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Abstract
In this study, melon peel waste was utilized to isolate peroxidase enzyme through three-phase portioning (TPP) and subsequently immobilized onto magnetite nanoparticles for effective bioremediation of phenol pollutants from water. The optimization of TPP parameters ensured maximum activity recovery and enzyme purity. Magnetite nanoparticles were synthesized and used as a substrate for immobilizing the isolated peroxidase, achieving an activity recovery of 157% and a purification fold of 5.2. Protein homogeneity testing confirmed the purity of the peroxidase enzyme. The magnetite nanoparticles had an average diameter of 62 nm, and the immobilization efficiency reached 93% at pH 8 with an enzyme/nanoparticles v/v ratio of 1:9. The immobilized peroxidase demonstrated the ability to degrade 57% of phenol within 3 h and retained 30% relative activity even after five catalytic cycles. This immobilized melon peel peroxidase on magnetite nanoparticles proves to be a robust, enduring, and reusable biocatalyst with potential for various applications, especially in bioremediation processes.
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Introduction
Peroxidase enzymes (EC: 1.11.1) are a family of oxidoreductase enzymes that are capable of catalyzing the transfer of electrons from hydrogen peroxide or organic hydroperoxides to a variety of both organic and inorganic substrates (Eq. 1) [1]. They exhibit wide distribution in living organisms, including plants, animals, and microorganisms, and play important roles in many physiological processes, such as defense against pathogens, lignin biosynthesis, and hormone metabolism:[image: $$ AH_{2} \mathop{\longrightarrow}\limits_{{H_{2} O_{2} }}^{{Peroxidase\,\left( {EC:\,1.11.1} \right)}}\,A + 2H_{2} O. $$]

 (1)



Equation 1 General reaction of peroxidases.
Plant peroxidase and polyphenol oxidase are responsible for the browning reaction taking place in different fruits after cutting some parts of them [2]. Structurally, peroxidases are heme-containing enzymes that contain a prosthetic group composed of a central iron atom coordinated to a protoporphyrin IX molecule. The heme group provides peroxidase with the redox ability to catalyze the oxidation of various substrates [3]. Peroxidases can be classified into several classes based on their structural features, including plant peroxidases, animal peroxidases, and fungal peroxidases. They can also be classified based on their mechanisms of action, such as classical peroxidases, catalases, and peroxiredoxins. Concerning its active site, it has a large pocket that accepts a wide range of substrates rendering it a versatile enzyme [4, 5]. Peroxidases play different roles in different organisms. In plants, peroxidases play a critical role in lignification, a process that strengthens cell walls and provides structural support for the plant. In animals, peroxidases are involved in the immune response and can help protect against oxidative stress [6]. Given the fact that peroxidase can accept various substrates, it has a range of applications in biotechnology, including in the production of the bioremediation of environmental micropollutants and the development of analytical biosensors [7]. Nowadays, peroxidase is classified as a green environmental biocatalyst for the removal of pollutants found everywhere in the environments, soils and different types of water bodies [8]. They can also be used to produce. In addition, peroxidases can be used in the development of biosensors for the detection of various analytes, including glucose [9], cholesterol [10], and hydrogen peroxide [11].
TPP (three-phase partitioning) is a powerful bioseparation technique that offers numerous benefits for isolating biomolecules, particularly enzymes, from crude extracts. It has consistently proved its efficacy in terms of achieving high yields of isolated biomolecules. One of the key advantages of TPP as a fractionation method is its ability to operate under mild conditions, making it highly efficient and cost-effective [12, 13]. Moreover, TPP has the potential for the recycling of chemicals used, minimizing waste, and thus can be considered a green tool. In addition, TPP is a time-saving technique that offers a rapid approach to bioseparation which precedes the routinely used chromatographic counterparts [14]. TPP is fractionating components within crude extracts into three phases, i.e., lipids and nonpolar substances can be effectively separated and moved to the t-butanol layer, while certain proteins aggregate at the interface layer retaining the lower layer (aqueous phase) rich in the polar biomolecules. This unique characteristic of TPP contributes significantly to the recovery of the desired enzyme, enhancing the overall efficiency of the separation process [15]. Notably, TPP has successfully been utilized to isolate a wide range of enzymes from diverse sources and waste materials. Prominent examples include the isolation of lipase [16], bromelain [17], papain [18], and other proteases [19], all of which have demonstrated improved activity and purity through the application of TPP.
Some hurdles must be overcome to utilize specificity selectivity and biocompatibility of enzymes for industrial uses. What is meant by hurdles are the negative impact of products and reaction conditions on enzyme activity and the inability to use enzymes for repetitive rounds of biocatalysis [20]. Here, where immobilization techniques come into play. Enzyme immobilization overcomes the limitations imposed on soluble enzymes (improving performance) and enhances other biochemical characteristics, such as temperature and pH. Moreover, and most importantly, repetitive catalysis can be achieved with minimal diminished activity. This leads to lowering the costs of the biotechnological process [21].
Nowadays, the ecosystem has been filled with numerous pollutants, including plastics, phenols, pharmaceutical residues, and dyes. Among the several environmental organic pollutants that constitute major concern to both humans and the environment are phenolic compounds. This is because these chemicals tend to persist for long periods resulting in toxic effects [22]. Phenolic toxicants can result in endocrine system imbalance, muscle weakness, and irregular breathing [23]. Scientists developed novel solutions to overcome these eco-challenges, including immobilized enzymes. Immobilized enzymes such as laccase and peroxidase demonstrated their efficacy for bioremediation of the environmental micropollutants. Enzymatic bioremediation can breakdown those micropollutants into non-toxic products, and, hence, serves as novel intervention against those pollutants [24].
The previous literature regarding immobilized peroxidase either used the commercial horseradish peroxidase directly for immobilization, isolated peroxidase from plant sources, while the nanoparticles were purchased ready to use, or just immobilized the pre-existing peroxidase and nanoparticles together [25–27]. In other words, to our knowledge, no study reported the simultaneous isolation of peroxidase from food/agricultural wastes, synthesis of magnetite nanoparticle, immobilization of the enzyme into the nanoparticles and the subsequent application of the immobilized enzyme for bioremediation. Hence, the current study aims to isolate peroxidase from melon peels using TPP for the first time along with its immobilization onto magnetic nanoparticles and application of the immobilized enzyme for phenol removal. 

Materials and methods
Reagents and apparatuses
Sodium dihydrogen phosphate (99%), disodium hydrogen phosphate (99%), phenol (99%), ammonium sulfate (98%), and potassium sodium tartrate (97%) were purchased from Merck, whereas ferric sulfate (99%), ferrous sulfate (99%), sodium citrate (98%), sodium acetate (98%), t-butanol (99%) were purchased from HiMedia, and lactalbumin (97%), ammonia (30%) from Sigma. All of the used chemicals were of analytical grade and were used as received without any further purification. The phosphate buffer used was prepared at pH 7 and 100 mM concentration. The employed apparatuses were: commercial blender (HINDO, Syria), UV–visible spectrophotometry T-60 (PG instruments, England), dynamic light scattering (DLS) Zetasizer Pro (Malvern, England), atomic force microscopy (AFM) Naio (Nanosurf, Switzerland).

Plant preparation and processing
Fresh melon was purchased from the local market of Aleppo City, Syria. The melon peels (2 mm away from the pulp) were excised from the rest of the plant and washed twice with distilled water. Then, 10 g of the melon peels together with 100 ml of cold phosphate buffer (4 °C) (pH 7) were homogenized using a commercial blender. It should be noted here that the buffer used was cold and the blending process has been conducted intermittently to avoid enzyme denaturation. Afterward, filtration and subsequent centrifugation at 5000 rpm for 20 min was done and the supernatant was stored at 4 °C to be used later.

Preparation of TPP
In 15 ml test tubes, 5 ml of the crude extract was mixed with different salt concentrations. Then, various volumes of alcohol were added to the tube and vigorously mixed and settled for 3 h. After that, a brief centrifugation step was conducted to ease in the separation of the three layers (3000 rpm for 5 min). The enzymatic activity was measured for the bottom layer (aqueous phase). However, many parameters were optimized to achieve maximum separation efficiency involving different salt types, salt concentrations (20–35 w/v%), pH degrees (6–9), different alcohol types (1-butanol and t-butanol), and varying the alcohol/crude extract ratios (0.75/1, 1/1, 1.5/1, 2/1) [28]. The used salts were selected based on the examination of ionic salt (ammonium sulfate), two-carbon salt (sodium acetate), four-carbon salt (potassium sodium tartrate) and six-carbon salt (sodium citrate) on the activity and separation of the enzyme. Nonetheless, the temperature was set at 37 °C for all experiments as it was demonstrated to be ideal for bioseparation of enzymes [29].

Determination of peroxidase assay
We followed the method described earlier [30]. In brief, approximately 2.4 ml of phosphate buffer (pH 7) was added to a cuvette, followed by the addition of 300 µl of 5.3% pyrogallol, and 200 µl of 0.6% hydrogen peroxide. The reaction was initiated with the addition of 100 µl of the corresponding enzyme source (total volume of 3 ml) at 420 nm for 4 min.

Determination of protein content
The concentration of protein of the crude extract and the isolated enzyme was performed according to the modified Lowry method [31]. A concentration range of 0.1–0.4 mg/ml of lactalbumin was utilized for plotting the standard curve. The activity recovery, as well as purification fold, were calculated according to the following formulas:[image: $$Activity/recovery\mathrm{ \%}= \frac{activity/of/ isolated /peroxidase}{activity/ of /crude/extract} \times 100$$]

 (2)


[image: $$Purification /fold= \frac{Specific /activity/ of /isolated/peroxidase}{Specific /activity/of /crude/extract}$$]

 (3)




Assessment of purity
To check the efficiency of the isolated melon peel peroxidase, the protein homogeneity module of DLS was used. DLS protein homogeneity is a well-known method for evaluating the purity as well as homogeneity of the isolated proteins, expressed recombinant protein, and the produced monoclonal antibody [32]. The purity of the isolated enzyme was compared to the crude extract.

Synthesis of magnetite nanoparticles
The synthesis protocol of magnetite nanoparticles was performed as previously reported [33]. In brief, a 1:1 ratio of 10 mM ferrous sulfate and ferric sulfate was mixed in a 100 ml conical flask until completely dissolved. Then, 3–5 drops of ammonia solution (25%) were added until the transformation of color to black. Two minutes then, 200 mM of potassium sodium tartrate was added as a dispersing agent to and the solution was vigorously stirred (300 RPM) via the magnetic bar for 30 min at room temperature. The formed precipitate was decanted through a magnet and washed thrice with distilled water. Different parameters such as concentration of iron precursors, ammonia concentration, molar ratio of ferric:ferrous ions, the concentration of potassium sodium tartrate, and the time of incubation were optimized one at a time so as to control and limit the agglomeration of the formed nanoparticles.

Characterization of magnetite nanoparticles
The diameter of the synthesized nanoparticles was measured using DLS. In addition, the morphology and roughness of the synthesized nanoparticles were measured by AFM.

Immobilization of isolated enzyme onto magnetite nanoparticles
To adsorb (immobilize) the isolated peroxidase onto the synthesized magnetic nanoparticles, two factors were optimized to get the maximally possible immobilization efficiency, namely, pH and ratio between enzyme and nanoparticles. A pH range from 4 to 9.5 was assessed. Similarly, enzyme/nanoparticles v/v ratios of 1:1, 1:9, and 9:1 were examined according to the recently employed protocol [34]. The initial enzyme activity was 615 U/mg. The temperature was set at 4 °C during adsorption and the process was conducted overnight to avoid temperature fluctuation influence [35]. Afterward, the immobilized peroxidase was precipitated by applying a magnetic below the tube with measuring the activity in the supernatant [36]. The immobilization efficiency was calculated as follows:[image: $$Immobilization/efficiency\mathrm{ \%}= \frac{isolated/ peroxidase/ activity-supernatant/ enzymatic /activity}{isolated /peroxidase /activity} \times 100$$]

 (4)




Determination of change in pH and temperature
Various temperatures (25–75 °C) were tested for the potential influence on the isolated as well as immobilized peroxidase. Likewise, to determine the change in pH of the isolated enzyme and the immobilized enzyme, a pH range of 4–10 was examined. The temperature and pH effects were analyzed by monitoring change in enzymic activity [37].

Zeta potential
The zeta potential of the naked and loaded particles was measured by DLS to confirm the peroxidase immobilization on the magnetic nanoparticles [38]. 

Phenol degradation
The immobilized enzyme was formulated to bioremediate the environmental micropollutants, such as phenol [39]. Phenol was prepared at a concentration of 10 mM. This was followed by the successive additions of 500 µl of hydrogen peroxide and 100 µl of free enzyme/100 mg of immobilized enzyme. pH and temperature were set at 7 and 25 °C, respectively. The degradation of phenol was monitored by observing the reduction in phenol concentration after adding the chromogen (ferric chloride) and measuring the absorbance at 500 nm for 3 h [40]. Phenol degradation was calculated as follows:[image: $$Phenol/degradation\mathrm{ \%}= \frac{initial/ phenol/ concentration-final/ phenol/ concetration}{initial/ phenol/ concentration} \times 100$$]

 (5)




Enzyme reusability
The immobilized enzyme should be recycled for many successive rounds of catalysis. To evaluate the reusability, enzymatic activity was measured for catalyzing the same reaction while recycling the precipitating enzyme via a magnet [41].

Statistical analysis
All the experiments were realized in duplicate and the obtained results were expressed as mean ± standard deviation or the represented as error bars on the figures. One-way ANOVA was chosen for comparing the statistical significance at a level of < 0.05 using SPSS® software (version 23) and plotted using Excel® 2019.


Results
Effect of salt type
Among the tested salts for salting-out purposes, potassium sodium tartrate had the highest activity recovery (119%). This is followed by sodium acetate whose recovery was 116%, as shown in Fig. 1.[image: ]
Fig. 1Effect of salt type on the melon peel peroxidase activity recovery. The salt concentration was set at 20% w/v, pH at 7, and alcohol/crude extract ratio at 1:1



Effect of salt concentration
The second parameter to optimize was the concentration of salt that gives maximum enzymatic recovery via salting-out. It turned out that at concentrations 20% w/v and 25% w/v potassium sodium tartrate, melon peel peroxidase recovery was maximum (119% and 120%). However, after these concentrations, the recovery declines gradually (Fig. 2).[image: ]
Fig. 2Effect of salt concentration on the melon peel peroxidase activity recovery. The salt type was potassium sodium tartrate, pH of 7 and alcohol/crude extract ratio of 1:1



Effect of pH
A pH range from 6 to 9 was examined for its influence on enzyme fractionation. As the pH increases, activity recovery increases till it reaches maximum at pH 8 (126%), as depicted in Fig. 3. However, beyond this pH, the activity recovery was found to be diminished reaching 102% at pH 9.[image: ]
Fig. 3Effect of pH on melon peel peroxidase activity recovery. The salt type was potassium sodium tartrate (25% w/v) and the alcohol/crude extract ratio at 1:1



Effect of alcohol/crude extract ratio
The last step was to evaluate the influence of changing the ratio between the upper layer (alcohol) and the lower layer (aqueous). It was found that at the ratio of 1:1.5, the highest activity recovery was attained (157%). Nonetheless, raising the ratio above this value posed a negative impact on the fractionation yield, as shown in Fig. 4.[image: ]
Fig. 4Effect of alcohol/crude extract ratio on melon peel peroxidase activity recovery. The salt type was potassium sodium tartrate (25% w/v), and the pH at 7



Determination of protein content
After detecting the optimal conditions for isolating melon peel peroxidase using TPP, all these conditions were combined to get the highest yield of enzyme isolation efficiency. A standard curve from lactalbumin was established to infer the corresponding protein concentration (Fig. 5). The standard curve had a coefficient of correlation (R2) of 0.9921 (data not shown) denoting the near-optimal correlation. The total amount of the purified enzyme was 2 ml extracted from a TPP system with total volume of 5 ml containing 2.5 of the crude extract and 2.5 t-butanol. The protein content of the combined optimized yield with activity recovery was utilized for calculating specific activity and purification fold of melon peel peroxidase, as summarized in Table 1.[image: ]
Fig. 5The established standard curve of lactalbumin for the calculation of protein concentration

Table 1Specific activity, activity recovery, and purification fold of the isolated melon peel peroxidase


	Enzyme
	Activity recovery
	Specific activity
	Purification fold

	Melon peroxidase
	157% ± 9
	1231 U/mg ± 48
	5.2 ± 0.5





Assessment of purity
It is well-known that as the purification fold increases, the likelihood of increasing the actual purity of the enzyme increases accordingly. This is what has been obtained during the assessment of the purity of the isolated melon peel peroxidase by using DLS (Fig. 6). The crude extract displayed three peaks with different diameters, indicative of the heterogeneity of the sample composition. On the flip side, the isolated melon peel peroxidase exhibited only a single peak with high intensity. Moreover, this single peak had a very narrow polydispersity index indicating the high purity of the isolated enzyme.

Synthesis of magnetite nanoparticles
The synthesized magnetic nanoparticles via the co-precipitation method with tartrate as a stabilizing agent displayed a narrow range of diameters (polydispersity index of 0.204) smaller than 100 nm. The average diameter of the nanoparticles was 62 nm with most of them being smaller than 50 nm, as elucidated in Fig. 6. Furthermore, the formed magnetic nanoparticles exhibited a spherical morphology and were shown as aggregated particles due to the magnetic attraction nature of the particles. The roughness of those particles was 18, reflecting the small dimensions of the formed particles. The magnetic attraction of the synthesized magnetite nanoparticles was also demonstrated, as shown in Fig. 6D.[image: ]
Fig. 6DLS size intensity A, size distribution B, and atomic force microscopy 2D (C left) and 3D (C right) morphology. The magnetism and magnetic behaviour were also demonstrated via the strong attraction to neodymium magnet (D)



Effect of pH on enzyme immobilization
The impact of pH on enzyme immobilization displayed a bell-like curve with pH 7 being the optimal pH for immobilization (85% at pH 7). However, below and above this pH value, the immobilization efficiency decreased, as shown in Fig. 7.[image: ]
Fig. 7Optimal pH on immobilization efficiency



Effect of enzyme/magnetic nanoparticles ratio
It has been found that decreasing the amount of enzyme is associated with a higher immobilization rate. When the enzyme amount was ninefold the amount of the nanoparticles, immobilization efficiency was maximal (93%) (Fig. 8).[image: ]
Fig. 8Effect of enzyme/nanoparticles ratio on the immobilization efficiency



Zeta potential
To ensure the immobilization of enzyme onto magnetic nanoparticles, the zeta potential of the loaded and naked nanoparticles was measured. It turned out that the naked nanoparticles had a surface charge of − 23.6 mV, whereas the loaded nanoparticles had a surface charge of − 34.8 mV, as depicted in Fig. 9. Such a significant decrease in zeta potential confirms the immobilization of melon peel peroxidase onto the magnetic nanoparticles.[image: ]
Fig. 9Zeta potential of naked (A) and loaded magnetite nanoparticles (B)



Optimal pH and temperature
The influence of pH and temperature on the activity of the free as well as immobilized peroxidase was detected. The optimal temperature of the immobilized enzyme showed flatting with an optimal temperature of 65 °C. Nevertheless, the immobilized enzyme exhibited a thermostability below and above this optimal temperature. This is in contrast to the free enzyme which displayed normal temperature influence (bell curve) with optimal temperature at 45 °C. In other words, a shift in temperature was obtained. On the other hand, a shift in optimal pH from 8 (in the free enzyme) to 7 (in the immobilized enzyme) was observed (Fig. 10). This mirrors the enhancement in the tolerance to pH and temperature of the immobilized enzyme which renders it more feasible industrially.[image: ]
Fig. 10Temperature (A) and pH (B) profiles of free and immobilized peroxidase



Phenol degradation
After 3 h of reaction with phenol, the degradation efficiency of the free enzyme was 42%, while the immobilized enzyme reached 57%, as illustrated in Fig. 11. This confirms the advantage of enzyme immobilization in the bioremediation of environmental micropollutants, such as phenol.[image: ]
Fig. 11Phenol degradation efficiency of free and immobilized peroxidase



Enzyme reusability
Besides the enhanced activity, and tolerance to pH and temperature, immobilized peroxidase onto magnetic nanoparticles pose an extraordinary biotechnological feature, i.e., reusability. The ease with which magnetic nanoparticles-immobilized peroxidase can be recycled outcompete the traditional supports that necessitate extra filtration/centrifugation step. The immobilized peroxidase exhibited tolerance and preserved acceptable activity after five catalytic rounds (30%) (Fig. 12).[image: ]
Fig. 12Reusability of the immobilized enzyme




Discussion
Food and agricultural wastes involve a large group of residual materials generated during/after agricultural activities, such as coffee pulp from the coffee industry, husks from the cereal industry, and peels from the starch-based industry [42]. Indeed, huge amounts of these wastes are generated year after year requiring downstream processing for simultaneous removal of the concomitating adverse effects and valorization of such wastes. Agro-industrial wastes have been valorized to be a rich resource for enzymes, biofuels, vitamins, antioxidants, antimicrobials, and animal feed [43].
The recent reports concerning immobilized peroxidase suffer from some limitations, including (i) using the commercial horseradish peroxidase which is costly, (ii) isolation of peroxidase from non-waste plant sources that would make the process economically unfeasible, (iii) immobilization onto non-magnetic nanoparticles which create an obstacle regarding the reusability, since it requires additional centrifugation step, (iv) covalent immobilization requires the use of toxic bifunctional reagents and hinders the mobility of the enzyme negatively impacts the activity, and (v) the use of large amount of the immobilized enzyme for bioremediation purposes [44–46]. Hence, the goal of this study was to isolate peroxidase from melon peels for the first time and the subsequent immobilization onto synthesized magnetite nanoparticles for the removal of phenol pollutants from water. In simple words, we cleaned the water pollutants using food waste.
TPP parameters had to be optimized to get the highest possible enzyme recovery and purification fold. This involves precipitating salt type, salt concentration, pH, and the ratio between alcohol and crude extract. When all optimized conditions were combined, an activity recovery and purification fold of 157% and 5.2 of melon peel peroxidase was obtained in the bottom phase, whereas other proteins and phenolic compounds were accumulated in the middle and upper phases, respectively. This denotes that almost all of the enzyme has been moved to the aqueous phase reflecting the high separation efficiency. In addition, the best-extracting salt (potassium sodium tartrate) had a slight activating action on peroxidase activity which accounts for the extra in the percentage over 100%. An optimized alcohol/crude extract ratio of 1.5:1 indicates the high nonpolar moieties in the extract needed to be fractioned to concentrate the enzyme in the bottom layer. These nonpolar compounds had inhibiting behaviour on the enzymatic activity as indicated by the increase in activity recovery after increasing alcohol volume [47]. Several researchers reported the application of TPP to isolate and purify peroxidase from different sources. For example, Vetal and Rathod [48] upon applying the optimized TPP setup for peroxidase separation from orange peels, the obtained recovery percentage of the enzyme was 93% after 180 min. Karakus et al. [30] purified peroxidase enzyme from the flowering plant Amsonia orientalis via the TPP tool. 162% activity recovery was found after only 30 min with more than 18-fold purity. Moreover, TPP can be coupled with the ultrasonicator instrument to further reducing the time of enzyme fractionation. This approach was employed to purify peroxidase enzyme from orange peels with activity recovery and purification fold of 91% and 24.28 within only 6 min [49]. However, introducing ultrasonication negatively impacted the enzyme yield in our study.
A purification fold of 5.2 predicts the good purity of the isolated enzyme which was proven via DLS protein homogeneity findings (single, intense, narrowed peak). This renders the enzyme ready for the immobilization process. The magnetic nanoparticle synthesis protocol unveiled the feasibility of this method given the small dimensions of the formed nanoparticles (62 nm). These magnetic nanoparticles were used as a support for the adsorption of the isolated peroxidase owing to the high surface-to-volume ratio, magnetism, and high reactivity [50]. Optimal pH and enzyme/magnetic nanoparticle ratio were 7 and 1:9, respectively, yielding an immobilization efficiency of 93% which was emphasized through the variation in zeta potential of the naked and loaded nanoparticles (− 23.6 vs − 34.8 mV). The reference surface charge (zeta potential) of magnetite nanoparticles is − 20 mV [51]. In our study, we get a surface charge of − 23.6 mV which can be attributed to the added tartrate salt having a negative charge which further reduced the surface charge. However, the immobilization of the enzyme significantly reduced the zeta potential to − 34.8 mV confirming its adsorption onto the synthesized magnetite nanoparticles. Moreover, the pH and temperature profile of the immobilized enzyme prominently transformed from that of free version which can be interpreted by the fact that the immobilized enzyme gain some of the magnetic nanoparticles thermostability, and pH change tolerability (enzyme–carrier interactions) [52].
In adsorption, the enzyme is linked to the magnetite nanoparticles through ionic interactions formed between the negative carboxyl moieties of the tartrate-modified magnetite nanoparticles and the positively charged amino acid residues present on the enzyme surface. In addition, hydrogen bonds and van der Waals interactions greatly contribute to the immobilization process, since the two molecules were in close proximity. These interactions are favourably to occur in neutral pH, ionizing all charged functional groups from both sides, facilitating their bonding [53]. This is in ideal agreement with our results, since the optimal pH of immobilization was 7.
Finally, the immobilized peroxidase was used for the degradation of phenol. A prominent difference was obtained between the free (42%) and the immobilized version (57%) after 3 h. Moreover, the enzyme retained 30% of its relative activity after five rounds of catalysis. Such a decrease in relative activity could be traced to the weak physical method of immobilization (adsorption). The enhanced activity is attributable to the fixation of the enzyme in a rigid, open conformation facilitating the continuous access of the substrates into the active site which, in turn, increases the number of reactions the enzyme catalyzes, leading to enhanced activity. Furthermore, ordered spatial orientation as well as substrate channelling are another contributing factors [52, 54]. 
The enzyme catalyzes the oligomerization or polymerization of phenol using hydrogen peroxide as an oxidant. The key step is the formation of a catalytic triad intermediate and hydroxyl radical (OH·) and hydroperoxyl radical (HOO·) that generate phenol radicals. These radicals react with the enzyme, restoring its original state, and with each other to form water molecules, while phenol radicals react with each other forming aromatic polymers [55, 56].
Niu et al. [57] reported encapsulating HRP in the electrospun fibrous membrane to eliminate pentachlorophenol. 83% (about twofold the free enzyme activity) of pentachlorophenol was eliminated at room temperature and 60% retained activity after six catalytic rounds. Chang and Hang [58] successfully degraded 2,4-dichlorophenol using NH2-modified Fe3O4-immobilized HRP. About 80% of the phenol derivative was broken down in 180 min at 303.15 K. The enzyme retained 85% of the initial activity even after round 4. Peroxidase was also immobilized into polyacrylamide cryogel synthesized using cryo-polymerization technology at sub-zero degrees in another elegant work. The type of binding between enzyme and cryogel support was covalent attachment. Phenol and bisphenol A removal rates were 96% and 75%, respectively [59]. Even at high phenol concentration (2500 mg/L), immobilized HRP onto reduced graphene oxide nanosheets was recorded to destroy phenols. The immobilized HRP exhibited 60% of initial activity after 10 rounds and 50% after being stored after 35 days in the same study. In contrast to those reports, in our study, the enzyme preserved 30% of its activity after 5 rounds. This diminishment in activity upon reusability can be traced to the immobilization method, adsorption, which is a weak physical method that does not involve the linkage of the enzyme with the carrier covalently [53].
Indeed, surface water, groundwater and drinking water are the most suitable hotspots for enzyme application to bioremediate them from the relevant pollutants [60, 61].

Conclusion
This was an unprecedented study utilizing the TPP tool to isolate peroxidase from the melon peel. The optimized conditions for the isolation were as follows: 25% potassium sodium tartrate for salting-out, pH 8, and alcohol/crude extract ratio of 1.5:1. This yielded an activity recovery of 157% along with a purification fold of 5.2. This suggested the potential high purity of the isolated enzyme. Moreover, an assessment of the purity was conducted by DLS protein homogeneity measurement which confirmed a highly purified enzyme. In addition, magnetite nanoparticles were synthesized by the co-precipitation method giving an average diameter of 62 nm. An immobilization efficiency of 93% was obtained at pH 8 and an enzyme/nanoparticles ratio of 1:9. The immobilized peroxidase degraded 57% of phenol after 3 h of exposure and reused for five catalytic rounds retaining 30% of its relative activity. This magnetite nanoparticles-immobilized peroxidase can, thus, be considered as a powerful green biocatalyst (isolated from melon peel wastes) for the degradation of pollutants such as phenol and, at the same time, is economic given that 100 mg of it can degrade half of the phenol present in the water in 3 h. With this study, we simultaneously utilized the food wastes for the cleaning of water pollutants. This protocol should be tested further in large scale and in situ. In addition, the immobilization of the enzyme isolated from this study using chemical immobilization methods are highly recommended.
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