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Abstract

:

The strong catalytic performance, eco-friendly reaction systems, and selectivity of enzyme-based biocatalysts are extremely interesting. Immobilization has been shown to be a good way to improve enzyme stability and recyclability. Chitosan-incorporated metal oxides, among other support matrices, are an intriguing class of support matrices for the immobilization of various enzymes. Herein, the cross-linked chitosan/zinc oxide nanocomposite (CS/ZnO) was synthesized and further improved by adding iron oxide (Fe2O3) nanoparticles. The final cross-linked CS/ZnO/Fe2O3 nanocomposite was used as an immobilized support for catalase and is characterized by SEM, EDS, and FTIR. The nanocomposite CS/ZnO/Fe2O3 enhanced the biocompatibility and immobilized system properties. CS/ZnO/Fe2O3 achieved a higher immobilization yield (84.32%) than CS/ZnO (37%). After 10 repeated cycles, the remaining immobilized catalase activity of CS/ZnO and CS/ZnO/Fe2O3 was 14% and 45%, respectively. After 60 days of storage at 4 °C, the remaining activity of immobilized enzyme onto CS/ZnO and CS/ZnO/Fe2O3 was found to be 32% and 47% of its initial activity. The optimum temperature was noticed to be broad at 25–30 °C for the immobilized enzyme and 25 °C for the free enzyme. Compared with the free enzyme optimum pH (7.0), the optimum pH for the immobilized enzyme was 7.5. The Km and Vmax values for the free and immobilized enzyme on CS/ZnO, and the immobilized enzyme on CS/ZnO/Fe2O3, were found to be 91.28, 225.17, and 221.59 mM, and 10.45, 15.87, and 19.92 µmole ml−1, respectively. Catalase immobilization on CS/ZnO and CS/ZnO/Fe2O3 offers better stability than free catalase due to the enzyme’s half-life. The half-life of immobilized catalase on CS/ZnO/Fe2O3 was between 31.5 and 693.2 min.
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1. Introduction


Biopolymer-based organic–inorganic nanocomposites gain excellent properties from both components as a result of synergy. The properties include biodegradability, biocompatibility, renewability, enhanced mechanical properties, and non-toxicity. Hence, these nanocomposite materials are of considerable attention [1,2,3,4,5]. Chitosan is an amino polysaccharide formed by chitin deacetylation and consists of randomly distributed units of (1,4)-linked-glucosamine and N-acetyl-d-glucosamine [6]. At present, chitosan is a versatile, easily processable cationic biomaterial that can be widely used in medical, antibacterial dressings, tissue engineering and enzyme immobilization applications [7,8,9]. The incorporation of chitosan–inorganic nanocomposites improves their weak mechanical strength, antibacterial properties, adsorption, and drug-delivery properties [10,11,12]. Nanoparticles may have some disadvantages, including externally exposed enzymes, and proteolysis may occur.



ZnO nanoparticles have been extensively researched for several technical applications such as cancer treatment catalysis, chemical absorbance, and antibacterial, cosmetic and pharmaceutical industries [13,14]. Nevertheless, because of the lack of proper functional groups, naked ZnO nanoparticles cannot sufficiently stabilize enzymes. It has been reported that a ZnO/chitosan nanocomposite was used successfully in food packaging [15]. ZnO/chitosan nanocomposites have never been used as supports for the catalase enzyme, to the best of our knowledge. However, ZnO/chitosan can be effective to immobilize enzymes, but the immobilization yield is low due to the lack of stability of the resulting beads, and the leakage of enzymes which occurred due to the loose structure of the nanocomposite beads. It was envisioned that adding different contents of iron oxide (Fe2O3) nanoparticles into a ZnO/chitosan nanocomposite would lead to beads with a more compact membrane and network, thus making it difficult for the enzyme to leak out from the beads and improve the stability.



Enzymes are versatile, highly effective, and eco-friendly catalysts that operate under mild conditions [16]. Free enzymes experience operational challenges (generation of toxic by-products, temperature variation, and pH). Enzyme immobilization is the ultimate solution, allowing enzyme recovery (an essential prerequisite for enzyme reuse). It also provides stability to enzymes against changing conditions in a reaction media, because enzymes are responsive to reaction changes and are thus denatured in adverse conditions [17,18,19].



Therefore, immobilization provides multiple advantages over free enzymes under identical reaction conditions, enhancing catalytic efficiency and enzyme recycling [20,21]. Catalase (EC 1.11.1.6) is a heme-containing metalloenzyme and is regarded as one of the most common enzymes in plant and animal tissues. Catalase, which decomposes harmful hydrogen peroxide to water and molecular oxygen, has been used for a long time in industry [22,23].



Catalase has a short shelf life and poor operating stability, which reduces its potential for use. The technique for overcoming these problems is to immobilize catalase on solid supports, e.g., on a ZnO/chitosan nanocomposite incorporated with Fe2O3. The aim of this study was to immobilize catalase on a ZnO/Fe2O3 chitosan nanocomposite. Catalase, primarily used in the food industry, was chosen as a model enzyme for the immobilization experiment; the morphological characters, kinetic parameters, reusability, and storage stability of the immobilized enzyme were investigated.




2. Results and Discussion


2.1. Immobilization of Catalase Enzyme


In the present study, to obtain the suitable beads as supports for catalase, different concentrations of ZnO Np (0.2–0.6 g) were mixed with 2% chitosan, obtaining suitable beads (Table S1, supplementary material). Catalase was immobilized on ZnO/chitosan at different pH values (6, 7, and 8) (Table S1). The maximum immobilization yield of catalase (37%) was detected at 0.4g ZnO Np and pH 8.0, with 183.5 unit/g support and 417 units of immobilized catalase/mg protein loaded (Table 1). The lowering in immobilization yield could be due to a lack of stability of the resulting beads and enzyme leakage due to the loose nanocomposite bead structure. To improve the immobilization yield, different concentrations of iron (III) oxide (0.1–0.3 g) were mixed with 0.4g ZnO Np and 2% chitosan. The maximum immobilization yield of catalase (84.32%) was detected at 0.2g Fe2O3 Np and pH 8.0, with 500 unit/g support and 855 units of immobilized catalase/mg protein loaded (Table 1). The improvement in immobilization enzyme can be attributed to the strong interaction between the amino group in chitosan with iron (III) oxide and zinc oxide [24]. In previous work, chitosan activated with cyanuric chloride was used as a support for peroxidase, with the maximum immobilization of 60% [9]. Pinheiro et al. (2020) reported that lipase B was immobilized on chitosan activated with divinyl sulfone with immobilization yield of 68.13% [25].




2.2. ATR–FTIR


The ATR–FTIR spectra of chitosan, ZnO, chitosan–ZnO, and chitosan–ZnO–catalase are shown Figure 1. The typical characteristic vibration peaks of amide I (C=O stretch), II (C–N stretch, NH bend), and III (C–N stretch, NH bend) of chitosan appeared at 1379, 1596 and 1651 cm−1, respectively. Two NH stretching peaks due to amino groups appeared at 3306 and 3361 cm−1. The peak that appeared at 3878 cm−1 was due to the CH stretching vibration of CH2. The glucoside linkage (C–O–C) stretching peak appeared at 1028 cm−1 [9,26]. For ZnO nanoparticles, the stretching vibration due to Zn–O appeared at 410 (strong) and 480 (weak) cm−1 [27,28]. Mixing ZnO nanoparticles with chitosan changed the characteristic peaks of both components. It is clearly observed that the strong stretching Zn–O peak disappeared, whereas the weak one changed and its intensity increased with the appearance of new peaks, and blue shift of the C–O–C peak indicated mutual interactions between ZnO nanoparticles and chitosan matrix that led to the formation of a gel-like structure, as also indicated by the increased intensity of the amino and hydroxyl groups present in chitosan (3382 cm−1). Upon catalase immobilization, changes in the vibration peaks further occurred. The broad peak due to amino and hydroxyl groups was enlarged and appeared with a redshift at 3350 cm−1. Additionally, the C–O–C peak and ZnO peaks blue-shifted after catalase immobilization. These data suggest that the nanocomposite could immobilize the catalase enzyme. Interestingly, when the chitosan–ZnO nanocomposite was mixed with Fe2O3 nanoparticles, the obtained nanocomposite was compacted, and its ATR–FTIR pattern appeared completely different after adding Fe2O3 (compare Figure 1A,B with Figure 1C,D), indicating good compatibility and interactions of Fe2O3 and the chitosan–ZnO nanocomposite. Figure 1C,D show that the broad peak intensity due to amino and hydroxyl groups present in the chitosan–ZnO nanocomposite decreased after mixing the sample with Fe2O3 nanoparticles. Additionally, the amide II and the peaks due to Fe2O3 that appeared in the range 418–728 [29] almost disappeared upon mixing Fe2O3 nanoparticles with the chitosan–ZnO nanocomposite. Interestingly, upon catalase immobilization onto the chitosan–ZnO–Fe2O3 nanocomposite sample, the ATR–FTIR changed to reveal new peaks and the appearance of strong, broad peaks due to NH2, amide and OH groups present in the catalase, strong amide bands, and reappearing C–O–C peaks, confirming the success of catalase enzyme immobilization.




2.3. SEM–EDX


The textures of the nanocomposites are shown in Figure 2A–D. It is clear that the rough chitosan matrix is embedded with white spherical ZnO nanoparticles in Figure 2A. Upon adding the catalase enzyme, new spongy-like spheres appeared, indicating the successful immobilization. Similarly, Figure 2C is entirely different from Figure 2A, due to the coverage of Fe2O3 that compacted the morphology with the disappearance of the white spheres of ZnO. Upon catalase enzyme immobilization on sample C, a new morphology was obtained, in which spongy-like spheres due to catalase enzymes were observed (sample D). Additionally, EDX as a tool for surface elemental analysis was performed for all samples, and the results indicated the presence of all elements present in these samples to further confirm the synthesis of these nanocomposites and the success of enzyme immobilization (see Figures S4–S7 EDX samples A, B, C, and D, supplementary material).




2.4. Reusability and Storage Stability


The most critical aspect of immobilized enzymes for both economical and industrial applications is their reusability. The reusability study was carried out under optimal conditions, and enzyme activity was investigated for ten reuses. As shown in Figure 3, all samples showed a moderate decrease in enzymatic activity up to 10 cycle applications. The result showed that the immobilized enzyme onto CS/ZnO and CS/ZnO/Fe2O3 retained 38% and 88% of its original activity after five cycles while retaining 14% and 45% of its original activity after 10 cycles. The biocatalyst produced via incorporating Fe2O3 with CS/ZnO improved the reusability. The reduction in enzymatic activity observed during recycling could be attributed to frequent interactions between the substrate and the active site of the immobilized enzyme, distorting the active site, resulting in activity loss [30,31,32]. In several studies, immobilized catalase on Eupergit C lost about 50% of its activity after 22 cycles [33], but when using chitosan beads and chitosan bentonite beads as supports for catalase, the enzyme retained about 50% and 70% of its original activity after 20 cycles, respectively [34].



To determine storage stability, the activities of free and immobilized enzymes were determined after two months of storage at 4 °C. The activity was determined every 7 days. The immobilization process improved the enzyme’s storage stability (Figure 4). The results showing that the immobilized enzyme onto CS/ZnO and CS/ZnO/Fe2O3 exhibited 46% and 59% of its original activity, respectively, after 7 weeks of storage, whereas the free enzyme, over the same period, lost its activity. Therefore, immobilization significantly reduces enzyme deactivation and enhances the enzyme stability. In several studies, immobilized catalase on copper-adsorbed chitosan beads lost about 50% of its activity after 60 days [22], but when using chitosan bentonite beads as a support for catalase, the enzyme retained about 60% of its activity after 60 days [34].




2.5. Biochemical and Physicochemical Characterization


The impact of pH on the catalytic activity of free and immobilized catalase was comparatively studied at different pH values from 4.0 to 9.0. The obtained results are depicted in the graph shown in Figure 5; the optimum pH for free catalase activity was identified at pH 7.0, while it was shifted to pH 7.5 after immobilization. The activity of immobilized catalase on CS/ZnO/Fe2O3 was greater than that of immobilized catalase on CS/ZnO and free catalase at a series of pH scales (4.0–9.0), according to the results of both free and immobilized catalase. The optimum activity exhibited by free catalase and immobilized on chitosan bentonite was recorded at pH 7.5 and 8.0, respectively [34]. For comparison, the optimum activity exhibited by free catalase and immobilized on Eupergit C was recorded at pH 7.5 and 7.0, respectively [22]. The supporting secondary interactions between the immobilized enzyme on nanoparticles and the chitosan matrix are believed to be responsible for the pH shift towards alkaline values after immobilization [35,36].



Figure 6 shows the influence of temperature on the activities of immobilized and free catalase. Data were standardized with respect to the highest activity exhibited by free and immobilized catalase in ideal conditions to better compare the behavior of catalase in different temperature conditions. The optimum relative activity of free catalase was recorded at 25 °C. However, immobilized catalase had a broad highest relative activity, approximately between 25 and 30 °C. The immobilized catalase on CS/ZnO/Fe2O3 also showed better thermal stability at 60 °C (~66%) and 70 °C (~53%) as compared to immobilized catalase on CS/ZnO [60 °C (~60%) and 70 °C (~41%)] and free catalase [60 °C (~32%) and 70 °C (~18%)]. Alptekin et al. demonstrated that the maximum catalytic activity for free catalase was recorded at 25 °C, whereas it shifted to 40 °C in the case of immobilized catalase onto Eupergit C [33]. In addition, at 40–70 °C, the activity of the immobilized catalase onto CS/ZnO/Fe2O3 was shown to be less temperature-sensitive than that of immobilized catalase onto CS/ZnO and free catalase. The temperature shift was caused by changes in the physical and chemical properties of the immobilized enzyme. Furthermore, the formation of the binding of immobilized catalases through amino groups might reduce conformational flexibility and lead to increased molecule activation energy to reorganize the proper conformation of substrate binding [37].



To evaluate the effect of immobilization on the kinetic parameters of the enzymatic reaction, the parameters were calculated for free and immobilized catalase. The Michaelis–Menten model of enzyme kinetics was used to evaluate the initial velocities of experiments at different hydrogen peroxide concentrations (17.5–28 mM). The apparent Michaelis constant (Km) and maximum velocity of the reaction (Vmax) were calculated using the Lineweaver–Burk process, as shown in Table 2 and Figure S1. The Km values for free catalase, immobilized catalase on CS/ZnO, and immobilized catalase on CS/ZnO/Fe2O3, were calculated to be 91.28, 225.17, and 221.59 mM, respectively. Vmax was estimated as 10.45, 15.87, and 19.92 µmole ml−1 for free, immobilized catalase on CS/ZnO, and immobilized catalase on CS/ZnO/Fe2O3, respectively. Table 2 shows that the kinetics of the bound catalase changed as expected when enzymes were immobilized. It is well recognized that Vmax eflects the fundamental properties of immobilized enzymes and is influenced by diffusion constraints, whereas Km reflects the enzyme’s effective properties and is influenced by both partition and diffusion effects [22]. The higher Km values of immobilized enzyme were due to either the enzyme’s conformational changes, which reduced the probability of forming a substrate–enzyme complex, or the substrate’s accessibility to the immobilized enzyme’s active sites.



The half-life and thermal stability of free and immobilized catalase were evaluated at temperatures ranging from 30 to 70 °C and time intervals of 0, 10, 20, 30, 40, 50, 60, and 70 min, respectively. Results for temperatures of 30–70 °C are presented in Figure S2. Table 3 shows the half-life (t1/2) and deactivation constant values (Kd) for all temperature profiles, as calculated from the graph’s slope. Table 3 shows that, in general, the immobilization of catalase on CS/ZnO and CS/ZnO/Fe2O3 provided more stability than free catalase in terms of enzyme half-life (t1/2). In comparison to free catalase, the t1/2 values at temperature ranges from 30 °C to 60 °C are the largest. However, the CS/ZnO/Fe2O3 matrix as a support for enzymes provided more stability. The half-life (t1/2) values of the immobilized enzyme on CS/ZnO/Fe2O3 at temperatures 30, 40, 50, and 60 °C were 693, 345, 231, and 173 min, respectively, in comparison to the half-lives of the immobilized enzyme on CS/ZnO of 347, 231, 77, and 46 min, respectively, at the same temperature. There was significant correlation between the temperature and deactivation constant (Kd) values. The deactivation constant (Kd) pace for free and immobilized enzyme on CS/ZnO and CS/ZnO/Fe2O3 increased more than 7.0-, 6.5, and 4-fold, respectively, when the temperature was raised from 30 to 60 °C. As shown in Table 3, the activation energies (Ea) of free and immobilized enzymes on CS/ZnO and CS/ZnO/Fe2O3 were determined to be 36.82, 15.94, and 12.41 kJ mol−1, respectively, by using the Arrhenius equation (Figure S3). High activation energy (Ea) values indicate that the enzyme is more sensitive to temperature changes [38]. The fact that the apparent activation energy (Ea) decreases confirms that the immobilized enzyme is regulated by mass transfer rather than kinetics. Furthermore, the observed decrease would suggest that the enzyme has undergone a conformational transition, which may explain the observed increased value of Vmax [39]. Furthermore, such low activation energy (Ea) values for immobilized enzymes indicate that only a small amount of energy is required to form the activated complex of substrate hydrolysis, indicating an efficient hydrolytic capability, as mentioned by Bibi et al. [40]. A similar decrease in Ea was reported by Lamb and Stuckey for the immobilization of β-galactosidase on colloidal liquid aphrons [39], and Esawy and Combet-Blanc for immobilized milk-clotting enzyme [41].





3. Materials and Methods


Zinc oxide nanoparticles, 40 wt.% in ethanol, <100 nm particle size (ZnO Np), iron (III) oxide nano powder, <50 nm particle size, hydrogen peroxide (30%), chitosan, and catalase from bovine livers were obtained from Sigma-Aldrich (St. Louis, MO, USA). Mono- and disodium phosphate, and all other chemicals, were supplied by Beijing Solarbio Technology Co., Ltd.



3.1. Synthesis of ZnO/Chitosan and ZnO/Fe2O3 Chitosan Nanocomposites as an Enzyme Support


To prepare the ZnO/chitosan nanocomposite, 2 g of chitosan was dissolved in 100 mL of 1% acetic acid to obtain a standard 2% chitosan solution. Different concentrations of ZnO were mixed with 10 mL of 2% (w/v) chitosan solution and sonicated for 10 min at room temperature. The beads obtained were washed by distilled water and dried at 80 °C for 2 h.



To synthesize the ZnO/Fe2O3 chitosan nanocomposite, 1 mL of ZnO (representing 0.4 g ZnO) was mixed with 10 mL of 2% (w/v) chitosan solution and sonicated for 10 min at room temperature, followed by mixing different concentrations of iron (III) oxide (0.1, 0.2, 0.3 g, which represented 5%, 10%, and 15% Fe2O3) with continued sonication for another 10 min at room temperature. The ZnO/Fe2O3 chitosan nanocomposites obtained were washed by distilled water and dried at 80 °C for 2 h.




3.2. Immobilization Procedure


Immobilization was carried out by mixing catalase enzyme end-over-end at 110 rpm with 20 mM sodium acetate buffer (pH 6.0) or Tris–HCl (pH 7.0 or 8.0) and 1 g CS/ZnO and 1 g CS/ZnO incorporated with different concentrations of iron (III) oxide (5%, 10%, and 15% Fe2O3 nanoparticles). Immobilization reactions by adsorption occurred at room temperature overnight [18]. The supernatant was removed, the nanocomposites of CS/ZnO and CS/ZnO/Fe2O3 were dried at room temperature, and the amount of immobilization was investigated.




3.3. Catalase Assay


The activity of free and immobilized catalase was assessed using the method of Aebi [42]. In brief, 2 mL of substrate was made by mixing 25 mM H2O2 in a 75 mM phosphate buffer (pH 7.0) with 0.1 mL free enzyme or 5 mg immobilized enzyme beads. The absorbance was registered for 1 min at 240 nm. For immobilized catalase, the reaction was terminated with the removal of CS/ZnO/Fe2O3 beads from a reaction mixture. The immobilization yield, catalase activity (unit/g support), and specific activity (unit/mg protein) were defined as follows:


     Immobilization   yield     ( % )  =    Amount   of   protein   loaded       Amount   of   protein   introduced    × 100  



(1)






   Catalase   activity     (  unit /  g   support   )  =    Immobilized   enzyme   activity     g   support     



(2)






   Specific   Activity     (  unit /    mg   protein   )  =    Activity   of   immobilized   enzyme       Amount   of   protein   loaded     



(3)







The amount of enzyme that caused a change of 0.1 in absorbance per minute was defined as one unit of enzyme activity.




3.4. Characterization


Scanning electron microscopy (SEM) (Quanta FEG 250, FEI Co., Hillsboro, OR, USA) and energy-dispersive X-ray spectroscopy (EDX) of nanocomposites with and without catalase enzymes were measured on an SEM Quanta FEG 250, FEI Co., working at 20 KV. Then, the fabric was coated with gold, fixed with stubs of Quanta holders, and examined under vacuum. Attenuated total reflectance Fourier-transform infrared spectroscopy (ATR–FTIR, PerkinElmer Spectrum 100) was used to study the chemical composition of the nanocomposites.




3.5. Reusability and Storage Stability of the Immobilized Catalase


The immobilized enzyme activity was evaluated in the reusability studies as described above. The immobilized enzyme was withdrawn and washed several times with 75 mM phosphate buffer (pH 7.0) in the following operating cycle, and a fresh substrate was added. At specific intervals, the reaction was carried out continuously for 10 cycles of use. The storage stability of the immobilized and free enzyme was evaluated by measuring the activities of the enzymes for 60 days at 4 °C, at fixed intervals.




3.6. Biochemical and Physicochemical Characterization of the Free and Immobilized Catalase


3.6.1. The Effect of pH and Temperature


The following buffers were used to determine the activity of free and immobilized catalase: 75 Mm sodium acetate buffer (pH 4.0–5.5), sodium phosphate buffer (pH 6.0–8.0), and Tris–HCL buffer (pH 8.5–9.5). The reaction was carried out as described above. The optimum temperature of free and immobilized enzyme was determined by performing the reaction at a temperature between 30 and 70 °C with an interval of 10 °C. The highest enzyme activity in each set was assigned a value of 100%.




3.6.2. Thermal Stability and Half-Life of Free and Immobilized Enzyme


Catalase activities of free and immobilized forms were monitored in temperatures ranging from 30 to 70 °C, and residual activities were measured from sterile aliquots withdrawn at periodic intervals using the following equation [8]:


   Residual   catalase   activity  =    E       E 0     



(4)




where E and E0 represent the activities at time t (min) and time t = 0 min. The results were obtained by plotting a graph of time (t) on the X-axis against -ln (Residual catalase activity) on the Y-axis. The graph’s slope determined the enzyme Kd, and t1/2 was computed as:


   t  1 / 2   =   ln 2      K d     



(5)







The half-life of the enzyme (t1/2) was defined as the duration after which the activity of the enzyme decreased to half the original activity [43].




3.6.3. Kinetic Constant


To determine the Km and Vmax values, Lineweaver–Burk plots were applied using different concentrations of H2O2 as a substrate (17.5–30 mM).






4. Conclusions


The results demonstrate that immobilizing catalase on CS/ZnO/Fe2O3 at pH 8.0 is a very effective procedure, because the biocatalyst was much more stable (reused five times with 88% of its activity) than immobilization on CS/ZnO (after five reuses, it lost 62% of its activity). Additionally, study of the enzyme–support reaction showed that the best pH was 7.5 and the best temperature was 25–30 °C. Thus, the biocatalyst (catalase on CS/ZnO/Fe2O3) was chosen because it presented better performance regarding thermal inactivation (t1/2 = 693 min) at 30 °C. This biocatalyst exhibited low activation energy (Ea = 12.41), deactivation constant value (Kd = 4-fold) and high affinity to the substrate (Km = 221.59 mM). Based on the obtained results, the CS/ZnO/Fe2O3 system is a very promising support for catalase immobilization, resulting in excellent stabilization.
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Figure 1. ATR–FTIR spectra of chitosan, ZnO, chitosan–ZnO, and chitosan–ZnO–catalase ((A), full scale; (B), expanded region), and ATR–FTIR of chitosan–ZnO–Fe2O3, chitosan–ZnO–Fe2O3–catalase, Fe2O3, and chitosan–ZnO ((C), full scale; (D), expanded region). 
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Figure 2. SEM images of chitosan–ZnO (A), chitosan–ZnO–catalase (B), chitosan–ZnO–Fe2O3 (C), and chitosan–ZnO–Fe2O3–catalase (D). 
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Figure 3. Reuse of immobilized catalase on CS/ZnO and CS/ZnO/Fe2O3 (means ± S.E, n = 3). 
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Figure 4. Effect of storage stability on the free and immobilized enzyme at 4 °C. 
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Figure 5. Optimum pH for free and immobilized catalase. Each point represents the mean of three experiments ± S.E. 
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Figure 6. Optimum temperature for free and immobilized catalase. Each point represents the mean of three experiments ± S.E. 
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Table 1. Effect of zinc oxide and iron (III) oxide nanoparticles on the immobilization process.
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Concentration ZnO Np

	
Concentration Fe2O3 Np

	
Ionic Strength

	
Immobilization Yield (%)

	
Catalase Activity u/g Support

	
S.A U/mg Protein






	
0.2 g (10 %)

	
-

	
pH 8

	
21

	
123

	
309




	
0.4 g (20%)

	
-

	
37

	
183.5

	
417




	
0.6 g (30%)

	
-

	
25

	
154

	
364




	
-

	
0.1 g (5%)

	
pH 8

	
24.9

	
188

	
272




	
0.2 g (10%)

	
84.32

	
500

	
885




	
0.3 g (15%)

	
38

	
234

	
362
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Table 2. Kinetic parameters of free enzyme and immobilized enzymes.
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	Km (mM)
	Vmax (µmole/mL)





	Immobilized Enzyme on CS/ZnO
	225.17
	15.87



	Immobilized Enzyme on CS/ZnO/ Fe2O3
	221.59
	19.92



	Free Enzyme
	91.28
	10.45
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Table 3. Half-life (t1/2), deactivation constant (Kd) and activation energy (Ea) of free enzyme and immobilized form.
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Temperature

(°C)

	
Free Enzyme

	
Immobilized Enzyme on CS/ZnO

	
Immobilized Enzyme on CS/ZnO/Fe2O3




	
Kd

	
t1/2 (min)

	
Ea kJ/mole

	
Kd

	
t1/2 (min)

	
Ea kJ/mole

	
Kd

	
t1/2 (min)

	
Ea kJ/mole






	
30

	
0.004

	
173

	
36.82

	
0.002

	
347

	
15.94

	
0.001

	
693

	
12.41




	
40

	
0.006

	
116

	
0.003

	
231

	
0.002

	
345




	
50

	
0.014

	
50

	
0.009

	
77

	
0.003

	
231




	
60

	
0.028

	
27

	
0.013

	
46

	
0.004

	
173




	
70

	
0.029

	
24

	
0.028

	
25

	
0.022

	
32
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