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Abstract
The cross-linked enzyme aggregates (CLEAs) are one of the technologies that quickly immobilize the
enzyme without a carrier. This carrier-free immobilization method has the advantages of simple
operation, high reusability and low cost. In this study, ionic liquid with amino group (1-aminopropyl-3-
methylimidazole bromide IL) was used as the novel functional surface molecule to modify industrialized
lipase (Candida rugosa lipase, CRL). The enzymatic properties of the prepared CRL-FIL-CLEAs were
investigated. The activity of CRL-FIL-CLEAs (5.51 U/mg protein) was 1.9 times higher than that of CRL-
CLEAs without surface modi�cation (2.86 U/mg protein). After incubation at 60℃ for 50 min, CRL-FIL-
CLEAs still maintained 61% of its initial activity, while the value for CRL-CLEAs was only 22%. After
repeated use for �ve times, compared with the 22% residual activity of CRL-CLEAs, the value of CRL-FIL-
CLEAs was 51%. Further kinetic analysis indicated that the Km values for CRL-FIL-CLEAs and CRL-CLEAs
were 4.80 mM and 8.06 mM, respectively, which was inferred that the a�nity to substrate was increased
after modi�cation. Based on the above results, it was indicated that this method provided a new idea for
the effective synthesis of immobilized enzyme.

Highlights
Novel immobilized lipase was prepared with carrier-free immobilization method.

The aggregates of ionic liquid and lipase proved to be an e�cient catalyst.

The activity and stability of carrier-free immobilized lipase were improved.

The activity of the novel aggregates reached 1.9 times of conventional lipase.

1. Introduction
Lipase (EC 3.1.1.3) is a very unique biocatalyst with interface activation mechanism [1]. Its active center
at the hydrophobic end is a catalytic triad composed of serine, histidine and aspartic acid. Usually, the
active center is covered by a polypeptide chain lid. When the lipase is at hydrophobic interface, the lid
opens and the active center exhibits catalytic activities [2]. Among them, Candida rugosa lipase (CRL) is
widely applied in bioengineering industries, such as the production of fatty acids and the synthesis of
various esters. However, the low stability limited the application of free CRL in catalytic reactions.
Immobilization technique is an effective way to solve these problems. After immobilization, the
enzymatic properties regarding to the storage stability, reusability and resistance to organic solvents are
signi�cantly improved [3]. Unfortunately, common immobilization methods usually require the assistance
of external carriers. Inert carriers often hinder the contact between the lipase and the substrate, thereby
affecting the reaction rate and reducing production capacity. In addition, additional immobilization carrier
also increased the cost of immobilized lipase.

In recent years, carrier-free immobilization technology has been rapidly developed. Lipase can be self-
immobilized through aggregation and cross-linking to form water-insoluble aggregates under mild
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conditions [4]. Carrier-free immobilized lipase do not require expensive carriers, which greatly reduces the
cost. The lipase molecules are connected by cross-linking agent, the reusability could be improved. At the
same time, the particles of carrier-free immobilized lipase are generally smaller, and the dispersion in the
solvent is more uniform. Carrier-free immobilization technologies mainly include cross-linked enzyme
crystals (CLECs) technology [5] and cross-linked enzyme aggregates (CLEAs) technology [6]. Although
CLECs have excellent operational stability, the high purity requirements of crystallase lead to enhanced
costs [7]. CLEAs do not require high-purity lipases, the preliminary puri�cation could be integrated with
immobilization process simultaneously. Therefore, CLEAs have more broad application prospects.

Many different enzymes such as esterase [8], lipase [9], cellulase [10] and xylanase [11] have been
immobilized by CLEAs technology and used in various biocatalytic applications. However, when there are
fewer amino groups on the surface of the lipase protein, the cross-linking e�ciency may decrease. At the
same time, prolonged exposure to cross-linking agent will damage the lipase activity. By adding more
functional molecules with amino groups (for example: bovine serum albumin) in lipase cross-linking
process, the loss of lipase activity can be reduced. Simultaneously, using functional molecules with
amino groups to modify the surface of the lipase could affect the opening degree of the "lid" and speed
up the substrate to enter the active center. Razib et al. studied the effect of adding bovine serum albumin
(BSA) in CLEAs process [12].The results showed that the recovery activity of CLEA-elastase-SB after
adding BSA was 80%, while the recovery activity of CLEA-elastase was only 60%. The CLEA
immobilization of elastase enhanced the stability of the enzyme at high temperature and at a broader pH.

In this work, the industrialized lipase (Candida rugosa lipase, CRL) was selected as the research object.
Based on excellent biocompatibility of ionic liquid solvent to lipase[13, 14], a novel ionic liquid with amino
groups (1-aminoethyl-3 -methylimidazole bromide) was chosen as a modi�er. Surface chemical
modi�cation of the lipase was carried out simultaneously with CLEAs preparation process (Fig. 1).
Compared to CRL-CLEAs without modify agent, the effects of reported modi�er BSA and new ionic liquids
on the performance of CRL-CLEAs were studied. The differences in thermal stability, pH stability, organic
solvent stability, and storage stability of CRL-CLEAs, CRL-BSA-CLEAs and CRL-FIL-CLEAs are discussed.
FT-IR and SEM were used to characterize above lipase to explore the mechanism of improved lipase
performance. This study is expected to enhance the activity and stability of CRL low-costly.

2. Experiment

2.1 materials
P-nitrophenyl palmitate (PNPP) was purchased from Aladdin (Shanghai, China). Candida rugosa lipase
(CRL, type VII, L-1754) and bovine serum albumin (BSA) were purchased from Sigma-Aldrich (USA) and
stored at 4 ℃.1-aminoethyl-3-methylimidazole bromide were purchased from LanZhou Greenchem ILs,
Ammonium sulfate, Anhydrous dimethyl sulfoxide (DMSO), isopropanol (HPLC grade), ammonium
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sulfate, sodium dihydrogen phosphate, and disodium hydrogen phosphate were purchased from SCRC
(China). All other reagents used in the experiment were of analytical grade.

2.2 Preparation of immobilized CRL

2.2.1 Preparation of CRL-CLEAs
Ammonium sulfate (0.56 g) and 1 mL lipase solution (100 mg/mL) were mixed in a 2 mL centrifuge tube
and allowed to stand for 30 mins until the lipase protein precipitated. 100 µl of glutaraldehyde (5%, v/v)
was added to the centrifuge tube, and cross-linked in a shaker for 1 h at room temperature. The centrifuge
tube was centrifuged at 10,000 rpm for 5 mins. The supernatant was removed, and washed with
phosphate buffer solution (PBS, pH 7.5). The precipitate was retained for activity determination of lipase.

2.2.2 Preparation of CRL-BSA-CLEAs
1 mL of lipase solution (100 mg/mL) was thoroughly mixed with 0 mg, 5 mg, 20 mg and 50 mg BSA
respectively in a 2 mL centrifuge tube. Ammonium sulfate (0.56g) was added to the centrifuge tube and
mixed solution, allowed to stand for 30 mins until the lipase protein precipitated. The other steps are the
same as Sect. 2.2.1.

2.2.3 Preparation of CRL-FIL-CLEAs
1 mL of enzyme solution (100 mg/mL) was thoroughly mixed with 100 mg, 200 mg, 300 mg, 400 mg,
500 mg 1-aminoethyl-3-methylimidazole bromide respectively in a 2 mL centrifuge tube. The other steps
are the same as Sect. 2.2.2.

2.3 Activities assay of immobilized lipase
In a water bath shaker at 40°C, 0.03g PNPP was dissolved in 5 ml isopropanol solution. The obtained
solution was stored at 4°C. PNPP isopropanol solution (16.5 mmol/L) and PBS (pH 7.5) were mixed into
a milky white substrate solution at a ratio of 1: 9 (v/v). 0.02 g sample and 0.5 mL p-NPP substrate
solution were added to a 2 mL centrifuge tube. The mixture was reacted at 35℃ and 150 rpm for 10
mins, and then placed in a centrifuge at 12,000 rpm for 5 mins. 250 µL of the diluted supernatant was
pipetted onto the microplate. The OD value was measured at 405 nm by a microplate reader (type: Tecan
In�nite 200 Pro).The enzyme activity was de�ned as the protein amount of lipase required to catalyze the
hydrolysis of PNPP to 1 µmol of PNP per minute at 35°C and pH 7.5.

Enzymatic activity = (A1-A0 + C0)/K (µmol/ml) × V1 (mL) × n / [t (min) × M (g)]

Where A1 and A0 represented the OD value of the lipase sample and control solution, respectively. K and
C0 were the slope and intercept of the PNP standard curve, respectively. V1 was the volume of the reaction
solution (mL). n was the dilution factor. t was the reaction time (min). M was the mass of immobilized
lipase in the reaction medium (g).
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2.4 Effect of modi�er amount and reaction temperature on
lipase activity
At 35℃, the enzyme activity of free CRL, CRL-CLEAs, and CRL-BSA-CLEAs and CRL-FIL-CLEAs with
different modi�ers content (BSA and FIL) was determined. The activity assay method was the same as
Sect. 2.3.

The enzymatic activities of free CRL, CRL-CLEAs, optimized CRL-BSA-CLEAs and optimized CRL-FIL-
CLEAs were measured at 30°C, 35°C, 40°C, 45°C and 50°C, respectively. The activity assay method was
the same as Sect. 2.3.

2.5 Michaelis–Menten kinetic parameters
The Michaelis constant (Km) and maximum reaction rate (Vmax) of free CRL, CRL-CLEAs and CRL-FIL-
CLEAs were measured using PNPP with a concentration of 1 to 5 mmol/L. The activity assay method
was the same as Sect. 2.3. The reaction time was 3 mins.

2.6 Stability assay of immobilized lipase

2.6.1 Thermal stability
Free CRL, CRL-CLEAs, CRL-BSA-CLEAs and CRL-FIL-CLEAs were treated in a 60 ℃ water bath to test the
thermal stability of the immobilized lipase. The sample was taken out every 10 mins to detect the lipase
activity. The activity assay method was the same as Sect. 2.3. The initial lipase activity was de�ned as
100% relative activity.

2.6.2 PH stability
Five equal samples of free CRL, CRL-CLEAs, CRL-BSA-CLEAs and CRL-FIL-CLEAs were placed in buffers
with pH 6.0, 6.5, 7, 7.5 and 8.0, respectively. The samples were soaked in buffer solutions of different pH
for 2h, and then centrifuged at 12000rpm for 5 mins. The activity assay method was the same as
Sect. 2.3. The initial lipase activity was de�ned as 100% relative activity.

2.6.3 Storage stability
Free CRL, CRL-CLEAs, CRL-BSA-CLEAs and CRL-FIL-CLEAs were stored at 25°C. The samples taken every
day were measured for lipase activity. The activity assay method was the same as Sect. 2.3. The initial
lipase activity was de�ned as 100% relative activity.

2.6.4 Reusability
After each cycle, the immobilized lipase was centrifuged and washed 3 times with PBS (pH 7.5). The new
substrate was added with the separated lipase to measure the retained lipase activity. The activity assay
method was the same as Sect. 2.3. The initial lipase activity was de�ned as 100%.

2.6.5 Organic tolerance stability
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Free CRL, CRL-CLEAs, CRL-BSA-CLEAs and CRL-FIL-CLEAs were soaked in isopropanol, acetonitrile,
dimethyl sulfoxide and ethyl acetate for 1 h, respectively. The mixed solution was centrifuged at 10,000
rpm for 5 mins. The precipitate was retained and washed with buffer to determine the lipase activity. The
activity assay method was the same as Sect. 2.3. The initial lipase activity without organic solvent
treatment was de�ned as 100%.

3. Results And Discussion

3.1 Effect of the modi�er amount and reaction temperature
on lipase activity
With the increase of BSA and ionic liquid content, the activity of CLEAs increased �rst and then decreased
(Fig. 2(a)). Ammonium sulfate was used as a precipitating agent and the relative activity of CRL-BSA-
CLEAs reached the highest value when the pH was 7.5 and the BSA addition was 20 mg/mL at 35℃.
BSA is a lysine-rich protein that acts as a spacer and protein supplement in CLEAs. The narrow CLEAs
pores can affect substrate diffusion, and the lysine-rich surface of BSA prevents excessive cross-linking
of lipase molecules. Low addition of BSA led to the formation of more CLEAs and increased the activity
of immobilized lipase. Excessive addition of BSA protein reacted with glutaraldehyde, resulting in a
decrease in the amount of cross-linking of lipase. At the same time, excessive cross-linking can cause
blockage of the active site. Therefore, excessive addition of BSA resulted in a decrease in enzyme activity.
Pattarapon et.alcontrolled the amount of BSA added to observe the activity of Aspergillus oryzae lipase
aggregates. They came to a similar conclusion [15]. When the amount of BSA added was 6 mg, its activity
was increased to 80% compared to the immobilized lipase without BSA. When the added amount was
increased to 14 mg, the recovery activity of the immobilized lipase dropped to 32%. It can be seen that the
appropriate addition of BSA is bene�cial to the improvement of the immobilized lipase activity. In this
study, the optimal addition amount of BSA was 20 mg/mL.

Under the same conditions, the relative activity of CRL-FIL-CLEAs reached the maximum when the ionic
liquid was added at 200 mg/mL (Fig. 2(a)). As the ionic liquid content increased, the activity of CRL-FIL-
CLEAs gradually decreased. There are interactions between lipase molecules and functional groups of
ionic liquids such as electrostatic, hydrogen bonding, hydrophobicity, and van der Waals forces. The
conformation of the lipase may change to a certain extent under these interactions. The exposure of the
active site facilitates the substrate to enter and react with the lipase. On the other hand, the immobilized
lipase interacted with the imidazole group of IL through π-π stacking, so as to better maintain its
structural integrity. Therefore, the activity of the lipase was improved after being modi�ed by the ionic
liquid. After exceeding the optimal dosage, the CRL-FIL-CLEAs activity decreased. It may be that the
excess ionic liquid interacts with the catalytic triad of the lipase.The interaction causes the closed
catalytic conformation of lipase and reduces the accessibility of the substrate and the active center [16].
Sou et al. used ionic liquid-modi�ed nanoparticles as a Lipoprotein Lipase (PPL) immobilization carrier.
Compared with the unmodi�ed immobilized lipase and free lipase, the activity of the modi�ed
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immobilized lipase increased by 1.3 times and 2.8 times, respectively [17].This indicated that the ionic
liquid was also helpful to improve the properties of the enzyme in the immobilization with carrier. In this
experiment, the optimal addition amount of ionic liquid was 200 mg/mL.

Figure 2(b) shows that the activities of both free lipase and immobilized lipase enhanced and then
decreased with the increased temperature. Under the condition of pH 7.5, the activity of free lipase
reached the highest (11.65 U/mg protein) at 35℃. CRL-CLEAs (2.86 U/mg protein), CRL-BSA-CLEAs (3.98
U/mg protein), CRL-IL -CLEAs (5.51 U/mg protein) showed maximum activity at 40℃, 40℃ and 45℃,
respectively. It can be seen that the thermal stability of lipase after immobilization was improved
compared with that of free enzyme. And CLEAs modi�ed with ionic liquids had higher temperature
tolerance. It may be due to the higher conformational integrity of the immobilized lipase modi�ed by ionic
liquid. The covalent bond formed between glutaraldehyde and protein reduced conformational �exibility
and protected the enzyme from deformation caused by heat exchange. Therefore, the optimum
temperature of the enzyme molecule was changed [18]. Persson et. al. proposed that there is an
electrostatic interaction between the ionic liquid and the enzyme molecule, which keeps the enzyme
molecule rigid [19].This situation was conducive to the improvement of the stability of the enzyme
structure. Sou et. Al. used imidazole-based ionic liquid modi�ed chitosan, combined with magnetic
nanoparticles as a carrier for immobilizing PPL [20]. The optimal temperature of immobilized enzyme was
5℃ higher than that of free enzyme, which was consistent with our experiment results of immobilized
enzyme without carrier. This shows that ionic liquids were obviously helpful for improving the
temperature tolerance of enzymes.

3.2 Kinetic parameters of free lipase and immobilized
lipase
The effect of adding ionic liquid on the kinetic parameters of cross-linked enzyme aggregates was
investigated. By Lineweaver-Burk diagram (Fig. 3), the kinetic parameters of CRL-CLEAs and CRL-FIL-
CLEAs were determined. Vmax and Km represent the maximum reaction rate of the enzyme and the
a�nity to the substrate, respectively. The Km value of CRL-FIL-CLEAs (4.80 mM) was smaller than that of
CRL-CLEAs (8.06 mM), while the Vmax of CRL-CLEAs and CRL-FIL-CLEAs were 555.56 U/mg protein and
500 U/mg protein, respectively.

Table.1 shows the CRL-CLEAs activity without any additives was 2.86 U/mg protein, which was lower
than the free lipase activity (11.65 U/mg protein). Cross-linking resulted in fewer active sites attached to
the substrate. After adding BSA, the activity increased to 3.98 U/mg protein, which may be due to the
addition of more amino groups on the surface of the enzyme. A previous study showed a �nding similar
to this result, that the prepared CLEAs recovered 80% of its activity (compared with free enzyme) after
adding BSA [12]. After adding ionic liquid to CRL-CLEAs (activity 5.51 U/mg protein), the activity was 1.9
times that of the immobilized enzyme without adding modi�er. It can be seen that using ionic liquids as
modi�ers can effectively improve the activity of cross-linked enzyme aggregates. The maximum reaction
rate of the enzyme decreased slightly, but the a�nity for the substrate was improved after adding the
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ionic liquid. It was explained that adding ionic liquids for modi�cation had a positive effect on improving
the activity of immobilized enzymes. The addition of ionic liquid may stabilize the open state of the
lipase lid structure. This state was conducive to the substrate to enter the catalytic center of the enzyme
to achieve an increase of activity [21]. Sou et al. used ionic liquid-modi�ed magnetic nanoparticles as a
carrier for immobilization of lipase. The immobilized lipase showed high activity, which was 1.6 times
higher than the immobilized lipase without adding ionic liquid [22]. Water contact angle analysis showed
that the introduction of ionic liquid increased the hydrophobicity of the carrier, which caused the lipase to
open the lid and its active site became more accessible. Ionic liquid modi�cation performed well in both
carrier and non-carrier immobilized enzymes, indicating that the introduction of ionic liquid had a positive
effect on the activity of immobilized enzymes.

3.3 Stability assay of immobilized lipase
Figure 4(a) shows the activity of free lipase and immobilized lipase in phosphate buffer at 60℃ for
different time. At pH 7.5, free enzymes, CRL-CLEAs, CRL-BSA-CLEAs, and CRL-FIL-CLEAs were uniformly
maintained at 60°C.The samples were taken out every 10 mins to measure the enzyme activity and
calculate the residual rate. Temperature had a great in�uence on free enzyme activity. Temperature
increased and the free enzyme activity dropped sharply. After 50 mins, the residual activity was only 17%
of the activity under the optimal conditions. The activity of CRL-FIL-CLEAs was much less affected by
temperature. After 50 mins, the immobilized enzyme still maintained 61% of the relative activity. CRL-
CLEAs and CRL-BSA-CLEAs kept 22% and 42% relative activity under their optimal conditions,
respectively. It indicated that ionic liquids provided better heat resistance for cross-linked enzyme
aggregates. This may be due to the fact that the ionic liquid may dissociate the hydrogen bonds that
maintain the integrity of the α-helix and β-sheet structure, resulting in the unfolding of all or part of the
protein [23].Therefore, the immobilized enzyme modi�ed by ionic liquid had better temperature tolerance
[24]. Lau et al. bathed the lipase in ionic liquid [BMIM] [PF6] at 80°C for 20 hours and found that the

activity of the lipase increased by 20% [25]. Jiang et al. pointed out that ionic liquids can maintain the
tight conformation of the enzyme and reduce the destruction rate of its secondary structure at high
temperatures [26].The discovery was consistent with our experimental results, so ionic liquid can improve
the thermal stability of the immobilized enzyme.

The pH of the reaction medium plays a crucial role in the stability and enzyme activity of the enzyme.
Figure 4(b) shows the effects of different pH environments on immobilized lipase. Free lipase, CRL-
CLEAs, CRL-BSA-CLEAs, CRL-FIL-CLEAs were soaked in phosphate buffer at different pH for 2 h. Free
lipase (100%) showed the greatest relative activity at pH 7.0, CRL-CLEAs (95%), CRL-BSA-CLEAs (92%)
and CRL-FIL-CLEAs (98%) at pH 7.5. This showed that after the immobilization treatment, the pH stability
of CRL was improved. After the free enzyme with positively charged cross-linked with glutaraldehyde, all
available amino groups on the surface of the enzyme were coupled to glutaraldehyde. The result was that
CRL carried a negative charge, and the optimal pH eventually shifted toward the alkaline direction[27].
This change in the optimal pH of CRL-FIL-CLEAs may be attributed to the introduction of ionic liquids,
which will further affect the surface charge of immobilized lipases [28]. Zhang et al. also reported that the
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pH stability of immobilized enzymes modi�ed by ionic liquid aggregates was improved [29]. Ionic liquids
can reduce the negative impact of pH on the conformation of lipase to a certain extent, thereby improving
the stability of immobilized enzymes on pH.

The storage stability of the immobilized enzyme is the key to the industrial application of the enzyme. As
shown in Fig. 4(c), the storage stability of free CRL, CRL-CLEAs, CRL-BSA-CLEAs, and CRL-FIL-CLEAs was
investigated. The enzyme preparation was stored at 25 ℃, and the enzyme activity was measured every
24 h, and the residual rate of the enzyme activity was calculated. It can be seen that free CRL, CRL-CLEAs,
CRL-BSA-CLEAs, and CRL-FIL-CLEAs all decreased over time. However, CRL-BSA-CLEAs and CRL-FIL-
CLEAs had better storage stability than CRL-CLEAs. On the fourth day, CRL-FIL-CLEAs retained 37% of the
activity, CRL-BSA-CLEAs and CRL-CLEAs only retained 33% and 32% of the activity, respectively. It showed
that using ionic liquid to modify the immobilization of lipase can successfully improve storage stability.
The decrease in enzyme activity was mainly due to the loss of water molecules, which was necessary to
maintain the enzyme conformational stability and enzyme catalytic activity. The presence of ionic liquid
increased the rigidity of the enzyme and slowed the loss of bound water. The storage stability of the
immobilized enzyme had been maintained [30]. HajKacem et al. modi�ed the immobilized enzyme after
mixing different ionic liquids, and the stability of the immobilized enzyme was greatly improved [31].
Consistent with our experimental results, it was veri�ed that ionic liquids can enhance the storage
stability of enzymes.

The reusability of immobilized enzymes is a key factor in the industrial application of enzymes.
Figure 4(d) shows the residual activity of the immobilized enzyme after �ve cycles. Compared with CRL-
CLEAs and CRL-BSA-CLEAs, cross-linked enzyme aggregates modi�ed by ionic liquid showed higher
stability and reusability. As the number of repetitions increased, the enzyme activity gradually decreased.
After repeated use for �ve times, the residual activity of CRL-FIL-CLEAs was 51%, while the residual
activities of CRL-BSA-CLEAs and CRL-CLEAs were only 33% and 22%. This result can be attributed to the
increased interaction between the enzyme and the substrate due to the modi�cation of the ionic liquid.
The active conformation of the enzyme was protected due to the reduction of enzyme loss.Xiang et al.
modi�ed immobilized enzymes with imidazole ionic liquids with different anions. After four times of
repeated use, the activity of the modi�ed immobilized enzymes retained 17%-26.4%[24]. Ionic liquids
strengthened the hydrophobic force, hydrogen bond force and adsorption between the enzyme and the
carrier. The structure of the enzyme was di�cult to be destroyed during repeated use, thereby improving
the reusability of the immobilized enzyme.

Figure 5 shows the activity of immobilized enzymes in different organic solvents. The stability of CRL-
FIL-CLEAs in isopropanol (logP, 4.3) had been improved, but not good in acetonitrile (logP, 6. 2), dimethyl
sulfoxide (logP, 7.2) and ethyl acetate (logP, 4.3). Jia et al. reported that IL can signi�cantly improve the
organic solvent tolerance of CRL, PPL and CALB [32]. However, CRL-CLEAs did not have the protection of
the carrier, and the enzyme molecules were in direct contact with organic solvents. Therefore, the
immobilized enzyme was greatly affected by organic solvents. The addition of BSA and IL did not solve
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this problem well. Laane et al. found that the biocatalytic activity in organic solvents was lower in polar
solvents with log P < 2, moderate in solvents with log P between 2 and 4, and higher in non-polar solvents
with log P > 4. But this result was not consistent with the law of this experiment[33]. Yang et al. found that
in addition to the polarity of the organic solvent, there are other factors that affect the stability of the
enzyme in the organic solvent. Such as the spatial structure of solvent molecules, molecular size and the
ability to enter and exit the active site of the enzyme [34]. Pramod et al. pointed out that the enzyme
activity was inversely proportional to the polarity of the organic medium used[35]. This may explain the
result that CRL-FIL-CLEAs maintained good activity in isopropanol solution in this experiment.

3.4 Characterization of free lipase and immobilized lipase
FTIR spectroscopy analyzed the chemical composition of free CRL and CRL-FIL-CLEAs (Fig. 6). After CRL
was immobilized, it can be seen that the FTIR spectrum had changed signi�cantly. The main protein
absorption band caused by peptidyl vibration appeared in the 1200–1900 cm− 1 spectral region. The
amide I band (1600-1700cm− 1) was mainly due to C = O tensile vibration. The amide II band (1510–1580
cm− 1) was attributed to N-H bending and C-N tensile vibration. The amide III band (1200-1400cm− 1) was
attributed to N-H bending, C-Cαand C-N tensile vibrations [36]. The protein amide I band contained a
wealth of information about protein secondary structure. The most sensitive spectral region of the protein
structural components in the enzyme secondary structure was located in the amide I band, which played
a vital role in the catalytic activity. The peak near 1660 cm− 1 in the spectrum of free enzyme and CRL-FIL-
CLEAs represented the amide I band of the enzyme, con�rming the presence of CRL in these samples.
The absorption band at 572 cm− 1 indicated that CLEAs had been successfully prepared. At the same
time, a prominent peak at 1432 cm− 1 was observed in CRL-FIL-CLEAs, but this peak did not appear in the
spectrum of free enzyme. It showed that the functional group was formed during the cross-linking
process. The reason was that the propyl chain of glutaraldehyde had an absorption peak at the C = N
vibration at 1432 cm− 1. The Schiff base bond was successfully formed by the reaction of glutaraldehyde
with the terminal amine group of lipase during the formation of CLEA. Miao et al. used CaCO3 particles as

a template to synthesize porous cross-linked enzyme aggregates by in-situ co-precipitation [37].
Absorption peaks were also observed at 572 cm− 1 and 1456 cm− 1, and the conclusion was similar to this
experiment. Therefore, the successful preparation of CLEAs was con�rmed by infrared spectroscopy.

As shown in Fig. 7, the morphology of the free CRL and the prepared CRL-BSA-CLEAs and CRL-FIL-CLEAs
were studied and analyzed. The structure of lipase aggregates can be divided into two types [38]. One type
was aggregates forming a typical "ball", such as CALB, and the second type was aggregates forming a
less clear structure, such as Fig. 7(a). In this study, the pyramid-like structure in the structure shown by
CRL-FIL-CLEAs was presumed to be the solid state of the ionic liquid after freeze-drying (Fig. 7(c)). It can
be seen that the lipase showed an aggregated state after being precipitated by ammonium sulfate
(Fig. 7(b)). The enlarged image showed dense pores between the particles. These pores were conducive
to substrate entry, which could increase the substrate a�nity and activity of CLEAs. Compared with CRL-
BSA-CLEAs, the pyramid-like structure in CRL-FIL-CLEAs seemed to be more conducive to substrate
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access to the active site of the enzyme. CRL-BSA-CLEAs had smaller pores, and agglomeration and tight
aggregation were observed. Such a structure may have a steric hindrance effect on the substrate. The
substrate reactant was restricted from entering the internal CLEAs due to diffusion limitation, thus
showing a smaller substrate conversion rate. Diffusion restriction restricted the substrate from entering
the internal CLEAs, thus showing a lower substrate conversion rate. Especially in the case of insoluble
substrates, so the a�nity to the substrate was lower than CRL-FIL-CLEAs. On the contrary, compared with
CRL-BSA-CLEAs, CRL-FIL-CLEAs particles were smaller, and had a �ner internal pore structure and a larger
internal surface area. The support of the pyramid-like structure provided more channels, making it easier
for the substrate molecules to enter the lipase catalytic site (Fig. 7(d)). This structure not only reduced the
mass transfer limitation, but also improved the catalytic e�ciency of CRL-FIL-CLEAs.

4. Conclusion
In this study, ionic liquids with amino groups were used a new functional molecular modi�er, and �nally
CRL-FIL-CLEAs were obtained. At the same time, we compared catalyst properties with unmodi�ed CLEAs
(CRL-CLEAs), traditional CLEAs (CRL-BSA-CLEAs) and free CRL. The results showed that the activity of
CRL-FIL-CLEAs (5.51 U/mg protein) was 1.9 times that of CRL-CLEAs (2.86 U/mg protein) and 1.4 times
that of CRL-BSA-CLEAs (3.98 U/mg protein). CRL-FIL-CLEAs can maintained 61% activity at 60 ℃ for 50
mins, while the free enzyme only maintained 17% activity. After repeated use for �ve times, CRL-FIL-
CLEAs (51%) retained higher activity than CRL-CLEAs (22%). The organic tolerance test also showed that
the tolerance of CRL-FIL-CLEAs to isopropanol was better than other immobilized lipase. Combining FT-IR
and SEM characterization, we found that CRL-FIL-CLEAs particles have a larger surface area, making it
easier for substrate molecules to enter the lipase catalytic site. Therefore, the catalytic e�ciency of CRL-
FIL-CLEAs was improved. Furthermore, we performed a kinetic analysis of CLEAs before and after
modi�cation. The results showed that the Km value (4.80 mM) of CRL-FIL-CLEAs was less than CRL-
CLEAs (8.06 mM). It can be inferred that the a�nity of CRL-FIL-CLEAs to the substrate increased. In
summary, CRL-FIL-CLEAs could be used as an e�cient biocatalyst, advanced CLEAs technology after
adding ionic liquids could broaden the application range of lipase immobilization.
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Tables
Table.1 Kinetic parameters of CRL, CRL-CLEAs and CRL-FIL-CLEAs

Sample a Kinetic parameters b Enzyme assay c  

Vmax

(U/mg protein)

Km

(mM)

Optimum activity

(U/mg protein)

 

CRL 126.58±5.33 0.92±0.08 11.65±0.23  

CRL-CLEAs 555.56±21.26 8.06±0.42 2.86±0.15  

CRL-FIL-CLEAs 500.16±18.32 4.80±0.31 5.51±0.18  

a CRL-BSA-CLEAs 3.98±0.19 U/mg protein

b Kinetic reaction conditions: temperature 35℃ and pH 7.5

c Optimum enzyme activity assay conditions: optimum temperature (The activity of CRL at 35℃, the
activity of CRL-CLEAs and CRL-BSA-CLEAs at 40℃, and the activity of CRL-FIL-CLEAs at 45℃ were
de�ned as 100%.) and pH 7.5

Figures

Figure 1



Page 16/20

Novel cross-linked enzyme aggregates preparation process.

Figure 2

(a) Effect of modi�er amount on lipase activity (temperature 35℃, pH 7.5.the activity under BSA addition
were 20mg/ml (3.28 U/mg protein) and ionic liquid addition were 200mg/ml (3.68 U/mg protein) were
de�ned as 100%) (b) Effect of reaction temperature on lipase activity (temperature 35℃, pH 7.5. The
optimal activity of free lipase, CRL-CLEAs, CRL-BSA-CLEAs and CRL-FIL-CLEAs were de�ned as 100% in
table 1).

Figure 3
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Kinetic parameters of CRL-CLEAs and CRL-FIL-CLEAs (Reaction temperature: 35℃, pH 7.5).

Figure 4

(a) Thermal stability of free lipase and immobilized lipase (The optimal activity of free lipase, CRL-CLEAs,
CRL-BSA-CLEAs and CRL-FIL-CLEAs were de�ned as 100% in table 1.), (b) PH stability of free lipase and
immobilized lipase (Reaction temperature: 35℃, pH 7.5), (c) Storage stability of free lipase and
immobilized lipase (Reaction temperature: 35℃, pH 7.5. The initial activity was de�ned as 100%), (d)
Reusability of immobilized lipase (Reaction temperature: 35℃, pH 7.5. The initial activity was de�ned as
100%).
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Figure 5

Organic tolerance stability of Free CRL, CRL-CLEAs, CRL-BSA-CLEAs and CRL-FIL-CLEAs (Reaction
temperature: 35℃, pH 7.5. The initial activity was de�ned as 100%).
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Figure 6

FT-IR spectra of free lipase and CRL-FIL-CLEAs.
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Figure 7

(a) SEM of CRL-BSA-CLEAs (4000×, 30μm), (b) SEM of CRL-BSA-CLEAs (10000×, 10μm), (c) SEM of CRL-
FIL-CLEAs (4000×, 30μm), (d) SEM of CRL-FIL-CLEAs (10000×, 10μm).
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