized
laccase as compared to the free biomolecule, indicating a lower substrate affinity and lower reaction rate.
These results are probably related to the fact that upon immobilization some of the active sites of the
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immobilized laccase can be blocked, reducing their accessibility and impairing the catalytic properties
of the immobilized enzyme [62]. However, it should be noted that due to the open structure of the
chitinous matrix and limited deformation of the enzyme structure, only a slight worsening of catalytic
properties was observed. Similar observations were made in our previous study concerning adsorption
immobilization of laccase on poly(l-lactic acid)-co-poly(ε-caprolactone) electrospun nanofibers [63].
By contrast, in a study by Olajuyigbe et al. [64], laccase was immobilized by entrapment using calcium
and copper alginate beads. Due to the creation of strong diffusional limitations, almost three times
higher Michaelis–Menten constants were obtained. In summary, therefore, the present results clearly
indicate that the obtained immobilized enzymes may be considered as effective biocatalytic systems
for practical application, for instance in the removal of hazardous compounds.

Nevertheless, the retention of high catalytic properties by enzymes after immobilization is not
in itself sufficient, as these systems should also provide significant improvements in thermal and
chemical stability as compared to the free enzyme. In this study, both the thermochemical stability
and storage stability of the free and immobilized laccase were examined and compared under optimal
process conditions. The significant improvement of the enzyme’s stability over time and under harsh
reaction conditions can be explained mainly by the creation of stable enzyme–support interactions,
which stabilize and stiffen the entire enzyme structure and protect it against thermal and chemical
inactivation [65,66]. Moreover, the support material additionally protects laccase against inactivation [67].
These observations are confirmed by the values of the inactivation constant, which for immobilized
laccase was found to be 0.0038 1/min, more than four times lower than the value for free laccase.
Nevertheless, a drop in the catalytic properties over time and after incubation might be explained by
both partial inactivation of the enzyme and its partial elution from the support. Similar observations
were made by Yang et al. who immobilized laccase from Cerrena sp. by adsorption using chitosan beads
as a support. In their study, due to stabilization of the enzyme upon immobilization, the half-life of the
immobilized laccase was found to be almost twice that of the free biocatalyst [68]. By contrast, in a study
by Tavares et al. in 2015 [69], commercial laccase was immobilized by adsorption using multi-walled
carbon nanotubes. Although the immobilized enzyme retained high catalytic properties, surprisingly,
its stability decreased upon immobilization.

4.2. Removal of Tetracycline

After the effective immobilization of laccase had been confirmed and the chitin-based biocatalytic
systems thoroughly characterized in terms of their catalytic properties, the immobilized enzymes
were applied in the removal of tetracycline from water solutions under various process conditions,
including different pH, temperature, and initial concentration of tetracycline solution. Due to the
excellent sorption properties of the chitinous scaffolds, removal by both adsorption and catalytic
conversion was investigated in order to evaluate the contribution of each of these pathways to the total
removal of the antibiotic. However, it should be noted that upon laccase immobilization, some of the
active centers capable of adsorbing tetracycline might be saturated by the biomolecules. Therefore,
data on the efficiency of adsorption of tetracycline refer to adsorption of the antibiotic by chitinous
scaffolds with thermally inactivated enzyme, and total removal efficiency is based on simultaneous
catalytic conversion and adsorption of tetracycline.

The concentration of tetracycline, one of the most frequently used antibiotics, in wastewater varies
depending on the source, but it usually ranges from 100 to as much as 1000 µg/L [70]. Thus, in the first
stage of the study, the effect of various initial concentrations of tetracycline solution on its removal rate
was investigated. The data indicate the clear trend that the higher the concentration of the tetracycline
solution is, the lower the percentage of adsorption and the higher the percentage of catalytic conversion
in the removal of the antibiotic. This may be explained by the fact that with an increasing amount
of tetracycline molecules in the solution, the maximal sorption capacity of the scaffold was attained
and further adsorption was extremely limited [17]. The lowest efficiency of removal of tetracycline,
around 80%, was recorded for antibiotic solution with a concentration of 3 mg/L. This may be because
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the amount of pollutant in the solution is too high to allow its removal by adsorption or catalytic
action, as previously reported by Yu et al. [71] and Kumar and Cabana [72]. In another study, by Ji
et al. (2016), laccase was covalently immobilized on TiO2 nanoparticles and used for the removal of
pharmaceuticals. Although over 90% of the pollutants were removed from a solution at concentration
5 mg/L, addition of a mediator agent such as syringaldehyde was required to achieve high removal
efficiency [73]. Nevertheless, it should be emphasized that the biocatalytic systems produced in this
study enable the total removal of tetracycline by simultaneous adsorption and catalytic conversion
from solutions at concentrations ranging from 0.1 to 1.0 mg/L.

It is also known that pH might significantly affect both adsorption and catalytic action; therefore,
the effect of this parameter on the efficiency of removal of tetracycline was studied over a wide pH
range from 3 to 9. Over 80% of tetracycline was removed by simultaneous adsorption and catalytic
conversion in the pH range from 3 to 7. However, the data indicate that due to the high sorption
capacity of the chitinous scaffolds, the adsorption efficiency was around 50% over the pH range 3–7.
Meanwhile, the efficiency of catalytic conversion increased up to pH 5, reached a maximum (40%) at
pH 5 and 6, and then decreased. This is related to the fact that in strongly acidic conditions, below
pH 4, tetracycline molecules and chitinous scaffolds are negatively charged, leading to ionic repulsions
and lowering adsorption efficiency [74]. The lower catalytic conversion rate at basic pH is related
to the negative effect of OH− ions, which influence the enzyme’s microenvironment and reduce its
activity [75]. Nevertheless, in the pH range 3–6 over 40% of the tetracycline was removed by catalytic
conversion, which indicates that the stability of the enzyme was improved upon immobilization, due
to the formation of stable enzyme–support interactions and the protective effect of the support [76,77].
Similar observations were made by Shao et al. (2019), who observed the high activity of laccase
immobilized by covalent binding onto hollow mesoporous carbon spheres, at pH ranging from 2.5 to
6.5 [78]. By contrast, a significant effect of pH on the removal of hazardous pollutants was observed
by Dai et al. (2016) who immobilized laccase using electrospun fibrous membrane modified by
multi-walled carbon nanotubes. They reported that over 60% of bisphenol A was removed only in the
pH range 3–6 [79].

The effect of temperature on the efficiency of removal of tetracycline was also examined, as
temperature can significantly affect both of the processes involved in the removal of the antibiotic.
Over the whole analyzed range, the percentage profiles of adsorption and catalytic conversion showed
similar trends, although the percentage for adsorption was about 20% higher than for catalytic
conversion, this being directly related to the sorption properties of the scaffolds [26] and temperature
conditions [80]. The temperature profile of the catalytic conversion of tetracycline by immobilized
laccase is directly related to the properties of the laccase from Trametes versicolor, which exhibits the
best catalytic properties at 25–35 ◦C [81]. Similar observations were reported by Zhang et al. (2020) [82].
However, as compared to free laccase, the immobilized enzyme exhibited high activity over a wider
temperature range, which indicates stabilization of the enzyme structure and its protection against
thermal inactivation due to high temperature [83]. Furthermore, it should be highlighted that due
to simultaneous adsorption and catalytic conversion, around 80% of the tetracycline was removed
over a wide temperature range from 15 to 65 ◦C. By contrast, in our previous study concerning
the immobilization of laccase using electrospun fabricated membranes, the highest removal rate of
tetracycline (around 90%) was achieved in a slightly narrower temperature range, from 25 to 45 ◦C [84].

To sum up briefly, the efficiency of removal of the antibiotic by simultaneous adsorption and
catalytic conversion was above 90% over the pH range from 4 to 6 and the temperature range from 25
to 45 ◦C, from solutions at concentrations up to 1 mg/L. Since the preliminary tests of the use of pure
chitinous scaffolds and free enzyme for adsorption and catalytic conversion of tetracycline produced
inadequate results (efficiencies of around 80% and 60%, respectively), the data presented suggest that
the produced biocatalytic systems might be considered as a sustainable alternative for the removal of
pollutants from wastewaters.
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Nevertheless, from the practical point of view, one of the most crucial properties is the recyclability
of the chitinous scaffolds with immobilized enzyme over repeated removal cycles. The results show
that although the efficiency of removal of tetracycline declined slightly with repeated use, even in the
10th batch removal cycle over 90% of the antibiotic was removed. The exceptional reusability of these
biocatalytic systems is related to the stability and durability of the chitinous scaffolds [26] as well as
the ability of this material to protect the immobilized enzyme against inactivation as a result of process
conditions [85]. Furthermore, the enzyme–support interactions protect the enzyme against elution from
the matrix, as tetracycline is washed out from the scaffolds between repeated uses [86]. Although the
data show that the immobilized laccase is stable during repeated use, the decrease in tetracycline
removal is related mainly to inactivation of the enzyme due to its inhibition by the macromolecular
products of the reaction [87], although partial elution of the laccase from the support should not be
excluded. In another study, laccase was immobilized using bentonite-derived mesoporous materials
and used for the removal of tetracycline in 10 removal cycles [88]. The efficiency of removal of the
antibiotic gradually declined over repeated reaction steps, and after five cycles the degradation rate
did not exceed 50%, significantly lower than the value obtained in our study.

The final stage of the investigation concerned application of the produced biocatalytic systems for
the continuous removal of tetracycline in a packed bed reactor over 24 h. The exceptional removal
efficiency over the initial process time is related mainly to the above-mentioned excellent sorption
properties of the chitinous scaffolds. However, due to saturation of the scaffolds’ active sites capable
of adsorbing tetracycline, the longer the duration of the removal process, the higher the percentage
contribution of catalytic conversion to the removal efficiency. This is related to the improved operational
stability of the laccase upon immobilization, as well as the higher resistance of the immobilized enzyme
to thermal and chemical inactivation [83]. Nevertheless, the observed slight decrease in the removal
rate might be explained by partial elution of the enzyme from the support and its inactivation due
to continuous use. In another study, laccase was immobilized using ceramic membranes for the
continuous degradation of tetracycline from real wastewaters, and a relatively high removal rate of
over 75% was achieved [89].

5. Conclusions

In this study, for the first time, 3D chitin scaffolds from the marine demosponge A. archeri were used
as a support for effective immobilization of laccase. The immobilized enzyme exhibited high activity
retention and high substrate affinity. Moreover, the thermal and storage stability of the immobilized
enzyme were significantly improved as compared to the free enzyme, indicating the protective effect
of the support on the biomolecules. The produced biocatalytic systems were used for removal of
tetracycline, and after 1 h of the process at pH 5 and temperatures of 25 and 35 ◦C, total removal of the
antibiotic was achieved from solutions at relatively high concentration, up to 1 mg/L. Moreover, the
system consisting of chitinous scaffolds and immobilized laccase displayed good reusability: even after
10 repeated degradation cycles over 90% of the antibiotic was removed. This indicates the potential
of the system for practical application in biotechnological processes. Finally, the possible continuous
use of immobilized laccase was tested in a packed bed reactor. It was found that after 24 h of the
continuous process over 80% of the pharmaceutical was removed. These features indicate the possibility
of efficient removal of tetracycline over wide pH and temperature ranges by simultaneous adsorption
and catalytic conversion, both over numerous process steps and in continuous use. Furthermore, they
may provide economic advantages for the large-scale practical use of the produced biocatalytic systems
in wastewater treatment. Nevertheless, further study concerning optimization of the removal process
and evaluation of the effect of various inhibitors on the tetracycline removal rate is still required.
In addition, in our opinion, future study related to the use of immobilized enzymes for removal
of hazardous pollutants should be focused on practical application of the biocatalytic systems in
continuous treatment in bioreactors, and on process optimization to achieve the highest possible
removal rate.
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A B S T R A C T

In the presented study poly(methyl methacrylate) (PMMA) and magnetite nanoparticles were used to prepare
novel PMMA/Fe3O4 electrospun nanofibers. The obtained materials were characterized, and then modified and
used as supports for covalent binding and encapsulation of laccase from Trametes versicolor. High enzyme loading
(63.2 mg of laccase per 1 cm2 of support) was recorded for the system after covalent binding, and the formation
of stable interactions was confirmed, as leaching of the enzyme from the support did not exceed 12%.
Furthermore, the obtained biocatalytic systems exhibited excellent pH, thermal and storage stability as well as
reusability: after 40 days of storage and 5 successive biocatalytic cycles they retained 80% of their initial
properties. Experiments on the removal of antibiotic showed that both immobilized laccases possess high ability
to convert tetracycline. Under optimal process conditions (pH 5, temperature 25 °C, tetracycline solution con-
centration 1.0 mg L−1) the removal efficiency reached 100% and 94% for covalently bonded and encapsulated
laccase. Finally, the degradation products were examined to investigate the degradation mechanism. The data
showed that oxidation, dehydrogenation and demethylation are major reactions in the degradation of tetra-
cycline using immobilized laccase. The findings demonstrate clearly that laccase immobilized by covalent
binding and encapsulation using electrospun materials has the potential for application in environmental pro-
tection processes for the removal of antibiotics.

1. Introduction

Antibiotics are used as active agents in the prevention and treatment
of all types of bacterial infections in humans and animals. Their annual
global consumption is estimated at over 200,000 tons [1,2]. According
to European Union regulations, the concentration of antibiotics in the
environment should not exceed 10 μg L−1; however, the estimated
concentration of tetracycline, one of the most commonly used anti-
biotics, is significantly higher, reaching levels of 450–900 μg L−1 [2]. In
addition, according to the United States Food and Drug Administration,
high levels of tetracycline have been detected in soil, drinking water
and groundwater, as well as hospital and municipal wastewaters [3].
The ubiquity of tetracycline and antibiotics in general could lead to the
creation of bacteria strains resistant to these drugs, posing a potential
threat to the ecosystem and human health.

There are many techniques for effective removal of tetracycline
from the environment, including adsorption [4,5], ozonation [6],
photocatalysis [7], electrolysis [8], advanced oxidation processes [9],
and membrane techniques [10]. However, enzymatic bioremediation
seems to be the most effective, this being directly related to the high
specificity and selectivity of biocatalytic reactions. The use of enzymes
in the degradation of antibiotics is environmentally friendly. What is
more, in comparison with the above-mentioned chemical processes,
enzymatic reactions take place under mild conditions (temperature and
pH), which reduces energy costs [11]. In the bioremediation of pollu-
tants from water and wastewater, enzymes from the class of oxidor-
eductases are used, among which the most important are laccases,
tyrosinases, and peroxidases. For reasons of availability, low price, and
absence of need for additional chemical reagents (only the presence of
molecular oxygen is required for the oxidation reaction), the most
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commonly used are laccases [12]. Although these enzymes are wide-
spread in nature, mainly in fungi, as well as in the cells of some pro-
karyotes, insects and plants the most frequently used are laccases ob-
tained from various species of white or red rot fungi, such as Trametes
versicolor and Trametes vilosa [13].

However, the efficiency of reactions involving enzymes is closely
related to their activity. Free proteins are sensitive to changes in tem-
perature and pH conditions, as well as the presence of inhibitors in the
reaction environment, which significantly affects their applicability. To
increase the stability and reusability of biocatalytic systems, enzyme
immobilization processes are applied. There are many methods for
immobilizing proteins, including adsorption, covalent binding, en-
capsulation or cross-linking, depending on the type of interaction be-
tween the enzyme and the support [14,15]. The properties determining
the choice of a suitable matrix include the physicochemical parameters
of the support, such as porosity, surface area, the presence and type of
functional groups, mechanical strength, and chemical and thermal
stability. Supports used in the immobilization process constitute a di-
verse group of materials, which includes inorganic carriers, natural and
synthetic polymers, as well as hybrid materials [16].

On the other hand, innovative materials created by the electro-
spinning method are gaining increasing interest. This technique allows
to obtain tailor-made highly porous materials from nano- to micrometer
size, composed of different precursors. Enzymes may be efficiently
immobilized both by encapsulation inside the electrospun fibers and by
adsorption or covalent binding on the surface of the fibers. Water-in-
soluble fibers are produced mainly from polymers, such as polystyrene
(PS), polyacrylonitrile (PAN), poly(methyl methacrylate) (PMMA),
polysulfone (PSF) and polyurethane (PU) [17]. For instance, in a pre-
vious study, Dai et al. [18] successfully immobilized laccase by en-
capsulation into the poly(D,L-lactide)/poly(ethylene oxide)-poly(pro-
pylene oxide)-poly(ethylene oxide) triblock copolymer. In another
study, Koloti et al. [19] bounded laccase covalently with hyper-
branched polyethyleneimine/polyethersulfone electrospun nanofibrous
membrane. Furthermore, laccase was previously immobilized using
electrospun materials made of polycaprolactone, polyacrylonitrile or
polylactide for encapsulation and covalent binding of the enzyme mo-
lecules [20–23]. All of the biocatalytic systems were then used in en-
vironmental processes for the removal of organic pollutants, such as
chlorophenols, bisphenols and dyes from water solutions.

Taking into account the above-mentioned information, in this study,
for the first time, we present a proof-of-concept for the production of a
novel electrospun poly(methyl methacrylate) (PMMA) material with
embedded magnetic particles (Fe3O4), and its use for laccase im-
mobilization by encapsulation and covalent binding. This material was
chosen as a support due to its porosity and stability, the presence of
numerous functional groups that facilitate its modification, as well as
magnetic properties which facilitate the separation of the biocatalytic
system from the reaction mixture by using external magnetic field.
Further, immobilized laccase was used in experiments involving the
biodegradation of tetracycline under various process conditions.
Optimal reaction parameters leading to effective degradation of the
antibiotic were investigated, as well as the stability and reusability of
the obtained systems. The results indicate that an effective environ-
mental tool for the removal of tetracycline has been developed, which
might find practical applications in the biodegradation processes of
hazardous pollutants from wastewaters.

2. Materials and methods

2.1. Chemicals and materials

Iron(III) chloride hexahydrate, iron(II) chloride tetrahydrate and
25% tetramethylammonium hydroxide solution, used for the synthesis
of magnetite nanoparticles (MNPs), as well as poly(methyl methacry-
late) (PMMA) at molecular weight 10,000 g mol−1 and 1,1,1,3,3,3-

hexafluoro-2-propanol (HFP), used for the production of electrospun
materials, were obtained from Sigma-Aldrich (USA). N-(3-dimethyla-
minopropyl)-N′-ethylcarbodiimide (EDC) and N-hydroxysuccinimide
(NHS), used for modification of the nanofibers, laccase from Trametes
versicolor (EC 1.10.3.2, ≥0.5 U/mg), tetracycline (≥98.0%), 2,2-azi-
nobis-3-ethylbenzothiazoline-6-sulfonate (ABTS, ≥99%), Coomassie
Brilliant Blue G-250, acetate, phosphate and Tris−HCl buffers at spe-
cific pH were supplied by Sigma-Aldrich. Methanol, ethanol and 85%
H3PO4 (all laboratory grade) were obtained from Chempur (Poland).
LC/MS-grade acetonitrile and ammonium acetate were obtained from
Sigma-Aldrich (USA). HPLC-grade water was prepared by reverse os-
mosis in a Demiwa system from Watek (Czech Republic) followed by
double distillation from a quartz apparatus.

2.2. Synthesis of magnetite nanoparticles

The magnetite nanoparticles were synthesized using a co-pre-
cipitation method based on our previous study [24] with slight mod-
ification. Briefly, FeCl3·6H2O and FeCl2·4H2O in a molar ratio of 2:1
were used as precursors and dissolved in degassed water and mixed for
1 h at a constant temperature of 80 °C under a neutral gas (nitrogen)
atmosphere. During mixing, 30mL of 25% tetramethylammonium hy-
droxide solution was added dropwise. After addition of the tetra-
methylammonium hydroxide the reaction mixture was stirred for
30min. Finally, magnetic nanoparticles were separated from the reac-
tion mixture using an external magnetic field, washed several times
using deionized water, and dried for 12 h at 45 °C.

2.3. Production of electrospun materials

To prepare PMMA/magnetite nanofibers for covalent immobiliza-
tion of laccase, 0.75 g of PMMA was dissolved in 6mL of HFP to form a
12% (w/v) solution. Next, 200mg of the previously prepared magnetite
nanoparticles were added and the solution was stirred for 3 h at am-
bient temperature to obtain a final mixture ready for the electrospin-
ning process. Electrospinning of the solution was carried out under
optimized conditions using a NANON-01A apparatus (MECC Co.,
Japan). The apparatus was equipped with an 18 G flattened needle
connected to a syringe by a PTFE tube fixed to a moving head. The
speed of the moving head was 75mm/sec, the working width was
150mm, and the voltage applied through the needle was 20 kV. The
feed rate was set at 1.0mL h−1, and the distance between the needle tip
and the collector was 100mm. The PMMA/Fe3O4 nanofibers were
collected on a grounded steel plate collector covered with aluminum
foil. At the final stage of production of the nanofibers they were dried
for 48 h at a temperature of 27 °C in a vacuum dryer.

2.4. Support modification

Prior to immobilization, the previously obtained PMMA/Fe3O4 na-
nofibers underwent functionalization using EDC/NHS according to the
methodology presented by Zhu et al. [25]. Briefly, 10mg of EDC and
14mg of NHS were dissolved in 5mL of phosphate buffer at pH 6.5.
Next, a few pieces of cut nanofibers with a surface area of 0.5 cm2

(0.5 cm ×1.0 cm) were weighed, washed with deionized water and
added to the solution of modifier. The mixture was then immersed for
5 h at ambient temperature. After the process, nanofibers were sepa-
rated from the reaction mixture using an external magnetic field, wa-
shed with deionized water to remove unbound reactants, and used as a
support for laccase immobilization. The idea of the functionalization of
the PMMA/Fe3O4 nanofibers and covalent immobilization of laccase
was presented in Fig. 1.

2.5. Laccase immobilization by covalent binding and encapsulation

Covalent immobilization was carried out by placing 2 pieces of the
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cut and modified nanofibers in 10mL of laccase solution at a con-
centration of 8mgmL−1 in acetate buffer at pH 5. The process was
carried out for 2 h at 4 °C using an IKA KS 4000i incubator (Germany).
After the process, the PMMA/Fe3O4 nanofibers with immobilized en-
zyme were separated from the mixture using an external magnetic field,
and washed with acetate buffer to remove unbound enzyme.

For the fabrication of fibers with encapsulated enzyme, 0.75 g of
PMMA was dissolved in 6mL of HFP to form a 12% (w/v) solution.
Next, 200mg of the previously prepared magnetite nanoparticles were
added and the solution was stirred for 3 h at ambient temperature to
obtain a final mixture. In the separate flask laccase was dissolved in
acetate buffer at pH 5 at a concentration of 40mgmL−1. Next, the
solutions of PMMA and laccase were mixed in a volumetric ratio of 1:10
and stirred for 1 h using a magnetic stirrer. Electrospinning of the so-
lution was carried out under optimized conditions using a NANON-01A
apparatus (MECC Co., Japan). The apparatus was equipped with an
18 G flattened needle connected to a syringe by a PTFE tube fixed to a
moving head. The speed of the moving head was 75mm/sec, the
working width was 150mm, and the voltage applied through the needle
was 20 kV. The feed rate was set at 1.0 mL h−1, and the distance be-
tween the needle tip and the collector was 100mm. The obtained na-
nofibers were collected on a grounded steel plate collector covered with
aluminum foil and they were dried for 48 h at a temperature of 27 °C in
a vacuum dryer.

2.6. Amount of immobilized enzyme and enzyme leakage

The amount of immobilized enzyme (mg cm−2) was evaluated
based on the Bradford method [26] as the difference between the initial
dosage of the enzyme and the concentration of the protein in the su-
pernatant after immobilization, considering the area of the support
material. From the results the immobilization yield (%) was also cal-
culated, based on the concentration of the laccase solutions before and
after immobilization, and their volume.

In order to evaluate enzyme leakage (%) from the support, both
covalently immobilized and encapsulated laccase were incubated for
24 h at 25 °C in 50mL of acetate buffer at pH 5 and were mixed at
350 rpm using a shaker. The percentage of eluted laccase was

calculated based on measurement of the protein content in the bioca-
talytic systems obtained after immobilization and the concentration of
the enzyme after the leakage test, using the Bradford method.

2.7. Stability, reusability as well as kinetic parameters of free and
immobilized enzymes

To evaluate storage stability, the free and immobilized enzymes
were stored at 4 °C for 40 days, and their relative activity was examined
after specified periods of time, based on the reaction with ABTS as a
substrate, to which 10mg of free or immobilized enzyme was added
[27]. The reaction was carried out for 60min at pH 5 and temperature
25 °C. Changes in the substrate concentration were followed spectro-
photometrically at wavelength 420 nm using a Jasco V-750 spectro-
photometer (Japan). The initial value of the activity of the free or im-
mobilized enzyme was defined as 100%.

The reusability of the covalently immobilized and encapsulated
laccase was examined based on the aforementioned reaction over eight
consecutive catalytic cycles lasting 60min at pH 5 and temperature
25 °C. After each reaction cycle, the material contains immobilized
enzymes were separated from the reaction mixture using an external
magnetic field, washed with acetate buffer at pH 5 and placed into a
fresh ABTS solution. The activity of laccase in the first biodegradation
cycle was defined as 100% activity.

Chemical and thermal stability of the free and immobilized enzymes
over time were evaluated based on the reaction with ABTS as a sub-
strate, after incubating the samples at pH 5 and temperature 25 °C
(optimum conditions) for 180min. The relative activity of free and
immobilized enzymes was examined after a specified period of time.
The initial activity of the tested systems was defined as 100% activity.
The inactivation constant (kD) and half-life (t1/2) were evaluated based
on the linear regression slope.

Evaluation of the kinetic parameters – the Michaelis-Menten con-
stant (Km) and the maximum rate of reaction (Vmax) – of free and
immobilized laccase was performed based on the model reactions de-
scribed above, using as a substrate solutions of ABTS at concentrations
ranging from 0.001 to 0.5 mM. The kinetic parameters were calculated
based on Hanes–Woolf plots under optimum assay conditions.

Fig. 1. The schematic diagram representing the idea of the functionalization of the PMMA/Fe3O4 nanofibers by EDC/NHS approach and covalent immobilization of
laccase.
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2.8. Removal of tetracycline

The tetracycline degradation ability of the free and immobilized
enzymes was examined using an IKA KS 4000i incubator shaker
(200 rpm) in complete darkness. To 20mL of the tetracycline at various
concentration in buffer solutions at desired pH, 10mg of the free or
immobilized enzyme was added. The reaction was carried out for
60min, and samples (0.1 mL) were taken every 10min. The progress of
the reaction was observed spectrophotometrically using a Jasco V-750
spectrophotometer at wavelength 355 nm. The concentration of the
tetracycline after degradation was evaluated based on a standard cali-
bration curve for that compound. The efficiency of removal of tetra-
cycline was calculated from the following equation (1):

=

−Tetracycline removal C C
C

(%) ·100%t0

0

where C0 denotes initial tetracycline concentration and Ct denotes the
remaining concentration of tetracycline after a certain time.

The effect of pH on the tetracycline removal efficiency was eval-
uated using 1mg L−1 solution at 25 °C over the pH range 3–9 (buffer

solutions at desired pH). The effect of temperature on the removal ef-
ficiency was evaluated at temperatures of 5, 15, 25, 35 and 45 °C using
tetracycline solution at concentration 1mg L−1 in acetate buffer at pH
5. To examine the effect of the concentration of the antibiotic on the
efficiency of its degradation, solutions at concentrations of 0.1, 1.0, 5.0
and 10.0mg L−1 were used, and experiments were carried out at tem-
perature 25 °C and pH 5.

In order to determine the possible adsorption of tetracycline by the
PMMA/Fe3O4 with covalently immobilized or encapsulated laccase, a
control experiment with thermally inactivated enzymes was carried
out. For this purpose, immobilized laccase was subjected to thermal
inactivation for 5 h at 80 °C and placed in 20mL of tetracycline solution
at concentration 1mg L−1 at pH 5 for 60min. The amount of adsorbed
antibiotic was evaluated spectrophotometrically.

2.9. Analysis of the electrospun nanofibers before and after laccase
immobilization

Differences in the structure of the electrospun materials before and
after immobilization, and the distribution of the immobilized laccase,

Fig. 2. Confocal laser scanning micrographs in the material (upper row) and fluorescent (lower row) mode, and FTIR spectra of: (a) PMMA/Fe3O4, (b) PMMA/Fe3O4

and PMMA/Fe3O4 with covalently bonded laccase, and (c) PMMA/Fe3O4 and PMMA/Fe3O4 with encapsulated laccase.
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were investigated using an LSM710 confocal laser scanning microscope
(CLSM) from Zeiss (Germany). The microscope operated in the material
(reflected light) and fluorescent modes using an argon ion laser at
wavelengths of 458 nm and 488 nm respectively. Fourier transform
infrared (FTIR) spectra of the electrospun materials before and after
immobilization were obtained using a Bruker Vertex 70 spectrometer
(Germany) operating in attenuated total reflectance (ATR) mode over
the wavenumber range 4000–400 cm−1 at a resolution of 0.5 cm−1.

2.10. Chromatographic measurements

Identification of degradation products was performed using an
UltiMate 3000 HPLC instrument from Dionex (USA) coupled with a
4000 QTRAP mass spectrometer from ABSciex (USA). A Gemini-NX C18
analytical column (100mm x 2.0 mm I.D.; 3 μm) from Phenomenex
(USA) maintained at 35 °C was used in the study. The sample injection
volume was 5 μL. The mobile phase consisted of 5mM ammonium
acetate in water and acetonitrile (ACN) at a flow rate of 0.3mL min−1,
according to the following gradient: 0 min 10% ACN, 1min 10% ACN,
3min 40% ACN, 6min 85% ACN. The electrospray ion source (ESI)
operated in positive mode. Nitrogen was used in both the source and
the mass spectrometer. The following parameters of the source and
mass spectrometer were used: curtain gas pressure 10 psi, nebulization
gas pressure 45 psi, auxiliary gas pressure 45 psi, source temperature
450 °C, ESI voltage 4500 V, declustering potential 45 V. Chromatograms
were collected in enhanced mass spectra mode in the range 50–600m/
z. Selected ions were fragmented in enhanced product ion mode.

2.11. Statistical analysis

All of the above experiments were performed in triplicate, and the
results are presented as mean ± standard deviation. Statistically sig-
nificant differences were determined using one-way ANOVA performed
using Systat Software Inc. SigmaPlot 12 (USA), based on Tukey’s test.
Statistical significance was established at p<0.05.

3. Results and discussion

3.1. Characterization of support and enzyme immobilization

To confirm the effectiveness of the synthesis of PMMA/Fe3O4 elec-
trospun material and the immobilization of laccase by covalent binding
and encapsulation, CLSM photographs (material and fluorescence
modes) and FTIR spectra were obtained (Fig. 2). Each of the electrospun
materials, before and after the immobilization process, consists of fibers
with diameters not exceeding 500 nm. However, after covalent binding
of the laccase, a slight increase in the diameters of the nanofibers was
observed due to the enzyme immobilization onto their surface. CLSM
photographs in fluorescence mode clearly show the differences before
and after laccase immobilization. The PMMA/Fe3O4 material (Fig. 2a)
does not exhibit fluorescence. However, after the immobilization pro-
cess the fibers emit green fluorescence under excitation, indicating ef-
fective enzyme immobilization [28]. The fibers with covalently im-
mobilized enzyme emit brighter green fluorescence than the material
with encapsulated laccase that is related to the laccase immobilization,
respectively, onto and into PMMA/Fe3O4 nanofibers.

The FTIR spectra indicate differences between the electrospun

materials before and after laccase immobilization. The spectrum of
PMMA/Fe3O4 contains signals characteristic for PMMA and Fe3O4 at
2940 cm-1 (eCH bonds), 1720 cm-1 (C]O bonds), 1390 cm-1 (CeH
bonds), 1150 cm-1 (CeO bonds), and 574 cm-1 (FeeO bonds), in-
dicating the effective synthesis of the PMMA/Fe3O4 material [24,29]. In
the FTIR spectra of PMMA/Fe3O4 with immobilized laccase, beside the
above-listed signals, peaks are also observed at 3420 cm-1 (OeH
groups), 1655 cm-1 and 1540 cm-1 (amide I and II bands respectively)
and 700 cm-1 (CeC bonds); these confirm effective immobilization of
the enzyme [27]. Moreover, it should be noted that the maxima of some
signals in the FTIR spectrum after enzyme encapsulation, such as peaks
assigned to stretching vibrations of OeH, amide I and amide II bonds,
were slightly shifted, at around 10 cm-1 towards higher wavenumber
values. This suggests changes in the microenvironment of these groups
as a result of the encapsulation.

In the next part of the study the characteristics of immobilization
and enzyme leakage were investigated, and the kinetic parameters of
the free and immobilized enzymes were calculated and compared
(Table 1). As can be seen, the values of the Km constant obtained for the
immobilized enzymes, both covalently bonded and encapsulated, are
significantly higher than for the free laccase, indicating the lower af-
finity of the immobilized enzymes to the substrate. The increase in the
value of Km observed for immobilized enzymes is associated with
structural changes of the biomolecules resulting from the immobiliza-
tion process, as well as spherical hindrances around enzyme active sites
or loss of enzyme elasticity [30]. This fact is particularly visible for
encapsulated laccase, due to the surrounding of the enzyme molecules
by the PMMA/Fe3O4 material. Consequently, the values of the max-
imum reaction rate calculated for covalently immobilized and en-
capsulated laccase are lower by 25% and 35% respectively than the
Vmax of free laccase, this being related mainly to the lower substrate
affinity [31]. However, although the Km of the immobilized enzymes
increased significantly, the obtained biocatalytic systems can be con-
sidered effective biocatalysts due to the relatively small decrease in
Vmax. This unexpected finding may be explained by the highly porous
structure of the electrospun materials, which partially reduces diffu-
sional limitations [32].

The immobilization yield of 100% recorded for encapsulated laccase
is a natural result due to the presence of the enzyme in the solution
prior to electrospinning. However, the high immobilization yield
(around 80%) and the amount of over 60mg of enzyme loaded per cm2

of nanofibers in the case of covalent binding of the enzyme indicate the
high enzyme affinity by the EDC/NHS modified fibers as well as the
high immobilization capacity of the PMMA/Fe3O4 material, mainly due
to its porosity and the presence of many chemical moieties.
Furthermore, the results of the leakage test confirm the formation of
stable enzyme–matrix covalent bonds and the protective effect of the
polymeric support against laccase elution. Only 12% of the enzyme was
eluted from the support after 24 h of the test. In the case of the en-
capsulated enzyme the value was even lower and reached 3.4%.

3.2. Stability and reusability of free and immobilized enzymes

Following the effective immobilization of laccase, the stability of the
obtained biocatalytic systems and of the free enzyme over time under
process conditions was investigated and compared. Storage stability
and reusability are also important features and prerequisites for

Table 1
Kinetic parameters of free and immobilized enzymes and data illustrating immobilization efficiency and enzyme leakage.

Km (mM) Vmax (mM s−1) Amount of immobilized enzyme (mg cm−2) Immobilization yield (%) Enzyme leakage (%)

Free laccase 0.059 ± 0.006 0.043 ± 0.003 – – –
Covalent binding 0.134 ± 0.007 0.032 ± 0.004 63.2 ± 2.8 79 ± 3.1 12.3 ± 1.2
Encapsulation 0.192 ± 0.01 0.027 ± 0.003 40.0 100 3.4 ± 0.9
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practical applications. Fig. 3a shows that after 180min of incubation,
both immobilized enzymes exhibit excellent thermal stability as com-
pared with free laccase. After this time the free enzyme retained less
than 20% of its initial catalytic activity, compared with around 80%
and over 90% for covalently bonded and encapsulated laccase respec-
tively. The improvement in the stability of the immobilized laccases is
reflected in the values of the inactivation constant (kD) and enzyme
half-life (t1/2), which were calculated based on the data presented in
Fig. 3b. The values of kD and t1/2 for free laccase were 0.0122 1/min
and 57.1 min, while for laccase immobilized by covalent binding the
values were 0.0016 1/min and 440.5 min. An even more significant
improvement in these parameters was recorded for encapsulated lac-
case, for which the half-life was 20 times longer than that of the free
enzyme (1122.6 min), and the inactivation constant was the lowest
among all of those tested (0.0006 1/min). As shown in Fig. 3c, the
relative activity of the immobilized enzymes decreased steadily but
very slowly compared with free laccase; after 40 days of storage the
enzymes immobilized by covalent binding and by encapsulation re-
spectively preserved around 75% and 90% of their activity. Meanwhile
free laccase lost half of its activity after 20 days, and after 40 days less
than 20% of its initial activity was retained. The reusability test per-
formed over eight successive catalytic cycles showed that both im-
mobilized enzymes exhibit exceptional reusability: after five con-
secutive batches the fall in the relative activity did not exceed 10% and
20% for encapsulated and covalently bonded laccase respectively
(Fig. 3d). Although a more significant drop occurs in further biocata-
lytic steps, after eight reaction cycles the biocatalytic systems retained
around 50% of their initial activity, indicating the excellent reusability
of the obtained biocatalysts.

The significant improvement in the thermostability, chemical sta-
bility, storage stability and reusability of the laccase after immobiliza-
tion might be attributed to the protective effect of the PMMA/Fe3O4

material and the provision of a protective microenvironment for the
immobilized enzymes by the support [33]. Moreover, after im-
mobilization of the laccase its three-dimensional structure is more rigid,
and is protected against conformational changes caused by reaction
conditions which lead to enzyme deactivation. Furthermore, the stable
covalent binding limits leaching of the enzyme from the support, and
ensures the retention of high catalytic activity [34]. Nevertheless, the
higher stability exhibited by the encapsulated laccase compared with

the covalently bonded enzyme is related to the fact that the biomole-
cules are trapped in the PMMA/Fe3O4 nanofibers, which form a unique
core-shell structure providing additional protection of laccase against
deactivation [28]. On the other hand, the drop in the relative activity of
the immobilized enzymes is related to enzyme inhibition by the pro-
ducts of the reaction as well as deactivation of the enzyme due to its
repeated use. Nonetheless, the results clearly show that both of the
obtained biocatalytic systems offer good operational stability and may
be used with high efficiency for the removal of hazardous compounds
from wastewater.

3.3. Removal of tetracycline

Many previous studies have shown that various process parameters
might significantly affect the enzymatic removal of hazardous pollu-
tants [35,36]. Thus, following evaluation of the stability and reusability
of the immobilized laccase, it was crucial to determine the effect of
various process conditions (pH, temperature, and concentration of
tetracycline solution) on its efficiency and to determine optimal con-
ditions enabling the effective removal of antibiotic. Moreover, to de-
termine whether the removal of tetracycline results from catalytic ac-
tion only or from both adsorption and catalytic treatment, adsorption
experiments were performed using both biocatalytic systems with in-
activated enzyme. It should be emphasized that although electrospun
materials usually have good sorption capacity, the adsorption of tet-
racycline using nanofibers with thermally inactivated laccase did not
exceed 5%, indicating that the removal of the antibiotic is mainly due
to enzymatic conversion.

3.3.1. Effect of pH
The removal of antibiotic was investigated over a broad pH range

from 3 to 9, at 25 °C (Fig. 4). It can be seen that irrespective of the form
of biocatalyst used, the efficiency of removal of tetracycline increased
with pH to reach a maximum at pH 5, and then decreased with in-
creasing pH values. Similar observations were made in our previous
studies [27,37] and may be explained by the nature of the laccase from
Trametes versicolor (used in this study), which exhibits maximum cata-
lytic activity in slightly acidic conditions (around pH 5). Free and
covalently immobilized laccase removed 100% of the antibiotic from
the solution, and the efficiency of the removal process using

Fig. 3. Thermal and chemical stability (a, b), storage stability (c) and reusability (d) of the free and immobilized laccase.
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encapsulated laccase was around 95%. This is related to the fact that
the accessibility of the active sites of the encapsulated laccase is more
restricted than in the free and covalently bonded enzyme, due to the
polymer layer around the laccase biomolecules [37]. It should be added
that the degradation curves obtained in the processes with both im-
mobilized enzymes reached a plateau after 40min of the reaction,
compared with 30min when free laccase was used. These results are in
agreement with the kinetic data, and might be explained by the higher
substrate affinity of free laccase as well as the lack of diffusional lim-
itations.

However, it should be underlined that use of both immobilized
enzymes leads to higher efficiencies of removal of tetracycline as
compared with free laccase over broader analyzed pH range. This is due
to the fact that laccase immobilized on or within the PMMA/Fe3O4

material is better protected against harsh reaction conditions and has
higher pH resistance than the native enzyme [38]. This phenomenon is
particularly visible in the efficiency of tetracycline degradation by en-
capsulated laccase, which even at pH 8 and pH 9 remained above 40%
due to stabilization and protection of the enzyme structure [39]. These
results are in agreement with those of Shao et al., [34], who im-
mobilized laccase by covalent binding on hollow mesoporous carbon
nanospheres and used it for the removal of tetracycline from aqueous
solution. The removal efficiency over the whole analyzed pH range
(3–9) was significantly higher than for the native enzyme.

3.3.2. Effect of temperature
The catalytic properties of the free and immobilized enzymes might

also be affected by temperature. The efficiencies of removal of tetra-
cycline were examined over a wide range of temperatures from 5 to
45 °C, at pH 5. Irrespective of the type of biocatalyst used, the highest
removal efficiencies were observed at 25 °C; this is related to the
properties of the laccase, which exhibits maximum activity in the
temperature range 20–25 °C [40]. As Fig. 5a shows, free laccase de-
graded over 80% of tetracycline only at the temperatures 25 and 35 °C;
decreasing or increasing the temperature caused a significant drop in
the efficiency of removal of the pharmaceutical due to the instability of
the free enzyme under the process conditions. Meanwhile, when im-
mobilized biocatalysts were used for degradation of tetracycline, the
removal efficiency exceeded 80% over a wide temperature range from
15 even up to 45 °C (Fig. 5b,c). Moreover, over the broader analyzed

temperature range, encapsulated and covalently immobilized laccase
degraded tetracycline with higher efficiencies than the native laccase.
The significant improvement in the thermal tolerance of immobilized
laccase is related to several factors; among others, the formation of
stable covalent laccase–support interactions which stabilize the enzyme
structure and protect it against conformational changes. Furthermore,
the PMMA/Fe3O4 material reduces the negative effect of higher tem-
peratures on enzyme activity and protects the biomolecules against
thermal inactivation [41]. Similar results were previously reported by
Taheran et al., who immobilized laccase on polyacrylonitrile−biochar
composite nanofibrous membrane made by the electrospinning tech-
nique. The immobilized enzyme was used to degrade pharmaceuticals
from water solutions, and attained around 20% higher catalytic activity
than the native laccase over the whole temperature range from 10 to
70 °C [42].

3.3.3. Effect of solution concentration
Although concentrations of tetracycline in wastewater usually do

not exceed 0.9mg L−1 [43], we decided to use a higher concentration
of antibiotic to test the effectivity of the obtained biocatalytic systems.
The efficiency of removal of tetracycline was evaluated using solutions
at concentrations ranging from 0.1 to 10mg L−1, under optimal process
conditions (Fig. 6). After 60min of the process the highest removal
efficiencies reached 100% for free and covalently bonded laccase and
94% for the encapsulated enzyme when the tetracycline solution con-
centration was 0.1 or 1.0 mg L−1. Above this value, the higher the
concentration of the tetracycline solution, the lower the efficiency of
removal. Nevertheless, the encapsulated laccase removed 60% of the
pollutant even from the solution with concentration 10mg L−1. The
highest removal rates recorded for the free enzyme are related to the
accessibility of the enzyme’s active sites; however, the high biode-
gradation efficiencies obtained using immobilized laccase from solution
at high concentration are related to the porosity of the electrospun
PMMA/Fe3O4 nanofibers and the high enzyme loading on the surface of
the support. By contrast, as reported by Yang et al. [44], laccase im-
mobilized on magnetic nanoparticles degraded tetracycline at a con-
centration of 0.1 mg L−1. The efficiency of removal of the pharmaceu-
tical was 80% in the first 12 h of the process. In another study, Dai et al.
[28] removed bisphenol A from aqueous solution at concentration
50mg L−1 using laccase encapsulated in electrospun fibrous

Fig. 4. Effect of pH on the efficiency of removal of tetracycline by: free enzyme (a), covalently bonded enzyme (b) and encapsulated enzyme (c).
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membrane, with an efficiency of 80%. However, this high efficiency
was due to a dual removal mechanism, with simultaneous sorption onto
the electrospun fibers and enzymatic conversion by laccase. Never-
theless, it could be briefly summarized, that laccase immobilized using
PMMA/Fe3O4 by covalent binding and encapsulation removed, re-
spectively 100 and 95% of tetracycline form solution at pH 5 and
concentration 1mg L−1 at temperatures of 25 and 35 °C. The promising
results obtained in this study indicate the possibility of using the bio-
catalytic system in the removal of pharmaceuticals from aqueous so-
lutions even at higher concentrations.

3.4. Products of conversion and the transformation pathways

Following evaluation of the effect of various process parameters on

tetracycline removal, the products of enzymatic conversion and pos-
sible transformation pathways were studied. During the conversion of
tetracycline by laccase several processes were observed, including
oxidation, dehydrogenation and demethylation (Fig. 7). The chroma-
togram obtained at the start of the degradation showed two peaks of
protonated molecules characteristic of tetracycline, both at m/z=445.
These two peaks are typical of tetracyclines, which occur in two tau-
tomeric forms (keto and enol) eluting at different retention times (2.42
and 3.38min) [45]. Two degradation products were observed after only
30min and remained in the degradation liquor up to 3 h: the first was
formed after oxidation of the carbon atom at position 5 in the tetra-
cycline structure (protonated molecule at m/z=461) and the second
after dehydrogenation of tetracycline, also at the C5 position (proto-
nated molecule at m/z=443). Further degradation of the oxidized

Fig. 5. Effect of temperature on the efficiency of removal of tetracycline by: free enzyme (a), covalently bonded enzyme (b), encapsulated enzyme (c).

Fig. 6. Effect of solution concentration on the efficiency of removal of tetracycline by: free enzyme (a), covalently bonded enzyme(b) and encapsulated enzyme (c).
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product led to its dehydrogenation and formation of a corresponding
ketone (protonated molecule at m/z=459). This, based on its ion
abundance, was the main degradation product of tetracycline. It was
detected after one hour of degradation, and its concentration increased
in the subsequent hours of the test. Finally, an ion at m/z=431 was
also found, indicating bi-demethylation of the amine groups at the
carbon atom at position 4 in the main degradation product. The de-
gradation products found in the test were in agreement with those
described by Yang et al. [44] and Sun et al. [46], although the low-
intensive ion at m/z=396 (abundance only 1×104 according to Yang
et al.) was not visible in the present study. Similarly, two compounds of
molecular weight 426 g mol−1, proposed by Sun et al., to be direct
degradation products of tetracycline, were not found in this study. In-
stead, it was shown that the ions at m/z=427 were formed by frag-
mentation of tetracycline, which was also confirmed by the identity of
the retention times for the chromatographic peaks of ions at m/z=427
and m/z=445.

4. Conclusions

It may be stated in summary that in the present study, for the first
time, novel PMMA/Fe3O4 electrospun nanofibers were fabricated,
characterized, modified and used as a support for laccase immobiliza-
tion. Due to the high enzyme loading (over 60mg of enzyme per cm2 of
electrospun material), the formation of stable enzyme–support inter-
actions (negligible leaching of laccase) and the protective effect of the
support material, the immobilized biomolecules exhibit exceptional
thermal, pH and storage stability as compared with the free enzyme.
The immobilized laccases also offer excellent reusability: after five re-
peated biodegradation cycles both biocatalytic systems retained over
80% of their initial activity. Furthermore, covalently bonded and en-
capsulated laccase respectively removed 100% and 95% of tetracycline
from a solution at concentration 1.0 mg L−1. It has also been shown that
due to improvement of the enzyme’s stability against reaction condi-
tions, effective removal of tetracycline (> 80%) by the immobilized
laccases takes place over broader pH and temperature ranges as

Fig. 7. Conversion products of tetracycline with extracted ion chromatograms of protonated molecules at m/zgiven by the structures of the compound.

J. Zdarta, et al. Catalysis Today 348 (2020) 127–136

135



compared with the free enzyme. Moreover, as the sorption of the an-
tibiotic by the electrospun material does not exceed 5%, it is mainly
catalytic action that is responsible for effective antibiotic conversion.
Finally, analysis of the degradation products of the enzymatic conver-
sion of tetracycline indicates that oxidation, dehydrogenation and de-
methylation are the main processes responsible for the conversion of
antibiotic molecules. Hence, it can be concluded that the proposed
immobilization approach results in the formation of highly stable bio-
catalytic systems with excellent potential for application in the removal
of hazardous pollutants from wastewater on a large scale.
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A B S T R A C T

Enzymatic biodegradation of pharmaceuticals, using enzymes such as laccase, is a green solution for the removal
of toxic pollutants that has attracted growing interest over recent years. Moreover, the application of im-
mobilized biocatalysts is relevant for industrial applications, due to the improved stability and reusability of the
immobilized enzymes. Thus, in the present study, laccase was immobilized by adsorption and encapsulation
using poly(l-lactic acid)-co-poly(ε-caprolactone) (PLCL) electrospun nanofibers as a tailor-made support. The
produced biocatalytic systems were applied in the biodegradation of two commonly used anti-inflammatories,
naproxen and diclofenac, which are present in wastewaters at environmentally relevant concentrations. The
results showed that under optimal process conditions (temperature 25 °C, pH 5 and 3 for naproxen and diclo-
fenac respectively), even from a solution at a concentration of 1mg L−1, over 90% of both pharmaceuticals was
removed by encapsulated laccase in batch mode. Both immobilized enzymes also exhibited high reusability: after
five reaction cycles approximately 60% and 40% of naproxen and diclofenac were removed by encapsulated and
adsorbed laccase respectively. In addition, a thorough analysis was made of the products of biodegradation of
the two studied pollutants. Furthermore, toxicity study of the mixture after biodegradation of the pharmaceu-
ticals showed that the solutions obtained after the process were approximately 65% less toxic than the initial
naproxen and diclofenac solutions.

1. Introduction

Due to its high production and consumption, pharmaceutically ac-
tive compounds frequently occurred in wastewater, drinking water and
even ground water at concentrations usually do not exceeding nano-
grams or micrograms per liter [1]. Accumulation of these compounds as
well as their metabolites in water compartments in unknown and un-
controlled amounts has attracted attention as they are persistent and
might have negative effect on human beings and environment. For in-
stance long-term contact with diclofenac is associated with a serious
atherothrombotic and gastrointestinal issues as well as vascular risk
[2]. Moreover, the adverse effect of diclofenac on environment, such as

on microbial consortia and selected aquatic organisms has been pre-
viously reported [3]. On the other hand, naproxen and its metabolites
also could negatively affected on human body and caused some serious
gastrointestinal and cardiovascular adverse effects and lead to an irre-
parable changes in a rover ecosystems [4]. Due to the low bioavail-
ability and complex structure of these compounds, their biodegradation
is a serious environmental challenge. Conventional treatment plants are
not able to efficiently remove and have some issues, such as generation
of toxic by-products and waste stream. Thus, increasing interest was
focused on a sustainable biological alternative as an eco-friendly and
powerful solutions [5]. As of particular interest, enzymatic-based
methods should be presented, as biocatalysts can degrade a wide range
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of xenobiotics under mild conditions, without toxic effluents [6].
The catalytic conversion of pharmaceutical pollutants takes place by

the action of fungal oxidative enzymes, such as laccases, tyrosinases
and various peroxidases [7]. Laccases, however, are the most frequently
applied enzymes for biodegradation of persistent compounds due to
their availability, low price, low substrate specificity and high catalytic
activity. There are some literature study related to the use of free lac-
case for degradation on anti-inflammatories. For instance, Lonappan
et al., reported that laccase produced by white rot fungi Trametes ver-
sicolor, degraded over 90% of diclofenac after 48 h of the process [8]. In
another study Aracagök et al., showed that crude laccase from Trametes
trogii almost completely removed diclofenac with 97% efficiency in 48 h
[9]. However, practical application of free enzymes suffers from their
low stability and poor reusability. Enzyme immobilization is a possible
approach to overcome these limitations and at the same time increase
the biodegradation efficiency and enzyme reuse [10]. In the previous
study it has been reported that laccase was immobilized onto poly-
acrylonitrile nanofibers [11], marine sponges scaffolds [12] or biochar
microparticles at various organic origin [13], and efficiently used for
removal of hazardous compounds. As proper selection of the support
material in enzyme immobilization is the crucial affecting properties of
the biocatalysts, more and more attention is paid to evaluate im-
mobilization protocols based on using novel and tailor-made supports.

The materials produced by the electrospinning method are char-
acterized by thin structures reaching a diameter in the range from
100 nm to 1 μm, and length to even several thousand meters [14]. One
of the most important features of electrospun materials is the designed
geometry in a quick and relatively cheap way [15]. Although all na-
nofibers combine common features, the final properties of a material
depend on the polymer used to obtain electrospun materials. It should
be pointed that electrospun nanofibers can be also successfully used to
enzyme immobilization. The important feature of materials produced
by electrospinning method is porosity, biocompatibility and a large
number of functional groups on the surface of nanofibers. This is evi-
denced by the fact that it is possible to immobilize the protein by means
of adsorption, encapsulation or covalent bonding on the electrospun
material. A wide range of polymers are used to enzyme immobilization,
and poly(ε-caprolactone) [16] and poly(vinyl alcohol) are one of them
[17]. It is worth to paying attention that during the production of
electrospun nanofibers it is possible to obtain composite which, having
many functional groups, increase the affinity of the enzyme to the
support, for example polycaprolactone/cellulose monoacetate [18] and
poly(vinyl alcohol)/polyacrylamide [19].

Hence, in this study we aimed to evaluate novel immobilization
protocol for laccase from Trametes versicolor by adsorption and en-
capsulation approach, using PLCL electrospun nanofibers as support
material. This support was used due to its exceptional mechanical sta-
bility, numerous of functional groups facilitating stable attachment of
the enzyme as well as its porosity that limit diffusional limitations and
enhance activity of the biomolecules. Further, the biodegradation and
conversion of diclofenac and naproxen by the biocatalytic systems ob-
tained were investigated and the optimal process conditions for re-
moval of both pharmaceuticals have been found during the study.
Moreover, comprehensive work on characterization of degradation
products and their toxicity have also been examined in details.
Although degradation of pharmaceuticals by laccase has been reported,
to the best of our knowledge, this is the first time, where effective re-
moval of naproxen and diclofenac by PLCL-laccase biocatalytic systems
is shown. Moreover, presented results might provide a novel and effi-
cient technique for practical application of electrospun-based im-
mobilized enzymes for biodegradation of hazardous pollutants from
wastewaters.

2. Materials and methods

2.1. Chemicals and reagents

Poly(l-lactic acid)-co-poly(ε-caprolactone) (PLCL), laccase from
Trametes versicolor (EC 1.10.3.2, ≥0.5 U/mg), diclofenac sodium salt
(DCF, ≥98%), naproxen (NPR, ≥99%) (see Fig. 1), 2,2-azinobis-3-
ethylbenzothiazoline-6-sulfonate (ABTS, ≥99%), Coomassie Brilliant
Blue, acetate and phosphate buffers at specific pH, analytical grade
chloroform and Span 80 were supplied by Sigma-Aldrich (USA).
Ethanol, methanol and 85% H3PO4 (all laboratory grade) were supplied
by Chempur (Poland). HPLC-grade methanol and LC-MS-grade acet-
onitrile were obtained from Merck (Germany). HPLC-grade water was
produced in the laboratory using a Demiwa system (Watek, Czech Re-
public).

2.2. Fabrication of electrospun materials

Hydrophilic PLCL nanofibers were obtained by electrospinning of an
emulsion. To prepare the oil phase, 0.5 g of PLCL was dissolved in 5mL
of analytical grade chloroform to form a 10% (w/v) solution. Next,
50 μL of the surfactant Span 80 was added dropwise. An acetate buffer
at pH 5 was used as the water phase. The oil and aqueous solutions were
mixed in a ratio of 1:20 (v/v), and the mixture was stirred at RT for 3 h
to obtain a smooth water-in-oil emulsion. PLCL nanofibers with laccase
encapsulated within the fibers were also prepared by emulsion elec-
trospinning. The oil phase was prepared as in the case of the PLCL fi-
bers. For the water phase, laccase was dissolved in acetate buffer at a
concentration of 100mgmL−1. Next, the polymer and laccase solutions
were mixed in a ratio of 1:20 (v/v) and stirred for 3 h at RT. The
electrospinning of both emulsions was carried out under the same op-
timized conditions using a NANON-01A apparatus (MECC Co., Japan).
An 18G flattened needle connected to a syringe by a PTFE tube was
fixed to a moving head with a linear speed of 50mm/s and a working
width of 100mm. A high voltage of 25 kV was applied through the
needle. The distance from the needle tip to the collector was set at
150mm. The feed rate was fixed at 1.5mL h−1. Nanofibrous meshes
were collected on an aluminum foil-covered, grounded steel plate col-
lector and dried for 24 h in a vacuum drier (25 °C).

2.3. Immobilization of laccase by adsorption on PLCL membrane

Prior to immobilization the membrane was washed with deionized
water, cut into pieces of 0.25 cm2 (0.5×0.5 cm) and weighed. The
pieces were then immersed in 5mL of 1mgmL−1 laccase solution
(acetate buffer at pH 5) for 2 h at 4 °C using a KS 4000i incubator (IKA
Werke GmbH, Germany). After the process, the PLCL fibers with im-
mobilized enzyme were separated from the mixture and washed with
acetate buffer to remove unbound enzyme.

Diclofenac Naproxen

pKa 4.15 pKa 4.15

Fig. 1. Structures and pKa values of diclofenac and naproxen.
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2.4. Storage stability and kinetic parameters of free and immobilized
enzymes

The storage stability of free and immobilized enzyme stored at 4 °C
was examined over 30 days. Briefly, ABTS was used as a substrate, to
which 10mg of free or immobilized laccase was added. Changes in the
concentration of the substrate were measured spectrophotometrically
(λ=420 nm), using a Jasco V-750 (Japan) spectrophotometer. For the
storage stability study, the initial value of the activity of the free or
immobilized enzyme was defined as 100%. The inactivation constant
(kD), and half-life (t1/2) were evaluated based on the linear regression
slope.

The same reaction was used to evaluate the kinetic parameters: the
Michaelis–Menten constant (Km) and the maximum rate of reaction
(Vmax). For this purpose solutions of the substrate at concentrations
ranging from 1 to 100mM were used, and the experiments were carried
out under optimum assay reaction conditions. The Hanes–Woolf plot
was used to calculate the apparent kinetic parameters of the free and
immobilized enzyme. All measurements were made in triplicate, and
the results are presented as average ± standard deviation.

2.5. Biodegradation of pharmaceuticals

The biodegradation of naproxen and diclofenac by free, adsorbed
and encapsulated laccase was studied using an IKA KS 4000i incubator
shaker (100 rpm). To 10mL of a mixture of diclofenac or naproxen in
buffer solution, 5mg of free or immobilized laccase was added. The
mixtures were then kept for 24 h and sampled at specified time inter-
vals. After sampling, 0.1mL of methanol was added prior to quantita-
tive analysis. As naproxen is known for its resistance to enzymatic
biodegradation [20] 0.1 mM of ABTS was added as a mediator agent to
the solutions of that pharmaceutical.

Prior to evaluation of the efficiency of pharmaceutical biodegrada-
tion, the efficiency of adsorption of naproxen and diclofenac by the
electrospun materials was examined. For this purpose, 50mg of fibers
with adsorbed and encapsulated laccase were subjected to thermal
deactivation (4 h, 80 °C) and placed in 10mL of DCF and NPR solutions
at concentration 1mg L−1 at pH 5 and 3 respectively. Adsorption ex-
periments were carried out for 24 h, and the quantity of the pharma-
ceuticals adsorbed onto the electrospun materials was evaluated using
chromatographic techniques.

The effect of pH on the biodegradation efficiency was evaluated
using solutions at concentration 1mg L−1 at 25 °C over the pH range
3–7. To adjust the pH, a buffer solution with the desired pH was used.
The effect of temperature on the removal efficiency was evaluated at
temperatures of 5, 25 and 50 °C using diclofenac and naproxen solu-
tions at concentration 1mg L−1 in acetate buffer at pH 5 and 3 re-
spectively. To assess the effect of the concentration of the pharmaceu-
tical solution on degradation efficiency, solutions at concentrations of
0.1, 1.0 and 10.0 mg L−1 were used. Experiments were carried out at a
temperature of 25 °C at pH 5 (diclofenac) and pH 3 (naproxen).

The reusability of the adsorbed and encapsulated laccase was tested
using diclofenac and naproxen solutions at concentration 1mg L−1 in
acetate buffer at pH 5 and 3 respectively, at 25 °C. After each biode-
gradation cycle, the immobilized enzymes were separated from the
reaction mixture, washed with acetate buffer at the desired pH and
placed into a fresh pharmaceutical solution. The activity of laccase in
the first biodegradation cycle was defined as 100% activity. All of the
above experiments were performed in triplicate, and the results are
presented as average ± standard deviation.

2.6. Analytical procedures

The morphology of the PLCL fibers before and after enzyme im-
mobilization was evaluated based on SEM photographs (EVO40, Zeiss,
Germany) after gold coating (Balzers PV205P, Switzerland). Individual

fibers diameters were measured from the SEM micrographs of 100
randomly selected nanofibers using Image Analysis Software (ImageJ,
National Institute of Health, USA). FTIR spectra were obtained using a
Bruker Vertex 70 spectrometer (Germany) in the wavenumber range
4000–400 cm−1 (resolution 0.5 cm−1) using anhydrous KBr for sample
preparation. The amount of immobilized enzyme (mg g−1) was de-
termined using the Bradford method, by measuring the initial enzyme
dosage and the concentration of the protein in the supernatant after
immobilization, and considering the mass of the support material [21].
The surface composition of the PLCL fibers before and after enzyme
immobilization was analyzed by means of X-ray photoelectron spec-
troscopy (XPS) applying a Prevac system (ESCA, Poland) with Scienta
analyzer (SES2002, Sweden) and Mg Kα (hν=1253.7 eV) excitation
radiation.

2.7. Chromatographic measurements

A chromatographic system from Dionex (USA) consisting of a P580
A LPG gradient pump, an ASI-100 autosampler, an STH 585 oven and
an RF 2000 fluorescence detector was used for naproxen determination.
5 μL samples were injected into a C18 Hypersil GOLD column
(150mm×4.6mm I.D.; 5 μm) with a 2.1 mm I.D. filter cartridge
(0.2 μm) (Thermo Scientific, USA). The mobile phase consisted of 75%
methanol at a flow rate of 1.5 mLmin−1 at 35 °C. Signal responses were
measured by fluorescence detection at wavelengths set to 230 nm for
excitation and 355 nm for emission.

The chromatographic system UltiMate 3000 RSLC (Dionex, USA)
coupled to an API 4000 QTRAP triple quadrupole mass spectrometer
(AB Sciex, USA) was used for diclofenac determination. 5 μL samples
were injected into a KinetexEvo C18 column (150mm×2.1mm I.D.;
2.6 μm) (Phenomenex, USA) maintained at 35 °C. The mobile phase
employed in the analysis consisted of 0.1% HCOOH in water and
acetonitrile at a flow rate of 0.3mLmin−1. The following gradient was
used: 0min 70%; 2.5min 100%; 3.0min 100% of acetonitrile. The LC
column effluent was directed to the electrospray ionization source
(Turbo Ion Spray) operating in negative ion mode. The following set-
tings were applied for the ion source and mass spectrometer: curtain gas
10 psi, nebulizer gas 40 psi, auxiliary gas 40 psi, temperature 450 °C,
ion spray voltage −4500 V, declustering potential −45 V, collision gas
set to medium. The dwell time for each mass transition detected in the
selected reaction monitoring mode was set to 200ms. The quantitative
transition was from 294 to 250m/z at collision energy set to −16 V,
and the confirmatory transition was from 294 to 214m/z at collision
energy set to −28 V.

Identification of degradation products was performed using the
above-mentioned LC-MS system. 5 μL samples were injected into a
Gemini-NX C18 column (100mm×2.0mm I.D.; 3 μm) (Phenomenex,
USA) maintained at 35 °C. The mobile phase consisted of 5mM am-
monium acetate in water and methanol at flow rate 0.3mLmin−1, at a
gradient from 50% to 100% methanol in 4min and then for 2min in
isocratic conditions. The electrospray ion source operated in positive
and negative mode. Nitrogen was used in both the source and the mass
spectrometer. The following parameters of the ESI source and mass
spectrometer were used: curtain gas pressure 10 psi, nebulization gas
pressure 45 psi, auxiliary gas pressure 45 psi, source temperature
450 °C, ESI voltage±4500 V, declustering potential −40 V.
Chromatograms were collected in enhanced mass spectra mode in the
range 50–900m/z.

The linearity of the methods was tested over a wide range for all
analytes. The instrumental limit of detection (LOD) and the instru-
mental limit of quantitation (LOQ) were calculated on the basis of the
signal-to-noise (S/N) ratio, using S/N=3 for calculation of the LOD
and S/N=10 for calculation of the LOQ. Precision and accuracy were
not tested, because sample preparation included only the dilution step.
Therefore, only the injection precision of the instrument is applicable in
this procedure, and this was always below 1%. The values obtained for
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diclofenac were LOD=0.09 (μg L−1), LOQ=0.3 (μg L−1), linear range
0.5–1000 (μg L−1); the values for naproxen were LOD=0.3 (μg L−1),
LOQ=1.0 (μg L−1), linear range 1–5000 (μg L−1).

2.8. Toxicity tests

The acute toxicity of the untreated solutions of naproxen and di-
clofenac and the solutions treated with adsorbed and encapsulated
laccase was evaluated at ambient temperature using Artemia salina as
the test microorganism, according to the methodology presented by
Bilal et al. [22]. Briefly, the mobility rate of 48-hour-old shrimps was
measured after 48 h of incubation in untreated and enzymatically
treated solutions of the pharmaceuticals. The effective concentration
(EC30) was then calculated. EC30 is defined as the concentration of the
pharmaceutical (%) at which 30% of the target population show a
positive response after the exposure time. Solutions of artificial sea-
water and potassium permanganate were used as the negative and
positive control respectively. The toxicity tests were performed in du-
plicate, and results are presented as average ± standard deviation.

2.9. Statistical analysis

Statistically significant differences were determined using one-way
ANOVA performed in SigmaPlot 12 (Systat Software Inc., USA) using
Tukey's test. Statistical significance was established at p < 0.05.

3. Results and discussion

3.1. Characterization of the fibers and enzyme immobilization

The PLCL electrospun materials before immobilization consisted of
randomly arrayed linear and continuous fibers with diameters of
around 0.3–0.5 μm, with a relatively uniform, folded and bead-free
surface (Fig. 2a). After laccase encapsulation (Fig. 2b) the diameter of
the fibers did not change significantly; however some tubercles could be
observed in certain areas of the fibers and their surface was more un-
even, implying effective insertion of the enzyme aggregates into the
PLCL fibers. By contrast, as presented in Fig. 2c, after enzyme adsorp-
tion the total surface of the fibers became corrugated. In addition, the
diameter of the fibers increased, reaching up to 0.8 μm, indicating that
laccase was uniformly distributed on the surface of the fibers. In the
study, also the average diameter of obtained fibers before and after
laccase immobilization were calculated and reached 373 ± 127 nm;
469 ± 222 nm and 430 ± 143 for crude PLCL fibers, PLCL fibers with
encapsulated laccase and PLCL fibers with adsorbed laccase, respec-
tively (Fig. 2 inset).

Additionally, to investigate the functional groups present in the
PLCL fibers and in the products after immobilization, FTIR spectroscopy
was applied. The FTIR spectrum of the pristine fibers contains signals
characteristic for the –CH3 (2945 cm−1), –CH2 (1395 cm−1) and C–O–C
(1185 and 1020 cm−1) groups present in the structure of PLCL. A sig-
nificant peak with a maximum at 1756 cm−1 is attributed to stretching
vibrations of carbonyl groups, which are responsible for enzyme
binding. As expected, when laccase was encapsulated into the electro-
spun fibers, peaks related to the enzyme were not observed on the FTIR
spectrum. However, slight shifts of the signal maxima were observed,
suggesting changes in the chemical microenvironment of the PLCL
moieties after enzyme encapsulation. Comparing the FTIR spectra of
pristine PLCL fibers and those with adsorbed laccase, new signals ap-
peared at 3430 cm−1 and 650 cm−1, corresponding to stretching vi-
brations of –OH and –NH2 groups and bending vibrations of CeC bonds,
and thus characteristic of the enzyme structure, as shown in Fig. 2d.
Moreover, compared with the spectra of PLCL and free laccase, after
enzyme adsorption a shift of the signal maxima towards higher wave-
numbers was observed. These indicate effective adsorption im-
mobilization, by the formation of hydrogen bonds between carbonyl

groups in the PLCL fibers and amine and hydroxyl groups in the laccase
structure [23].

The structure of the PLCL crude nanofibers and immobilization of
laccase were followed using the surface analysis by X-ray photoelectron
spectroscopy. The surface composition of PLCL fibers before im-
mobilization, after laccase encapsulation and after enzyme adsorption
was analyzed. It has been found that on the surface of PLCL nanofibers
before laccase immobilization mainly CeH, C–OH and carboxylic
groups (COOH) occur. Furthermore, the elemental analysis of PLCL fi-
bers and material after laccase encapsulation gives identical result. The
surface of these materials is composed of about 77% of carbon atoms
and about 22% of oxygen atoms. In case of the material after enzyme
adsorption apart of the above mentioned elements a distinctive though
low (about 0.5 at.%) signal of nitrogen was detected. Since im-
mobilization of enzyme takes place on a surface of PLCL fibers only a
presence of nitrogen atoms originating from peptide bonds is expected.
Its low intensity is justified by a relatively high information depth for
organic material and the fact that PLCL molecules dominates in the
region of analysis. Therefore the presence of nitrogen is considered as a
confirmation of successful immobilization of laccase. In the material
after laccase encapsulation the outer material (PLCL fibers) screens the
XPS signal from enzyme molecules inside capsules.

The high-resolution XPS N 1s spectrum from material after enzyme
adsorption indicates that nitrogen atoms are in chemical environment
characteristic for peptide bonds at 400.4 eV [24]. The XPS C 1s spectra
of all investigated samples are shown in Fig. 3 The spectrum of PLCL
fibers is presented as a grey fill and is virtually identical with a spec-
trum coming from encapsulated laccase (dotted line). A spectrum ori-
ginating from adsorbed laccase differs in the region about 289 eV which
is characteristic for carboxyl functional groups. The intensity of the
peak in these region is lower than that from other samples. It indicates
that part of the carboxylic groups from PLCL fibers is involved with the
bonding of immobilized enzyme.

3.2. Characterization of products after laccase immobilization

According to the data in Table 1, the amount of encapsulated lac-
case (340mg g−1) was approximately 25% higher than the quantity of
adsorbed laccase (292mg g−1). This is directly related to the fact that
before encapsulation the laccase was dispersed in the solution used for
electrospinning, and thus the total amount of the enzyme was in-
corporated into the fibers. Meanwhile, during adsorption immobiliza-
tion, some enzyme losses were observed, resulting in lower laccase
loading.

In line with expectations, the Michaelis–Menten constant (Km) of
adsorbed laccase was three times higher (0.143mM) and Km of en-
capsulated laccase was over four times higher (0.215mM), than that of
the free enzyme (0.051mM), indicating lower substrate affinity to the
enzyme after immobilization. Whereas, the maximum reaction rate
(Vmax) of both immobilized laccases was lower than that of the free
enzyme. The differences in Km and Vmax between the free and im-
mobilized enzymes might be explained by an increase in diffusional
limitations and lower accessibility of the enzyme's active sites after
immobilization, caused by the spatial barriers of the matrix [25]. The
effect of the diffusion limitations on Km is particularly pronounced for
the encapsulated enzyme, as the PLCL surrounds the enzyme molecules
and reduces their availability to the substrates. Nevertheless, in our
study both immobilized laccases have a Vmax value up to 75% of that of
the free laccase, indicating that they can still be considered efficient
catalytic systems for the removal of pharmaceuticals. The retention of
such good catalytic properties, particularly in the case of encapsulated
laccase, was an unexpected finding. It might be explained by the highly
porous structure of the electrospun nanofibers used that partially re-
duces diffusional limitations, as has been reported previously [26].

J. Zdarta, et al. Materials Science & Engineering C 103 (2019) 109789

4



3.3. Storage stability of free and PLCL-immobilized laccase

Irrespective of the immobilization protocol used, the storage stabi-
lity of both PLCL-immobilized enzymes was significantly enhanced
compared with the free laccase (Fig. 4). Accordingly, encapsulated and
adsorbed laccase retained respectively over 90% and around 70% of
their initial activity after 30 days of storage at 4 °C. These values cor-
respond to the inactivation constant (kD) of 0.004 and 0.014 1/day and

enzyme half-life (t1/2) of 173.3 and 49.5 days for encapsulated and
adsorbed laccase, respectively. By contrast, the free enzyme retained
60% of its initial activity after 10 days, and only around 30% after
30 days. Also noticed kD and t1/2 of free enzyme were significantly
lower, as compared to immobilized biocatalysts and reached 0.0397 1/
day and 17.5 days, indicating lower stability of the free enzyme. These
results might be explained by the protection of the enzyme molecules
against conformational changes by the PLCL electrospun supports.
Thus, better stabilization of the three-dimensional structure of the en-
zyme is provided. The higher activity retention in the case of the en-
capsulated laccase is also related to the formation of a unique core-shell
structure after laccase immobilization into PLCL fibers, which protects
the enzyme molecules against deactivation caused by harsh reaction
conditions [27].

3.4. Biodegradation of pharmaceuticals

It is known that the yield of enzymatic reactions is strongly affected
by the process conditions. For practical applications it is important to
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Fig. 2. SEM images of: (a) crude PLCL fibers, (b) PLCL fibers with encapsulated laccase, (c) PLCL with adsorbed laccase and (d) FTIR spectra of PLCL fibers before and
after laccase immobilization. Inset, the diameter distribution for each types of fibers before and after laccase immobilization.
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Table 1
Laccase loading and kinetic parameters of free and immobilized laccases.
Standard deviation do not exceed 5%.

Laccase Laccase loading (mg g−1 fibers) Km

(mM)
Vmax

(mM/s)

free laccase – 0.051 0.039
adsorbed laccase 292 0.143 0.033
encapsulated laccase 340 0.215 0.024
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evaluate the effect of the reaction conditions and determine the most
suitable parameters for diclofenac and naproxen degradation. For this
reason, the degradation experiments were carried out under various pH
and temperature conditions. Additionally, in view of the well-devel-
oped porous structure of the electrospun fibers, the sorption capacity of
the produced materials with deactivated enzyme was evaluated. In the
latter case,< 10% of both pharmaceuticals were removed from the
solution by adsorption. It was thus concluded that the remediation of
anti-inflammatories is related mainly to the catalytic action of the im-
mobilized laccase. Moreover, to evaluate the effect of immobilization
on the catalytic properties of the laccase, biodegradation processes
were carried out using the free enzyme. Under optimal conditions
(pH 5, temperature 25 °C) the removal of naproxen and diclofenac by
water-soluble laccase reached about 95%. However, under conditions
deviating from the optimum, degradation efficiencies were significantly
lower than those noticed for the immobilized laccase, falling below
50% for both pharmaceuticals. Moreover, the reusability of the free
biocatalyst is extremely limited.

3.4.1. Effect of pH
As Fig. 5 shows, the highest degradation of diclofenac, around 90%,

was observed when encapsulated laccase was used in acidic conditions
(pH 3 and 5). Degradation by adsorbed laccase in these conditions was
lower, at around 60%. This may be explained by the fact that the ad-
sorbed laccase is more exposed to deactivation by the process condi-
tions, as well as some enzyme leakage occured, resulting in decreased
biodegradation efficiency. The optimal pH range of 3 to 5 for diclofenac

removal may also be related to its pKa value (4.15). In this pH range the
ratio of undissociated and dissociated molecules of diclofenac are equal;
this creates the most suitable environment for the action of laccase
[28]. Surprisingly, the highest rate of degradation of naproxen by the
immobilized enzyme was observed at pH 3; it reached almost 100% and
around 90% for encapsulated and adsorbed laccase respectively.
However, even at pH 5, PLCL-laccase systems were able to degrade over
80% of the pollutant. The shift of the optimum pH and significantly
higher rates of biodegradation by the adsorbed enzyme, compared with
the case of diclofenac, are probably related to the presence of the
mediator (ABTS in this study) in the reaction mixture, which slightly
altered the microenvironment around the active sites of the enzyme and
suppressed the laccase deactivation process [29]. The presence of the
mediator is required to achieve satisfactory rates of reaction, as it is
known that naproxen is insufficiently oxidized by the laccase and is
resistant to enzymatic degradation [20]. The significant drop in the
rates of degradation of both anti-inflammatory drugs at pH 7 is related
to the formation of hydroxide ions, which can bind to the T2/T3 copper
ions in the laccase structure. This causes the internal transfer of elec-
trons from T1 to T2/T3 to be blocked, so that the reduction potential of
oxygen is decreased and in consequence the reaction efficiency is re-
duced [30].

Nevertheless, it should be emphasized that both immobilized lac-
cases exhibited higher removal rates at strongly acidic (pH 3) and even
neutral pH, compared with the free enzyme (data not presented), in-
dicating the lower sensitivity of the bound enzymes to changes in pH.
This is probably due to the rigidification of the enzyme structure after
immobilization and its better protection against conformational
changes and chemical deactivation [31].

3.4.2. Effect of temperature
As it can be seen in Fig. 6, degradation of naproxen and diclofenac

increased with an increase in temperature, reaching a maximum at
25 °C (92% and 99% respectively for encapsulated laccase, 62% and
87% for adsorbed laccase), and decreasing slightly at 50 °C. On the one
hand, the lower degradation rates of both pharmaceuticals observed at
5 °C are related to inhibition of the enzyme and its insufficient activa-
tion. On the other hand, the high removal efficiencies observed even at
50 °C indicate that the negative effect of high temperature on the cat-
alytic properties of the immobilized enzyme was strongly reduced. This
might be related to the stabilization of the laccase structure after im-
mobilization that prevent against conformational changes, as well as to
the protective effect of the PLCL electrospun fibers. High degradation
efficiencies at higher temperatures are also related to the better solu-
bility and mobility of the pharmaceuticals at elevated temperatures, as
well as reduced diffusional limitations of the substrate molecules [32].
However, it should be noted that the temperature of real effluents
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containing pharmaceuticals is usually in the range 15–35 °C [33]; thus,
the high degradation efficiencies observed at 25 and 50 °C indicate that
the resistance of the enzyme to thermal deactivation was improved
after immobilization and suggesting the possible practical application
of the produced biocatalytic systems for wastewater treatment.

3.4.3. Effect of pharmaceutical solutions concentration
After determining the optimal pH and temperature conditions for

the remediation processes (temperature 25 °C, pH 5 and 3 for diclofenac
and naproxen respectively), we also examined how the concentration of
the anti-inflammatory drugs affected the efficiency of their remediation
(Fig. 7). Although the concentration of both compounds in municipal
and pharmaceutical wastewaters is usually at levels of μg L−1 [34] we
decided to test higher concentrations to determine whether the pro-
duced biocatalytic systems offer good potential for the bioconversion of
hazardous pollutants from wastewaters. As expected, the higher is the
concentration of the pharmaceutical, the lower is the degradation ef-
ficiency. This might be explained by two main factors: (i) insufficient
amount of the immobilized enzyme and (ii) inhibition of the laccase
active sites by substrates molecules, observed at higher concentrations
of pharmaceutical. Similarly as in the previous experiments, in case of
both analyzed compounds, encapsulated laccase is characterized by
significantly higher biodegradation ability. However, less significant
drop of the removal rates was observed during degradation of diclo-
fenac (80% of diclofenac removal from 10mg L−1 solution), compared
to naproxen conversion, that is directly related to the presence of the
mediator (ABTS) in the reaction mixture, which generates radical spe-
cies. These radical species enhance biodegradation rate by the

increasing of the laccase redox potential and reduce steric hindrances
[35].

3.5. Operational stability of the immobilized enzymes

Reusability is the main advantage of immobilized enzymes, and is
particularly important for practical applications. Hence, the operational
stability of the encapsulated and adsorbed laccase was determined over
five successive cycles of diclofenac and naproxen degradation (Fig. 8).
The degradation of diclofenac and naproxen by adsorbed laccase fol-
lowed the same trend, reaching approximately 20% and 40% respec-
tively in the fifth reaction cycle. The sharp drop in the removal effi-
ciency of the adsorbed enzyme is caused by laccase leakage (about 50%
of the enzyme). As expected, encapsulated laccase demonstrated sig-
nificantly higher reusability, enabling the removal of over 60% of di-
clofenac and 70% of naproxen in the fifth cycle. This is directly related
to the effect of the core-shell structure of the PLCL nanofibers, which
protects enzyme molecules against conformational changes caused by
the external environment. Nevertheless, the activity of both im-
mobilized laccases may also decline due to thermal and chemical de-
naturation and deactivation and due to partial inhibition of the bio-
molecules by the biodegradation products, as previously mentioned.

3.6. Products of biodegradation and reaction pathways

During the study, the degradation products of diclofenac and na-
proxen were identified by analyzing the mixture obtained after the
process that resulted in the highest efficiency of degradation.
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Characteristic ions of diclofenac were found at a retention time of
2.6 min, namely the pseudomolecular ion (at m/z=296) due to its
incomplete conversion, and its daughter ions formed after elimination
of the water molecule (at m/z=278), the carbon monoxide molecule
(at m/z=250) and the chlorine radical (at m/z=215). Two de-
gradation products were identified at retention times of 3.6 and 4.0 min
(Fig. 9a). The first was formed after elimination of the water molecule
from diclofenac, and the pseudomolecular ion of this compound (found
at m/z=278) has the same structure as the first fragmentation ion of
diclofenac. Further fragmentation ions were not found due to the low
concentration of this degradation product and the rapid formation of
the second bioconversion product, whose structure was confirmed by
the presence of the pseudomolecular ion (at m/z=284) and two
abundant daughter ions formed after elimination of the hydrogen per-
oxide molecule (at m/z=250) and the chlorine radical (at m/z=215).

Surprisingly, results show that hydroxy- and dihydroxydiclofenac
(products of enzymatic conversion of diclofenac) were not detected,
indicating the transformation of diclofenac into non-detected metabo-
lites, as presented also earlier [8,36].

In the second test, apart from the naproxen peak at retention time
2.2 min, a number of other compounds were found and identified
(Fig. 9b). The degradation process of naproxen led to the elimination of
the formic acid molecule from the carboxylic group of naproxen. As a
result three different degradation products were found: two formed
immediately and one after oxidation of the carbon atom adjacent to the
aromatic ring. For the first two compounds detected at retention times
2.1 and 3.3min, only the pseudomolecular ion at m/z=185 was found,
due to their relatively stable nature under soft electrospray ionization.
The first of these compounds had a similar retention time to naproxen
and the same m/z value as the daughter ion of naproxen. It was
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Fig. 9. Extracted ion chromatogram after 6 h of biodegradation by encapsulated laccase of: (a) diclofenac and (b) naproxen. The structures of ions found at retention
times (a) 2.6, 3.6 and 4.0 min after diclofenac degradation and (b) 1.4, 1.8, 2.1, 2.6 and 3.3 min after naproxen degradation are given below the chromatogram.
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identified as a degradation product because during the test the pseu-
domolecular ion of naproxen (at m/z=231) completely disappeared.
The initially determined ratio of the ions at m/z=231 to those at m/
z=185, equal to 3:4, is characteristic of naproxen in the given LC-MS
system and the conditions of the analytical method. The disappearance
of the first peak with simultaneous increase in the second is evidence of
the formation of a new product found at a similar retention time. Un-
fortunately, due to lack of further fragmentation, the compounds eluted
at retention times 2.1 and 3.3min could not be distinguished from each
other and assigned reliably to peaks. The third degradation product was
found at retention time 2.6min. The pseudomolecular ion of this
compound found at m/z=201 was decomposed by the loss of the ke-
tene molecule, leading to an ion at m/z=159. Thus, 1-(6-metox-
ynaphtalen-2-yl)ethanone was determined to be the main degradation
product formed in the presence of laccase in our study. Moreover, as the
test with naproxen was performed with the ABTS mediator, this com-
pound was also present in the chromatogram. More interestingly, there
were two ions found which may be attributed to conjugation products
of the naproxen molecule with the ABTS molecule and a large part of
that molecule. These two ions were found at retention times 1.4 min (at
m/z=715) and 1.8min (at m/z=458) respectively. These conjuga-
tion products of naproxen and ABTS mediator have not previously been
reported in literature. In the course of the degradation, only the first can
potentially be transformed back to ABTS. The formation of the second
results in an inevitable loss of ABTS and a potentially lower rate of
degradation of naproxen due to the lower concentration of the med-
iator.

3.7. Toxicity study

One of the most important objectives in research related to the re-
moval of pollutants is to reduce the toxicity of the effluent after treat-
ment. Thus, ecotoxicity studies against A. salina were carried out, to
evaluate changes in the toxicity of the untreated and enzymatically
treated solutions of both pharmaceuticals. For this purpose, mixtures
produced after 24 h of biodegradation under optimal process condi-
tions, were examined. The results are presented in terms of EC30 (%),
the concentration of the pollutant at which 30% of the microorganisms
showed a positive response after the exposure time (Fig. 10).

The untreated diclofenac and naproxen solutions have EC30 values
of around 25% and 20%, indicating the high toxicity of both pharma-
ceutical solutions. After enzymatic treatment by obtained biocatalytic
systems, the toxicity was substantially reduced, with EC30 ranging from
60% to around 85%. However, the use of encapsulated laccase led to

higher EC30 values (79.6% and 84.7% for diclofenac and naproxen re-
spectively) than in the case of the adsorbed enzyme. This suggests the
lower toxicity of the effluent, and is consistent with the results obtained
for biodegradation efficiency, which showed the removal rate to be
higher when the encapsulated biocatalyst was used. The decrease in the
toxicity of the tested solutions may be explained by the elimination of
both anti-inflammatories from the mixture by way of enzymatic con-
version [37]. It has been shown that both native laccase and laccase-
containing fungal strains may be used for the removal of hazardous
pharmaceuticals from wastewaters; however, monitoring of the toxicity
of the effluents is key to determining the practical application of the
evaluated methods, as intermediates and/or final products might be
even more toxic than the initial compounds [38]. Nevertheless, the
higher values of EC30 obtained suggest that the products of biode-
gradation are in fact less toxic than the initial solutions of the tested
pharmaceuticals. Thus, our findings show that the use of laccase im-
mobilized on electrospun PLCL nanofibers is a very promising choice
for the effective biodegradation and detoxification of naproxen and
diclofenac from water solutions, and may lead to practical applications.

4. Conclusions

The main obstacles to the widespread implementation of laccase-
based systems for biodegradation of hazardous pollutants, including
various pharmaceutical compounds, are the cost of the enzyme and its
poor reusability. Thus, in the present study, we have demonstrated a
proof-of-concept for the use of PLCL electrospun fibers as a support
material for the adsorption and encapsulation of laccase, an enzyme of
enormous environmental potential, and an application of the obtained
biocatalytic systems in the removal of naproxen and diclofenac from
water solutions. After 24 h of the process, encapsulated laccase biode-
graded over 90% of naproxen and diclofenac under optimal process
conditions, namely a temperature of 25 °C and pH of 5 and 3 respec-
tively, from a solution at an environmentally relevant concentration
(1mg L−1). The efficiency of removal of both compounds by the ad-
sorbed enzyme was lower, mainly due to deactivation of the enzyme
and its elution from the support. The obtained biocatalytic systems
exhibited excellent operational stability: even after five consecutive
degradation cycles the encapsulated laccase removed over 60% of the
pollutants, which is of particular interest for practical applications.
Furthermore, the storage stability of the immobilized laccase was sig-
nificantly better than that of the free enzyme. Finally, we identified
products of the enzymatic conversion of both anti-inflammatories, and
showed them to be substantially less toxic than the parent compound. It
should be added that the metabolites formed might be easily removed
from water solutions using simple physical processes, such as pre-
cipitation. In summary, the presented results illustrate the excellent
potential of PLCL-immobilized laccase for the removal of pharmaceu-
ticals from aqueous solutions, and indicate the possibility of its practical
application in real wastewater treatment on an industrial scale.
However, further studies in this area are still needed.
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Composite polycaprolactone–chitosan material was produced by an electrospinning method and used as a sup-
port for immobilization of tyrosinase by mixed ionic interactions and hydrogen bonds formation. The morphol-
ogy of the fibers and enzyme deposition were confirmed by SEM images. Further, multivariate polynomial
regression was used to model the experimental data and to determine optimal conditions for immobilization
process, which were found to be pH 7, temperature 25 °C and 16 h process duration. Under these conditions,
novel type of biocatalytic system was produced with immobilization yield of 93% and expressed activity of
95%. Furthermore, as prepared systemwas applied in batch experiments related to biodegradation of bisphenol
A under various remediation conditions. It was found that over 80% of the pollutantwas removed after 120min of
the process, in the temperature range 15–45 °C and pH 6–9, using solutions at concentration up to 3mg/L. Exper-
imental data collected proved that the stability and reusability of the tyrosinase were significantly improved
upon immobilization: the immobilized biomolecule retained around 90% of its initial activity after 30 days of stor-
age, andwas still capable to remove over 80% of bisphenol A even after 10 repeated uses. By contrast, free enzyme
was able to remove over 80% of bisphenol A at pH 7–8 and temperature range 15–35 °C, and retained less than
60% of its initial activity after 30 days of storage.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

The widespread use of bisphenols in industry, and their adverse im-
pact on living organisms, includingmutagenic and cancerogenic effects,
make it essential to monitor their circulation in the environment [1–4].
Many studies are focused on searching for efficient and environmentally
friendly methods of degradation of phenolic compounds and their de-
rivatives [5,6]. One of such approaches concerns biodegradation of
toxic pollutants using enzymes: natural biocatalysts having the ability
to oxidize phenols, dyes, pharmaceuticals and estrogens [7,8]. The
most widely used enzymes in biodegradation are oxidoreductases, in-
cluding peroxidases such as horseradish, lignin or chloroperoxidase,
and polyphenol oxidases such as laccase and tyrosinase [9–11].

Recently published scientific reports suggest that tyrosinase is capa-
ble for efficient degradation of phenols and bisphenols by catalytic
.

conversion into corresponding quinones, which tend to formoligomeric
and polymeric compounds that can be easily separated from solution by
precipitation [12,13]. Mechanism of such catalytic performance consists
of hydroxylation and subsequent oxidation reaction of phenols into
ortho-quinones with simultaneous reduction of oxygen, as a co-
substrate, to water. The mushroom Agaricus bisporus tyrosinase, which
was reported to be a glycosylated, tetrameric protein with a molecular
mass of around 120 kDa, composed of two heavy subunits of~43 kDa
(H subunit) and two lights subunits of ~14 kDa (L subunit), is mostly
used [14,15]. This tyrosinase possesses isoelectric point at pH 4.7–5,
whereas shows its maximum activity at pH around 7 and at mild tem-
perature of around 25 °C [16]. In general, tyrosinase consists of three
various domains, amongwhich, the central domain, responsible for cat-
alytic action contains two Cu binding sites, called CuA and CuB, which
interact both with molecular oxygen and phenolic substrate. Moreover,
the mushroom tyrosinase has 11 cysteine residues at N-terminal do-
main and 1 cysteine residue at C-terminal domain that stabilize protein
structure by internal disulfide linkages [17].

http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijbiomac.2020.10.081&domain=pdf
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Application of free enzymes, due to their low activity, poor stability
and lack of reusability is limited. In order to improve it, immobilization
process might be used, after which the protein is bound to a solid sup-
port [18,19]. The immobilization of biomolecules provides some opera-
tional stability, higher resistance against adverse effects of the reaction
conditions, as well as facilitates reuse of the enzymes [20]. In this con-
text, a controlled immobilization, particularly using porous supports,
has a positive effect on the enzyme maintenance and performance, re-
duces diffusional limitations and partitions as well as enzyme aggrega-
tion and its inhibition and prevents against internal conformational
changes in its structure [21,22]. Furthermore, immobilization results
in significant enzyme stabilization, especially when enzyme is
multipointly immobilized [23], as well as when favorable environment
for the enzyme is generated upon immobilization [24]. A properly per-
formed immobilization also leads to enhancement of enzyme catalytic
activity under harsh process conditions and its selectivity and/or speci-
ficity [22]. Finally, examples of enzyme purification by immobilization
have been also reported [25,26].

Among others immobilization strategies, adsorption approach based
on formation of ionic, hydrogen or mixed interactions, is the most com-
monly used. This is mainly due to the simplicity of the immobilization
procedure, its low-cost and usually observed retention of high catalytic
activity by the immobilized biomolecules [27,28]. Adsorption immobili-
zation is characterized by low-force interaction, however, physical ad-
sorption of biomacromolecules is a multipoint process having
advantages and disadvantages [29,30]. On the one hand, the structure
of the enzyme is insensibly altered and there is a possibility to reuse
the support [22]. On the other hand, weak interactions lead to elution
of the enzyme from the support, and thus fast decrease of catalytic prop-
erties and limited reusability might be observed [31]. It should be
highlighted, that such enzymes as oxidoreductases have been
immobilized via adsorption and other techniques in order to improve
their properties in environmental applications. For instance, lignin per-
oxidase immobilized onto chitosanwas able to degrade over 95% of tex-
tile dyes, and laccase immobilized onto nanoporous silica beads was
capable for removal of over 90% of 2,4-dinitrophenol [32,33]. In another
study, tyrosine immobilized onto silica alginatewas reported as very ef-
ficient in removal of bisphenol A with an efficiency up to 100% [34].

It is important to note, however, that successful immobilization is
highly dependent on a proper selection of a suitable support, as well
MATERIAL  
FABRICATION 

ELECTROSPINNING

TYROSINASE 
IMMOBILIZATION 

pH 7, t = 16 h,  
T = 25 °C, C = 3 mg/mL 

Fig. 1. Scheme presenting fabrication of polycaprolactone–chitosan (PCL–chitosan) electrospun
process.
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as determination of optimal process conditions, which affect the final
parameters of the immobilized enzymes [35,36]. The numerous re-
search, concerning enzymes immobilization and supports selection,
was presented in the literature in the past decade. In recent years,
electrospun supports have raised particular interest, due to the possibil-
ity to prepare tailor-made, highly porous materials that exhibit affinity
towards enzymes [37]. However, bearing in mind the specificity of en-
zymes and the nature of the process, it is extremely important to select
the most favorable conditions for the immobilization of a given protein
[38]. Parameters that require analysis include pH and temperature of
the immobilization process, which may inactivate the biocatalyst, and
the process time and initial enzyme concentration, which may affect
the quantity of immobilized enzyme and its activity [39]. In this context,
the one-factor-at-a-time (OFAT) method, response surface methodol-
ogy (RSM) and Box–Behnken design (BBD) are techniques used for
modeling of the immobilization process and selection of its optimal con-
ditions [40,41]. However, methods of data matching have also been
used to optimize enzyme immobilization [42]. The criteria listed above
have a great impact on attainment of the maximum enzyme activity
and on the possible applications of the immobilized biocatalysts.

Therefore, to address the issues related to the efficient immobiliza-
tion of tyrosinase and optimization of this process, in presented study,
to the best of our knowledge for the first time, an attempt was made
to produce polycaprolactone–chitosan (PCL–chitosan) electrospun ma-
terials for tyrosinase immobilization in order to obtain novel type of bio-
catalytic systems capable for bisphenol A removal. These being the key
and novel objectives of the study. The hypothesis that supports this re-
search approach is that biocompatible PCL-chitosan materials facilitate
tyrosinase immobilization by adsorption and improve enzyme stability
as well its reusability. The produced PCL–chitosan material, beside rela-
tively good mechanical stability, is characterized by the presence of hy-
droxyl, amine and carbonyl groups onto its surface. These groups are
capable for creation of hydrogen bonds and ionic interactionsduring en-
zyme immobilization processwith functional groups of biomolecule, in-
cluding mainly amine, hydroxyl and carboxyl moieties (Fig. 1).
Moreover, this support material was selected due to its open three-
dimensional structure, high volume to mass ratio and relatively low-
cost of its production. A thorough analysis of the produced electrospun
support was performed and the response surface methodology was ap-
plied formodeling of the immobilization process and optimization of its
hydrogen interactions 
ionic interactions 

material and immobilization process, with detailed insight into mechanism of performed
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conditions to obtain a biocatalytic systemoffering high catalytic activity.
The stability and reusability of the immobilized biomolecule were also
examined. Finally, the possible practical application of the produced
biocatalytic systems was validated in the biodegradation of bisphenol
A under various reaction conditions. The research approach concerning
immobilization of tyrosinase and its use for removal of bisphenol A is an
overlooked research area in recently published articles.
2. Materials and methods

2.1. Materials

Polycaprolactone (PCL) with molecular weight of 80 kDa, chitosan
with molecular weight of 1000 kDa, trifluoroacetic acid (TFA), mush-
room tyrosinase (polyphenol oxidase, activity ~2000 U/mg solid, EC
1.14.18.1), 100 mM acetate buffer (pH 3–5), 100 mM phosphate buffer
(pH 6–8), 100 mM bicarbonate buffer (pH 9, 10), bisphenol A (BPA)
(purity ≥99%) and L-catechol, were supplied by Sigma-Aldrich (USA).
2.2. Fabrication of PCL–chitosan materials

PCL–chitosan electrospun fibers were prepared using a NANON-01A
device (MECC Co. Ltd., Japan) bymixing two polymers solutions. To pre-
pare chitosan solution, it was dissolved in TFA to obtain 5% (w/v) solu-
tion. The obtained mixture was then stirred for 4 h at 75 °C. To obtain
second solution, polycaprolactone was dissolved in TFA to obtain 10%
(w/v) solution - it was stirred for 4 h at room temperature. Next, both
solutions were mixed together to obtain PCL:chitosan ratio of 15:85
(w/w) and further stirred for 1 h. The resulting PCL–chitosan solution
was placed in a plastic syringe and electrospun. The applied voltage
was set at 20 kV, the distance between nozzle and collector was
150 mm, and the ejection rate was 1 mL/h. The obtained PCL–chitosan
fibers were dried in a vacuum drier at 25 °C.
2.3. Tyrosinase immobilization

Immobilization of mushroom tyrosinase was performed by adsorp-
tion under various process conditions in order to obtain immobilized
enzymes with enhanced catalytic activity. For immobilization, 10 mg
of PCL–chitosan material (two pieces 1 cm × 1 cm in size), washed
with distilled water, was placed in 10 mL of tyrosinase solution at the
desired concentration (from 0.5 to 5.0 mg/mL), prepared in 100 mM
buffer solution at an appropriate pH (ranging from 4 to 9). The samples
were then placed in a shaker (IKAWerkeGmbH,Germany) and agitated
at 150 rpm for a specified period of time ranging from1 h to 24 h, at var-
ious temperatures (from 5 °C to 55 °C). After immobilization, samples
were separated from the reaction mixture and were washed with
100 mM phosphate buffer (pH 7) to remove unbounded enzyme.
2.4. The effect of process conditions on the activity of immobilized enzyme –
modeling study

The mathematical model proposed was formulated using Mathcad
software. For the six distinct data sets, with different independent vari-
ables, the polyfit function was used to generate the response surface.
Based on the least squaresmodelhood, the problemoffitting the surface
consisted of searching of such parameters in order to obtain the smallest
value of the sum of squared distances between data points and the sur-
face. Calculating the partial derivatives of F is straightforward for the
formulation chosen, although a numerical procedure might be required
in the case of more complex surface functions. In presented example,
symbolic solutions for the optimal parameters Aopt and Bopt were de-
rived analytically.
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2.5. Immobilization yield, enzyme activity and stability

The activity and stability of the free and immobilized enzyme were
examined based on a model reaction using L-catechol as a substrate,
by measuring the rate of formation of ortho-quinones, according to
slightly modified methodology presented by Dincer et al. [43]. Briefly,
50 mg of free enzyme or an appropriate amount of the biocatalytic sys-
tem produced containing 50 mg of immobilized tyrosinase was added
to 10 mL of 20 mM L-catechol solution in 100 mM phosphate buffer
(pH 7). The process was carried out for 60 min at 25 °C with a continu-
ous oxygen supply at a flow rate of 1 mL/min. One unit of free and
immobilized tyrosinase activity was defined as the amount of enzyme
that liberates 1 mM of ortho-quinones per minute under assay condi-
tions. Analyzing the storage and thermal stability, the initial value of en-
zyme relative activity was defined as 100% activity. Measurements of
relative activity were performed at regular time intervals.

The storage stability of free and immobilized tyrosinase was exam-
ined by spectrophotometric measurements, over 20 days of storage at
4 °C in 100 mM phosphate buffer at pH 7, based on the above-
mentioned model reaction.

The thermochemical stability of free and immobilized enzyme was
determined over 120 min of incubation under optimal temperature
and pH conditions (25 °C and pH 7), based on the samemodel reaction
using 20 mM L-catechol as a substrate. Spectrophotometric measure-
ments were performed after a specified heating time. Then the relative
activity was calculated. In addition, inactivation parameters of the free
and immobilized enzyme—the inactivation constant (kD) and enzyme
half-life (t1/2)—were calculated based on the linear regression slope of
inactivation curves.

The immobilization yield and expressed activity were calculated fol-
lowing Eqs. (1) and (2):

Immobilization yield %ð Þ ¼ Ai−Af

Ai
� 100% ð1Þ

Activity recovery %ð Þ ¼ At

Ai
� 100% ð2Þ

where: Ai denotes the initial activity of tyrosinase added to the immobi-
lization medium, Af denotes the total activity of the enzyme in the su-
pernatant and washing solution after the immobilization and At

denotes the activity of the immobilized tyrosinase. The activities of the
supernatant and reference samples were determined under standard
conditions, based on the above-presented reaction.

The kinetic parameters of free and immobilized tyrosinase—the
Michaelis–Menten constant (Km) and maximum reaction rate (Vmax)—
were determined against L-catechol, by measuring the initial reaction
rates of L-catechol oxidation under optimal process conditions with a
continuous oxygen supply with a flow rate 1mL/min using various sub-
strate solutions at concentrations ranging from 0.5 to 20 mM. The ap-
parent kinetic parameters of free and immobilized tyrosinase (Km and
Vmax) were calculated from Hanes–Woolf plot.

2.6. Removal of bisphenol A

Degradation of BPA by free and immobilized tyrosinase was per-
formed using an IKA KS 4000i Control incubator (IKA Werke GmbH,
Germany). For the BPA removal experiments, 10mg of free or an appro-
priate amount of the biocatalyst produced containing 10 mg of
immobilized enzymewas introduced to BPA solution at desired concen-
tration. The samples were shaken under specified process conditions at
150 rpm for 120 min with a continuous oxygen supply at a flow rate of
1 mL/min, and furthermore analyzed at specified time intervals to de-
termine the BPA removal efficiency.

The effect of initial BPA concentration on the removal efficiency was
examined using solutions at concentrations of 0.1, 0.5, 1.0, 3.0 and
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5 mg/L, pH 7 and 25 °C. The effect of pH on the percentage removal of
bisphenol A was examined over a wide pH range of 3–10, using
100mM buffer solutions to adjust an appropriate pH value. The process
was performed at 25 °C using BPA solution in concentration of 3 mg/L.
To assess the effect of temperature on the removal of BPA, biodegrada-
tion was performed at temperature ranging from 5 °C to 65 °C (with a
10 °C step), using BPA solution in concentration of 3 mg/L and at pH 7.

The reusability of the immobilized tyrosinase was examined over
ten repeated cycles of bisphenol A removal. Briefly, each cycle was per-
formedwithin 120min at 25 °C, using BPA solution in an initial concen-
tration of 3 mg/L and at pH 7. After each biodegradation step, the
immobilized tyrosinase was separated from the reaction mixture,
washed several timeswith 100mMphosphate buffer (pH7), and placed
in a fresh BPA solution.

2.7. Analytical techniques

The morphology of the fabricated PCL–chitosan electrospun fibers,
before and after tyrosinase immobilization, was presented in SEM
5 m

5 m

(a)

(b)

(c)

Fig. 2. SEM images of PCL-chitosan electrospun materials before (a) and after (b) enzyme imm
chitosan with immobilized enzyme.
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images (EVO40, Zeiss, Germany). The average diameter of the obtained
fibers, before and after enzyme attachment, was calculated using the
Image J program (National Institute of Health, USA).

The porous structure parameters of thematerials before immobiliza-
tion were determined using an ASAP 2020 instrument (Micromeritics
Instrument Co., USA). The surface area was evaluated according to the
multipoint BET (Brunauer–Emmett–Teller)method using low tempera-
ture nitrogen (77 K) adsorption under relative pressure (p/p0). The
mean size and total volume of pores were calculated based on the BJH
(Barrett–Joyner–Halenda) algorithm.

The Fourier transform infrared spectra (FTIR) of electrospun material,
before and after tyrosinase immobilization, were recorded using Vertex
70 spectrometer (Bruker, Germany) working in attenuated total reflec-
tance (ATR) mode. The measurements were conducted in the wavenum-
ber range of 4000 to 400 cm−1, at a resolution of 0.5 cm−1 and 64 scans.

The percentage mass contribution of selected elements present in
the samples before and after immobilization was analyzed by means
of energy dispersive X-ray spectroscopy (EDS) using a Princeton
Gamma-Tech unit with a prism digital spectrometer (UK).
2 m

2 m

obilization and (c) FTIR spectra of tyrosinase, PCL-chitosan electrospun material and PCL-
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The efficiency of bisphenol A removal, as well as the stability and re-
usability of free and immobilized enzyme, were determined based on
spectrophotometricmeasurements using a JascoV-750 spectrophotom-
eter (Jasco, Japan), measuring the absorbance during ABTS oxidation at
λ = 420 nm (stability study) and during BPA removal at λ = 480 nm.
The final concentration of ortho-quinones after oxidation process, and
the concentration of BPA after biodegradation, were obtained based
on a proper calibration curves. The efficiency (%) of bisphenol A removal
was calculated by considering the initial and the final concentration of
the pollutant in the solution, before and after degradation performed
under specified conditions.

2.8. Statistical analysis

All experiments and measurements were performed in triplicate,
and error values are presented as means ± standard deviation. Statisti-
cally significant differences were determined by one-way ANOVA using
Tukey's test, performed in SigmaPlot 12 software (Systat Software Inc.,
USA). Statistical significance was established at a level of p < 0.05.

3. Results and discussion

3.1. Morphological characterization of fibers before and after
immobilization

In order to characterize the morphology of the obtained materials
and confirmeffective enzyme immobilization, in thefirst stage of the in-
vestigation, SEM images were taken for PCL–chitosan electrospun fibers
before and after tyrosinase immobilization (Fig. 2). Electrospun fibers,
before attachment of tyrosinase (Fig. 2a) are branched, with a smooth
surface, and have an average diameter of 344 ± 121 nm. By contrast,
after enzyme deposition a significant increase in fiber diameter (aver-
age diameter of 689 ± 365 nm) was observed, indicating attachment
of the enzyme to the fibers surface. Mushroom tyrosinase is character-
ized by the molecular weight of around 120 kDa thus, irregular shapes
almost uniformly covered surface of the fibers (Fig. 2b). This fact con-
firms effective enzyme immobilization and suggests formation of en-
zyme aggregates [44]. This might lead to the partition and diffusional
problems upon immobilization that reduce enzyme activity. However,
it should be noted that electrospun material has a multidimensional
structure with relatively large pores irregular in shape and size, which
reduce diffusional resistance and facilitate efficient transport of reaction
substrates and products between active centers of the immobilized en-
zyme and the reactionmixture [45]; this makes suchmaterial a suitable
support for the immobilization of biomolecules. BET surface area of the
produced PCL–chitosanmaterial was found to be 72.3m2/g. In addition,
the average pore size of the single fiber was 19.64 nm, whereas its vol-
ume was 0.874 cm3/g. Such values indicate porous nature of the pro-
duced support, making it suitable for enzyme immobilization. In the
FTIR spectrum of PCL–chitosan material (Fig. 2c) the most important
is the presence of signals noted at 3420 and 1720 cm−1, assigned to hy-
droxyl and carbonyl functional groups, capable for enzyme binding. In
the spectrum of produced biocatalytic system additional signals can be
observed. Among them, those at 1645 and 1080 cm−1 are the most im-
portant ones and confirm effective enzyme deposition onto electrospun
material. Additionally, results of elemental analysis confirm the effec-
tive enzyme adsorption, as higher percentage mass contribution of ele-
ments such as carbon, nitrogen, oxygen and sulfur, in the samples after
immobilization was noticed.

3.2. Modeling the effect of process conditions on the activity of immobilized
enzyme

As one the most important objectives of the study was to produce
highly active biocatalytic system for removal of bisphenol A, a proper
selection of immobilization conditions, including initial concentration
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of enzyme solution, pH and process duration, is of key importance.
Therefore, in presented study, the effect of process conditions on the ac-
tivity of immobilized tyrosinase wasmodeled in order to determine the
optimal ones.

The response surface methodology was used for this purpose, lead-
ing to a model that serves to find the optimum immobilization condi-
tions. Additionally, for specified pH and process time t, the influence
of other parameters such as temperature T, initial concentration of en-
zyme solution C, and their dependencies vs. catalyst activity, were esti-
mated and analyzed. The analysis consisted of selecting an appropriate
multidimensional function F(A, B) exhibiting a similar character to the
data measured; see Eq. (3). The usual measure of the quality of model
fit and data variance is standard deviation. It is important that mathe-
matical model describing the data should not be too complex, to pre-
vent overfitting and consequently to avoid identifying false trends.
The model shouldn't also be too simple, so that it reflects all of the rele-
vant relationships in the obtained data. The choice of the order of mul-
tivariate polynomial F in the form given by Eq. (3) is justified by the fact
that for higher, even third-degree formulations the resultantmodels ex-
hibit several extrema, which cannot be explained by the measured data
variance. Besides, the existence of several maxima and saddle points in
the model makes the problem more difficult to solve. Numerous ex-
trema which might exist in a model fitted to the data will always lead
to problems regarding the localness of the optimum; for example, the
results obtained might not reflect a global optimum for the process pa-
rameters. Moreover, mathematical solution of the optimum search
problem stated in terms of higher-order polynomials becomes impossi-
ble by analytical methods, and can only be done by a numerical ap-
proach, which should be avoided if possible due to the greater
complexity involved. The higher quality of a fit obtainable using polyno-
mials of higher degree than two does not compensate the risk of
obtaining false positive optimization results.

For each model presented, the calculated value of standard deviation
describes the amount of variation in the data that is not explained by
the model; the lower this value, the better. The model's quality of a fit is
also indicated by the determined value of R2 coefficient. This indicates
the fraction (or percentage) of the total variance of the data that is ex-
plained by the model; the closer this value is to 1 (or 100%), the better.
The data fit procedure utilizes linear statistical estimation to obtain a non-
linear model of the dependence of activity on selected explanatory vari-
ables A and B. The explanatory variables A and Bmay denote pH, process
time, temperature or concentration, according to the analysis selected.

F A,Bð Þ ¼ a1 þ a2Aþ a3Bþ a4A⋅Bþ a5A
2 þ a6B

2 ð3Þ

The response surface methodology is implemented on the continu-
ous domain over which the fitted model is defined, by applying partial
derivative operators to a model mathematical function. The partial de-
rivatives of model F are given by:

dF
dA

¼ a2 þ a4Bþ 2a5A ð4Þ

dF
dB

¼ a3 þ a4Aþ 2a6B ð5Þ

The resulting formulations for the analytical solution of equations
obtained by setting the expressions in (4) and (5) equal to zero can be
solved analytically, representing the optimization problem defined in
terms of surface response methodology. The solutions to the problem
are given by Eqs. (6) and (7).

Aopt ¼ −a3a4 þ 2a6a2
a24−4a5a6

ð6Þ

Bopt ¼ −
a4a2−2a5a3
a24−4a5a6

ð7Þ
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Fig. 3. Response surface for catalyst activity as a function of pH and process time. Dots
indicate rescaled experimental values.
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The advantage of the response surface methodology optimization
presented in the analytical form of solutions (6) and (7) is that it is gen-
eral in the sense of themodel used, and does not require a numerical ap-
proach to find the optimal process conditions. It is important to note,
however, that this solution is tailored only to the model F presented in
(3).

A typical view of the response surface, based on the pH vs. process
timemodel for catalyst activity, is shown in Fig. 3. The model F exhibits
only one globalmaximum,which is justified by observing themeasured
experimental data. The response surface is a statistical fit, and therefore
it extends far beyond the experimental values, in the range (−∞,∞). The
meaningful range of F is located inside the convex hull containing ex-
perimental data points. Although the formal convex hull is not calcu-
lated here, it can easily be estimated by examining the minimum and
maximum values of the measured data, that is, the explanatory (A and
B) variables. Onlywithin this range and in its close neighborhood the re-
sponse surface exhibits physically meaningful results.

The detailed results obtained by calculation are given in Table 1. Six
distinct sets of experimental values were used, which relate selected in-
dependent variables A and B to themeasured activity of the catalyst. The
actual process variables denoted by A and B are given in the first two
columns.

The values ai represent the coefficients of a model F for a given rela-
tion between variables that affect the catalyst's activity. Their meaning
is statistical only, and they have no physical significance. Nonetheless,
they play a key role in the model formulation. The optimal values Aopt

and Bopt for process parameters represent the results from the response
surface analysis. These provide the values of process parameters—pH,
time t, concentration C, and temperature T—that lead to the highest ac-
tivity of the catalyst. The quality of the models is confirmed by high
values of the determined coefficient R2, close to one, and relatively
low values of the standard deviation in comparison to the activity
values.
Table 1
Calculated parameters of models F for selected relations between explanatory (measured) var

A B a1 a2 a3 a4

pH t, min −111.80 39.404 4.226 0.234
pH C, g/L −128.46 40.853 37.696 0.363
pH T, °C −145.20 53.332 1.956 −0.043
T, °C C, g/L 8.57 1.483 39.145 −0.0050
T, °C t, min 4.592 1.774 7.001 −0.0037
C, g/L t, min 4.303 27.46 4.631 0.326
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3.3. Characterization of immobilized enzyme

Based on the result of modeling study and preliminary experiments,
immobilization conditions allowing for obtaining the biocatalytic sys-
tem with the highest catalytic activity were found to be: pH 7, temper-
ature 25 °C, initial enzyme concentration 3 mg/mL and 16 h of
immobilization duration. Under these conditions, immobilization yield
reached 93% whereas activity recovery attained 95%. Slight decrease in
enzyme activity, as compared to free counterpart, might be related to
the formation of diffusional limitation in transport of L-catechol and ox-
ygen [46] aswell as somedistortion of enzyme structure due to its bind-
ing to the support [21,47]. Immobilization of tyrosinase performed
under process conditions differ than optimal one, results in a lower ac-
tivity recovery due to the negative effect of the process conditions on
enzyme structure and its activity. As produced immobilized tyrosinase
is also characterized by the highest stability among all systems obtained
and tested at various immobilization conditions. It should be noted that
enzyme loading, beside its influence on enzyme activity [48], may also
affect its stability due to possible changes in the distances of enzyme-
support interactions in a highly-loaded enzymatic systems [49]. It has
been reported that high immobilization yield, corresponding with
high enzyme loading, leads to improvement in enzyme stability due to
crowding formation and reduction of enzyme mobility [50,51]. On the
other hand, internal enzyme hydrophobic interactions as well as
enzyme-enzyme interactions in the highly loaded support may lead to
the irreversible conformational changes resulting in the drop in enzyme
activity [52]. Furthermore, the occurrence of diffusional limitations in
highly loaded biocatalytic systems cause that apparent activity of
these enzymes is higher as compared to the systems where diffusional
restrictions did not occur [53].

In addition, to follow the immobilization progress a proper curve
was plotted under optimal immobilization conditions (Fig. 4). After
3 h, less than 40% of the activity was immobilized that might be due
to the homogenous distribution of support functional groups onto its
surface [54]. After 16 h most of the enzyme's activity was immobilized
and expressed activity of the immobilized tyrosinase reached 95%. Pro-
longation of the immobilization increased supernatant residual activity
probably due to enzyme elution from the support.

3.4. Removal of bisphenol A

Free tyrosinase and biocatalytic system produced under optimal im-
mobilization conditions and exhibiting the highest catalytic activity
were further applied and compared in the removal of bisphenol A
from model water solution under various remediation conditions. Ty-
rosinase was used in this study because this enzyme is capable for effi-
cient degradation/conversion of mono- and bisphenols [55], and
because biomolecules deposited on solid supports, unlike free enzymes,
offer improved resistance against inactivation by harsh process condi-
tions and can be easily separated from the reaction mixtures [56],
which is of great importance for the treatment of large volume of
wastewaters.

Fig. 5a shows the percentage removal of bisphenol A by free and
immobilized enzyme over time. It can be seen that irrespective of the
biocatalyst used, removal efficiency increased gradually over the initial
stage of the process, reaching 100% after 60 min and 90 min of the
iables A and B.

a5 a6 Aopt Bopt R2 Std. dev.

−2.631 −0.146 8.433 21.187 0.944 6.598
−2.616 −5.874 8.048 3.458 0.906 8.814
−3.265 −0.024 7.946 33.669 0.979 3.163
−0.02 −5.532 36.064 3.522 0.891 8.202
−0.025 −0.188 33.725 18.294 0.96 5.19
−4.749 −0.146 3.57 19.78 0.893 8.842



0

20

40

60

80

100

0 5 10 15 20 25

R
es

id
ua

l a
ct

iv
ity

 (%
)

time (h)

Fig. 4. Immobilization course of tyrosinase onto PCL-chitosan electrospun support
material. Immobilization was performed at pH 7 and 25 °C using enzyme solution in
concentration of 3 mg/mL.
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process performed using free and immobilized tyrosinase, respectively.
Nevertheless, over analyzed time intervals, the biocatalytic system pro-
duced exhibited slightly lower removal rate of BPA than the free en-
zyme, which may be due to the lower activity of PCL–chitosan-bonded
tyrosinase (an activity recovery of 95%) and accumulation of the prod-
ucts of enzymatic conversion, that lead to the inhibition of the biocata-
lyst [57]. Furthermore, the results obtained are in agreement with the
kinetic parameters obtained for model reaction concerning L-catechol
oxidation. The values of the Michaelis–Menten constant (Km) for free
and immobilized enzyme were 1.46 mM and 2.53 mM, respectively.
Moreover, the maximum velocity rate (Vmax) of free enzyme
(46.8 U/mg) was higher than the Vmax of the immobilized enzyme
(31.4 U/mg). These data indicate the lower substrate affinity towards
tyrosinase after immobilization and may be explained by the formation
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Fig. 5. Percentage removal of BPA using free and immobilized tyrosinase vs. process parameters
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of diffusional limitations upon immobilization due to partial blocking of
enzyme active sites and aggregation of tyrosinase molecules [58]. The
changes in the values of the kinetic parameters upon immobilization
are also attributed to the fact that immobilized enzyme is located in
an environment different from that of its free form, leading to alter-
ations in its microenvironment and causing changes in the enzyme ki-
netic. Furthermore, changes in the substrate affinity may be related to
the changes in enzyme structure and formation of enzyme-support in-
teractions [59,60]. Similar observations were made by Dincer et al.
(2012), who immobilized tyrosinase onto chitosan–clay composite
beads and noticed high activity retention accompanied by pronounced
changes in enzyme kinetic. Two times lower substrate affinity and 40%
lower Vmax of the immobilized tyrosinase were explained by diffusional
limitations, steric effects and alteration of enzyme structure [43].

The effect of various process parameters on BPA removal process ef-
ficiency was further investigated. As bisphenol A is commonly used as
an additive and intermediate product in polymer processing, it fre-
quently occurs in wastewaters at different concentration [61]. There-
fore, it was decided to examine the percentage removal of BPA over a
wide range of its solution concentrations (from 0.1 mg/L to 5 mg/L),
(Fig. 5b). It was evidenced that after 120 min of the process, both, free
and immobilized tyrosinase demonstrated excellent catalytic activity,
as BPA was totally removed from the solution in concentrations up to
3 mg/L. For solution in the highest concentration (5 mg/L), a drop in
the total removal rate of bisphenol A was recorded. Although higher
degradation efficiency of the immobilized tyrosinase was attained, as
compared to its performance in lower concentrated BPA solutions, the
5 mg of BPA per 1 L of the solution was too high to be fully converted
by the enzyme. Furthermore, some distortions of the enzyme structure
caused by such high substrate concentration, may lead to the produc-
tion of semiinextitated forms of BPA that also decrease the removal ef-
ficiency of bisphenol A. Nevertheless, even from the 5 mg/L solution,
over 80% of the BPA was removed. For comparison, in our previous
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study concerning immobilization of laccase onto spongin-based scaf-
folds,we demonstrated that the immobilized enzymewas capable to re-
move over 95% of bisphenol A froma solution in concentration of 2mg/L
after 24 h of the treatment process [62].

Another important parameter strongly influencing the stability and
catalytic activity of the biocatalysts is the process temperature. The ef-
fect of this parameter on the efficiency of BPA removal was investigated
over a temperature ranging from 5 °C to 65 °C (Fig. 5c). As shown, the
optimum process temperature, for both, free and immobilized enzyme,
was found to be 25 °C, as total removal of bisphenol Awasnoted. Chang-
ing the temperature to higher or lower values led to a significant drop in
the removal rate of the pollutant by free enzyme. By contrast,
immobilized tyrosinase exhibited higher activity over a wider tempera-
ture range; it removed over 80% of BPA at temperatures ranging from
15 °C to 55 °C. Even at 65 °C, around 70% of bisphenol A was converted
by the immobilized biomolecule, that was over 30% more as compared
to free enzyme. This clearly demonstrates that immobilized enzyme,
protected against thermal inactivation,wasmore stable as its free coun-
terpart, even at higher temperatures. The improvement in the enzyme's
stability against harsh temperature conditions upon immobilization
may be explained by the formation of enzyme–support interactions
which stabilize the structure of the biomolecule, as well as rigidization
of the enzyme, which facilitates its application at higher operational
temperatures [63,64]. Similar observations have been reported by
Tamura et al. [65] and Nicolucci et al. [66], who immobilized tyrosinase
using ion-exchange resins and polyacrylonitrile beads, for use in the re-
moval of alkylphenols and bisphenol A, respectively. Irrespective of the
support material type, enzyme stabilization upon immobilization
caused that pollutantswere removedmore efficiently over awider tem-
perature range than by free enzyme.

Another key parameter affecting the catalytic activity of biomolecule
is pH. The effect of pH on the removal of BPA (pH range 3–10) was in-
vestigated (Fig. 5d). As the results demonstrate, pH 7 was found to be
the optimum one for both free and immobilized tyrosinase; this is in
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agreement with previously published studies concerning immobiliza-
tion and application of mushroom tyrosinase [67,68]. Beyond this
value, BPA removal by the free enzyme gradually decreased: only at
pH 7 and 8 it removed more than 80% of the pollutant. By contrast,
immobilized tyrosinase displayed improved stability over thewhole an-
alyzed pH range. Furthermore, PCL–chitosan-bonded tyrosinase exhib-
ited a less pronounced decline in the BPA removal under harsh pH
conditions; it enabled the removal of over 80% of bisphenol A in the
pH range 6–9. The improvement in the activity of tyrosinase upon im-
mobilization, over a wide pH range, is attributed to the stabilization of
the enzyme structure and protection of the biomolecule against the dis-
sociation of amino acids caused by adverse effects of acidic and basic
conditions (H+ and OH− ions) [69]. Similar observations have been re-
ported by Wu et al. [70], who immobilized tyrosinase on polyacryloni-
trile beads and used them in the biodegradation of phenol. Authors
observed an improvement in enzyme stability over a pH range 6–9;
however, total removal of the phenol was not achieved, indicating the
higher capability of the biocatalytic system obtained in presented
study for the removal of phenolic compounds under various pH
conditions.

3.5. Stability and reusability of free and immobilized tyrosinase

It has been reported that immobilization improves the stability of
enzymes and facilitates their reuse [7,36]. As thermochemical and stor-
age stability, as well as reusability, are among the key criteria affecting
the practical application of immobilized enzymes, these parameters
for free and PCL–chitosan-immobilized tyrosinase were examined and
compared (Fig. 6).

The free and immobilized biocatalysts were stored at 4 °C over
20 days, and the storage stability was examined at specified time inter-
vals. As shown in Fig. 6a, the free tyrosinase gradually lost its activity
during storage, and after 20 days of the test retained less than 50% of
its initial activity. As expected, the decrease in the activity of the
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immobilized enzyme was lower. Over 5 days of storage no activity loss
was observed, and after 20 days of storage PCL–chitosan-immobilized
tyrosinase retained over 85% of its initial activity. Although loss of enzy-
matic activity is a naturally occurring phenomenon, the presented data
clearly indicate that upon immobilization of tyrosinase on PCL–chitosan
electrospun fibers, followed by the stabilization of the enzyme structure
and multiple enzyme attachment [71], this effect may be effectively re-
duced. Similar observations have been reported in other studies
concerning immobilization of various polyphenol oxidases on
chitosan-based materials, indicating the positive effect of this biomate-
rial on enzyme stability [34,72,73].

Evaluation of thermochemical stability of immobilized enzyme over
time, under process conditions, is one of the most important criteria to
be considered. The stability of free and immobilized tyrosinase over
120 min of a process carried out at pH 7 and 25 °C was examined and
compared (Fig. 6b). The relative activities of both free and immobilized
enzyme declined over time, and after 60min of incubation reached 70%
and 85%, respectively. Prolongation of the incubation time led to a fur-
ther drop in the relative activity; however, a significantly smaller de-
crease was observed in case of immobilized tyrosinase. After 120 min
of the test the relative activity of free enzyme was around 40%, while
PCL–chitosan-bonded tyrosinase retained over 80% of its activity. Ob-
served drop in the catalytic activity may be attributed to changes in
the tertiary structure of the enzyme causedby the reaction environment
[74]. Nevertheless, the enzyme's thermal stability improved signifi-
cantly upon immobilization. These results correspond well with the
values of the inactivation parameters. The inactivation constant (kd)
and half-life (t1/2) of free tyrosinase were measured as 0.0083 1/min
and 84.5min, respectively. In the case of immobilized enzyme, the inac-
tivation constant and half-life were improved more than fivefold as
compared to free tyrosinase, taking values of 0.0015 1/min and
462 min, respectively. The higher thermal stability of immobilized ty-
rosinase may be explained by several factors, including stiffening of
the enzyme structure upon immobilization [75], its protection against
distortion and conformational changes of the amino acids in the enzyme
structure [76], and the protective effect of the support material against
process conditions [77]. All of these factors facilitate the retention of
high catalytic activity by immobilized enzyme [78] and improve its
stability.

The reusability of immobilized enzymeover repeated reaction cycles
is the most important parameter affecting its practical application, as it
can provide advantages—including cost reductions—for treatment pro-
cesses. Thus, the reusability of the PCL–chitosan-immobilized tyrosinase
over ten repeated cycles of bisphenol A removal, andunder optimal pro-
cess conditions was tested (Fig. 6c). The efficiency of BPA removal
slightly decreased after repeated use, and reached approximately 90%
after five reaction cycles and around 80% after ten repeated use. The de-
cline in the removal efficiency is related mainly to the inhibition of the
enzyme by the macromolecular products of catalytic conversion, but
due to adsorption interaction, partial enzyme elution should not be ex-
cluded [79]. The maintenance of high removal of BPA by immobilized
tyrosinase, over numerous treatment steps is attributed to the stabiliza-
tion of the enzyme structure, and improvement of its durability under
reaction conditions that facilitate the retention of catalytic activity, as
previously reported [80,81]. Similar conclusions were reached by
Veismoradi et al. [82] and Wu et al. [70], who immobilized tyrosinase
usingpolyanilinemembrane coatedwith chitosan, and polyacrylonitrile
beads. The biocatalytic systems were used for the removal of azo dyes
and phenols over repeated cycles, and because of the stabilization of
the enzyme upon immobilization, the pollutants removal of 80% and
60%, after ten repeated uses, were noted, respectively.

4. Conclusions

Experimental data collected proved that PCL–chitosan electrospun
composite material is well-suited for the efficient immobilization of
2057
mushroom tyrosinase. Data modeling has been applied to determine
the optimal immobilization conditions. Multivariate regression analysis
based on the least squares method provided values of polynomial coef-
ficients which produced the statistical best fit to the experimental
values, and gave a process parameters such as its duration - 16 h, pH 7
and temperature 25 °C as the optimal ones. The biocatalytic systems
produced were further tested in biodegradation of bisphenol A. Ob-
tained dependencies showed that PCL–chitosan-immobilized tyrosi-
nase was capable to efficiently remove BPA over a significantly wider
pH and temperature range than free enzyme, clearly indicating im-
provement of the enzyme stability upon immobilization. Furthermore,
the reusability and stability of the immobilized biomolecule over time
were also analyzed. The enhanced stability and reusability of
immobilized tyrosinase provide economic advantages for large-scale
practical applications of the produced systems, as the high biodegrada-
tion of bisphenol A suggests that the obtained biocatalytic systemsmay
be considered as a promising tool for the removal of hazardous com-
pounds from wastewaters. Moreover, the obtained electrospun PCL–
chitosanmaterial may be a promising alternative to synthetic and natu-
ral polymers commonly used as supports in enzyme immobilization;
however, further study is still required.
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1. Introduction

Bisphenols are a class of compounds that contain two phenol rings
connected by a short spacer group. The most commonly known and
widely used is bisphenol A (BPA), which is an intermediate product in
the manufacture of polycarbonates, epoxy resins and flame retardants.
There are many everyday products which may contain BPA, including
compact discs, optical lenses, powder paints, thermal paper and food
packaging (Staples et al., 1998). BPA can contaminate food or beverages
bymigrating from the container (Krishnan et al., 1993; EFSA, 2013). An
even greater concern is the discovery that BPA is an endocrinedisruptor.
Endocrine disrupting compounds (EDCs) are substances or mixtures
that can alter functions of the hormonal system and cause adverse ef-
fects in an intact organism, such as obesity, diabetes, cardiovascular dis-
eases, breast cancer and reproductive disorder, and even exhibit
genotoxic activity (Tiwari et al., 2012; Rochester, 2013; Rezg et al.,
2014; Bilal et al., 2017a). Because of these properties, industry is begin-
ning to look for substitutes for BPA in polymer production. Options in-
clude other bisphenols, such as bisphenol F (BPF) and bisphenol S
(BPS), which are gradually replacing BPA (Eladak et al., 2015). Unfortu-
nately, studies have shown that both BPF and BPS also have endocrine-
disrupting and toxic properties (Chen et al., 2002; Eladak et al., 2015;
Kitamura et al., 2005), although diverse results were presented by dif-
ferent authors. Chen et al. (2002) found BPF to have similar
endocrine-disrupting activity to BPA, while BPS showed weak activity,
and both BPF and BPS were less toxic than BPA. Eladak et al. (2015) re-
ported that both BPF and BPS have anti-androgenic effects similar to
those of BPA. On the other hand, Kitamura et al. (2005) showed BPA,
BPF and BPS to have similar estrogenic activity, and BPF and BPS to
have lower anti-androgenic activity than BPA.

Reported concentrations of BPA in river water vary between not de-
tected and 68 ng/L in European countries (Kasprzyk-Hordern et al.,
2008; Jonkers et al., 2009) and between 7 and 79 ng/L in Asia
(Narasaki, 2002). Studies reported that BPA, alongside BPS and BPF,
can be found not only in water and sediment (Song et al., 2012) but
also in food and drinks (Grumetto et al., 2008; Liao and Kannan,
2013), in dust (Liao et al., 2012) and even in human urine samples
(Yang et al., 2014).

The biodegradation of BPA in river water is rapid, with a half-life
often under one day after a lag period of 2–7 days (Klecka et al.,
2001), although in seawater its degradation generally takes slightly lon-
ger (Danzl et al., 2009). These studies showed that microorganisms ca-
pable of degrading BPA are present in the aquatic environment, thus
BPA is not a persistent compound. BPA and BPF exhibit fairly good bio-
degradability in the environment, but BPS shows someproblems. In aer-
obic and anaerobic conditions, BPF, which seems to be a better choice
for the replacement of BPA, offers the best degradability properties
(Ike et al., 2006).

Various enzymes, including laccase, tyrosinase, and manganese and
horseradish peroxidase, are used for the biodegradation of hazardous
compounds such as phenol and its derivatives, or synthetic and natural
dyes (Bilal et al., 2016, 2017b, 2017c, 2017d). Among the enzymes,
laccases (EC 1.10.3.2) are themost frequently applied. These oxygen ox-
idoreductases catalyze a wide range of chemical reactions, mainly by
one-electron oxidation of mono-, di- and polyphenols (Bronikowski
et al., 2017). As a multi copper oxidase, laccase contains four copper
atoms in its structure, which exhibit different properties. A type-1
(T1) copper atom causes the blue color of the laccase, while a type-2
(T2) atom and two atoms of type 3 (T3) participate in oxidation reac-
tions (Abdel-Hamind et al., 2013). These enzymes have found applica-
tions in the textile, food, fuel and medical industries (Mogharabi and
Faramarzi, 2014; Zeeb et al., 2014; Kumar et al., 2017). However, it
should be noted that laccase has ubiquitous properties enabling its use
in many processes related to the biodegradation of environmental pol-
lutants and their removal from soils and wastewaters (Yadav and
Yadav, 2015; Le et al., 2016; Chatha et al., 2017). Laccase biocatalysts
occur in bacteria, plants and insects (Singh et al., 2010; Geng et al.,
2016), but fungal laccases deserve special attention due to their high
adaptability (Cha et al., 2017).

In view of the potential increase in thermal stability and pH range,
enabling the use of laccase in a wider range of conditions, in recent
years increasing interest in laccase immobilization processes is ob-
served [Jesionowski et al., 2014, Ba and Kumar, 2017]. There are many
published studies that describe the immobilization of fungal laccase
on different carriers (Cabana et al., 2007, 2009; Skoronski et al., 2017).
For instance, Georgieva et al. (2010) described laccase immobilization
on polypropylene membranes in non-isothermal conditions. This bio-
catalytic system was used in the degradation of phenol and its deriva-
tives. Singh et al. (2010) studied γ-proteobacterium JB laccase and its
immobilization on nitrocellulose membrane. Compounds such as
syringaldazine, catechol, guaiacol and hydroquinone were degraded
by the obtained biocatalytic system. In another study, Lin et al. (2016)
proposed the immobilization of laccase on Cu(II) and Mn(II) chelated
magnetic microspheres. The obtained systemwas used for the degrada-
tion of BPA, which resulted in the removal of over 85% of that com-
pound. Furthermore, Aydemir and Guler (2015) described the
synthesis of magnetic chitosan composite beads for the immobilization
of laccase. The support with the immobilized enzyme removed phenol
with an efficiency of 80%. Apart from the above examples, it should be
noted that immobilization of laccases on biopolymeric supports is of in-
creasing interest (Duran et al., 2002; Kues, 2015; Bilal et al., 2017e).

In this work, for the first time, spongin-based skeletons of
H. communismarine spongeswere used as a novel carrier for laccase im-
mobilization. Spongin, as a collagen-like protein, is compatible with en-
zymes, but importantly it is more resistant to enzyme degradation than
collagen. Moreover, marine sponge skeletons are renewable and do not
require complicated preparation procedures or additional surface
functionalization, due to their unique chemical and structural proper-
ties. Synthesized systems combine the beneficial properties of both sub-
strates: the degradation activity of laccase and the three-dimensional
architecture of the skeletons, which allows easy access of hazardous
compounds to the active sites of the immobilized biocatalysts.

In the present study, the effect of various process parameters on the
removal efficiency of BPA, BPF and the rarely studied BPS was deter-
mined. As an efficient biocatalytic system, laccase from Trametes
versicolor immobilized on H. communis spongin scaffolds was used. Ef-
fective enzyme immobilization was confirmed by Fourier transform in-
frared spectroscopy (FTIR) and scanning electron microscopy (SEM).
The effect of the initial immobilization conditions and the quantity of
the biocatalytic system on the degradation of bisphenols was tested.
Moreover, the storage stability of the free and immobilized enzyme
was examined. Finally, the effect of pH, temperature, initial solution
concentration and number of biodegradation cycles on the efficiency
of removal of BPA, BPF and BPS was evaluated and compared.

2. Materials and methods

2.1. Materials

Hippospongia communis sponges, farmed on the Mediterranean
coast in Tunisia, were purchased from INTIB GmbH (Germany). Laccase
from Trametes versicolor (EC 1.10.3.2), bisphenol A (BPA, N99%),
bisphenol F (BPF, N99%), bisphenol S (BPS, N98%),

2,2-azinobis-3-ethylbenzothiazoline-6-sulfonate (ABTS, 99%),
Coomassie Brilliant Blue and sodium azide were received from Sigma-
Aldrich (USA). Ethanol, methanol, hydrochloric acid and orthophospho-
ric acid (all laboratory grade) were purchased from Chempur (Poland).
Acetate and phosphate buffers with specific pH were supplied by
Sigma-Aldrich (USA). HPLC-grade methanol was purchased from
Avantor (Poland). HPLC-grade water was prepared by reverse osmosis
in a Demiwa system from Watek (Czech Republic), followed by double
distillation from a quartz apparatus.
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2.2. Preparation of spongin-based scaffolds fromH. communis demosponge

The preparation of theH. communis spongin-based scaffolds was de-
scribed in detail in our previous work (Norman et al., 2016). Briefly,
skeletons were immersed in HCl for 72 h and rinsed with distilled
water until neutral pH was attained. The scaffolds were then dried at
50 °C and stored at room temperature.

2.3. Laccase immobilization

Before immobilization, the spongin-based scaffolds were cut into
pieces (0.5 × 0.5 × 0.5 cm). To evaluate the effect of the various initial
immobilization parameters, an appropriate quantity, ranging from 10
to 100 mg, of the previously prepared scaffolds was placed in a reactor,
to which enzyme solution (10mL) at various concentrations (from 0.25
to 2.0 mg/mL) in pH 5 acetate buffer solution was added. Immobiliza-
tion was carried out on a shaker (IKA Werke GmbH, Germany) for 1 h.
After immobilization, the obtained systemswere filtered under reduced
pressure and washed with acetate buffer (pH 5) to remove unbound
enzyme.

2.4. Storage stability and kinetic parameters of free and immobilized laccase

The storage stability of free and immobilized laccase stored at 4 °C in
acetate buffer (pH 5) was tested spectrophotometrically over 50 days,
using ABTS as the substrate, according to the procedure described by
Dai et al. (2010) with slight modification. For the reaction, 5 mg of
free enzyme and an appropriate amount of the product after immobili-
zation containing 5mg of laccase were used. Changes in the absorbance
of the substrate after reaction were measured with a Jasco V-750
(Japan) spectrophotometer at λ = 420 nm.

The Michaelis–Menten constant (Km) and the maximum rate of re-
action (Vmax) were evaluated based on the oxidation reaction of ABTS
using various concentrations of the substrate solution. The
Lineweaver–Burk plot was used to calculate the apparent kinetic pa-
rameters (Km and Vmax) of free and immobilized laccase.

2.5. Bisphenol removal experiments

Degradation of BPA, BPF and BPS was carried out in an IKA KS 4000i
(IKAWerke GmbH, Germany) incubator shaker (150 rpm) using 30 mL
of bisphenol solution. The mixtures were kept for 24 h and sampled at
specified time intervals. After sampling, 100 μL of sodium azide
(10 M) was added to the mixture to terminate the catalytic reaction,
prior to further analysis.

Before the efficiency of bisphenols degradation was evaluated, the
efficiency of adsorption of bisphenol on the sponge skeletons with
immobilized laccase was examined. Sponge scaffolds with attached en-
zyme (immobilization time: 1 h, concentration of enzyme solution:
1 mg/mL) were subjected to thermal inactivation (2 h at 70 °C), after
which the adsorption was carried out. For the adsorption experiments,
30 mL of a 2 mg/L solution of each bisphenol was mixed with 50 mg
of the H. communis spongin scaffolds with inactivated enzyme. The sys-
temwas thanmixed for 24 h, and at specified time intervals the adsorp-
tion of the bisphenols was analyzed chromatographically.

To establish the effect of free laccase on degradation efficiency of
BPA, BPF and BPS, experiments were carried out at 30 °C (BPA and
BPS) and 40 °C (BPF) using bisphenols solutions at a concentration of
2 mg/mL at pH 5. For these experiments 5 mg of water-soluble laccase
was used, and the process duration was 24 h.

To determine the effect of the initial process parameters on the effi-
ciency of BPA degradation, initial enzyme solutions at concentrations
ranging from 0.25 to 2.0mg/mL in pH5 acetate buffer were used for im-
mobilization. To assess the influence of the quantity of the biocatalytic
system on bisphenol degradation, it was tested in quantities ranging
from 10 to 100mg. These experiments were carried out using BPA solu-
tion at a concentration of 2 mg/L at pH 5 and at 30 °C.

Laccase solution in a concentration of 1mg/mL and 50mgof the pro-
duced biocatalytic system with approximately 5 mg of immobilized
laccasewere used as the initial process parameters for further bisphenol
removal experiments to evaluate the effect of the initial degradation pa-
rameters on degradation efficiency. The effect of pH on the degradation
efficiency of BPA, BPF and BPS was evaluated using the appropriate
bisphenol solution at a concentration of 2 mg/L at 30 °C, with pH rang-
ing from 4 to 8 for BPA and from4 to 6 for BPF and BPS. A buffer solution
at the desired pHwas used to adjust the pH value. The influence of tem-
perature on the removal of bisphenols was examined using bisphenol
solutions at a concentration of 2mg/L in pH 5 acetate buffer and at tem-
peratures ranging from 10 to 50 °C for BPA and from 20 to 40 °C for BPF
and BPS. To assess the effect of the bisphenol solution concentration on
the removal efficiency, solutions at concentrations of 2, 20 and 50mg/L
were used. Experiments were carried out under optimal process condi-
tions (pH 5, temperature 30 °C for BPA and BPS and 40 °C for BPF). The
efficiency of bisphenol removal over 5 repeated degradation cycles was
evaluated using BPA, BPF and BPS solutions (2 mg/L) at pH 5 and at 30
°C. After each reaction cycle the biocatalytic system was separated
from the mixture by filtration under reduced pressure, washed with
pH 5 acetate buffer and transferred to fresh bisphenol solution. All of
the above experiments were performed in duplicate.

2.6. Analytical techniques

The morphology of the H. communis spongin-based scaffold before
and after immobilization was described based on SEM images (EVO40,
Zeiss, Germany) after gold coating (Balzers PV205P, Switzerland). FTIR
spectra of the tested materials were obtained using a Vertex 70 spec-
trometer (Bruker, Germany). Samples were analyzed in the form of
KBr pellets in the wavenumber range 4000–400 cm−1 at a resolution
of 0.5 cm−1. The quantity of immobilized laccase was evaluated accord-
ing to the Bradford method using Coomassie Brilliant Blue (Bradford,
1976). Measurements were made on a Jasco V750 spectrophotometer
(Japan) at wavelength 595 nm.

Determination of BPA and BPF was performed using a chromato-
graphic system from Dionex (USA) consisting of a P580 A LPG gradient
pump, an ASI-100 autosampler, an STH 585 oven and an RF 2000 fluo-
rescence detector. Samples of exactly 5 μL were injected into a C18
Hypersil GOLD column (150 mm × 4.6 mm I.D.; 5 μm) with a 2.1 mm
I.D. filter cartridge (0.2 μm) from Thermo Scientific (USA), maintained
at 35 °C. The analysis was performed in isocratic mode with a
1.5 mL/min flow rate of 75% methanol as a mobile phase. Signal re-
sponses were measured by fluorescence detection at wavelengths set
at 273 nm for excitation and 300 nm for emission.

For determination of BPS the UltiMate 3000 RSLC chromatographic
system from Dionex (USA) was used, coupled with an API 4000
QTRAP triple quadrupolemass spectrometer fromAB Sciex (USA). Sam-
ples of exactly 3 μL were injected into a C18 Hypersil GOLD column
(100 mm × 2.1 mm I.D.; 1.9 μm) with a 2.1 mm I.D. filter cartridge
(0.2 μm) from Thermo Scientific (USA), maintained at 35 °C. Themobile
phase employed in the analysis consisted of 5·10−3 mol/L ammonium
acetate in water and methanol at a flow rate of 0.2 mL/min. Isocratic
conditions were used for elution, with the mobile phase consisting of
70% methanol. The LC column effluent was directed to the electrospray
ionization source operating in negative ionmode. The following settings
for the ion source andmass spectrometer were used: curtain gas 20 psi,
nebulizer gas 40 psi, auxiliary gas 45 psi, temperature 450 °C, ion spray
voltage−4500 V, declustering potential−60 V, and collision gas set to
medium. The dwell time for eachmass transition detected in the select-
ed reaction monitoring mode was equal to 100 ms. The quantitative
transition was from 249 to 108 m/z with collision energy set to
−39 V, and the confirmatory transition was from 249 to 92 m/z
with collision energy set to−53 V.



Fig. 2. FTIR spectra of H. communis spongin-based scaffolds, laccase from Trametes
versicolor and the product obtained after immobilization.
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LC-MS/MS identification of the degradation products of bisphenols
was performed using the LC-MS/MS system described above. Samples
of exactly 10 μL were injected into a Gemini-NX C18 column (100 mm
× 2.0 mm I.D.; 3 μm) from Phenomenex (USA), maintained at 35 °C.
The mobile phase consisted of 5 mM ammonium acetate in water and
methanol at flow rate 0.3 mL/min, on a gradient from 50% to 100%
methanol over 2 min and then for 4 min in isocratic conditions. The
electrospray ion source operated in negative ion mode. Nitrogen was
used in both the source and the mass spectrometer. The following pa-
rameters of the source and mass spectrometer were used: curtain gas
pressure 10 psi, nebulization gas pressure 45 psi, auxiliary gas pressure
45 psi, source temperature 450 °C, ion spray voltage −4500 V,
declustering potential −40 V. Spectra were collected in scan mode in
the range 70–600 m/z.

3. Results and discussion

3.1. Characterization of H. communis spongin-based scaffolds and products
obtained after immobilization

The morphology of theH. communis skeletons before (Fig. 1a, c) and
its changes after (Fig. 1b, d) laccase immobilization was determined
based on SEM images. As can be seen in Fig. 1, marine demosponges
consist of an open, three-dimensional network built from triply
branched fibers (Szatkowski et al., 2015; Zdarta et al., 2017). The fibers
are corrugated and have diameters of around 20 μm. Themorphological
structure of the H. communis scaffolds allows easier access of the sub-
strate molecules to the active sites of the enzyme, which reduces diffu-
sional limitations. On the SEM images of the product after
immobilization (Fig. 1b, d) irregularly shaped enzyme aggregates can
be seen, which proved the effective immobilization of the laccase.

To identify the functional groups present in the structure of the
sponge scaffolds and to confirm effective laccase immobilization, FTIR
spectroscopy was used (Fig. 2). The FTIR spectrum of the spongin-
based scaffolds contains signals attributed to various functional groups,
Fig. 1. SEM photographs of H. communis spongin-based scaffolds: (a), (c) before and (b
for example at 3430 and 1380 cm−1 (υ\\OH and δ C\\OH), 1720 cm−1

(υ C_O) and 1100 cm−1 (υ C\\O in COOH). Bands characteristic for the
peptide structure of the spongin scaffolds are also present. In the FTIR
spectrum of the produced biocatalytic system, changes in the intensity
of the signals attributed to C\\H stretching (2930 cm−1) as well as
amide I and III bands (1650 and 1250 cm−1 respectively) can be
noted. According to Wong et al. (1991), this suggests that the
immobilized laccase was successfully attached to thematrix and retains
its catalytic properties. The presence of carboxyl, carbonyl and hydroxyl
), (d) after laccase immobilization (yellow arrows indicate immobilized laccase).
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groups in the structure of theH. communis scaffolds not only enabled ef-
fective attachment of the laccase to the surface of the sponges and the
creation of stable interaction, but also increased the transfer of electrons
between substrates and the immobilized enzyme (Xu et al., 2013; Jones
and Solomon, 2015). This made the degradation of pollutants more
effective.

3.2. Storage stability and effect of initial degradation parameters

The storage stability of immobilized laccase is an important param-
eter that determines its practical application on an industrial scale, for
example in wastewater treatment. The storage stability of the free and
immobilized enzyme was tested for 50 days and compared (Fig. 3).
The immobilized laccase retained around 90% of its initial activity after
20 days and over 80% after 50 days of storage. By comparison, free
laccase retained only around 50% of its catalytic properties after
20 days and b20% after 50 days of storage, indicating that the storage
stability of the immobilized enzyme is much higher than that of the
free enzyme. This might be attributed to the stabilizing effect of the
three-dimensional structure of the enzyme after immobilization, as
well as the protective role of the matrix, which limits conformational
changes of the biocatalyst (Xu et al., 2013). By contrast, Maryskova
et al. (2016) showed that laccase immobilized on polyamide 6/chitosan
nanofibers modified by bovine serum albumin or
hexamethylenediamine as spacers retained b60% of its initial activity
after 15 days of storage. It was concluded that laccase immobilized on
H. communis spongin scaffolds has higher storage stability.

The effect of the enzyme solution concentration and the mass of the
biocatalytic system used for BPA removal was evaluated to determine
the most suitable initial process parameters in terms of the efficiency
of bisphenol degradation (Fig. 4.) Solutions of laccase from T. versicolor
with different enzyme concentrations (0.25–2.0 mg/mL) were used
for immobilization. As Fig. 4a shows, BPA degradation efficiency in-
creasedwith increasing initial quantity of enzyme, and reached itsmax-
imum for solutions at a concentration of 1.0 mg/mL. Further increase in
the initial quantity of laccase did not improve BPA removal efficiency.
These observations are in agreement with the results concerning the
quantity of immobilized enzyme. From the solution at a concentration
of 1 mg/mL, 89 mg of laccase per 1 g of matrix was immobilized, com-
pared with 159 mg/g for the 2 mg/mL solution. These results suggest
that an increase in the quantity of immobilized laccase leads to over-
crowding of enzyme particles and loss of its activity, and consequently
to a decrease in BPA removal efficiency (Rekuć et al., 2010).

To assess the effect of the quantity of the biocatalytic system on BPA
degradation, immobilization was carried out for 1 h from a solution at a
concentration of 1 mg/mL. The results (Fig. 4b) clearly show a rise in
degradation efficiency with increasing dosage of the biocatalyst. When
Fig. 3. Storage stability of laccase from T. versicolor, free and immobilized on H. communis
spongin-based scaffolds.
50 mg of the biocatalytic system was used total removal of BPA was
achieved, which indicates that there is no reason to use a larger amount
of immobilized laccase. Thus, for further experiments related to the deg-
radation of bisphenols, an initial enzyme solution concentration of
1mg/mL and 50mg ofH. communis scaffolds with immobilized enzyme
were used.

3.3. Degradation of BPA, BPF and BPS

To establish how immobilization affects the ability of the laccase to
degrade BPA, BPF and BPS, tests were performed using the free enzyme.
Water-soluble laccase (5 mg) under optimal conditions (pH 5, temper-
ature 30 °C for BPA and BPS and 40 °C for BPF) removed 98% of BPA and
96% of BPF after 24 h of the process. Degradation of BPS from water so-
lutionwas significantly lower and reached 47% at the end of the process.
This is related to the fact that compoundswith highermolecular weight
andmore complex structure exhibit higher resistance to biodegradation
than those with lower molecular weight (Uhnakova et al., 2009;
Nicolucci et al., 2011).Moreover, according to Ike et al. (2006), the pres-
ence of the O_S_O group in the structure of BPS means that in water
solutions this compoundmight be additionally stabilized by the transfer
of electrons between aromatic rings and the SO2 group, making it ex-
tremely resistant to biodegradation. By comparison, it was found that
the degradation of bisphenols using the free enzyme reached its maxi-
mal efficiency after 10 h of the process. However, separation of the dis-
solved enzyme from the mixture after remediation is difficult and cost-
effective. Moreover, the reusability of the free enzyme is very limited.
Thus, in this study the biodegradation of bisphenols by immobilized
laccase was emphasized and studied in detail.

It should be noted thatH. communis spongin scaffolds are able to ad-
sorb compounds fromwater solutions (Norman et al., 2016). The results
showed that sponge skeletons adsorbed about 10% of each bisphenol,
which proves that the removal is mainly caused by the immobilized
enzyme.

3.3.1. Effect of temperature
The effect of temperature on the efficiency of removal of BPA was

tested over a wide temperature range, from 10 to 50 °C, at pH 5. The
highest degradation efficiencies of BPA, over 60%,were observed at tem-
peratures of 20, 30 and 40 °C (Fig. 5a); thus the removal of BPF and BPS
was carried out in the temperature range 20–40 °C (Fig. 5b, c), also at
pH 5. As can be seen in Fig. 5, an increase in temperature from 10 to
30 °C enhanced the biocatalytic degradation of BPA. At this temperature
degradation of 96% of BPA was observed. A further increase in process
temperature up to 50 °C caused a decrease in the efficiency of removal
of BPA. The observed removal efficiency for the immobilized laccase is
similar to the value recorded for free biocatalyst. This is also in agree-
ment with the calculated values of Km (Michaelis–Menten constant)
for free (0.92 mM) and immobilized enzyme (1.08 mM). This may sug-
gest that the slight decrease in BPA removal efficiency might be related
to steric hindrances which result from the attachment of the enzyme to
the solid support (Landarani-Isfahani et al., 2015). Similar results were
previously published by Bai et al. (2014), who showed that laccase
immobilized on activated poly(vinyl alcohol) and crosslinked by glutar-
aldehyde also exhibited its highest catalytic activity at temperatures of
30 and 40 °C. High degradation efficiencies were also recorded for
BPF: the highest efficiency, close to 95%, was observed at 40 °C; never-
theless, even at 30 °C, 85% of BPF can be removed from water solution.
By contrast, Nicolucci et al. (2011) showed that laccase immobilized
on polyacrylonitrile beads can remove over 90% of BPF at 50 °C. Thus,
the biocatalytic systemused in thisworkmakes the biodegradation pro-
cess less energy-consuming. The lowest degradation efficiencies were
recorded for BPS. At 30 °C, 40% of BPS can be removed fromwater solu-
tion, but over 20% of BPS can be removed over thewhole of the analyzed
temperature range.



Fig. 4. Effect of (a) the initial concentration of the enzyme solution used in immobilization and (b) the mass of the biocatalytic system on the efficiency of degradation of bisphenol A.
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At low temperatures, the catalytic activity of the immobilized laccase
was strongly inhibited, results in low pollutant removal efficiencies.
High temperature also negatively affected the oxidizing properties of
the laccase. Heat causes conformational changes in the laccase struc-
ture, leading to its thermal denaturation and decreasing biodegradation
efficiencies (Kim andNicell, 2006). Free laccase from T. versicolor exhib-
ited its temperature optimum at 30 °C, and even slight changes from
this value caused significant changes in its catalytic properties
(Marco-Urrea et al., 2010; Dwivedi et al., 2011). The presented results
showed that laccase immobilized on H. communis skeletons removed
over 80% of BPA and BPF over a broader temperature range, proves
that immobilization increased the thermal stability of the laccase.

3.3.2. Effect of pH
In addition to temperature, the pH of the solution significantly af-

fected the efficiency of removal of bisphenols. Removal of BPA was car-
ried out over the broadest pH range, from 4 to 8, at 30 °C (Fig. 6a). The
highest efficiencies were recorded at pH values from 4 to 6; therefore
Fig. 5. Effect of temperature on the efficiency of degradation
in that range the effect of pH on the degradation of BPF (at 40 °C) and
BPS (at 30 °C) was examined (Fig. 6b, c). The experimental results indi-
cated that the biodegradation efficiency for BPA increased to reach a
maximum at pH 5, and then decreased as the pH became higher. The
pH of the solution had a relatively significant influence on BPA removal;
however, within the pH range from 4 to 6, over 80% of the BPA was
biodegraded. This is directly related to the catalytic properties of the
laccase, whichwas found to exhibit its highest catalytic activity and sta-
bility at pH 5 (Rangelov and Nicell, 2015; Donati et al., 2015). For com-
parison, in a study reported by Hou et al. (2014a), laccase was
immobilized on TiO2 nanoparticles. A degradation efficiency of over
80% was recorded in the pH range 3–5, although partial removal of
the BPA was affected by the photo-degradation activity of the TiO2. In
the presentwork, the biodegradation of bisphenols is dependentmainly
on the catalytic properties of the immobilized laccase (the adsorption of
bisphenols by H. communis scaffolds is b10%). After 24 h of the process,
over 80% of BPF was degraded from water solutions at pH 5 and 6
(Fig. 6b). At acidic pH the degradation efficiency felt markedly, to
of (a) BPA, (b) BPF and (c) BPS by immobilized laccase.



Fig. 6. Effect of pH on the efficiency of degradation of (a) BPA, (b) BPF and (c) BPS by immobilized laccase.
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below 40%. The pH of the solution had the least effect on the biodegra-
dation of BPS. Around 40% of BPSwas removed over thewhole analyzed
pH range from 4 to 6.

Strongly acidic as well as even weakly basic pH values negatively af-
fected the structure of the amino acid chains in the enzyme molecule
and disturbed their conformation (Kurniawati and Nicell, 2007). In
Fig. 7. Effect of bisphenol solution concentration on the removal effi
consequence, catalytic activity decreased and lower values of bisphenol
removal efficiencies were observed. However, it should be noted that
the free laccase removed over 80% of the pollutants only at pH 5,
while the obtained biocatalytic system was able to degraded over 80%
of BPA and BPF over pH ranges of 4–5 and 5–6 respectively. Thus, the
laccase immobilized on H. communis spongin demonstrated higher pH
ciency of (a) BPA, (b) BPF and (c) BPS by immobilized laccase.
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resistance. These observations are in agreementwith results on the deg-
radation of BPA and BPF by laccase immobilized on polyacrylonitrile
beads. These showed that the free enzyme was able to remove over
80% of BPA and BPF only at pH 5, but when the immobilized enzyme
was used, over 80% of BPA and BPF were removed at pH values ranging
from 5 to 6 and from 4 to 6 respectively (Nicolucci et al., 2011).

3.3.3. Effect of bisphenol concentration
Figure 7 shows how the removal efficiency of the tested bisphenols

is affected by changes in the concentrations of their initial solutions.
After 24 h of the process, the highest removal efficiencieswere observed
for solutions at initial concentration 2 mg/L: 96%, 95% and 53% for BPA,
BPF and BPS, respectively. As can be seen from the graphs, the biodegra-
dation efficiencies of BPA, BPF and BPS decreased with increasing initial
solution concentration from 2 to 50 mg/L. Regardless of the initial solu-
tion concentrations in the tested range, over 70% of BPA was removed.
These results are very promising from the point of view of practical ap-
plications, since BPA is the most commonly used compound in this
group, and thus occursmost abundantly inwastewater. The greatest de-
crease in the removal efficiency was observed for BPF. The immobilized
laccase removed around 60% and b40% of BPF when solutions at initial
concentrations of 20 and 50 mg/L respectively were used. According
to Gasser et al. (2014) the relatively simple chemical structure of BPF
(without additional substituents) caused the creation of oligomeric
and polymeric products at high molecular weight. These polymers
might blocked active sites of the laccase, reducing the degradation abil-
ity of the enzyme. The smallest differences in removal efficiency, around
20%, were recorded for BPS. However, as previously mentioned, this
compound is known for its resistance to biodegradation. Nonetheless,
over 20% of BPS can be removed by laccase immobilized on
H. communis sponge skeletons from a solution at a concentration of
50 mg/L. The results clearly showed that the produced biocatalytic sys-
temsmight be used,with relatively high efficiencies, for the degradation
of various bisphenols even from solutions at higher concentrations. By
contrast, as reported by Dai et al. (2016), laccase encapsulated in
electrospun fibrous membrane was able to remove b60% of BPA from
a solution at a concentration of 50 mg/L. Ardao et al. (2015) reported
that by using magnetic biotitania nanoparticles with immobilized
laccase, over 85% of BPA might be removed fromwater solutions. How-
ever, the concentration of BPA in their study was ten times lower than
that analyzed here, which suggests that the biocatalytic systempresent-
ed in this study offered higher degradation ability.

3.3.4. Degradation of bisphenol in repeated cycles
An important parameter that needs to be considered for the pur-

poses of large-scale practical applications is the reusability of the
immobilized laccase. It was tested for degradation of BPA, BPF and BPS
over five catalytic cycles (Fig. 8). It has been previously reported that
Fig. 8. Reusability of the immobilized laccase for degradation of BPA, BPF and BPS over five
removal cycles.
free laccase lost almost all of its catalytic activity after one degradation
cycle. Moreover, separation of thewater-soluble enzyme from the reac-
tion mixture was extremely difficult (Zdarta and Jesionowski, 2016). As
shown in Fig. 8, removal of BPA, BPF and BPS decreased gradually during
repeated catalytic cycles. The slowest decrease in biodegradation avail-
ability was observed in the case of BSF. This was directly related to its
chemical structure and the fact that it has the lowest molecular weight
among the tested compounds. Nevertheless, even in the fifth removal
cycle, about 30% of BPA, 40% of BPF and 20% of BPS was degraded after
24 h of the process. The results clearly showed that laccase immobilized
on H. communis spongin scaffolds might be used in repeated degrada-
tion cycles of various bisphenolswith the retention of relatively high re-
moval efficiencies. This was related to the stabilization of the enzyme
structure on immobilization, which made the laccase less sensitive to
the denaturation caused by reaction conditions (Arca-Ramos et al.,
2016). Meanwhile, the decrease in removal efficiency was related to
several factors. One of the most important was the partial inactivation
of the immobilized laccase caused by its utilization in repeated cycles.
Additionally, the formation of high-molecular-weight products through
bisphenol oxidation/polymerization may partially inhibit the enzyme's
active sites, which significantly limits the transfer of substrates (Ji
et al., 2017). The decrease in the activity of the immobilized laccase
was also related to partial enzyme leakage from the matrix. After the
first biodegradation cycle, about 10% of the enzyme (10 mg of laccase
from 1 g of the matrix) was eluted, while after the fifth cycle about
35% of the immobilized laccase (40 mg of enzyme from 1 g of the ma-
trix) was leaked from the support surface. According to previously pub-
lished data, laccase covalently immobilized on carbon nanotubes and
bimodal mesoporous carbon retained around 80% and 70% respectively
of its initial activity (Liu et al., 2012; Xu et al., 2015). However, it should
be emphasized that these values were related to the transformation of
ABTS (model compound), while in this study water solutions of BPA,
BPF and BPS were used to evaluate the degradation ability of the
immobilized laccase during repeated catalytic cycles. On the other
hand, Koloti et al. (2017) used a polyethersulfonemembrane for the im-
mobilization of laccase and removal of BPA. After four repeated degra-
dation cycles this system removed about 40% of the toxic compound.
Similar results were reported in the presented study, which proves
that the obtained biocatalyst offers good reusability. By contrast, when
laccase from Trametes versicolorwas immobilized on TiO2 sol-gel coated
PVDFmembrane and applied in four degradation cycles, after the fourth
remediation run the immobilized enzyme removed about 30% of the
BPA. Although the final results are similar to those presented in this
work, it should be noted that after the second biodegradation cycle
b 40% of the BPA was removed (Hou et al., 2014b). By comparison, in
this study, over 80% of the BPA was removed after the second reuse,
which indicates the better reusability of the presented biocatalytic
system.

3.4. Identification of degradation products

Laccases are oxidative enzymes that are widely used inmany indus-
trial processes and for the removal of a number of phenolic contami-
nants (Cabana et al., 2007). These properties of laccases were
observed in the presented study, as a number of oxidative degradation
products were found in the conducted experiments. The structures of
the detected degradation products were presented in Fig. 9a. The aver-
aged mass spectra took from the chromatograms showed different in-
tensities of ions reflecting different quantities of compounds present
in the samples. For BPA the most abundant ions, at m/z = 227.1, 453.6
and 679.9, represented respectively BPA and its dimers and trimers.
Low-intensity BPA tetramers (at m/z = 906.9) were also observed
(this spectrum range is not presented in Fig. 9a). For BPF there were
two intensive ions atm/z= 199.1 and 397.5, which correspond to BPF
and its dimers. The smaller ion atm/z=595.7 representing BPF trimers
is also clearly visible in the spectrum. The proposed structures of these
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compounds are in accordance with those given in the literature for
laccase degradation of BPA (Uchida et al., 2001; Fukuda et al., 2004).
As it was reported in those papers, different substitution positions are
possible for the linked phenyl rings. Both C\\C andC\\Obonds between
the rings were reported (Galliker et al., 2010). These differently linked
structures were also found in the present experiments, and are con-
firmed by the different HPLC peaks, which elutes one by one for the di-
mers and trimers of both BPA and BPF (aswell as for BPA tetramers). For
example, the peaks of BPA trimers (at m/z = 680.9) elute at retention
Fig. 9. (a)Mass spectra of bisphenol A, bisphenol F and their degradation products. The peaks ar
structures of degradation products. (b) Example structures of bisphenol A trimers formed duri
times of tR=3.59, 3.70 and 3.86. Example structures of possible BPA tri-
mers are given in Fig. 9b.

It can be seen that there are four equal positions in the BPA structure,
and each of these positions can be linked to another ring by a C\\C or a
C\\O bond. A similar degradation scheme, including coupling of BPA
molecules, was reported for another oxidative enzyme – horseradish
peroxidase (Huang and Weber, 2005). The less abundant ions visible
in the spectra (Fig. 9a) represent oxidative products containing a single
phenol ring linked to bisphenols (at m/z = 319.5 for BPA and atm/z =
e labeledwith theirm/z values, retention times recorded on chromatograms and proposed
ng degradation with laccase.



Fig. 9 (continued).

793J. Zdarta et al. / Science of the Total Environment 615 (2018) 784–795
291 for BPF) or to their dimers (at m/z = 545.7 for BPA dimer and at
m/z = 489.6 for BPF dimer). Similar products have also been report-
ed for the degradation of BPA (Fukuda et al., 2004). Other oxidative
products (of very low abundance) include BPA-catechol (at m/z =
243.0) and BPF-catechol (atm/z=215.3). BPA-catechol has also been re-
ported in the literature, but as themain product in the photo-oxidation of
BPA (Zhou et al., 2004). Degradation products of BPS were not identified
in the present study due to its very low degradation by laccase. The estro-
genic activity of the above-mentioned biodegradation products was not
tested during this study. Nevertheless, Fukuda et al. (2004) reported
that estrogenic activity disappeared when BPA degraded and oligomeric
products appeared. Thus, the very high biodegradation of BPA and BPF,
and about 40% degradation of BPS, recorded in our study also confirmed
the occurrence of oligomeric products formed in tests with BPA and BPF.

4. Conclusions

In this study, for the first time, laccase from T. versicolor immobilized
on H. communis spongin scaffolds was used as an effective catalyst for
the biodegradation of bisphenols. Effective deposition of the enzyme
was confirmed based on SEM and FTIR results. The effect of various pro-
cess parameters, as well as the number of repeated catalytic cycles, on
the efficiency of degradation of bisphenols was investigated. Under op-
timal conditions 100% of BPA (pH 5, 30 °C) and BPF (pH 5, 40 °C), aswell
as over 40% of BPS (pH 4, 30 °C), which is commonly known to be resis-
tant to biodegradation, was removed from a solution with a concentra-
tion of 2 mg/mL. Moreover, the immobilized laccase exhibited good
reusability: after five repeated biocatalytic cycles over 40% of BPA and
BPF was removed from the water solution. The main degradation prod-
ucts for both BPA and BPF were identified. Both of these compounds, in
the presence of laccase, form mainly dimers and trimers. Our study
provided a proof-in-concept demonstration of the use of laccase
immobilized on spongin-based scaffolds as a promising biocatalytic sys-
tem for the removal of various bisphenols from water solutions under
optimized conditions.
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