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Abstract

Lipase is one of the most widely used enzymes and plays an important role in
biotechnological and industrial processes including food, paper and oleochemical industries
as well as in pharmaceutical applications. However, its aqueous solubility and instability
make its application relatively difficult and expensive. Immobilization technique is often used
to improve lipase performance and the strategy has turned out to be a promising method.
Immobilized lipase on nanomaterials (NMs) has shown superiority to the free lipase, such as
improved thermal and pH stability, longer stable time and the capacity of being reused.
However, immobilization of lipase on NMs also sometimes causes activity loss and protein
loading is relatively lowered under some conditions. The overall performance of immobilized
lipase on NMs is influenced by mechanisms of immobilization, type of NMs being used,
physicochemical features of the used NMs (such as particle size, aggregation behavior, NM
dimension and type of coupling/modifying agents being used). Based on the specific features
of lipase and NMs, this review discusses the recent developments, some mechanisms and
influence of NMs on lipase immobilization and their activity. Multiple application potential

of the immobilized lipases has also been considered.
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1. Introduction

Lipases (Triacylglycerol Acyl Hydrolase EC 3.1.1.3) are defined as a class of enzyme that are
able to hydrolyze insoluble triacylglycerols at the interface between substrate and water (1).
Beside hydrolytic properties, lipases have gained lots of interest in different biocatalytic
processes as a result of their capability to catalyze a wide range of reactions (2). Uniquely,
when the reaction system contains low water concentrations, they can also catalyze reversed
reactions viz. esterification, alcoholysis and acidolysis (3). The versatility of lipases make
them one of the most widely used enzymes in commercial utilities, such as textile, detergent,
food processing, pulp and paper, fats hydrolysis and modification, oils and oleochemical
industry, pharmaceutical processing, resolution of racemic mixtures, chemical analyses as
well as biochemistry research (4-6). Lipase is soluble in aqueous solution; hence it will be
difficult to separate them from the reaction system. Being a protein molecule, it will be
denatured and inactivated under conditions; such as improper pH and temperature, and the
activity of lipase is declined even it is preserved in buffers. For these reasons, free lipase
suffers from the difficulty of reusability which impedes the easier and more expansive
commercial utilities of lipase. To solve the problems of reuse and stability, immobilization
technique has been explored with great success. Different classes of enzymes have been
immobilized on different supports, such as synthetic organic polymers, biopolymers,
hydrogels and inorganic supports. For the immobilization of lipase, hydrophobic sol-gel (7),
polyvinyl chloride, chitosan, chitin, agarose, sepharose, and trisacryl (8), mesoporous silica
(9), microporous polymeric matrix have been used (10). It has been found that the
immobilized enzymes exhibit higher activity over free ones. Benefits of using enzymes in
immobilized forms, as Roger (11) has summarized, include more convenient handling, facile

separation, more efficient recovery and reuse, capability of continuous fixed-bed operation
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and often enhanced stability. With larger specific surface area, less diffusion limitation and
many other advantages, nanomaterials (NMs) have been used as novel and promising
supports for lipase immobilization. In lipase immobilization, nanoparticles (NPs), nanotubes

(NTs) and nanofibrous membranes (NFMs) are the most commonly used NMs.

Lipase immobilization on conventional supports or in microemulsion-based organogels and
applications of enzymes immobilized on/in NMs in biosensors and biomedical devices have
been reviewed before (12-15). However, lipase immobilization on NMs has not been
summarized into a written account with conclusive evidence. Considering the unique
functions of lipases (both structural and catalytical) and distinction of NMs from other
conventional supports, this review gives a more insightful and specific discussion on kinetic
behavior, conformational changes, advantages, problems as well as application of
immobilized lipases on NMs. Taking NPs, NTs and NFMs as representatives of NMs of
different dimensions, possible influential factors, such as particle size or diameter,
aggregation behavior, different dimensions, modifier or coupling reagents are discussed in

this review.

2. Kinetic behavior of lipase

Lipase participates in different reactions such as hydrolysis, esterification, and
interesterification. However, according to Paiva et al. a Ping Pong Bi Bi mechanism
(Equations 1 and 2) is the most general, accurate, and accepted description for the catalytic
action of lipases in all types of catalyzed reactions. This mechanism has two major steps: 1)
nucleophilic attack on the ester bond of substrate and 2) hydrolysis of the acylated enzyme
complex followed by formation of the product and regeneration of the enzyme (16). In
Equations 1 and 2, A and B are substrates, P and Q are products and E and E* are different

forms of enzyme.

E+AoEAEPoE+ P 1)
E*+BeoEBoEQeE+ Q 2
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In hydrolysis of triglyceride, lipase (E) attacks on ester groups of triglyceride (A) to form
glycerol as the first product (P) along with acylated lipase (E) that reacts with water (B) to

regenerate lipase and produce fatty acid as the second product (Q).

The general rate expression of Ping-Pong Bi Bi mechanism is shown in Equation 3.

A B
L= () A G 3)
Where, [A] and [B] are the concentrations of substrate, K, and K., are rate constants
respect to each substrate and Vmax IS the maximum rate. It is obvious that when the
concentration of one substrate is too high, the Equations 3 simplify to Michaelis-Menten rate
expression. In several cases, one of the substrates (for example substrate B) shows an
inhibition behavior in high concentrations which appear as an inhibition constant (K,) in the

rate expression (Equation 4).

A B
s= i (o) (A ) (4)
Therefore, for lipase there are several parameters which determine the rate of reaction. In
Table 1, the kinetic parameters of lipase in different research studies are summarized. As
shown in Table 1, although the V. of immobilized lipases on both micro-structured and
nano-structured materials falls within a broad range, nanostructured materials generally
showed lower K, values compared to microstructured ones which is in favor of reaction rate.
However, as the used substrates, enzyme source and other conditions are different, this

evaluation is not precise.

3. Conformational control over lipase activity

Generally, enzymes have different conformational states and their activities and stabilities are
different in each state. Lipases have two forms namely “open” and “closed” with equilibrium

between them in different media. In aqueous media, there is a tendency to push the
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equilibrium toward the closed form. In this conformation, the active center of enzyme is
prevented from exposing to reaction media by a polypeptide chain (12,17). This chain is
called lid (or flap) and, in many cases, the closed form of enzyme is fully inactive. In
contrast, at a hydrophobic interface such as an oil drop, the lid is opened and the equilibrium
is pushed toward the active form. In this case, lipases can be adsorbed as a result of the
interaction between hydrophobic surfaces with the internal surface of the lid or the area
around the active center as presented in Fig 1. This process is called interfacial activation of
lipases and immobilization of the enzyme on hydrophobic supports can help to fix the open
form. On the other hand, as shown in Fig 2, lipase molecules tends to form dimeric
aggregates through interaction of active centers in their open forms, and therefore enzyme
conformation is expected to be less active compared to the monomeric form. In this case,
immobilization of enzymes on hydrophobic supports with large surface area results in
cleaving these dimers and stabilizing molecules in their open form. As a result, the apparent
activity is enhanced due to pushing the equilibrium towards the monomeric open form
(2,12,17-26).

The immobilization of lipases on nanostructured supports is a promising gateway for
bio-catalysis processes (27). Study of the immobilization mechanisms in nano-scale provides
better control on immobilization process. Structural changes in lipase molecule during
immobilization on carbon nanotubes (CNTs) have been confirmed by the studies of Feng et
al. According to their observation, by measuring the distance between amino acids located at
11e95 of the lid (Thr88-Leul05) and 11e286 of the segment (Asn277-Leu290), the lid opening
is enhanced upon the immobilization of the lipase on the hydrophobic CNTs. They found that
the salt bridge and hydrogen bonding interactions caused to propagate into the distal region
that consequently enhanced lid opening (26). Li et al. functionalized CNTs with cyclodextrin
that participated in a specific interaction with hydrophobic amino acids of lipase. It was
concluded that the interaction prevented the unfolding of proteins and also refolding proteins
from denatured states (28). In another study, Li et al. used carboxyl functionalized graphene
oxide for lipase immobilization and concluded that the propagation of hydrophobic

interaction between lipase and graphene oxide to the remote regions of lid can induce
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changes in the structure of lipase that consequently caused the lid become more open (29).
The stronger hydrophobic interaction at nano-scale level compared to micro-scale level can
affect the structure of lipase macromolecules and enhance the opening of lid that

consequently improves the catalytic activity and stability.

4. Lipase immobilization using nanomaterials (NMs)
From the existing literature, the main mechanisms of lipase immobilization on NMs can be

classified as follows:

4.1. Physical adsorption

Adsorption is the cheapest and simplest method for immobilization of enzymes on different
supports. These processes are performed by direct contact of adsorbent and adsorbate at mild
temperature and do not require any chemical compounds. Furthermore, the reversibility of
adsorption processes under certain conditions enable the recovery of supports after enzyme
deactivation (30). These features reduce the cost of physical immobilizations compared to
other methods. Physical adsorption and/or ionic binding are the well-known mechanisms in
this technique. The weak attraction forces including van der Waals, hydrogen bonds and
hydrophobic interactions between enzyme and support cannot affect the enzyme activity (31).
In the case of non-aqueous media, physical adsorption is expected to be promising, since
desorption of lipases in organic solvents is negligible (32). Several parameters including ionic
strength, isoelectric point, pH and surface characteristics affect the adsorption of lipases onto
carrier materials. The capacity of most supports ranged from 2-50 mg protein per gram (33).
Porous supports have more capacity compared to nonporous supports due to their larger
surface area. However, their internal morphology should allow accessibility to substrate
molecules (34). Usually, lipase follows Langmuir isotherm that means the maximum
adsorbed amount is a packed monolayer (35) however Freundlich (34,36) or even the
Redlich-Peterson models (37) are suggested by researchers. Adsorption of enzyme is a two
steps process, first diffusion to the surface of the adsorbent and then binding at adsorption
sites. In case of lipase, since binding is faster than diffusion, adsorption is mainly controlled
by diffusion (36,38-40).

This article is protected by copyright. All rights reserved.

7



Lipase can be adsorbed on NMs without chemical bonding between lipase and supports.
Although, physical adsorption is generally weaker than chemical bonds, it has advantages
over other methods on lipase immobilization. Lee et al. used surface-modified nano-sized
magnetite (S-NSM) particles as support for porcine pancreas lipase (PPL) immobilization by
physical adsorption. NSM particles were made hydrophobic by binding to sodium dodecyl
sulfate (SDS) via a sulfate ester bond and then PPL was adsorbed to the NPs. After
immobilization, higher specific activity (154.9%), thermal and alkaline stabilities were
detected and the activity of the immobilized PPL remained constant over the subsequent 5
uses and recovery after an initial drop (41). Jiang et al. applied ionic liquids on magnetic NPs
for immobilization of high loading of Candida rugosa lipase (CRL) via physical adsorption.
Lipase activity in catalyzing esterification of the immobilized ones was 1.07-1.18 times
higher than that of free ones and activity remained 92% after 5 cycles (42). Although
advanced activities can be seen in these studies, physical adsorption is only used when the
supports are hydrophobic. This phenomenon can be explained by the driving forces for
enzyme adsorption at solid-liquid interfaces. Dehydration of hydrophobic interface improves
protein adsorption and it may act as the main driving force for enzyme adsorption at
solid-liquid interfaces (43). The increased activity of the immobilized lipase is related to the
higher affinity between the hydrophobic substrates and the adsorbed lipase (44) as well as
structural changes in the enzyme molecule upon adsorption (43).

4.2. Covalent bonding

Covalent bonding is the most commonly used method in lipase immobilization on NMs.
There are many reports on immobilization using NPs modified with molecules offering active
groups which can be bonded to lipase (Fig 3) (40). For studies of lipase immobilization on
NPs, the supports have been modified with aldehyde groups (45), succinimidyl ester groups
(46) or amino groups (with glutaraldehyde used as a coupling agent) (47,48) to react and
bond to the amino groups in lipase, as well as quinone groups (49) that can react with amino
or thiol groups of lipase. Because of the formation of chemical bonds (many of which are
peptide bonds), the stability of the immobilized lipase can be achieved through washing and

increased recyclability. Another advantage of covalent coupling method is the enhanced
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function of lipase. Most of the studies observed wider pH range and higher thermal stability
(45,47-49), and long lasting activity (46). Also, the large specific area of NPs provides
possibility of holding more lipase molecules on one particle. However, declined activity is
often observed after covalent bonding immaobilization. This phenomenon is used to explain
the rigidity and formation of lipase. However, conformation change does not always have
negative influence on lipase activities during the immobilization (40,50-53). Feng et al. (26)
conducted experiments to clarify the mechanism of immobilized lipase lid opening, which is
considered to be the main reason for activity enhancement. In the experiment, they compared
the conformation of lipase immobilized in cross-linking system, lipase immobilized by
adsorption and free lipase. It was concluded that the lid opens upon the lipase immobilization
on the CNTs. Furthermore, the complexity of this method is another limitation. To load
reactive groups on NPs, researchers frequently follow sophisticated protocols, which

consume time and are expensive.

5. Different NMs used in lipase immobilization
There are different NMs such as NPs, NTs and NFMs, that have been used for
immobilization of lipases. Below are discussed the studies with promising results.

5.1. Nanoparticles (NPs)

NPs are the most important NMs with multiple applications in bioprocesses. Different NPs
have been used in lipase immobilization (Table 2). In the last decade, NPs have been used for
lipase immobilization for obtaining higher activity, recovery and better reusability. After
observing some of the traditional NPs, such as metals and SiO,, researchers paid more
attention to magnetic NPs, which possessed advantages over the non-magnetic NPs. Besides
higher specific area and low mass resistance, magnetic NPs also provided: 1) easier
separation from reaction system; 2) ability to be stabilized on desired sites in the reaction
system; and 3) lower cost because of the reusability of the support and easy operational
process. However, magnetic NPs cannot be applied directly as it diminish the superiority of

lipase.
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Huang et al. reported enhanced activity and higher efficiency of the immobilized lipase after
direct binding to magnetic NPs provided that weight ratio of lipase bound to Fe;O4 NPs were
below 0.033. This meant a lower lipase loading on magnetic material is the pre-requisite for
enhanced activity of the immobilized lipase. Apart from this limitation, magnetic NPs are
more susceptible to easy aggregation that lowers the specific area for lipase immobilization.
For a better adaptability of lipase on magnetic NMs, further investigations were made on
method development for modifying magnetic NPs with different chemicals to either form a
hydrophobic surface for adsorption or provide functional groups for covalent coupling. These
surface modified magnetic NPs carry the advantages of both nano-dimension and magnetic
property and provide affinity to lipase because of the hydrophobic surface or active groups.
The values of Vmax and K, for bound lipase were 1.4 and 3.75 times higher and lower than
those for free lipase respectively (54). Some of the studies showed less aggregation after
surface modification, which is a desirable effect However, Lee et al. reported increased
particle aggregation after lipase immobilization (41), and Ren et al. also observed
agglomerates after surface modification with polydopamine (49). In a recent work, Meng et
al used FesO4 NPs for immobilization of lipase obtained from Mucor javanicus. They
bounded lipase covalently to surface of activated magnetite NPs and later cross-linked to
form enzyme aggregates. The immobilized showed only 10% loss of activity after 10 cycle of
producing 1, 3-diacylglycerols at 55 °C (55). Shao et al immobilized lipase on three
mesoporous magnetic NPs and optimized the immobilization conditions. These three NPs
were obtained by coating Fe3O, NPs with mesoporous silica and grafting by both
3-aminopropyltriethoxysilane (APTS) and 3-chloropropyltriethoxysilane (CPS). The enzyme
was immobilized onto three NPs through covalent bonding, physical adsorption and
cross-linking. Their results indicated that NPs grafted with CPS was the best candidate for
lipase immobilization, showing 96 % immobilization efficiency and high stability (83 % after

56 days) and reusability (86.7 % ten cycles) with covalent boding method (56).

5.2. Nanotubes (NTs)
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The last decade witnessed the explosion of NTs studies. They are favored as a kind of
versatile nanomaterial with many desirable functions. On one hand, NTs have diameter in
nanoscale, which means they enjoy the advantage of high specific area. On the other hand,
their intrinsic length gives them the capacity to be filtered, which is considered as a mild and
simple way of recovery. Both multi-walled and single-walled carbon and non-carbon NTs
have been used in lipase immobilization. A summary of the different NTs used in lipase

immobilization and their performance is presented in Table 3.

(@) Multi-walled carbon nanotubes (MWCNTYS)
Asuri et al. prepared water-soluble conjugates of CNTs with large range of enzymes
including lipase which were first oxidized and then N-hydroxysuccinimide (NHS) was
coupled to NTs for activation. After immobilization, 58 + 7% higher stability was observed
for Candida antarctica Lipase B.(57). In a related work, Ji et al. carried out similar lipase
immobilization onto MWCNTSs and about 76-82% of the activity was retained (58). Another
experiment under non-aqueous condition was conducted by Shah et al., in which CRL was
immobilized on MWCNTSs by adsorption and the activity recovery was as high as 97% (59).
Prlainovic et al. immobilized CRL onto unmodified MWCNTSs and obtained 85% of initial
activity. According to their results, highest retention of lipase activity obtained at the lowest
initial enzyme concentration and high ionic strength that is due to interactions that activated
the lipase during the immobilization process (60). Amino-cyclodextrin functionalized
MWCNTs were used in lipase adsorption and higher activity was obtained with
well-preserved secondary structure of lipase (61). Verma et al. bonded lipase covalently onto
amino functionalized MWCNTSs supports using a glutaraldehyde cross-linker. In this study,
the immobilized lipase activity obtained was 114% of free lipase and 50% of the activity was
maintained after 10 cycles of catalysis (62). In another study, Raghavendra et al. covalently
immobilized lipase by two methods onto MWCNTSs. In one method, they employed
carbodiimide chemistry and in the other, they used (3-Aminopropyl) triethoxysilane
(APTES) as cross linker followed by succinic acid anhydride (SAA) treatment. According to

their observations, after 50 cycles, the immobilized enzyme using carbodiimide exhibited
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~79% activity for the immobilized enzyme using APTES and SAA retained ~30% activity
(2). Tan et al. combined magnetic NPs with multi-walled carbon nanotubes to form magnetic
nanotubes; and the lipase immobilized on M-MWCNTSs retained about 83% of its activity
(63).

(b) Single-walled carbon nanotubes (SWCNTYS)

Lee et al. immobilized lipase from Pseudomonas cepacia onto 1-pyrenebutyric acid
N-hydroxysuccinimide (NHS) ester functionalized SWCNTSs in different solvent systems
(buffer and ionic liquid) by covalent coupling. The results showed the superiority of ionic
liquid in this process by giving much higher lipase activity (64). Ghosh et al. used reverse
micellar functionalized single-walled carbon nanotubes for lipase immobilization, and lipase
activity increased from 1.1 to 2.5 fold under different conditions. They attributed the
improved activity of lipase to its smooth occupancy and also the increased concentrations of

substrate and enzyme at the interface (65).

(c) Non-carbon nanotubes

Apart from carbon nanotubes, nanotubes of other materials have also been investigated in the
recent years. In the study of Dhand et al. polyaniline nanotubes were used as lipase support,
and the immobilization was acquired by using glutaraldehyde (66). In another study by Bai et
al., mesoporous silica nanotubes (MSNTSs) and aminopropyl-grafted mesoporous silica
nanotubes (NH,-MSNTSs) were used by for lipase immobilization by means of adsorption.
The lipase immobilized on NH,-MSNTs showed twice hydrolization activity compared to
MSNTs (67).

5.3. Nanofibrous membranes (NFMs)

NFMs are also commonly used in lipase immobilization. Some of the recent research findings
on this topic are presented in Table 4. Although most of the diameters of NFMs mentioned in
lipase immobilization are not in nanoscale (<100 nm), they have nanoscale pore sizes which
affected the activity retention of immobilized lipase. However, most research reported the

diameter of NFMs material rather than pore size. As it can be seen from Table 4, different
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materials of the NFMs influence the properties of immobilized lipase. However, different
modifiers or pretreatment (activated or not) of same basic material have lower effect on
activity retention than on protein loading. From the existing reports, lipases immobilized on
PAN (including activated PAN) NFMs have higher reusability, which is an important factor

that influences the application of immobilized lipase.

6. Factors that influence lipase immobilization on/in nanomaterials (NMs)

For better application of lipases in large-scale, higher activity retention, better stability and
more reusability are desired. By immobilizing of lipase on NMs, most of the studies reported
stability in wider range of temperature and pH changes. However, some significant factors,
namely activity retention and protein loading, showed different characteristics in various
studies. In other words, the effects of immobilization of lipase on NMs need more insightful
discussion. Below are discussed the some of the important features of NMs that influence the

performance of immobilized lipases.

6.1. Particle size

Particle size of NMs has profound influence on the performance of immobilized lipase.
Researchers modified the scale of enzyme supports form micro to nano for the sake of
superior functions of smaller particle size, such as higher surface to volume ratio, lower mass
transfer resistance, lower diffusion resistance and some special surface effect. These
advantages of small particles are beneficial for better performance of enzymes and especially
for lipase as it catalyzes at the interface of substrate and water (68). For this reason, lipase
immobilized on NMs with smaller particle size or diameter should have better activity
retention. However, studies showed that the particle size may not follow “the smaller the
better” rule in the case of lipase immobilization. Too large surface area may not be a positive
parameter, as lipase tends to maximize its contact with the surface (69). Lipase may change
conformation to achieve maximum contact with the surface, thus the activity of immobilized
lipase can be damaged by this action. Contrarily, very small particle size may cause difficulty
in contact with interface when lipase is immobilized on the surface of NPs. When the

diameter of NP decreases, the radius between two adjacent lipases will increase (provided
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that lipase spreads evenly on the support surface). It will be more difficult for adjacent lipases
to come in contact with substrate, which can affect the activity recovery of immobilized
lipase. In the study of lipase immobilization on mesoporous NPs SBA-15 (Santa Barbara
Amorphous-15) by adsorption, effect of pore diameter (6.8 nm, 9.1 nm, 13.2 nm, 15.6 nm
and 22.4 nm) was observed (70). The results showed that the lipase adsorption capacity on
the NMs followed the order: 15.6 nm > 13.2 nm > 9.1 nm and the lipase activity on 9.1 nm
were lower than that of 13.2 and 15.6 nm. This indicated that too small diameter may not be a

positive factor in case of nanoporous based immobilization of lipase.

6.2. Aggregation behavior

Because of the unique properties (such as small particle size, surface and interface effects) of
NMs, they are more prone to aggregation (71). Besides magnetic NPs, aggregation behavior
is also reported for chitosan NPs, confirming that aggregation is not distinctive property of
magnetic NPs (72). Aggregation of the supporting materials can also affect the overall
performance of immobilized lipase. However, the effect of lipase aggregate upon
immobilization has not been clearly understood. It is reported that in organic solvents,
enzyme forms aggregates that diminish their access to substrates, thus negatively affecting
the activity. Hence, dispersion of lipase on NMs is considered as a desirable criterion for not
forming aggregates (59,64). Contrarily, as reported by Kim et al., the activity of
enzyme-aggregate-coated NFs was found to be nine times higher than that of the NFs with
just a layer of covalently attached enzyme, (73). Similarly, in the study of immobilizing
lipase on PAN NFMs (74), the first layer of bounded lipase acted as seeds and then other
lipase could be absorbed by lipase-lipase interaction, which could be seen as a positive effect

on lipase loading.

A possible explanation can be the effect of different solvents on aggregation mechanisms of
lipase. In the presence of an organic solvent, lipase may tend to form aggregates with their
active center inside, while in aqueous solvents they are more likely to aggregate with the
exposed active center, which positively affected the overall performance of immobilized

lipase. According to Torres et al. aggregation of suspended lipase in organic solvent
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(acetonitrile) can protect them from conformational changes and it means that enzyme in

inactive conformation is more stable (75).

6.3. Different modifiers/coupling reagents

To obtain more desirable effects, most of the studies used some modifiers or coupling
reagents upon immobilizing lipase on NMs. These reagents are used for different purposes
such as disaggregation of magnetic NPs (42), to provide active groups that can covalently
bind to lipase and or hydrophobic surface to adsorb lipase (41,76). Modifiers or coupling
reagents act differently upon the change of immobilization mechanisms and have profound
influence on lipase immobilization. From the existing results (Table 4), it can be seen that
different modifiers have no significant influence on lipase loading (77-79), while the activity
retention fluctuated with the change of modifiers. One possible explanation for the relatively
stable protein loading could be the immobilization mechanism. In the case of covalent
coupling, the factor influencing protein loading is the number of functional groups on the
supports, rather than the type of the groups. For the activity retention, there are more other
factors that may influence it at the same time. As proposed by Raghavendra et al. modifiers
offered distance between lipase and the support (acting as spacer arm) may provide more
flexibility for lipase, hence increasing their activity. The spacer arm may also be vulnerable
to breakage by shearing and thus leading to decrease in reusability. Thus, choosing suitable

modifier is crucial for lipase immobilization (2).

7. Advantages and disadvantages of the nano-immobilized lipases

The general advantages and disadvantages of using nanostructured support for
immobilization of enzyme are summarized in Table 5. Generally, immobilization of the
enzyme can overcome the drawbacks of free enzymes such as lack of long-term operational
stability and difficult recovery (12,81-83). Recently, in order to increase the performance of
immobilized enzyme, researchers have focused on nanostructured supports due to their main
advantage i.e. large surface area. This characteristic led in higher loading of enzyme and

subsequently biocatalytic activity per unit mass was remarkably increased. For example,
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Tudorache et al. observed that the optimum enzyme loading of functionalized magnetic NPs
with the diameter of 50 nm (3.1 pg enzyme/mg support) was up to 20 times more than that of
micro-particles with the diameter of 500 nm (0.15 pg enzyme/mg support) (84). Furthermore,
nanobiocatalysts showed excellent chemical and mechanical stability during bioconversion
processes compared to the conventional immobilized enzyme that is a key factor in process
design (82,85,86). As an instance, Dyal et al. showed that immobilized lipase onto magnetic
NPs was stable up to one month compared to less than one day for free and five days for
immobilized enzyme on silica gels (87,88). Moreover, materials with adsorption capability
such as chitosan or hydrophobic nature such as clay, showed faster equilibrium and much
more adsorption capacity in their nanoscale form compared to their macroscale ones which
played a key role in high accessibility of the substrate and the product (85,89). Such a
remarkable improvement in the enzyme loading and stability can result in faster reaction,
higher yield, smaller reactor, lower enzyme consumption and more feasible separation in the
case of magnetic nanoparticles. However, for commercialization of nanobiocatalysts,
challenges such as high fabrication cost, entrapment of enzyme into pores of nanoporous
materials and separation of non-magnetic nanoparticles from reaction medium should be

addressed.

8. Applications

On account of the versatility, the application of lipase is extensive. Immobilization of lipase
paved the way for more widespread and larger scale application of lipase, including industrial
and medical fields. In recent years, lipase immobilization on NMs has shown promising
benefits for wider usage in multiple aspects. Lipases are generally used in the processing of
fats, food, leather, textile, detergents, paper and also synthesis of fine chemicals,
pharmaceuticals and cosmetics (4,90). Furthermore, lipase has the capability to accelerate the
degradation of fatty waste (91) and polyurethane (92).
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8.1. Oil hydrolysis

Hydrolysis is one of the important applications of lipase, but lower stability and higher cost
impede the application at large scale. Immobilization of lipase on nanoparticles can be a
solution to this problem. Li and Wu (74) studied lipase immobilization on polyacrylonitrile
(PAN) nanofibrous membranes and used it in soybean oil hydrolysis. They found that in the
reaction system, hydrolysis conversion of soybean oil was 72% after 10 min and 85% after
1.5 h, and immobilized lipase was able to retain 65% of its original conversion after 20 cycles

of reuse.

8.2. Organic synthesis

Using lipases in chemical synthesis of organic materials is becoming increasingly important
because lipases showed capability in catalyzing wide variety of chemo-, regio-, and
stereoselective reactions (93). For example, Silva and Jesus studied the synthesis of esters by
reaction of hexanoic, octanoic and lauric acid with methanol, ethanol, 1-butanol and
1-octanol in organic solvent in the presence of different lipases immobilized on chrysotile.
Under the best applied conditions, they obtained ester with yields between 62% (methyl
laurate) and 97% (n-butyl laurate) (94). The reaction between n-butanol and lauric acid is

shown in Reaction 1.

It has been reported that lipase immobilized on amino-functionalized magnetic nanoparticles
can be used in diltiazem (a calcium channel blocker) intermediate synthesis, with 59.6% of its
activity being retained after 11 consecutive cycles of usage (95). This meant that immobilized
lipase on NMs may also be useful in synthesis of organic compounds such as
pharmaceuticals. In pharmaceutical synthesis, enzymatic route has advantages over chemical
one including mild conditions that avoid reactions such as racemization, epimerization,
isomerization and rearrangement. Specifically, lipase’s capability to resolve racemic mixtures
through the synthesis of a single enantiomer is currently deployed for production of several
pharmaceutical compounds (4,5,93) and researchers are working on using lipase for other
compounds. For example, Bai et al. used immobilized lipase on lauric acid-stabilized

magnetic nanoparticles for the resolution of racemic menthol. This goal was achieved by
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enantioselective esterification of with propionic anhydride that resulted in (-)-menthyl
propionate with a yield higher than 96% (96). In a similar study, Zhang et al. used Candida
antarctica (Novozyme® 435) lipase for the racemic resolution of flurbiprofen through
enantioselective esterification with alcohols and in small scale-up reaction system they
achieved 91% ee and 67% total conversion (97). The racemic resolution of primary alcohols

by Pseudomonas cepacia (PS) lipase (98) is shown in Reaction 2.

In a recent study by Haritha et al., lipase immobilized on magnetic nanoparticles was used for
the synthesis of disulphide compounds. The immobilized lipase hydrolyzed the aromatic and
aliphatic thiol acetates into the respective disulphide compounds. The enzymatic hydrolysis
process did not generate intermediates products and disulphide compounds were
spontaneously formed by thiol radicals under the maintained anaerobic conditions (99). In
another recent study, lipases from Pseudomonas fluorescens were immobilized on MWCNTSs
that catalyzed O-acylation reactions (100). The immobilized lipases showed 2.3 folds higher
catalytic activity than free lipases and recycling ability was 5 cycles.

8.3. Biodiesel production

Immobilized lipase application in biodiesel production has been observed by many
researchers, including conversion of soybean oil to biodiesel fuel (101,102), production of
biodiesel fuel from triglycerides and alcohol (103), and biodiesel production from waste
cooking oil (10). Xie and Ma (53) used lipase immobilized on magnetic nanoparticles in
transesterification of soybean oil, and conversion of soybean oil to methyl esters reached over
90% when 40% immobilized lipase was used with higher thermal stability and acceptable
reusability. Li et al. (104) obtained conversion as high as 91% of the original data obtained
after ten cycles, which provided a promising method for biodiesel synthesis using lipase
immobilized on NMs. Packed bed reactor (PBR) used by Wang et al. (105) showed prospects
in reactor scale biodiesel synthesis. Both single-PBR and four-PBR system were built and
well-studied, and the conversion of the systems was 75% and 88%, respectively. With the
success of the reactor scale system, it is expected that immobilized lipase on NMs could be

utilized in larger scale biodiesel production.
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9. Conclusions

Lipase is usually immobilized by mechanisms of adsorption and covalent coupling, while
entrapment is rarely used because of the need of contact between lipase active center and the
interface. Different kinds of nanoparticles, nanotubes and nanofibrous membranes are used in
lipase immobilization. Because of the difference in nano-dimension, these nanomaterials may
have distinct influence on the performance of immobilized lipase. Other influential factors,
such as particle size or diameter, aggregation behaviors of both lipase and nanomaterials and
different reagents used in immobilization process were highlighted and discussed. With
desirable functions, lipase immobilized on nanomaterials possesses multiple application
potential, including biosensor, oil hydrolysis, pharmaceutical synthesis and biodiesel
production. With the accumulation of knowledge of lipase immobilization on nanomaterials,
more controllable, specific systems designed for higher efficacy utilization of lipase is
expected. However there are several challenges in using nanomaterials including high
production cost, aggregation potential, non-uniformity and lack of knowledge on
immobilized enzyme aggregates. Therefore, to obtain enhanced utility of lipase and to be
competitive with freely available conventional supports, choosing suitable supports and

reagents and also overcoming the related challenges is essential.
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Table and Figure Captions

Figure 1: Interfacial activation of lipase on hydrophobic supports (lipases recognize the
hydrophobic surfaces of the support similarly to those of their natural substrates and they

undergo interfacial activation during immobilization).
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Figure 2: Cleavage of dimers and immobilization on hydrophobic supports (in the absence of
hydrophobic surfaces, molecules of lipase forms dimers, however a hydrophobic surface can

split them again).
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Figure 3: Common functional groups in lipase covalent coupling on nanomaterials.
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Figure 4: A generalized biochemical reaction scheme of lipase substrate biosensor.

Reaction 1: Formation of n-butyl laurate in presence of lipases immobilized on chrysotile.

OOH lipases soi :
n-C4HoOH + WC lipases/chrysotile @\/COOC‘M‘)_* HA0
9 hexane, 25°C o &

Reaction 2: Racemic resolution of chiral primary alcohols with Pseudomonas cepacia (PS) lipase
(Enzyme catalyzes the reaction of S-enantiomer with vinyl acetate which facilitate its separation from

R-enantiomer).
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Table 1: Kinetic parameters of lipase in different research studies (nanostructured materials

exhibited lower Ky, compared to micro-structured ones which is in favor of catalytic

reactions).
KmA KmB KI Vmax
Source and support Reaction Ref.
(mol/L) [(mol/L)|  (mol/L)  |(umol min*g™)
R. miehei 3.03x | 3.06 | 1.05(Acid)
Est! 1.1720 x 10* | (26)
(Macroporous anionic resin) 10° | x 10° |6.55 (Alcohol)
C. Antarctica
Act’ | 0.26 | 0.96 1.39 5.2080 x 10* | (27)
(Macroporous acrylic resin)
M. miehei
Est | 0.190 | 0.120 0.04 5.7 x 10° (28)
(Macroporous anionic resin)
C. Antarctica
Est 0.104 NA NA 43.5 (29)
(Macroporous acrylic resin)
C. rugosa 4 x
Hyd® NA NA 1.07x10® | (30)
(Fe;04 magnetic NPs) 10
C. Antarctica 2.5 %
Hyd NA NA 2.32x10* | (31)
(Fe,03 NPs) 1072
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porcine pancreas

(Fe3O4 magnetic NPs)

Hyd

1.2 x

10

NA NA

5.6 x 10°

(32)

1= Esterification, 2 = Acetylation , 3 = Hydrolysis,

NA = Not applicable
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Table 2: Different nanoparticles used in lipase immobilization and their performance

summary.
. Particle | Activity .
Immobilization ) ) Recycling
Category NPs . size Retention . Ref.
mechanism Ability
(hm) (%)
15
Covalent silica
Gold-Silica . ( ) 67 N/A (46)
Coupling and
2 (gold)
NSD-1 N/A 73 N/A
: NSD-2 Covalent N/A 79 N/A
Non SiO, . (45)
Coupling 72%
NSD-3 N/A 118
magnetic 15 cycles
Most
Chitosan Entrapment <100 113.17 activity | (71)
10 cycles
91%
. o 7 66.7
Chitosan Cross-Linking 5cycles | (89)
10 62.8 N/A
Magnetic Amino-Silane
- above
modified Covalent
. . N/A 58.2 50% (48)
superparamagnetic Coupling
10 cycles
Fes04
Fe;0, treated with
(3-aminopropyl) Covalent 11.2 70 89% (47)
. p_ by Coupling ' 4 cycles
triethoxysilane
Hydrophobic 155 about
nano-sized Adsorption 10+2 (specific 50%6 | (41)
magnetite NPs activity) cycles
Polydopamine Covalent 73.9 70%
. . ) 50-250 . (49)
modified iron oxide Coupling (specific | 21 cycles
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Particle

Activity

Immobilization ) ) Recycling
Category NPs ) size Retention . Ref.
mechanism Ability
(nm) (%)
activity)
Chitosan-coated Covalent 83%
. <30 N/A (59)
Fes04 Coupling 20 cycles
Oleic Acid-Pluronic
L-64) Block 90%
(L-64) Adsorption 10 N/A ° | (76)
Copolymer Coated 7 cycles
Magnetic NPs
without
: 36.2%
magnetic ~33 101 8 cveles
field Y
Fes;0;- Rod
_3 ! . Adsorption . (61)
Chitosan with like:
: 46.3%
magnetic = 132
. 8 cycles
field ~38, L=
~204
. . 88%
Fe304-Chitosan Adsorption 80 55.6 (72)
5 cycles
Silica-coated 63.51%
- i Covalent
modified magnetite ) 17.5-21 ~94 (63)
Coupling 6 cycles
NPs
Lauric Covalent 56.4%
ovalen
acid-stabilized . <20 180 (98)
. Coupling 7 cycles
magnetic NPs
Electrostatic
Polymer . 70%
. adsorption and
modified-Fe;O4 200-400 70.4 (65)
covalent 5 cycles
NPs -
binding

Abbreviations: NSD: nano-silica dioxide, D: Diameter, L: Length
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Table 3: Different nanotubes used in lipase immobilization and their performance summary.

Immobilization

Category Activity Retention (%) Stability Recycling References
mechanism
Ability
MWCNTs Covalent binding 40-60 Increased by 58 + 7% Reusable (57)
Covalent binding 76-82 Not mentioned Reusable (58)
Adsorption 97 Increased by 14 folds Not (59)
mentioned
Adsorption 85 Not mentioned Not (60)
mentioned
Adsorption Not mentioned Not mentioned Not (61)
mentioned
Covalent binding 57 Increased thermally stability 10 cycles (62)
upto 80 °C
Covalent binding 79 (with Not mentioned 50 cycles (63)
carbodiimide) and
30 (with APTES and
SAA)
SWCNTs Covalent binding Not mentioned (64)
Reverse micelles (65)
NCNTs Covalent binding (66)
Adsorption (67)

Abbreviations: MWCNTSs: Multi-walled carbon nanotubes, SWCNTSs: single-walled carbon

nanotubes, NCNTSs: Non-carbon nanotubes, APTES: (3-Aminopropyl) triethoxysilane, SAA:

Succinic acid anhydride.
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Table 4: Nanofibrous membranes used for lipase immobilization and their performance

summary.
Protein
i Diamete loading Activity .
Mechanis i _ Reusabilit
m Material r (mgl/g retentio Ref
(nm) nanomateria | n (%) y
)
Functionalized (77
100 21.2+0.71 | 37.6+1.8 N/A
PANCMA )
Chitosan-modified 55%
100 22.5+0.75 | 45.6£1.8
PANCMA 10 cycles | (78
Gelatin-modified 60% )
100 20.7+£0.75 | 49.7+1.8
PANCMA 10 cycles
79
PANCMPC 90+20 22.9+1.5 76.8+0.6 N/A ()
70% (80
21.2+1.3 81.3+1.1
10 cycles )
PAN 150-300
65% (81
21.2 87.5
Covalent 20 cycles )
Couplin Epichlorohydrin
PHng P : Y 40.6 +
activated 162+1.1 0.6
PANCHEMA '
Cyanuric chloride
: 36.4 = ~30% (82
activated 80-150 165+1.3
0.4 10 cycles )
PANCHEMA
Benzoquinone
: 325+
activated 155+1.2 0.8
PANCHEMA '
PANCAA 11.69 15.0 46% 63
collagen-modified 180
9.15 61.7 62% )
PANCAA
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Protein

i Diamete loading Activity .
Mechanis ) _ Reusabilit
0 Material r (mglg retentio Ref
(nm) nanomateria | n (%) y
1)
ES
hydrolysate-modifi 9.47 20.4 60%
ed PANCAA
91%
(conversion | (84
NA 43+4.0 79.5 ) )
Activated PAN 10 cycles
98%
. (85
150-300 434+40 79 (specific) )
10 cycles
. 46% (86
Chitosan 80-150 63.6 48.8
10 cycles )
. (87
Adsorption CB-Cell 200 16.21 86.2 NA )

Abbreviations: PAN: Polyacrylonitrile; PANCMA: poly-(acrylonitrile-co-maleic acid);

PANCMPC: poly [acrylonitrile-co-(2-methacryloyloxyethyl phosphorylcholine)];

PANCHEMA: Poly (acrylonitrile-co-2-hydroxyethyl methacrylate); CB-Cell: Cibacron Blue

F3GA bound cellulose; PANCAA: poly (acrylonitrile-co-acrylic acid).
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Table 5: Advantages and disadvantages (in general) of using nanostructured support for

lipase immobilization.

Advantages

Disadvantages

Lower mass transfer resistance
Effective enzyme loading

High surface area

High mechanical strength
Diffusional problems minimization

Easy to synthesize at high solids content with no need of

surfactants or toxic reagents
Homogeneous coating and well defined particles

Adjustment of the particle size to fit within the working limits

Cost of fabrication
Large scale application

Separation of the reaction

medium
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