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The enzymatic processes are increasingly highlights, especially in the synthesis of chemical products with high added value. The

enzyme immobilization can improve industrial biocatalytic processes. The immobilization of enzymes provides the production of

efficient, stable biocatalysts, possibility of reuse and easy purification of the products, when compared to the free enzymes. There is

a growing research for more efficient methods of enzyme immobilization. In this context, the choice of support and immobilization

strategy can significantly improve the final enzymatic properties. In this review paper, we aimed to discuss the versatility of
biocatalysts immobilized enzymes design, focusing on the opportunities and disadvantages for each method presented. They discussed

the recent development of enzyme immobilization methods and applications relating the final properties of the produced biocatalysts

with the desired goals.

Keywords: immobilization of enzymes; enzymatic properties; biocatalysts; free enzymes; methods of enzyme immobilization.

ENZYME IMMOBILIZATION

Enzymes have been remarkably accepted as biocatalysts
in diverse sectors owing to green chemistry and their substrate
specificity."® The enzymes are used industrially, among others, in
food products, cellulose and paper, animal feed, textile cosmetics,
detergents and the pharmaceutical industry.”' To increase the use
of enzymes as industrial biocatalysts, it is necessary to obtain stable
preparations of the enzymes with an improved operational stability,"”
their application renders into lower demand for raw materials,
chemicals and energy, heir specificity and high selectivity, and they
drive into cleaner industrial processes.'® However, immobilization is
one of the important ways for enzymes to become stable.!*

Many methods of immobilization are described and used in
the literature to circumvent the possible instability problems of the
enzymes as well as to optimize the various applications. In recent
years, the empirical use of these immobilization techniques (for
example, covalent bonding,** physical adsorption,? ionic adsorption,*
crosslinking,”” encapsulation,”® etc) and their influences on the
specificity, activity and stability of the enzymatic molecules, as
well as the usability of the biocatalysts for application-related®-*!
reactions.?*33

These immobilized enzymes, bound to the solid supports, can
simply be removed from the reaction mixture. Thus, by minimizing
the contamination of the final product containing the enzyme, it
will be possible to reuse the recovered enzyme.* This reuse of the
immobilized enzymes will help reduce the cost of the industrial
process, and the immobilization can also improve the enzyme’s
stability against extreme temperatures and pH values.’’* However,
there is a persistent need to synthesize new enzyme vehicles that
are effective due to meaning of the immobilization process, readily
available at a reasonable and non-toxic cost.*’

Enzymes can be immobilized by different methods, such as
those shown in Figure 1: (A) covalent attachment; (B) multipoint
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covalent attachment; (C) multipoint covalent attachment of an
enzyme to a functionalized support; (D) immobilization of enzymes
by cross-linking; (E) matrix entrapment; (F) encapsulation; (G)
immobilization by adsorption; (H) magnetic nanoparticles hybrids
formation; (I) enzyme immobilization via formation mechanism of
hybrid nanoflowers. These methods were chosen for the development
of this review work. It can be said that there is not only single
immobilization method or support applicable to all enzymes and their
various applications due to the different properties of the substrates,
the diverse applications of the products obtained and the different
physicochemical characteristics of each enzyme.*

IMMOBILIZATION OF ENZYMES VIA COVALENT
ATTACHMENT METHOD

The immobilization of enzymes via covalent attachment provides
a strong chemical interaction between the carrier material and the
enzyme.** The most commonly used covalent immobilization
techniques are based on the Schiff or carbodiimide chemists which
require initial support regularization with aldehyde and carboxyl or
amine groups, respectively.*

In this point, the Table 1 shows the data on the immobilization
of enzymes by the covalent method drawn from the literature are
presented as a summary. Generally, glutaraldehyde and glyoxyl are
two of the reagents most used in the activation of supports and/or as
a spacer arm, due to the simplicity of the methods of activation and
obtaining active and stable enzymatic preparations. Thus, examples
are shown in the examples of Table 1, where some types of enzyme
(p-galactosidase widely used in the literature) (such as glutaraldehyde
and glyoxyl) which facilitates the covalent attachment of the enzyme
to the support, thereby obtaining a favorable immobilization result,
as shown in the above Table 1.

In this context, studies with calcium pectinate (CP) gel beads,
for example, they have been treated with glutaraldehyde (GA) and
polyethyleneimine (PEI), greatly benefiting the mechanical strength
of the material with this treatment.>' Furthermore, it enabled the CP
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Figure 1. (A) Covalent Attachment; (B) Multipoint Covalent Attachment;

(C) Multipoint covalent attachment of an enzyme to a functionalized support;

(D) Immobilization of enzymes by cross-linking; (E) Matrix entrapment; (F) Encapsulation; (G) Immobilization by adsorption; (H) Magnetic nanoparticles

hybrids; (I) Proposed formation mechanism of hybrid nanoflowers

beads to covalently immobilize enzymes, such as f-d-galactosidase
(f-gal).”! Was applied the central composite design (CCD) in order
to improve the treatment of PEI / GA, while applying the observed
activity of immobilized f-gal in response. For the treatment of the
CP beads with a 3.49 % PEI solution of pH 10.55 followed by a
5.66% GA solution in 0.1 mol L! phosphate buffer pH 7.02 the CCD
predicted that would allow for the immobilization of 6.25 U g gel of
the f-gal. This experiment was performed under optimum conditions
obtaining a result of 6.285 + 0.22 U g of immobilized gel.>' The
reusability study revealed that 79.34% of initial activity the f-gal
immobilized onto the treated CP beads was retained after being used
for fourteen times.*!

According to Sulaiman er al.,”* a great potential to be used in
enzymatic immobilization is the cellulose nanofiber (CNF) of the

Table 1. Immobilization of enzymes by the covalent method

Kenena fiber. The preparation of CNF, cyclodextrin glucanotranferase
(CGTase) immobilization in CNF is described by the chemical
coupling and its application through the ultrafiltration membrane.
More than 62% of the binding yield and more than 45% of the
residual activity were obtained through the efficiency of the
immobilized CGTase.” This study shows the great capacity of CGTase
immobilization in CNF via covalent bonding, with the reuse profile
of the immobilized CGTase that contaminated the membrane surface
and was able to retain up to 50-60% of CGTase activity in the 10°
cycle. Several factors contributed to the covalent immobilization of the
enzyme in the CNF support, such as enzymatic production, recycling
cycles, productivity, thermal stability and the significant increase in
enzyme loading and its residual activity.>

Cieh et al.,** evaluated the immobilized CGTase properties,

Enzyme Support Conditions Applications Results Obtained Reference
f-D-galactosidase Chitosan (Chi) and  0,6% de Chi de pH 3,41  Activation of calcium 6.77 £0.47 U g' gel of 17
(p-gal) glutaraldehyde (GA) and GA de 4,74% pectinate beads. immobilized f-gal was attained.
Immobilized Using 300 g L-'of sucrose and
[-galactosidase may be 300 g L' of lactose, and 8.5 mg
. Macrospheres of o considered a potential of chitosan mL™!, 30 cycles of
f-galactosidase chitosan 30°CepH70 candidate for future reuse were performed and the 4
industrial production of  biocatalyst kept the maximal
lactosucrose. lactosucrose synthesis.
Reusability of
nanobiocatalyst could be .
Molybdenum sulfide magnificently used for the Ap.proxm}a.tely. 92%
f-amylase - . . immobilization 32
nanosheets (MoS2-NSs) production of maltose in .
. efficiency.
food and pharmaceutical
industries.
. . Immobilization of Remarkable yield to high-GOS
f-galactosidase from - Glyoxyl-modified 50°C Pectinex Ultra SP-L,a  of 20.2% vs. 11.2% for the 17

Aspergillus aculeatus silica supports

commercial preparation. enzyme in free conditions.




770

such as thermal stability, storage stability, and reuse. The effect of
different coupling agents (spacer arms and ligands) on immobilization
of cyclodextrin glucanotransferase (CGTase) on bleached kenaf
microfiber as support matrix was investigated. According to
the results, CGTases immobilized on microfibers resulted in
0.162-0.24 U mg™! fiber when during immobilization 55.6 U mL"!
CGTase activity was initially added.*” The highest storage stability
(60 °C) was shown by CGTase which was immobilized with
ethylenediamine and ophthalaldehyde, where after 15 days its activity
remained at 60%. CGTase immobilized using glutaraldehyde and
ethylenediamine showed the best retention of the enzymatic activity
after 12 batch reaction cycles up to 72.72%.* These results show
that the kenaf microfiber has the potential to be applied as support
to the enzymatic immobilization and its enzymatic properties were
affected by the coupling agents.*

Multipoint covalent attachment

The multivalent covalent attachment of enzymes to activated
substrates is considered a very important tool for stabilizing

Table 2. Immobilization of enzymes by multipoint covalent method

Reis et al.
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proteins.>**° The number of chemical bonds between support and
enzyme is what defines the stabilization factor of the immobilized
enzyme.**** The formation of multiple chemical covalent bonds is one
that maintains the relative positions of all chemical groups involved
in the immobilization unaltered during the conformational change
induced by any distorted agent (organic solvents, heat, and extreme
pH values).*3* Tt is generally used for immobilization of enzymes
in aldehyde functionalized supports.®*3* An example is shown in
Figure 1 (C) of a multi-point covalent bond, where the enzyme is
attached to a functionalized support, and the Table 2 presents data
from the literature on enzymatic immobilization using the covalent
multipoint method.>%*

Table 2 indicates favorable results in the use of some types of
lipase, as well as in the use of agarose as support that were submitted
to multipoint covalent immobilization. In general, the presented
results do not show distortions in relation to the optimal conditions
of temperature and pH, presenting excellent properties for future
industrial application.

It is reported, for example, a work in which the multivalent
covalent attachment of Rhizopus oryzae lipase (ROL) on silica and

Enzyme Support Conditions Applications Results Obtained Reference
Activity reduce by 40%
DVS-agarose support seems w0 25}y i should be
to be a very promising . . .
support to authorize ver considered that anteriorly it
Trypsin Agarose pH 5,7 and 10 upP Y had increased by a 24 fold 50
intense enzyme-support o
L. factor), but the stability
multipoint covalent L .
significantly improved after
attachment. .. .
this incubation.
Polygalacturonase from ‘Maxunal enzyme S
.. L activity at 5 h of reaction Application in juice . .
Streptomyces halstedii Derivatized-agarose . 0 . . Maximal enzyme activity 40
using 0.05 g mL"! of clarification.
ATCC 10897 . - .
immobilized biocatalyst.
This method meets
the requirements of
PPM de Escherichia coli Immobilized on PPM manteve ‘86% desua  high s.tabl.llty and short Cov'alent immobilization of
ATCC 4157 several SUPPOILs atividade inicial a pH 10 reactiontimes needed this enzyme on glyoxyl- 52
PP apos 18 h de incubagio for low-cost production agarose with a high yield.
in a future preparative
application.
Epoxy-functionalized The results showed higher
Rhizopus oryzae lipase silica and silica Study selective hydrolysis thermal and co-solvent
zopus oryzae 1ip . pH 10 Y 1yaroty stability for immobilized 4
(ROL) nanoparticles of fish oil. derivatives of aminated
(MCM-41 and SBA-15). ROL.
. Th.e m ulppomt The multipoint
immobilization process . e
. . immobilization increased
increased the hydrolysis of the enzvme stability in
Lipase from Hypocrea Octyl-Sepharose and oils up to 15-fold compared - enzy Y
L - . relation to the free enzyme 53
pseudokoningii Glyoxyl-Agarose with the control, what .
o in the presence of ethanol,
makes these derivatives
. . . cyclohexane and methanol
attractive for industrial
L for up to 72 h.
application.
Bisepoxide - activated Biocatalyst proved its
Chromobacterium aminoalkyl resins are easy-  operational stability as this
. lac(;m(i; ((;VT Aygc) Aminoalkyl resins - to-fine-tune for a particular  biocatalyst retained 98% of 54
vio weoe enzyme like the Cv TA its initial activity over 19
W60C mutant in this case. consecutive cycles.
The multipoint covalent
The results are very immobilization provided a
Sucrose synthases promising. Some very significant stabilization
Y Glyoxyl agarose pH 8,5 and pH 10 improvements are necessary factor under reaction 61

(SuSys)

in order to design an
industrial biocatalyst.

conditions (almost 1000-
fold more stable than
soluble enzyme).
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silica nanoparticles is functionalized with chemical epoxy groups
(MCM-41 and SBA-15). Immobilization in these multi-point carriers
of enzymes is generally accomplished by the reaction between several
epoxy groups of the support and various Lys residues on the outer
surface of the enzymatic molecules at pH 10.* According to results,
there was a higher thermal stability and co-solvent for immobilized
derivatives of amino ROL compared to the results obtained for the
non-amino ROL derivatives and free ROL. Thus, the influence of
the immobilization procedure on the selectivity of the immobilized
preparations in selective hydrolysis of fish oil under three different
conditions was studied. The selectivity and reuse of ROL were greatly
improved after immobilization.>*

Another example illustrating immobilization via multipoint
covalent attachment is the work by Rivero et al.,*! where Escherichia
coli ATP 4157 PPM phosphopentomutase was overexpressed,
purified, stabilized at alkaline pH and immobilized on through
various supports. Reactions catalysed by this enzyme are useful for
the production of nucleoside analogs. However, PPM is unstable
when it is outside its natural environment and its stability is
affected by parameters such as temperature and pH.®' Therefore, to
irreversibly immobilize this enzyme, it needs to be stabilized. The
PPM maintained 86% of its initial activity at pH 10 after 18 h of
incubation, which allowed the additional covalent immobilization of
this enzyme in high yield glyoxyl agarose. This is the first time that
through multivalent covalent binding PPM has been immobilized on
the glyoxyl carrier, a derivative capable of biosynthesizing ribavirin
from a-d-ribose-5-phosphate.*!

ENZYMATIC IMMOBILIZATION BY THE AFFINITY
METHOD

The affinity immobilization aims to explore the specificity of the
enzyme in its support through different physiological conditions.®
This occurs in two ways: either the enzyme is conjugated to an
entity which develops affinity towards the matrix or the matrix is
pre-coupled to an affinity ligand for the target enzyme.®> The affinity
adsorbents were also used for simultaneous purification of enzymes.*
Supporters of complex affinities, such as agarose bound multilayer
concanavalin A and porous silica granules coated with chitosan
and alcohols, have been shown to have higher amounts of enzymes
that lead to greater stability and efficiency.®*** An improvisation of
this technique is the bioaffinity layer that exponentially increases
the ability to bind to the enzyme and reuse due to the presence of
non-covalent forces such as coulombi hydrogen bonding, Van der
Waals forces, etc.*% An example of immobilization by the affinity
method is the engineering platform prepared to produce low weight
heparin controllable molecule (LMWH) using the chitin affinity
interaction between heparinase I three-phase (Hep I) and chitin.
Such affinity absorption is achieved by genetically engineered the
protein to carry a binding domain that binds specifically to cognitive
affinity carriers. The improved soluble protein called ChBD-SUMO-
Hep I (CSH-I) was fermented in a 3 L batch with high bioactivity
of 2.5 x 10° IU L'.%7 The chitin binding domain (ChBD) can be
specifically bind to it in a non-covalent manner, which leads to a
single step immobilization and purification of the enzyme.®’

However, obtaining protease molecules from natural sources
requires simple purification protocols, economically and efficiently.
The main focus is to acquire affinity matrices through the covalent
immobilization of dipeptidyl peptidase IV (DPP-1V) and papain on
cellulose membranes, previously activated with formalin (FCM) or
glyoxyl (GCM) groups.®® The highest activation rate of GCM was
shown with 10.2 umol aldehyde cm™. According to data analyzed at
the optimum pH of 9.0, protein immobilization can occur through
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agglomerates of few reactive groups. The highest immobilized
DPP-IV CGM protein load was 2.1 pg cm?), 91% immobilization
percentage and possible covalent multipoint binding probability.*
The results showed the ability of the matrices synthesized for affinity
purification of protease inhibitors.®

CROSS-LINKED ENZYME AGGREGATES (CLEA)

Cross-linked enzyme aggregates (CLEA) is a method of free
standing immobilization, which allows recyclable and stable
biocatalysts with high retention of activity, it can be applied to the
immobilization of almost any enzyme and have many economic and
environmental benefits in the context of industrial biocatalysis.®*”
They are produced by cross-linking enzymatic aggregates resulting
from mixing an aqueous solution of proteins with organic solvents,
polymers or anionic salts, followed by cross-linking with a chemical
bifunctional reagent, as shown in Figure 1 (D).”*7°

The crosslinking agent is a chemical molecule having at least
two reactive ends, which bind to specific groups of amino acids on
the surface of the enzyme, providing the physical aggregation of
enzyme molecules into supermolecular structures, in some cases
without disturbance of the original three-dimensional structure of
the protein.”™7” The crosslinking reagents can be classified in relation
to the reactive groups present at their ends (homobifunctional and
heterobifunctional), specificity of their reactive groups, the length of
the spacer arm, solubility and also the reactivity.”

Glutaraldehyde has been used for decades as a protein crosslinking
chemical agent, and also a bifunctional agent commonly used for
cross-link enzyme aggregates, due to its low value and available
commercially. However, there are several others crosslinking agent, such
as (3-aminopropyl) triethoxysilane, (3-aminopropyl) trimethoxysilane,
(3-Chloropropyl) trimethoxysilane, 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide methiodide, epichlorohydrin, glyoxal, formaldehyde,
ethylenediamine, glycidol e carbonyldiimidazole.””® In some cases
glutaraldehyde is able to modify some amine groups, resulting in a
significant loss of biological activity, leading to the need of a key
variable, the crosslinking agent, making it necessary to optimize the
crosslinking concentration, crosslinking time, mass ratio (crosslinking
agent: enzymatic protein).”"

The CLEA technique is attractive due to its simplicity and
robustness, is based essentially on the purification and immobilization
in a single step.'”7> They present nuances that characterize them as
a superior immobilization method, presenting highly concentrated
enzyme activity in the catalyst, considerable space time yield,
high operational stability, storage and are easily prepared from raw
enzyme extracts and there is the possibility of co-immobilize different
enzymes, besides, they present decrease of the costs of production
for not needing a solid support.!”7!.7381.82

The development of CLEA emerged from the inherent
disadvantage of commercialization into industrial biocatalysts of
cross-linked enzyme crystals CLECs, which is often a laborious
procedure requiring enzyme of high purity.®* Actually, there are any
numerous companies that market CLEAs.

Bifunctional agents provide strong bonding between the carrier
and the clusters present in the enzyme (hydroxyl, mercapto or amine),
leading to greater conformational flexibility, where the amine content
of the enzyme is relatively low, crosslinking may be inefficient,
leading to need to use additives to implement the lack of amine
groups.®# Alternatively, there is the use of bovine serum albumin
(BSA) which has a large number of amine groupings, its use may
increase the activity and stability of the CLEA %%

When studying the CLEA-protease obtained from catfish viscera
Mahmod et al.,¥” analyzed its activity, stability and recyclability, in
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which it obtained a specific activity of 4.512 U mg"! protein, the
highest activity was reached at pH 6.8 and temperature of 45 °C. The
CLEA-protease retained 28% of its original activity after six cycles.

In the study by Rehman et al.,”® a Pencillium Notatum Lipase
(PNL) was immobilized by cross-linked using glutaraldehyde
(GLA) and ethylene glycol-bis [succinic acid N-hydroxysuccinimide
(EG-NHS) as crosslinking agents. The aggregates of EG-NHS
presented higher hydrolytic activity (52.08 +2.52%) and esterification
(64.42%) in comparison with GLA aggregates that obtained only
23.8 + 1.86% and 34.54% of hydrolytic activity and esterification,
respectively. The GLA and EG-NHS CLEAs reticulated lipase
retained, respectively, 63.62% and 70.9% of their original activities
after 10 cycles of reuse in aqueous medium.”

Studies of Zhou et al.,}' used for the first time CLEAs of nitrile
hydratase (NHase) ES-NHT-118 of Escherichia coli prepared with
ammonium sulfate as the precipitating agent, with later cross-linking
with dextran polyaldehyde. Where got around 50% of activity
recovery with dextran polyaldehyde as cross-linker, while with
glutaraldehyde was obtained only 13.79% of recovered activity.®!

Hybrid magnetic CLEAs differ from traditional magnetic CLEAs
by the fact that in the preparation of the latter, the enzymes are
generally immobilized on nano particles through covalent bonds,
already hybrid magnetic CLEAs the enzymatic aggregates formed
cross-links between each other and were introduced into nanoparticle
aggregates of no covalent bonds.*”8

Applying the magnetic CLEAs technique, Peirce et al.,%
developed biocatalysts based on carbonic anhydrase (CA), bovine
carbonic anhydrase (bCA) e magnetic nanoparticles (NPs). The
maximum immobilization yield obtained by Peirce et al., was 84%
and the maximum activity (1268 WAU mg"' CLEA) was measured
for CLEAS prepared with 100 mmol L' glutaraldehyde in 4 °C, after
16 h of cross-linking and 0.5 gNPs gbCA.¥

By the addition of nanoparticles of Fe;O, and subsequent
crosslinking with glutaraldehyde, Cui er al.,*® obtained positive
results in the activity of CLEAs hybrids of phenylalanine ammonia
lyase (HM-PAL-CLEAs), presenting Vmax of HM-PAL-CLEAs 1.75
higher than in CLEAs, however, there was no significant variation of
the Km of the enzymes in CLEAs and HM-PAL-CLEAs.

When comparing CLEAs without NPs (nano particles of nano-
TiO,, nano-MgO, nano-Ni, nano-Cu e nano-Fe;O,) and with NPs,
Wang et al.,” observed that the value of km of NTiO,-CLEAs decreased
by 24.9% and the value of Vmax increased by 57.6%, indicating that the
affinity and activity towards the substrate of CLEAs were increased by
the addition of nano-TiO,.” In contrast, the other four NPs decreased the
activity of CLEAs due to less amorphous cavities and larger or smaller
particle sizes when compared to CLEAs without NP

Briefly, some papers in the literature that use CLEAs as a
method of immobilization are shown in Table 3. Where the utilized
enzymes, the crosslinking agent, the optimum pH and temperature
are analyzed, and the results of the yield/activity recovery/relative
activity. Thus, CLEAs technique is a carrier-free immobilization
method and can be applicable to the immobilization of many
enzymes.

Combi-CLEAs

CLEAs combined are a new perspective for the immobilization
of a mixture of enzymes, elucidating cases of cascade reactions or
reactions in which the catalyst must attack several substrates by
different enzymes.” Immobilization on pre-existing substrates may
be a problem when using a mixture of enzymes because the protein
with the largest size will determine the pore diameter of the support,
thereby controlling the final specific area.”

Quim. Nova

As can be observed in the study by Chen ez al.,” in which neutrase
(EC 3.4.24.4) and papain (EC 3.4.22.2) were immobilized together
by cross-linked enzyme aggregates (N-P-CLEAs) and their properties
characterized. The best ratio crosslinking enzyme:glutaraldehyde
was 1:5 (v v'!) and the optimized crosslinking time was 4 h.” The
relative activity of papain and free neutrase was 94.58% and 33.42%,
respectively, while the activity with ammonium sulphate was obtained
83.81% and 20.39%, respectively, for papain and neutrase.”* Neutrase
and papain immobilized by cross-linking showed better thermal
stability (with cross-linking presenting 70.55% relative activity, while
with free enzyme only 3.78% relative activity), pH stability (when
compared with free enzymes NP-CLEAs showed higher relative
activity over a wide range of pH, except for pH of 2 and 4), and
showed high retention of activity in apolar and hydrophilic solvents
without loss of activity for more than six months (4 °C ).

Assuming that cascade reactions involving unstable intermediates
are often found in biological systems, Nguyen and Yang® have
developed combi-CLEAs to catalyze a cascade reaction involving
hydrogen peroxide as an unstable intermediate. A co-axial flow reactor
for the production of combi-CLEA with two enzymes, glucose oxidase
(GOx) and horseradish peroxidase (HRP).”* Based on the fact that the
first GOx enzyme catalyzes the oxidation of glucose and produces
hydrogen peroxide, which is used by the second HRP enzyme to oxidize
2-2-azino-bis (3-ethylbenzothiazoline 6-sulphonicacid) (ABTS).* The
apparent reaction rate of the cascade is 10.5 = 0.5 pmol L' min’, at
the enzyme ratio of 150:1 (GOx: HRP), it being verified that even in
the presence of catalase, an enzyme that rapidly decomposes hydrogen
peroxide only decreases by 18.7% to 8.3 + 0.3 umol L' min' the
reaction rate.”* Nguyen and Yang, showed that intermediate hydrogen
peroxide is not decomposed by catalase due to a short diffusion distance
between GOx and HRP in the combi-CLEA. *

ENTRAPMENT OR ENCAPSULATION OF ENZYMES

Enzyme entrapment or encapsulation of enzymes is based on
the entrapment of the enzyme in a polymer network (gel network),
which may be organic polymers, silica sol-gel (the sol-gel method is
given by the formation of an inorganic polymer network by gelling
reactions at low temperatures) or a membrane device (a hollow fiber
or amicrocapsule).”%® As shown in the Figures 1 (E) and Figure 1 (F).

The entrapment disadvantages such as leakage and high
resistance to mass transfer to the substrate, on this, Adhikari et al.,”
proposed the entrapment using a special cationic polymer, the
poly (2-(dimethylamino) ethyl methacrylate) (MADQUAT)
on a single-wall carbon nanotube and reduced graphene oxide
(SWCNT-r GO) nanohybrid thin film.” The nanocomposites/
hybrids can present improvements in properties by combining the
advantages of their constituent components.*'°! Adhikari ez al.,” used
alcoholdehydrogenase (ADH) in the entraptment for the design of an
electrochemical biosensor for the detection of ethanol, were tested
in real samples of wine, beer and alcohol in the blood, presenting as
promising in the analytical and biomedical applications.

In the literature, there are numerous applications of enzyme
immobilization by encapsulation/entrapment. The Table 4 brings
a summarizes of the encapsulation/entrapment enzymes and this
industrial applications, for example, promising biocatalyst for
industries, Biodiesel production, among others. More detailed
information can be found in the following table.

Hydrogels and enzymatic applications

Hydrogels are based on cross-linked hydrophilic polymers, among
their main characteristics is the increase of volume when coming in
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Table 3. Enzymes immobilized by cross-linked enzyme aggregates
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Optimum
Enzyme Crosslinking agent Result temperature pH Reference
(O
Burkholderia cepacia Glutaraldehyde 92,3 38 . 54
lipase
Crude glucoamylase Dialdehydic pectin / 95.4/ 85.3% 60/65 6/7 50
glutaraldehyde
Nitrile hydratase (NHase)
ES-NHT-118 from Dextran Polyaldehyde 500 39,37% 4 - 69
. . kDa (D-500 kD)
Escherichia coli
Lipase from Rhizomucor . .
michei (RML) Polyethylenimine (PEI) 95.2 % 45 3 79
SdsAP, an efficient SDS
degradation alkylsulfatase PEG4000 80% ° 80 7 80
from Pseudomonas sp. S9
p-galactosidases Chitosan aCFlYated with 67 % Room ) 9]
genipin temperature
. Glutaraldehyde with addition ++:4% absence of de nano-TiO2 and
R. arrhizus lipase P TiO2 most increment was 15.2% relative 4 - 82
ot hano-t to CLEAs without NPs.®
Aggregates with
Proteinases (CEPs) of glutaraldehyde prepared in Activity recovery de CEPs in the
Lactobacillusdelbrueckii  the presence of bovine serum presence of BSA (40.9%) and 50 7 83
subsp. lactis 313 albumin (BSA) and absence absence of BSA (21.5%)."
of BSA
Alkaline protease lu(t;z:rilslid_elilnl((leeda‘:llgsthe
was produced by B. g yae 39,76%." 65 10 84
. . . additive was bovine serum
licheniformis. .
albumin.
Cross-linking of OVA After OVA was cross- linked
Polyphenol oxidase From catalyzed by polyphenol under the optimal conditions,its
Agaricus bisporus to cross- oxidase was limited, and conformational structure was 50 7 85
link OVA (CL-OVA) caffeic acid had an important changed, particularly the tertiary
role in OVA cross-linking. structure.
The cross-linking with BSA and
. . PEI conferred good thermal stability
Candida rugosa lipase Bovine serum albumin to the enzyme. At 40 °C, the free-
(CRL) (Eiﬁ);fé’lyﬁﬁﬂ?giﬁméﬂe CRL and CRL-CLEA retained 40 ’ 86
€ vee. 43.1% and 74.35% of its initial
activity, respectively.
The degradation of alginate
An enzyme aggregate using  hydrogel with spheres incorporated
Alginate lyase (EC 4.2.2.3) ammonium sulfate and b}f CLEA-AL is slower than th?
L the resultant aggregates native enzyme and can be used for 40 6.3 87
from Flavobactierium b . .
upon cross-linking with controlled degradation and release
glutaraldehyde of various biologics from the
degrading gel.
The storage stability study
Xylanase from B It has been immobilized suggested that the immobilized
y ' within glutaraldehyde enzyme retains 80% of its original 60 9 88

licheniformis Alk-1

activated calcium alginate

activity at 4 °C after 30 days (when
compared to free enzyme 5%).

a. Yield. b. Activity recovery. c. Relative activity.

contact with water or biological fluids.!®"!'! The microenvironment
of free enzyme catalysis can be imitated by the hydrated hydrogel
matrix, benefiting the mobility and flexibility of the immobilized
enzymes, causing a high catalytic enzymatic activity.!"' Hydrogels
gain space in biologically important areas such as drug delivery
and release,''>!!* release of DNA,!">!!¢ entrapment and release of
enzymes'!!8 and biosensor.!"’

However, enzymes immobilized in hydrogels tend to pour out
of the gel, because the enzyme is basically encapsulated in the small

pores of the gel, against this, functional hydrogels utilize functional
building blocks, such as proteins.?102120

The encapsulation efficiency and controlled release of the
enzymes from the gel matrix can be optimized by the addition of
chitosan, modified polymers or proteins.!*!% Alginate is one of the
most compatible polymers for immobilization and microencapsulation
due to advantages such as: hydrophilic nature, presence of carboxylic
acid groups, natural, mechanical stability and stability under extreme
operating conditions.!%1%
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Table 4. Applications of encapsulation/entraptment enzymes
Enzyme Imobilization Application Reference
Protease from Aspergillus niger . . Industrial applications, such as bio-
KIBGE-IB36 Polyacrylamide microspheres hydrolysis of nylon fibers in textile industry. 102
Pullulanase from Kleb.vzella Covalently bound or sol-gel entrapped Production of resistant starch. 103
pneumonia
Lactobacillus casei ATCC 393 Encapulation enzyme with Pissa Paphos To production of functional myzithra cheese 104
Glucose oxidase from Aspergillus Encapulation enzyme with polymeric Can be applied to generation of nanocarriers 105
niger nanocapsules for therapeutic protein applications.
Lipase (from Aspergillus niger Encapsulated within zeolite imidazolate Promising biocatalyst for industries. 103
source framework-8 (ZIF-8)
Lipase (from Candida rugose) and microporous zeolite imidazolate Biodiesel production. 106

framework (ZIF-67)

Encapsulated in organically

modified silica gels composed of
tetraethylorthosilicate, silica nanoparticles, 107
and either phenyltriethoxysilane or

E. coli expressing AtzA

methyltriethoxysilane.

Withdrawal of toxic chemicals from the
environment.

[-galactosidase from Aspergillus
oryzae

Encapsulated in Ca(Il)-alginate beads

Lactic products 108

Avnir et al.,'" used sol-gel matrices for enzymatic immobilization
through the encapsulation formed by hydrolytic polymerization of
metal alkoxides or tetracthoxysilane. The wide use of this type of
matrix is due to the fact that it is a procedure performed at room
temperature (biomolecules can withstand) and that the operating
conditions are soft so that there is no denaturation of the encapsulated
biomolecules.?>1%

According to Zhang et al.,'” the use of encapsulated enzymes
increased juice clarification activity and removal of polyphenol
compounds. Zhang et al., studied the encapsulation of enzymes
(B-galactosidase) in hydrogel beads of carrageenan as a way to
optimize its use and activity in food. The activity of the free enzyme
was only 63 pmol min’', while for the encapsulated enzyme it was
266 pmol min! at pH 7.1%!

Encapsulation of enzymes with chitosan

Chitosan appears as an applicable support for the encapsulation
of enzymes due to its unique characteristics, such as: non-toxic,
biocompatible, physiological inertia, cheap and biodegradable.’>!2127
In view thereof, Bilal et al.,'”® studied the immobilization by
encapsulation of horseradish peroxidase (HRP) in chitosan pearls
aiming at the degradation of textile dyes, the granules of chitosan
(2.5% of chitosan) presented maximum immobilization yield of
approximately 92.54%, the relative free and encapsulated HRP
activities were decreased after preincubation above 30 °C and 50 °C,
respectively, after 120 min at 70 °C, encapsulated HRP retained 48.3%
of activity, while free HRP retained 19.35% of activity.

Long et al.,'* also used chitosan, in which the sol-gel
encapsulation of pullulanase was carried out in the presence of
chitosan/Fe,O, magnetic nanoparticles, the enzyme immobilized by
sol-gel encapsulation retained 52% of its initial activity (after 5 h at
62 °C), while the free enzyme retained only 11% activity. They chose
this type of process for the immobilization of pullulanase because
the mechanical entrapment of the enzymes using sol-gel materials
allows the stabilization of the tertiary structure of the protein and the
high retention of activity.'”*!3? Due to this, in recent years the interest
in using bioencapsulation, in which the possibility of immobilizing
bioactive molecules within silica gels appears as an alternative route
for the development of biosensors and/or bioreactors.'?

Smart support

Special attention can be given to intelligent polymers in which
special resources are added to the colloidal compounds, making them
sensitive to the stimuli employed, changing their properties, such as
temperature, ionic strength, solvent polarity, electric/magnetic field,
light or biomolecules. 3134

Using smart polymers responding to stimuli are delivery
vehicles that are being considered as promising for controlled
encapsulation and release of drugs.'*>!1% In the study, gadolinium
oxide and europium-encapsulated temperature/pH-responsive
polymeric particles (PLTPPs) were synthesized by emulsifier-free
emulsion polymerization presented excellent biocompatibility with
C6 cellulases and anticancer drug loading capacity (doxorubicin,
DOX)."¥7

Encapsulation by alginate

The most applied and studied polymer for cell encapsulation
is alginate, which is an unbranched heteropolysaccharide of 1-4
glycosidically linked S-d-mannuronic (M) and a-l-guluronic (G)
acids in different sequences and compositions. '3

In the work of Takenaka et al.,'”*® the Pyruvate Ferredoxin
Oxidoreductase was purified from Citrobacter sp. S-77 (PFORS77)
with the aim of developing a method for producing acetyl-CoA.
Takenaka et al., were able to immobilize PFORS77 in ceramic
hydroxyapatite (PFORS77-HA) obtaining an immobilization
efficiency superior to 96%. After the encapsulation of PFORS77-HA
in the alginate, the catalytic production rate of acetyl-CoA was highly
reduced to 36% when compared to the free enzyme, however, it
maintained more than 68% of the initial activity (even after 10 cycles),
thus exhibiting a high operational stability of PFORS77-HA in
alginate hydrogels.'®

In order to optimize the reaction of biodiesel production,
Ferreira et al.,'* immobilized the lipase from Pseudomonas
fluorescens in mixtures of silk fibroin with calcium alginate beads
(FA-LPf) which was applied to the transesterification of soybean
oil with ethanol to obtain ethyl biodiesel (fatty acid ethyl esters,
FAEE), where the maximum yield of FAEE (63%) was achieved after
96 h at 32 °C and 400 rpm in 30% (v v'') n-hexane, which utilized
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20% (w w') immobilized lipase, thereby showing the efficacy of an
enzyme immobilized on a carrier biodegradable LPFf.

ADSORPTION

Enzymatic adsorption is the simplest method of immobilization.
This technique refers to the interaction between the support and the
enzyme from ionic interactions or hydrophobic interactions. ** The
type of interaction that will be formed will depend on the surface
chemistry of the carrier and the type of amino acid present on the
surface of the enzyme. The disadvantage of this technique is the weak
interactions (ionic and hydrophobic interactions, hydrogen bonds and
van der Waals forces) between the enzyme and the carrier, making the
compound produced unstable compared to the compounds produced
by other techniques.'*! Figure 1 (G) shows the scheme of the general
adsorption and desorption process.

Many studies have used adsorption as a method of enzyme
immobilization and some studies are reported in Table 5. It can be
noticed that the adsorption is very used for the enzyme stabilization
achieving quite significant results. This result can be seen through
the high number of recycles that were performed without having a
loss of catalytic activity of the enzyme. In addition, the Table 5 shows
that the reactions mentioned occur at neutral pH or close to neutral.

Table 5. Enzyme immobilized by adsorption
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For Lépez-Gallego et al.,'> the supports are very diverse
and help to improve the reactional yields of the immobilized
enzyme. A carrier must possess some essential properties for
the immobilization of enzymes, such as physical resistance to
compression, hydrophilicity, biocompatibility, resistance to
microbial attacks and low cost. Some papers are presented using
some support, inorganic and organic.*>!315

Silica

Zhou et al.,’*® performed immobilization studies of CALB
lipase on silica by adsorption in order to improve the soluble
expression of CALB in E. coli. The optimal condition was achieved
with N-terminal 6-histidine-labeled CALB lipase and C-terminal
10-lysine (6 His-CALB-10Lys), which showed high solubility
(0.1 mg mL") and specific activity (10.1 U mg™'). This system,
CALB and silica, has high affinity in immobilization processes,
resulting in high values of immobilized material.’” The kinetics of
Michaelis-Menten indicate that the affinity, with respect to the type of
conformation of the enzyme-substrate complex,'**!>* enabling better
enantioselectivity of immobilized 6 His-CALB-10Lys enzymes in
relation to other enzymes commercial in the resolution of (S)-N-(2-
ethyl-6-methylphenyl) alanine ((S)-NEMPA). !5

Enzyme Support Conditions pH Application Results obtained References
Modified .
Penicillin acylase macroporous Temperature of 35 ° C, time Enzymatic There was maintenance of the
) porous P ’ 6.0 ymat catalytic activity (2500 U g) of 142
(PA) adsorption resin of 10 h stabilization PA after 50 cveles
(MAR) y
10 g of glyoxyl agarose in 100
ml of ficin extract solution (1 Enzymatic
P - mg ml"') prepared in 50 mM stabilization It allowed the stabilization of
Protein ficin extract ~ Glioxil-agarose sodium carbonate at pH 10.0 under drastic the enzyme about 40 times 143
at room temperature under conditions
continuous stirring
Egg Shell
Lipase from Membrane Catalytic efficiency in
p . (ESM) and Temperature of 30 ° C, Enzymatic hydrolysis (100%) and
Burkholderia . . . 7,0 R ; ) 144
cepacia (BCL) Oxidized Egg incubation from 0.5 to 8 h stabilization transesterification (85%) after
P Shell Membrane 10 cycles
(ESM)
Macronorous Catalyze the The maximum esterification
. Lo P . 0.01 g lipase / g resin, 25 ° C synthesis rate of 87.5%, resulting in an
Y. lipolytica lipase  adsorbent resin - . 145
DA20]-C and adsorption for 3 h of geranyl increase of 28.5% over the free
propionate enzyme
Improving the Hydrolytic E_lICthlty of 44.3.0
Mesoporous . .. +25.21U g' support. High
. r . . catalytic activity . - ..
Lipase de poly (styrene- 150 mg g carrier, 900 min of Linase from esterification activity and
Thermomyces divinylbenzene)  incubation in 5 mM sodium 5,0 The lfn omyces stability in the synthesis of cetyl 146
lanuginosus (TLL) (PSty-DVB) acetate and 25 °C lanu ino}s/us linoleate (conversion of 90.5 +
resin (fLL) 0.6% after five reaction cycles
of 30 min each)
Lipases from Candida antarctica lipase B
Candida (CALB) showed better stability
antarctica (form in low load concentration
A(CALA) and 10 g of octylagarose in biocatalysts. The enzymes
form B (CALB)), Spheres of octyl enZ)'/matlc Sf)lutlon 0.2 r'ng Purification of were 1r.1act.1ve at pH 5,70r9,
Thermomyces aAcarose protein / ml) in 5 mM sodium 7,0 livases but active in organic solvents. 147
lanuginosus (TLL), & phosphate and 25 °C and P The use of ethanol promoted

Rhi-zomucor
miehie (RML)
and phospholipase
Lecitase Ultra

continuous stirring at 200 rpm

stabilization in highly charged
biocatalysts, presenting
properties similar to the

biocatalysts with reduced load
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Table 5. Enzyme immobilized by adsorption (cont.)
Enzyme Support Conditions pH Application Results obtained References
CALB immobilized on dodecyl
chitosan improved its thermal
40 mL of enzyme solution Supportin stability and high selectivity in
Lipase B from Modified with 1 g of support at 25 ° C o dlljlztion l%or the hydrolysis of PUFA in DHA
Candida antarctica chitosan with for 24 h. iIrJnmobilization and the hydrolysis result was
(CALB) and alkyl chains of The enzymatic solution (0.38, 7,0 of enzymes used maintained after 5 cycles. For 148
Rhizomucor miehei  °. ' 0.50, 0.75 mg protein mL")  CNZYMES USEE ) s RML enzyme butyl chitosan
. different sizes ) . in hydrolysis
lipase (RML) was pre-prepared in 25 mM reactions presented better results for the
phosphate buffer hydrolysis reactions, but with
low reproducibility in reaction
cycles
Sepiolite The adsorbed laccase in
sepiolite’ 12 mg of dried laccase powder sepiolite, sepiolite-Cu-chitosan
mo dilzie 4 with in 8 ml of phosphate buffer and sepiolite-chitosan increased
chitosan solution (10 mM) and filtered their activity, respectively,
L with a 0.45 um membrane. . in 250, 700 and 500% in
Rhus laccase sepiolite . . . Improve catalytic .
vernicifera Jus Cu (1) Aliquots of this solution 7,0 activit relation to the non-adsorbed 149
5[1 d sepiolite were mixed the adsorbent ¥ enzyme. The adsorbed laccase
modi ﬁepd with dispersion. The mixture wa desorption was less than 10%
chitosan and stirred in the dark at 25 ° C and the non-desorbed enzyme
Cu (ID) for 24 h maintained high activity at 20
cycles
At pH 7.0, the preparation using
1, 6 or 30 mg protein g’! 6 mg of lipase is somewhat
wet support. 5 mM sodium more stable. At pH 5.0 the
phosphate solution at pH 7.0. biocatalyst with 30 mg was
Linase from The suspension was filtered the most stable and at pH 9.0
h rf:n e Octyl agarose  and the solid washed 10 times 70 Enzymatic all the biocatalysts showed 150
lan en Z) })(C;]iL) (0C) with 10 volumes of distilled ’ stabilization similar behavior. In 3 M NaCl
AnUgINOSUS water and stored at 4 °C. the residual activity of the
Wash 100 times with 3M overloaded preparation (30
NaCl or 60% glycine, after mg) was 80%. The stability of
washing with distilled water immobilized TLL is improved
by using glycerin
The ce!lulose char.gers were Chitosan stabilized the proteins
placed in enzymatic solution . .
. . analyzed during drying and
. . Chitosan or or chitosan gel for 2 hours .
Trypsin, bromelain, . To evaluate storage: for the proteolytic
. enzyme solution at room temperature. The .
and proteolytic . . . the enzymatic ~ complex of crab hepatopancreas
on a modified materials were dried at room .
complex from g 8,0 activity of the (PC) above 150%, and for 151
celulose carrier  temperature for 20 hours; 1 to . .. . .
hepatopancreas of . . o . immobilized bromelain - 600%. Moisture
(DAC), chitosan 2 mg of immobilized protein .
crab o . . proteins content equal to or greater than
gel g of carriers was obtained . .
. 5% caused the inactivation of
and the amount of chitosan .
0 . the enzymes studied
was 30 mg g of carrier
1 or 10 mg of protein per g of
Candida antarctica support (OC). 50 mM sodium
lipases (A (CALA) phosphate at pH 7. Add 20 g
and B (CALB)) of carrier in 200 ml of enzyme
Thermomyces Octyl-glutamic Soiuitgg;: 2"1§he ?nz?;ie:lg;;lzle OCGLU has shown to be more
lanuginosus heterocunctional & ’ advantageous in relation to
. filtered and washed several . .
(TLL), Rhizomucor agarose . S Enzymatic OC support due to its better
. times with distilled water 7,0 R . . 152
miehei (RML) (OCGLU) and and stored at 4 ° C. For stabilization adsorption of the enzymes in
and Candida octyl-agarose . . organic media or non-cationic
OCGLU, the immobilized
rugosa (CRL) and (0C) detergents
a phospholinase enzyme was filtered, washed
(Eecitzse uﬁra and resuspended in 5 mM
LU) ’ sodium acetate buffer at pH

4 and 25 ° C for a minimum
period of 12 h

excellent specificity, being able to detect glutamate in small amounts,
reproducibility of results for several hours and stability to operate
for several days.'

Silica nanoparticles can be used as support for photochromic
derivatives of 1-vinylidene-naphtho furan by direct adsorption

In the work of Soldatkina et al.,'®® a new amperometric biosensor
was developed for the detection of glutamate by the immobilization
of glutamate oxidase (GlOx) on silicalite particles by adsorption.
Biosensors of glutamate oxidase or decarboxylase adsorbed on silica
showed high sensitivity to glutamate.'**! These biosensors exhibit
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and covalent interaction. The immobilization technique directly
influenced the activity results, the adsorbents being immobilized
by the ones that showed photochromic activity, revealing intense
staining at pH 6.0. This activity was maintained for up to 8 test
cycles of exposure to sunlight or radiation.'** Different materials
have adsorption characteristics, but to remove nitrobenzene using this
technique the activated carbon is very used because it has a porous
structure that allows a larger surface for interaction.'*> In an attempt
to obtain a compound with better adsorption properties, a new formed
material was obtained using silica doped with activated charcoal, this
material showed stability at the absorption values around 5 minutes.'#’

Nanomaterials

Borlido er al.,' studied the incorporation of monoclonal
antibodies into magnetic nanoparticles sensitive to magnetic stimuli
used to increase the adsorption/desorption efficiency of these
antibodies and to be easily separated and purified from the culture
medium. These particles showed superparamagnetic behavior,
exhibiting saturation magnetization of 12.6 emu g''. '*® Jiang et al.,'¥
functionalized Fe,O, nanoparticles with polyethyleneimine to remove
lead (Pb*?) from aqueous medium, being reused for several cycles.
Some parameters were modified to optimize the process, obtaining
high absorption (143 mg g') when compared to other similar
WOrkS.lSO'lsl

Many studies are designed to minimize the release of silver into
the environment, since this metal is widely used in several products
because it has antimicrobial potential >8> A study was carried
out to investigate the controlled release of immobilized silver
nanoparticles in thin layer of aluminum oxide. A 15 nm layer of this
oxide is capable of inhibiting the release of silver for up to 48 h, since
a 2 nm layer delayed the release for 4 h.'* Another release study
using nanoparticles was the work done by Mohammady et al.,'®
obtaining nanoparticles with a mean size of 120 to 300 nm from
the poly-lactide-co-glycolide polymer (PLGA). The transport of the
drug irinotecan, an anticancer that inhibits topoisomerase I, has been
investigated and has shown cytotoxic activity in vitro.'®®

Biopolymers

Chitosan is a very abundant natural polymer, composed of
p-1,4-linked glucosamine and N-acetylglucosamine, and can
be obtained by N-deacetylation of chitin. This biopolymer has
several amine groups which gives it many chemical and biological
applications in various areas.'® ! Chitosan can be used as a support
matrix in enzyme immobilization processes, such as chitosan beads
produced with 1-butyl-3-methylimidazolium acetate (A) and 1-butyl-
3-methylimidazolium chloride (B) for removal of the Malachite
green dye in aqueous solutions. The chitosan beads were used in
the work because they present a larger contact surface compared to
pure chitosan. The optimum reaction conditions at pH 4.0 revealed
absorption of 8.07 mg g of A and 0.24 mg g of B.""!

Other works have reported the use of chitosan for application of
removal of substances from aqueous solutions. Zhu et al. developed
a composite of chitosan and cerium to remove fluoride from the
water. Removal analysis of this composite showed absorption of
153 mg g at 20 °C and pH 3.0, a much higher value when compared
to crude chitosan (13.2 mg g*'). Fluoride is removed from the medium
by adsorbing fluoride on its surface by electrostatic attraction and
obtained good reproducibility after 3 cycles.'” Bacillus subtilis
bacteria were immobilized on chitosan beads to remove copper (II)
from aqueous solutions. The study revealed that the optimum pH in the
process for copper absorption is 6.0. The chitosan beads with copper
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ions were removed with 0.1 mol L' NaOH solution and washed with
water to pH 7.0 for reuse, maintaining 76% yield after 5 cycles.'”
Many diseases are administered by drugs'’* and chitosan can
be applied for this purpose as a carrier for drug loading. One study
studied the effect of methotrexate used for treatment of intraocular
lymphoma using a chitosan-mediated poly (lactic-co-glycolic acid)
support, obtaining support with drug release for 3 to 5 months.!”

HYBRIDS

The industrial application of the soluble enzyme as a biocatalyst is
economically unattractive because of its high cost and inconvenience
in separation, recycling, and reusing.!’®!”” For these reasons, enzyme
immobilization on hybrids materials shows interesting advantages
over these problems, including high stability and reusability and
highly concentrated enzymatic activity.!?6-178-181

Magnetic nanoparticles hybrid

The use of nanotechnology in biology and medicine is expected
to produce main advances in molecular diagnostics, therapeutics and
bioengineering.'®2 Magnetite (Fe,0,) is currently the most commonly
used among the various nano-oxides exhibiting magnetic properties.
This high level of concern about this substance is caused by its high
magnetic saturation, low cytotoxicity, good biocompatibility and
stability in a variety of physiological conditions.'#*1%

Magnetite has recently been commonly combined with natural
polymers or with other materials such as graphene, graphene
oxide or carbon nanotubes as well as poly (3-thiophene acetic
acid), L-carnosine and alginic acid to produce functional hybrid
nanomaterials or nanocomposites'$*!#-1% a5 shown in Figure 1 (H).

Partially phosphonated polyethylenimine (PEIP) has been studied
as a functionalisable coating agent for iron oxide nanoparticles. For
example, Monteil et al.,'! synthetized a magnetic nanoparticles (NP)
suitable for biofunctionalization. The PEIP was used for coating
nanoparticles (NP-PEIP) for trypsin immobilization. The NP-PEIP was
conserved at room temperature at neutral pH during few months without
important loss of activity confirming the fact that coating is important
for immobilized enzyme performance providing higher stability.'"!

You et al.,'”? also used polyethylenimine in their studies. Magnetic
chitosan-polyethylenimine (Fe,O,/CS-PEI) polymer composite
was synthesized. The porous magnetic Fe;O,/CS-PEI composite
demonstrated ultrahigh capacity (1876 m g') for one of the water-
soluble anionic dyes, Congo Red (CoR) removal. It removed over
99.3% of CoR (100 mg L") when the dosage was over 1.4 g L. They
proved that a higher temperature was benefit to CoR removal. The
Fe;0,/CS-PEI composite was effective for CoR removal in a wide
pH range (3-13)."2

Super paramagnetic nanoparticles hybrid

In the earlier years, magnetic nanoparticles have been observed
as a potential carrier materials for the preparation of heterogeneous
catalysts.!"1% The properties of magnetic nanostructuredmaterials
such as superparamagnetic behavior, low cost, high chemical
and physical stability in a large range of operational conditions,
biocompatibility, low toxicity and eco-friendly characteristic, ease
of separation and high capacity for loading biomacromolecules make
them useful as supports for the immobilization of protein.!*>1%

Nano Fe;O, possesses superparamagnetism and it can be
effectively concentrated, separated and reused in a magnetic field.'**!*”

Amkirbandeh er al.,"® studied the use of magnetic nanoparticles
for a simple covalent immobilization procedure. It showed a high



778 Reis et al.

loading capacity, and high catalytic activity, thermal stability and
easily reusability of the immobilized glucoamylases (GLA), which can
be used to the immobilization of other industrial enzymes. In the work,
aspergillus niger glucoamylase (GLA) was covalently immobilized
on 1-3-5-triazine-functionalized chitosan coated superparamagnetic
nanoparticles (MNPCh-CC). The GLA immobilized on nanocarrier
showed great catalytic activity at pH 4.5 and 60 °C.!*® Tt could be
noticed that the immobilized GLA showed quite impressive stability,
even after 10 reaction cycles, it could still retain about 70% of the
initial activity.'”® The results of this work showed that immobilization
process could not significantly inhibit enzyme-substrate interaction
and subsequently retained its effective catalytic activity.'”® For the
authors, the substantial improvement of reactivity, reusability, and
stability of this biocatalyst system may confer it a wider range of
applications in industrial processes.'*®

In another study Inagaki er al.,'” reported a simple way to
synthesize grapheme oxide nanosheets decorated with functionalized
Fe,O, magnetic nanoparticles as unique and convenient nanoplatforms
for immobilization of glucoamylase. The immobilizated glucoamylase
on triazine-functionalized Fe;O,/graphene oxide nanocomposite
(GO/MNP-CC/GLA) showed great catalytic activity at pH 6.5 and
60 °C and keep more than 96% of the activity of free glucoamylase.'””
Notably, GO/MNP-CC/GLA exhibited quite impressive stability,
even after 20 reaction cycles and it could retain more than 56% of
the initial activity.'*

Supperparamagnetic graphene oxide (GO/MNP) has been
received major attention especially in enzyme engineering researches
due to its unique magnetic properties, two-dimensional structure,
easy fabrication, low toxicity, great reusability, large surface area,
simple manipulation of surface modification, and large enzyme
loading capacity.!?*-2%!

The Table 6 shows some examples of superparamagnetic
nanoparticles hybrid and their application. It can be seen in the Table

Table 6. Super paramagnetic nanoparticles and their application
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6 that this type of configuration has a wide industrial application, and
can be used, for instance, from the food industry to the production of
drugs and paper. It may also be noted that Fe,O, is most commonly
used to give the magnetic property to the carrier.

Organic — Inorganic hybrid nanoflower

In recent years, organic-inorganic hybrid nanoflowers technology
has been considered as an effective immobilization method.?**** This
method has motivated a major interest in exploiting them as a potential
matrix for biomolecule immobilization because of their simple
synthesis, high efficiency, great promise of enhancing biomolecule
stability, activity and even selectivity.?+2%

The formation of the organic-inorganic hybrid nanoflowers
comprehend the following steps: nucleation, growth and
completion.*”?* The formation of hybrid nanoflowers is shown in
Figure 1 ().

The hybrid organic-inorganic nanoflowers were first developed
by He et al.,*® using copper (II) ions as the inorganic component
and enzyme as the organic component. Since then, the attention in
synthesizing protein molecule-metal phosphate hybrid materials has
been majorly increased.?!%!!

As demonstrated by Nadar ef al.,*'? the copper phosphate was
used to prepare an organic-inorganic hybrid glucoamylase nanoflower.
The aqueous CuSO, solution was added to phosphate buffered saline
(PBS) containing enzyme.?'> The hybrid nanoflowers of this work
showed 204% enhanced activity recovery and two folds improvement
in thermal stability in terms of half-life (in the range of 50-70 °C)
with respect to the free form. Besides that, it showed higher storage
stability with retention of 91% activity after 25 days of incubation.'?

Copper phosphate also was used to synthesize lactoperoxidase
(LPO).?8 Altinkaynak and coworkers developed a hybrid nanoflowers
(HNF) formed of LPO enzyme purified from bovine milk and

Nanoparticles Enzyme Applications Reference

Graphene oxide-Fe,0, Glucoamylase Food and bevere.lge industry, texFlle, 148

detergent, brewing, pharmaceutical

Chitosan crosslinked by glutaraldehyde . . .

MnFe,0, as shell, then modified with PEG Biomedical applications 152

carboxymethyl chitosan/sodium Improive ce.italytlc activity, increase
. a-amylase recycling times, reduce use cost for 145

alginate/Fe,O,
enzyme.
Fe,0,/chitosan hydrogel Bovine serum albumin (BSA) Drug deh\./ery and high sensitivity 153
immunoassay.
Fe;O,/chitosan Cellulase Biotechnology processes 154
Fe,0,@Si0, nanoparticles Cellulase Foods, chemicals, detergents, cosmetics, 155156
pulp, and paper industries
Fe,0,@8i0,-GO Cellulase Foods, chemicals, detergents, (fosmetlcs, 157
pulp, and paper industries
Fe,0,/ SiO,/3-aminopropyl .
riethoxysilane (APTES) Soybean peroxidase (SBP) Wastewater treatment. 158
. . . . . Food, paper, agriculture, leather, textile and

Fe,O,/chitosan/ cyanuric chloride Aspergillus niger glucoamylase (GLA) hemical industries 147

. Many industrial processes such as
Graphene oxide-Fe;0,- polyethylene Bylanase pre-bleaching of paper pulp, fruit juice 151

glycol bis amine

clarification.

Short chain amylose (SCA) by
amylosucrase from Deinococcus

Dex@ FeCl,-4H,0
geothermalis (DgAS)

Biological applications, such as
bioseparation, drug delivery, magnetic 159
resonance imaging (MRI)
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copper ions (Cu®) were synthesized at two different temperatures
(+4 °C and 20 °C) in PBS (pH 7.4). LPO-copper phosphate HNF
has upper activity than free LPO. LPO-copper phosphate HNFs
exhibited ~160% and ~360% increase in activities at pH 6 and pH
8, respectively, when compared with free LPO. 213

On the other hand Chung et al.,*" studied the immobilization of
o-acetolactate decarboxylase (ALDC) using enzymeinorganic hybrid
nanoflowers (Ca,(PO,),-ALDC) and the results obtained show only
a small increase.”' The activity of Ca,(PO,),~ALDC nanoflowers
increased by 10% compared with that of free ALDC.>*

He et al.,*” demonstrated that the activity of laccase-incorporated
copper phosphate nanoflowers was valued to exhibit 4.5-6.5 times
more active at oxidizing catecholamine and syringaldazine than
free laccase. In the meantime, the laccase-incorporated Cu,(PO),
nanoflowers showed exceptional storage stability and reusability. In
addition, Chung and collaborators used copper phosphate to develop
a mediatorless glucose biofuel cell based on hybrid nanoflowers
incorporating enzymes including glucose oxidase (GOx), laccase,
or catalase with copper phosphate.”® A higher power density up
to 200 W cm™ were obtained using the enzyme nanoflowers-based
biofuel cell system without mediator, which was almost 80% to that
from the biofuel cell system prepared with the corresponding free
enzymes.”> They affirm that by applying enzyme nanoflowers to
the biofuel cell, they achieved good improved performance stability.
Based on the application results to biofuel cell, it is notable that
enzyme nanoflowers can be utilized for various enzyme catalysis-
based applications such as biosensors and biocatalysis.?'?

Different metal ions can form hybrid nanoflowers.?*> The
preparation of different hybrid nanoflowers based on the type of metal
ions and biomolecules used is shown in the Table 7.

Table 7 shows different combinations for the formation of hybrid
nanoflowers, as well as their possible applications. It is noticed
that there is a wide industrial application being an advantage when
compared to other types of immobilization since it has no restrictions.
It can also be seen that various materials are capable of forming
hybrids, thus making a good method of immobilization.

Another metal ion is the zinc ion that has no destructive action
on proteins.!®?!¢ Zhang er al.,'™® developed a papain/Zn,(PO,),
hybrid nanoflower by the precipitation method. They proved that the
catalytic properties of papain immobilized on hybrid nanoflowers are
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enhanced compared with that of free papain. Zhang also studied a
lipase/Zn,(PO,), hybrid nanoflower.?'” The catalytic performance of
lipase/Zn,;(PO,), hybrid nanoflower was measured and the optimal
catalytic conditions have been found. The maximum enzyme activity
was 855 + 13 U g'!. In comparison with the free lipase, the enzyme
activity increment of hybrid nanoflower is 147%. For them, the
results indicate that the well-designed materials should be useful in
industrial enzyme catalysis.!%

Smart polymer hybrid

Conjugated polymers (CPs) are vastly used in the field of
biosensors due to their electric, electronic, magnetic and optical
properties.?'82 Tmmobilization of enzymes onto organic or
inorganic polymer matrices has been developed to overcome some
drawbacks associated to their routine use, such as the lack of long-
term stability and the difficulty in their recovery and reuse.??*??! The
most extensively studied conducting polymers are polyacetylene
(PA), polyaniline (PANI), polypyrrole (PPy), polythiophenes (PTh),
polyparaphenylene (PPPh), polyparaphenylene vinylene (PPV) and
polyorthotoluidine (POT) and their derivatives.??

Liu et al.,”* demonstrated the new concept of enzyme-hybrid poly
(3-4-ethylenedioxythiophene) (PEDOT) microspheres (PEDOT-MSs)
as an advanced processable bio-conducting interface material for the
facile fabrication of electrochemical biosensors.?** The microstructure
of PEDOT-MSs supply a larger active conducting surface for intimate
immobilization of enzyme molecules (i.e. glucose oxidase-GOx).??
Their results showed that the GOx-PEDOT-MS showed a good
sensitivity of 116.25 pAm (mol L' cm™) !, a limit of detection of
1.55 pmol L', and retained 97% of the sensitivity after 12 days storage
at room temperature.??

CONCLUSIONS

In the present study, we demonstrated the versatility and main
strategy used for the preparation of immobilized biocatalysts. In
this context, recent years were dedicated to the development of
new immobilized enzymes for industrial application. The strategies
presented are an efficient way of the possibility of immobilization and
enzymatic purification. This revision includes the relevant questions

Table 7. Different hybrid nanoflowers based on the type of metal and organic material used

Metal ion Organic material Application Reference
Lactoperoxidase (LPO) Nanosensor for dﬁ?tectlop of dopamine 195
and epinephrine.
Glucose oxidase (GOXx), laccase, or catalase Medical and environmental chemistry 200
Copper phosphate Laccase, graphite oxide (GO) Water soluble dye removal 201
Lipase Various biotechnological applications 189
Streptavidin (SA)(_EI(;{;e)radISh peroxidase Biosensor, biomedicine and biocatalytic process 202
Copper ions Turkish black radish peroxidase Decolorization of a representative 203
PP ) shp Victoria blue dye (VB)
Lipase and papain Biofuel production 190
Cu,(PO,),:3H,0
Crude soybean peroxidase (SBP) Enzyme purification 204
. . Biosensors, bioanalytical devices,
Cobalt phosphate Bovine serum albumin and industrial biocatalyst fields. 205
Copper sulphate with PBS Glucoamylase Biocatalyst for industrial processes 194
Calcium pyrophosphate Chitosan Clinical hemostatic applications 206
Zn,(PO,), Lipase Enzymatic catalysis 207
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that will help the researcher to make a decisive decision in choosing
the best enzyme immobilization strategy. In this way, new ideas,
different support, chemical modification of proteins, and others
solutions have been proposed in recent years for the immobilization
of enzymes and it can be expected that this trend increase. As a
result, there is a significant progress in chemical and biotechnological
processes aiming to expand the performance of industrial enzymes.
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