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Marine by-products (heads, frames, trimmings, viscera, skin and scales) have been extensively investigated
as sources of marine omega-3 fatty acids (mainly eicosapentaenoic acid and docosahexaenoic acid).
Traditionally, extraction of fish oil and enrichment of omega-3 fatty acids are performed at high tempera-
tures, which require high energy input and may lead to product decomposition. Enzymatic extraction and
concentration have been studied as green alternative techniques, and immobilized enzymes are of par-
ticular interest for use due to their advantages including high stability, reusability and feasible separation
from products. In this tutorial review, recent research progress on immobilization of lipases used for
enrichment of omega-3 fatty acids in fish oil is presented and discussed. The frequently used immobiliz-
ation methods and the commonly studied properties of immobilized lipases are summarized. In compari-
son to free lipases, immobilized lipases generally have improved stability towards heat, pH and organic
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are significantly affected by the immobilization method, the support material and the reaction medium.
The omega-3 fatty acids in fish oil are mainly concentrated in the form of free fatty acids, ethyl esters or
rsc.li/greenchem acylglycerols through hydrolysis or alcoholysis of triacylglycerols catalyzed by the immobilized lipases.

Introduction

Due to the rise of public awareness of healthy diets in recent
decades, there is an exponentially increasing consumption of
nutritional supplements, among which omega-3 fatty acids
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Fig. 1 Structures of ALA, EPA and DHA (* indicates the location of the
last double bond of omega-3 FAs).

(omega-3 FAs) are one of the most in-demand products.
Omega-3 (n-3) FAs are a group of polyunsaturated fatty acids
(PUFAs) of which the last double bond ends at the third
carbon counted from the methyl group end (as indicated by *
in Fig. 1). Omega-3 FAs have been reported to have a variety of
health benefits, including reduction of inflammation, relief of
depression, prevention of cardiovascular diseases and demen-
tia (e.g. Alzheimer’s disease), and lowering the risk of diabetes
and several types of cancer. They are also important for the
health of pregnant women and the neural and visual develop-
ment of infants.'”

Three omega-3 FAs are most closely related to human
health: a-linolenic acid (18:3, n-3, ALA), eicosapentaenoic acid
(20:5, n-3, EPA) and docosahexaenoic acid (22:6, n-3, DHA)
(Fig. 1). ALA is an essential FA, which is vital for the human
body but can only be ingested from diets such as plant seeds
and vegetable oils. EPA and DHA can be synthesized from ALA
in the human body through metabolism; however, the conver-
sion rate is very low." Therefore, it is recommended to obtain
EPA and DHA from external sources. Fish oil is the main
source of EPA and DHA. Depending on the fish species, the
amount of EPA and DHA varies in the range of 5-26% of the
total lipid content in the fish.> The adequate dietary intake of
EPA and DHA recommended by the World Health
Organization is 250-500 mg day ' for healthy adults and
300 mg day ' (at least 200 mg DHA) for pregnant or lactating
women.® According to the Dietary Guidelines for Americans,
healthy adults should guarantee an average intake of 250 mg
day™' EPA and DHA by eating at least 8 oz of seafood per week,
and pregnant or lactating women should consume 8-12 o0z.”
However, this is challenging for most people worldwide due to
a variety of reasons, such as dietary habits, geographical una-
vailability of seafood and economic limitation. In addition, ful-
fillment of the recommended amount of EPA and DHA from
fish might lead to the high intake of cholesterol, saturated FAs
and some contaminants (e.g. methylmercury, polychlorinated
biphenyls and dioxins).®'° Therefore, nutritional supplements
of refined and concentrated omega-3 FAs derived from fish oil
have been developed in the market.
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Currently, most of the marine omega-3 FA supplements are
produced from oily fish, such as anchovy, sardine and mack-
erel. However, there is an emerging risk of overfishing of these
species in recent years, which leads to the consideration of
marine by-products as an alternative source of omega-3 FAs.
Globally, more than 70% of the fish harvested are processed
for filleting, heading or gutting."' The by-products generated
(heads, frames, trimmings, viscera, skin and scales) account
for more than 50% of the fish body.'> The by-products of some
fish species have been reported abundant in EPA and DHA,
such as salmon, trout and tuna,"”™'® thus being appropriate
candidates for extraction of fish oil and production of omega-3
FA products.

Extraction of fish oil and concentration of omega-3 FAs

The conventional procedure of industrial production of
marine omega-3 FA supplements is shown in Fig. 2.
Traditionally, fish oil is extracted by heating raw fish materials
to 90-100 °C for 10-20 min and pressing the mixture."” The
use of high temperatures leads to high energy cost and pro-
motes side reactions of the lipids. Therefore, alternative green
extraction methods have been investigated, such as enzymatic
hydrolysis. During enzymatic extraction, fish materials are

Cooking
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Fig. 2 The conventional procedure of industrial production of marine
omega-3 FA supplements.
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treated with a protease, which breaks the peptide bonds of pro-
teins and thereby releases the oil embedded in the protein
network. In comparison to heat treatment, the temperature
required for enzymatic hydrolysis is relatively low (40-65 °C,
depending on the optimal operation range of the enzyme), so
the energy consumption is reduced and the nutritional com-
ponents in the oil can be preserved.

Besides EPA and DHA, fish oil contains several other
omega-3 FAs, including ALA, stearidonic acid (18:4, n-3), eico-
satetraenoic acid (20:4, n-3) and docosapentaenoic acid (22:5,
n-3). However, enrichment of these omega-3 FAs from fish oil
has been rarely studied. Therefore, in the present review the
“omega-3 FAs” derived from fish oil only include EPA and
DHA. The omega-3 FAs exist in the form of triacylglycerols
(TAGs) in the natural fish oil, which usually contains approxi-
mately 18% EPA and 12% DHA after basic refinement and
therefore is called “1812 TAG fish oil”."® As the nutraceutical
and pharmaceutical industries pursue more concentrated pro-
ducts (50-90% EPA and DHA), an enrichment procedure is
performed. Part or all of the FAs are removed from the glycerol
backbone in the TAG molecule, and EPA and DHA are separ-
ated from other FAs and collected in the form of free fatty
acids (FFAs), FA esters or acylglycerols. If an EPA and DHA con-
centration of above 90% is required, more delicate techno-
logies are applied for the separation, such as high-perform-
ance liquid chromatography."®

A large number of techniques have been developed for the
concentration of EPA and DHA, such as molecular distillation,
urea complexation, supercritical fluid extraction and enzymatic
enrichment. Currently, the most commonly used method in
industry is molecular distillation. The TAGs in fish oil are
reacted with an alcohol (usually ethanol) at 80-90 °C to gene-
rate ethyl esters (EEs) of different FAs, which are subsequently
distilled at 140-160 °C under vacuum and separated based on
their different boiling points. Since the boiling point of a com-
pound is affected by its chain length and molecular weight, it
is difficult to separate EPA- and DHA-derived EEs from other
fractions with similar molecular structures. Consequently, the
total concentration of EPA and DHA in the products usually
doesn’t exceed 70% after molecular distillation.>® Moreover,
this process is energy-intensive due to the high temperatures
used, and omega-3 FAs are vulnerable to side reactions, such
as oxidation, polymerization and degradation. In recent
decades, enzymatic processes using lipases have been inten-
sively studied as an alternative method for the enrichment of
omega-3 FAs.”' Lipases are a type of enzyme that can catalyze a
variety of reactions of lipids, including hydrolysis, transesterifi-
cation/alcoholysis, interesterification, esterification and acido-
lysis. The reaction conditions (temperature and pH) required
in lipase-catalyzed reactions are usually very mild. The regio-
and FA selectivity varies among different lipases, which can be
used to generate products with specific structures. For
example, in the study by He et al. on enzymatic ethanolysis of
sardine oil to produce monoacylglycerols (MAGs), the amount
of 2-MAGs formed was 5.6-fold higher than 1-MAGs due to the
use of 1,3-specific lipase Candida antarctica lipase B (CALB).
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Since the majority of DHA (64.4%) in sardine oil was located at
sn-2 position, the concentration of DHA was effectively
increased from 9.04% in the original oil to 57.13% in the
2-MAGs.*

Use of immobilized enzymes

Since the 1970s, enzyme immobilization has been studied as a
way to improve the performance of enzymes.>® In comparison
to free enzymes, separation of immobilized enzymes from the
reaction medium is easier, thus facilitating its recovery and
reuse, and preventing product contamination by the enzyme.
After immobilization, the interaction between the enzyme and
the support reinforces the rigidity of the lipase’s conformation,
so the lipase has more resistance towards heat or denaturants
and therefore becomes more stable. Moreover, immobilization
has been reported to improve the catalytic performance of
enzymes, such as activity, selectivity and specificity.** Due to
these benefits, a variety of commercial immobilized enzymes
have been developed and widely applied in multiple indus-
tries, including food, cosmetics, nutraceuticals, pharmaceuti-
cals and biodiesel. Meanwhile, research on enzyme immobiliz-
ation is being constantly performed in the academic area, with
the aim of finding more effective enzymes, support materials
or immobilization methods to further improve the efficiency of
immobilized enzymes and reduce the manufacturing cost.

In this tutorial review, we will provide a summary of the
scientific efforts to date on immobilization of enzymes and
their application in production of concentrated omega-3 FAs
from marine by-products. Since there haven’t been any pub-
lished reports on the use of immobilized proteases for extrac-
tion of fish oil, this review is focused on enrichment of omega-
3 FAs in fish oil catalyzed by immobilized lipases. The main
purpose of this tutorial review is to serve as a starting point for
researchers who are interested in utilizing immobilization
technology in enzymatic transformation of marine biomass for
the development of blue economy.

Enzyme immobilization
Immobilization methods

In general, there are four types of methods frequently used for
enzyme immobilization: adsorption, covalent attachment,
cross-linking and entrapment (Fig. 3). The description of each
method, their advantages and disadvantages are summarized
in Table 1.

Adsorption. Enzymes can be adsorbed on the support
through two ways: physical and ionic adsorption. Physical
adsorption of enzymes onto the support is achieved through
weak intermolecular forces, such as van der Waals forces,
hydrophobic interactions and hydrogen bonds. Ionic adsorp-
tion (ionic binding), which is generally stronger than physical
adsorption, is achieved through weak ionic interactions
between the enzyme and the surface of the support. The
adsorption method is relatively simple to perform and low in
operating cost. Since physical and ionic interactions are weak,
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Fig. 3 The frequently used enzyme immobilization methods.
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the adsorption process is reversible. Therefore, if the enzyme
is permanently deactivated, the support can be recovered for
reuse after desorption of the enzyme. During an adsorption
process, there is little change in enzyme conformation, so the
enzyme activity can be maintained without significant loss.*®
However, physical or ionic adsorption might be not strong
enough to tightly fix the enzyme on the support, so the
enzyme is liable to leak from the surface of the support as
affected by the reaction environment (e.g. pH, temperature,
reactant and product concentrations, and ionic strength).”®
Covalent attachment. In the covalent attachment method, a
bifunctional reagent (e.g. glutaraldehyde) is often used to act
as a bridge to link the enzyme and the support. The surface of
the support is “activated” through covalent bonding with one
reactive end of the bifunctional reagent, and the enzyme forms
covalent bonds with the other reactive end of the reagent.
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Covalent bonding is much stronger than physical and
ionic adsorption, and can effectively prevent enzyme
leaching. However, the bonding process may result in
changes in enzyme conformation and the consequent loss of
activity.

Cross-linking. Generally, in a cross-linking process, the free
enzyme is dissolved in a buffer solution, followed by crystalli-
zation at its optimal pH or precipitation by adding salts or
water-miscible organic solvents. Subsequently, a bifunctional
reagent (“crosslinker”) is added, and the mixture is gently
stirred for a certain time and left still to allow for the for-
mation of cross-linking enzyme crystals or aggregates. Similar
to covalent attachment, the cross-linking method involves
covalent bonding between the enzyme and a bifunctional
reagent. However, there is no use of any support, and the
crosslinker connects two enzyme molecules via its two reactive
ends. The absence of a support reduces the manufacturing
cost and prevents dilution of the enzyme activity, which occurs
in the other three methods due to the large proportion of the
non-catalytic support in the immobilized enzyme system
(above 95% of the total mass).””

Entrapment. The entrapment of an enzyme is performed by
adding the enzyme to the reaction medium when carrying out
the polymerization of the support matrix. The entrapped
enzyme is physically restrained inside the polymer network
instead of on the surface of the support, thus being protected
from leaching. A microenvironment (e.g. pH, ionic strength,
and reactant and product concentrations) that is optimum for
the enzyme can be created inside the network by modifying
the polymer materials.”® However, the reactant will have
limited access to the active sites of the enzyme due to the sur-
rounding of the matrix. If the pore size of the matrix is too
large, enzyme leakage may still happen. Therefore, covalent
bonding between the enzyme and matrix might be added to
further stabilize the enzyme and prevent leakage.>”

Terminology and analysis

Evaluation of an immobilization process. As summarized by
Sheldon and van Pelt,*® the terms most commonly used to
evaluate an enzyme immobilization process are immobiliz-

Table 1 A summary of the frequently used immobilization methods, their advantages and disadvantages

Immobilization method  Description

Advantages Disadvantages

Adsorption
hydrogen bonds; ionic binding

Covalent attachment
bonding using a bifunctional reagent

Cross-linking
with a crosslinker

Entrapment

1052 | Green Chem., 2022, 24,1049-1066

van der Waals forces; hydrophobic interactions;

Connection of the enzyme and support via covalent

Assembly of enzyme molecules via covalent bonding

Inclusion of enzyme molecules in a polymer network

+ Simple operation

« Low operating cost

« Retention of activity

* Reversible process

« Relatively simple operation

- Relatively little enzyme leaching

« Enzyme leaching
« Diluted activity

« Diluted activity
« Irreversible process
« Loss of activity
« Irreversible process
« Loss of activity

« Absence of a support

« Concentrated enzyme activity

- Relatively little enzyme leaching
+ Optimum microenvironment

« Relatively little enzyme leaching

« Diluted activity
« Irreversible process
» Mass transfer limitation
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ation yield, efficiency and recovery, which should be calculated
as follows:

Immobilization yield (%) =
(Immobilized activity/Starting activity) x 100

Immobilization efficiency (%) =

(Observed activity/Immobilized activity) x 100

Activity recovery (%) =
(Observed activity/Starting activity) x 100

It needs to be emphasized that the “immobilized activity” is
different from the “observed activity”. The “observed activity”
of the immobilized enzyme is measured using an assay (see
subsection Activity). The “immobilized activity” should be
determined by subtracting the residual activity in the solutions
after immobilization and wash from the starting activity of the
free enzyme. These definitions sometimes lead to confusion
and inaccuracy of calculations. Besides calculation based on
the activity of the enzymes, in some studies the immobiliz-
ation yield was calculated as the ratio of the amount of the pro-
teins immobilized on the support to the amount of the pro-
teins added initially.*>*' The protein content is usually
measured by the Bradford or Lowry method using bovine
serum albumin as the standard.?*?*

Activity. The hydrolytic activity is often measured as a
necessary parameter to characterize a lipase. The assay most
frequently used is to spectrophotometrically measure the
absorbance at 348 nm, which is attributed to p-nitrophenol
released from the hydrolysis of p-nitrophenyl butyrate cata-
lyzed by the lipase. One international unit (U) of the lipase
activity is defined as the amount of the lipase required to
produce 1 pumol of p-nitrophenol per minute under the assay
conditions. Alternatively, p-nitrophenyl acetate or p-nitrophe-
nyl palmitate can also be used as the substrate in this assay.
There have been other assays reported which used soy oil, olive
oil, palm olefin or tributyrin as the substrate for the
hydrolysis.>*° The obtained FFAs were titrated with a sodium
or potassium hydroxide solution, and the activity was defined
as the amount of the lipase required to produce 1 pmol of
FFAs per minute under the assay conditions.

When an enzyme is used to catalyze the targeted reaction,
its activity in this process can be expressed as the amount of
the desired products generated per minute per gram or milli-
gram of the enzyme. For example, when EPA and DHA are con-
centrated as FFAs during the hydrolysis of fish oil, the activity
of a lipase can be defined as the amount of EPA and DHA
released per minute per milligram of the lipase. However, it
should be noted that for reactions in which EPA and DHA are
not converted and remain in the acylglycerols, this activity is
usually not discussed.

Stability. Improvement in stability is a prominent advantage
brought by immobilization of enzymes. Therefore, the thermal
and pH stability of immobilized enzymes are often analyzed
and compared with free enzymes. The thermal stability is

This journal is © The Royal Society of Chemistry 2022
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determined by incubating the enzyme diluted/suspended in a
buffer solution (usually at pH 7) at a fixed temperature for
different amounts of time, or at different temperatures for a
fixed amount of time, or a combination of both (i.e. incubation
of the enzyme solution at different temperatures, and samples
are taken at different time intervals). The pH stability is
usually studied by incubating the enzyme diluted/suspended
in buffer solutions with different pH values at a fixed tempera-
ture (e.g. 25 °C) for a certain amount of time. The residual/rela-
tive activity is usually calculated in the stability analysis, which
is the ratio of the activity measured at the given time during
the incubation to the activity of the untreated enzyme at time
Zero.

In some research on enzymatic hydrolysis and alcoholysis
of fish oil, a biphasic system composed of a buffer solution
and organic solvents and co-solvents was used.*®™** Therefore,
the stability of the lipase in organic solvents was investigated.
The lipase was diluted or suspended in a buffer solution
(usually at pH 7) containing a certain amount of the organic
solvent and incubated for a certain amount of time. The incu-
bation temperature should be the same as that used in the tar-
geted reaction. For example, if the hydrolysis of fish oil is cata-
lyzed by the lipase at 25 °C, then this temperature should be
used in the organic solvent stability analysis.

Selectivity. The selectivity (e.g. regioselectivity and chemo-
selectivity) of lipases can have significant influence on the
structures and properties of the concentrated omega-3 FA
products. For example, 2-MAGs abundant in omega-3 FAs
have been reported with numerous nutritional benefits and
to be readily absorbed by human body.’** In the study
by Haq et al.,, ethanolysis of TAGs in the oil derived
from Atlantic salmon frames was performed using 1,3-
specific lipases to remove the FAs at the sn-1,3 positions of
the glycerol backbone.*® The highest yield of 41.81% 2-MAG
(containing 21.34% omega-3 FAs) was obtained using
Lipozyme TLIM.

During an enzymatic process where omega-3 FAs in fish oil
are converted to FFAs or FA esters, the selectivity of the lipase
is often expressed as the ratio of the amount of the desired
products to other undesired products (e.g. saturated and
monounsaturated FAs). For example, in the study by
Fernandez-Lorente et al. on hydrolysis of sardine oil, the
selectivity of the immobilized lipases towards EPA and DHA
over oleic acid and palmitic acid ((EPA + DHA)/(OA + PA)) was
investigated by calculating the ratio of the amount of EPA and
DHA to that of OA and PA released.”” Some lipases can dis-
criminate between EPA and DHA, and therefore are used to
enrich only EPA or DHA in fish oil. The selectivity of these
lipases towards EPA or DHA over the other is often studied,
which is expressed as the ratio of the amount of the desired
omega-3 FA to the other (i.e. EPA/DHA or DHA/EPA). It should
be noted that the selectivity of a lipase will change along with
the reaction time due to the change in the amount of products
released. In most studies, the selectivity was usually measured
at the first stage of the reaction when 10% or 15% of the sub-
strate was converted.
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Reusability. Reusability is an important advantage of
immobilized enzymes and a critical factor to evaluate their
potential for commercialization. An immobilized enzyme that
can be commercialized must be capable of being used mul-
tiple times without significant loss in its activity. In some
studies, the reusability of an immobilized enzyme was investi-
gated by repeatedly using the same portion of the enzyme in
the activity assay. However, since the actual catalytic perform-
ance of an enzyme is dependent on the nature of the substrate
and the reaction environment (substrate concentration, pH,
temperature, etc.), which can be quite different from that in
the assay, the result obtained might not accurately indicate the
reusability of the enzyme in the targeted process. It is more
reasonable to examine the reusability by collecting the
immobilized enzyme at the end of the targeted reaction and
re-introducing it into a fresh reaction medium for another run.
The reusability can be determined through either the relative
activity of the immobilized enzyme or the progress of the reac-
tion, such as the degree of hydrolysis or the content of desired
products.

Structural characterization. In recent years, some materials
have been investigated as new types of supports for immobiliz-
ation of enzymes, such as chitosan and magnetic nano-
particles. In order to better understand the structures of
immobilized enzymes on these supports, some instrumental
analyses have been performed. The Fourier-transform infrared
spectrum of an immobilized enzyme is often analyzed and
compared with that of the original support material. The suc-
cessful immobilization can be confirmed by detecting the
appearance or intensity increase of characteristic absorption
bands of amide, amino or carboxyl groups derived from the
enzyme. If the enzyme is immobilized through covalent attach-
ment, the formation of new covalent bonds may lead to the
appearance of a new absorption band in the infrared spec-
trum. For example, when glutaraldehyde is used to link the
enzyme and support, an absorption peak at 1640-1690 cm™"
can be observed, which is attributed to C=N stretching
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Concentration of omega-3 FAs in fish
oil
Enzymatic hydrolysis

Release of EPA and DHA as FFAs. Theoretically, one TAG
molecule in fish oil can be hydrolyzed to one glycerol and
three FFA molecules (Fig. 5). Some FA esters on the glycerol
backbone have long chains or double bonds which lead to
steric hindrance for lipases, therefore are hydrolyzed at a
slower speed in comparison to others. In addition, some
lipases exhibit regio- and FA selectivity during hydrolysis.
Consequently, the corresponding FFAs are possibly generated
at different time intervals during the reaction, and thereby
concentrated in the collected fractions.

Use of lipases immobilized on hydrophobic porous supports.
Fernandez-Lorente et al. studied hydrolysis of sardine oil using
three immobilized lipases (CALB, Thermomyces lanuginose
lipase (TLL) and Rhizomucor miehei lipase (RML)).*’ Since pure
sardine oil is viscous and tends to remain on the surface of
reaction devices and immobilized lipases, a biphasic aqueous-
organic system was developed, in which the fish oil was dis-
solved in the organic phase for easier manipulation. However,
the interfacial interaction between the organic solvent and the
lipase in the aqueous phase may lead to inactivation of the
lipase due to the disruption of its secondary structure.*® In
addition, the organic solvent may interfere with the water-
enzyme interaction that is essential for the lipase to func-
tion.” Immobilization of the lipase inside a porous support
can effectively diminish these negative effects brought by the
organic solvent. A lipase dissolved in an aqueous medium is
equilibrated between two forms (Fig. 6): a closed form (the
active site is covered by a polypeptide chain) and an open form
(the active site is exposed). The interaction between a lipase
and a hydrophobic support tends to shift the equilibrium

vibration due to the formation of a Schiff base (Fig. 4). i
The morphology of an immobilized enzyme can be studied 0 %1 OH
through scanning electron microscopy or transmission elec- M +3H0 o 0 o
: : -2 WA WS SR
tron microscopy. When nanoparticles are used as the support, Lipase 4o SR, HO~ ™R, HO~ “R,
X-ray diffraction analysis is often performed to confirm the O\H/R3 OH
crystal structures of the support. Specifically, for immobilized o
enzymes on magnetic nar'lopartlcles, thelr.sup.ermagnetlsm Tefucyikgseroi [TEG) Siyordi
property can be studied through vibrating sample
magnetometry. Fig. 5 Enzymatic hydrolysis of TAGs.
/NHZ NH, o~ o / N
%‘7& - Glutaraldehyde éfk‘t
Enzyme Support

Fig. 4 Immobilization of an enzyme through covalent attachment using glutaraldehyde.
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Closed form Open form

Fig. 6 An equilibrium between closed and open forms of a lipase in an
aqueous medium.

towards the open form, and the activity of the lipase is conse-
quently increased, which is a phenomenon called “overactiva-
tion” or “hyperactivation”.”® In the present study, the three
lipases were immobilized on a hydrophobic porous support
(octyl-Sepharose) through physical adsorption. The activity of
immobilized CALB, TLL and RML was significantly increased
to 120, 1000 and 2000% of the free lipases respectively, due to
the hyperactivation effect and inhibition of interfacial inacti-
vation by the hydrophobic porous support. In the hydrolysis of
sardine oil, the selectivity of the three immobilized lipases
towards EPA and DHA over oleic acid (OA) and palmitic acid
(PA) (two abundant FAs in sardine oil) was studied.
Immobilized CALB showed the highest selectivity with an (EPA
+ DHA)/(OA + PA) ratio of 4.2, while for immobilized TLL and
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RML this ratio was approximately 1. However, immobilized
TLL and RML were more selective towards EPA over DHA, with
an EPA/DHA ratio of approximately 4.5. In comparison, the
EPA/DHA ratio was 1.5 using immobilized CALB, indicating its
similar preference towards the two omega-3 FAs.

The same group carried out another study that compared
immobilization of seven lipases on octyl-Sepharose through
physical adsorption with cyanogen bromide (CNBr)-activated
Sepharose through covalent attachment.>" Due to the hyperac-
tivation effect by the hydrophobic support, most lipases
immobilized on octyl-Sepharose had higher activity in the
hydrolysis of sardine oil in comparison to those immobilized
on CNBr-activated Sepharose. During the first stage
(15-120 min) of hydrolysis, EPA was released at a faster speed
than DHA for all immobilized lipases tested. The use of
Rhizopus oryzae (ROL) and Yarrowia lipolytica (YLL) lipases
immobilized on octyl-Sepharose resulted in the highest EPA/
DHA ratio of 9.8 and 10.5, respectively. In order to further
improve the activity and EPA/DHA selectivity, the researchers
modified the protein surface of the immobilized lipases.>?
After CALB, TLL and RML were immobilized on octyl-
Sepharose or CNBr-activated Sepharose, they were modified
using three methods (Fig. 7), including (1) amination, in
which the carboxyl groups of the lipases were activated by a
carbodiimide and reacted with ethylenediamine to generate
more amino groups on the surface; (2) succinylation, in which

+ N c=N +HNT
?cékoﬂ Carbodiimide éﬁk \ _R; Ethylanedlamlne éﬁl\ ~_-NH2

Lipase

i{‘N
Succinic anhydride -

——— e
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o
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Fig. 7 Modification of lipases through (a) amination; (b) succinylation; and (c) polyethylenimine (PEI) coating.
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the lysine residues of the lipases were reacted with succinic
anhydride to increase the number of carboxyl groups on the
surface; and (3) coating of the lipase surface using polyethyl-
enimine (PEI) to modify the microenvironment around the
active site. The effect of these modifications was largely depen-
dent on the lipase species and the immobilization method.
The activity of immobilized CALB on CNBr-activated Sepharose
was increased the most by 110% after amination. The EPA/
DHA ratio achieved after the hydrolysis of sardine oil using
immobilized RML on CNBr-activated Sepharose was signifi-
cantly improved to 34 after succinylation, in comparison to 7.5
without any modification.

As claimed by Fernandez-Lorente et al., addition of organic
co-solvents to a biphasic reaction system could lead to confor-
mational changes of immobilized lipases, and thereby alter
their activity and selectivity. However, desorption of lipases
from the supports was also promoted by the co-solvents.>
Cross-linking of immobilized lipases was investigated as an
approach to reduce desorption, based on the assumption that
the cross-linked lipase would desorb only after all the lipase
molecules were simultaneously leached from the support.>
CALB, RML, TLL and Bacillus thermocatenolatus lipase (BTL)
were immobilized on octyl-Sepharose, followed by amination
and cross-linking via dextran aldehyde. The -cross-linked
lipases were treated with 50% propanol or detergents to test
their ability against desorption, and 85-95% of the lipase
activity was retained. All immobilized lipases showed adequate
stability when incubated in 50% 2-propanol at pH 7 and 25 °C,
with a half-life of approximately 60 h. Cross-linked RML was
selected to catalyze the hydrolysis of sardine oil, and the EPA/
DHA ratio was significantly improved from 3.45 without
adding any co-solvent to 22.4 by adding 50% 2-propanol.

Use of lipases immobilized on ionic supports. The efficiency of
immobilization through ionic adsorption is dependent on the
charges of the support and the amino acid residues on the
surface of the lipase. In the study by Pereira et al., HPL was
adsorbed on a variety of anion exchangers with 100% immobil-
ization yield, but could not be immobilized on any cationic
exchanger, indicating that the surface of this lipase was abun-
dant in negatively charged amino acid residues.>® Due to the
relatively strong ionic binding, most of the immobilized HPL
on ionic supports was only partially desorbed when exposed to
salt solutions. In comparison, all HPL physically adsorbed on
hydrophobic supports was fully desorbed by a detergent
within 45 min. In the hydrolysis of sardine oil, HPL immobi-
lized via ionic adsorption showed 2-fold higher selectivity
towards EPA over DHA in comparison to its counterpart
immobilized via physical adsorption.

Janior et al. investigated the influence of solid-phase amin-
ation on immobilization of Geotrichum candidum lipase (GCL)
on two cation exchangers (carboxymethyl agarose and sulfo-
propyl agarose).”® The solid-phase amination was performed
by adsorbing GCL on a solid support (octyl-Sepharose) first to
prevent its precipitation and protect the active site, followed by
amination and desorption of the aminated GCL (GCL-A) using
a detergent. Amination was observed to improve the thermal

1056 | Green Chem., 2022, 24,1049-1066

View Article Online

Green Chemistry

stability of the lipase at 30-50 °C and alter its activity profile in
pH range of 3-10. GCL-A was fully immobilized on both ionic
supports with above 80% of activity retained. In comparison,
GCL without amination could not be immobilized on the ionic
supports, possibly due to the lack of positively charged groups
on its surface. The thermal stability at 30-50 °C and stability
in organic solvents (methanol, propanol and cyclohexane)
were improved for GCL-A immobilized on both ionic supports.
In comparison to GCL-A immobilized on carboxymethyl
agarose, GCL-A immobilized on sulfopropyl agarose was more
stable in organic solvents, possibly because the ionic binding
between sulfopropyl and amino groups resulted in more rigid-
ity of the lipase conformation, which inhibited the interfacial
inactivation by the organic solvents. Both immobilized GCL-A
were approximately 2.3-fold more active and 3.5-fold more
selective towards EPA over DHA compared to GCL-A in the
hydrolysis of sardine oil. This indicates that the binding of
GCL on the ionic supports resulted in certain distortion of its
active site which promoted its catalytic performance in the
hydrolysis of fish oil.

Use of lipases immobilized through one-point and multipoint
covalent attachment. Immobilization of lipases on CNBr-acti-
vated supports has been reported to be relatively weak since
the covalent attachment only occurs on the terminal amino
groups of the lipase.>® Therefore, this type of immobilization
was claimed as “one-point covalent attachment”. In compari-
son, glyoxyl-functionalized supports have been widely used for
lipase immobilization through “multipoint covalent attach-
ment”, as the aldehyde groups in glyoxyl-functionalized sup-
ports can form covalent bonds with multiple types of amino
groups of the lipase. Pereira et al. compared the effect of one-
point and multipoint covalent attachment on the stability of
immobilized Hypocrea pseudokoningii lipase (HPL)."* The free
HPL was aminated first to increase the number of amino
groups on its surface, followed by immobilization on CNBr-
activated agarose or glyoxyl-agarose. In comparison to HPL
immobilized via one-point covalent attachment, HPL immobi-
lized via multipoint attachment was significantly more stable
at a relatively high temperature (50 and 60 °C) and in organic
solvents (methanol, ethanol and propanol). The stronger mul-
tipoint covalent bonding resulted in more rigidity of the con-
formation of immobilized HPL, and thereby improved its
stability. When used to catalyze the hydrolysis of sardine oil,
immobilized HPL on glyoxyl-agarose was 1.8-fold more active
and 2.3-fold more selective towards EPA over DHA in compari-
son to immobilized HPL on CNBr-activated agarose, possibly
because the conformational change of the lipase caused by the
stronger multipoint covalent attachment was more favorable to
the hydrolysis process.

Use of immobilized lipases hyperactivated by detergents. The
use of some detergents at low concentrations, such as Triton
X-100 and sucrose laurate, has been reported to result in
hyperactivation (see the definition in section Use of lipases
immobilized on hydrophobic porous supports) of immobilized
lipases due to the interaction between the detergent’s hydro-
phobic moiety and the lipase.”® However, the presence of
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detergents in the reaction system may inhibit the contact of oil
droplets with the active site of the lipase. Filice et al. investi-
gated different methods for immobilization of RML in the
presence of a detergent, intending to stabilize the open form
of RML so as to retain the hyperactivated RML after removal of
the detergent.”” Among the three detergents tested, sucrose
laurate showed the most prominent hyperactivation effect for
RML by increasing its activity by 1000% and therefore was
selected for the subsequent study. The free RML was immobi-
lized on octyl-Sepharose and then desorbed using 0.5%
sucrose laurate, resulting in a 20-fold increase in its activity.
The obtained RML solution containing the detergent was
mixed with different supports for immobilization. Three
immobilization methods were studied, including (1) ionic
adsorption of RML on anion exchangers; (2) one-point
covalent attachment of RML on CNBr-activated Sepharose; and
(3) multipoint covalent attachment of RML on glyoxyl-
Sepharose. After immobilization, the detergent was removed
by filtration and wash. Among all immobilized RML obtained,
immobilized RML on Q Sepharose (RML-Sepharose Q) via mul-
tipoint anion exchange retained most of the hyperactivation
effect (95.7%), while RML immobilized through the other two
methods lost more than 90% of the hyperactivation
effect. RML-Sepharose Q retained 100 and 80% of its activity
after incubation at 25 °C for 3 weeks and 37 °C for 24 h
respectively, indicating its superior stability. The use of
RML-Sepharose Q in the hydrolysis of sardine oil resulted in a
low omega-3 FAs/(OA + PA) ratio of 1.06, but a high EPA/DHA
ratio of 4.2.

Use of lipases immobilized on chitosan. Chitosan is a natural
biopolymer with many attractive properties, such as non-tox-
icity, biocompatibility, biodegradability and antibacterial
activity.”® Furthermore, chitosan is abundant in amino and
hydroxyl groups, so it can be readily modified with different
functional groups. Due to these advantages, chitosan and its
derivatives have been widely investigated as supports for
enzyme immobilization with applications in food, pharma-
ceutical and engineering industries.®® Urrutia et al. reported
the immobilization of CALB and RML on hydrophobic chito-
san materials through physical adsorption.*® Chitosan was
cross-linked with epichlorohydrin and modified with butyl-,
octyl-, or dodecyl groups to increase its hydrophobicity. The
increase in alkyl chain length led to increased hydrophobicity
of the chitosan support and improved activity of the immobi-
lized lipase. The immobilization yield for CALB was similar
using all three chitosan supports, but decreased for RML with
the increase of the alkyl chain length of the support. The alkyl
group likely hindered the access for lipase molecules to the
chitosan support, and this effect was more evident for longer
alkyl chains and larger lipase molecules (i.e. RML in this
study). During the hydrolysis of menhaden (a species of forage
fish) oil, the use of CALB immobilized on dodecyl- and octyl-
chitosan resulted in the release of a similar amount of EPA +
DHA (approximately 90-100 mM), which was higher in com-
parison to CALB immobilized on butyl-chitosan (approxi-
mately 40 mM). However, the amount of EPA + DHA released
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using immobilized RML was increased with the decrease of
the alkyl chain length, following the order of dodecyl-, octyl-
and butyl-chitosan (approximately 50, 400 and 580 mM,
respectively). Both immobilized CALB and RML were more
selective towards DHA and produced PUFAs containing
approximately 90% and 70-88% DHA, respectively. The
amount of DHA released by using immobilized RML was
smaller in comparison to immobilized CALB, possibly because
RML is sn-1,3 specific while DHA in menhaden oil mainly
exists at the sn-2 position. The reusability was studied for
CALB and RML immobilized on dodecyl- and butyl-chitosan,
respectively. During five cycles, the total mass of EPA + DHA
released per gram of biocatalyst had no significant change
using immobilized CALB but decreased drastically after the
second run using immobilized RML, possibly due to the lower
stability of immobilized RML at the reaction temperature
(35 °C).

Use of oriented-immobilized lipases. In most studies on immo-
bilization of lipases, the lipase is randomly positioned on the
support. This may bring about issues such as block of the
active site and low reproducibility of the immobilization proto-
col. Mohammadi et al. investigated oriented immobilization of
RML on two epoxy-functionalized silica nanoparticles (Santa
Barbara amorphous (SBA-15) and Mobil crystalline material
(MCM-41)).>* Among the six histidine residues in the primary
structure of RML, only number 42 (H42) has an affinity for
metal ions due to its imidazole group and thereby can be
adsorbed through the chelate effect. For oriented immobiliz-
ation, the epoxy groups on the silica materials were partially
modified with iminodiacetic acid and copper(u) sulfate to
introduce copper ions (Cu®*) to the supports (Fig. 8). During
the first stage of immobilization, RML was oriented and
adsorbed on the support through chelation of H42 to Cu**
ions. Afterwards, further immobilization of RML was carried
out through covalent bonding between the carboxyl groups
around H42 and the epoxy groups on the support. The
oriented immobilized RML showed slightly lower stability
towards heat and organic solvents in comparison to their
counterparts randomly immobilized. This is likely because the
number of epoxy groups available for covalent attachment was
decreased in oriented immobilization, thus resulting in the
less rigid conformation of the immobilized lipase.
Nevertheless, in the hydrolysis of menhaden oil at 25 °C, the
selectivity of the oriented immobilized RML on SBA-15
towards EPA over DHA was significantly improved, allowing for
the release of EPA and DHA mixture with almost 95% of EPA
purity during the first stage of the process at pH 5. The same
group performed another study on oriented immobilization of
RML on epoxy- and Cu’*-functionalized silica gel.** The
activity and EPA/DHA selectivity of the oriented immobilized
RML was the highest when the hydrolysis of menhaden oil was
conducted at 25 °C and pH 7, allowing for the release of EPA
and DHA mixture with almost 87% of EPA purity. The immobi-
lized RML was recovered by filtration and washed with cyclo-
hexane, and could be reused up to 5 cycles with 80% of the
activity retained.
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Fig. 8 Functionalization of silica materials with epoxy groups and copper(i) ions.

Ashjari et al. studied oriented immobilization of ROL on
epoxy- and Cu”*-functionalized silica supports (silica gel,
SBA-15 and MCM-41) through chelation of histidine residue
number 134 (H134) on the surface of ROL to Cu”" ions.®® In
order to further stabilize the lipase on the support, ROL was
aminated to increase the number of amino groups on the
surface which can form more covalent bonds with the epoxy
groups on the support. After oriented immobilization, the ami-
nated ROL was more stable at 45-55 °C and in organic solvents
(1-propanol, 2-propanol and dioxane) compared to the non-
aminated ROL. The use of aminated ROL immobilized on
SBA-15 led to the highest EPA/DHA ratio of 16.1 in the hydro-
lysis of menhaden oil at 4 °C and pH 5. All the immobilized
derivatives of aminated ROL showed adequate reusability with
above 90% of the activity retained after five cycles, in compari-
son to 65-80% for the immobilized derivatives of non-ami-
nated ROL.

Yousefi et al. performed oriented immobilization of ami-
nated and non-aminated RML on epoxy- and nickel(u) ions
(Ni**)-functionalized agarose, and compared them with their
counterparts randomly immobilized through one-point
covalent attachment.®* Both aminated and non-aminated RML
after oriented immobilization showed significantly improved
EPA/DHA selectivity in the hydrolysis of fish oil. The highest
EPA/DHA ratio of 32.9 was obtained by using the aminated
and oriented RML derivative at pH 5 and 4 °C, allowing for the
release of EPA and DHA mixture with almost 97% of EPA
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purity during the first stage of the reaction. The aminated and
non-aminated RML after oriented immobilization could be
reused five runs with 9 and 30% loss of activity, respectively. In
comparison, the use of immobilized RML on CNBr-activated
Sepharose resulted in an EPA/DHA ratio of 10.6 in the hydro-
lysis, and only 50% of its activity was retained after reused five
cycles.

As indicated by these studies, oriented immobilization
might be able to improve the EPA/DHA selectivity of a lipase in
the hydrolysis of fish oil in comparison to random immobiliz-
ation. Amination potentially further stabilizes the lipase on
the support through reinforced covalent bonding, thereby
increasing the reusability of the immobilized lipase.

Retention of EPA and DHA in acylglycerols. Generally,
omega-3 FAs in commercial supplements are provided in the
form of fatty acid ethyl esters (FAEEs). Therefore, if EPA and
DHA are produced as FFAs in the hydrolysis of fish oil, a sub-
sequent step of esterification is usually required. (Alternatively,
alcoholysis of fish oil can be performed to directly obtain the
esters of omega-3 FAs. See section Enzymatic transesterifica-
tion/alcoholysis.) However, it has been reported that EPA and
DHA present in the form of TAGs have higher
bioavailability.*>** In addition, FAEEs will be hydrolyzed in
the stomach and result in unpleasant fishy burps. The alcohol
generated may cause health issues or religious conflicts.”
Consequently, re-esterification of free EPA and DHA or their
esters with glycerol has been applied as an approach to
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Fig. 9 Acylglycerols possibly produced in enzymatic hydrolysis and
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produce omega-3 concentrates in the form of TAGs. Research
has been performed on selective hydrolysis of fish oil using
lipases, with the aim to remove other FAs and retain mainly
EPA or DHA on the glycerol backbone. The acylglycerols
(Fig. 9) will be collected and purified by winterization (an oil
refinement method to reduce turbidity in oils, based on the
differences in melting points of oils, fats and waxes), solvent
extraction, urea fractionation, distillation or chromatography
separation. The EPA and DHA fractions will then be reacted
with the FFAs or esters of omega-3 FAs or other FAs of interest
to prepare the products with desired structures.

Use of lipases immobilized through physical adsorption. Rice
et al. reported the immobilization of Candida cylindracea
lipase (CCL) on microporous polypropylene fibers through
physical adsorption.®® The immobilized lipase selectively cata-
lyzed the hydrolysis of medium-chain saturated and mono-
unsaturated FAs (C14, C16, C16:1, C18:1) in menhaden oil at
40 °C and pH 7, and retained over 90% of the initial EPA and
DHA in the acylglycerols. The selectivity of CCL towards short-
and medium-chain FAs was likely due to the steric hindrance
around the active site of the lipase, which inhibited its access
to the ester bonds of long-chain FAs in the oil. Akanbi et al.
claimed that Candida Antarctica lipase A (CALA) was FA-selec-
tive in the hydrolysis of anchovy oil, with sequential selectivity
towards saturated, monounsaturated and polyunsaturated FAs
in the order of increased number of double bonds.*® After
immobilized on octadecyl resin via physical adsorption,
immobilized CAL-A retained its FA selectivity and showed
increased activity due to the hyperactivation effect (see the
definition in section Use of lipases immobilized on hydro-
phobic porous supports). In the hydrolysis of tuna oil using
immobilized CALA, EPA and DHA were concentrated from
approximately 8 and 25% originally in the oil to 15 and 35% in
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the acylglycerols, respectively. The immobilized CALA could be
reused five cycles without significant loss in the activity.

Use of lipases immobilized through covalent attachment.
Cui et al. immobilized bovine pancreatic lipase on
N-succinyl-chitosan beads through covalent attachment
using 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC)/
N-hydroxysuccinimide (NHS) as the activating agents
(Fig. 10).*® The immobilization process was optimized with the
maximum activity recovery of 74.55% achieved. In comparison
to the free lipase, the immobilized lipase showed high activity
over a wider range of temperatures and pH. The immobilized
lipase was used to selectively catalyze the hydrolysis of satu-
rated and monounsaturated FAs in fish oil, and EPA and DHA
were concentrated from 4.3 and 11.9% originally in the oil to
6.5 and 20.6% in the acylglycerols, respectively.

Use of lipases immobilized through cross-linking. Yan et al.
investigated the efficacy of cross-linked Geotrichum sp. lipase
in enrichment of omega-3 FAs in fish 0il.®” The immobiliz-
ation process was performed in the presence of PEI, with the
aim to increase the number of amino groups available for
cross-linking and stabilize the lipase through the ionic
exchange between the cationic groups in PEI and the anionic
groups on the surface of the lipase. The lipase was dissolved in
a phosphate buffer and mixed with PEI, followed by the
addition of acetone for lipase aggregation and glutaraldehyde
as the cross-linker. No leakage was observed from the cross-
linked lipase (PEI-CLEAs) during filtration and wash. The
stability of PEI-CLEAs was higher at 45-55 °C and in organic
solvents (acetone, tert-butyl alcohol and octane) in comparison
to the cross-linked lipase without PEI (CLEAs) and the free
lipase. In the hydrolysis of fish oil, the use of PEI-CLEAs
increased EPA and DHA content from 6.94 and 0.97% in the
original oil to 12.69 and 3.88% in the acylglycerols, respect-
ively. After reused five cycles, PEI-CLEAs still afforded 72% of
relative degree of hydrolysis, while only 46% was obtained for
CLEAs after three cycles. The vigorous stirring during the reac-
tion generated gas bubbles, which possibly led to interfacial
inactivation of the lipase. The ionic interaction between the
lipase and PEI was likely to increase the rigidity of the immobi-
lized lipase and prevent this interfacial inactivation. However,
the mechanical force during centrifugation and wash might
have broken the structure of the cross-linked lipase and
thereby reduced its catalytic performance.

Use of lipases immobilized through entrapment. Okada et al.
entrapped CRL in chitosan-alginate-calcium chloride (CaCl,)
beads through an ionotropic gelatin method.®® The lipase was
dissolved in a solution of sodium alginate and mixed with a
chitosan solution containing CaCl,. During the reaction, algi-
nate was cross-linked with chitosan via ionic binding, and CRL
was immobilized inside the polymer network. In comparison
to free CRL, immobilized CRL showed improved stability at
20-60 °C and pH 2-10. Two-round hydrolysis of sardine oil
was performed using free and immobilized CRL. After the first
round of hydrolysis, the FFAs released were neutralized and
removed by centrifugation. The immobilized CRL was col-
lected through filtration and reused in the second hydrolysis
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Fig. 10 Immobilization of a lipase on N-succinyl-chitosan through EDC/NHS as the activating agents.

of the concentrated oil. Since the free lipase could not be
recovered, fresh free CRL was added to the reaction system for
the next round. The free and immobilized CRL similarly con-
centrated EPA from 25.2% in the original oil to 40.2 and
39.6%, and DHA from 7.18% to 15.5 and 15.3% in the acylgly-
cerols, respectively.

Use of lipases immobilized on nanomaterials. During recent
decades, nanomaterials have been extensively studied as
support materials for enzyme immobilization due to their high
surface area to volume ratio, which leads to higher enzyme
loading and reduces mass transfer limitations in comparison
to traditional bulk materials.®® Matuoog et al. reported the
immobilization of Thermomyces lanuginosus lipase (TLL) on
multi-walled carbon nanotubes through physical adsorption.*”
The effects of TLL loading, pH, temperature and time during
immobilization were investigated, and the maximum immobil-
ization efficiency of 97.78% was obtained after optimization of
the process. The use of immobilized TLL effectively enriched
DHA from approximately 7% originally in the fish oil to 31%
in the acylglycerols, in comparison to 19.7% by using free TLL.
After reused six cycles, immobilized TLL still afforded above
80% of relative degree of hydrolysis, indicating its adequate
reusability.

When magnetic nanoparticles are used as the support, they
can be fast separated from the reaction mixture by magnetic
attraction, which facilitates the recovery of immobilized
enzymes. Iron(u,m) oxide (Fe;0,) is the most commonly used

1060 | Green Chem., 2022, 24,1049-1066

type of magnetic nanoparticles for enzyme immobilization due
to its relatively easy synthesis and remarkable superpara-
magnetic properties. Matuoog et al. immobilized TLL on Fe;0,
nanoparticles that were coated with (3-aminopropyl)triethoxy-
silane (APTES) and activated by glutaldehyde.”® An immobiliz-
ation efficiency of 98.7% and an activity recovery of 109.5%
were achieved from the optimized immobilization process. In
the hydrolysis of fish oil using immobilized TLL, the content
of DHA was increased from 7% originally in the oil to 41% in
the acylglycerols. The relative degree of hydrolysis was slightly
decreased to 82% after the immobilized lipase was reused six
cycles.

Liu et al. carried out oriented immobilization of Yarrowia
lipolytica lipase LIP2 on APTES-coated Fe;O, nanoparticles in a
reverse micelle system.”" A reverse micelle system is composed
of water (in a relatively small amount), an organic solvent (in a
relatively large amount) and a surfactant.”> After vigorous
mixing, the surfactant molecules interact with water and the
organic solvent molecules via their polar and non-polar ends,
respectively. Consequently, numerous aqueous-phase droplets
are dispersed in the organic phase. If the aqueous phase con-
tains lipase molecules, the active site of the lipase will be
oriented towards the hydrophobic phase of the organic
solvent. In the present study, due to the interfacial activation
by the organic phase, the activity recovery of the immobiliz-
ation performed in the reverse micelle system was as high as
382%, in comparison to 29% of that in an aqueous system. A
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variety of surfactants and co-surfactants were studied about
their influence on immobilization. The highest activity recov-
ery of 540% was achieved by using the nonionic surfactant,
Span 20, at a water/surfactant ratio of 1. The activity of the
oriented immobilized lipase was further increased with the
addition of hexanol, propanol or octanol as the co-surfactant,
and the maximum activity was obtained by using hexanol at a
co-surfactant/surfactant ratio of 2. In the hydrolysis of fish oil,
the degree of hydrolysis reached 40% by using the oriented
immobilized lipase, and DHA was concentrated from approxi-
mately 19% in the original oil to 36.8% in the acylglycerols. In
comparison, the use of the free lipase resulted in 27.3% of
hydrolysis and 31.6% of DHA in the acylglycerols. The oriented
immobilized lipase could be reused twenty cycles and still
afforded 80% of relative degree of hydrolysis.

Use of bioimprinted lipases. Molecular bioimprinting is an
effective method to improve the catalytic activity of enzymes in
non-aqueous media (Fig. 11). The imprint molecules interact
with the enzyme, promote its conformational changes and
occupy its active site in a way similar to the enzyme-substrate
interaction. The enzyme-imprint material complex is lyophi-
lized, immobilized or precipitated in a non-aqueous medium.
The complex is collected and the imprint material is removed
by an organic solvent. The enzyme retains the open form due
to the rigidity, so the active site remains exposed for the sub-
strate to access.”>’* In the study by Yan et al., fish oil or oleic
acid was added as the imprint material during immobilization
of GCL on macroporous NKA resin (crosslinked polystyrene
adsorption resin).”® The purified lipase was dissolved in a
microemulsion composed of the imprint material and a phos-
phate buffer, followed by the addition of the support and incu-
bation at 4 °C for 4 h. The immobilized lipase was collected
through filtration and washed using tert-butyl alcohol to
remove the imprint material. IMLAF (immobilized GCL that
was bioimprinted using fish oil) and IMLAOA (immobilized
GCL that was bioimprinted using oleic acid) showed similar
stability at 45-55 °C and in organic solvents (acetone, diethyl
ether, tert-butyl alcohol, hexane, heptane and octane), which
were improved in comparison to free GCL. In the hydrolysis of
fish oil, the use of IMLAF led to the highest degree of hydro-
lysis and initial reaction rate, as well as the shortest time
required to reach the highest degree of hydrolysis, followed by
IMLAOA, immobilized GCL without bioimprinting, and free

Enzyme

Fig. 11 Molecular bioimprinting of an enzyme.
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GCL. Therefore, the hydrolytic efficiency of immobilized GCL
was effectively improved by bioimprinting. In comparison to
oleic acid which is only one among the various FAs that fish
oil contains, fish oil is multi-component-based and resulted in
more effective activation of the lipase for the hydrolysis of fish
oil. The effect of a two-phase medium on immobilization of
GCL using fish oil as the imprint material was investigated by
replacing the phosphate buffer with a mixture of phosphate
buffer and octane. The resulting immobilized GCL (IMLAOF)
showed a higher degree of hydrolysis and initial reaction rate
in the hydrolysis of fish oil in comparison to IMLAF, indicating
its further improved hydrolytic efficiency. The content of EPA
and DHA was increased by IMLAOF from 6.94 and 0.97% in
the original fish oil to 12.65 and 3.85% in the acylglycerols,
respectively. Both IMLAF and IMLAOF still afforded 80% of
relative degree of hydrolysis after reused five times.

Generally, bioimprinted enzymes are used in a non-
aqueous or micro-aqueous environment (an environment that
is mostly composed of an organic solvent and contains a very
small amount of water), as in aqueous solutions the bioim-
printed molecules will have conformational changes due to
the interaction with water molecules and therefore lose their
structural memory.”® In order to stabilize the bioimprinted
lipase and extend its use to aqueous media, Sampath et al.
investigated cross-linking of bioimprinted CRL via glutaralde-
hyde.?®> CRL was bioimprinted using oleic acid, followed by the
addition of bovine serum albumin as the co-feeder and PEI as
the co-aggregator. The obtained aggregates of bioimprinted
CRL (CRL-CLEA) was cross-linked by adding glutaraldehyde
and collected through centrifugation. The maximum activity
recovery of approximately 55% and aggregation yield of 99%
were achieved at a CRL: oleic acid ratio of 1:5, CRL: bovine
serum albumin ratio of 1:1, CRL: PEI ratio of 1:1, with the
addition of 340 pL of glutaraldehyde and after 45 min of cross-
linking. In the hydrolysis of sardine oil, 35.97% of hydrolysis
was achieved by using CRL-CLEA, and EPA was effectively
enriched from 11.81% in the original oil to 45.75% in the acyl-
glycerols, in comparison to 3.45% of hydrolysis and 18.16% of
EPA in the acylglycerols by using free CRL. The LC-MS analysis
indicated that EPA was mainly present in the form of MAGs
after the reaction using CRL-CLEA. The content of DHA was
decreased from the original 6.1% to 5.04% in the acylglycerols
using CRL-CLEA, indicating that the DHA glycerol ester was

. o
+
3 Imprint molecule@ * Organic solvent C %: Substrate ’@
B ——— —l—> —
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slightly hydrolyzed. During the reuse of CRL-CLEA, the EPA or
DHA content in the acylglycerols was slightly decreased by
approximately 10% till the 5™ cycle, but then drastically
reduced by approximately 50 and 30% in the 6™ and 7™ cycle,
respectively. The continuous stirring and repeated wash
resulted in compaction of the lipase molecules, so the access
of sardine oil to the active site of CRL was inhibited and the
lipase activity was reduced.

Enzymatic transesterification/alcoholysis

Enzymatic transesterification/alcoholysis has been widely
investigated as a method to prepare FA esters from TAGs
(Fig. 12). For omega-3 FA concentrates that are intended for
human consumption, ethanol is the most commonly used
alcohol due to its relatively low toxicity. Omega-3 FAs can
either be converted to ethanol esters (EEs) or maintained on
the glycerol backbone as acylglycerols (Fig. 9). It should be
noted that during enzymatic alcoholysis, irreversible de-
activation of lipases by alcohol has been frequently observed,
which can be restricted by stepwise addition of the
alcohol.”””8

Release of EPA and DHA as EEs. Moreno-Pérez et al
reported the immobilization of CALB, TLL and RML on an
anion exchanger (Duolite A568) via ionic adsorption and two
hydrophobic supports (Lewatit VPOC1600 and Sepabeads C18)
via physical adsorption.** The immobilized lipases were used
to catalyze the ethanolysis of sardine oil in two organic sol-
vents (cyclohexane or tert-amyl alcohol). The lipases immobi-
lized on the hydrophobic supports were stabilized and showed
higher activity and selectivity in comparison to their counter-
parts immobilized on the anion exchanger. Immobilized TLL
on Sepabeads C18 exhibited the highest initial activity and
EPA/DHA selectivity, with an EE-EPA/EE-DHA ratio of 29
achieved. Modification of the immobilized lipases was per-
formed through amination, succinylation or coating with poly-
mers to further improve their catalytic performance. PEI
coating significantly improved the stability of the Sepabeads
C18 derivatives of TLL and RML in cyclohexane and tert-amyl
alcohol, respectively, with no loss in their transesterification
activity after incubation at 45 °C for 24 h. After the ethanolysis
of sardine oil catalyzed by TLL immobilized on Sepabeads C18
with PEI coating, the product mixture was abundant in EE-EPA
(80%) with less than 5% of EE-DHA. The same group further
studied this process in a solvent-free system.”” The use of

(o}
O)J\R1
2 Lipase [o]
o)J\R2 + ROH —  J_
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e
[o}

Triacylglycerol (TAG)

Fig. 12 Enzymatic transesterification/alcoholysis of TAGs.
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immobilized Lecitase Ultra on Sepabeads C18 resulted in the
highest EE-EPA/EE-DHA ratio of 43, indicating that almost
pure EE-EPA was produced during the first stage of the reac-
tion. TLL and Lecitase Ultra immobilized on Sepabeads C18
showed adequate reusability in the solvent-free system, with 80
and 100% of the activity retained after four and five cycles,
respectively.

Cipolatti et al. prepared polyurethane nanoparticles modi-
fied with polyethylene glycol (PU-PEG), and used this material
as the support for the immobilization of TLL.*® PEG modifi-
cation was claimed to increase the mechanic resistance of the
PU support. The immobilization yield was as high as 98-100%
using all PU supports modified with PEG with different mole-
cular weight (PEG 400, 4000, or 6000). However, the recovered
activity of immobilized TLL on PU-PEG-400 was much lower
(37.6%) in comparison to others (100%), possibly due to the
agglomeration of the relatively small PEG 400 molecules. All
the immobilized TLL showed improved stability towards heat
and pH. In the ethanolysis of sardine oil at 28 °C, the EPA/
DHA selectivity was increased for all immobilized TLL com-
pared to free TLL, especially immobilized TLL on PU-PEG
6000, which afforded the highest EE-EPA/EE-DHA ratio of 31.8.
In the further study by the same group, PEI or trehalose
coating was carried out to further stabilize the immobilized
lipase.®' Coating with 20% PEI promoted the hyperactivation
effect (see the definition in section Use of lipases immobilized
on hydrophobic porous supports), and the resulting immobi-
lized TLL showed the highest activity and thermal stability in
comparison to its counterparts coated with 10% PEI or treha-
lose. During the ethanolysis of sardine oil, the amount of
EE-EPA or EE-DHA produced using immobilized TLL coated
with PEI was at least four times higher than that using non-
coated immobilized TLL. The highest EPA/DHA selectivity was
obtained using the immobilized TLL coated with 20% PEI,
with an EE-EPA/EE-DHA ratio of 45.8.

Retention of EPA and DHA in acylglycerols. Pawongrat et al.
prepared MAGs enriched with omega-3 FAs through glyceroly-
sis of tuna oil using the immobilized lipase AK from
Pseudomonas fluorescence.”® During the synthesis of acylglycer-
ols, acyl-migration often occurs, in which the acyl groups
uncontrollably move from one position to another on the gly-
cerol backbone. If the glycerolysis reaction is catalyzed by an
immobilized lipase, acyl-migration can be restrained by using
certain types of supports in the immobilization.®* In the

OH
+ )?\ + )ol\ + OH
RO R, RO R3
OH
Glycerol
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present study, Accurel EP-100 was selected as the support as it
doesn’t have superficial charges and thereby won’t catalyze
acyl-migration.®®> A MAG yield of 24.5% was achieved from the
optimized glycerolysis process catalyzed by the immobilized
lipase AK. The omega-3 FA content was increased from 31.87%
originally in the tuna oil (4.2% of EPA and 27.9% of DHA in
99.3% of TAG) to 55.9% (7.7% of EPA and 48.2% of DHA) in
the MAG products. However, the side reaction of oil hydrolysis
was significantly promoted due to the addition of water in the
reaction medium, resulting in the formation of 41.6% of FFAs.
The concentration of omega-3 FAs in the FFAs was 36.4%
(7.9% of EPA and 28.5% of DHA). Therefore, in 100 g product
mixture, the amount of omega-3 FFAs was 15.14 g (36.4% x
41.6% x 100 g), which was even higher than that of omega-3
MAGS (13.70 g, 55.9% % 24.5% x 100 g). In another study per-
formed by the same group, water was not added in the glycero-
lysis reaction, and the immobilized lipase AK was treated with
three drying methods to remove the residual water.** However,
it was observed that the activity of the immobilized lipase in
glycerolysis of tuna oil was reduced along with the decrease of
the water content. Therefore, it was concluded that a certain
amount of water was essential for this lipase to catalyze the
glycerolysis reaction; however, the existence of water might
promote the hydrolysis of TAGs to FFAs at the same time.
Structured TAGs (STAGs) that contain EPA and DHA at the
sn-2 position and medium-chain FAs at the sn-1 and 3 posi-
tions have been reported to be more readily absorbed by the
human body in comparison to non-structured TAGs with
similar FA compositions.®*> Mufio et al. prepared 2-MAGs
abundant in DHA as the precursor of STAGs through the etha-
nolysis of fish oil catalyzed by 1,3-specific lipases (lipase D
from Rhizopus oryzae and lipase Rd from Rhizopus delemar)
immobilized on Accurel EP-100.°® In the ethanolysis of cod
liver oil, only 2-MAGs were detected with no formation of FFAs
or 1(3)-MAGs, which facilitated the separation of the 2-MAG
products from the EEs. The PUFA content in the 2-MAGs was
39.5 and 36% using immobilized lipase D and Rd, respectively,
which was similar to that of the sn-2 position in the original
cod liver oil (39.1%). Therefore, almost all PUFAs at the sn-2
position of TAGs in the oil were preserved in the 2-MAG pro-
ducts, due to that the lipases are 1,3-specific and acyl-
migration was effectively restricted by the support and the
solvent (acetone).’” Since DHA in cod liver oil is mainly distrib-
uted at the sn-2 position, it was effectively enriched from
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Fig. 13 Enzymatic esterification of FFAs derived from TAGs.
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11.1% in the original oil to 29.1% in the 2-MAGs. In compari-
son, the concentration of EPA in the 2-MAGs (10.4%) was
similar to that originally in the oil (9.5%), possibly because
EPA in cod liver oil is mainly located at the sn-1(3) position.
The yield of 2-MAGs obtained by using immobilized lipase D
and Rd was even higher than that by using the commercial
immobilized lipase Novozym 435. However, when the reaction
was scaled up, Novozym 435 was selected to use due to its
higher stability during the reuse.®® Therefore, good stability
and reusability are essential for an immobilized enzyme to be
developed for large-scale applications and commercialization.

Enzymatic esterification

Besides hydrolysis and alcoholysis of esters, lipases also cata-
lyze the esterification of FFAs (Fig. 13). Some lipases have the
selectivity towards saturated and monounsaturated FAs and
discriminate against PUFAs in the esterification process, and
therefore can be used for the enrichment of omega-3 FAs in
the form of FFAs.% Jonzo et al. immobilized two lipases (Lip A
and B, purified from commercial CRL) on Duolite A 568
through ionic adsorption with an immobilization yield of
above 99%.%° The two immobilized lipases were used to cata-
lyze the esterification of cholesterol with FFAs that were
obtained from the hydrolysis of TAGs extracted from sardine
mill effluent. During the reaction, palmitic acid (a saturated
FA) was observed to be esterified first, followed by palmitoleic
acid and oleic acid (monounsaturated FAs). The majority of
DHA remained unreacted and was enriched by Lip A and B
from 7.4% originally in the oil to 32% and 25.3% in the FFAs
collected after the reaction, respectively.

Mbatia et al concentrated omega-3 FAs in Nile perch
viscera oil using two methods, esterification of FFAs and
hydrolysis of FAEEs, catalyzed by two immobilized lipases (TLL
and Pseudomonas cepacia lipase (PCL)) on Accurel MP100.%°
The FFAs were prepared by saponification of the oil and acidi-
fication of the produced FA salts. A part of the FFAs was
treated with ethanol to form FAEEs. The FFAs were esterified
and the FAEEs were hydrolyzed using the immobilized lipases,
with the aim to leave EPA and DHA unreacted. In both reac-
tions, immobilized TLL showed stronger discrimination
against DHA, while PCL was more effective in retaining EPA.
The use of immobilized TLL resulted in the enrichment of
DHA from 9 mol% in the original oil to 27 mol% in the FAEEs
collected after the hydrolysis and 39% in the FFAs collected

[o}
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after the esterification. The use of immobilized PCL concen-
trated EPA from 3 mol% originally in the oil to 11 mol% after
the hydrolysis and 16 mol% after the esterification. Although
the omega-3 FAs were more concentrated in the FFAs collected
after the esterification, their recovery was higher after the
hydrolysis. After the esterification and hydrolysis, 68 and 84%
of DHA were recovered by using immobilized TLL, and 70 and
92% of EPA were recovered by immobilized PCL, respectively.

It should be noted that compared to direct hydrolysis or
alcoholysis of TAGs in fish oil, enrichment of omega-3 FAs
through esterification requires extra procedures to prepare the
FFAs derived from the TAGs, which involves the use of hazar-
dous chemicals (concentrated acids, alkalis and organic sol-
vents) and consumption of energy for heating. Therefore, this
method has relatively little potential to be developed for indus-
trial production and is thereby less investigated.

Conclusions

During recent decades, marine by-products have been investi-
gated as sources of EPA and DHA due to the enormously
growing demand for omega-3 FA supplements and develop-
ment of the blue economy. To produce marine omega-3 FA
products, fish oil is extracted from the fish materials and
refined, followed by the enrichment of EPA and DHA.
Immobilization has been intensively investigated as a green
technology to improve the catalytic performance and re-
usability of lipases in enzymatic concentration of marine
omega-3 FAs. The immobilized lipases were mainly applied to
catalyze the hydrolysis or alcoholysis of TAGs in fish oil to
obtain concentrated EPA and/or DHA in the form of FFAs, EEs
or acylglycerols. As indicated in this review, immobilization
results in conformational distortion of a lipase and changes
the accessibility of the substrate to the active site, which can
either positively or negatively influence the activity and selecti-
vity of the lipase. The properties and catalytic performance of
an immobilized lipase are closely affected by multiple factors,
such as the immobilization conditions, the conformation of
the lipase, the nature of the support and the composition of
the reaction medium. Therefore, it is necessary to investigate
different immobilization processes when aiming to optimize
the functionality of an immobilized lipase.

With the evolution of chemistry towards being cleaner and
more sustainable, the enzymatic enrichment of omega-3 FAs
using immobilized lipases are essential to meet the green
chemistry principles of design for energy efficiency and cataly-
sis, and more research should be performed to improve the
processes. For example, reusability is an important feature of
immobilized enzymes and a critical factor to evaluate their
commercialization potential. The immobilized enzymes
should have appropriate reusability to be sustainable for use,
and leverage the cost and workload of the immobilization
process. However, this property has not been sufficiently inves-
tigated in the research area we discussed. Future work should
be focused on the design of highly active and stable immobi-

1064 | Green Chem., 2022, 24,1049-1066

View Article Online

Green Chemistry

lized enzymes which can be used in large-scale and consecu-
tive production of concentrated omega-3 FAs from marine by-
products. The immobilization methods need to be economi-
cally and technically feasible and scalable for industrial pro-
duction. A techno-economic assessment should be performed
to analyze the viability of the immobilized enzymes for com-
mercial use.
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EPA Eicosapentaenoic acid

EE Ethyl ester

FA Fatty acid

FAEE Fatty acid ethyl ester

FFA Free fatty acid

GCL Geotrichum candidum lipase
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MAG Monoacylglycerol

NHS N-Hydroxysuccinimide
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PEG Polyethylene glycol
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PUFA Polyunsaturated fatty acid
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RML Rhizomucor miehei lipase
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YLL Yarrowia lipolytica lipase
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