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Mesoporous molecular sieve SBA-15 was successfully modified with 3-aminopropyltriethoxysilane (APTES) and 3-glycidyloxypropyltrimethoxysilane (GPTMS). The functionalized SBA-15 were characterized by small-angle X-ray (SAXRD), thermogravimetric analysis (TG), N2 adsorption, and Fourier transformed infrared spectrum (FT-IR). APTES functionalized SBA-15 (named SBA-15-A) and GPTMS functionalized SBA-15 (named SBA-15-G) were used to immobilize myoglobin (Mb). The loading amounts of Mb by SBA-15-A and SBA-15-G were 511.2 and 547.8 mg/g, respectively, whereas only 359.6 mg/g was achieved by SBA-15. Mb/SBA-15-G and Mb/SBA-15-A demonstrated better reusability than SBA-15, retaining 84.6% and 82.7% of the initial activity after repeated use seven times. The Mb/SBA-15-A and Mb/SBA-15-G also exhibited improved thermal stability and storage stability.
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1 INTRODUCTION
The enzyme, as a natural catalyst, has the characteristics and advantages of strong catalytic selectivity, fast reaction speed, mild reaction conditions, and being clean and pollution-free. It is widely used in medicine, food, chemical industry, energy, and environmental protection, among other fields (Yu et al., 2011; Alkan et al., 2009; Mislovicová et al., 2004; Katchalski-Katzir and Kraemer, 2000). At present, industrial biotechnology, which relies on biocatalysis as its core technology, has become an important engine driving the rapid development of the social economy. As a peroxidase, myoglobin can catalyze a variety of reactions, including the oxidation of guaiacol and indole (Xu et al., 2012) and the decolorization of industrial dyes (Zhang et al., 2019a). As a result, the efficient recovery and reuse of myoglobin is the foundation of the economic and industrial application of myoglobin to improve the reusability of myoglobin; immobilizing myoglobin on a solid support is a good solution (Jakub et al., 2018; Zhao et al., 2006), which has attracted extensive attention.
To date, a variety of new types of carriers and immobilization technologies have been developed to improve the reusability of enzymes and lower the cost of enzyme biocatalysts for industrial applications. These include acrylic resins molecular sieves (Katchalski-Katzir and Kraemer, 2000), aldehyde-agarose (Guisán, 1988), gelatin (Norouzian et al., 2002), magnetic microparticles of polymers (Bozhinova et al., 2004), and layered double hydroxides (LDH) (Ren et al., 2002). Among these materials, inorganic materials have garnered increasing attention due to their unique advantages, such as easy regeneration, nontoxicity, low cost, and high stability. As inorganic support, the mesoporous molecular sieves not only have the common advantages of inorganic materials but also have adjustable pores, changeable composition, and large pore volume. They are a promising immobilized enzyme carrier that is widely used in the research of enzyme immobilization. Mesoporous silica MCM-41 was first explored to immobilize enzymes by Díaz and Jr (1996). Following that, MCM-48, SBA-15, and other types of mesoporous molecular sieves were used for enzyme immobilization. SBA-15 is a form of mesoporous silica nanoparticle with uniform pore size, long-range ordered pore structure, and a more stable structure. It has received much attention in recent years.
The immobilization method can significantly influence the reuse performance of the enzyme. The physical adsorption method has the advantages of being simple, fast, and low cost, but the force between the carrier and the enzyme is too weak, and the enzyme adsorbed into the material channel is easy to leach from the material channel in the process of reuse. For example, Serra et al. found that 30% of the adsorbed lipase was leached from the support within 2 h (Serra et al., 2008). Li et al. used SBA-15 to physically adsorb lipase. Due to the weak force between the enzyme and the support, the enzyme is leached from the pore during reuse, and only 32% of the initial activity is retained after reusing it five times (Li et al., 2009). To overcome the problem of enzyme leaching, the covalent bonding between enzyme and support is a common method for reducing enzyme leaching and improving the reuse performance of the enzyme. In the previous study, many studies showed that there are rich Si-OH groups on the surface of channels of silica materials (Kawai and Tsutsumi, 1998; Kimura et al., 1998), which can serve as the sites for the anchor of organic groups. For example, Shah et al. immobilized the penicillin acylase from SBA-15 on APTES functionalized, and the results show that immobilized enzyme rarely leaked from the carrier and has good reusability.
3-Aminopropyltriethoxysilane (APTES) and 3-glycidyloxypropyltrimethoxysilane (GPTMS) have abundant surface functional groups for surface modification, which are widely used functional reagents, and their ethoxy groups can react with hydroxyl groups on the surface of mesoporous molecular sieves and graft the amino and epoxy functional groups onto the surface of mesoporous molecular sieves. In this study, we used APTES and GPTMS to functionalize SBA-15 with amino and epoxy organic groups, as shown in Supplementary Figure S1. Small-angle X-ray (SAXRD), nitrogen adsorption-desorption experiments, Fourier transform infrared spectroscopy (FT-IR), and thermogravimetry (TG) were used to characterize the materials, which were then used to immobilize myoglobin. The amino group on SBA-15-A cannot react with the amino group on myoglobin. Glutaraldehyde needs to be added as a bridge, and the aldehyde group reacts with the amino group to connect SBA-15-A with myoglobin to realize the immobilization of myoglobin. Under the condition of immobilization, the epoxy group on SBA-15-G can react directly with the amino group on myoglobin to realize the immobilization of myoglobin. The immobilization process is shown in Supplementary Figure S2. We compared the changes in immobilized myoglobin loading of SBA-15, SBA-15-A, and SBA-15-G and studied the reuse performance of the immobilized enzymes.
2 MATERIALS AND METHODS
2.1 Materials
3-Aminopropyltriethoxysilane (APTES), 3-glycidyloxypropyltrimethoxysilane (GPTMS), glutaraldehyde, and guaiacol were purchased from TCI. SBA-15 was synthesized in previous reports, and H64D/V68I Mb were expressed in E. coli BL21(DE3) cells, cultured, and purified using the procedure described previously.
2.2 Methods
2.2.1 Preparation and Functionalization of SBA-15
The SBA-15 mesoporous materials were synthesized using a previously reported method (Zhao et al., 1998a; Zhao et al., 1998b), with P123 acting as a structure-directing agent and the TMB acting as a pore dilator agent. The functionalization of SBA-15 with 3-aminopropyltriethoxysilane (APTES) and 3-glycidyloxypropyltrimethoxysilane (GPTMS) was performed using the previously reported methods (Bourkaib et al., 2021; Lu et al., 2007). 1.0 ml of APTMS or GPTMS was added to 1.0 g of SBA-15 suspended in 50 ml of toluene and refluxed overnight under an N2 atmosphere. Further, the resulting solid was filtered, washed, and dried to obtain the functionalized SBA-15-A and SBA-15-G.
2.2.2 Characterization of SBA-15, SBA-15-A, and SBA-15-G
Nitrogen adsorption-desorption experiments were performed using an ASAP 2460 Micromeritics System. Samples were degassed in a vacuum at 200°C for 2 h before measurement. The pore diameter distributions were calculated from desorption branches using the Barrett–Joyner–Halenda (BJH) method, and the surface areas were calculated from desorption branches using the Brunauer–Emmett–Teller (BET) method. The small-angle X-ray diffraction patterns were obtained using Cu Kα radiation on a Bruker D8 advance diffractometer (Bruker, Kontich, Belgium), and the data were collected from 0.5° to 10° in 0.5° steps. Fourier transformed infrared (FT-IR) spectra were recorded on a Shimadzu 8201 PC spectrophotometer, and the samples were prepared using the standard KBr disk method. Thermogravimetric (TG) calculations were carried out on a Perkin Elmer thermogravimetric analyzer in the air (50 ml min−1) at 10 K min−1 from 30°C to 800°C.
2.2.3 Adsorption of Myoglobin Onto SBA-15
The following is the procedure of Mb immobilization with SBA-15-A. A total of 5 mg SBA-15-A was mixed with 1 ml Mb solution (3 mg/ml) and stirred in 2 ml phosphate buffer (50 mM, pH6) for 15 h at 25°C. As a crosslinking agent, 2.0 wt% glutaraldehyde was added, and the mixture was stirred for 30 min at 25°C. The amount of glutaraldehyde involved in the immobilization process of SBA-15-A was optimized by varying the volumes of glutaraldehyde used in the protocol described for enzyme crosslinking. Furthermore, the reaction mixture was centrifuged, the supernatant was removed, and the precipitate was washed thrice for 1 h with 1 ml of phosphate buffer (50 mM, pH 6). The UV absorption value of the supernatant was measured at 408 nm to determine the concentration of protein in the supernatant. The final products were identified as Mb/SBA-15-A. The procedures of Mb immobilization onto SBA-15-G and SBA-15 were carried out by a similar procedure as that for SBA-15-A without the glutaraldehyde treatment. The final products were identified as Mb/SBA-15-G and Mb/SBA-15, respectively.
2.2.4 Catalytic Activity of Free Mb and Immobilized Mb
The assays comparing the catalytic activity of free Mb, Mb/SBA-15, Mb/SBA-15-A, and Mb/SBA-15-G were performed using the oxidation of guaiacol, and the product was checked by monitoring the UV absorption at 470 nm (Zhang et al., 2019b). The reaction mixture (50 mM of phosphate buffer, 1 μM of Mb, and 2.5 mM of guaiacol) was incubated for 15 min at 25°C, and the reaction was initiated by the addition of H2O2 (final concentration, 10 mM). The relative activity of an immobilized enzyme is the percentage of activity retained in the immobilized enzyme when compared to free enzyme activity.
2.2.5 Operational Stability Test for Mb/SBA-15, Mb/SBA-15-A, and Mb/SBA-15-G
The influence of metal ions (Ba2+, Ca2+, Mg2+, Mn2+, and Al3+), organic solvents (methanol, ethanol, isopropanol, glycol, and formic acid), storage time, and temperature on Mb activity were studied to assess the stability of the immobilized protein. The reactions were carried out in phosphate buffer at a concentration of 50 mM and pH 6.
The following experiment was carried out to investigate the effect of metal ions or organic solvents on Mb activity: Mb/SBA-15, Mb/SBA-15-A, and Mb/SBA-15-G were incubated for 1 h in a buffer solution (phosphate buffer, 50 mM, pH 6) containing various metal ions (10 mM) or organic solvents (10% v/v), with a control group containing only buffer solution. Then, the enzyme activity was tested. The effect of temperature on the activity was examined by incubation for 1 h in phosphate buffer (50 mM, pH6) in a temperature range between 10°C and 60°C. The effect of storage time on Mb activity was tested by determining the remaining activity after storing the Mb in phosphate buffer (50 mM, pH 6) for different time periods of 20 days at 25°C. The activity was assayed every 5 days.
2.2.6 Reusability Test for Mb/SBA-15, Mb/SBA-15-A, and Mb/SBA-15-G
After centrifugation of the reaction solution, the supernatant was tested using UV, and the precipitate was washed three times with phosphate buffer (50 mM, pH 6). The reusability of the immobilized Mb was tested for seven consecutive assays using the method described above. The remaining activity was calculated by comparing it with the first assay.
3 RESULTS AND DISCUSSION
3.1 Structural Characteristics of the SBA-15
The general shape of the adsorption isotherms is not modified after functionalization (Figure 1A). The adsorption curves exhibit typical Langmuir Ⅳ adsorption-desorption isotherms (Shah et al., 2008) and H1 hysteresis under high relative pressure. It belongs to hexagonal column mesoporous material. The pore size distribution curves of SBA-15, SBA-15-A, and SBA-15-G are shown in Figure 1B. From the curves, it can be seen that the pore size distribution of the modified material is reduced due to the introduction of organic groups, proving that the organic groups are successfully grafted to the surface of the material. The specific structural parameters of SBA-15, SBA-15-A, and SBA-15-G are shown in Table 1. It can be seen that the pore diameter, pore volume, and specific surface area of SBA-15-A and SBA-15-G were smaller than SBA-15, and the pore diameters of SBA-15, SBA-15-A, and SBA-15-G were 9.8, 8.7, and 8.6 nm, respectively. The decrease in pore size is due to the addition of organic groups.
[image: Figure 1]FIGURE 1 | (A): The adsorption isotherms of SBA-15, SBA-15-A, and SBA-15-G. (B): The pore size distribution curves of SBA-15, SBA-15-A, and SBA-15-G.
TABLE 1 | Specific structural parameters of SBA-15, SBA-15-A, and SBA-15-G.
[image: Table 1]Supplementary Figure S3 shows the TG diagrams of SBA-15, SBA-15-A, and SBA-15-G. The result shows that SBA-15 has a slight weight loss (3.2%) with an increase in temperature because of the evaporation of physically adsorbed water and dehydroxylation on the material surface. The functionalized samples SBA-15-A and SBA-15-G, on the contrary, have significant weight losses of 13.5% and 9.1%, respectively. The first weight loss at 25°C–100°C can be attributed to dehydration, and the latter weight loss is due to the combustion of amino groups and epoxy groups. The results of the thermogravimetric analysis in Supplementary Figure S3further showed that the amino and epoxy organic groups were successfully grafted onto the surface of SBA-15.
Small-angle XRD patterns of SBA-15, SBA-15-A, and SBA-15-G are depicted in Supplementary Figure S4. All of the samples revealed three peaks, denoted as (100), (110), and (200) reflections. These peaks are the characteristic of hexagonal mesoporous structures, associated with p6 mm hexagonal symmetry (Zhao et al., 1998a). This indicates that the long-range-order structure of the SBA-15 was not disrupted after functionalization.
Figure 2 depicts the FT-IR spectra of SBA-15, SBA-15-A, and SBA-15-G. It can be seen that SBA-15 modified by amino and epoxy has a distinct absorption peak that SBA-15 does not have. In the SBA-15-A absorption spectrum, the absorption peaks near 2,940 and 2,860 cm−1 correspond to the symmetrical vibration and asymmetric vibration absorption of -CH2- (Phan and Jones, 2006), the absorption peaks at 1,580 cm−1 and 1,490 cm−1 correspond to the symmetrical bending vibration and symmetrical vibration of N-H (Nguyen et al., 2008), and the absorption peaks at 1,430 and 1,390 cm−1 correspond to the bending vibration absorption of C-H (Moller et al., 1999). The presence of these absorption peaks demonstrated that the amino groups were successfully grafted onto the surface of SBA-15. Similarly, in the infrared absorption spectrum of SBA-15-G, the absorption peaks near 2,940 and 2,860 cm−1 are asymmetric vibrations and symmetric vibration absorption of -CH2-, respectively; the absorption peaks at 1,440 and 1,380 cm−1 correspond to the bending vibration absorption of C-H; and 953 cm−1 corresponds to the stretching vibration of the epoxy group. These absorption peaks indicate that the epoxy group is successfully grafted to the surface of SBA-15.
[image: Figure 2]FIGURE 2 | The FT-IR diagram of SBA-15, SBA-15-A, and SBA-15-G.
3.2 Activity and Protein Loading Test
Table 2 compares the Mb load and retained activity of immobilized Mb in SBA-15-A and SBA-15-G mesoporous molecular sieves to SBA-15 mesoporous molecular sieves. It can be seen that SBA-15 modified by organic groups increases the load of Mb. The Mb load of SBA-15 is 359.6 mg/g, while SBA-15-G and SBA-15-A have enzyme loads of 547.8 and 511.2 mg/g, respectively, because of the protein interaction with the mesoporous material. Due to the physical adsorption of myoglobin by SBA-15, the adsorption force on the protein is small, and the protein adsorbed into the pore is easy to leak out from the pore, resulting in the low load of the material. The organic groups on the surface of the modified SBA-15 are covalently adsorbed with myoglobin adsorbed into the pore diameter. The covalent bond force is strong, making it difficult for the protein to leak out of the pore. As a result, the protein loading amount of SBA-15 was increased after modification.
TABLE 2 | The maximum adsorption amount and remained activity of Mb onto SBA-15, SBA-15-G, and SBA-15-A.
[image: Table 2]Although the protein loading of the modified material is increased, the activity of the immobilized enzyme obtained from the modified mesoporous material is slightly reduced because the activity of the immobilized enzyme is directly related to the pore size of the mesoporous material. The addition of organic groups reduces the pore size of the carrier, which was previously conducive to the enzyme catalytic reaction (Lü et al., 2008; Miao et al., 2022). The substrate and product can diffuse well in the pore channel during the reaction process, reducing the mass transfer resistance of the substrate and product. Meanwhile, the organic group reduces the pore size of the material, and the diffusion of the substrate and product in the pore channel is affected, resulting in the reduction in the immobilized enzyme activity.
Supplementary Figure S5 shows the optimization of glutaraldehyde addition, showing the change of protein load with the additional volume of glutaraldehyde solution (2.0 wt%). It shows that the fixed load of protein is greatest when the volume of glutaraldehyde is 0.6 ml. At this time, the volume fraction of glutaraldehyde (volume ratio of protein solution to added glutaraldehyde solution) is 20%.
3.3 Stability of Mb/SBA-15, Mb/SBA-15-A, and Mb/SBA-15-G
The temperature stability of the immobilized enzyme is shown in Figure 3. It shows that the optimum reaction temperature of Mb/SBA-15, Mb/SBA-15-A, and Mb/SBA-15-G was 30°C, indicating that the modification of materials does not affect the optimum reaction temperature of immobilized enzyme. We can also see that the temperature stability of the immobilized enzyme prepared by the modified material is improved. At 60°C, Mb/SBA-15 retained 52.98% of the relative enzyme activity, while Mb/SBA-15-A and Mb/SBA-15-G retained 63.48% and 66.31% of the relative enzyme activity, which were 10.5% and 13.33% higher than Mb/SBA-15, respectively, because the modified carrier was covalently connected to the enzyme molecule. This strong interaction results in the enzyme molecule having high thermal stability (Eş et al., 2015). As a result, Mb/SBA-15-A and Mb/SBA-15-G have better thermal stability than Mb/SBA-15.
[image: Figure 3]FIGURE 3 | The temperature stability of immobilization Mb.
The effect of storage time on the remaining activity of the immobilized enzyme is shown in Figure 4. It shows that Mb/SBA-15-A and Mb/SBA-15-G retained 80.13% and 82.41% of the remaining activity, respectively, after 20 days, whereas Mb/SBA-15 retained only 66.21%. Consequently, the Mb/SBA-15-A and Mb/SBA-15-G exhibited better storage stability than Mb/SBA-15.
[image: Figure 4]FIGURE 4 | The effect of storage time on the remain activity.
Supplementary Figures S6A,B show the effects of metal ions and organic solvents on the activity of Mb/SBA-15, Mb/SBA-15-A, and Mb/SBA-15-G, respectively. It can be seen that the stability of metal ions and organic solvents of Mb/SBA-15-A and Mb/SBA-15-G were slightly lower than that of Mb/SBA-15.
3.4 Reusability of Mb/SBA-15, Mb/SBA-15-A, and Mb/SBA-G
The ability of immobilized enzymes to be reused is critical for their practical application. The reusability of Mb/SBA-15, Mb/SBA-15-A, and Mb/SBA-G is shown in Figure 5. The reusability of Mb/SBA-15 was poor, with only 36.41% of the initial activity being retained after seven consecutive uses. In the reuse process, the leaching of protein can be detected in the supernatant because the force between the enzyme and the carrier in Mb/SBA-15 was primarily physical adsorption, and the force is weak (Dettori et al., 2018). The enzyme will fall off from the carrier during the reuse process, resulting in a decrease in the activity of the immobilized enzyme. During the reuse of Mb/SBA-15, the cumulative enzyme leaching rate was shown in Table 3. It can be seen that after seven repeated uses, 45.12% of myoglobin was leached, which was the main reason for the decrease in protein activity. However, Mb/SBA-15-A and Mb/SBA-15-G have high reusability. Mb/SBA-15-A retains 82.7% of the initial enzyme activity, and Mb/SBA-15-G retains 84.6% of the initial enzyme activity after seven consecutive uses. In the reuse process, no protein leaching is detected in the supernatant because glutaraldehyde is used as a bridge between the enzyme and the carrier in Mb/SBA-15-A and forms a covalent bond with the amino group on the myoglobin molecule. The force between Mb/SBA-15-A immobilized enzyme myoglobin and mesoporous material is strong. Similarly, the surface of Mb/SBA-G contains an epoxy group, which can directly react with the amino group on the myoglobin molecule to form a covalent bond. The Mb/SBA-15-G immobilized enzyme has a strong force between myoglobin and mesoporous molecule. Hence, the immobilized enzyme obtained by amino and epoxy modified SBA-15 has good reusability.
[image: Figure 5]FIGURE 5 | The reusability of Mb/SBA-15, Mb/SBA-15-A, and Mb/SBA-G.
TABLE 3 | The cumulative enzyme activity loss rate of Mb/SBA-15.
[image: Table 3]4 CONCLUSION
We successfully functionalized the surface of the SBA-15 mesoporous molecular sieve using APTES and GPTMS. The functionalized SBA-15 mesoporous molecular sieve was successfully grafted with organic functional groups and retained its unique pore structure. The modified SBA-15 had higher protein loading ability, higher thermal stability, better storage stability, and reuse performance compared to that of SBA-15. The improvement of the reusability of immobilized protein is of great significance for the industrial application of myoglobin.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material, Further inquiries can be directed to the corresponding authors.
AUTHOR CONTRIBUTIONS
HM: data curation and writing-original draft. ML: data analysis. FW: data analysis. JL: supervision. Y-WL: writing-review and editing. JX: supervision, writing-review, and editing.
FUNDING
This work was supported by the National Natural Science Foundation of China (32171263, 21977042), Central Public-Interest Scientific Institution Basal Research Fund, CAFS (no. 2020TD67), and Special Project of Major Scientific and Technological Innovation in Shandong Province (2018SDKJ0303-1-2223).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations or those of the publisher, the editors, and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fbioe.2022.907855/full#supplementary-material
REFERENCES
 Alkan, S., Gür, A., Ertan, M., Savran, A., and Genel, Y. (2009). Immobilization of Catalase via Adsorption into Natural and Modified Active Carbon Obtained from walnut in Various Methods. Afr. J. Biotechnol. 8 (11), 2089–2095. doi:10.1016/j.febslet.2005.10.057
 Bourkaib, M. C., Gaudin, P., Vibert, F., Guiavarc'H, Y., Delaunay, S., Framboisier, X., et al. (2021). APTES Modified SBA15 and Meso-Macro Silica Materials for the Immobilization of Aminoacylases from Streptomyces Ambofaciens. Microporous Mesoporous Mater. 323, 111226. doi:10.1016/j.micromeso.2021.111226
 Bozhinova, D., Galunsky, B., Yueping, G., Franzreb, M., Köster, R., and Kasche, V. (2004). Evaluation of Magnetic Polymer Micro-beads as Carriers of Immobilised Biocatalysts for Selective and Stereoselective Transformations. Biotechnol. Lett. 26 (4), 343–350. doi:10.1023/B:BILE.0000015471.18648.40
 Dettori, L., Vibert, F., Guiavarc'h, Y., Delaunay, S., Humeau, C., Blin, J. L., et al. (2018). N-α-acylation of Lysine Catalyzed by Immobilized Aminoacylases from Streptomyces Ambofaciens in Aqueous Medium. Microporous Mesoporous Mater. 267, 24–34. doi:10.1016/j.micromeso.2018.03.018
 Díaz, J., and Jr, K. (1996). Enzyme Immobilization in MCM-41 Molecular Sieve. J. Mol. Catal. B Enzymatic 2 (2–3), 115–126. doi:10.1016/S1381-1177(96)00017-3
 Eş, I., Vieira, J. D. G., and Amaral, A. C. (2015). Principles, Techniques, and Applications of Biocatalyst Immobilization for Industrial Application. Appl. Microbiol. Biotechnol. 99 (5), 2065–2082. doi:10.1007/s00253-015-6390-y
 Guisán, J. (1988). Aldehyde-agarose Gels as Activated Supports for Immobilization-Stabilization of Enzymes. Enzyme Microb. Tech. 10 (6), 375–382. doi:10.1016/0141-0229(88)90018-X
 Zdarta, J., Meyer, A., Jesionowski, T., and Pinelo, M. (2018). A General Overview of Support Materials for Enzyme Immobilization: Characteristics, Properties, Practical Utility. Catalysts 8 (2), 92. doi:10.3390/catal8020092
 Katchalski-Katzir, E., and Kraemer, D. M. (2000). Eupergit C, a Carrier for Immobilization of Enzymes of Industrial Potential. J. Mol. Catal. B Enzymatic 10 (1-3), 157–176. doi:10.1016/S1381-1177(00)00124-7
 Kawai, T., and Tsutsumi, K. (1998). Reactivity of Silanol Groups on Zeolite Surfaces. Colloid Polym. Sci. 276 (11), 992–998. doi:10.1007/s003960050338
 Kimura, T., Kuroda, K., Sugahara, Y., and Kuroda, K. (1998). Esterification of the Silanol Groups in the Mesoporous Silica Derived from Kanemite. J. Porous Mater. 5 (2), 127–132. doi:10.1023/A:1009641304742
 Li, Y., Zhou, G., Li, C., Qin, D., Qiao, W., and Chu, B. (2009). Adsorption and Catalytic Activity of Porcine Pancreatic Lipase on Rod-like SBA-15 Mesoporous Material. Colloids Surf. A: Physicochemical Eng. Aspects 341 (1-3), 79–85. doi:10.1016/j.colsurfa.2009.03.041
 Lü, Y., Lu, G., Wang, Y., Guo, Y., Guo, Y., Zhang, Z., et al. (2007). Functionalization of Cubic Ia3d Mesoporous Silica for Immobilization of Penicillin G Acylase. Adv. Funct. Mater. 17 (13), 2160–2166. doi:10.1002/adfm.200600505
 Lu, Y., Guo, Y., Wang, Y., Liu, X., Wang, Y., Guo, Y., et al. (2008). Immobilized Penicillin G Acylase on Mesoporous Silica: The Influence of Pore Size, Pore Volume and Mesophases. Microporous Mesoporous Mater. 114 (1-3), 507–510. doi:10.1016/j.micromeso.2007.12.027
 Miao, H., Li, M., Sun, X., Xia, J., Li, Y., Li, J., et al. (2022). Effects of Pore Size and Crosslinking Methods on the Immobilization of Myoglobin in SBA-15. Front. Bioeng. Biotechnol. 9, 827552. doi:10.3389/fbioe.2021.827552
 Mislovičová, D., Masárová, J., Vikartovská, A., Gemeiner, P., and Michalková, E. (2004). Biospecific Immobilization of Mannan-Penicillin G Acylase Neoglycoenzyme on Concanavalin A-Bead Cellulose. J. Biotechnol. 110 (1), 11–19. doi:10.1016/j.jbiotec.2004.01.006
 Moller, K., Bein, T., and Fischer, R. X. (1999). Synthesis of Ordered Mesoporous Methacrylate Hybrid Systems: Hosts for Molecular Polymer Composites. Chem. Mater. 11 (3), 665–673. doi:10.1021/cm9805368
 Nguyen, T. P. B., Lee, J.-W., Shim, W. G., and Moon, H. (2008). Synthesis of Functionalized SBA-15 with Ordered Large Pore Size and its Adsorption Properties of BSA. Microporous Mesoporous Mater. 110 (2-3), 560–569. doi:10.1016/j.micromeso.2007.06.054
 Norouzian, D., Javadpour, S., Moazami, N., and Akbarzadeh, A. (2002). Immobilization of Whole Cell Penicillin G Acylase in Open Pore Gelatin Matrix. Enzyme Microb. Tech. 30 (1), 26–29. doi:10.1016/S0141-0229(01)00445-8
 Phan, N. T. S., and Jones, C. W. (2006). Highly Accessible Catalytic Sites on Recyclable Organosilane-Functionalized Magnetic Nanoparticles: An Alternative to Functionalized Porous Silica Catalysts. J. Mol. Catal. A: Chem. 253 (1-2), 123–131. doi:10.1016/j.molcata.2006.03.019
 Ren, L., Jing, H., Zhang, S., Evans, D. G., and Xue, D. (2002). Immobilization of Penicillin G Acylase in Layered Double Hydroxides Pillared by Glutamate Ions. J. Mol. Catal. B Enzymatic 18 (1-3), 3–11. doi:10.1016/S1381-1177(02)00008-5
 Serra, E., Mayoral, Á., Sakamoto, Y., Blanco, R. M., and Díaz, I. (2008). Immobilization of Lipase in Ordered Mesoporous Materials: Effect of Textural and Structural Parameters. Microporous Mesoporous Mater. 114 (1-3), 201–213. doi:10.1016/j.micromeso.2008.01.005
 Shah, P., Sridevi, N., Prabhune, A., and Ramaswamy, V. (2008). Structural Features of Penicillin Acylase Adsorption on APTES Functionalized SBA-15. Microporous Mesoporous Mater. 116 (1-3), 157–165. doi:10.1016/j.micromeso.2008.03.030
 Xu, J., Shoji, O., Fujishiro, T., Ohki, T., Ueno, T., and Watanabe, Y. (2012). Construction of Biocatalysts Using the Myoglobin Scaffold for the Synthesis of Indigo from Indole. Catal. Sci. Technol. 2 (4), 739–744. doi:10.1039/C2CY00427E
 Yu, H., Guo, Y., Wu, D., Zhan, W., and Lu, G. (2011). Immobilization of Glucose Isomerase onto GAMM Support for Isomerization of Glucose to Fructose. J. Mol. Catal. B: Enzymatic 72 (1-2), 73–76. doi:10.1016/j.molcatb.2011.05.006
 Zhang, P., Xu, J., Wang, X.-J., He, B., Gao, S.-Q., and Lin, Y.-W. (2019a). The Third Generation of Artificial Dye-Decolorizing Peroxidase Rationally Designed in Myoglobin. ACS Catal. 9, 7888–7893. doi:10.1021/acscatal.9b02226
 Zhang, P., Yuan, H., Xu, J., Wang, X.-J., Gao, S.-Q., Tan, X., et al. (2019b). A Catalytic Binding Site Together with a Distal Tyr in Myoglobin Affords Catalytic Efficiencies Similar to Natural Peroxidases. ACS Catal. 10, 891–896. doi:10.1021/acscatal.9b05080
 Zhao, D., Huo, Q., Feng, J., Chmelka, B. F., and Stucky, G. D. (1998a). Nonionic Triblock and star Diblock Copolymer and Oligomeric Surfactant Syntheses of Highly Ordered, Hydrothermally Stable, Mesoporous Silica Structures. J. Am. Chem. Soc. 120 (24), 6024–6036. doi:10.1021/ja506344k10.1021/ja974025i
 Zhao, D., Feng, J., Huo, Q., Melosh, N., Fredrickson, G. H., Chmelka, B. F., et al. (1998b). Triblock Copolymer Syntheses of Mesoporous Silica with Periodic 50 to 300 Angstrom Pores. Science 279 (5350), 548–552. doi:10.1126/science.279.5350.548
 Zhao, X. S., Bao, X. Y., Guo, W., and Lee, F. Y. (2006). Immobilizing Catalysts on Porous Materials. Mater. Today 9 (3), 32–39. doi:10.1016/S1369-7021(06)71388-8
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Miao, Li, Wang, Li, Lin and Xu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fbioe-10-907855-g005.gif
L msanisa

s






OPS/images/fbioe-10-907855-t001.jpg
Samples BJH pore diameter (nm) BET surface area (m?/g) BJH pore volume (cm®/g)

SBA-15 98 484.133 1.08
SBA-15-A 87 434.013 092
SBA-15-G 86 403.629 083
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Samples Adsorption proteins (mg/g) Retained activity (%)

SBA-15-G 547.8 + 9.87 91.16 + 1.42
SBA-15-A 5112+ 11.21 90.48 + 1.46
SBA-15 359.6 + 10.73 93.24 + 1.36
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