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Candida rugosa lipase (CRL) was activated with surfactants (sodium dodecyl sulfate [SDS]) and covalently immobilized onto a nanocomposite (Fe3O4-CS-DAC) fabricated by combining magnetic nanoparticles Fe3O4 with chitosan (CS) using polysaccharide macromolecule dialdehyde cellulose (DAC) as the cross-linking agent. Fourier transform infrared spectroscopy, transmission electron microscope, thermogravimetric analysis, and X-ray diffraction characterizations confirmed that the organic–inorganic nanocomposite support modified by DAC was successfully prepared. Enzymology experiments confirmed that high enzyme loading (60.9 mg/g) and 1.7 times specific enzyme activity could be obtained under the optimal immobilization conditions. The stability and reusability of immobilized CRL (Fe3O4-CS-DAC-SDS-CRL) were significantly improved simultaneously. Circular dichroism analysis revealed that the active conformation of immobilized CRL was maintained well. Results demonstrated that the inorganic–organic nanocomposite modified by carbohydrate polymer derivatives could be used as an ideal support for enzyme immobilization.
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INTRODUCTION
Enzymes are a class of biological macromolecules with catalytic activity and specific spatial conformation in organisms, and they are widely used in chemical industry, medicine, food, and energy (Ismail et al., 2021; Sherawat et al., 2021). Candida rugosa lipase (CRL) is a lipase with important application value, which has high activity and specificity and can be widely used in chemical, cosmetic, food, and other applications (Barriuso et al., 2016; Vanleeuw et al., 2019). However, free CRL is very susceptible to external conditions and has the disadvantages of poor stability and difficult to reuse, which limit the application of CRL in large-scale production.
Immobilization can improve the operational stabilization and activity of enzymes and sometimes can even modulate the selectivity of enzymes by immobilization on functional supports (Mateo et al., 2007; Rodrigues et al., 2011; Barbosa et al., 2013). At the same time, the immobilized enzymes can be easily separated from products, which reduce the protein contamination in the product and are conducive to the continuity of production (Xiang et al., 2017; Liang et al., 2020). In recent years, organic–inorganic composites based on Fe3O4 and natural organic polymers with the characteristics of excellent biocompatibility, high mechanical stability, and good recyclability have received more and more attention and obtained good applications in enzyme immobilization (Faraji et al., 2021; Matveeva et al., 2021). Chitosan (CS) is an inexpensive and available natural polysaccharide. Owing to its excellent biocompatibility, nontoxicity, and good biodegradability, CS has been valued in the research of modification of supports for enzyme immobilization (Nunes et al., 2021). Wang et al. (2015) fabricated composites (GO-CS-Fe3O4) that consisted of magnetic graphene oxide–chitosan (GO-CS) and magnetite nanoparticles (Fe3O4) and that was activated with glutaraldehyde (GA) to immobilize CRL. The immobilized CRL exhibited excellent properties such as improved stability, pH, and temperature tolerance. However, the activity recovery was only 60.2% with a moderate enzyme loading obtained (48.5 mg/g). Ziegler-Borowska et al. (2017) coated CS and rat tail collagen onto the surface of magnetic nanoparticles Fe3O4, and then the support was condensed with CRL by the function of EDC/NHS to prepare the immobilized CRL. The activity recovery rate of the immobilized CRL was as high as 112.0%, and the thermal stability was also enhanced, while the support had a low enzyme loading (27.0 mg/g). Hence, organic–inorganic nanocomposites are still challenging to greatly improve the enzymatic properties of activity, stability, and reusability and obtain high enzyme loading at the same time.
In general, GA is widely used to immobilize enzymes by way of covalent cross-linking. However, this immobilization process is relatively violent, and its high toxicity often results in the loss of enzyme activity (Leung et al., 2001). Starch and cellulose are the most common natural polysaccharides, which are inexpensive, available, and biocompatible. Dialdehyde starch (DAS) and dialdehyde cellulose (DAC) are easy to be prepared by selective oxidation of starch and cellulose. Owing to the abundant aldehyde and hydroxyl functional groups, DAS and DAC have been successfully used as new efficient covalent cross-linking reagents in the process of enzyme immobilization (Sharma et al., 2014; Ruan et al., 2018; Tamaddon et al., 2019). Qiao et al. (2022) prepared magnetic dialdehyde cellulose and used it for the immobilization of bacterial laccase. The pH and inhibitor tolerance, activity, and stability of immobilized laccase were obviously improved. In recent times, a study from our group has verified that DAS could be firmly combined with laccase onto Fe3O4 modified by amino-functionalized ionic liquid to stabilize its three-dimensional conformation; compared with those cross-linked by GA, the enzymatic properties of laccase were improved by a larger extent (Qiu et al., 2021).
The active center of lipase is usually covered by a “lid” structure (Verger et al., 1997; Schmid et al., 1998). In addition to the strategy of immobilizing lipase on a hydrophobic carrier to open its lid structure and stabilize its active conformation, addition of surfactants is also a commonly used method to activate lipase by stabilization of the open form of lipase (Lopez et al., 2002; Manoel et al., 2015; De Oliveira et al., 2018). Calvo et al. (1996) studied the effect of SDS and Triton X-100 surfactants on the hydrolysis activity of isoenzymes (CRL-A and CRL-B). Compared with nonionic-type surfactant Triton X-100, anionic surfactant SDS showed less toxic effects and had better stability to lipases (Calvo et al., 1996). Betancor et al. (2006) found that the addition of surfactants could further improve the enzymatic properties of CRL covalently immobilized on aminated Fe3O4 support by restraining the aggregation of lipase and decreasing the formation of dimer of lipase to maintain enzymatic activity. In the previous research of our laboratory, surfactants improved the activity and stability of CRL encapsulated in sol–gel materials, and the interface-activated immobilized CRL was successfully applied to catalyze the synthesis of vitamin E succinate (Hu et al., 2013).
Herein, this study intends to expand the support design and enzyme immobilization methods developed by our research group in the early stage, using biological macromolecule DAC as the cross-linking agent and surfactant as the interface activator to prepare an immobilized CRL based on magnetic CS nanocomposites. Under the premise of high enzyme loading, the activity, stability, and reusability of the enzymes will be greatly improved; thus, a new method of highly efficient enzyme immobilization will be developed.
MATERIALS AND METHODS
Materials
CRL (500.0 U/g) was purchased from Sigma-Aldrich; FeCl3·6H2O (99.0%), FeCl2·4H2O (99.0%), microcrystalline cellulose (>90 um), chitosan (78% degree of deacetylation), sodium dodecyl sulfate (>88.0%), glutaraldehyde (70% in water), sodium periodate (>98%), Triton X-100 (>98.0%), and Tween-80 (AR) were purchased from Sinopharm Chemical Reagent Co., Ltd. Other chemicals were of analytical grade.
Characterizations
Transmission electron microscopy (TEM) was carried out on a Tecnai G2 F20 (USA) and Talos F200x (USA). Fourier transform infrared (FT-IR) spectroscopy analysis was carried out using a Nicolet iS5 FT-IR spectrometer (Thermo Nicolet IS5, USA) in a wavelength range of 450–4,000 cm−1. Thermogravimetric analysis was conducted on a TG209F3 instrument by heating from 20 to 800°C under N2 with a heating rate of 20°C/min. X-ray diffraction (XRD) analysis was performed on a Bruker D8 Advance instrument (Germany). The circular dichroism characterization was performed on the J-1500CD spectrometer (Japan), the scanning speed was 30 nm/min, and the wavelength range was 190–260 nm.
Synthesis of Fe3O4 and Dialdehyde Cellulose
The synthesis of Fe3O4 nanoparticles was referred to the previously reported literature with a slight modification (Suo et al., 2018). The specific process was as follows: FeCl3·6H2O (5.5 g) and FeCl2·4H2O (2.1 g) were dissolved in purified water (100 ml) under magnetic stirring, and the reaction solution was heated to 70°C under nitrogen atmosphere. Then, ammonium hydroxide (28%) was used to adjust the pH until the solution was reddish brown, and the temperature was raised to 80°C for 1.5 h. At last, Fe3O4 nanoparticles were separated by a magnet after cooling to room temperature and washed with purified water until neutral.
DAC was prepared using a method similar to the conventional procedure (Varma et al., 2002). First, 150 ml of distilled water was added to a light-proof round bottom flask, and 1% hydrochloric acid was used to adjust the pH to 3. Then cellulose (3.0 g) and sodium periodate (6.0 g) were added into the flask and stirred at 35°C for 3 h. Next, 2 ml ethylene glycol was added into the flask and kept for 2 h to remove excess sodium periodate. At last, the resulting suspension was suction filtered to obtain a filter cake. The filter cake (DAC) was washed with distilled water several times and dried at 50°C.
Preparation of Supports
The synthesis of supports Fe3O4-CS, Fe3O4-CS-GA, and Fe3O4-CS-DAC were referred to the previously reported literature with a minor modification (Kim et al., 2017; Zhao et al., 2018).
First, CS (0.3 g) was dispersed in 50 ml acetic acid solution (1%, v/v) and sonicated for 15 min at room temperature. At the same time, Fe3O4 (1.5 g) was added to 50 ml acetic acid solution (1%, v/v) and stirred to obtain Fe3O4 acetic acid suspension. Then, the Fe3O4 acetic acid suspension was slowly dropped into the CS/acetic acid solution and stirred for 30 min at room temperature. Next, NaOH (1%, v/v) was added to adjust the pH to neutral. At last, Fe3O4-CS nanocomposites was separated by the magnet and washed with pure water several times. The resulting support was denoted as Fe3O4-CS.
At first, CS (0.2 g) was dispersed in 50 ml acetic acid solution (1%, v/v) and sonicated for 15 min. Then, GA (2 ml) or DAC (0.5 g) was added to the CS/acetic acid solution, and NaOH (1%, v/v) was added to adjust the pH to 7.0. Next, the system was stirred at 30°C for 4 h. At last, CS-GA or CS-DAC was filtered and washed with pure water several times. Fe3O4 (1.0 g) was dispersed to 25 ml acetic acid solution (1%, v/v), and the 1.5 g CS-GA or CS-DAC was added to this suspension. Next, the system was stirred for 30 min at room temperature. Then, NaOH (1%, v/v) was added to adjust the pH to neutral. At last, nanocomposites was separated by a magnet and washed with pure water several times. The resulting supports were denoted as Fe3O4-CS-GA or Fe3O4-CS-DAC.
Candida rugosa Lipase Immobilization
Anionic surface-active (SDS) and nonionic surface-active agents (Tween 80, Triton X-100) were selected to investigate the effects of different types of surfactants on the immobilization of CRL. Different surfactants (0.02 mol) were added to the phosphate buffer solution (PBS) (5 ml, pH 7.0, 0.2 M). Then, CRL (40 mg) was added to the solution and stirred at 10°C for 2 h. Next, Fe3O4-CS-DAC (0.1 g) was dispersed in the PBS (5 ml, pH7.0, 0.2 M), and the system was stirred at 30°C for 4 h. At last, the prepared immobilized CRL was separated by the magnet and washed several times with PBS (0.2 M, pH7.0). The prepared immobilized CRL was designed as Fe3O4-CS-DAC-SDS-CRL. Other supports were referred to the above method to immobilize CRL and named as Fe3O4-CS-SDS-CRL and Fe3O4-CS-GA-SDS-CRL. The support (Fe3O4-CS, Fe3O4-CS-GA or Fe3O4-CS-DAC) with CRL without surfactants were immobilized according to the above method, and the prepared immobilized CRL was designed as Fe3O4-CS-CRL, Fe3O4-CS-GA-CRL, or Fe3O4-CS-DAC-CRL (Supplementary Figures S1–S3).
Activity Experiment
The preparation of immobilized support and immobilized CRL is shown in Figure 1. The BCA method was used to detect the protein content in the supernatant, and the following formula was used to calculate CRL loading and immobilization efficiency (Walker et al., 1994). Each result was measured three times, and the average value was taken.
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where [image: image] is the initial protein concentration in CRL before immobilization [image: image], [image: image] is the final protein concentration in supernatant and washing liquid after immobilization [image: image], [image: image] is the mass of CRL added to the buffer solution [image: image], [image: image] is the total volume of the supernatant and washing liquid [image: image], and [image: image] is the mass of the support [image: image].
[image: Figure 1]FIGURE 1 | Schematic diagram of preparation of immobilized support and immobilized Candida rugosa lipase (CRL).
Candida rugosa Lipase Activity Assay
The activity of free and immobilized CRL were determined using the olive oil hydrolysis method (Monier et al., 2010; Li et al., 2015). Olive oil (50 ml) and gum arabic solution (50 ml, 14%, w/v) were mixed into a substrate solution. Thereafter, the substrate solution (5 ml) and PBS (5 ml, 0.2 M) were put into an Erlenmeyer flask and incubated at their optimum temperature and pH for 10 min. Then, free or immobilized CRL were added to the substrate solution and reacted 10 min. At last, acetone/ethanol (10 ml, 1/1, v/v) was added to terminate the hydrolysis reaction. The NaOH solution (0.05 mol/L) was used to titrate the fatty acid produced by hydrolysis. One unite (1 U) was defined as the amount of enzymes required to catalyze the hydrolysis of 1 μmol of acid per minute. The following formulas were used for the activity recovery rate, apparent activity, and specific activity of the enzymes. Each result was measured three times, and the average value was taken.
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where [image: image] is the volume (ml) of NaOH consumed by free or immobilized CRL hydrolyzed substrate to generate fatty acid, [image: image] is the volume of NaOH consumed by the blank [image: image], [image: image] si the concentration of NaOH [image: image], [image: image] is the reaction time [image: image], [image: image] is the mass of free or immobilized CRL [image: image], and [image: image] is the mass of protein in the free or immobilized CRL [image: image].
Optimal pH and Temperature
To study optimal pH conditions for the activity assay, free and immobilized CRL activity was measured under different pH values (pH6.0–8.0) at 40°C. The optimum temperature values were obtained by examining the activity of free and immobilized CRL at 30–50°C under respective optimal pH conditions. With the relative activity as an index, the maximum activity was defined as 100%.
Measurement of Enzyme Stability
In order to determine the thermal stability, the free and immobilized CRL were stored at 55°C for a period of time, and then the enzyme activity was measured every 30 min. The free and immobilized CRL were stored at 4°C in the refrigerator for 1 month to determine the storage stability, and then the enzyme activity was checked every 5 days. The enzyme activity was measured under the optimum conditions, and the initial enzyme activity was defined as 100%.
Kinetic Parameters of Immobilized Enzyme
Kinetic parameters are important indexes for evaluating immobilized CRL. We adopted Michaelis–Menten model to evaluate the kinetic properties of free CRL and immobilized CRL, the same amount of immobilized CRL were added to triacetin emulsification solution and reacted for 3 min at respective optimum pH and temperature. Calculate the Km and Vmax values through lin-burkpolt plotting according to the following formula:
[image: image]
where [image: image] is the substrate concentration [image: image] and [image: image] is the reaction rate [image: image].
Reusability
The reusability of immobilized enzymes were investigated through the determination of the residual in the olive oil hydrolysis under their respective optimal hydrolysis conditions. After completing a reaction cycle, the immobilized enzymes were separated by magnetic separation and washed with PBS. Then the recovered immobilized enzymes was put back into fresh reaction medium for the next cycle, and their activity was tested after each cycle.
RESULTS AND DISCUSSION
Analysis of Characterizations
Figure 2 displays the FT-IR spectrum of DAC, Fe3O4-CS, and Fe3O4-CS-DAC. In the DAC spectrum, the infrared image of DAC shows the characteristic absorption peaks of the aldehyde group (–CHO) at 1,747 and 884 cm−1. The former is assigned to the C=O stretching of free aldehyde and the latter to the hemiacetal structure (Li et al., 2011; Yang et al., 2019). In the Fe3O4-CS spectrum, 595 cm−1 belongs to the characteristic peak of Fe3O4, and the spectra at 2,873, 1,563, 1,415, and 1,088 cm−1 are characteristic peaks of CS (Qiu et al., 2019; Suo et al., 2019). Those confirm that CS is successfully coated on Fe3O4. In the Fe3O4-CS-DAC spectrum, it contains the characteristic peak of Fe3O4. The absorption peak at 1,620 cm−1 is considered to be the C=N functional group formed by the Schiff base reaction between the aldehyde group of DAC and the amino group of CS (Qiu et al., 2021). At the same time, the absorption peaks at 1742 and 878 cm−1 confirm that there are still aldehyde groups on the surface of the nanoparticles, which can be further covalently bound to CRL.
[image: Figure 2]FIGURE 2 | FT-IR spectrum of supports.
XRD characterization can determine the crystal structure of the material. Figure 3A shows the XRD characterization of Fe3O4, Fe3O4-CS, and Fe3O4-CS-DAC nanoparticles. The peaks appearing at 2θ = 32.6°, 35.5°, 43.2°, 53.5°, 57.0°, and 63.0° are consistent with the characteristic peaks of the crystal structure of magnetic nanoparticles Fe3O4 (Nguyen et al., 2017), which proves that the crystal structure of Fe3O4 is not damaged.
[image: Figure 3]FIGURE 3 | X-ray diffraction characterization (A) and thermogravimetric analysis curve (B) of support.
The weight loss of Fe3O4, Fe3O4-CS, and Fe3O4-CS-DAC are shown in Figure 3B. The weight of supports dropping before 150°C may be mainly due to the loss of water adsorbed on the nanoparticles. The weight loss after 150°C may have been caused by CS and DAC on the surface of the supports. Therefore, the results can indicate that DAC modified by CS was successfully coated on the surface of Fe3O4.
Figure 4 shows the TEM images of Fe3O4-CS and Fe3O4-CS-DAC. From Figures 4A and C, it can be seen that the boundary structure becomes blurred owing to the CS covering the surface of Fe3O4. From Figures 4B and D, it can be seen that after introducing macromolecule DAC with abundant aldehyde and hydroxy groups, which could prevent particle agglomeration through electrostatic repulsive force between particles, the agglomeration phenomenon of the support is reduced. The surface of the support is further blurred, and the particle size is significantly larger than that of Fe3O4-CS; those phenomena indicate the successful connection of DAC.
[image: Figure 4]FIGURE 4 | TEM images of (A,C) Fe3O4-CS and (B,D) Fe3O4-CS-DAC.
Results of Candida rugosa Lipase Immobilization
Table 1 shows the effect of different surfactants on the immobilization of CRL to Fe3O4-CS-DAC and the effect of using SDS as surfactants to immobilize CRL onto other supports. The results show that the immobilization efficiency of physical adsorption (Fe3O4-CS) and covalent cross-linking (Fe3O4-CS-GA and Fe3O4-CS-DAC) do not change; obviously, those supports all obtain high enzyme loading. The high loading is because organic–inorganic nanocomposites may provide more interaction sites for the immobilization of CRL. Among those immobilized CRLs, the activity of Fe3O4-CS-DAC-CRL is significantly improved. Compared with traditional cross-linking agents such as GA, DAC with good biocompatibility can effectively reduce the mass transfer limitation of the substrate and improve the affinity of the immobilized CRL to the substrate (Nguyen et al., 2017). Wong et al. (2020) coated the surface of Fe3O4 with SiO2 and modified it with 3-aminopropyltri ethoxysilane, and then they used GA as the cross-linking agent to covalently immobilize CRL, while the loading capacity was only 14.7 mg/g. Ji et al. (2021) reported a one-pot strategy to achieve the successful encapsulation of CRL and Fe3O4 nanoparticles into ZIF-8. The immobilized CRL only had 20.9 mg/g enzyme loading. Adikwu et al. (2021) used GA as the cross-linking agent to immobilize CRL onto the amino-functionalized SiO2/Fe3O4/GO ternary composite, but the enzyme loading was only 24.7 mg/g, and the specific activity was only 65.2 U/g. Compared with that in the above documents, it is worth mentioned that higher enzyme loading and activity could be obtained using the novel support (Fe3O4-CS-DAC).
TABLE 1 | Immobilization efficiency and catalytic activity of Candida rugosa lipase (CRL).
[image: Table 1]The results show that the immobilization efficiency is slightly improved after adding three types of surfactants and the anionic surfactant SDS has the best effect especially. The results also show that the effect of using SDS as the surfactant to immobilize CRL onto different supports change slightly. However, the specific activities of immobilized CRLs are all improved to a certain extent, and Fe3O4-CS-DAC-SDS shows the best immobilization of CRL. Compared with nonionic surfactants, anionic surfactants have a stronger hydrophobic effect (Holmberg et al., 2018; Ozyilmaz et al., 2020). Zhang et al. (2018) employed molecular docking to provide an insight into the interactions of CRL and SDS. They found that the principal binding region of SDS and CRL is close to the hydrophobic force–dominated cavity, which can keep the active conformation of CRL. In addition, SDS changes the microenvironment polarity of CRL and combines with CRL through hydrophobic force, hydrogen bonding force. and electrostatic force; thus, it will partially or completely unfold the tertiary structure of CRL. These effects transfer CRL from the relatively closed form to the more open form and increases its activity (Biasutti et al., 2008; Gabriele et al., 2018; Katiyar et al., 2021).
Influence of pH and Temperature on Candida rugosa Lipase Activity
Figure 5A shows the effect of pH (6.0–8.0) on the activity of free and immobilized CRL at 40°C. The sensitivity of immobilized CRL to pH is slightly reduced compared with that of free CRL. Optimal pH value and better acid/alkaline resistance may indicate that DAC or GA provides multiple attachment sites for CRL to maintain its conformation and increase its resistance to environmental changes (Nguyen et al., 2017).
[image: Figure 5]FIGURE 5 | Effect of pH (A) and temperature (B) on free and immobilized CRL activity.
It can be seen from Figure 5B that the sensitivity of immobilized CRL to temperature is reduced. The optimum temperature of Fe3O4-CS-GA-SDS-CRL and Fe3O4-CS-DAC-SDS-CRL is higher than that of free CRL. The optimum temperature of immobilized CRL moves to a higher direction; however, as the temperature further increases, the structure of CRL will be destroyed, resulting in a decrease in CRL activity. In the process of immobilization, the electrostatic and hydrogen bond interaction between CRL and CS or the cross-linking agent, especially the covalent attachment of CRL with DAC-modified CS, may lead to the retention of the biologically active conformation of CRL, which increases the rigidity of the immobilized CRL and the stability of the structure of CRL (Zhang et al., 2018).
Thermal Stability, Storage Stability, and Reusability
The thermal stability results are shown in Figure 6A. Although the high temperature easily destroys the secondary and tertiary structures of CRL, the activity of Fe3O4-CS-DAC-SDS-CRL is still retained at 52.3% after 3.5 h, which is much higher than that of free CRL and other immobilized CRLs. DAC has a similar chemical structure to CS, so the CS composite material with DAC has better biocompatibility. At the same time, DAC is rich in aldehyde group sites, which can increase the rigid structure and improve the thermal stability of immobilized CRL. Therefore, the introduction of DAC increases the stability of CRL to structural changes and improves the thermal stability of Fe3O4-CS-DAC-SDS-CRL (Qiu et al., 2019).
[image: Figure 6]FIGURE 6 | Studies on thermal stability (A), storage stability (B), and reusability (C).
Figure 6B shows the effect of storage time on the activities of free CRL and different immobilized CRL. It can be seen that after immobilization, the support has a certain protective effect on CRL. After 30 days, Fe3O4-CS-DAC-SDS-CRL retained about 80% of the initial activity, which is much higher than those of other immobilized CRLs and free CRL. It may be that DAC as the cross-linking agent can form the stable C=N bond by Schiff base reaction, and the multiple interactions including van der Waals force, hydrogen bond, and electrostatic force between CRL and the support might be enhanced with the incorporation of DAC; therefore, the storage stability of immobilized CRL could be improved (Rashid et al., 2018).
As showed in Figure 6C, Fe3O4-CS-DAC-SDS-CRL still retains 81% activity after eight operation times, which is higher than those of other immobilized CRLs. It may be attributed to the reason that the interaction between CRL and Fe3O4-CS-DAC is more stable. The stability of CRL is enhanced and the leakage of CRL from the support is reduced when using DAC with good biocompatibility and multiple functions as the cross-linking agent (Para et al., 2002; Zhang et al., 2018). Compared with many methods reported in the literature, the reusability of immobilized CRL (Fe3O4-CS-DAC-SDS-CRL) showed better performance. Zhu et al. (2015) covalently fixed CRL on polyethylene imide–modified magnetic Fe3O4 using GA as the cross-linking agent, and the immobilized CRL retained only 75.0% of its initial activity after repeated use for eight times. Guo et al. (2021) used DAC as the cross-linking agent to immobilize Rhizopus lipase onto aminated Fe3O4 and found that the activity of immobilized lipase only retained 52.1% after six runs.
Kinetic Parameters of Immobilized Enzyme
By drawing the Lineweaver–Burk diagram of immobilized CRL, the apparent Michaelis constant (Km), the maximum enzymatic reaction rate (Vmax), and the catalytic efficiency (Km/Vmax) can be calculated, which are listed in Table 2. The kinetic parameters show that compared with Fe3O4-CS-SDS-CRL, the introduction of DAC significantly reduces the Km value of the support. In general, the decrease in Km value means that the affinity of reaction substrate and enzyme is enhanced, which may be more favorable for the substrate to enter the active domain of enzyme. The decrease of Vmax may be attributed to the increase of steric hindrance caused by the introduction of DAC macromolecules. In general, the Vmax/Km value is increased, which is conducive to the increase of hydrolysis activity (Xia et al., 2016; Qiu et al., 2020).
TABLE 2 | Kinetic parameters of immobilized CRL.
[image: Table 2]Circular Dichroism Analysis
Circular dichroism has been widely used in the analysis of the secondary structure of protein molecules. The secondary structure composition of free and immobilized CRL is listed in the Table 3. These results indicate that the content of α-helix and β-sheet in the three vectors has changed. The decrease of α-helix indicates that CRL opens a higher conformation and the active site of CRL is more exposed, which makes the substrate more accessible and thus increases the enzymatic activity. The increase of β-folding could be related to the improvement of the stability of immobilized enzymes (Zhu et al., 2015; Suo et al., 2019). The β-folding ratio of CRL increased significantly after covalent fixation, which may be due to the strong interaction between CRL and the magnetic CS carrier activated by the aldehyde group, so that the structure of CRL becomes more rigidity, which is beneficial to maintaining the active conformation of CRL and enhancing the stability of CRL. This is consistent with the previous enzymological data.
TABLE 3 | Circular dichroism analysis of immobilized CRL.
[image: Table 3]CONCLUSION
In this study, a novel magnetic organic–inorganic nanocomposite support was prepared by combining Fe3O4, CS, and DAC with good biocompatibility and abundant functional groups through Schiff base reaction; then, CRL was covalently immobilized onto the support through the multifunctional DAC, which is first applied to immobilize CRL. The addition of anionic surfactant SDS can further increase the enzyme loading and specific activity of immobilized CRL, and the immobilized CRL exhibited strong pH and temperature tolerance, good thermal stability, and storage stability. Reusability study showed that after eight operation times, the hydrolysis activity of Fe3O4-CS-DAC-SDS-CRL could still be retained at 81.3%. Studies have confirmed that the use of macromolecular cross-linking agents and the addition of suitable surfactants can enhance the interaction between the supports and CRL, stabilize the active conformation of the enzymes, and thus enhance the activity and stability of CRL. The study of rationally analyzing the mechanism of changes in enzymatic properties of immobilized enzymes at the molecular level through methods using molecular simulation and spectroscopic structural characterization is currently under search.
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