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Abstract

:

As a low-calorie sugar, D-allulose is produced from D-fructose catalyzed by D-allulose 3-epimerase (DAE). Here, to improve the catalytic activity, stability, and processability of DAE, we reported a novel method by forming organic–inorganic hybrid nanoflowers (NF-DAEs) and co-immobilizing them on resins to form composites (Re-NF-DAEs). NF-DAEs were prepared by combining DAE with metal ions (Co2+, Cu2+, Zn2+, Ca2+, Ni2+, Fe2+, and Fe3+) in PBS buffer, and were analyzed by scanning electron microscopy (SEM), Fourier transform infrared spectroscopy, and X-ray diffraction. All of the NF-DAEs showed higher catalytic activities than free DAE, and the NF-DAE with Ni2+ (NF-DAE-Ni) reached the highest relative activity of 218%. The NF-DAEs improved the thermal stability of DAE, and the longest half-life reached 228 min for NF-DAE-Co compared with 105 min for the free DAE at 55 °C. To further improve the recycling performance of the NF-DAEs in practical applications, we combined resins and NF-DAEs to form Re-NF-DAEs. Resins and NF-DAEs co-effected the performance of the composites, and ReA (LXTE-606 neutral hydrophobic epoxy-based polypropylene macroreticular resins)-based composites (ReA-NF-DAEs) exhibited outstanding relative activities, thermal stabilities, storage stabilities, and processabilities. The ReA-NF-DAEs were able to be reused to catalyze the conversion from D-fructose to D-allulose, and kept more than 60% of their activities after eight cycles.
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1. Introduction


D-allulose 3-epimerase (DAE) catalyzes the isomerization of the hydroxyl group at the C-3 position of D-fructose, and is the key enzyme for the industrial production of D-allulose, an emerging low-calorie [1] monosaccharide with a sucrose flavor, good safety [2,3], and an anti-obesity function [4,5,6]. However, free DAEs have several drawbacks that limit their industrial application and increase production costs, such as the low reactivity and thermal stability in reaction conditions [3]. One possible solution is using an immobilized enzyme, which combines the enzyme with an immobilized carrier and improves the catalytic activity and stability [7], as well as the enzyme processing performance [8].



He W et al. immobilized DAEs on the surface of bacillus subtilis spores, and the immobilized DAEs retained more than 60% of their activity after five continuous reaction cycles [9]. Samir et al. immobilized DAEs on graphene oxide, and the immobilized DAEs retained more than 50% of their activity after five continuous reaction cycles [7]. Xin G et al. immobilized DAEs by a Resin-SpyCatcher/SpyTag-DAE system, and the immobilized DAEs showed higher thermal and pH stabilities compared with the control [8]. Those immobilization methods showed advantages in improving the stability and processability of the DAEs, but most of the immobilizations reduced the catalytic activity of the enzyme [10], which may lead to an increase in enzyme usage.



Forming organic–inorganic hybrid nanoflowers (NFs) is a simple, carrier-free, and low-energy-cost method for enzyme immobilization [11,12,13,14,15]. Zare et al. [16] combined Cu2+ with the enzyme to form hybrid nanoflowers, and by using similar approaches, other metal ions, such as Co2+ [17], Zn2+ [18], Ca2+ [13,15], Ni2+ [19], Fe3+ [20,21], and Fe2+ [22], were also reported to form NFs with proteins and increased catalytic activities [23]. The structural morphologies, catalytic properties, stability, and reusability of NFs are closely related to the type of enzyme and metal ions, the ratio of enzymes to metal ions, as well as the synthesis conditions [24,25]. In a very recent study, Xin et al. reported a customized self-assembled protein–bimetallic hybrid nanoflower system, and found that most of the resulting NFs decreased the catalytic activities, except for the NF-DAE-Co/Mn [23]. As immobilized enzyme modifiers, nanoflowers could modify the enzyme’s morphological properties to produce a more biocompatible shape and release more accessible surface activities, and thus enhance the catalytic activity and stability [26]. The hybrid nanoflowers are scaled from several hundred nanometers to tens of micrometers [17], which enables the efficient interaction between substrates and enzymes. However, in our search, we found nanoflowers are difficult to separate from a reaction regent with high-throughput centrifugation, and cannot be easily reused in industrial applications. Thus, finding an ideal immobilizing method that meets the high catalytic activity, thermal stability, and processing performance simultaneously is still a considerable challenge [27].



In order to address this challenge and improve the application performance of DAEs, we prepared DAE hybrid nanoflowers (NF-DAEs) with seven different metal ions, and systematically investigated the structural morphology, catalytic activity, and thermal stability of those NF-DAEs. Additionally, we found a drawback of the NFs in the reusability due to the bad separation from the solvent with a high viscosity and density through centrifugation. We also report on a novel strategy that overcame this by preparing resin–nanoflower composites, which provide new insights into the application of nanoflowers.




2. Results and Discussion


2.1. Preparation and Characterizations of NF-DAEs


To prepare the organic–inorganic hybrid nanoflowers with D-allulose 3-epimerase (DAE), we first expressed and purified the DAE as the organic component, and formed hybrid materials by co-precipitating the DAE with seven well-documented phosphates, including Co2+, Cu2+, Zn2+, Ca2+, Ni2+, Fe2+, and Fe3+. These precipitations (hypothetical hybrid nanoflowers) were named NF-DAE-Co, NF-DAE-Cu, NF-DAE-Zn, NF-DAE-Ca, NF-DAE-Fe(ii), and NF-DAE-Fe(iii), respectively, and were characterized by scanning electron microscopy (SEM). The SEM photos of seven NF-DAEs and free enzymes (freeze-dried) are shown in Figure 1. Except for the free DAE (Figure 1a), all of the seven metal phosphates formed ordered crystal structures with the DAE (Figure 1b–h). The NF-DAE-Co, NF-DAE-Cu, NF-DAE-Zn, NF-DAE-Ca, and NF-DAE-Ni (the NF-DAE with Co2+, Cu2+, Zn2+, Ca2+, and Ni2+, respectively) formed petal-like microstructures with multilayered lamellar surfaces (Figure 1b–f). NF-DAE-Fe(ii) and NF-DAE-Fe(iii) (the NF-DAE with Fe2+ and Fe3+) formed nanoflowers formed by tiny spherical structures (Figure 1g,h). With SEM observation, we confirmed that the sizes of the NF-DAE-Co, NF-DAE-Cu, NF-DAE-Zn, NF-DAE-Ca, NF-DAE-Fe(ii), and NF-DAE-Fe(iii) were 75–130, 120–125, 83–130, 25–83, 134–153, 169–192, and 92–124 μm, respectively. The microstructures of those NF-DAEs (Figure 1b–h) were different with precipitations of metal phosphates without DAE (Figure S1, Additional File), indicating that the flower-like microstructure of the NF-DAE results from the interaction between protein and metal phosphate [23].



The structures of the NF-DAEs were further studied by FTIR spectra analysis, and the results are shown in Figure 2. The typical absorption peaks of the free DAE (black line) are 1630 cm−1~1690 cm−1, which was contributed to by the amide bond in the protein. On the other hand, the typical absorption peaks of the metal phosphate were at 500 cm−1 and 1000 cm−1 (blue line), which were contributed to by the P=O and P-O bonds, respectively [28]. Meanwhile, the FTIR spectra of the NF-DAEs (red line) showed that all of the absorptions were at 500 cm−1, 1000 cm−1, and 1630 cm−1~1690 cm−1, indicating that the NF-DAEs contained either DAE or metal phosphate components.



To verify the crystal formation of the NF-DAEs, the powders of the free DAE and these seven NF-DAEs were analyzed by XRD (Figure 3). The XRD peaks could be identified by comparing them with the standard card (CPDS, card 00-39-0702 for Co2+, card 00-22-0548 for Cu2+, card 00-39-0702 for Zn2+, card 00-029-0359 for Ca2+, card 00-038-1473 for Ni2+, card 00-029-0715 for Fe2+, and card 00-22-0548 for Fe3+, respectively). The NF-DAE-Co, NF-DAE-Cu, NF-DAE-Zn, NF-DAE-Ca, NF-DAE-Ni, NF-DAE-Fe(ii), and NF-DAE-Fe(iii) have fine peak structures, and most of the XRD peaks from the samples can be recognized as similar patterns to the standard card, which indicated that the NF-DAEs have good crystallinity.



Biomacromolecules and metal ions are essential for the formation of the biomimetic hybrid materials’ skeletons [29]. A hybrid nanomaterial is generally formed by the following three steps: first, the formation of the nucleus; second, the growth of metal nanostructures; third, the self-assembly of the metal nanostructures [30]. According to the SEM, seven metal ions formed nanoflower structures with DAE, which showed a high similarity to the repartitioned nanostructures of the corresponding metal ions [18,21,31]. The XRD and FTIR results further suggest that the formed nanostructure was a composite of protein and metal phosphate with a good crystallinity. However, the crystal structures formed by different metal ions and DAE are different, which may affect their catalytic activity and stability.




2.2. The Encapsulate Yields and Catalytic Activities of NF-DAEs


To identify the capacity and activity of the NF-DAEs, we studied the impact of the enzyme-to-metal ion ratios on the encapsulate yields (Figure 4a) and catalytic activities (Figure 4b) by using different concentrations of DAE.



The encapsulation yield indicates the capacity of the NFs for protein immobilization. In our study, all of the NFs showed a high encapsulation yield (60~80%), even at a high enzyme concentration (10 μmol/L) and low mental ion concentration (1 mmol/L), indicating that DAE could form NFs with a high efficiency [32]. With low DAE concentrations of 1~2 μmol/L, most of the encapsulate yields were able to reach 100%, indicating the good immobilizing capacities of the NF-DAEs with all of the seven metal ions. However, with high DAE concentrations of 6~10 μmol/L, the NF-DAE-Co exhibited a high encapsulate yield, NF-DAE-Cu, NF-DAE-Zn, and NF-DAE-Ni exhibited lower encapsulate yields, and NF-DAE-Ca, NF-DAE-Fe(iii), and NF-DAE-Fe(ii) exhibited the lowest encapsulate yields (Figure 4a).



The present study has shown that the catalytic activities of the NF-DAEs were highly dependent on both the metal ions and the enzyme concentrations (Figure 4b). All of the NF-DAEs showed significantly higher catalytic activities than the free enzyme (Figure 4b), indicating an improvement in the activity when forming the NF-DAEs. The highest relative activity was achieved at 218% of the NF-DAE-Ni with the 4 μmol/L DAE. The NF-DAEs formed by Zn2+ and 4~10 μmol/L DAE showed relatively high activities (Figure 4b). Our results also show the significant increase in the catalytic activities of all of the NF-DAEs, which is consistent with other reports [17,26,33,34,35]. Therefore, in the subsequent preparation of the nanoflowers, the enzyme additions in NF-DAE-Co, NF-DAE-Cu, NF-DAE-Zn, NF-DAE-Ca, NF-DAE-Ni, NF-DAE-Fe(ii), and NF-DAE-Fe(iii) were all at a level of 4 μmol/L. The final enzyme amount was taken to be 1 μmol/L in the subsequent reaction of the NF-DAEs to catalyze the reaction.



The degree of increase in the catalytic activities of the NF-DAEs differed from the metal ions, which may be illustrated by the special structure of the nanoflowers in reducing the negative interactions between the DAE and metal nanostructures [36]. In a very recent study, Xin et al. reported the formation of NFs with DAE from and Cu2+, Co2+, Mn2+, and Zn2+ ions, and found that most of the resulted NFs decreased the catalytic activities, except for the NF-DAE-Co/Mn, indicating the performance of the NFs was closely related to the special enzyme immobilized [23].




2.3. Thermal Stabilities of NF-DAEs


To evaluate the stabilities of the different NF-DAEs, we assayed the residual catalytic activities of the free DAE and NF-DAEs, which were incubated at 55 °C for 0~720 min (Figure 5). Along with the increase in the incubation time, the relative activity of the free DAE decreased sharply, whereas the relative activities of the NF-DAEs declined more slowly, indicating higher thermal stabilities for the NF-DAEs. Indeed, the half-lives of the NF-DAE-Co, NF-DAE-Cu, NF-DAE-Zn, NF-DAE-Ca, NF-DAE-Ni, and NF-DAE-Fe(iii) were 228, 174, 133, 170, 221, and 141 min, respectively, all of which were higher than that of the free DAE (105 min).



In the present study, most of the NF-DAEs improved the thermal stability of the enzyme, and similar results have been reported in previous studies [33,37]. This result may be related to the structure of the hybrid nanoflower, where the interaction between the organic and inorganic components provides a better secondary structure [38] that protects the immobilized enzyme at higher temperatures.




2.4. Co-Immobilization of NF-DAEs on Resins


2.4.1. Preparation and Characterizations of Resin-NF-DAE Composites


Despite the NF-DAEs significantly increasing the catalytic activity and improving the thermal stability of DAE, we found those micrometer-sized particles were difficult to separate from the reaction solution (Figure S2, Additional File), especially when the density and viscosity were high (due to a high concentration of the substrate). Thus, the industrial application of NF-DAEs would be restricted due to the high energy cost and time cost in the separation step, and the gradual catalytic activity loses during the prolonged operation process as well. To solve this issue, we tried to prepare a composite material with immobilized NF-DAEs on different resins, including ReA (LXTE-606 neutral hydrophobic epoxy-based polypropylene macroreticular resins), ReB (D202 macroprous strongly basic styrene-type anion-exchange resins), ReC (D113 weak acidic resins), ReD (LX-1000EP weak alkaline epoxy anion resins), ReE (AB-8 macroreticular adsorptive resins), and ReF (YKC101 strong acid cation-exchange resins) by two methods. Method A: NF-DAEs were formed first, and then the resins were added. Method B: the resins were added during the formation of the nanoflowers. The relative activities of the composites formed by the NF-DAEs and the resins are shown in Figure 6. All of the composites exhibited catalytic activities, but the activity differed dramatically between the different resins and different NFs. In most cases, the enzyme activity of the composites formed by method A (Figure 6a) was higher than that of the composites formed by method B (Figure 6b), indicating that method A is more conducive to the maintenance of the catalytic activity of the NF-DAEs. Therefore, the properties of the composites prepared by method A are mainly presented in the subsequent experiments. Among the six types of resins, the composites formed by the ReA were more advantageous than the others. For the composites formed by the ReA, significant differences in the relative activity were observed between the NF-DAEs, and ReA-NF-DAE-Co and ReA-NF-DAE-Ni showed higher catalytic activities (up to 130%) compared to the other composites.



These differences in the enzyme activities of the composites may be due to the effects of the surface structure of the resins, the special nanoflower structures, and the interaction between the resins and nanoflowers. The higher catalytic activity of the ReA-NF-DAEs could be attributed to the fact that the macroporous resin is more favorable for binding with nanoflowers. Previously, lipase/Ca3(PO4)2 hybrid nano-immobilized on sulfonated macroporous resins at 60 °C showed a similar increase in activity compared to the free enzyme, suggesting that it is feasible to immobilize the nanoflowers on the resin [39].




2.4.2. Characterization of ReA-NF-DAEs


The ReA-NF-DAE-Co and ReA-NF-DAE-Ni prepared by method A (where NF-DAEs were firstly prepared, and were then mixed with resins in PBS buffer and incubated at 30 °C for 4 h) showed a high catalytic activity, so the structures of those two composites were further characterized by SEM (Figure 7). Both NF-DAE-Co and NF-DAE-Ni were adsorbed on the surface of the ReA to form a rough surface (Figure 7a,b). For ReA-NF-DAE-Co, flower-like spheres were clearly observed on the ReA surface (Figure 7a,c,d); whereas, for ReA-NF-DAE-Ni, nanosheets, instead of flower-like structures, were observed on the ReA surface (Figure 7b). ReA is a neutral hydrophobic epoxy-based polypropylene macroreticular resin, and showed a good adsorption performance to the epoxy group, indicating a strong adsorption effect to protein-based hybrid structures. Indeed, we observed that the NF-DAEs were adsorbed on the surface of the ReA (Figure 7a,b), which proved the interactions between the ReA and NF-DAEs. However, no nanostructures were observed in the holes of the ReA, which differs from a former report [39], and a possible reason is that the aperture size of the ReA is too small to load the nanoflowers. The NF-DAE-Co on the surface of the ReA (Figure 7d) showed a similar structure with the original nanoflower (Figure 1b), indicating that the adsorption of NF-DAE-Co on the resin surface did not destroy the morphology of the aggregation and crystallization of NF-DAE-Co. However, for NF-DAE-Ni, the original flower-like structure (Figure 1f) changed into nanosheets (Figure 7b), which may be related to the weak self-aggregation effect of DAE-Ni nanosheets, and the strong adsorption between the ReA and DAE-Ni nanosheets. Considering NF-DAE-Co and NF-DAE-Ni showed similar relative activity both before resin immobilization (Figure 4b) and after resin immobilization (Figure 6a), the destruction of the flower-like aggregation in ReA-NF-DAE-Ni would not lead to a reduction in the catalytic activity.




2.4.3. Stabilities of ReA-NF-DAEs


The thermal and storage stabilities of immobilized enzymes play an important role on the potential industry applications. To evaluate the stabilities of different NF-DAEs, we assayed the residual catalytic activities of the free DAE and ReA-NF-DAEs, which were incubated at 55 °C for 0~720 min (Figure 8a). Along with the increase in the incubating time, the relative activity of the free DAE decreased sharply, whereas the relative activities of the ReA-NF-DAEs declined more slowly, indicating higher thermal stabilities for the ReA-NF-DAEs. Indeed, the half-lives of the ReA-NF-DAE-Co and ReA-NF-DAE-Ni samples were 221 and 142 min, respectively, which were higher than that of the free DAE (105 min).



To identify the storage stability of the ReA-NF-DAEs, we stored the free DAE and ReA-NF-DAEs at 4 °C for 2~12 days, and measured the residual catalytic activities (Figure 8b). The catalytic activity of the free enzyme decreased sharply with the prolongation of the storage time, whereas the catalytic activity of the ReA-NF-DAEs decreased more slowly, indicating that the ReA-NF-DAEs were more stable than the free DAE during storage (Figure 8b). The ReA-NF-DAEs maintained a catalytic activity above 50%, while the free DAE kept less than 10% of the initial activity after storage for 12 days.



Both the nanoflower-immobilized enzyme and the resin-immobilized enzyme were able to improve the enzyme stability [39]. Indeed, in our study, the formation of hybrid nanoflowers improved the thermal stability, and the half-life of the NF-DAE-Co reached 228 min, which is consistent with the half-life of the ReA-NF-DAE-Co (221 min). This suggests that the nanoflower structure dramatically influences the half-life of the enzyme in the resin–nanoflower composite structure.




2.4.4. Processing Performances of ReA-NF-DAEs


The processing performance is one of the key issues for industry application. Here, we evaluated the catalytic activities and leaching of ReA-NF-DAE-Co and ReA-NF-DAE-Ni for eight continuous reaction cycles (Figure 9). The residual activities of ReA-NF-DAE-Ni and ReA-NF-DAE-Co decreased slowly during repeated use (Figure 9a). After eight continuous reaction cycles, the ReA-NF-DAEs maintained 69.7% of the catalytic activity and 16.2% of the leaching (Figure 9b), indicating the good processing stability and processability of the ReA-NF-DAEs. Meanwhile, the residual activities of ReA-NF-DAE-Co and ReA-NF-DAE-Ni decreased after eight cycles, which may be related to the loss of the enzymes due to the leaching rate or the inactivation of the enzymes due to the high temperature.



Free DAE is difficult to reuse on an industrial scale, resulting in insufficient enzyme application and a waste in enzyme preparation. Although the formation of NFs can improve the catalytic activity and thermal stability of DAE, the high viscosity of the reaction solution in this experiment makes it difficult to recycle the NF-DAEs, even by using prolonged centrifugation or filtration for a long time, and leads to the continuous loss of catalytic activity during the operation. In our study, we combined the NF-DAEs with resins to form a composite material that not only enhances the catalytic activity and thermal and storage stability, but also enables easy recycling by simple depositing, filtering, or centrifugation. This would significantly reduce the enzyme consumption during the industrial D-allulose production.






3. Materials and Methods


3.1. Reagents and Materials


Ampicillin and Isopropyl β-D-1-Thiogalactopyranoside (IPTG) were purchased from Beijing Solarbio Science&Technology Co., Ltd. (Beijing, China). NaCl (99.5%), Na2HPO4·H2O (99%), NaH2PO4·H2O (99%), NiSO4·6H2O (99%), CoSO4·7H2O (99.5%), FeCl3·6H2O (99%), CaCl2·2H2O (99%), ZnSO4·7H2O (99.5%), CuSO4·5H2O (99%), and FeSO4·7H2O (99%) were purchased from Tianjin Bohai Chemical Reagent Co., Ltd. (Tianjin, China). D202 macroprous strongly basic styrene-type anion-exchange resins, LXTE-606 neutral hydrophobic epoxy-based polypropylene macroreticular resins, YKC101 strong acid cation-exchange resins, D113 weak acidic resins, AB-8 macroreticular adsorptive resins, and LX-1000EP weak alkaline epoxy anion resins were bought from Tianjin Yunkai Resin Technology Co., Ltd. (Tianjin, China).




3.2. Expression and Purification


A gene coding DAE from Clostridium bolt (GenBank: EDP19602.1, PDB:7X7W [40]) was synthesized (codon-optimized for Escherichia coli) and cloned into pET-22b between BamHI and XhoI. The recombinant plasmid was transformed into E. coli BL21 (DE3) for DAE expression. The DAE expression and purification were performed according to the method described in the literature [41].




3.3. Activity Assays of DAE


The DAE activity was measured using 500 g/L D-fructose as the substrate. The enzymatic reaction was conducted in 50 mmol/L PBS buffer (pH 7.0) and 1.0 mmol/L Co2+. Free enzyme, NF, or resin-NF (with a final enzyme concentration of 1 μmo/L) were added to start the reaction, which was incubated at 55 °C for 20 min, followed by incubation at 100 °C for 10 min for the inactivation. The samples were then centrifuged at 13,000 r/min for 10 min, and the supernatants were filtered and diluted by 20-fold.



The concentration of D-allulose and D-fructose was detected using a high-performance liquid chromatography (HPLC) system equipped with a RID-20A refractive index detector (Shimadzu, Kyoto, Japan) and a Sugar-Pak I column (Waters, Milford, MA, USA) at 80 °C. The system was operated with deionized water as the mobile phase at a flow rate of 0.6 mL/min. The DAE activity was defined as the amount of enzyme required to generate 1 µmol D-allulose per minute at a pH of 7.0 and 55 °C [42].




3.4. Preparation of the Organic–Inorganic Hybrid Nanoflowers


The organic–inorganic hybrid nanoflowers were prepared according to the method described in the literature [16]. Briefly, CoSO4, CuSO4, CaCl2, NiSO4, ZnSO4, FeCl3, and FeSO4 were added to 1, 2, 4, 6, and 10 μmol/L of the DAE solution (in 50 mmol/L PBS buffer, pH of 7.0), respectively, to a final concentration of 1 mmol/L. The mixtures were placed at 4 °C for 72 h to form 7 NF-DAEs with different metal ions (named NF-DAE-Co, NF-DAE-Cu, NF-DAE-Zn, NF-DAE-Ca, NF-DAE-Ni, NF-DAE-Fe(iii), and NF-DAE-Fe(ii), respectively). The precipitates were washed twice with PBS buffer and collected by centrifugation at 13,000 r/min for 20 min.




3.5. Assay of Encapsulation Yield


Encapsulation yield is defined as the immobilization efficiency of the enzyme. To calculate the encapsulation yield, a mixture of DAE, PBS, and metal ions was placed for 72 h and the concentration of the DAE in the supernatant was determined using the BCA protein concentration assay kit. The encapsulation yield was determined by Equation (1), as follows:


  E  Y ( % )  =     C   0   -   C   1       C   0      × 1  00  



(1)







	
EY: the encapsulate yield;



	
C0: the total DAE mass;



	
C1: the supernatant DAE mass.







3.6. Characterization of the NF-DAEs and Re-NF-DAEs


The morphologies and structures of the NF-DAEs and Re-NF-DAEs were characterized with a Scanning Electron Microscope (SEM, SU1510, Hitachi, Tokyo, Japan). To characterize the Fourier transform infrared (FTIR, IS50, Thermo Fisher Scientific, Waltham, MA. USA) spectra of the NF-DAEs, the samples were pressed to form a tablet with KBr and were scanned at a range of 500~4000 cm−1 wave numbers by using an FTIR spectrometer. The crystal structures of the NF-DAEs were studied using X-ray diffraction (XRD, 6100, Shimadzu, Kyoto, Japan) with Cu Kα radiation.




3.7. Synthesis of Resin-Immobilized NF-DAE Composites


Composites of resin-immobilized NF-DAEs (Re-NF-DAEs) were prepared to improve the stability of the NF-DAEs by two different methods using seven resins and six NF-DAEs, respectively. Method A: NF-DAEs were firstly prepared as described in Section 3.4; NF-DAEs were then mixed with 6 resins in PBS buffer, respectively, and incubated at 30 °C for 4 h with shaking. Method B: the 6 resins were added to the solutions for the NF-DAE preparation (Section 3.4) at the beginning of the incubation step at 4 °C for 72 h, respectively, to form the Re-NF-DAEs directly. Afterward, the Re-NF-DAEs were washed with PBS buffer 2 times to remove the unreacted DAE.




3.8. Thermal Stability of the free DAE, NF-DAEs and Re-NF-DAEs


To characterize the thermal stability, the free DAE, NF-DAEs, or Re-NF-DAEs were incubated in PBS buffer at 55 °C for 0~720 min with continuous shaking, and then the residual activities were measured and used to calculate half-life time.




3.9. Storage Stability of the Re-NF-DAEs


The free DAE and Re-NF-DAEs were stored at 4 °C, and the residual activity was detected every two days.




3.10. Operational Stabilities of the Re-NF-DAEs


To characterize the processability, the Re-NF-DAEs were used to catalyze the D-allulose conversion (Re-NF-DAEs were added to the reaction regent with 50 mmol/L PBS, 1 mmol/L Co2+, 500 g/L D-fructose as substrate, and incubated at 55 °C for 1 h) for 8 repeated cycles. The Re-NF-DAEs were recycled by being pulled out from the reaction regent after each conversion, washed with PBS buffer twice, and then used for the next conversion. The residual activities of the Re-NF-DAEs were analyzed by using samples of the reaction for 20 min through HPLC.



The leaching of the Re-NF-DAEs were determined by Equation (2), as follows:


   Leaching   ( % )  =     A   1       A   0      



(2)







	
A0: the amount of enzyme in the initial immobilized enzyme;



	
A1: the accumulated amount of enzyme in the supernatant after the reaction.







3.11. Data Analysis


We carried out at least three experiments for each test. Data were analyzed using SPSS version 15 software by the one-way Analysis of Variance (ANOVA) method with LSD, Tukey’s s-b, and Duncan’s test. Statistical significance was defined as p < 0.05. All experimental values were presented as mean values ± standard deviations.





4. Conclusions


In this work, organic–inorganic hybrid nanoflowers (NFs) were formed by the combination of D-allulose 3-epimerase (DAE) and seven different metal ions, among which NF-DAE-Ni showed the highest relative activity and thermal stability. We also demonstrated the formation of resin-NF composites, which showed higher catalytic activity and thermal and storage stability, and which could be easily recycled from the reaction solution compared with the free DAE. The composite ReA-NF-DAE-Co retained more than 60% of its DAE activity after eight reaction cycles. Our results demonstrate a novel strategy combining NFs and resin immobilization for a highly efficient, stable, and reusable enzymic reaction, not only for D-allulose production, but also for similar enzymic processes.
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Figure 1. SEM images of free DAE and NF-DAEs. (a) Free DAE (freeze-dried), (b) NF-DAE-Co, (c) NF-DAE-Cu, (d) NF-DAE-Zn, (e) NF-DAE-Ca, (f) NF-DAE-Ni, (g) NF-DAE-Fe(ii), and (h) NF-DAE-Fe(iii). Magnifications are in the lower-left corner of the image. 
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Figure 2. FTIR spectra of free DAE (black), NF-DAEs (red), and metal phosphates (blue). (a–g) show the FTIR spectra of the NF-DAE-Co, NF-DAE-Cu, NF-DAE-Zn, NF-DAE-Ca, NF-DAE-Ni, NF-DAE-Fe(ii), and NF-DAE-Fe(iii), respectively, and the comparison with that of the free DAE and mental phosphate. 
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Figure 3. XRD analysis of free DAE and NF-DAEs. (a–h) show the XRD peaks of the free DAE, NF-DAE-Co, NF-DAE-Cu, NF-DAE-Zn, NF-DAE-Ca, NF-DAE-Ni, NF-DAE-Fe(ii), and NF-DAE-Fe(iii), respectively. 
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Figure 4. The encapsulate yield (a) and relative activities (b) of the NF-DAEs with different metal ions and DAE concentrations. The encapsulate yield was defined as the ratio of the immobilized DAE mass to the total DAE mass. The relative activity was defined as the ratio of the specific activity of the NF-DAEs to the activity of the free DAE. Different letters indicate significant differences at the p < 0.05 level. The initial free DAE activity was considered to be 100% of the relative activity. 
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Figure 5. Thermal stabilities of the free DAE and NF-DAEs at 55 °C. Initial activity was considered to be 100% relative activity. 
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Figure 6. The relative activity of the resin-NF-DAE composites prepared by method A (a) and method B (b). ReA (LXTE-606 neutral hydrophobic epoxy-based polypropylene macroreticular resins), ReB (D202 macroprous strongly basic styrene-type anion-exchange resins), ReC (D113 weak acidic resins), ReD (LX-1000EP weak alkaline epoxy anion resins), ReE (AB-8 macroreticular adsorptive resins), and ReF (YKC101 strong acid cation-exchange resins). Method A: NF-DAEs were firstly prepared, and were then mixed with resins in PBS buffer and incubated at 30 °C for 4 h. Method B: resins were added to the solutions for the NF-DAE preparation at the beginning of the incubation step at 4 °C for 72 h. Different letters indicate significant differences at the p < 0.05 level. The initial free DAE activity was considered to be 100% of the relative activity. 






Figure 6. The relative activity of the resin-NF-DAE composites prepared by method A (a) and method B (b). ReA (LXTE-606 neutral hydrophobic epoxy-based polypropylene macroreticular resins), ReB (D202 macroprous strongly basic styrene-type anion-exchange resins), ReC (D113 weak acidic resins), ReD (LX-1000EP weak alkaline epoxy anion resins), ReE (AB-8 macroreticular adsorptive resins), and ReF (YKC101 strong acid cation-exchange resins). Method A: NF-DAEs were firstly prepared, and were then mixed with resins in PBS buffer and incubated at 30 °C for 4 h. Method B: resins were added to the solutions for the NF-DAE preparation at the beginning of the incubation step at 4 °C for 72 h. Different letters indicate significant differences at the p < 0.05 level. The initial free DAE activity was considered to be 100% of the relative activity.



[image: Ijms 25 06361 g006]







[image: Ijms 25 06361 g007] 





Figure 7. SEM images of ReA-NF-DAE-Co (a), ReA-NF-DAE-Ni (b), and partial images of the NF-DAE-Co structures on the ReA surface (c,d). Magnifications are in the lower-left corner of the image. 
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Figure 8. The thermal stability (a) and storage stability (b) of the free DAE and ReA-NF-DAEs. For thermal stability analysis, the samples were incubated at 55 °C for 0–720 min with continuous shaking. For storage stability analysis, the samples were stored at 4 °C and assayed for catalytic activity every two days. Initial activity was considered to be 100% relative activity. 
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Figure 9. Operational stabilities of the ReA-NF-DAEs. (a) Relative activity. (b) Leaching of ReA-NF-DAE-Co and ReA-nf-dae-Ni. Reaction assays were taken at 55 °C for 1 h with 500 g/L D-fructose as the substrate. After a reaction, the ReA-NF-DAEs were simply pulled out from the mixture, and re-started another reaction cycle after being washed. Different letters indicate significant differences at the p < 0.05 level. Initial ReA-NF-DAE activity was considered to be 100% relative activity. 
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