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Lipases (3.1.1.3) are ubiquitous, biogenic enzymes which hydrolyses the triacylglycerols at the water-oil interface. Many species of
animals, plants, and microbes produces lipases. The organisms able to produce lipases which could tolerate organic solvents, high
temperature, is of industrial interest. Apart from its natural aqueous catalysis it also performs synthetic reactions in non-aqueous
conditions, which have undergone tremendous development in last decade and have become a part of growing biotechnological
applications. Immobilization of lipases on the particulate carriers have also been widely used for the enzyme’s efficient use. Vast industrial

applications have been established such as detergent formulations, oleochemical, nutrition, textile, agrochemical industry, food
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excessive purification or high degree of purity.

technology, pharmaceutical field and fine chemical processing. Except latter three, most commercial applications do not requisite
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INTRODUCTION

Lipases (3.1.1.3) are ubiquitous, biogenic enzymes which hydrolyses the
triacylglycerols at the water-oil interface. Lipases falls in the class of enzyme
Hydrolases (3), Acting on ester bonds (3.1), Carboxylic - ester hydrolases (3.1.1),
Esterases (3.1.1.1) and Lipases (3.1.1.3). Lipases are serine hydrolases. There is
very small dividing line between the Esterase and Lipase which needs to be
understood. Esterases are defined as carboxylesterases which hydrolyse the ester
bonds present in the fatty acids of short chain length (<10 C) whereas lipases
catalyse the hydrolysis and synthesis of long chain fatty acids (=10 C) (Jaeger and
Eggert, 2002; Casas- Godoy et al., 2012). Unlike other hydrolytic enzymes, the
substrates for the lipases are presented in a separate phase viz. water/oil interphase
(Rubin, 1995; Martinelle et al., 1995). Amongst multitude of enzymes, it is one
of the enzymes which have a unique property to catalyse the hydrolytic reactions
in aqueous as well as synthetic reactions in microenvironment or non - aqueous
environment. They hydrolyse the tri-, di- or mono-glycerides into fatty acids and
glycerol and also catalyse the synthesis reactions like esterification,
interesterification and transesterification (Table 1).

Table 1 Reactions catalysed by lipases
1.  Hydrolysis
R;COOR; + H,0O «—R;COOH + R,OH
2. Esterification
R;COOH + R,0OH « R;COOR; + H,O
3. Transesterification
(a) Alcoholysis
R,;COOR; + R;0H « R;COOR; + R,OH
(b) Acidolysis
R;COOR; + R;COOH « R3COOR; + R;COOH
(c) Aminolysis
R:COOR; + RsNH,<»> R;CONHR; + R,OH
(d) Interesterification
R1COOR; + RCOOR+> R;COOR, + RsCOOR,

In cellular metabolism the fatty acids released by hydrolytic reaction can further
be utilized for the synthesis of triacylglycerol, act as energy sources and also as
precursors for synthesis of membrane phospholipids (Aschauer et al., 2018). For
the biotechnological application fatty acids and glycerol thus generated as products
can be utilized as a carbon source for the production of different enzymes, as a
substrate for the production of mono-, di-, tri- acylglycerol or for production of
different products like ethanol and formate by glycerol fermentation

(Binhayeeding et al., 2017; Jarvis et al., 1997). Lipases acts on broad range of
substrate from various esters of fatty acids to hydrolysing different chain lengths
of alcohols.

The characteristics of lipases like regio-, stereo-, and enantio- specificity is one of
the major factors for considering this enzyme important for industrial applications
(Kapoor and Gupta, 2012; Sarmah et al., 2018).

Regiospecificity

Regio-specificity can also be referred to positional specificity. According to
Matori et al., (1991), lipases can be divided into three groups depending on its
regio- specificity-

(a) o-specific (1,3 position specific): Lipases which hydrolyse the ester bond
at the primary hydroxyl group of the triglyceride, either at position 1 or
3 of a glyceride. This hydrolysis would produce either monoglycerides
or diglycerides, latter being much preferred and faster (Riberio et al.,
2011; Kapoor and Gupta 2012). Examples are listed in the table 2.
Non- specific: These lipases catalyse reaction randomly, on all hydroxyl
groups irrespective of the position on the triglyceride (Harikrishna and
Karanth, 2002; Riberio et al., 2011; Kapoor and Gupta, 2012). The
nonspecific lipase will act on tri-, di-, and mono- acyl glycerides with the
same rates. For biodiesel production, the ideal lipase should be one which
has non-regiospecific characteristics, as it can hydrolyse all the three
forms of the triglyceride (Vargas et al., 2018).

(c) Fatty acid specific: The lipases which favour the hydrolysis of esters at
the specific position of the glyceride chain (Kapoor and Gupta, 2012).
For example, the specificity of the mold Geotrichum candidum lipase
has been studied and results showed, that the enzyme was specific for
fatty acids containing cis-9 or cis, cis-9, 12 unsaturated triglyceride
regardless of the position (Jensen 1974; Jensen et al., 1983).

(b

~

Stereospecificity

Stereospecificity of the lipase can be defined as the ability of them to distinguish
between sn-1 and sn-3 position on the triglyceride. The lipases preferentially
hydrolyse one of the isomers of a racemate mixture over other. This novel
characteristic of lipase, is studied extensively and the reports shows this nature acts
on various substrates such as straight chain secondary alcohols, acetonoids,
inositols, carboxylic acids and several esters of ibuprofens (Meghwanshi and
Vashishtha, 2018). According to Sonnet, (1988), the stereoselectivity of the same
lipases may vary with the change in the structure of the substrate. The high
preference for acting on sn-1 position of trioctanoin substrate by lipase from
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Pseudomonas sp. and sn-3 by C. antarctica shows high stereospecificity, while all
other lipases show low- medium sn-1,3 stereospecificty towards trioctanion
(Kapoor and Gupta, 2012).

Table 2 List of organisms and regioselectivity of their lipases

;Ee:z: Name of organism Regio-specificity Application Reference
Bacterial Anoxybacillus flavithermus HBB 134 1,3 Regiospecific - Bakir and Metin 2016
Staphylococcus sp. 2 Regiospecific - Horchani et al., 2010
Chromobacterium viscosum Non Regiospecific - Riberio et al., 2011
Pseudomonas sp. Non Regiospecific - Riberio et al., 2011
. - Monoglyceride production,
Pseudomonas sp. 1,3 Regiospecific esterification of (R.S)-2-octanol Gaoa et al., 2000
Fungal Cordyceps militaris 1,3 Regiospecific - Park et al., 2019

Tricosporon sp.

1,3 Regiospecific

Enrichment of omega 3

polyunsaturated fatty acids Caoetal, 2019

Rhizopus sp.

1,3 Regiospecific

Interesterification of Amazonian

buriti oil and murumuru fat Sperenza etal., 2016

Rhizomucor endophyticus

1,3 Regiospecific

Biodiesel Yan et al., 2016

Geotrichum candidum NRRL Y-552

Non-Regiospecific -

Laguerre et al., 2017

Penicillium simplicissimum, Candida rugosa

2 Regiospecific -

Harikrishna and Karanth 2002

Geotrichum candidum

Fatty acid specific -

Jensen, 1974

Candida sp. 99-125

1,3 Regiospecific

Production of 1,3 Diolein Bietal., 2019

Enantioselectivity

In an enzymatic reaction, the enzyme model always describes the mechanism of
enantioselectivity. These models, precisely referred to as rules, only predicts which
enantiomer reacts faster, but not the degree of enantioselectivity (Ghanem and
Aboul-Enein, 2005). The Prelog’s rule (Prelog, 1964) was the earliest which
predicted the enantioselectivity of the ketones by alcohol dehydrogenases of yeast,
on the basis of size of the two substituents on the carbonyl group. Other models
are based on pockets, which indicates the size and shape of the molecules present
in the active site. Kazaluskas et al., (1991) using lipases from Pseudomonas
cepacia and Candida rugosa, put forward a rule to predict the chiral recognition
by lipases.

The enantioselectivity by various lipases of different species have been reported.
Pseudomonas fluorescens and Bulkholderia cepacia RQ3 lipase shows the
enantioselectivty towards cosmetics and pharmaceutical industry important
compound 1-phenylethanol (Dwivedee et al., 2017; Xie et al., 2016).

Structure of lipases

Lipases are serine hydrolases i.e. they contain a serine residue at their active
catalytic site. Majority of the Lipases/Esterases holds a small consensus region
which is thought to be active site. This region contains G-X-S-X-G sequence which
encloses the serine residue, not specifically the same for all enzymes. This presence
of the serine residue can be confirmed by chemical modification and site- directed
mutagenesis experiments (Hilton and Buckley, 1991; Davis et al., 1990).
According to Murzin’s (1995) SCOP database, the protein structure has been
classified into five classes according to the fold types — (a) all o helices, (b) all B
sheets, (c) o/B mostly parallel B strands and (d) o/p mostly anti-parallel B strands.
This classification also used in Protein Data Base (PDB) for classifying proteins
according to their three-dimensional structures. The lipases are categorized in the
class o/ mostly with parallel B strands (Schrag et al., 1997). Invention of X-ray
crystallography has been proven beneficial for the elucidation of three-
dimensional structure of the enzymes. The first three- dimensional structure of two
lipases, Mucor miehei lipase and human pancreatic lipase, were simultaneously
reported in a year (Brady et al., 1990; Winkler et al., 1990). The catalytic triad of
serine proteases Ser-His-Asp is well known and similarly the lipases are
chemically analogous to, but structurally different from serine proteases. The
Geotrichum candidum lipase showed Ser-His-Glu catalytic triad, where aspartate
is replaced by the glutamic acid (Schrag et al., 1991). Unlike other serine
proteases, the sequence of the catalytic triad for lipase should be invariably Ser-
Asp/Glu-His (Schrag et al., 1997). As such there is no difference in the structure
of lipases obtained from different sources, except the difference in the sequence
located near the active sites. A study carried by Aschauer et al., (2018) reports the
crystal structure of monoacylglycerol lipases from Mycobacterium tuberculosis,
which shows similarity with human monoacylglycerols. This bacterium was not
inhibited by the profound human lipase inhibitor. Also, human and M. tuberculosis
lipases were marked different by observing the active site through docking.
Docking revealed differences in binding pocket which impaired the inhibition.

Different databases are present for the classification and identification of new
sequences of lipases and esterases. Lipase Engineering Database (LED) provides
the multisequence alignments of all homologous families and superfamilies. The
LED integrates the information on sequence - structure - function of

lipases/esterases with different proteins of its superfamilies (Pleiss et al., 2000;
Fischer and Pleiss, 2003). Widmann et al., 2010 have done a detailed case study
on Candida antarctica Lipase A using the LED Database, where they compared
the C. antarctica Lipase A structure with other superfamilies and found similar
structure from the deacetylase family. The ESTHER (Esterases, o/f hydrolase
enzymes and relatives) Database aids in comparison and alignment of unknown
sequence, structure- function relationship analysis via mutation and structural data
retrieval (Cousin et al., 1996). It is expanding new fields for analysis such as
generating new families, visualization tools like the family tree and overall table
(Lenfant et al., 2012). LIPABASE Database is a repository which is ideal for
‘true’ lipases from different species. It gives the information about the general,
physicochemical, taxonomic and molecular data regarding the ‘true’ lipases
(Messaoudi et al., 2011).

Lipase sources

This industrially important, potent enzyme could be procured through various
sources. The sources may include animal, plants and microorganisms.

Plant lipases

For the transesterification of edible oils, specifically when ethanol is used, plant
lipases are more advantageous, as ethanol can be produced through fermentation
utilizing the plant biomass. Even though, very less focus is given on plant lipases
in comparison with the microbial lipases. The majority of the lipases extensively
used in biotechnologies are of bacterial and fungal origin (Nanssou Kouteu et al.,
2016; Villeneuve, 2003). Oleaginous plants, such as corn, castor bean, sunflower,
due to presence of high triacylglycerol content might be the source of lipases. The
castor bean seeds and sunflower seeds as the lipase source have been reported by
Tavares et al., (2018) and Sagiroglu and Arabaci, (2005) respectively. The
statistical methods were employed to evaluate the effects of physical and media
parameters on the hydrolysis yield and the kinetic studies were employed on the
castor bean seeds lipase whereas purification and kinetic studies have been studied
from sunflower seed lipase. Jatropha curcus lipase was able to degrade the phorbol
esters, a known toxic agent having potential to cause tumour (Wardhani et al.,
2016). Cereals and latex of the fruits are also the major lipase producers. Cereal
grains contain the starch or lipids majorly as the nutrient reserve for the energy and
utilize it during germination. Rice, wheat, corn are considered to be good lipase
producers, showing the presence of lipase activity in different parts of its plant.
Wheat germ lipase was initially reported by Singer and Hofstee in 1948 (Barros
etal., 2010). The presence of lipase in the rice is mainly in the bran. Bhardwaj et
al., (2001) identified the first thermostable lipase in rice bran and was found to be
glycoprotein. Kinetic parameters and characterization of lipase was studied using
purified enzyme and was found to be sn-2 regiospecific. The Carica papaya lipase
was studied from the latex of the fruit, and was first reported in the 1935 (Rivera
etal., 2012). This lipase is on focus and is considered important due to its low cost.
A new method was developed by Nhat and Ha, (2019) which showed easy
isolation of lipase from papaya latex with the help of sodium lauroyl sarcosinate.
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Animal lipases

The fish and mammals collectively contribute the lipases from the animal sources.
Various organs of fish such as head, frame, the skin, scales and viscera are
potentially rich in lipases. The digestive organs which are considered as major by-
products of fish industry are also the main sources of lipases and proteases. The
fish lipases complement the characteristics of mammalian and microbial lipases,
due to its evolutionary pathways (Kurtovic et al., 2009; Sae-Leaw and Benjakul,
2018; Mardina et al., 2018). The microbial lipase expressing system differs from
those in mammals in a way such as predominant role of Carboxyl Ester Lipase
(CEL)-like enzyme in fat digestion compared to Pancreatic Lipase (PL)-like
enzyme (Kurtovic et al., 2009). The lipases from the liver of the seabass was
purified and characterized by Sae-Leaw and Benjakul, (2018). The enzyme had
higher efficacy of defatting the fish skin as compared to the isopropanol treatment.
Apart from fish other marine animals, which are not much studied includes the
crustaceans and cephalopods. Earlier, mammals such as pig, rat, cow and sheep
were studied to understand the lipid digestion. The studies on porcine pancreatic
lipases by Bier, (1955), Plummer and Sarda, (1973), rat pancreatic lipase by
Gidez, (1968) and bovine pancreatic lipase by Julien et al., (1972), are some of
the early researches on the mammalian lipases. The porcine lipase have been
applied for the synthesis of aromatic esters such as ethyl oleate, ethyl valerate,
butyl acetate (Ozyilmaz and Gezer, 2010; Hazarika et al., 2002). The calcium
carbonate immobilized porcine lipase has been used to biodegrade the mycotoxin
patulin in apple juice (Tang et al., 2018). The human pancreatic lipase (HPL),
whose structure was first predicted with the help of the X-Ray crystallography, has
a key role in dietary fat absorption by generating free fatty acids and mono-
glycerides from the triglycerides (Winkler et al., 1990). Recent development in
HPL is towards developing recombinant HPL, as a supplement for treating the
patients with lipase deficiency, for elucidating the properties to control the in vitro
lipase activity (Kawaguchi et al., 2018).

Microbial lipases

Microbial lipases include the fungal, yeast and bacterial lipases. The reasons why
the microbial lipases are biotechnological important are as they (1) are stable at
high temperatures, (2) have broad substrate selectivity, (3) have ease of genetic
manipulation, (4) are stable in organic solvents, (5) do not require co-factors, (6)
abundant and easy growth of microorganisms, and (7) possibility of high yield
(Sharmacet al., 2001). The table 3 indicates the potent microorganisms producing
lipases (Sharma et al., 2001; Nagarajan 2012).

Table 3 List of microorganisms which are potent lipase producers

may often lead to unwanted side reactions, would degrade organic reagents and
also the thermodynamic equilibria of many processes are unfavourable in aqueous
medium (Klibanov, 2001). There are various advantages and disadvantages of
using enzymes in organic solvent systems (Table 4) (Doukyu, 2010). Natural
organic solvent tolerant enzymes are useful for many industrial applications, as
there is no need for any modification for the stability of the enzyme. Many organic
solvent tolerant lipases have been screened and subsequent characterization has
also been done (Table 5). If the enzyme is not naturally potent for solvent tolerance,
it can be engineered to function in organic solvents with the activities and
selectivities same as would be there in aqueous phase. With the consideration of
advantages of non-aqueous conditions, invariably low catalytic activities have
been displayed by the enzymes in these conditions compared to the aqueous
(Schimd, 2001). The partition coefficient P (log P) is frequently used to describe
solvents effect on the enzyme activity/ stability of the enzyme. Laane et al., (1987)
have proposed the rules for optimization of biocatalysis in organic solvents which
would allow the optimization of any biological reaction in the medium containing
various organic solvents. They interpreted that the log P correlation for enzymatic
conversions is a general phenomenon observed due to differences in the ability of
the organic solvents to disrupt the critical water layer around biocatalysts.

Table 4 Advantages and disadvantages of using organic solvent systems for
enzymatic catalysis
Advantages

High solubility of hydrophobic substrates
Catalysis of various reactions that are not attainable in
aqueous media
Thermodynamic equilibria support synthesis reactions over
hydrolysis
Repression of water-dependent side reactions
Use of different substrates, regio, stereo and enantio-
specificity
Reusability and recovery of enzyme with and without
immobilization
Change of the partition of substrates/products which aids in
separations and improved yields
Increased thermostability in anhydrous organic solvent
system
Enzymes are potent to be used straightly in a chemical
process
Removal of microbial contamination

Source  Microorganism Source Microorganism Disadvantages Enzyme inactivation
Rhizopus arrhizus Candida rugosa More labour and costly preparation of biocatalysts in
Rhizopus chinensis Candida cylindracea covalently modified systems
Aspergillus sp. Candida sp. In the case of heterogeneous system, the problems of mass-
Rhizopus nodosus Yeast Aureobasidium pullulans . . transfer . .
Sericilliom citrinum Saccharomyces During the mvolve.m.ent of condensation reactions, water
cerevisiae activity needed t.o .control
Penicillium cyclopium Williopsis californica Solvent toxicity
- " Acinetobacter A
Penicillium wortmanii . Immobilization
radioresistens
Fungal  Penicillium verrucosum Pseudomonas sp. The discovery of the immobilization technique was first observed using the
] Pseudomonas invertase enzyme, which used the charcoal and aluminium hydroxide as the
Geotrichum sp. aeruginosa support material. Such preliminary techniques allowed very less amount of enzyme
Geotrichum candidum Staphvl ;. loading on them. But with time more advanced techniques have evolved which can
€o |c. um candidu ag Y OCO(_:CUS au e%ls also be used in the large-scale production processes (Homaei et al., 2013). The
Aspergillus carneus Bacillus acidocaldarius primacy of this technique over the enzymes in solutions includes high stability,
. . Bacillus economically convenient, reusability, effortless product separation, employment
Rhizopus sp. Bacterial stearothermophilus of mixed cultures, optimizing the product yield and continuous process can be
Aspergillus niger Burkholderia cepacia carried out (Abdelmaj_eed et al., 2012; Homaei et al., 2013). Immobilization of
- - enzyme means to localize the enzyme onto support. These supports also called as
Rhizopus oryzae Burkholderia glumae carriers or matrix, may be inorganic or organic. Inorganic matrixes would include-
Ashbya gossypii Serratia rubidaea glass, ceramic, silica gel, zirconia, aluminium oxide, nickel oxide and activated
Rhodotorula ] carbon. The organic carriers include carbohydrates- cellulose, chitosan, dextran,
. Bacillus sp. starch, alginate and proteins- collagen and albumin (Hettiarachchy et al., 2018).
mucilaginosa ; : e . -
——— - - Nanoparticles, which have been greatly utilized in the field of medicine and drug
Yeast ~_Yarrowia lipolytica Bacillus coagulans delivery have also been explored for the enzyme immobilisation (De Jong and
Candida utilis Bacillus subtilis Borm 2008; Sarno et al., 2017). The nanoparticles present a high surface/volume

Trichosporon asahii

Bacillus brevis

Organic solvents tolerance of lipases

For ages, the enzymatic catalysis is being carried out in the aqueous medium. If
the enzyme is restricted only to its natural aqueous environment, then many
industrial bioconversions, specifically the production of special fine chemicals and
polymers are limited, as most of the industrial compounds are hydrophobic. Water

ratio which allows high loading and can also be modified for the easy attachment
of enzyme. The attachment is attained through various approaches such as
adsorption, covalent attachment, and encapsulation and also through combinations
of these (Sarno et al., 2017; De souza et al., 2017; Kim et al., 2006). Table 6
shows the techniques of lipase immobilization used in various studies.
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Industrial applications of lipases

This multifaceted enzyme, is one of the crucial enzymes among the class
hydrolases for which there are diverse application approaches. Few, from the
multitudinous applications are in the food, pharmaceutical, oil and fats,

oleochemicals, leather, biodiesel, paper and pulp, dairy, fine chemicals, cosmetics
and perfumes industry (Yvergnaux, 2017; Guerrand, 2017; Melani et al., 2019;
Nagarajan, 2012). The uses and recent research of lipases in some industries are
discussed in detail.

Table 5 Organic solvent tolerant lipases and their applications

Solubility in Organic Solvent

Organism Stimulatory Effect (>100% Inhibitory Effect (<90% Applications Reference
relative activity) relative activity)
Acinetobacter sp. EH28 DMSO, n-Hexane, Acetone Methanol, DMF, Isopropyl Synthesis of ethyl Ahemad et al., 2010
alcohol caprylate

Idiomarina sp. W33

50% (v/v) of n-Hexane

50% (v/v) of DMSO, Methanol,
Ethanol, tert-Butanol, Acetone

Biodiesel production Lietal.,2014

Pseudomonas aeruginosa AAU2

50 % (v/v) of Iso-Octane,

50 % (v/v) of n-Heptane, n-
Hexane, Toluene, Benzene,

Biodiesel production,

Phorbol ester Bose and Keharia

Xylene Chloroform, Dichloromethane, . 2013
degradation
Methanol
25 % (v/v) of Methanol,
. 25 % (v/v) of n-Hex n - . .
Pseudomonas aeruginosa LX1 5% (viv) 0 exadecane, Ethanol, tert-Butanol, Acetone, Biodiesel production Jietal., 2010
Iso-octane, Glycerol Acetonitrile

25 % (v/v) of Isopropanol,
Acetone, Methanol, ethanol,
DMF, DMSO

Pseudomonas stutzeri LC2-8

25 % (v/v) of Nonane, Iso-

Kinetic resolution of

(R, S)-1-phenylethanol Caoetal., 2012

octane, n-Octane

20 % (v/v) Methanol,

Actinomadura sediminis UTMC 2870 Dimethyl formamide,

20 % (v/v) Ethanol, Acetone,

. Imanparast et al.,
omega-3 production P

DMSO, Propanol, Formaldehyde 2018
Cyclohexanol
25 % (vIv) Hexadecane, Chiral resolution of 1-
Burkholderia cepacia RQ3 Tetradecane, Dodecane, 25 % (v/v) Hexane, DMSO Xie et al., 2016

Isopropanol, Ethanol

phenylethanol

25 % (v/v) Xylene, n-
Hexane, Isoamyl alcohol,
Isopropanol

Bacillus atrophaeus FSHM2

25 % (vIv)
Methanol, Acetone,
Chloroform, DMSO

Synthesis of methyl and

ethyl valerate Ameri et al., 2017

Detergent Industry

Owing to the property of catalysing the reaction in the aqueous phase, lipases along
with the proteases and amylases are used to increase the efficacy of the detergents.
The lipase use could reduce the washing time, without adjusting the temperature
and the agitation (Agobo et al., 2017). Lipases which are thermophilic,
thermostable, alkaline, water soluble, resistant to the detergent proteases and also
could retain its properties in liquid as well as powdered detergents are considered
to be used in the detergent industry (Sarmabh et al., 2018; Chauhan et al., 2013;
Zarinviarsagh et al., 2017). Use of psychrophilic lipase along with biosurfactant
was carried out and patented by De Rose et al., (2018), in the detergent
formulation. The enzyme was effective in the temperature range from 0°C to 25°C.
The Ochrobactrum intermedium strain MZV101 isolated by Zarinviarsagh et al.,

Table 6 Immobilization of lipases using different support and their application

(2017), showed the production of lipase along with the biosurfactant. The enzyme
was active even in absence of Ca*? and was found successful in detergent
application. In contrast to this the lipase from Burkholderia cepacia RGP-10
showed good activity in presence of Ca*? and was compatible with various non-
ionic, ionic and laundry detergents (Rathi et al., 2001). A surfactant and detergent
stable lipase isolated from the Pacific white shrimp, showed very good
compatibility with the liquid and the powdered detergents (Kuepethkaew et al.,
2017). Some of the lipases with potential use in the detergent industry can be
produced from Staphylococcus aureus, Serratia marcescens, Bacillus
methylotrophicus PS3 and Trichoderma lentiforme ACCC30425 (Bacha et al.,
2018; Garcia-Silvera et al., 2018; Sharma et al., 2017 and Wang et al., 2018).

Sr.

No Name of organism Immobilization support Application Reference
1 Pseudomonas stutzeri and Alcaligenes sp. Hydrophlllc—hyd'rophoblc Synthesis of suga.r ester -lactulose Bernal et al., 2014
porous silica palmitate

2 Candida antarctica and Rhizomucor miehei Hydrophobic chitosan Hydrolysis of fish oil Urrutia et al., 2018
. . . Kinetic resolution of (RS)-1-

3 Pseudomonas fluorescens Functionalized multiwalled phenylethanol to (S)-1- Dwivedee et al., 2017
carbon nanotubes

phenylethanol

4 Candida rugosa Magnetic collagen fiber Synthesis of esters- butyrate esters He etal., 2017

5 Thermomyces lanuginosus Nonporous polystyrene Hydrolysis of soyabean oil Dantas et al., 2019

6 Burkholderia ambifaria YCJO1 Mesoporous TiO, Synthesis of ester- cinnamy! acetate Gaoetal., 2018

7 Candida antarctica Polyporous r::ggsetlc cellulose Biodiesel synthesis Zhang et al., 2020

8 Candida antarctica Hydrophobic virus—l_ike Esterification reaction —levulinic Jiang et al., 2019

organosilica nanoparticles acid and n-lauryl alcohol
9 Candida rugosa Magnetic nanoparticle Synthesis of pentyl valerate Yietal., 2017
. . . - . . . . ingh and Mukh h
10 Candida antarctica and Candida rugosa Silica nanoparticles Glycerolysis — olive oil and glycerol Singh and 20L18 opadhyay
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Biodiesel

As the conventional energy sources such as natural gas, oil and coal which plays a
major role in the economic progress, are also getting depleted very rapidly. Apart
from this, these natural resources cause a serious environmental issue, which
encourages the research for development of new greener and efficient bio-resource
(Ellabban et al., 2014). So, Biodiesel can be considered as an alternative. It can
be produced from vegetable oils, tallow, non-edible plant oils, animal fats and
waste cooking oils. Compared to conventional diesel it emits less air pollutants,
greenhouse gases and is non-toxic. However, with all these positive points,
biodiesel could not be used extensively as other conventional resources due to its
high cost of production. So, researchers should focus on increasing the productivity
with the use of low cost of raw materials (Gebremariam et al., 2018). Biodiesel
can be produced in two ways by chemical and biological means. The alkali and/or
acid catalysts is used by the chemical medium while lipases by biological medium.
Presently, there are substantial reports regarding the enzyme mediated biodiesel
production, and based on its application form of enzymes, the associated research
can be classified into, whole cell catalyst, immobilized lipase and liquid lipase
mediated esterification for the biodiesel production (Du et al., 2008; Chen et al.,
2018). The hindrance of negative effect of the side product glycerol, during the
biodiesel production was overcome by introducing dimethyl carbonate in the
methanolysis which reacts with glycerol and releases methanol simultaneously
(Tian et al., 2018). Rana et al., (2018), had isolated a lipolytic strain Bacillus
subtilis strain Q1 KX712301 which catalysed the methanolysis by utilizing a non—
edible oils. Other lipolytic strains capable of biodiesel production are
Pseudomonas aeruginosa BUP2, Bacillus licheniformis KM12, Lasiodiplodia
theobromae and Pseudomonas cepacia (Panichikkal et al., 2018; Malekabadi et
al., 2018; Venkatesagowda et al., 2018; Li et al., 2018).

Food Industry

One of the necessities of the lipases in this industry is to improve the organoleptic
properties of the products. The esters formed by the esterification reaction carried
out by the lipases between the short and medium chain carboxylic acids and alcohol
produces variety of flavour and aroma components. The Benzyl, anisyl, cinnamyl,
cresyl, benzoate, eugenyl and cinnamate esters are considered to be chief aromatic
esters (Agobo et al., 2017; SA et al., 2017). Isoamy! acetate has the essence of
banana and is naturally found in them. The Bacillus aerius, Candida antartica
lipase B and Burkholderia cepacia lipases have been reported to syntheses the
isoamyl acetate flavour (Narwal et al., 2016; Nyari et al., 2018; Padilha et al.,
2018). Yarrowia lipolytica lipase was used for the synthesis of a wide range of
flavour esters, in which highest conversion was seen of ethyl octanoate followed
by ethyl decanoate and cinnamyl acetate (de Souza et al., 2019). Other sections in
food industry where lipases have been used are in egg yolk treatment, edible oil
production, in modification of lecithin and in degumming of oils (Guerrand,
2017; Gerits et al., 2014). The lipases also preferentially hydrolyse the ethyl esters
of polyunsaturated fatty acids (PUFAs) for the enrichment of docosahexaenoic
acid (DHA) and eicosapentaenoic acid (EPA) from the fish oils. DHA is an
essential polyunsaturated fatty acid, which is used to prevent several human
diseases, such as inflammation, cancer, allergy, cardiovascular diseases and renal
disorders (Castejon and Seforans, 2019). Trichosporon sp. F1-2, 1,3
regioselective lipase having a good tolerance to different solvents, was applied as
a catalyst for enrichment of DHA and EPA in fish oils (Cao et al., 2019).

Pharmaceutical and medical industry

As lipases catalyse wide variety of reactions and have distinct properties like regio-
, stereo-, enantio- selectivity, have wide substrate recognition and ability of
catalysing reactions in organic solvents, they are of utmost importance in the
pharmaceutical and medical industries. The drugs synthesized by lipases are
mainly used to cure the diseases like obesity, inflammation, anxiety, pain and
cardiovascular (Melani et al., 2019). In this field, the lipases are used to synthesize
enantiomerically pure active pharmaceutical products and their intermediates. The
applications of lipases in enantioselective synthesis include desymmetrization and
kinetic resolution (Gotor-Fernandez et al., 2006; Carvalho et al., 2015). An
approach of kinetic resolution of racemic 1-phenylethanol has been used as this
compound is important in both pharmaceutical and cosmetics industries.
Burkholderia cepacia RQ3 and Pseudomonas fluorescens lipases have been
reported to synthesize the 1-phenylethanol from the racemic mixture (Xie et al.,
2016; Han et al., 2016). Among majority of enzymes, lipases are frequently used
for profen biotransformation. Profens lies under the nonsteroidal anti-
inflammatory drugs, popularly practiced for the pain and inflammation caused in
an injury. Between the (R) and (S) enantiomer of profens, most of them such as
ketoprofen, flurbiprofen, ibuprofen are seen to be (S)-enantiomer, and is
pharmacologically more active (Sikora et al., 2014).

CONCLUSION

The lipases have emerged as a versatile enzyme through the years, due to its
properties like regio-, stereo- specificity, enantio- selectivity, solvent stability,

compatibility with various substrates for the immobilization and exhibits enormous
applications in diverse fields like of detergent, food, biodiesel, cosmetics,
pharmaceutical and many more industries.

REFERENCES

Abdelmajeed, N. A., Khelil, O. A., & Danial, E. N. (2012). Immobilization
technology for enhancing bio-products industry. African Journal of
Biotechnology, 11(71), 13528-13539. https://doi.org/10.5897/ajb12.547

Agobo, K. U., Arazu, V. A, Uzo, K., & Igwe, C. N. (2017). Microbial Lipases: a
prospect for biotechnological industrial catalysis for green products: A
review. Fermentation Technology, 6(144), 2. https://doi.org/10.4172/2167-
7972.1000144

Ahmed, E. H., Raghavendra, T., & Madamwar, D. (2010). An alkaline lipase from
organic solvent tolerant Acinetobacter sp. EH28: application for ethyl caprylate
synthesis. Bioresource Technology, 101(10), 3628-3634.
https://doi.org/10.1016/j.biortech.2009.12.107

Ameri, A., Shakibaie, M., Faramarzi, M. A., Ameri, A., Amirpour-Rostami, S.,
Rahimi, H. R., & Forootanfar, H. (2017). Thermoalkalophilic lipase from an
extremely halophilic bacterial strain Bacillus atrophaeus FSHMZ2: purification,
biochemical characterization and application. Biocatalysis and
Biotransformation, 35(3), 151-160.
https://doi.org/10.1080/10242422.2017.1308494

Aschauer, P., Zimmermann, R., Breinbauer, R., Pavkov-Keller, T., & Oberer, M.
(2018). The crystal structure of monoacylglycerol lipase from M. tuberculosis
reveals the basis for specific inhibition. Scientific Reports, 8(1), 8948.
https://doi.org/10.1038/s41598-018-27051-7

Bacha, A. B., Al-Assaf, A., Moubayed, N. M., & Abid, I. (2018). Evaluation of a
novel thermo-alkaline Staphylococcus aureus lipase for application in detergent
formulations. Saudi  Journal of Biological Sciences, 25(3), 409-417.
https://doi.org/10.1016/j.5jbs.2016.10.006

Bakir, Z. B., & Metin, K. (2016). Purification and characterization of an alkali-
thermostable lipase from thermophilic Anoxybacillus flavithermus HBB
134. Journal  of  Microbiology and  Biotechnology, 26(6),  1087-97.
https://doi.org/10.4014/jmb.1512.12056

Barros, M., Fleuri, L. F., & Macedo, G. A. (2010). Seed lipases: sources,
applications and properties-a  review. Brazilian Journal of Chemical
Engineering, 27(1), 15-29. https://doi.org/10.1590/S0104-66322010000100002
Bernal, C., lllanes, A., & Wilson, L. (2014). Heterofunctional hydrophilic—
hydrophobic porous silica as support for multipoint covalent immobilization of
lipases: application to lactulose palmitate synthesis. Langmuir, 30(12), 3557-3566.
https://doi.org/10.1021/1a4047512

Bhardwaj, K., Raju, A., & Rajasekharan, R. (2001). Identification, purification,
and characterization of a thermally stable lipase from rice bran. A new member of
the  (phospho) lipase family. Plant  Physiology, 127(4), 1728-1738.
https://doi.org/10.1104/pp.010604

Bi, Y., Duan, Z., Zhang, W., Xu, L., Wang, Z., Zhao, X., & Yang, J. (2019).
Evaluation of the Candida sp. 99-125 lipase positional selectivity for 1, 3-Diolein
Synthesis. BioMed Research International, 2019.
https://doi.org/10.1155/2019/4318631

Bier, M. (1955). [106] Lipases: RCOOR'+ H20— RCOOH+ R’ OH. Methods in
Enzymology, 627-642. https://doi.org/10.1016/0076-6879(55)01111-7
Binhayeeding, N., Klomklao, S., & Sangkharak, K. (2017). Utilization of waste
glycerol from biodiesel process as a substrate for mono-, di-, and triacylglycerol
production. Energy Procedia, 138, 895-900.
https://doi.org/10.1016/j.eqypro.2017.10.130

Bose, A., & Keharia, H. (2013). Production, characterization and applications of
organic solvent tolerant lipase by Pseudomonas aeruginosa AAU2. Biocatalysis
and Agricultural Biotechnology, 2(3), 255-266.
https://doi.org/10.1016/j.bcab.2013.03.009

Brady, L., Brzozowski, A. M., Derewenda, Z. S., Dodson, E., Dodson, G., Tolley,
S., & Thim, L. (1990). A serine protease triad forms the catalytic centre of a
triacylglycerol lipase. Nature, 343(6260), 767. https://doi.org/10.1038/343767a0
Cao, X, Liao, L., & Feng, F. (2019). Purification and characterization of an
extracellular lipase from Trichosporon sp. and its application in enrichment of
omega-3 polyunsaturated fatty acids. LWT, 108692.
https://doi.org/10.1016/j.lwt.2019.108692

Cao, Y., Zhuang, Y., Yao, C., Wu, B., & He, B. (2012). Purification and
characterization of an organic solvent-stable lipase from Pseudomonas stutzeri
LC2-8 and its application for efficient resolution of (R, S)-1-
phenylethanol. Biochemical Engineering Journal, 64, 55-60.
https://doi.org/10.1016/j.bej.2012.03.004

Carvalho, A. C. L. D. M., Fonseca, T. D. S., Mattos, M. C. D., Oliveira, M. D. C.
F. D., Lemos, T. L. G. D., Molinari, F., & Serra, I. (2015). Recent advances in
lipase-mediated preparation of pharmaceuticals and their
intermediates. International Journal of Molecular Sciences, 16(12), 29682-
29716. https://doi.org/10.3390/ijms161226191

Casas-Godoy, L., Duguesne, S., Bordes, F., Sandoval, G., & Marty, A. (2012).
Lipases: an overview. In Lipases and Phospholipases (pp. 3-30). Humana Press.
https://doi.org/10.1007/978-1-61779-600-5_1



https://doi.org/10.5897/ajb12.547
https://doi.org/10.4172/2167-7972.1000144
https://doi.org/10.4172/2167-7972.1000144
https://doi.org/10.1016/j.biortech.2009.12.107
https://doi.org/10.1080/10242422.2017.1308494
https://doi.org/10.1038/s41598-018-27051-7
https://doi.org/10.1016/j.sjbs.2016.10.006
https://doi.org/10.1590/S0104-66322010000100002
https://doi.org/10.1021/la4047512
https://doi.org/10.1104/pp.010604
https://doi.org/10.1155/2019/4318631
https://doi.org/10.1016/0076-6879(55)01111-7
https://doi.org/10.1016/j.egypro.2017.10.130
https://doi.org/10.1016/j.bcab.2013.03.009
https://doi.org/10.1038/343767a0
https://doi.org/10.1016/j.lwt.2019.108692
https://doi.org/10.1016/j.bej.2012.03.004
https://doi.org/10.3390/ijms161226191

J Microbiol Biotech Food Sci / Patel et al. 2022 : 11 (5) 2498

Castejon, N., & Sefiorans, F. J. (2019). Strategies for enzymatic synthesis of
omega-3 structured triacylglycerols from Camelina sativa oil enriched in EPA and
DHA. European Journal of Lipid Science and Technology, 121(5), 1800412.
https://doi.org/10.1002/ej1t.201800412

Chauhan, M., Chauhan, R. S., & Garlapati, V. K. (2013). Evaluation of a new
lipase from Staphylococcus sp. for detergent additive capability. BioMed Research
International, 2013. https://doi.org/10.1155/2013/374967

Chen, X,, Li, J., Deng, L., Pedersen, J. N., Li, L., Guo, Z., & Xu, X. (2018).
Biodiesel production using lipases. In Lipid Modification by Enzymes and
Engineered Microbes (pp. 203-238). AOCS Press. https://doi.org/10.1016/B978-
0-12-813167-1.00010-4

Cousin, X., Hotelier, T., Liévin, P., Toutant, J. P., & Chatonnet, A. (1996). A
cholinesterase genes server (ESTHER): a database of cholinesterase-related
sequences for multiple alignments, phylogenetic relationships, mutations and
structural data retrieval. Nucleic Acids, 24(1), 132-6.
https://doi.org/10.1093/nar/24.1.132

Dantas, A., Valério, A., Ninow, J. L., de Oliveira, J. V., & de Oliveira, D. (2019).
Potential application of Thermomyces lanuginosus lipase (TLL) immobilized on
nonporous polystyrene particles. Environmental Progress & Sustainable
Energy, 38(2), 608-613. https://doi.org/10.1002/ep.12953

Davis, R. C., Stahnke, G., Wong, H., Doolittle, M. H., Ameis, D., Will, H., &
Schotz, M. C. (1990). Hepatic lipase: site-directed mutagenesis of a serine residue
important for catalytic activity. Journal of Biological Chemistry, 265(11), 6291-
6295. https://doi.org/10.1016/S0021-9258(19)39324-X

De Jong, W. H., & Borm, P. J. (2008). Drug delivery and nanoparticles:
applications and hazards. International Journal of Nanomedicine, 3(2),
133. https://doi.org/10.2147/ijn.s596

De Rose, S. A., Lang, D. A,, Littlechild-bond, J. A., Novak, H. R., & Singh, S.
(2018). U.S. Patent Application No. 15/753,446.

de Souza, C. E. C., Ribeiro, B. D., & Coelho, M. A. Z. (2019). Characterization
and application of Yarrowia lipolytica lipase obtained by Solid-State Fermentation
in the synthesis of different esters used in the food industry. Applied Biochemistry
and Biotechnology, 1-27. https://doi.org/10.1007/s12010-019-03047-5

De Souza, M. C. M., Dos Santos, K. P., Freire, R. M., Barreto, A. C. H., Fechine,
P. B. A., & Gongalves, L. R. B. (2017). Production of flavor esters catalyzed by
lipase B from Candida antarctica immobilized on  magnetic
nanoparticles. Brazilian Journal of Chemical Engineering, 34(3), 681-690.
https://doi.org/10.1590/0104-6632.20170343520150575

Doukyu, N., & Ogino, H. (2010). Organic solvent-tolerant enzymes. Biochemical
Engineering Journal, 48(3), 270-282. https://doi.org/10.1016/j.bej].2009.09.009
Du, W., Li, W., Sun, T., Chen, X., & Liu, D. (2008). Perspectives for
biotechnological production of biodiesel and impacts. Applied Microbiology and
Biotechnology, 79(3), 331-337. https://doi.org/10.1007/s00253-008-1448-8
Dwivedee, B. P., Bhaumik, J., Rai, S. K., Laha, J. K., & Banerjee, U. C. (2017).
Development of nanobiocatalysts through the immobilization of Pseudomonas
fluorescens lipase for applications in efficient kinetic resolution of racemic
compounds. Bioresource Technology, 239, 464-471.
https://doi.org/10.1016/j.biortech.2017.05.050

Ellabban, O., Abu-Rub, H., & Blaabjerg, F. (2014). Renewable energy resources:
current status, future prospects and their enabling technology. Renewable and
Sustainable Energy Reviews, 39, 748-764.
https://doi.org/10.1016/j.rser.2014.07.113

Fischer, M., & Pleiss, J. (2003). The Lipase Engineering Database: a navigation
and analysis tool for protein families. Nucleic Acids Research, 31(1), 319-321.
https://doi.org/10.1093/nar/gkg015

Gao, Z., Chu, J., Jiang, T., Xu, T., Wu, B., & He, B. (2018). Lipase immobilization
on functionalized mesoporous TiO2: specific adsorption, hyperactivation and
application in cinnamyl acetate synthesis. Process Biochemistry, 64, 152-159.
https://doi.org/10.1016/j.prochio.2017.09.011

Gaoa, X. G., Cao, S. G., & Zhang, K. C. (2000). Production, properties and
application to nonaqueous enzymatic catalysis of lipase from a newly isolated
Pseudomonas strain. Enzyme and Microbial Technology, 27(1-2), 74-82.
https://doi.org/10.1016/S0141-0229(00)00191-5

Garcia-Silvera, E. E., Martinez-Morales, F., Bertrand, B., Morales-Guzman, D.,
Rosas-Galvan, N. S., Leon-Rodriguez, R., & Trejo-Hernandez, M. R. (2018).
Production and application of a thermostable lipase from Serratia marcescens in
detergent formulation and biodiesel production. Biotechnology and Applied
Biochemistry, 65(2), 156-172. https://doi.org/10.1002/bab.1565

Gebremariam, S. N., & Marchetti, J. M. (2018). Economics of biodiesel
production. Energy Conversion and Management, 168, 74-84.
https://doi.org/10.1016/j.enconman.2018.05.002

Gerits, L. R., Pareyt, B., Decamps, K., & Delcour, J. A. (2014). Lipases and their
functionality in the production of wheat-based food systems. Comprehensive
Reviews in  Food Science and Food Safety, 13(5), 978-989.
https://doi.org/10.1111/1541-4337.12085

Ghanem, A., & Aboul-Enein, H. Y. (2005). Application of lipases in kinetic
resolution of racemates. Chirality: The Pharmacological, Biological, and
Chemical Consequences of Molecular Asymmetry, 17(1), 1-
15. https://doi.org/10.1002/chir.20089

Gidez, L. I. (1968). Purification of rat pancreatic lipase. Journal of Lipid
Research, 9(6), 794-798. https://doi.org/10.1016/S0022-2275(20)42695-1
Gotor-Fernandez, V., Brieva, R., & Gotor, V. (2006). Lipases: Useful biocatalysts
for the preparation of pharmaceuticals. Journal of Molecular Catalysis B:
Enzymatic, 40(3-4), 111-120. https://doi.org/10.1016/j.molcath.2006.02.010
Guerrand, D. (2017). Lipases industrial applications: focus on food and
agroindustries. Oilseeds and Fats Crop and Lipids, 24 (4), D403.
https://doi.org/10.1051/0cl/2017031

Han, H., Zhou, Y., Li, S., Wang, Y., & Kong, X. Z. (2016). Immobilization of
lipase from Pseudomonas fluorescens on porous polyurea and its application in
kinetic resolution of racemic 1-phenylethanol. ACS Applied Materials and
Interfaces, 8(39), 25714-25724. https://doi.org/10.1021/acsami.6b07979

Hari Krishna, S., & Karanth, N. G. (2002). Lipases and lipase-catalyzed
esterification reactions in nonaqueous media. Catalysis Reviews, 44(4), 499-591.
https://doi.org/10.1081/CR-120015481

Hazarika, S., Goswami, P., Dutta, N. N., & Hazarika, A. K. (2002). Ethyl oleate
synthesis by porcine pancreatic lipase in organic solvents. Chemical Engineering
Journal, 85(1), 61-68. https://doi.org/10.1016/S1385-8947(01)00144-9

He, S., Song, D., Chen, M., & Cheng, H. (2017). Immobilization of lipases on
magnetic collagen fibers and its applications for short-chain ester
synthesis. Catalysts, 7(6), 178. https://doi.org/10.3390/catal 7060178
Hettiarachchy, N. S., Feliz, D. J., Edwards, J. S., & Horax, R. (2018). The use of
immobilized enzymes to improve functionality. InProteins in Food
Processing (pp. 569-597). Woodhead Publishing. https://doi.org/10.1016/B978-0-
08-100722-8.00022-X

Hilton, S., & Buckley, J. T. (1991). Studies on the reaction mechanism of a
microbial lipase/acyltransferase using chemical modification and site-directed
mutagenesis. Journal of Biological Chemistry, 266(2), 997-1000.
https://doi.org/10.1016/S0021-9258(17)35273-0

Homaei, A. A., Sariri, R., Vianello, F., & Stevanato, R. (2013). Enzyme
immobilization: an update. Journal of Chemical Biology, 6(4), 185-205.
https://doi.org/10.1007/s12154-013-0102-9

Horchani, H., Salem, N. B., Chaari, A., Sayari, A., Gargouri, Y., & Verger, R.
(2010). Staphylococcal lipases stereoselectively hydrolyse the sn-2 position of
monomolecular films of diglyceride analogs. Application to sn-2 hydrolysis of
triolein. Journal of Colloid and Interface Science, 347(2), 301-308.
https://doi.org/10.1016/j.jcis.2010.03.058

Imanparast, S., Hamedi, J., & Faramarzi, M. A. (2018). Enzymatic esterification
of acylglycerols rich in omega-3 from flaxseed oil by an immobilized solvent-
tolerant lipase from Actinomadura sediminis UTMC 2870 isolated from oil-
contaminated soil. Food Chemistry, 245, 934-942.
https://doi.org/10.1016/j.foodchem.2017.11.080

Jaeger, K. E., & Eggert, T. (2002). Lipases for biotechnology. Current Opinion in
Biotechnology, 13(4), 390-397. https://doi.org/10.1016/S0958-1669(02)00341-5
Jarvis, G. N., Moore, E. R. B., & Thiele, J. H. (1997). Formate and ethanol are the
major products of glycerol fermentation produced by a Klebsiella planticola strain
isolated from red deer.Journal of Applied Microbiology, 83(2), 166-
174. https://doi.org/10.1046/].1365-2672.1997.00217.x

Jensen, R. G. (1974). Characteristics of the lipase from the mold, Geotrichum
candidum: A review. Lipids, 9(3), 149-157. https://doi.org/10.1007/BF02532686
Jensen, R. G., Delong, F. A., & Clark, R. M. (1983). Determination of lipase
specificity. Lipids, 18(3), 239-252. https://doi.org/10.1007/BF02534556

Ji, Q., Xiao, S., He, B., & Liu, X. (2010). Purification and characterization of an
organic solvent-tolerant lipase from Pseudomonas aeruginosa LX1 and its
application for biodiesel production. Journal of Molecular Catalysis B:
Enzymatic, 66(3-4), 264-269. https://doi.org/10.1016/j.molcath.2010.06.001
Jiang, Y., Liu, H., Wang, L., Zhou, L., Huang, Z., Ma, L., & Gao, J. (2019). Virus-
like organosilica nanoparticles for lipase immobilization: Characterization and
biocatalytic applications. Biochemical Engineering Journal, 144, 125-134.
https://doi.org/10.1016/j.bej.2019.01.022

Julien, R., Canioni, P., Rathelot, J., Sarda, L., & Plummer Jr, T. H. (1972). Studies
on bovine pancreatic lipase and colipase. Biochimica et Biophysica Acta (BBA)-
Lipids and Lipid Metabolism, 280(2), 215-224. https://doi.org/10.1016/0005-
2760(72)90087-2

Kapoor, M., & Gupta, M. N. (2012). Lipase promiscuity and its biochemical
applications. Process Biochemistry, 47(4), 555-569.
https://doi.org/10.1016/j.procbio.2012.01.011

Kawaguchi, N., Date, K., Suzuki, Y., Tomita, C., Naradate, R., Higami, T. &
Ogawa, H. (2018). A novel protocol for the preparation of active recombinant
human pancreatic lipase from Escherichia coli. The Journal of
Biochemistry, 164(6), 407-414. https://doi.org/10.1093/jb/mvy067

Kazlauskas, R. J., Weissfloch, A. N., Rappaport, A. T., & Cuccia, L. A. (1991). A
rule to predict which enantiomer of a secondary alcohol reacts faster in reactions
catalyzed by cholesterol esterase, lipase from Pseudomonas cepacia, and lipase
from Candida rugosa. The Journal of Organic Chemistry, 56(8), 2656-2665.
Kim, J., Grate, J. W., & Wang, P. (2006). Nanostructures for enzyme
stabilization. Chemical Engineering Science, 61(3), 1017-1026.
https://doi.org/10.1016/j.ces.2005.05.067

Klibanov, A. M. (2001). Improving enzymes by using them in organic
solvents. Nature, 409(6817), 241. https://doi.org/10.1038/35051719



https://doi.org/10.1155/2013/374967
https://doi.org/10.1016/B978-0-12-813167-1.00010-4
https://doi.org/10.1016/B978-0-12-813167-1.00010-4
https://doi.org/10.1093/nar/24.1.132
https://doi.org/10.1016/S0021-9258(19)39324-X
https://dx.doi.org/10.2147%2Fijn.s596
https://doi.org/10.1007/s12010-019-03047-5
https://doi.org/10.1016/j.bej.2009.09.009
https://doi.org/10.1007/s00253-008-1448-8
https://doi.org/10.1016/j.biortech.2017.05.050
https://doi.org/10.1016/j.rser.2014.07.113
https://doi.org/10.1093/nar/gkg015
https://doi.org/10.1016/j.procbio.2017.09.011
https://doi.org/10.1016/S0141-0229(00)00191-5
https://doi.org/10.1002/bab.1565
https://doi.org/10.1016/j.enconman.2018.05.002
https://doi.org/10.1111/1541-4337.12085
https://doi.org/10.1002/chir.20089
https://doi.org/10.1016/j.molcatb.2006.02.010
https://doi.org/10.1051/ocl/2017031
https://doi.org/10.1021/acsami.6b07979
https://doi.org/10.1081/CR-120015481
https://doi.org/10.1016/S1385-8947(01)00144-9
https://doi.org/10.3390/catal7060178
https://doi.org/10.1016/B978-0-08-100722-8.00022-X
https://doi.org/10.1016/B978-0-08-100722-8.00022-X
https://doi.org/10.1016/S0021-9258(17)35273-0
https://doi.org/10.1007/s12154-013-0102-9
https://doi.org/10.1016/j.jcis.2010.03.058
https://doi.org/10.1016/j.foodchem.2017.11.080
https://doi.org/10.1016/S0958-1669(02)00341-5
https://doi.org/10.1046/j.1365-2672.1997.00217.x
https://doi.org/10.1007/BF02532686
https://doi.org/10.1007/BF02534556
https://doi.org/10.1016/j.molcatb.2010.06.001
https://doi.org/10.1016/j.bej.2019.01.022
https://doi.org/10.1016/0005-2760(72)90087-2
https://doi.org/10.1016/0005-2760(72)90087-2
https://doi.org/10.1016/j.procbio.2012.01.011
https://doi.org/10.1093/jb/mvy067
https://doi.org/10.1016/j.ces.2005.05.067
https://doi.org/10.1038/35051719

J Microbiol Biotech Food Sci / Patel et al. 2022 : 11 (5) 2498

Kuepethkaew, S., Sangkharak, K., Benjakul, S., & Klomklao, S. (2017). Laundry
detergent-stable lipase from Pacific white shrimp (Litopenaeus vannamei)
hepatopancreas: Effect of extraction media and  biochemical
characterization. International Journal of Food Properties, 20(4), 769-781.
https://doi.org/10.1080/10942912.2016.1180534

Kurtovic, 1., Marshall, S. N., Zhao, X., & Simpson, B. K. (2009). Lipases from
mammals and fishes. Reviews in  Fisheries  Science, 17(1), 18-40.
https://doi.org/10.1080/10641260802031322

Laane, C., Boeren, S., Vos, K., & Veeger, C. (1987). Rules for optimization of
biocatalysis in organic solvents. Biotechnology and Bioengineering, 30(1), 81-87.
https://doi.org/10.1002/bit.260300112

Laguerre, M., Nlandu Mputu, M., Briys, B., Lopez, M., Villeneuve, P., &
Dubreucq, E. (2017). Regioselectivity and fatty acid specificity of crude lipase
extracts from Pseudozyma tsukubaensis, Geotrichum candidum, and Candida
rugosa. European Journal of Lipid Science and Technology, 119(8),
1600302. https://doi.org/10.1002/ejlt.201600302

Lenfant, N., Hotelier, T., Velluet, E., Bourne, Y., Marchot, P., & Chatonnet, A.
(2012). ESTHER, the database of the a/B-hydrolase fold superfamily of proteins:
tools to explore diversity of functions. Nucleic Acids Research, 41(D1), D423-
DA429. https://doi.org/10.1093/nar/gks1154

Li, L., Dyer, P. W., & Greenwell, H. C. (2018). Biodiesel production via trans-
esterification using Pseudomonas cepacia immobilized on cellulosic
polyurethane. ACS Omega, 3(6), 6804-6811.
https://doi.org/10.1021/acsomega.8b00110

Li, X., Qian, P., Wu, S. G., & Yu, H. Y. (2014). Characterization of an organic
solvent-tolerant lipase from Idiomarina sp. W33 and its application for biodiesel

production using Jatropha oil. Extremophiles, 18(1), 171-178.
https://doi.org/10.1007/s00792-013-0610-0
Malekabadi, S., Badoei-dalfard, A., & Karami, Z. (2018). Biochemical

characterization of a novel cold-active, halophilic and organic solvent-tolerant
lipase from B. licheniformis KM12 with potential application for biodiesel
production. International Journal of Biological Macromolecules, 109, 389-398.
https://doi.org/10.1016/j.ijbiomac.2017.11.173

Mardina, V., Harmawan, T., Hildayani, G. M., & Yusof, F. (2018). Screening of
protease and lipase sources from visceral organs of Euthynnusaffinis. In IOP
Conference Series: Materials Science and Engineering (Vol. 420, No. 1, p.
012083). IOP Publishing. https://doi.org/10.1088/1757-899X/420/1/012083
Martinelle, M., Holmquist, M., & Hult, K. (1995). On the interfacial activation of
Candida antarctica lipase A and B as compared with Humicola lanuginosa
lipase. Biochimica et  Biophysica Acta  (BBA)-Lipids and Lipid
Metabolism, 1258(3), 272-276. https://doi.org/10.1016/0005-2760(95)00131-U
Meghwanshi, G. K., & Vashishtha, A. (2018). Biotechnology of fungal lipases.
In fungi and their role in Sustainable Development: Current Perspectives (pp.
383-411). Springer, Singapore. https://doi.org/10.1007/978-981-13-0393-7_22
Melani, N. B., Tambourgi, E. B., & Silveira, E. (2019). Lipases: from production
to applications. Separation and Purification Reviews, 1-16.
https://doi.org/10.1080/15422119.2018.1564328

Messaoudi, A., Belguith, H., Ghram, ., & Ben Hamida, J. (2011). LIPABASE: a
database for ‘true’ lipase family enzymes. International Journal of Bioinformatics
Research and Applications, 7(4), 390-401.
https://doi.org/10.1504/1JBRA.2011.043770

Murzin, A. G., Brenner, S. E., Hubbard, T., & Chothia, C. (1995). SCOP: a
structural classification of proteins database for the investigation of sequences and
structures. Journal of Molecular Biology, 247(4), 536-540.
https://doi.org/10.1016/S0022-2836(05)80134-2

Nagarajan, S. (2012). New tools for exploring “old friends—microbial
lipases”. Applied Biochemistry and Biotechnology, 168(5), 1163-1196. https
:/[doi.org/10.1007/s12010-012-9849-7

Nanssou Kouteu, P. A., Baréa, B., Barouh, N., Blin, J., & Villeneuve, P. (2016).
Lipase activity of tropical oilseed plants for ethyl biodiesel synthesis and their
typo-and regioselectivity. Journal of Agricultural and Food Chemistry, 64(46),
8838-8847. https://doi.org/10.1021/acs.jafc.6b03674

Narwal, S. K., Saun, N. K., Dogra, P., & Gupta, R. (2016). Green synthesis of
isoamyl acetate via silica immobilized novel thermophilic lipase from Bacillus
aerius. Russian ~ Journal ~ of  Bioorganic ~ Chemistry, 42(1),  69-73.
https://doi.org/10.1134/S1068162016010118

Nhat, D. M., & Ha, P. T. V. (2019). The isolation and characterization of lipase
from Carica papaya latex using zwitterion sodium lauroyl sarcosinate as
agent. Potravinarstvo Slovak Journal of Food Sciences, 13(1), 773-778.
https://doi.org/10.5219/1164

Nyari, N., Paulazzi, A., Zamadei, R., Steffens, C., Zabot, G. L., Tres, M. V., &
Dallago, R. M. (2018). Synthesis of isoamy!l acetate by ultrasonic system using
Candida antarctica lipase B immobilized in polyurethane. Journal of Food
Process Engineering, 41(6), €12812. https://doi.org/10.1111/jfpe.12812
Ozyilmaz, G., & Gezer, E. (2010). Production of aroma esters by immobilized
Candida rugosa and porcine pancreatic lipase into calcium alginate gel. Journal of
Molecular Catalysis B: Enzymatic, 64(3-4), 140-145.
https://doi.org/10.1016/j.molcatb.2009.04.013

Padilha, G. S., Tambourgi, E. B., & Alegre, R. M. (2018). Evaluation of lipase
from Burkholderia cepacia immobilized in alginate beads and application in the

synthesis of banana flavor (isoamyl acetate). Chemical Engineering
Communications, 205(1), 23-33. https://doi.org/10.1080/00986445.2017.1370707
Panichikkal, A. F., Prakasan, P., Nair, U. K., & Valappil, M. K. (2018).
Optimization of parameters for the production of biodiesel from rubber seed oil
using onsite lipase by response surface methodology. 3 Biotech, 8(11), 459.
https://doi.org/10.1007/s13205-018-1477-7

Park, J. Y., Park, K. M., Yoo, Y., Yu, H,, Lee, C. J., Jung, H. S., & Chang, P. S.
(2019). Catalytic characteristics of a sn-1 (3) regioselective lipase from Cordyceps
militaris. Biotechnology Progress, 35(2). https://doi.org/10.1002/btpr.2744
Pleiss, J., Fischer, M., Peiker, M., Thiele, C., & Schmid, R. D. (2000). Lipase
engineering database: understanding and exploiting sequence-structure—function
relationships. Journal of Molecular Catalysis B: Enzymatic, 10(5), 491-508.
https://doi.org/10.1016/S1381-1177(00)00092-8

Plummer, T. H., & Sarda, L. (1973). Isolation and characterization of the
glycopeptides of porcine pancreatic lipases LA and LB. Journal of Biological
Chemistry, 248(22), 7865-7869. https://doi.org/10.1016/S0021-9258(19)43269-9
Prelog, V. (1964). Specification of the stereospecificity of some oxido-reductases
by diamond lattice sections. Pure and Applied Chemistry, 9(1), 119-130.
https://doi.org/10.1351/pac196409010119

Rathi, P., Saxena, R. K., & Gupta, R. (2001). A novel alkaline lipase from
Burkholderia cepacia for detergent formulation. Process Biochemistry, 37(2),
187-192. https://doi.org/10.1016/S0032-9592(01)00200-X

Ribeiro, B. D., Castro, A. M. D., Coelho, M. A. Z., & Freire, D. M. G. (2011).
Production and use of lipases in bioenergy: a review from the feedstocks to
biodiesel production. Enzyme Research, 2011.
https://doi.org/10.4061/2011/615803

Rivera, |., Mateos-Diaz, J. C., & Sandoval, G. (2012). Plant lipases: partial
purification of Carica papaya lipase. In Lipases and Phospholipases (pp. 115-
122). Humana Press. https://doi.org/10.1007/978-1-61779-600-5 7

Rubin, B. (1995). Advances on the lipase front. Nature Structural Biology (2), 16-
17. https://doi.org/10.1038/nsb0195-16

SA, A. G. A., de Meneses, A. C., de Aratjo, P. H. H., & de Oliveira, D. (2017). A
review on enzymatic synthesis of aromatic esters used as flavor ingredients for
food, cosmetics and pharmaceuticals industries. Trends in Food Science and
Technology, 69, 95-105.
https://doi.org/10.1016/j.tifs.2017.09.004

Sae-Leaw, T., & Benjakul, S. (2018). Lipase from liver of seabass (Lates
calcarifer): characteristics and the use for defatting of fish skin. Food
chemistry, 240, 9-15. https://doi.org/10.1016/j.foodchem.2017.07.089

Sagiroglu, A., & Arabaci, N. (2005). Sunflower seed lipase: extraction,
purification, and characterization. Preparative Biochemistry and
Biotechnology, 35(1), 37-51. https://doi.org/10.1081/PB-200041442

Sarmah, N., Revathi, D., Sheelu, G., Rani, K. Y., Sridhar, S., Mehtab, V., &
Sumana, C. (2018). Recent advances on sources and industrial applications of
lipases. Biotechnology Progress, 34(1), 5-28. https://doi.org/10.1002/btpr.2581
Sarno, M., luliano, M., Polichetti, M., & Ciambelli, P. (2017). High activity and
selectivity immobilized lipase on Fe3;O, nanoparticles for banana flavour
synthesis. Process Biochemistry, 56, 98-108.
https://doi.org/10.1016/j.prochio.2017.02.004

Schmid, A., Dordick, J. S., Hauer, B., Kiener, A., Wubbolts, M., & Witholt, B.
(2001). Industrial biocatalysis today and tomorrow. Nature, 409(6817), 258.
https://doi.org/10.1038/35051736

Schrag, J. D., & Cygler, M. (1997). Lipases and af hydrolase fold. In Methods in
Enzymology (Vol. 284, pp. 85-107). Academic Press.
https://doi.org/10.1016/S0076-6879(97)84006-2

Schrag, J. D., Li, Y., Wu, S., & Cygler, M. (1991). Ser-His-Glu triad forms the
catalytic site of the lipase from Geotrichum candidum. Nature, 351(6329), 761.
https://doi.org/10.1038/351761a0

Sharma, P., Sharma, N., Pathania, S., & Handa, S. (2017). Purification and
characterization of lipase by Bacillus methylotrophicus PS3 under submerged
fermentation and its application in detergent industry. Journal of Genetic
Engineering and Biotechnology, 15(2), 369-377.
https://doi.org/10.1016/j.jgeb.2017.06.007

Sharma, R., Chisti, Y., & Banerjee, U. C. (2001). Production, purification,
characterization, and applications of lipases. Biotechnology Advances, 19(8), 627-
662. https://doi.org/10.1016/S0734-9750(01)00086-6

Sikora, A., Siédmiak, T., & Marszalt, M. P. (2014). Kinetic resolution of profens
by enantioselective esterification catalyzed by Candida antarctica and Candida
rugosa lipases. Chirality, 26(10), 663-669. https://doi.org/10.1002/chir.22362
Singh, A. K., & Mukhopadhyay, M. (2018). Immobilization of lipase on carboxylic
acid-modified silica nanoparticles for olive oil glycerolysis. Bioprocess and
Biosystems Engineering, 41(1), 115-127. https://doi.org/10.1007/s00449-017-
1852-5

Sonnet, P. E. (1988). Lipase selectivities. Journal of the American Oil Chemists’
Society, 65(6), 900-904. https://doi.org/10.1007/BF02544507

Speranza, P., Ribeiro, A. P. B., & Macedo, G. A. (2016). Application of lipases to
regiospecific interesterification of exotic oils from an amazonian area. Journal of
Biotechnology, 218, 13-20. https://doi.org/10.1016/j.jbiotec.2015.11.025

Tang, H., Peng, X., Li, X.,, Meng, X., & Liu, B. (2018). Biodegradation of
mycotoxin patulin in apple juice by calcium carbonate immobilized porcine



https://doi.org/10.1080/10942912.2016.1180534
https://doi.org/10.1080/10641260802031322
https://doi.org/10.1002/ejlt.201600302
https://doi.org/10.1093/nar/gks1154
https://doi.org/10.1021/acsomega.8b00110
https://doi.org/10.1007/s00792-013-0610-0
https://doi.org/10.1016/j.ijbiomac.2017.11.173
https://doi.org/10.1016/0005-2760(95)00131-U
https://doi.org/10.1007/978-981-13-0393-7_22
https://doi.org/10.1080/15422119.2018.1564328
https://doi.org/10.1504/IJBRA.2011.043770
https://doi.org/10.1016/S0022-2836(05)80134-2
https://doi.org/10.1007/s12010-012-9849-7
https://doi.org/10.1134/S1068162016010118
https://doi.org/10.1016/j.molcatb.2009.04.013
https://doi.org/10.1080/00986445.2017.1370707
https://doi.org/10.1007/s13205-018-1477-7
https://doi.org/10.1002/btpr.2744
https://doi.org/10.1016/S1381-1177(00)00092-8
https://doi.org/10.1016/S0021-9258(19)43269-9
https://doi.org/10.1351/pac196409010119
https://doi.org/10.1016/S0032-9592(01)00200-X
https://doi.org/10.4061/2011/615803
https://doi.org/10.1007/978-1-61779-600-5_7
https://doi.org/10.1038/nsb0195-16
https://doi.org/10.1016/j.foodchem.2017.07.089
https://doi.org/10.1081/PB-200041442
https://doi.org/10.1002/btpr.2581
https://doi.org/10.1016/j.procbio.2017.02.004
https://doi.org/10.1038/35051736
https://doi.org/10.1016/S0076-6879(97)84006-2
https://doi.org/10.1038/351761a0
https://doi.org/10.1016/j.jgeb.2017.06.007
https://doi.org/10.1016/S0734-9750(01)00086-6
https://doi.org/10.1002/chir.22362
https://doi.org/10.1007/s00449-017-1852-5
https://doi.org/10.1007/s00449-017-1852-5
https://doi.org/10.1007/BF02544507
https://doi.org/10.1016/j.jbiotec.2015.11.025

J Microbiol Biotech Food Sci / Patel et al. 2022 : 11 (5) 2498

pancreatic lipase. Food Control, 88, 69-74.
https://doi.org/10.1016/j.foodcont.2017.12.038

Tavares, F., Petry, J., Sackser, P. R., Borba, C. E., & Silva, E. A. (2018). Use of
castor bean seeds as lipase source for hydrolysis of crambe oil. Industrial Crops
and Products, 124, 254-264. https://doi.org/10.1016/j.indcrop.2018.06.073

Tian, X., Dai, L., Liu, D., & Du, W. (2018). Improved lipase-catalyzed
methanolysis for biodiesel production by combining in-situ removal of by-product
glycerol. Fuel, 232, 45-50. https://doi.org/10.1016/j.fuel.2018.05.151

ul ain Rana, Q., Rehman, M. L. U., Irfan, M., Ahmed, S., Hasan, F., Shah, A. A.,
& Badshah, M. (2019). Lipolytic bacterial strains mediated transesterification of
non-edible plant oils for generation of high quality biodiesel. Journal of Bioscience
and Bioengineering, 127(5), 609-617.
https://doi.org/10.1016/j.jbiosc.2018.11.001

Urrutia, P., Arrieta, R., Alvarez, L., Cardenas, C., Mesa, M., & Wilson, L. (2018).
Immobilization of lipases in hydrophobic chitosan for selective hydrolysis of fish
oil: the impact of support functionalization on lipase activity, selectivity and
stability. International Journal of Biological Macromolecules, 108, 674-686.
https://doi.org/10.1016/j.ijbiomac.2017.12.062

Vargas, M., Niehus, X., Casas-Godoy, L., & Sandoval, G. (2018). Lipases as
biocatalyst for biodiesel production. In Lipases and Phospholipases (pp. 377-390).
Humana Press, New York, NY. https://doi.org/10.1007/978-1-4939-8672-9 21
Venkatesagowda, B., Ponugupaty, E., Barbosa-Dekker, A. M., & Dekker, R. F.
(2018). The purification and characterization of lipases from Lasiodiplodia
theobromae, and their immobilization and use for biodiesel production from
coconut oil. Applied Biochemistry and Biotechnology, 185(3), 619-640.
https://doi.org/10.1007/s12010-017-2670-6

Villeneuve, P. (2003). Plant lipases and their applications in oils and fats
modification. European Journal of Lipid Science and Technology, 105(6), 308-
317. https://doi.org/10.1002/ejlt.200390061

Wang, Y., Ma, R., Li, S., Gong, M., Yao, B., Bai, Y., & Gu, J. (2018). An alkaline
and surfactant-tolerant lipase from Trichoderma lentiforme ACCC30425 with high
application potential in the detergent industry. AMB Express, 8(1), 95.
https://doi.org/10.1186/s13568-018-0618-z

Wardhani, A. K., Hidayat, C., & Hastuti, P. (2016). Enzymatic phorbol esters
degradation using the germinated Jatropha curcas seed lipase as biocatalyst:
optimization process conditions by response surface methodology. Bulletin of
Chemical Reaction Engineering & Catalysis, 11(3), 346-353.
https://doi.org/10.9767/bcrec.11.3.574.346-353

Widmann, M., Juhl, P. B., & Pleiss, J. (2010). Structural classification by the
Lipase Engineering Database: a case study of Candida antarctica lipase A. BMC
Genomics, 11(1), 123. https://doi.org/10.1186/1471-2164-11-123

Winkler, F. K., d'Arcy, A., & Hunziker, W. (1990). Structure of human pancreatic
lipase. Nature, 343(6260), 771. https://doi.org/10.1038/343771a0

Xie, C., Wu, B, Qin, S., & He, B. (2016). A lipase with broad solvent stability
from Burkholderia cepacia RQ3: isolation, characteristics and application for
chiral  resolution  of  1-phenylethanol. Bioprocess and  Biosystems
Engineering, 39(1), 59-66.
https://doi.org/10.1007/s00449-015-1489-1

Yan, Q., Duan, X., Liu, Y., Jiang, Z., & Yang, S. (2016). Expression and
characterization of a novel 1, 3-regioselective cold-adapted lipase from
Rhizomucor endophyticus suitable for biodiesel synthesis. Biotechnology for
Biofuels, 9(1), 86.
https://doi.org/10.1186/s13068-016-0501-6

Yi, S., Dai, F., Zhao, C., & Si, Y. (2017). A reverse micelle strategy for fabricating
magnetic  lipase-immobilized  nanoparticles  with  robust  enzymatic
activity. Scientific  Reports, 7(1), 9806. https://doi.org/10.1038/s41598-017-
10453-4

Yvergnaux, F. (2017). Lipases: particularly effective biocatalysts for cosmetic
active ingredients. Oilseeds and Fats Crop and Lipids, 24(4), DA408.
https://doi.org/10.1051/0cl/2017013

Zarinviarsagh, M., Ebrahimipour, G., & Sadeghi, H. (2017). Lipase and
biosurfactant from Ochrobactrum intermedium strain MZV101 isolated by
washing powder for detergent application. Lipids in Health and Disease, 16(1),
177. https://doi.org/10.1186/s12944-017-0565-8

Zhang, H., Liu, T., Zhu, Y., Hong, L., Li, T., Wang, X., & Fu, Y. (2020). Lipases
immobilized on the modified polyporous magnetic cellulose support as an efficient
and recyclable catalyst for biodiesel production from Yellow horn seed
oil. Renewable Energy, 145, 1246-1254.
https://doi.org/10.1016/j.renene.2019.06.031



https://doi.org/10.1016/j.foodcont.2017.12.038
https://doi.org/10.1016/j.indcrop.2018.06.073
https://doi.org/10.1016/j.fuel.2018.05.151
https://doi.org/10.1016/j.jbiosc.2018.11.001
https://doi.org/10.1016/j.ijbiomac.2017.12.062
https://doi.org/10.1007/978-1-4939-8672-9_21
https://doi.org/10.1007/s12010-017-2670-6
https://doi.org/10.1186/s13568-018-0618-z
https://doi.org/10.9767/bcrec.11.3.574.346-353
https://doi.org/10.1186/1471-2164-11-123
https://doi.org/10.1038/343771a0
https://doi.org/10.1051/ocl/2017013
https://doi.org/10.1186/s12944-017-0565-8
https://doi.org/10.1016/j.renene.2019.06.031

