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Abstract
Background: A novel Aspergillus. niger strain GZUF36 with two high sn-1,3 position selectivity of lipases,
including an intracellular lipase and an extracellular one was selected from oil-rich soil in our previous
work. The sn-1,3 extracellular lipase from Aspergillus niger GZUF36 (EXANL1) has important potential
applications. However, the structure and properties of this lipase need further study for its better
application, the immobilization of enzyme is an effective method to study its structural properties and
obtain the best catalytic properties. Cross-linked enzyme aggregates (CLEAs) have been widely used in
carrier-free immobilization technologies because of their low cost and fast preparation. To this end, it is
necessary to investigate the effect of CLEAs strategy on the characteristics, secondary structure, and
positional selectivity of EXANL1 before and after immobilization.

Results: The CLEAs of purified EXANL1 (CLEA-EXANL1) was achieved optimum activity recovery
(100.3±1.1%) with 80% tert-butanol as the precipitant, a glutaraldehyde (GA) concentration of 30 mM, a
GA treatment time of 1.5 h, and a centrifugal speed of 6000 g. CLEA-EXANL1 exhibited a broader
optimum pH range (4–6) compared with free EXANL1 (6.5). CLEA-EXANL1 presented optimum activity at
40 °C, which was 5 °C higher than that of free EXANL1. CLEAs strategy decreased the maximum reaction
rate and increased the Michaelis–Menten constant of EXANL1 when olive oil emulsion was used as a
substrate. Moreover, after 30 days, free EXANL1 lost more than 80.0% of its activity, whereas CLEA-
EXANL1 retained more than 90.0% of its activity. CLEAs strategy improved the tolerance of EXANL1 in
polar organic solvents. Fourier transform infrared spectroscopy results showed that the CLEAs technique
increased the content of the β-sheets and β-turns of EXANL1 and reduced α-helixes and irregular crimp
contents. CLEAs strategy did not change the sn-1,3 selectivity of EXANL1.

Conclusion: The effect of CLEAs technology on catalytic properties, structure, selectivity and other
characteristics of the EXANL1 was comprehensively explored, which laid a foundation for its subsequent
rational transformation and industrial application.

Research Highlights
1 Sn-1,3 extracellular lipase from A. niger GZUF36 (EXANL1) was further investigated;

2 Cross-linked enzyme aggregates (CLEAs) strategy broadened optimum pH range of EXANL1;

3 CLEAs strategy improved the tolerance of EXANL1 in polar organic solvents;

4 CLEAs strategy did not change the positional selectivity of EXANL1;

5 CLEAs strategy has significantly changed the structural properties of EXANL1.

Background
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Lipase (EC 3.1.1.3), a multipurpose hydrolase [1], hydrolyzes triglycerides to produce diglycerides, fatty
acids, glycerol, and monoglycerides and catalyzes various reactions, such as hydrolysis, ester synthesis,
acidolysis, and alcoholysis [2]. In general, the conformation of lipase is related to the movement of the lid
on the active center of the lipase. When the lid covers the active center, the active center is in a closed
state, causing difficulty for substrate molecules to be in proximity to the active center [3, 4]. On the
contrary, when the lid moves, exposing the active center to the solvent, the active center is in an open
state, increasing affinity between the enzyme and a hydrophobic substrate, and stabilizing intermediate
products in a transition state in the catalytic process [5]. The presence of the lid structure in the enzyme
molecules causes lipase to generally exhibit higher catalytic activity in a water–oil interface
microenvironment than in a water phase, which is called interfacial activation [6]. Interfacial activation
can significantly improve the catalytic activity of lipase and has an important influence on its application
in the food industry, precision chemical synthesis, and the pharmaceutical industry [7].

Filamentous fungi, such as Rhizopus, Geotrichum, Rehmannia, Penicillium, and Aspergillus are the
preferred sources of lipase production [8]. Filamentous fungi are screened from soils rich in oil, vegetable
oil wastes, dairy industry, seeds, and spoiled foods [9]. As a typically lipase from filamentous fungi,
Aspergillus niger lipase is widely used in oil processing and production of food additives and detergents
because of its selectivity, stability, and wide substrate specificity [6]. A novel A. niger strain GZUF36 with
two high sn-1,3 position selectivity of lipases, including an intracellular lipase and an extracellular one
was selected from oil-rich soil in our previous work [10].

1,3-diacylglycerol (1,3-DAG) is an important functional oil and a drug intermediate [11]. It possesses
emulsification, lubrication, antistatic properties due to its unique molecular structure, and is widely used
in food processing industry and pharmaceutical industry[12]. Sn-1,3 extracellular lipases are excellent
tools for the synthesis of 1,3-DAG [13]. Recently, most of the reports used the commercial lipases to
produce 1,3-DAG, resulting in high costs of production. The sn-1,3 extracellular lipase from A. niger
GZUF36 (EXANL1) has the potential to synthesis of 1,3-DAG economically, which can effectively reduce
the production cost and can be applied in large-scale applications. However, the structure and properties
of this lipase need further study for its better application, the immobilization of enzyme is an effective
method to study its structural properties and obtain the best catalytic properties [6]. A proper
immobilization strategy can improve the stability of the biocatalyst and reduce its cost [14]. Using porous
solids may be the most widespread reversible physical immobilization method, which could prevent
aggregation, proteolysis, interactions with interfaces [3]. In other cases, the covalent binding to the solid
carrier is irreversible and can improve enzyme stability [15]. Furthermore, the activity, selectivity, and
specificity of lipase may be tuned during immobilization. However, the cost of support will lead to an
increase in the final cost of a biocatalyst, which must be considered in the design of a biocatalyst [16].

In various immobilization methods, some that do not require a support are becoming increasingly
popular. Cross-linked enzyme aggregates (CLEAs) [17, 18] have been widely used in carrier-free
immobilization technologies because of their low cost and fast preparation. The lipase protein is
precipitated using precipitants, such as salt, organic solvents, or polymers, and then chemically cross-
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linked by a bifunctional agent or a multifunctional agent [19]. Glutaraldehyde (GA) is a commonly used
crosslinking agent, and its cycles are the main structure that may give the reaction of cross-linking [20].
Numerous studies on the CLEAs of lipase, such as the lipases from Thermomyces lanuginosa [21],
Geobacillus sp. [22], and Candida antarctica [23] had been conducted. However, the CLEAs of lipase from
A. niger has been rarely studied. To this end, it is necessary to investigate the effect of CLEAs strategy on
the characteristics, secondary structure, and positional selectivity of EXANL1 before and after
immobilization. Fourier transform infrared spectroscopy (FTIR) and scanning electron microscopy (SEM)
were performed to evaluate the effect of CLEAs technique on the surface morphology and secondary
structure of CLEA-EXANL1. The thin layer chromatography (TLC) was used for the positional selectivity
analysis of the free lipase and CLEA-EXANL1. This study aimed to provide a reference and theoretical
basis for the subsequent rational transformation of EXANL1 and its large-scale industrial application.

Results
Effects of CLEAs preparation conditions on the activity of CLEA-EXANL1

The effects of three different types of precipitants, such as salt (ammonium sulfate), organic solvents
(tert-butanol and acetone), and polymers (PVA) on the activity of CLEA-EXANL1 were demonstrated. The
highest activity recovery was obtained using tert-butanol (71.6±0.7%), followed by that using tert-
butanol+acetone (67.4±0.8%), acetone (64.7±1%), saturated ammonium sulfate (59.3±1.2%), PVA
(20.0±1%) (P<0.05) (Fig.1a). Therefore, tert-butanol was identified to be the optimal precipitant for the
synthesis of CLEA-EXANL1.

Lipase precipitation was conducted with tert-butanol–enzyme solutions with volume ratios ranging from
1–6 (v/v). Activity recovery increased when the amount of precipitant was increased to the maximum
value and then decreased with the further increase in the amount of the precipitant (Fig. 1b). The highest
activity recovery (84.4±1%) was obtained when the volume ratio of tert-butanol–enzyme solution was 4
(v/v). The activity recovery obtained with this volume ratio was significantly different from that obtained
with other volume ratios (P<0.05). Therefore, the optimum volume ratio of tert-butanol–enzyme solution
was 4.

The effect of GA concentration on the activity of CLEA-EXANL1 was investigated. The activity recovery
initially increased as GA concentration increased (Fig. 1c). The activity recovery at 30 mM concentration
reached the maximum value of 90.0±1.2% and was higher than that at 10 mM (52.8±1.3%) and 20 mM
(81.7±0.9%) concentrations (P<0.05). The activity recovery drastically declined when high GA
concentrations were used. Therefore, 30 mM GA was selected for the subsequent research.

The effect of GA treatment time on the preparation of CLEAs was assessed (Fig. 1d). The activity
recovery increased as GA treatment time was increased to its maximum value (100.3±1.1%) and then
decreased with the further prolongation of GA treatment time. The suitable GA treatment time was 1.5 h.

The dependence of optimum temperature and pH of EXANL1 on CLEAs strategy
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The dependence of optimum temperature of EXANL1 on CLEAs strategy was studied within the
temperature range of 25 °C–55 °C to assess the optimum temperature of EXANL1 before and after CLEAs
immobilization (Fig. 2a). The maximum activity of free lipase was observed at 35 °C and that of CLEA-
EXANL1 was observed at 40 °C (P<0.05). The optimal temperature of CLEA-EXANL1 shifted slightly to a
higher temperature compared with that of free lipase. Compared with that of CLEA-EXANL1, the relative
activity of free lipase decreased more significantly with the increase of temperature beyond its optimal
value.

The dependence of optimum pH of EXANL1 on CLEAs strategy was evaluated within the range of 4.0–
9.0. The results are displayed in Fig. 2b. CLEA-EXANL1 showed no significant difference in pH 4.0–6.0
(P>0.05). The optimal pH of the immobilized lipase (4.0–6.0) shifted to the acidic region relative to that
of free lipase (6.5). Moreover, CLEA-EXANL1 exhibited good acid resistance under all acidic conditions
that the relative activity of CLEAs-EXANL1 exceeded 96.0% within the pH range of 4.0–6.0. By contrast,
the relative activity of free lipase at the same pH value was 38.8±2.2%–68.2±3.4%. It seems that CLEAs
technique broadened the optimum pH range of EXANL1 and improved acid resistance of EXANL1.

The dependence of thermal and pH stability of EXANL1 on CLEAs strategy

The thermal stability was evaluated for the free lipase and CLEA-EXANL1 at 30 °C, 35 °C, 40 °C, 45 °C, and
50 °C to investigate the effect of CLEA strategy on thermal stability of EXANL1. According to the data
shown in Fig. 3a, the relative activities of free lipase and CLEA-EXANL1 decreased with the prolongation
of incubation time over a broad temperature profile. The rate of decrease of the relative activity of free
lipase was higher than that of the relative activity of CLEAs.

The effect of CLEAs technique pH stability of CLEA-EXANL1 was studied. The results are presented in Fig.
3b. The relative activities of free lipase and CLEA-EXANL1 tended to increase initially and then decrease
with increasing pH value. The CLEAs technique improved pH stability and acid resistance of free EXANL1.
The relative activity of CLEA-EXANL1 was 89.7±3.1%, whereas that of free lipase was only 15.0±5% at pH
4.0. However, the relative activities of free lipase and CLEA-EXANL1 at pH 8.0 were 26.3±3% and 37.5±3%,
respectively. These results indicated that CLEAs technique improved the pH stability under acid and
alkaline conditions. In conclusion, the EXANL1 showed a wider pH adaptability range than before after
CLEAs immobilization.

The dependence of organic solvent tolerance of EXANL1 on CLEAs strategy

The dependence of organic solvent tolerance of EXANL1 on CLEAs strategy was studied. The order of the
relative activity of free EXANL1 in different organic solvents is as follows (Fig. 3c): toluene (100.6±2.3%)
> n-hexane (94.8±1%) > acetone (85.1±1.3%) > dichloromethane (78.8±2.3%) > ethanol (29.4±1.6%) >
tetrahydrofuran (5.0±1.7%) > methanol (4.2±2%) > acetic acid (0%). As shown in Fig. 3C, the relative
activity of CLEA-EXANL1 in different organic solvents is described in the following order: toluene
(104.6±0.2%) > dichloromethane (98.2±1.5%) > n-hexane (89.1±1.7%) > ethanol (87.8±2.5%) > acetone
(77.6±1.7%) > tetrahydrofuran (52.5±1.7%) > methanol (38.8±1.7%) > acetic acid (22.9±3.5%). The CLEAs
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technique increased the activity of EXANL1 in the aqueous phase after proper treatment with toluene
methanol, ethanol, tetrahydrofuran, and acetic acid. The EXANL1 before and after CLEAs immobilization
both exhibited considerable tolerance for n-hexane, acetone, and dichloromethane. The activity and
stability of CLEA-EXANL1 in organic solvents was higher than that of free lipase indicated that the
stability of EXANL1 in different organic solvents was obviously improved via CLEAs strategy. Notably,
after proper treatment with toluene, immobilized and free lipase showed increased enzyme activity in the
aqueous phase.

Reusability

The reusability of enzymes is an important issue in conventional industrial applications. CLEA-EXANL1
was cycled eight times to evaluate its reusability. The results are provided in Fig. 3d. The enzyme activity
of CLEA-EXANL1 gradually decreased with the prolongation of time. The gradual stabilization of the
decline in the enzyme activity of CLEA-EXANL1 since the fifth cycle indicated that CLEA-EXANL1 had
improved stability in the later cycle.

The dependence of storage stability of EXANL1 on CLEAs strategy

The relative activity profiles of free lipase and CLEA-EXANL1 stored at 4 °C for 30 days were determined
to evaluate the effect of CLEAs technique on storage stability of EXANL1(Fig. 3e). The relative activities
of CLEA-EXANL1 and free lipase showed a downward trend with the prolongation of storage days.
However, the decline rate of CLEA-EXANL1 was significantly lower than that of the free lipase. When the
storage time was 12 days, the relative activity of free enzyme was 73.7±3.7%, whereas that of CLEA-
EXANL1 remained at approximately 90.0%. After 21 days of storage, the rate of decline of free enzyme
activity increased significantly. By contrast, CLEA-EXANL1 showed negligible changes. This result
indicated that the storage stability of EXANL1 improved considerably after free EXANL1 was immobilized
through CLEAs.

Determination of kinetic parameters

The effect of CLEAs technique on kinetic parameters of EXANL1 was calculated, and the Lineweaver–
Burk plots are shown in Fig. 3f. In this study, an olive oil emulsion prepared with high stirring rate was
used to provide an oil–water interface for promoting the reaction of enzymes and substrates. The result
of kinetic parameters of EXANL1 before and after CLEAs immobilization was shown in Table 1. The
apparent Km value of CLEA-EXANL1 (59.95 g/L) was higher than that of free lipase (44.26 g/L). The
affinity between CLEA-EXANL1 and the substrate was lower than that of free lipase. Furthermore, Vmax of
the CLEA-EXANL1 (15.74 mmol/L/min) was slightly lower than that of free lipase (15.90 mmol/L/min).
These results might be attributed to the conformational change of EXANL1 after precipitation by tert-
butanol and cross-linking by GA in the CLEAs immobilization process. The flexibility of EXANL1 was
reduced, and rigidity was increased after CLEAs immobilization, thereby limiting contact between the
substrate and the active center of the enzyme molecule [24]. Cao et al. [25] reported the increased Km and
dereased Vmax of PEI-crosslinked lipase, which was consistent with us.
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Effect of CLEAs strategy on surface morphology of EXANL1

The effect of CLEAs strategy on surface morphology of EXANL1 was characterized via SEM. The surface
structures of CLEA-EXANL1 (Fig. 4b and d) were different from those of free EXANL1 (Fig. 4a and c)
under 1000× and 15,000× magnification. The structure of CLEA-EXANL1 was more compact, ordered and
homogeneous than that of free EXANL1 under 1000× magnification. The CLEAs technique improved the
surface structures of EXANL1 that clusters and numerous holes can be observed on the surfaces of
CLEA-EXANL1 under 15,000× magnification. Free EXANL1 exhibited morphological features of uneven
sizes and shapes under 1000× magnification. The structure of free EXANL1 appeared loose under
15,000× magnification. Moreover, the particle size of CLEA-EXANL1 was approximately 50 μm. The size
range of CLEA grains is 0.1–200 μm [26, 27], and CLEA within the size of 5–50 μm are conducive for
batch operations [28]. Therefore, the particle size of CLEA-EXANL1 is consistent with the general particle
size range of general CLEAs.

Effect of CLEAs strategy on secondary structure of EXANL1

In this study, FTIR was performed to study the effect of CLEAs technique on secondary structure of
EXANL1. The classification of each peak was confirmed by referring to the wavelength range of the α-
helix (1645–1662 cm-1), β-fold (1613–1640 and 1682–1689 cm-1), β-turn angle (1662–1682 cm-1), and
irregular crimp (1640–1645 cm-1) [29, 30]. The relative content of each secondary structure was obtained
by calculating the relative area of each peak (Table 1). The fitting curve of the FTIR peaks of free lipase
and CLEA-EXANL1 amide I band and the relative content composition of their secondary protein
structures are shown in Fig. 5a and b. The secondary structure of the lipase significantly changed after
the immobilization of CLEAs. The contents of β-sheets and β-turn angles were increased by 27.2% and
5.98%, respectively. The contents of α-helixes and irregular crimps were reduced by 3.97% and 29.21%,
respectively. The β-turn also showed a slight increase, and the hydrogen bond in the β-turn was unstable
because it was formed by the carbonyl group of the first amino acid residue and the amino group of the
fourth amino acid residue. However, the decrement in the α-helix with the increment in the β-fold and β-
turn angle might be caused by the dehydrating effect exerted on the enzyme by the organic solvents used
as precipitants on the enzyme.

Effect of CLEAs strategy on the positional selectivity of EXANL1

As shown in the TLC spectrum (Fig. 6), the main products obtained from the hydrolysis of trioleins by free
EXANL1 and CLEAs-EXANL1 were 1,2-DAG and oleic acid. This result indicated that the free lipase and
CLEA-EXANL1 presented sn-1,3 positional selectivity. Moreover, the positional selectivity of free lipase
and CLEA-EXANL1 was similar to that of PPL. Nevertheless, the production of a small amount of 1,3-DAG
along with 1,2-diglyceride (1,2-DAG) in the hydrolyzed products of PPL indicated that the sn-1,3 positional
selectivity of free lipase and CLEA-EXANL1 was higher than that of PPL. Therefore, CLEAs strategy did
not change the sn-1,3 selectivity of EXANL1.
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Discussion
In this study, a purified EXANL1 by combining acetone precipitation and reverse micellar extraction [1]
was applied to synthesis CLEAs. The structure and properties of EXANL1 need further study for its better
application, the immobilization of enzyme is an effective method to study its structural properties and
obtain the best catalytic properties. The optimum temperature and pH, stability of temperature and pH,
organic solvent tolerance, operating stability, and storage stability of free EXANL1 and CLEA-EXANL1
were evaluated and compared. CLEAs strategy improved the thermostability of the EXANL1. It is
attributed to the structure of lipase changed after cross-linking, the conformational flexibility and tension
of lipase decreased, whereas the degree of molecular rigidity increased [31]. An increasing number of
intermolecular and intramolecular covalent bonds of CLEA-EXANL1 reflect the weak influence of
temperature on its activity and thus improved the thermostability of lipase. CLEA-EXANL1 exhibited good
acid resistance under all acidic conditions that the relative activity of CLEAs-EXANL1 exceeded 96.0%
within the pH range of 4.0–6.0. The changes in optimum pH of EXANL1 after CLEAs immobilization may
be explained that the corresponding changes in the side chain ionization of acidic and basic amino acids
in the microenvironment around the active site caused by the formation of Schiff bases between basic
residues of enzyme and GA during cross-linking [32].

Accordingly, the CLEAs technique could improve the thermal stability of EXANL1 which correlated with
reducing the thermal vibration of the inner groups of molecules and hindering the thermal extensibility of
enzyme molecules. CLEAs technique increased the activity of EXANL1 in the aqueous phase after proper
treatment with toluene methanol, ethanol, tetrahydrofuran, and acetic acid indicated that the organic
solvent tolerance of the EXANL1 had changed during the formation of CLEAs through two mechanisms.
First, enzyme cross-linking increased the rigidity of the enzyme molecule [33] and reduced the three-
dimensional structure of the protein in organic solvents, thereby protecting the active site of the enzyme.
Second, the change in hydrophobic/hydrophilic residues on the surface of the enzyme molecule during
enzyme fixation [34, 35] may have hindered hydrophilic solvents, such as ethanol, from entering the
interior of the enzyme molecule.

Lipase has an oil–water interface affinity and can catalyze the hydrolysis of insoluble lipids at a high rate
on the oil–water interface, which is called interfacial activation [3, 36]. Using an insoluble substrate such
as olive oil, vegetable oil, and triolein, which form drops, could provide oil-water interface. Thus, the
substrate concentration here is actually the surface olive oil concentration of the emulsified droplets.
Given that interfacial activation is a typical catalytic property of lipase, it is suitable to measure the Km

with emulsion micro drop. A saturating substrate concentration is reached at the oil–water interface
when lipase molecules are adsorbed at all droplet surface [37].

According to the results of the enzymatic properties and structures of free EXANL1 and CLEA-EXANL1,
cross-linking can be inferred to change the structure or properties of enzyme molecules. However, this
change only resulted in differences in some enzymatic properties of EXANL1, and did not affect the
positional selectivity of this lipase during hydrolysis.
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Conclusion
The CLEAs technology helped EXANL1 obtain the best catalytic properties and improved the stability of
EXANL1. The CLEA-EXANL1 displayed a broader optimum pH range and better thermostability, storage
stability, and reusability than that of free lipase. CLEA-EXANL1 maintained 54.5% relative activity after
four times of recycling. The stability of CLEA-EXANL1 in different organic solvents was higher than that
of free lipase. Notably, the proper treatment of toluene could increase the enzyme activity of free and
immobilized lipase in water solution. The FTIR and SEM characterization results for CLEA-EXANL1
showed that the structure of lipase has changed after CLEAs immobilization. TLC analysis revealed that
CLEA-EXANL1 retained the sn-1,3 selectivity of free EXANL1 in hydrolysis. The effect of CLEAs
technology on catalytic properties, structure, selectivity and other characteristics of the EXANL1 was
comprehensively explored, which laid a foundation for its subsequent rational transformation and
industrial application.

Materials And Methods
Strains and chemicals

A. niger GZUF36 was isolated in our laboratory and deposited at the China Center for Type Culture
Collection (CCTCC) under the CCTCC Preservation No. M2012538. Polyvinyl alcohol (PVA) and tert-
butanol were purchased from Tianjin Kemiou Chemical Reagent Co. (Tianjin, China). GA (50%) and oleic
acid were purchased from Chengdu Jinshan Chemical Reagent Co. (Chengdu, Sichuan, China).
Anhydrous ethanol was purchased from Tianjin Fuyu Fine Chemical Reagent Co. (Tianjin, China).
Acetone was purchased from Chuandong Chemical Group Co. (Chongqing, China). TLC-grade porcine
pancreatic lipase (PPL, 1000 U/g), triolein, 1,3-diglycedide, and 1,2-diglycedide were procured from Sigma-
Aldrich Co. (USA). Olive oil was acquired from Sinopharm Chemical Reagent Co. (Shanghai, China). All
other chemical reagents were of analytical grade and commercially available.

Production of EXANL1

Two-ring spores of A. niger GZUF36 were inoculated into the fermentation medium and incubated for 60
h at 30 °C at 180 rpm. Then the mycelium was filtered and the fermentation broth was centrifuged at
4000 g and 4 °C for 15 min to obtain the crude EXANL1 solution.

Purification of EXANL1

The crude EXANL1 was purified by reverse micelle extraction combined with acetone precipitation. 250
mL of acetone was added into 100 mL crude enzyme solution at –18 °C for 3 h. The mixture was then
centrifuged at 6000 g and 4 °C for 15 min. The forward extraction and backward extraction were referred
to our previous work [1].

Synthesis of CLEA-EXANL1
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CLEA-EXANL1 was synthesized in accordance with the method described by Rehman et al. [38] with
some modifications. CLEA-EXANL1 was prepared by adding some amounts of precipitants and cross-
linker GA into 10 mL of purified enzyme solution. The mixture was agitated at 200 rpm and 25 °C for
some time and then centrifuged at 4 °C for 15 min at 6000 g to collect the aggregates. And the effect of
precipitants (acetone, saturated ammonium sulfate, tert-butanol, PVA, and a mixture of tert-butanol and
acetone), volumes (one-, two-, three-, four-, five-, and six-folds) of precipitants, quantities of the cross-
linker GA (10–60 mM) and cross-linking time (0.5, 1, 1.5, 2, 2.5, 3, 3.5, 4) on the activity of CLEA-EXANL1
were investigated.

The recovered CLEA-EXANL1 was thoroughly washed with the relevant solvents until enzyme activity in
the supernatant was undetectable. CLEA-EXANL1 was then stored in 50 mM PBS buffer at 4 °C for further
use.

Assay of EXANL1 activity

The activity of free EXANL1 and CLEAs was measured via alkali titration. The reaction mixtures consisted
of 4 mL of olive oil emulsification, 5 mL of 25 mM sodium phosphate buffer (pH 6.4), and 1 mL of
enzyme solution. The reaction mixtures were placed in 50 mL Erlenmeyer flasks with a glass stopper and
incubated at 34 °C for 15 min with constant agitation. The reaction was terminated with 15 mL of 95%
ethanol. One unit of lipase activity was defined as the amount of enzyme releasing 1 μmol of fatty acid
per minute. Eq. (1) was used to calculate activity recovery:

Optimum temperature and pH of EXANL1 and CLEA-EXANL1

The effect of CLEAs strategy on optimum temperature of EXANL1 was studied by measuring the activity
of free EXANL1 and CLEAs for 15 min at 25–55 °C. Enzyme activity was measured through the alkali
titration method, as described in Section 2.5. The highest enzyme activity of free and CLEAs of EXANL1
within these temperature ranges was defined as 100%. The effect of CLEAs strategy on optimum pH of
EXANL1 was determined by performing the activity assay under the pH range of 4.0–9.0. Furthermore,
0.1 M citrate buffer was used for pH 4.0–5.0, 0.2 M phosphate buffer was used for pH 5.0–7.0, and 0.2 M
boric acid buffer was used for pH 8.0–9.0. The activities of free and CLEAs of EXANL1 were determined
via the method described in section 2.5. Enzyme activity was defined as described above.

Thermal and pH stability of EXANL1 and CLEA-EXANL1

Free EXANL1 and CLEA-EXANL1 were incubated at 30 °C, 35 °C, 40 °C, 45 °C and 50 °C for 10 h to
investigate the effect of CLEAs technique on the thermal stability of EXANL1. The relative activities of
free EXANL1 and CLEA-EXANL1 without heat treatment were defined as 100%, and the relative activities
of free lipase and CLEA-EXANL1 at different temperature values (30 °C–50 °C) were determined via the



Page 11/22

method described in Section 2.5. The effect of CLEAs technique on the pH stability of EXANL1 was
estimated by incubating free lipase and CLEA-EXANL1 at different pH values (4.0–8.0). After vacuum
freeze drying, free EXANL1 and CLEA-EXANL1 were added to buffer solutions with pH values of 4.0, 4.5,
5.0, 5.5, 6.0, 6.5, 7.0, 7.5, and 8.0 for 2 h. The activities of untreated free EXANL1 and CLEA-EXANL1 were
defined as 100%.

Stability of EXANL1 andCLEA-EXANL1 in organic solvents

To study the effect of CLEAs strategy on the organic solvent stability of EXANL1, free EXANL1 and CLEA-
EXANL1 in selected organic solvents were treated as follows. Free EXANL1 and CLEA-EXANL1 were
weighed after vacuum freeze-drying in a test tube containing 10 mL of organic solvent, such as methanol,
acetone, ethanol, dichloromethane, tetrahydrofuran, toluene, n-hexane, and acetic acid, at room
temperature for 20 h. The above mixtures were centrifuged at 4000 g and 4 °C for 15 min. Then, free
EXANL1 and CLEA-EXANL1 treated with organic solvents were suspended in a sodium phosphate buffer
solution (pH 7.0). The activities of free EXANL1 and CLEA-EXANL1 were determined in accordance with
the method presented in Section 2.5, and the definition of enzyme activity was the same as that
mentioned in Section 2.6.2.

Operational stability

A certain amount of vacuum freeze-dried CLEA-EXANL1 was reacted with an olive oil emulsion in a
constant-temperature water bath oscillator at 34 °C and 180 rpm for 15 min. After a cycle of the
hydrolytic activity assay, insoluble CLEA-EXANL1 was separated from the reaction medium by
centrifugation at 6000 g for 15 min. Then, CLEA-EXANL1 was removed and placed in the next batch of
fresh substrates to continue the reaction. The relative activity of CLEA-EXANL1 in the first cycle was
defined as 100% and measured in accordance with the method described in Section 2.5.

Storage stability of EXANL1 and CLEA-EXANL1

Free EXANL1 and CLEA-EXANL1 were stored at 4 °C for one month to investigate the effect of CLEAs
strategy on storage stability of EXANL1, and relative activities of free EXANL1 and CLEA-EXANL1 was
measured once every 3 days in accordance with the method described in Section 2.5. The activities of
free EXANL1 and CLEA-EXANL1 before storage were defined as 100%. The stability of relative activity at
different storage times was studied to ensure permanent dissolution and the retention of preorganized
superstructure to maintain catalytic activity.

Kinetic parameters of EXANL1 and CLEA-EXANL1

Olive oil was emulsified with 4% (w/v) polyvinyl alcohol solution at a ratio of 1:3 (v/v) under a high
stirring rate. Approximately 4 mL of olive oil emulsion (30–120 g/L), 5 mL of 25 mM PBS buffer (pH 6.4),
and 1 mL of EXANL1 or CLEA-EXANL1 were allowed to react at 34 °C for 15 min with constant agitation
to determine the effect of CLEAs strategy on the kinetic parameters of EXANL1. The apparent kinetic
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parameters, namely, Michaelis–Menten constant (Km) and maximum reaction rate (Vmax), were
calculated using the Lineweaver–Burk method and Michaelis–Menten model, as shown in Eq. (2):

where v is the reaction rate, [S] (g/L) is the olive oil concentration of the surface of drops, Vmax

(mmol/L/min) is the maximum reaction rate at saturating substrate concentration and Km (g/L) is the
Michaelis–Menten constant.

Surface morphology analysis

Free EXANL1 and CLEA-EXANL1 were ground into powder after vacuum freeze-drying and evenly
sprinkled on the SEM sample table. Then, the surface of the sample was sprayed with gold under
vacuum. Subsequently, the surface morphology and particle size of the free EXANL1 and CLEA-EXANL1
were characterized via SEM (S-3400N, Hitachi, Japan).

FTIR analysis

Changes in the secondary structure of EXANL1 through CLEAs immobilization were analyzed via FTIR.
Vacuum freeze-dried free EXANL1 and CLEA-EXANL1 were mixed with KBr at room temperature, ground
and pressed into transparent sheets. A Nicolet is5 infrared spectrometer (Nicolet is5, Thermo fisher,
America) was used to scan free EXANL1 and CLEA-EXANL1 within the wave number range of 400–4000
cm-1. Absorbance data were converted, and spectra were processed by Peakfit 4.12. The amide I
spectrum with a wavelength range of 1600–1700 cm-1 was selected for baseline correction, and the
Peakfit 4.12 software was used for peak segmentation fitting to obtain six subpeaks.

Positional selectivity analysis

Hydrolysis was conducted as described by Yamamoto et al. [39] with some modifications. 0.1 mL of
triolein and 1 mL of enzyme (free EXANL1, CLEA-EXANL1 and porcine pancreas lipase [PPL]) were placed
in 50 mL Erlenmeyer flasks with a glass-stopper and incubated at 30 °C for 15 min at 180 rpm for
hydrolysate extraction. Then, 20 mL of n-hexane was added to the extracted hydrolysate for 30 min. The
upper phase solution was used for TLC analysis.

Statistical analysis

All analytical experiments were performed in triplicate, and the results were reported as the mean values
of replicates along with standard deviation. Collected data were subjected to analysis of variance by
using the Statistical Analysis System software, where P<0.05 was considered statistically significant.
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Figure 1

Effect of different parameters of CLEAs strategy on activity of purified EXANL1. a Precipitant types. b
Ratio of precipitant to enzyme solution. c Glutaraldehyde concentration. d Glutaraldehyde treatment time.
Means with dissimilar lower case letters (a–j) indicate significant differences between groups (P<0.05).
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Figure 2

Optimal temperature a and pH b curves of free lipase and CLEA-EXANL1. Means with dissimilar lower-
case letters (a–g, A–G) indicate significant differences among the relative activity of CLEA-EXANL1 with
different temperatures and pH values (P<0.05).
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Figure 3

Stability analysis of free lipase and CLEA-EXANL1. a Temperature stability. b pH stability. c Organic
solvent stability. d Reusability. e Storage stability. f Kinetic. Means with dissimilar lower case letters (a-g,
A-H) indicate significant differences between groups (P<0.05).
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Figure 4

Scanning electron microscope images of free lipase and CLEAs-EXANL1. a Scanning electron microscope
image of free EXANL1 under 1000× magnification. b Scanning electron microscope image of CLEAs-
EXANL1 under 1000× magnification. c Scanning electron microscope image of free EXANL1 under
15000× magnification. d Scanning electron microscope image of CLEAs-EXANL1 under 15000×
magnification.
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Figure 5

Secondary structural alteration analysis of a free lipase and b CLEA–EXANL1. The amide I spectrum with
a wavelength range of 1600–1700 cm-1 was selected for baseline correction, and the Peakfit 4.12
software was used for peak segmentation fitting to obtain six subpeaks.
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Figure 6

Thin layer chromatography analysis of hydrolysis reaction products (1) pure triolein (2) 65% triolein (3)
1,3 diglyceride standard (4) PPL hydrolysis reaction (5) free EXANL1 hydrolysis reaction (6) CLEA-
EXANL1 hydrolysis reaction. Reaction condition: 0.1 mL of triolein, 1 mL of enzyme incubated at 30 °C for
15 min at 180 rpm.


