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Abstract

:

In this present study, we proposed a smart biomineralization method for creating hybrid organic–inorganic nanoflowers using a Co2+-dependent enzyme (D-psicose 3-epimerase; DPEase) as the organic component and cobalt phosphate as the inorganic component. The prepared nanoflowers have many separated petals that have a nanometer size. Under optimum conditions (60 °C and pH of 8.5), the nanoflower can display its maximum activity (36.2 U/mg), which is about 7.2-fold higher than free DPEase. Furthermore, the immobilized DPEase presents enhanced pH and thermal stabilities. The DPEase-nanoflower maintained about 90% of its activity after six reaction cycles, highlighting its excellent reusability.
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1. Introduction


As a rare sugar, D-psicose has attracted much attention for its special nutritional functions [1,2]. It is a helpful sucrose substitute and can be applied as a low-calorie sweetener for obese patients or diabetics. Despite the enormous demand for D-psicose, its application has been seriously limited because D-psicose rarely exists in nature, and cannot be easily produced by chemical methods. Currently, the most common synthesis method involves a biological conversion catalyzed by D-psicose 3-epimerase (DPEase) or D-tagatose 3-epimerase (DTEase) (Scheme 1) [3]. Of the two enzymes, DTEase exhibits high activity towards D-tagatose, whereas the optimum substrate of DPEase is D-fructose.



Immobilization can dramatically enhance the catalytic efficiency and the stability of enzymes. It can also reduce the production cost by enhancing the enzyme reusability [4,5,6,7,8,9,10]. For example, a DTEase has been successfully immobilized on Chitopearl beads BCW 2510 by ionic binding for the mass production of D-psicose from D-fructose [11]. Oh has immobilized DPEase from Agrobacterium tumefaciens (agtu-DPEase) on Duolite A568 beads for the production of D-psicose, with this immobilized D-psicose 3-epimerase exhibiting high productivity in the presence of borate [12]. The agtu-DPEase immobilized on graphene oxide particles has also been reported to have higher bioconversion efficiency than the free enzyme [13]. However, the enzyme activity in these studies reduces after immobilization, and their immobilization processes are complicated. A facile biomineralization approach was developed for enzyme immobilization by Zare et al. in 2012 [14]. They prepared a flower-like nanobiocatalyst by coordinating copper phosphate nanocrystals with laccase (a type of Cu2+-dependent enzyme). Its average size is about 3.0 μm, with a considerable number of separated petals produced in the nanometer range. The physical appearance of this resembles flowers in nature, and thus, it has been named ‘nanoflower’. The immobilized laccase exhibited enzyme activity that was higher by approximately 6.5-fold compared to free laccase. This enzyme immobilization was performed under mild conditions and requires no toxic compounds. Using a similar method, Wang et al. [15] has fabricated a nanoflower by employing calcium phosphate crystals and α-amylase. The new immobilized α-amylase exhibited higher enzyme activity and stability than free α-amylase and Ca2+. In the formation of nanoflowers, Ca2+ is located close to the enzyme, which can activate the Ca-dependent α-amylase due to the allosteric phenomena. Moreover, the existence of the inorganic component in a nanoflower can dramatically enhance its mechanical stability, even under low power ultrasounds [16].



DPEase is a strictly metal-dependent enzyme. Cobalt (II) ion plays a pivotal role in catalysis by anchoring the substrate, and can help maximize the activity of DPEase by its allosteric effect [17]. To the best of our knowledge, employing biomimetic mineralization to immobilize DPEase has not yet been reported. In this study, we proposed a smart biomineralization method for creating hybrid organic–inorganic nanoflowers using a Co2+-dependent enzyme (DPEase) as the organic component and cobalt phosphate as the inorganic component. After the characterization of the as-prepared immobilized DPEase by scanning electron microscope (SEM) and fourier transform infrared (FTIR) spectroscopy, the catalytic properties of the prepared nanoflower have also been investigated to evaluate the immobilization.




2. Results and Discussion


2.1. Morphology of Nanoflower


The prepared nanoflower was characterized by SEM. Figure 1A depicts a typical image of the prepared nanoflower with the diameter of about 7 µm, which was constructed with a considerable number of nanosheets (with a size of about 200 nm). The hierarchical structure with a high surface-to-volume ratio can improve the catalytic performance of the immobilized enzyme. The EDAX (Energy Dispersive X-ray Analysis, Figure 1B) verified the existence of cobalt and phosphorus in the prepared nanoflowers. A possible mechanism of nanoflower formation, which was based on coordination, in-situ precipitation, and finally assembly was proposed, and is illustrated in Figure 1C.



The element contents were analyzed and are listed in Table 1. The N contents in DPEase, Co3(PO4)2, and nanoflower were 7.102%, 0.007%, and 0.880%, respectively, which demonstrated that the N element in the immobilized sample was mainly from DPEase.




2.2. FTIR of Nanoflowers


The FTIR spectra of nanoflower (curve b), cobalt phosphate (curve a) and DPEase (curve c) are shown in Figure 2. The peaks at 1630 cm−1 and 1553 cm−1 are typical of amide I and II bands in the enzyme. The peaks at 1062 cm−1 and 975 cm−1 are the characteristic absorption peaks of PO43−. All these major characteristic absorption peaks [18,19] could be found in curve b, which confirmed the existence of the enzyme in the immobilized sample.




2.3. Comparison of Catalytic Properties of Nanoflower and Free DPEase


2.3.1. Effect of Temperature and Thermal Stability


A high temperature can change the micro-environment of the enzyme and enhance the collision of enzyme and substrate, which will subsequently improve the enzyme activity [20,21,22]. Figure 3 presents the temperature profiles and the associated enzyme activity. For both the immobilized DPEase and free DPEase, the catalytic activity was enhanced with an increase in temperature until the highest value was reached at 60 °C. After this, the catalytic activity decreased at a higher temperature due to the heat-induced denaturation of DPEase [23,24]. Furthermore, immobilization did not change its optimum temperature. However, almost 100% of enzyme activity for the nanoflower could be observed at 50–70 °C, and the immobilized DPEase has significantly increased thermal stability compared to the free enzyme.



Thermal stability is an important factor for any enzyme because a high temperature can speed up the bioconversion [25,26,27,28]. Our experimental results (Figure 4) demonstrated that the half-life of the nanoflower (2 h at 60 °C) is much longer than that of free DPEase (20 min at 60 °C). A similar phenomenon could be observed at 55 °C. These results highlighted that the prepared nanoflowers have excellent thermal stability.




2.3.2. Effect of pH and pH Stability


The enzyme activities of the nanoflower and free DPEase at different pH values are shown in Figure 5. Our results demonstrated that the enzyme activities were sensitive to pH for both the free and immobilized DPEase. However, the immobilized enzyme has a significantly broader pH stability profile compared to the free enzyme. The optimum pH values were 8.0 and 8.5, respectively. The mechanism of the optimum pH shift is unclear. Further investigation is currently being conducted and will be reported in the future.



pH stability was also a very important parameter for an immobilized enzyme [6,29,30]. In this study, we incubated both the free DPEase and nanoflower at different pH values for 2 h, before measuring their residual activities. The results in Figure 6 indicated that the nanoflower was much more stable than free DPEase in the selected pH range, and that more than 90% of its enzyme activity was achieved at a pH of 7.0–9.5.




2.3.3. Free DPEase vs the Prepared Nanoflower


The catalytic activities of free DPEase and nanoflower were compared under their own optimum conditions (Table 2). The DPEase activity was enhanced by approximately 7.2-fold after immobilization. DPEase is a strictly Co2+-dependent enzyme. In the formation of a nanoflower, Co2+ can bind to the specific functional sites of DPEase and activate DPEase by an allosteric effect. Furthermore, Co2+ and DPEase are squeezed in a limited space of the prepared nanoflower [31,32]. Co2+ is located very close to DPEase, and can activate DPEase easily and quickly. Thus, most DPEases in the active form might be enriched or locked during immobilization, which may be the main reason for the enhanced enzyme activity of the nanoflower. Furthermore, the prepared nanoflower has high surface-to-volume ratios, which can decrease the mass transfer limitations dramatically [33,34], and subsequently improve the enzyme performance.




2.3.4. Reusability


Reusability is one of the most advantageous factors of immobilized enzymes [35,36]. After each reaction cycle, nanoflowers were separated by centrifugation and washed three times for the next reaction batch. The DPEase-nanoflower still had 90% of its activity after six reaction cycles (Figure 7). The excellent reusability of the fabricated nanoflower might be attributed to its high thermal stability and reduced loss of DPEase during the continuous reaction batches.






3. Materials and Methods


3.1. Materials


D-psicose 3-epimerase (DPEase, protein purity, 90%) was donated from China Oil & Foodstuffs Corporation (COFCO, Beijing, China). The DPEase encoded by the gene Ccel_0941 from Clostridium cellulolyticum H10 (ATCC 35319) was cloned and expressed in Escherichia coli [37]. This is strictly a Co2+-dependent enzyme (enzyme activity, 5.0 U/mg at 60 °C; Km = 18.35 mM). KBr and other reagents were from Aladdin Chem-reagent Co. (Aladdin, Shanghai, China).




3.2. Preparation of the Nanoflowers


DPEase (2.0 mg) was added to the phosphate buffer (pH 7.4, 50.0 mM, 2.0 mL). A solution of CoSO4 (1.0 M, 10.0 µL) was dissolved in the above solution at 4 °C under magnetic stirring (about 150 rpm) and incubated for 48 h. The sediments collected by centrifugation (5000 rpm, 6 min) were washed by ultrapure water (3 times) and dried under a vacuum. The recovered nanoflower was 12.4 mg. Its protein content (12%) was detected by the Bradford protein assay kit (Bio-Rad Laboratories, Hercules, CA, USA) [38,39].




3.3. Characterization of the Prepared Nanoflowers


The morphology was recorded by JSM-6700F electron microscope (JEOL, Tokyo, Japan). Element content was detected by Elementar Vario MACRO cube (Elementar Analysensysteme GmbH, Langenselbold, Germany). Nicolet 5700 FTIR spectrometer (Thermo, Madison, WI, USA) was used to detect the FTIR spectrum of samples.




3.4. Standard Enzyme Activity Assay


The assay mixture contained D-fructose (500.0 mg/mL, 100.0 µL), Co2+ (10.0 mM, 10.0 µL) and Tris-HCl buffer (50.0 mM, pH 8.0, 880.0 µL). DPEase (2.0 mg/ml, 10.0 µL) was added to start the reaction at 60 °C for 10 min. For the nanoflower, the assay mixture contained D-fructose (500.0 mg/mL, 100.0 µL), Co2+ (10.0 mM, 10.0 µL), nanoflower (0.17 mg, containing 20.0 µg DPEase) and Tris-HCl buffer (50.0 mM, pH 8.5, 890.0 µL). The reaction was performed at 60 °C for 10 min. HPLC was used to determine the produced D-psicose. The DPEase activity (U) was determined by the DPEase dosage required to release 1.0 µmol of D-psicose per min at 60 °C. The experiments were performed in triplicate, with the mean of the three experiments used for this present study.




3.5. HPLC Analysis


The produced D-psicose was monitored on Agilent 1260 HPLC (Agilent, Santa Clara, CA, USA) by a refractive index detector at 80 °C. The injection volume was 20 μL. A Waters Sugar-Pak I Column (10.0 µm, 6.5 mm × 300.0 mm) was equipped for the analysis, with deionized water used as the mobile phase (0.4 mL/min). The retention times of D-fructose and D-psicose were 15.017 min and 21.995 min, respectively (see Supplementary Materials Figure S1).




3.6. pH Stability


The pH stability was determined in the pH range of 6.0–9.5. Both the free DPEase and the nanoflower were pre-incubated at 4 °C and different pH values for 2.0 h. After this, the residual activity was measured according to the standard assay as described in Section 3.4.




3.7. Thermal Stability


The thermal stability was investigated by exposing the enzyme at different temperatures (55 °C and 60 °C) for different time intervals. The residual activity was measured at the given time intervals according to the standard assay as described in Section 3.4.




3.8. Reusability


To investigate the reusability of the nanoflower, a batch reaction was performed under the optimized reaction conditions for 10 min. After this, the nanoflower separated by centrifugation (5000 rpm, 6 min) was washed by ultrapure water (3 times) and dried under a vacuum. The leaching of DPEase was monitored by the Bradford protein assay, and no protein could be detected. The recycled nanoflower was reused for the next run.





4. Conclusions


In summary, a smart biomineralization method was reported for the immobilization of a Co2+-dependent enzyme (DPEase). This novel method can dramatically activate the Co2+-dependent DPEase during the immobilization, and greatly enhance the enzyme stability. This new biomineralization method is favorable for the immobilization of metal-dependent enzymes for important applications in biosensors, bioanalytical devices, and industrial biocatalysis.
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Scheme 1. D-psicose production catalyzed by DPEase or DTEase. 
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Figure 1. (A) Morphology of nanoflower; (B) EDAX analysis and (C) the possible mechanism of nanoflower formation. 
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Figure 2. FTIR spectrum of the nanoflower (curve b) and its raw materials (curve a, cobalt phosphate; and curve c, DPEase). 
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Figure 3. Effect of temperature on nanoflower and free DPEase. The enzyme activities of nanoflower (36.2 U/mg) and free DPEase (5.0 U/mg) at 60 °C were both 100%. 
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Figure 4. Thermal stability of nanoflower and free DPEase. The residual activities were determined at different given time intervals. The enzyme activities of the nanoflower (36.2 U/mg at 60 °C and 35.4 U/mg at 55 °C) and free DPEase (5.0 U/mg at 60 °C and 4.6 U/mg at 55 °C) were both 100%. 






Figure 4. Thermal stability of nanoflower and free DPEase. The residual activities were determined at different given time intervals. The enzyme activities of the nanoflower (36.2 U/mg at 60 °C and 35.4 U/mg at 55 °C) and free DPEase (5.0 U/mg at 60 °C and 4.6 U/mg at 55 °C) were both 100%.



[image: Catalysts 08 00468 g004]







[image: Catalysts 08 00468 g005 550] 





Figure 5. Effect of pH on nanoflower and free DPEase. The pH range was 6.0–9.5. The enzyme activities at a pH of 8.5 for nanoflower (36.2 U/mg) and at a pH of 8.0 for free DPEase (5.0 U/mg) were both 100%. 
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Figure 6. pH stability of nanoflower and free DPEase. Both the free DPEase and the nanoflower were pre-incubated at 4 °C and different pH values for 2.0 h. After this, the residual activity was measured. The DPEase activities at a pH of 8.5 for nanoflower (36.2 U/mg) and at a pH of 8.0 for free DPEase (5.0 U/mg) were both 100%, respectively. 
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Figure 7. The reusability of the prepared DPEase nanoflower. The assay mixture contained D-fructose (500.0 mg/mL, 100.0 µL), Co2+ (10.0 mM, 10.0 µL), nanoflower (0.17 mg, containing 20.0 µg of DPEase) and Tris-HCl buffer (50.0 mM, pH 8.5, 890.0 µL). The reaction was performed at 60 °C for 10 min. After each reaction cycle, the nanoflower was recycled by centrifugation and reused for the next run. 
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Table 1. Element analysis of nanoflower and its raw materials.






Table 1. Element analysis of nanoflower and its raw materials.





	Samples
	C Element (%)
	H Element (%)
	N Element (%)





	DPEase
	40.997
	6.031
	7.102



	Co3(PO4)2
	0.130
	1.865
	0.007



	Nanoflower
	3.154
	2.095
	0.880
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Table 2. Comparison of enzyme activity of nanoflower and free DPEase.






Table 2. Comparison of enzyme activity of nanoflower and free DPEase.





	Sample
	Enzyme Activity (U/mg)





	Free DPEase a
	5.0 ± 0.2



	Nanoflower b
	36.2 ± 0.5







a: The assay mixture contained D-fructose (500.0 mg/mL, 100.0 µL), Co2+ (10.0 mM, 10.0 µL), free DPEase (2.0 mg/mL, 10.0 µL) and Tris-HCl buffer (50.0 mM, pH 8.0, 880.0 µL). The reaction was performed at 60 °C for 10 min. b: The assay mixture contained D-fructose (500.0 mg/mL, 100.0 µL), Co2+ (10.0 mM, 10.0 µL), nanoflower (0.17 mg, containing 20.0 µg of DPEase) and Tris-HCl buffer (50.0 mM, pH 8.5, 890.0 µL). The reaction was performed at 60 °C for 10 min.
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