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Abstract

:

Four major enzymes commonly used in the market are lipases, proteases, amylases, and cellulases. For instance, in both academic and industrial levels, microbial lipases have been well studied for industrial and biotechnological applications compared to others. Immobilization is done to minimize the cost. The improvement of enzyme properties enables the reusability of enzymes and facilitates enzymes used in a continuous process. Immobilized enzymes are enzymes physically confined in a particularly defined region with retention to their catalytic activities. Immobilized enzymes can be used repeatedly compared to free enzymes, which are unable to catalyze reactions continuously in the system. Immobilization also provides a higher pH value and thermal stability for enzymes toward synthesis. The main parameter influencing the immobilization is the support used to immobilize the enzyme. The support should have a large surface area, high rigidity, suitable shape and particle size, reusability, and resistance to microbial attachment, which will enhance the stability of the enzyme. The diffusion of the substrate in the carrier is more favorable on hydrophobic supports instead of hydrophilic supports. The methods used for enzyme immobilization also play a crucial role in immobilization performance. The combination of immobilization methods will increase the binding force between enzymes and the support, thus reducing the leakage of the enzymes from the support. The adsorption of lipase on a hydrophobic support causes the interfacial activation of lipase during immobilization. The adsorption method also causes less or no change in enzyme conformation, especially on the active site of the enzyme. Thus, this method is the most used in the immobilization process for industrial applications.
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1. Introduction


Enzymes are used in many large-scale industries, such as biofuel production, detergents, animal feed, food-based products (dairy, bakery, and fruit juices), and other applications such as paper, leather, and textiles processing [1,2]. In 2015, the US enzymes market value was estimated to be more than USD 1 billion, while the global value for enzymes was between $5000 million and $5500 million in 2016, which was led by three main enzymes known as carbohydrases, proteases, and lipases [3]. Lipases can be found widely in plants, animals, insects, and microorganisms such as bacteria and fungi. Lipases catalyze the hydrolysis of triglycerides, esterification, transesterification, and catalysis on unnatural substrates [4,5]. Lipases have broad substrate specificity and are suitable for applications in large-scale industries such as food, detergent, animal feed, pharmaceutical, and biodiesel production [6]. Besides substrate specificity, lipases have high yield production for industrial and biotechnological applications [4]. Lipase D (EC 3.1.1.3) is commercially used in the food processing industry, especially in the production of structured lipids as dietary ingredients derived from fats and oils [7,8]. For industrial use, an enzyme is immobilized on a support to increase its performance in terms of operational, storage, and thermal stability [8,9,10]. The immobilization of an enzyme requires three main parameters known as types of carriers or supports, techniques used for immobilization, and loading tests [2]. However, immobilized lipase can only be reused for several cycles of reactions with uncertain consistency affected by a simple adsorption technique and extreme chemical conditions during synthesis [11,12,13]. Therefore, the reusability of immobilized enzymes has been studied for the papain enzyme, which is reimmobilized back on the regenerated carrier recovered from the spent bound papain by using chelating metal ions to improve enzyme activity [12,13].



Many studies about enzyme adsorption on a solid carrier were reviewed [14]. However, this review was focused only on the adsorption method to immobilize different types of enzymes such as laccase, lipase, α-amylase, and trypsin. Nanomaterials (NMs) supports are also used to immobilize lipases, and the vital aspect of lipase immobilization was reviewed [15]. Based on the specific features of lipase and NMs, this review discussed the recent developments, some mechanisms, and the influence of NMs on lipase immobilization and their activity [10]. Besides, the enzyme immobilization method and enzyme carriers used for immobilization studies were reviewed [16,17,18]. Some advantages of immobilized lipase applications include reduced energy costs, shortened process times, the prevention of volatile compounds loss, and reduced risk of contamination [19,20]. All types of immobilization methods, such as adsorption, encapsulation, covalent bonding, entrapment, and crosslinking, were discussed in previous studies [16]. Carriers for enzyme immobilization are divided into inorganic materials, metal-organic frameworks (MOFs), DNA origami, and polymers [17]. Most of the review papers more focused on different types of enzymes used for various types of immobilization methods and supports [19,20]. The lipase immobilization on hydrophobic supports and the mechanism of lipase immobilization on hydrophobic supports using different types of immobilization techniques were reviewed [20]. However, among industrial applications, the adsorption method on porous supports is the most popular. Therefore, this review focuses only on lipase’s immobilization using the adsorption and hydrophobic interaction method on a porous support.




2. Advantages of Enzymes Immobilization


Immobilization positively affects lipase stability at high temperatures [21,22]. Immobilized lipase exhibits higher activity compared with free lipase [23,24,25,26]. A study showed that the immobilized thermophilic Bacillus sp. lipase still retained 31.81% of the activity but deactivated free lipase activity [27]. The significant shift in the optimum reaction temperature occurs in free lipase from 37 to 50 °C for immobilized lipase [28]. The high temperature has less influence on the lipase activity, but it increases thermal stability [29]. The optimum temperature of immobilized lipase from Candida rugosa (ICRL) is from 20 to 50 °C, while that of free Candida rugosa lipase is only from 40 to 50 °C [24]. The enzymatic activity of ICRL has a broader range of temperature, because yolk shells carriers help retain the lipase conformation in its active form [24,30]. The electrostatic charges changed after immobilization, which shifts the optimum pH of the immobilized enzyme to a slightly alkaline region [29]. The number of acidic groups increases after immobilization, which makes the enzyme gain more polyanionic character [13]. In alkaline environments, immobilized lipase has higher activity than free lipase [24,30].



Moreover, immobilized lipase has better storage stability than free lipase based on previous studies [31,32]. In general, immobilized lipase displays full activity over a long period, indicating excellent stability of biocatalysts [25,26]. Immobilized enzymes are very stable, with a half-life of more than 1800 h under plant-operating conditions [33]. Immobilization enhances the enzyme properties by increasing the enzyme rigidity and heat tolerance, which is caused by low conformational flexibility of the enzyme and is generally indicated by an increase in the optimum temperature and stability against inactivation [13,29]. The improved thermal behavior of immobilized enzymes forms the basis of enzyme applications for many industrial processes requiring high temperatures [27,33].



In addition, the main factors important for industrial applications are the storage and operational stabilities of immobilized lipase [34]. A study showed the relative activity of ICRL maintained over 90.85% of the initial activity while that of free lipase was only 40% of the initial activity after 28 days of storage [24]. The storage stability of Candida rugose lipase was improved significantly, showing that the stable configuration of immobilized lipase was maintained after one month [24,34]. The Candida rugose lipase immobilization on yolk shells reduced its freedom to undergo changes in the stable conformation, which stabilized it against denaturing for an extended period compared to that of free lipase [35].




3. Porous Carriers Used for the Immobilization of Lipase


3.1. Pore and Particle Sizes


The presence of pores increases surface areas for enzyme adsorption [36,37,38,39]. Studies showed that the presence of micropores of silica aerogels protects lipase against alterations of the microenvironment and increases surface areas [40,41]. Porous carriers can be divided into three main categories, known as microporous, mesoporous, and macroporous materials [36,37]. Each type of support has different capabilities and disabilities [36]. The pore diameters on microporous supports are too small for enzyme diffusion, even though the supports have strong adsorption and large surface areas [37,38,39]. Mesoporous supports are commonly used to immobilize lipases and peroxidase [42,43]. Despite high surface areas and stability, the confinement of enzymes in mesopores with small pore size or non-open pore structures can decrease the enzymatic activity [44]. Mesoporous supports can cause major resistance during enzyme immobilization and diffusion [45,46]. Macroporous materials have a pore size at a micrometer scale that can significantly reduce the diffusional limitation [47]. The enzymes can be quickly immobilized on macroporous materials but also leach out quickly, mainly when the pH values of the media vary [48]. Macroporous supports only possess a small surface area and yield a low loading amount of enzymes, which is one of the significant problems in industrial applications [37,49].



The porosity of a support plays a significant role in the efficiency of immobilization [36,45]. The presence of pores increases the surface area of the support for lipase adsorption [46]. Pore exposure and particle size affect the binding of the substrate on the lipase [48]. Then, they affect the enzymatic reaction and the productivity of the reaction [50,51]. Polypropylene beads are well-known supports for the efficient immobilization of hydrolytic enzymes [52]. Generally, a macroporous polypropylene support (Accurel MP) consists of many pores on its surface [53,54,55]. A polypropylene support has a large surface area compared with other types of carriers, such as beads and nonporous supports [56]. Macroporous properties will increase the adsorption of lipase in the pores and surface of the support [52,57]. However, some lipases are desorbed from the support during the synthesis and continuous reaction [49]. A study was conducted to retrieve a support from immobilized papain but not an enzyme [12]. The scanning electron microscopy images showed the Ethylene glycol-bis [succinic acid N-hydroxysuccinimide] (EG-NHS) aggregates were smaller in size but had a larger surface area than bigger carrier free cross-linked enzyme aggregates using glutaraldehyde (GLA) [13]. Thus, more active sites at a large surface area are responsible for higher-mass transfer and activity enhancement [36,57].




3.2. Criteria


The criteria of the porous support use for lipase immobilization by adsorption and their applications are listed in Table 1. Due to high surface areas, porosity, pore size, and accessibility for binding, Rhizopus oryzae lipase immobilized in Lewatit® VP OC 1600 or Accurel® MP 1000 is presented to have the best performance regarding oleic acid incorporation (mol.%) on tripalmitin [8]. Macroporous Sepabeads have a small pore size (100–200 Å), which adsorbs 10-fold more active Thermomyces lanuginosus lipase than mesoporous Purolite C-18 (pore size: 616 Å), and are able to be transported with highly viscous reaction media [58]. Thus, the pore size of supports plays a vital role in the modification of oils in solvent-free systems. The treatment of supports with solvents maximizes the adsorption rate and the immobilization yield for lipase B from Candida antarctica (CALB) onto Accurel MP1001 (particle size < 1000 µm) and styrene-divinylbenzene porous supports (75–150 µm) [59,60].



However, some textural changes on mesoporous carbon beads have less impact on the protein adsorption and catalytic activity of lipases from Candida antarctica [71] similar to on immobilized lipase that exhibits a decrease in the specific surface area and pore volume due to the loss of the adsorbed lipase and the comb polymer [73]. The physicochemical properties of macroporous resin NKA matrix supports are crucial for Burkholderia cepacia lipase immobilization, which influences enzyme loading as well as catalytic behavior [69]. A study showed that macroporous supports (5–50 µm) provide channels for mass transfer of Phospholipase D and substrates while mesoporous supports (10–50 nm) have high surface areas for enzyme adsorption [37]. Besides, polystyrenic macroporous resin (Purolite®A109), which has better internal diffusional properties, excellent mechanical stability, high particle diameters (400 µm), and robustness, enables the efficient application of immobilized Candida sp. in bioreactors [31]. The optimal mass diffusion of the substrate is achieved by the three-dimensional mesoporous network of ordered mesoporous materials (OMMs), which is useful to immobilize lipase via hydrophobic interaction [74]. Poly(MMA-co-DVB) hydrophobic porous, polymer-encapsulated magnetic microspheres provide an effective system for Mucor javanicus lipase immobilization that has a 200-fold specific activity increase and reusable cycles of more than 30 times in high-viscosity reaction systems for the solvent-free synthesis of 1,3-diolein [70].



Furthermore, the design of a mesoporous SBA-15 support is tailored to improve enzyme immobilization and have benefits such as hydrophobic character, high surface areas, large pore volumes, and parallel channels [72]. The lamellar structures of mesoporous cuttlebone powder of Sepia officinalis (CBP) also have a large surface area, which is most suitable to entrap more biomolecules on its surface during immobilization [63]. Moreover, the particle size also affects the enzyme immobilization and reaction rates, both of which are influenced by the amount of interfacial area per unit volume [64]. The modified hollow mesoporous silica support (HMSS) exhibits monodisperse, uniform, and spherical morphology with a particle size of 3.8 µm. The hydrophobic microenvironment, an appropriate pore size of the HMSS, and a large cavity volume cause a higher catalytic reaction for immobilized Candida rugosa lipase (HMSS-C18-CRL) [75]. The smaller particle size of the support has a larger surface area [66], in which a smaller particle EP400 support has a more abundant surface area for enzyme adsorption and provides substrate access during the hydrolysis reaction better than a larger particle support [64]. A particle size of 300 nm was proven to be the most suitable carrier for both lipases from Mucor miehei and Rhizopus oryzae [66].



In addition, the uniform distribution of CALB on smaller particles of resin increases due to a large surface area [61], and enzymes are adsorbed rapidly for a particle size of 120 µm [62]. The optimized pore size and a highly hydrophobic surface of a mesoporous silica nanoparticles (MSNs) support increased lipase adsorption and beneficial for obtaining high loading and better stability [67]. The desorption of Thermomyces lanuginosus lipase from a mesoporous support is reduced due to the strong hydrophobic interaction of lipase with the internal support surface [68]. However, a study shows that ethanol pretreatment of porous supports provide the interfacial activation of lipase to be adsorbed on the hydrophobic surface [65].





4. Types of Immobilization Methods on the Support/Carrier-Binding Method


Lipases can be immobilized using different methods such as covalent attachment, adsorption, encapsulation, entrapment, and crosslinking on numerous supports (Figure 1). The carrier-binding method is the most commonly used in large-scale immobilization processes [76,77]. The carrier-binding method is conducted based on a weak binding force, such as physical adsorption, ionic bonding, and covalent bonding of enzymes on the surface of water-insoluble supports [78]. Thus, this method causes less or no change in enzyme conformation, especially on the active site of an enzyme [6,14]. The physical adsorption method with a proper support, such as synthetic polymers, exhibits excellent mechanical rigidity, high specific areas, and reusable capability for several cycles of reactions [2]. The second method, known as entrapment, is much more stable than physically adsorbed lipase [79]. Next is the crosslinking technique by reagent glutaraldehyde, which forms chemical bonds like covalent bonding without the use of a water-insoluble carrier [13,29]. Glutaraldehyde is the most common reagent used for crosslinking of lipase on porus polypropylene carriers, and the yield achieves 98%, which is higher than that of free lipase [79]. Various immobilization methods are shown in Figure 1.



The selection of suitable immobilization techniques is essential to ensure the practical usage of enzymes without leakage or detachment from supports [79,80]. Initially, porous glass beads, diatomaceous earth, silica, and alumina are standard supports used for lipase immobilization, but many new supports were used in recent studies [80,81]. The combination of a proper support and immobilization methods will increase the binding force between the enzymes and the support, thus reducing the leakage of the enzymes from the support (Table 2).




5. Effect of a Solvent on a Porous Support


It has been reported that the amount of adsorbed lipase on a pretreated support by ethanol is 2-fold higher than an untreated support [56,82]. With pretreatment by ethanol, the porous carrier increases hydrophobicity and immobilization rates [82]. Besides, the pretreated immobilized enzyme has better stability in broad temperature and pH ranges [32,82]. A similar pattern is exhibited by a native lipase, which has an optimum temperature at 37 °C but increases to 50 °C after immobilization on hydrophobic microspheres [5]. Several publications agree on the enhancement of the support affinity to lipase aqueous solutions due to the ethanol pretreatment of the support [82]. The ethanol pretreatment of the support leads to a more uniform catalyst with a higher adsorption efficiency and increases solid recovery [83]. The initial size of supports becomes smaller due to the stirring during the immobilization process [66,83]. The size of the immobilized Candida antarctica on a polypropylene support (CA/PP) at the beginning and the final stage of the immobilization procedure deserves great attention. An additional size reduction of CA/PP particles during the reaction complicates their recovery and prevents their reuse [82,83].



Pretreatment of Accurel MP is needed to improve the penetration of an aqueous lipase solution into hydrophobic Accurel MP pores [84,85]. In the literature, two protocols are described: protocol A consists in wetting a support in a sequence of ethanol, an aqueous ethanol solution, and finally with water, with intermediary filtration [86,87]; protocol B consists in a single wetting with ethanol and then directly contact with an enzyme solution without removing ethanol [86]. With CALB being well-known for its strong tolerance to high solvent quantities, a third method (protocol C) was proposed by replacing ethanol in protocol B with a more polar solvent, acetone [88]. It was checked that no loss of enzyme activity occurred when acetone or ethanol was added to the lipase solution under the same conditions during the immobilization process over 48 h at room temperature [48]. Ethanol improves the immobilization process by inducing better penetration of the enzyme solution inside the highly hydrophobic Accurel MP and by reducing the enzyme thermodynamic activity, thus forcing the adsorption process [77,89].




6. Interfacial Activation of Lipase on a Hydrophobic Porous Support


The success of lipase adsorption on a hydrophobic support depends on the structural domain called lid [57,90]. The lid contributes to providing an open and closed configuration to the enzyme [83,91]. In the closed conformation, hydrophobic residues face toward the catalytic site (inside the lid), thus preventing substrate binding [91]. The open conformation of lid occurs in the presence of a hydrophobic interface. The catalytic site is exposed outside the lid and bound to the substrate, which causes the phenomenon known as “interfacial activation” [91,92].



The interfacial activation of lipase occurs, when the enzyme is adsorbed on the hydrophobic surface and causes open conformation lipase [65,93]. The reversible mechanism of immobilization permits reusing supports after enzyme inactivation [92,93]. However, it should be considered, as already described in other publications, that this reduces the range of applicable cosolvent concentrations and even some substrates or products may produce the release of the enzyme [92]. Simple strategies to solve this problem have been proposed, enlarging the application range of this immobilized enzyme [82,88,93]. The interfacial activation of lipase on a hydrophobic support is shown in Figure 2.




7. Application of Lipases Immobilized on a Porous Support


Many studies have been conducted on the immobilization of lipases on hydrophobic porous supports [56,60,63,76]. Higher temperatures will break bond interactions within a protein structure that is responsible for a proper globular catalytic active structure [90,91,92,93]. However, thermal effects become less prominent toward the immobilized lipase [90,91]. Since a porous support has a large surface area for lipase adsorption, hierarchical porous polymers (HPSs) are used to immobilize phospholipase D and catalyze transphosphatidylation [37]. The optimum temperature for immobilizing phospholipase D is increased by 5 °C compared to that for free lipase. After 28 days, the immobilized phospholipase D still had 80% of activity, which is higher than free lipase [37]. The hydrolysis of triglyceride esters (high oleate sunflower oil) is catalyzed by Candida rugosa lipase on a macroporous polyolefin support [64]. The immobilized Candida rugosa lipase reaches half-life at a longer time compared to free lipase [24,25]. Some advantages of immobilized lipase applications include reduced energy costs, shortened process times, prevention of loss of volatile compounds, and reduced risk of contamination [94,95]. Besides, the reusability of lipases also increases after immobilization. A study showed the immobilized lipase B from Candida rugosa was reused for six cycles of reaction to catalyze the esterification of free fatty acids obtained from soybean-oil hydrolysis and different polyols [96]. The same lipase from Candida rugosa was immobilized and showed better storage stability than free lipase after four weeks of incubation [64].



The immobilized lipase from Staphylococcus warneri (EX17) and Burkholderia ambifaria (YCJ01) is used to catalyze the synthesis of short-chain esters, which has a fruity flavor similar to the pineapple, which can be used in flavors, fragrances, fine chemicals, and food industry [97,98]. Soybean oil is used as substrates for the synthesis of fatty acid methyl esters by CALB and the glycerolysis of soybean oil by lecitase ultra (phospholipase) [99]. Immobilized lipase is vital for large-scale industrial production. The leading enzyme producers, such as Amano, Novozymes, DSM, and AB ENZYMES, have to supply various enzymes for industrial purposes [100]. Currently, practical systems that have already been adopted in industrial production are the industry sectors, such as fats and oleo-chemistry, detergent, polymers, biodiesel, and food processing [101]. These industry sectors utilize immobilized lipase to achieve the optimum condition for the large-scale industry production. For instance, the fats and oleo chemistry industry uses immobilized lipase to catalyze the hydrolysis, esterification, and inter-esterification of oils and fats as an alternative to physicochemical processes (energy-saving and the specificity of reactions) [100,101]. The applications of immobilized lipase on porous supports under optimum conditions are listed in Table 3.




8. Conclusions and Expectation


Lipase is the most versatile enzyme, which can be absorbed on hydrophobic supports, which experience the interfacial activation during the adsorption process. The adsorption of lipase on a porous support with a hydrophobic surface enhances the stability of lipase after immobilization. The combination of hydrophobic and porous supports is used in many industrial applications due to the low economic value and easy realization on a large scale. Porous carriers have many advantages compared with nonporous carriers. Many studies have shown that porous supports have a better surface area and are able to carry more enzymes with higher immobilization rates. Lipase is also significantly stable in porous supports due to the indirect exposure to the harsh conditions of the reaction process. Thus, the adsorption of lipase on porous supports with hydrophobic properties improves the reusability, pH stability, thermostability, and operational and storage stability of lipase for long-term and large-scale applications.




9. Patents
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Figure 1. Scheme of various enzyme immobilization techniques. 
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Figure 2. Scheme of immobilization by interfacial activation on a hydrophobic support. 
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Table 1. Criteria of porous support use for lipase immobilization by adsorption.
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Lipase Source

	
Support

	
Surface Area

	
Particle Size

	
Pore Size

	
Reference






	
Phospholipase D from Streptomyces sp.

	
Novel epoxy resin-based hierarchical porous polymers (HPSs)

	
225–156 m2/g

	
Ultramacropore (5–50 μm);

Macropore (0.1–5 μm);

Mesopore (10–50 μm)

	
-

	
[37]




	
Lipase B from Candida antarctica (CALB)

	
Methyl methacrylate resins

	
500 m2/g

	
560–710 µm

	
250 Å

	
[61]




	
CALB

	
Polystyrene resins

	
-

	
350–600 µm

	
300–1000 Å

	
[62]




	
AKL 13 lipase from Bacillus subtilis (BsL)

	
Mesoporous cuttlebone powder of Sepia officinalis (CBP)

	
1.631 m2/g

	
89.95 µm

	
-

	
[63]




	
Candida rugosa (OF360)

	
Polyolefin (Accurel)

	
EP100: 50–90 m2/g

	
<200 µm

	
0.1–1.0 µm

	
[64]




	
EP400: 20–40 m2/g

	
<400 µm

	
0.1–0.5 µm




	
Thermomyces lanuginosus lipase (TLL)

	
Poly-methacrylate particles (PMA)

	
500 m2/g

	
300–700 µm

	
170 Å

	
[65]




	
Mucor miehei and Rhizopus oryzae

	
Mesoporous silica (MPS)

	
MPS-1000: 502 m2/g

	
1000 nm

	
9.3 nm

	
[66]




	
MPS-300: 606 m2/g

	
300 nm

	
9.4 nm




	
MPS-40: 463 m2/g

	
40 nm

	
9.1 nm




	
Candida rugosa

	
Octadecylalkyl-modified mesoporous silica nanoparticles (C18-MSNs)

	
219–486 m2/g

	
37–45 nm

	
1.6–5.4 nm

	
[67]




	
Thermomyces

lanuginosus

	
-Mesoporous hydrophobic poly-methacrylate particles (Diaion® HP 2-MG)

-Mesoporous PMA particles (Diaion®HP 2-MG)

	
500 m2/g

	
300–700 µm

	
170 Å

	
[68]




	
Burkholderia cepacia

	
Macroporous resin NKA (polystyrene)

	
570 m2/g

	
300 µm

	
200 Å

	
[69]




	
Mucor javanicus lipase

	
Poly(methylmethacrylate-co divinylbenzene)-encapsulated porous magnetic microspheres

	
12 m2/g

	
-

	
170 nm

	
[70]




	
Candida sp. L3170

	
Purolite® A109, polystyrenic macroporous

resin

	
-

	
400 µm

	
-

	
[31]




	
CALB

	
Styrene-divinylbenzene MCI GEL CHP20P porous support

	
>500 m2/g

	
75–150 µm

	
400–600 Å

	
[60]




	
Lipases A and B from Candida antarctica

	
Mesoporous carbon beads

	
>800 m2/g

	
0.5–1 mm

	
-

	
[71]




	
CALB

	
Pore-expanded mesoporous silica (SBA-15)

	
526 m2/g

	
-

	
14 nm

	
[72]




	
CALB

	
Accurel MP (a macroporous propylene)

	
78.92 cm2/g

	
MP1000: <1500 µm

	
10 nm

	
[59]




	
MP1001: <1000 µm

	
8 µm




	
Thermomyces lanuginosus

	
Macroporous Purolite C-18 mesoporous Sepabeads C-18

	
116 m2/g

	
-

	
616 Å

	
[58]




	
60–80 m2/g

	

	
100–200 Å




	
Heterologous Rhizopus oryzae

	
Accurel MP 1000 (polypropylene) Lewatit® VP OC 1600

	
70 m2/g

	
50–1000 µm

	
2000 Å

	
[8]




	
130 m2/g

	
315–100 µm

	
15 Å




	
Burkholderia ambifaria (YCJ01)

	
Mesoporous TiO2 modified with an comb polymer—poly(sodium acrylate)-g-methoxy poly(ethylene oxide)

	
38.02 m2/g

	
-

	
16.25 nm

	
[73]




	
Burkholderia cepacia

	
Phenyl-modified ordered mesoporous silica

	
152 m2/g

	
8–10 µm

	
21.3 nm

	
[74]




	
Candida rugosa

	
Modified hollow mesoporous silica (HMSS)

	
399 m2/g

	
-

	
12 nm

	
[75]
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Table 2. Immobilization methods and supports materials.
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Physical Method

	
Chemical Method

	
Support Material






	
Adsorption

	
Covalent attachment

	
Magnetic nanoparticles




	
Entrapment (gel/fiber entrapping, microencapsulation, and metal-organic frameworks (MOFS) embedding)

	
Crosslinking (crosslinking to a support matrix, CLEAs)

	
Membranes




	
Ionic bonding

	
Capillary columns




	
Conjugation by affinity ligands

	
Polymer
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Table 3. Lipase immobilization on porous supports under optimum conditions for various applications.
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	Source
	Temperature (°C)
	pH
	Reusability
	Stability
	Application
	Reference





	Heterologous Rhizopus oryzae
	60
	7
	2 batches
	-
	Synthesis of human milk fat substitutes
	[8]



	Candida sp. (L3170)
	25
	7
	-
	Free lipase: 1–1.4 h;

Immobilized lipase: 2.4 h
	Hydrolysis of p-nitrophenyl butyrate
	[31]



	Rhizopus oryzae
	37
	wide
	12
	4 months
	n-butyl oleate synthesis by esterification of oleic acid with n-butanol
	[32]



	Phospholipase D (Streptomyces sp.)
	Free lipase: 40

Immobilized lipase: 45
	Free lipase: 6;

Immobilized lipase: 6.5
	12
	After 28 days,

Free lipase: 25%;

Immobilized lipase: 80%
	Catalysis of the transphosphatidylation from phosphatidylcholine PC to phosphatidylserine PS
	[37]



	Thermomyces lanuginosus
	40
	7
	-
	20 days
	Hydrolysis of 0.4 mM p-nitrophenyl butyrate (pNPB)

-ethanolysis of sunflower oil
	[58]



	CALB
	60
	7.2
	-
	-
	Continuous oil transesterification
	[59]



	CALB
	20–25
	7.8
	-
	-
	Polyester synthesis
	[61]



	Bacillus subtilis AKL 13 lipase (BsL)
	50
	-
	15
	-
	p-nitrophenol palmitate hydrolysis
	[63]



	Fungal yeast Candida rugosa OF360
	30

45
	7–9
	-
	Free enzyme: 310.03 h;

EP400: 2100.71 h; EG100: 1008.16 h
	Catalytic hydrolysis of triglyceride esters

-hydrolysis of high oleate sunflower oil
	[64]



	TLL
	45
	8
	12
	-
	n-Octyl oleate was synthesized by enzymatic esterification reaction of oleic acid and n-octanol

-used as a lubricant in industrial processes
	[65]



	Candida rugosa
	40
	7.4
	5
	-
	Hydrolysis of 4-nitrophenyl palmitate
	[67]



	Thermomyces

lanuginosus
	55–60
	9
	22
	-
	Hydrolysis of olive oil emulsion

-synthesis of isoamyl oleate (biolubricant) by esterification reaction.
	[68]



	Burkholderia cepacia
	37
	7
	50
	-
	Synthesis of methyl esters
	[69]



	Mucor javanicus
	
	8
	Free lipase: 5;

Immobilized lipase: 30
	-
	Esterification of glycerol and oleic acid
	[70]



	Lipases A and B from Candida antarctica
	29.85
	Free lipase: 7

CALA/MB: 5

CALA/MB: 1500–4

CALA/MB: LTA-5

CALB/MB: 5

CALB/MB: 1500–6

CALB/MB-LTA: 5 and 7
	10
	-
	Kinetic resolution of (±)-1-phenylethanol
	[71]



	Recombinant CALB
	25
	5
	5
	-
	Production of methyl and ethyl butyrate, hydrolysis of ethyl

hexanoate
	[72]



	Burkholderia ambifaria (YCJ01)
	40
	7.5
	6
	-
	Resolution of 3-phenoxy-1,2-propanediol
	[73]



	Burkholderia cepacia
	35
	7
	50 cycles
	-
	Resolution of 1-phenylethanol
	[74]



	Candida rugosa lipase (CRL)
	37
	7
	21
	After 120 min,

Free lipase: 30%;

Immobilized lipase: 90%
	Esterification of phytosterols with polyunsaturated fatty acid (PUFA)
	[75]



	Burkholderia cepacia
	25
	6.5
	>5
	-
	Transesterification resolution of racemic aromatic secondary alcohols to synthesize chiral intermediates
	[90]



	Lipomod 34MDP (free lipase from Candida rugosa)
	40
	7
	6
	-
	Esterification of free fatty acids obtained from soybean-oil hydrolysis and different polyols (neopentyl glycol, NPG; trimethylolpropane, TMP; and pentaerythritol
	[96]



	Staphylococcus warneri lipase (EX17)
	30–45
	7
	-
	-
	Catalysis of the synthesis of ethyl butyrate

a short-chain ester, which has a fruity flavor similar to the pineapple and can find applications in the food industry.
	[97]



	Burkholderia ambifaria lipase (YCJ01)
	50
	Free lipase: 7.5

Immobilized lipase: 7
	10
	-
	Cinnamyl acetate synthesis

-an essential ingredient, which is widely used in the synthesis of flavors, fragrances, and fine chemicals
	[98]



	Lecitase ultra (phospholipase)
	45
	7
	28
	-
	Glycerolysis of soybean oil

-catalyzing glycerolysis

of soybean oil to produce DAG
	[99]



	Candida sp.
	40
	7.4
	19
	-
	Production of biodiesel
	[102]



	Yarrowia lipolytica
	40
	8
	5
	-
	Enrichment of polyunsaturated fatty acids
	[103]



	CALB
	30
	7.4
	10
	35 days (94.41%)
	Methyl esterification of oleic acid
	[104]



	CALB, Rhizomucor miehei lipase
	25
	7
	-
	-
	Hydrolysis of rac-methyl mandelate

Regioselective hydrolysis of triacetin
	[105]



	Thermomyces

lanuginosus
	50
	7
	-
	-
	Synthesis of butyl butyrate
	[106]



	Aspergillus niger
	50
	
	8 cycles (<50%)
	-
	Preparation of biodiesel
	[107]
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