[image: image1]Broad-spectrum pH functional chitosan–phosphatase beads for the generation of plant-available phosphorus: utilizing the insoluble P pool

		ORIGINAL RESEARCH
published: 03 April 2024
doi: 10.3389/fchem.2024.1359191


[image: image2]
Broad-spectrum pH functional chitosan–phosphatase beads for the generation of plant-available phosphorus: utilizing the insoluble P pool
Kasturika Konwar1†, Himanku Boruah1†, Rimjim Gogoi1, Anudhriti Boruah1, Arup Borgohain1, Madhusmita Baruah1, Subham Protim Gogoi1, Tanmoy Karak2 and Jiban Saikia1*
1Department of Chemistry, Dibrugarh University, Dibrugarh, Assam, India
2Department of Soil Science, School of Agricultural Sciences, Nagaland University, Medziphema Campus, Medziphema, Nagaland, India
Edited by:
Vinod Saharan, Maharana Pratap University of Agriculture and Technology, India
Reviewed by:
Yuan Sun, Harbin University of Commerce, China
Harish, Mohanlal Sukhadia University, India
* Correspondence: Jiban Saikia, jibansaikia@dibru.ac.in
†These authors have contributed equally to this work and share first authorship
Received: 20 December 2023
Accepted: 06 March 2024
Published: 03 April 2024
Citation: Konwar K, Boruah H, Gogoi R, Boruah A, Borgohain A, Baruah M, Gogoi SP, Karak T and Saikia J (2024) Broad-spectrum pH functional chitosan–phosphatase beads for the generation of plant-available phosphorus: utilizing the insoluble P pool. Front. Chem. 12:1359191. doi: 10.3389/fchem.2024.1359191

Utilization of organic phosphates and insoluble phosphates for the gradual generation of plant-available phosphorus (P) is the only sustainable solution for P fertilization. Enzymatic conversions are one of the best sustainable routes for releasing P to soil. Phosphatase enzyme aids in solubilizing organic and insoluble phosphates to plant-available P. We herein report the preparation of highly functional chitosan beads co-immobilized with acid phosphatase and alkaline phosphatase enzymes via a glutaraldehyde linkage. The dual enzyme co-immobilized chitosan beads were characterized using Fourier-transform infrared (FTIR), thermogravimetric (TGA), and scanning electron microscopy–energy dispersive x-ray (SEM-EDX) analyses to confirm the immobilization. The co-immobilized system was found to be active for a broader pH range of ∼4–10 than the individually bound enzymes and mixed soluble enzymes. The bound matrix exhibited pH optima at 6 and 9, respectively, for acid and alkaline phosphatase and a temperature optimum at 50°C. The phosphate-solubilizing abilities of the chitosan-enzyme derivatives were examined using insoluble tri-calcium phosphate (TCP) for wide pH conditions of 5.5, 7, and 8.5 up to 25 days. The liberation of phosphate was highest (27.20 mg/mL) at pH 5.5 after the defined period. The residual soil phosphatase activity was also monitored after 7 days of incubation with CBE for three different soils of pH ∼5.5, 7, and 8.5. The residual phosphatase activity increased for all the soils after applying the CBE. The germination index of the Oryza sativa (rice) plant was studied using different pH buffer media upon the application of the CBE in the presence of tri-calcium phosphate as a phosphate source. Overall, the dual-enzyme co-immobilized chitosan beads were highly effective over a wide pH range for generating plant-available phosphates from insoluble phosphates. The chitosan-enzyme derivative holds the potential to be used for sustainable phosphorus fertilization with different insoluble and organic phosphorus sources.
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1 INTRODUCTION
Phosphorus (P) is one of the most essential mineral macronutrients required for healthy plant growth and sustained metabolism. About 80% of the soluble phosphorus fertilizer applied is not available for plant uptake, owing to the tendency of P to form sparingly soluble mineral complexes with different metal ions (Fe3+, Ca2+, and Mg2+) present in soil (Ram et al., 2019; Guera and da Fonseca, 2022). Most of the unused portion runs off to nearby water streams, causing eutrophication (Savic et al., 2022) and toxic algal blooms (Ibarra-Galeana et al., 2017). The presence of low levels of available fractions of this limiting nutrient has threatened productive soil fertility and crop farming worldwide (Sarr et al., 2020). When exposed to P deficiency, plants adapt several mechanisms to increase P acquisition from the complexed P in soil (Vance et al., 2003). However, solubilization of insoluble mineral P complexes and mineralization of insoluble organic phosphates by phosphate-solubilizing microorganisms (PSMs) emerge as the only long-term sustainable approach to increase plant-available P. These PSMs function by secreting mineral-dissolving agents, including low-molecular weight organic acids, siderophores, CO2, hydrogen ions, and hydroxyl ions, and liberation of enzymes that play a critical role in P cycling (Rodríguez and Fraga, 1999). Enzymes that can dephosphorylate a wide range of organic phosphoesters are termed non-specific acid phosphatases (NSAPs) (Alori et al., 2017). Phosphomonoesterases or phosphatases are the most studied of the NSAPs. Phosphatases can be of two types: acid phosphatases and alkaline phosphatases. Acid phosphatases (ACPs) catalyze the hydrolysis of a broad range of phosphate esters, exhibiting optimal activity in the range of pH 4.00–5.5 (Deiss et al., n. d.). Alkaline phosphatases (ALPs) aid in the solubilization of phosphate groups from variable insoluble sources in a pH range of 8.5–9.5 (Jafary et al., 2016). However, applying commercial enzymes in soluble form is not convenient due to problems arising with their recovery and reusability, along with lower stability and inhibited activity in harsh pH and temperature conditions (Sheldon and van Pelt, 2013). Immobilization of enzymes on suitable insoluble solid supports can help mitigate the problems associated with the application of soluble enzymes. Enzyme immobilization, which can be achieved by fixing an enzyme on or within a solid matrix through encapsulation, adsorption, cross-lining, or covalent bonding, is advantageous in providing better stability, and enhanced specificity and activity in harsh environments, followed by better recovery and reusability.
Immobilizing two or more enzymes together on a common support to develop a multifunctional biocatalyst promises to be even more efficient and advantageous through co-immobilization. This can be achieved either by random confinement of two or more enzymes on the same surface on the solid matrix (random co-immobilization) or through covalent bonding between the participants (covalent co-immobilization) (Rios et al., 2016; Moreira et al., 2022). Developing a multienzyme system by co-immobilizing phosphatase enzymes of different specificity in a single support matrix would be very advantageous in providing plant-available P through solubilization and promoting overall plant growth. The system would be expected to work over a wide range of pH and temperature conditions, with better stability and activity.
The various supports used for enzyme immobilization reported in previous works include chitin-like biopolymers (Skwarczyńska et al., 2016), chitosan (Kumari and Rath, 2014; Hua et al., 2023), ceramics, metals, and metal oxides, gelatine, etc. (Tihan et al., 2018). Among these, chitosan is the most common support matrix for enzyme immobilization. Chitosan [poly-β(1 4)-2-amino-2-deoxy-D-glucose] is an amino polysaccharide derived from the deacetylation of chitin, the second most abundant natural polymer (Liu et al., 2019; Abidin et al., 2020; Saeed et al., 2020). Its distinctive characteristics, such as non-toxicity, biocompatibility, cost-effectiveness, bio-activity, and robustness in enhancing the enzyme resistance toward chemical degradation, make it an appropriate choice for enzyme immobilization for diverse applications. Chitosan is soluble in organic acid, allowing for the fabrication of gel, film, or beads, making it a suitable support for enzyme immobilization (Altun and Cetinus, 2007). The immobilization can proceed either through entrapment of the enzyme inside the chitosan beads or covalent bonding with chitosan films, aided by the amino groups present, or by cross-linking with glutaraldehyde/glyoxal/glutaric dialdehyde through Schiff’s base formation. Glutaraldehyde is commonly used to activate chitosan beads for covalent attachment of enzymes (Belho et al., 2014). Glutaraldehyde can exist in different reactive forms owing to pH, concentration, etc. It can react with a broad range of functional groups in aqueous media through several mechanisms (Manzo et al., 2018).
The aim of this study was to prepare/develop a bifunctional system comprising two enzymes, acid phosphatase and alkaline phosphatase, randomly co-immobilized on prepared chitosan beads pre-activated with glutaraldehyde. The prepared chitosan beads (CBs), glutaraldehyde-activated beads (CBGs), and dual-enzyme co-immobilized chitosan beads (CBEs) were characterized by Fourier-transform infrared (FTIR), thermogravimetric (TGA), and scanning electron microscopy–energy dispersive x-ray (SEM-EDX) analyses. The activity of the bound mixed enzyme was assessed at different pH and temperature conditions. The mixed enzyme co-immobilized on the support matrix was utilized for phosphate solubilization from insoluble mineral P sourced from tri-calcium phosphate (TCP) in three different pH conditions of 5.5, 7, and 8.5 for 25 days to check the effectiveness of the CBE in a broader pH range. The soil residual phosphatase activity was also monitored after 7 days of incubation with CBE. To observe the effect of dual-enzyme immobilized beads on overall plant growth, the growth parameters of the rice plant (Oryza sativa) upon application of enzyme co-immobilized beads in different pH conditions were also investigated.
2 MATERIALS AND METHODS
2.1 Reagents
Chitosan flakes (CAS: 9012-76-4) and hydroxylamine hydrochloride (CAS: 5470−11−1) were purchased from Molychem, Mumbai, Maharashtra, India; oxalic acid dihydrate (CAS: 6153-56-6) and sodium hydroxide (CAS: 1310-73-2) were purchased from FINAR, Gujarat, India; phosphatase, acid (specific activity 20 units/mg solid) from wheat germ (CAS: 9001-77-8), and glutaraldehyde (CAS: 111-30-8) were purchased from Tokyo Chemical Industry Co., Ltd., Tokyo, Japan; alkaline phosphatase (specific activity min. 25 DEA units/mg protein) from calf intestine mucosa (CAS: 9001-78-9) and p-nitrophenylphosphate disodium salt hexahydrate (CAS: 33333−18-4) were purchased from Sisco Research Laboratories Pvt. Ltd., Mumbai, Maharashtra, India; and bovine albumin fraction V powder (98%) for microbiology (CAS: 90604-29-8) was purchased from Loba Chemie Pvt. Ltd., Mumbai, Maharashtra, India.
2.1.1 Preparation of chitosan beads
Chitosan flakes (1.5 g) were dissolved in a 5% oxalic acid solution with continuous stirring at 50°C for 24 h. A gel-like mixture was formed, which was then added dropwise, using a syringe pump, into a solution of 1 M NaOH solution taken in a beaker with continuous stirring to obtain spherical-shaped beads (Juang et al., 2002; Monier et al., 2010). The beads were slowly stirred at room temperature for half an hour to get ripened beads. The beads were then filtered with Whatman no. 1 filter paper and thoroughly washed with Milli Q water until a neutral pH was obtained. Finally, the beads were dried and stored at room temperature for further analysis.
2.1.2 Activation of the prepared chitosan beads
Glutaraldehyde was used as a cross-linker for activating the prepared chitosan beads (Gonawan et al., 2022). The dried chitosan beads were incubated with a 4% v/v glutaraldehyde solution at room temperature for 48 h. The activated beads were collected by filtering with Whatman no. 1 filter paper, followed by washing with modified universal buffer (MUB) of pH 7.0 to remove unbound glutaraldehyde from the surface of the beads. The resultant glutaraldehyde-activated beads (CBGs) were dried and stored at 4°C until further use.
2.1.3 Immobilization of enzyme on activated chitosan beads
The CBGs were used as a support matrix to immobilize acid phosphatase from wheat germ and alkaline phosphatase from calf intestine mucosa. The activated beads were incubated in a 0.5 mg/mL solution of acid phosphatase and alkaline phosphatase separately prepared in MUB of pH 7.0 and kept for 36 h at 4°C. For random co-immobilization, the activated beads were incubated in a solution of acid phosphatase and alkaline phosphatase mixed in a 1:10 weight ratio prepared in MUB of pH 7.0 and kept for 36 h at 4°C. The beads were then collected and gently washed two to three times with MUB of pH 7.0 to remove the unbound enzymes from the surface of the beads. The immobilized enzyme beads were stored at 4°C until further use (Cosnier et al., 2006).
2.2 Characterization
The surface morphology and EDX spectra of the samples were recorded using a JEOL JSM-IT300 scanning electron microscope. The FTIR analyses of the samples were performed in an FTIR spectrometer (Agilent Model no: Cary 630, United States; SL. no. MY20192018) in the range of 400–4,000 cm−1. The TGA thermograms of the samples were obtained using a thermogravimetric analyzer (Leco TGA701, ASTM D7582- 15) in the temperature range of 25°C–700°C with a heating rate of 20°C/min. A Multiskan SkyHigh Microplate Spectrophotometer (A51119700DPC, Thermo Fisher Scientific, Pvt. Ltd., United Kingdom) in the range of 300–600 nm was used for all spectrophotometric assays.
2.2.1 Determination of the percentage of immobilization
The amount of enzyme (acid phosphatase and alkaline phosphatase) loaded on the activated chitosan beads was determined through a spectrophotometric assay. After removing the beads from the enzyme solution, the amount of enzyme left in the solution was estimated using the Bradford assay for protein estimation using BSA as standard. The percentage immobilization was calculated by the following equation (Srivastava and Anand, 2014):
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2.2.2 Activity assay for co-immobilized acid phosphatase and alkaline phosphatase chitosan beads
The activity of the co-immobilized enzymes was assayed by adding the required number of CBE beads into a mixture of equal amounts of 5.6 mM pNPP solution as the substrate and MUB at the desired pH. The reaction mixture was incubated at 30°C for 30 min. The beads were then withdrawn, and 0.5 M NaOH solution was added to the reaction mixture to stop the reaction. The absorbance of the liberated p-nitrophenol was recorded at 410 nm (Belho et al., 2014; Srivastava and Anand, 2014).
2.3 Effect of pH and temperature on immobilization
A comparative study was conducted to determine the activity of the immobilized enzymes, that is, acid phosphatase, alkaline phosphatase, and mixed enzyme. Various pH values ranging from 4.0 to 10.0 were employed, using MUB to obtain the optimum pH for the enzymes. The activities of the soluble (mixed) and immobilized (CBE) enzymes were compared at different pH (4.0–10.0). In addition, the individual enzyme immobilization on CB (CB-ACP and CB-ALP) was compared with CBE to ascertain the workability of the CBE sample over a wide pH range. The effect of temperature on the activity of both soluble and immobilized enzymes was also studied by incubating the reaction mixture at different temperatures ranging from 10°C to 60°C to obtain the optimum temperature (Cooney, 2011).
2.4 Application of immobilized enzyme in solubilization of tri-calcium phosphate
To test for solubilization of phosphate from mineral P sourced from TCP, a 10 mL, 0.05 g/mL solution of TCP was prepared in a buffer solution with pH 5.5, 7, and 8.5. To each pH solution, 1 mL solution of TCP and two beads of each type immobilized with acid phosphatase (CB-ACP), alkaline phosphatase (CB-ALP), and the mixed enzyme (CBE) were added. One control solution in each pH was taken where no beads were introduced. Solution volumes of 0.2 mL were withdrawn from the systems at definite time intervals to test for phosphate released through spectrophotometric assay (He and Honeycutt, 2005).
2.5 Soil residual phosphatase activity
The viability and the efficacy of the multi-enzyme-loaded beads (CBE) were tested in soil. Three different soil samples of pH ∼5.5 (Soil sample: A), 7 (Soil sample: B), and 8.5 (Soil sample: C) were collected from different sources. Soils of pH 5.5 and 7 were collected from Dibrugarh University, Assam, India, and nearby areas. Soil of pH 8.5 was generously received from West Bengal, India. The soil acid phosphatase and soil alkaline phosphatase activities were determined using a modified protocol reported by Acosta-Martínez and Tabatabai (2000). During the experiment, 1 g moist soil dispersed in 4 mL of universal buffer of pH 6.5 for acid phosphatase and pH 11 for alkaline phosphatase was mixed with 1 mL pNPP solution. The mixture was shaken gently for some time and then incubated at 37°C for 1 h. After incubation, 1 mL 0.5 M CaCl2 and 4 mL 0.5 M NaOH solution were added to stop the reaction. Following that, the solution was filtered with Whatman no.1 filter paper, and the absorbance was recorded at 410 nm (Jin et al., 2016). To monitor the efficacy of the CBE, beads were incubated with the respective soil for 7 days, and the acid and alkaline phosphatase activities were monitored afterward for the relative comparison.
2.5.1 Germination test
A germination test is an effective method of investigating the interaction of plant growth-promoting (PGP) bacteria and seeds (Ibrahim and Ikhajiagbe, 2021). The seeds of the rice plant collected were first surface sterilized with 6%–7% NaClO solution for 20 min and then rinsed three times with sterile distilled water. To examine seed germination, ∼100–200 seeds were randomly placed in a Petri dish and then covered with circular pieces of filter paper. This was followed by the addition of 3 mL TCP solution in MUB (5 mg/mL), with six beads each for three different pH 5.5, 7, and 8.5. For each pH, one sample without the addition of beads was taken as a control. The Petri dishes were then placed in a plant growth chamber, keeping the humidity level at 60% and the temperature at 30°C. When the germ length approached 1 mm length, the seed was considered germinated. The seed germination was observed by examining the time of appearance of the primary leaf (coleoptile) every 6 h. The % germination was calculated from Equation 3.
The germination index (GI) was calculated by the method of Wang et al. (2010) as follows:
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where [image: image] denotes the number of seeds germinated on day [image: image] Seedlings showing germination per dish were randomly selected after 9 (nine) days of germination (Anupama et al., 2014).
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2.5.2 Biomass parameters
2.5.2.1 Seedling length (cm)
Seedlings showing germination from the studied system were selected to measure the total seedling length on day 9. The length of the seedling was measured from the collar region to the tip of the primary leaf. The mean seedling length was expressed in centimeters (Anupama et al., 2014).
2.5.2.2 Seedling vigor index (VI)
To estimate the vigor, shoot, and root length of individual seedlings, the vigor index (VI), expressed in whole numbers, was determined from Equation 4 (Morsy, 2021):
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2.6 Statistical analysis
The one-way analysis of variance (ANOVA), followed by the least significant difference (LSD) test, was used to test for significant differences between the mean responses of the control group and treatments (CB and CBE) used in investigating the growth in seedling length of rice seeds (O. sativa) in three different pH values (5.5, 7, and 8.5) at a 95% level of confidence.
3 RESULTS AND DISCUSSION
3.1 Immobilization of acid phosphatase and alkaline phosphatase on glutaraldehyde-activated chitosan beads
Enzymes are immobilized on support matrices, such as chitosan beads and chitosan nanoparticles, for diverse functions. Co-immobilization with two or three enzymes imparts multifunctionality. In these cases, activating the carrier matrix prior to immobilization provides better operational stability and improved performance. Aldehyde groups are introduced on the surface of chitosan by glutaraldehyde activation. The immobilization process is carried out under neutral pH conditions. As calculated from Equation 1, immobilization (%) values for acid and alkaline phosphatase are 66.2% and 13.26%, giving a total value of 79.5% immobilization of the mixed enzyme on the activated chitosan surface. Figure 1 shows the optical images of the prepared CB, chitosan beads activated with glutaraldehyde (CBG), and mixed enzyme (ACP and ALP) immobilized chitosan beads (CBE) in their dry and swollen states. Upon activation, the color of the chitosan beads turned yellowish brown, which became more intense after immobilization with the enzymes. The color intensification may be attributed to the reaction of primary amine and the aldehydic group through Schiff’s base formation, giving unsaturated bonds C=N, C=O and C=C in the cross-linking structure (Belho et al., 2014; Galan et al., 2021). In the literature, the intensity of the color of the chitosan beads was found to increase with increasing glutaraldehyde concentration (Belho et al., 2014). As is apparent in the figure, the swollen sizes of the activated and enzyme-immobilized beads are smaller than the normal chitosan beads. This can be explained on the basis of alteration in the chitosan structure upon the introduction of glutaraldehyde. This results in the consumption of the amino groups during the cross-linking reaction, reducing the active sites present and, consequently, lowering the capacity of the chitosan beads to bind the solvent molecules. The extent of swelling was observed to decline with increasing glutaraldehyde concentration in the work reported by Galan et al. (2021). Similar reasoning can be attributed to the case of enzyme-immobilized beads, in which the enzymes bind to the active sites, rendering those sites unavailable for solvent binding.
[image: Figure 1]FIGURE 1 | Optical images for chitosan beads: normal CBs, glutaraldehyde-activated chitosan beads (CBGs), and mixed-enzyme-immobilized chitosan beads (CBEs).
The surface morphology of the prepared CBs and CBEs was investigated using SEM analysis. The change in surface properties of the CBs upon immobilization post-activation with glutaraldehyde is observed in the SEM micrographs (Figures 2A,B). A porous structure was observed on the surface of the CBs; similar structures are usually found in this type of polymeric material (Benucci et al., 2019; Moreira et al., 2022). The increase in roughness and porosity of the CBs after immobilization illustrates the chemical modification brought upon by glutaraldehyde and successful enzyme binding on the support matrix (Monier et al., 2010). The chemical compositions of the beads were assessed from the EDX spectra of the samples (Figures 2C,D). The proportions of C and N increased from 15.23% to 6.01% in CBs to 44.22% and 11.39%, respectively, in CBEs, whereas the content of O decreased from 78.77% to 44.38%. This can be attributed to the increase in organic portion upon introduction of glutaraldehyde and enzyme as the surface of the activated chitosan beads is covered with the enzymes, indicating successful immobilization (Moreira et al., 2022).
[image: Figure 2]FIGURE 2 | SEM images for (A) chitosan beads (CBs) and (B) enzyme-immobilized beads (CBEs). EDX spectra for (C) CBs and (D) CBEs.
FTIR analysis was performed to investigate the nature of interaction existing in the structures of chitosan (CB), glutaraldehyde-activated chitosan (CBG) and dual enzyme-loaded chitosan (CBE) samples. From the FTIR spectra depicted in Figure 3, all three samples exhibit peaks for the stretching vibration of an O-H bond overlapped with N-H bonds of approximately 3,400 cm−1. The band around 2,880 cm−1 can be assigned to the stretching vibration of a C-C bond in the chitosan polysaccharide structure in all three samples. The gradual disappearance of the characteristic vibration for an -NH2 bond in the chitosan structure is observed in the activated and enzyme-loaded samples, signifying efficient cross-linking by glutaraldehyde in both structures. The absorption band at approximately 1633 cm−1 in CBs may be assigned to N-H stretching. For the CBGs, the peak at 1663 cm−1 might be correlated with a C=N bond, owing to the imine reaction between the chitosan amino groups and the glutaraldehyde molecule. Mixed-enzyme-loaded beads exhibited an intense band at approximately 1621 cm−1 due to C=N bond stretching. The shifting of the peak and the increase in the intensity of the band at approximately 1676 cm−1 indicates an increase in the intensity of the imine cluster present in their structures, owing to the cross-linking of glutaraldehyde and chitosan moieties (Moreira et al., 2022). Glutaraldehyde furnishes an aldehydic group on the chitosan surface, which further immobilizes the enzyme through the formation of a Schiff’s base with the amino groups (Srivastava and Anand, 2014).
[image: Figure 3]FIGURE 3 | FTIR spectra for CB, CBGs, and CBEs.
The TGA thermogram depicted in Figure 4 demonstrates the weight loss occurring in two steps in all three samples. The first weight loss stage was observed at around 100°C, showcasing a ∼3% weight loss in the CB sample, a ∼30% weight loss in the CBG sample, and a ∼42% weight loss in the CBE sample due to the desorption of water molecules from the polymeric fiber. The second break was observed at approximately 230°C, exhibiting a ∼40% weight loss for only the chitosan sample, a ∼54% weight loss for the CBGs, and a ∼63% weight loss in the case of the enzyme-loaded sample. The weight loss during the second break was observed to be highest in the enzyme-loaded sample, followed by the CBGs and then the CBs, with the weight loss occurring in a wider temperature range in the former samples, indicating more significant material degradation (Moreira et al., 2022). This may be ascribed to the breakage of chemical bonding between chitosan and glutaraldehyde and the immobilized dual enzymes. As can be understood from the weight loss patterns of the glutaraldehyde-activated and enzyme-loaded samples, the thermal stability decreased upon glutaraldehyde cross-linking. The thermal degradation patterns continue in higher temperatures, demonstrating higher mass loss in activated and enzyme-loaded samples and indicating that immobilization of enzymes occurs on the activated chitosan beads.
[image: Figure 4]FIGURE 4 | TGA thermogram for CB, CBGs, and CBEs.
3.2 Effect of pH and temperature on catalytic activity
3.2.1 Optimum pH
The effect of pH on the activity of the bound enzymes was studied by recording the absorbance of the liberated p-nitrophenol from hydrolysis of pNPP in the desired pH ranges. The pH profiles for mixed-bound enzymes (acid phosphatase and alkaline phosphatase) and individually bound acid and alkaline phosphatase are represented in Figure 5. It can be observed that the optimum pH values for acid phosphatase and alkaline phosphatase are 6 and 9, respectively. The dual co-immobilized enzyme system showed optimal activity at both pH 6 and 9 individually assigned for both enzyme components. Although the activity expressed in terms of concentration of liberated p-nitrophenol for mixed enzyme matrix is lower than the individually bound enzyme matrices at the optimal pH values, the activity range of the former is found to be broader, ranging from ∼4−10. The lowering of activity could be assigned to the inhibitory effect introduced by both enzymes for each other. A comparative pH profile for the bound mixed enzyme and the soluble mixed enzyme is depicted in Supplementary Figure S1. Note that the optimal pH did not shift for the bound mixed enzyme when compared to its native form. However, the activity of the immobilized enzyme is much higher than that of the free enzyme, and it also exhibits high activity over a broader pH range. Many literature reports state the shifting of optimal pH values for immobilized enzymes from the soluble form. Acid phosphatase from wheat germ immobilized on CBG showed a shifting of optimal pH from 5 to 5.5 (Belho et al., 2014), whereas acid phosphatase from Vigna aconitifolia seeds immobilized on chitosan beads displayed an increase in the optimal pH value from 5 to 7 compared to the soluble form. Beta-galactosidase immobilized on chitosan experienced a shift of 6.3–6.9 to 6.9–7.5 (Carrara and Rubiolo, n. d.). Another report showcased an increase of 1 unit in optimal pH upon immobilization of horseradish peroxidase on modified chitosan beads (Monier et al., 2010). All the shifts witnessed are displaced to more alkaline values. The change in pH is primarily assigned to the modification brought upon by the presence of the support material with variable physical and chemical characteristics in the microenvironment around the enzyme (Altun and Cetinus, 2007). However, several reports also demonstrate no shifting in optimal pH for enzymes post- immobilization. Pepsin immobilized on chitosan beads cross-linked with glyoxal hydrate (Altun and Cetinus, 2007), lipase immobilized on chitosan beads cross-linked with genipin (Chiou et al., 2007), and catalase enzyme immobilized on chitosan beads cross-linked with glyoxal hydrate (Çetinus and Öztop, 2003) showed optimal activity at pH values similar to their soluble form. The presence of cationic support materials tends to shift the pH maximum toward the acidic side, whereas anionic supports tend to shift the pH maximum toward the alkaline side. Chitosan carries no charge in neutral pH. The two bound enzymes, acid and alkaline phosphatase, show high catalytic activity at acidic and alkaline pH values, respectively. In acidic conditions, the amino groups of the chitosan beads might bind hydrogen ions in solution and become positively charged. However, the reduced number of amino groups remaining on cross-linked chitosan beads post-immobilization inherently lowers the number of bound hydrogen ions. This prohibits significant alteration in the enzyme microenvironment and the pH profile in acidic conditions (Altun and Cetinus, 2007). In both cases, the immobilized enzymes exhibited a wider pH range for optimal activity. From Supplementary Figure S1, it is evident that the activity decreases for both soluble and bound enzymes beyond their optimal pH ranges due to structural deformation at harsh pH conditions. This activity loss is more prominent in the case of soluble enzymes. It can be concluded that immobilization on the support matrix provides resistance for the enzymes in harsh pH conditions.
[image: Figure 5]FIGURE 5 | Effect of pH on the relative activity of immobilized acid phosphatase (ACP), alkaline phosphatase (ALP), and mixed enzymes.
3.2.2 Optimum temperature
The effect of temperature on the activity of both soluble and immobilized mixed enzymes was studied over a temperature range of 10°C–60°C. The optimum temperature for both soluble and immobilized enzymes was observed to be 50°C, as depicted in Figure 6. This indicates that immobilization did not alter the temperature maximum for the mixed enzyme. There are reports of shifting of temperature optimum after immobilization on solid supports (Altun and Cetinus, 2007; Belho et al., 2014). In those cases, the immobilization of the enzyme with the support material impacted its conformational flexibility. The support matrix enhances enzyme rigidity, providing stability toward denaturation at high temperatures, thereby shifting the temperature maximum to a higher value. However, immobilization of lipase enzyme on cross-linked chitosan beads reported by Chiou et al. (2007) showcased no alteration in the temperature for optimal activity of the soluble and bound enzymes. The immobilized lipase was observed to exhibit better activities than the free lipase at temperatures lower than 30°C. Above 30°C, the activity of the immobilized lipase declined more than the free enzyme. Similarly, the optimum temperature was observed to rise to higher values in catalase enzyme after immobilization on cross-linked chitosan beads (Akkuş Çetinus and Nursevin Öztop, 2003) and acid phosphatase from V. aconitifolia seeds immobilized on chitosan beads (Srivastava and Anand, 2014). In our study, no change in optimum temperature was witnessed post-immobilization, but the bound mixed enzyme showed slightly better activity in a broader temperature range than the soluble counterpart. The increase in structural rigidity and conformational flexibility of the enzymes protects them from unfolding, and immobilization by multipoint attachments to an insoluble matrix enhances the activity of the bound enzymes at the optimum temperature (Jafary et al., 2016). The support material increased the thermal resistance of the enzyme through the formation of covalent bonding between the enzyme and the support and absorption of some fraction of heat by the supporting matrix (Monier et al., 2010; Srivastava and Anand, 2014).
[image: Figure 6]FIGURE 6 | Effect of temperature on the relative activity of free (soluble) and immobilized mixed enzymes.
3.3 Quantitative estimation of phosphate solubilization
3.3.1 Release of phosphate from tri-calcium phosphate in solution
The effectiveness of the co-immobilized enzyme system in solubilizing tri-calcium phosphate in pH 5.5, 7, and 8.5 was studied. The enzyme-immobilized matrices successfully catalyzed the solubilization of phosphate in all three pH values (Figure 7). In acidic conditions (pH 5.5), the CB-ACPs exhibited optimal activity, liberating 29.36 mg/mL phosphate over 25 days (Supplementary Figure S2). In neutral (pH 7) and alkaline conditions (pH 8.5), the CB-ALPs demonstrated the highest activity, solubilizing 23.774 mg/mL and 27.47 mg/mL phosphate, respectively. The CBEs showed an activity between the CB-ALPs and the CB-ACPs at all three pH values. However, among the three pH values, the CBEs demonstrated the highest activity at pH 5.5, releasing 27.20 mg/mL phosphate during the observed time period.
[image: Figure 7]FIGURE 7 | Comparative phosphate release profile for ACP, ALP, mixed enzymes, and control (no enzyme) at pH 5.5.
No existing literature reports the application of enzyme-loaded substrate in insoluble phosphate solubilization. But the role of phosphatase enzymes in mineralization of organic phosphates and solubilization of inorganic phosphates are known. The solubilization of mineral phosphate through the excretion of low molecular organic acids (citric acid, succinic acid, lactic acid, malonic acid, etc.) by phosphate-solubilizing bacteria and fungi accompanied by acidification of the media is considered to be the more crucial route. In this regard, the solubilization of calcium phosphate by Pseudomonas without the production of organic acid is reported by Illmer and Schinner (1992) and Illmer and Schinner (1995). Some microorganisms reported in the literature function in phosphate solubilization through both organic acid production and secretion of phosphatase enzyme. Piriformospora indica, a fungus similar to arbuscular mycorrhiza, is reported to contribute to the solubilization of organic phosphates and polyphosphates through the activity of enzyme acid phosphatase (66 kDa) (Swetha and Padmavathi, 2016). Several studies state that fungi have a higher ability to solubilize mineral phosphates than bacterial species. Fungi synthesize an extensive number of phosphatase enzymes that have characteristic phosphate scavenging ability (Kapri and Tewari, 2010). Phosphatase enzymes have been demonstrated to exhibit higher activity in P-deficient conditions (Häussling and Marschner, 1989). The non-specific acid phosphatases show optimal activity in their ambient pH environments.
The mixed enzyme-loaded chitosan beads in our study have the advantage of working in both acidic and alkaline environments, effectively liberating phosphate from its source in both conditions. However, the liberation of phosphate is observed to be highest at pH 5.5. It might be due to the fact that an acidic environment facilitates the scavenging of phosphates; in that scenario, the acid phosphatase component would be more active and effectively contribute to the liberation of phosphate.
3.4 Soil residual phosphatase activity
The acid and alkaline phosphatase activities of soil were monitored at pH 6 and 11, respectively, for all three soil samples (pH 5.5: A, pH 7: B, and pH 8.5: C). Fresh soil samples were analyzed for phosphatase activity, and respective soils were incubated with enzyme-loaded beads (CBE) for 7 days (Figure 8). For all samples, both the acid and the alkaline phosphatase activity increased. For sample A (soil sample pH 5.5), the relative increment of the acid phosphatase activity (pH 6 buffer) was higher than the alkaline phosphatase activity (pH 11). This could be justified by the fact that for sample A, at a lower pH, the dominant acid phosphatase shows better efficacy, whereas the alkaline pH shows a relatively lower incremental increase. For the B and C samples (at both pH 6 and 11), an incremental increase in activity was observed upon incubation with CBE. The alkaline phosphatase activity was found to increase more than the acid phosphatase for both samples B (pH 7) and C (pH 8.5). From these results, it could be inferred that the prepared CBEs are stable in real soil applications. The activity of CBE was intact even after 7 days of incubation at different soil pH levels. The beads were also stable with no visible change up to 15 days of incubation (see Supplementary Figure S3).
[image: Figure 8]FIGURE 8 | Residual phosphatase activity for CBE in soils of pH 5.5, 7, and 8.5.
3.5 Germination parameters
The germination of rice seeds post-treatment in three different pH values is depicted in Figure 9. No earlier work has reported on the direct application of enzyme or enzyme-loaded matrix in the investigation of seed germination. Ibrahim and Ikhajiagbe (2021) reported the treatment of rice seeds with three strains of phosphate solubilizing bacteria (PSB) and observed significant growth of the rice seeds. The rice seeds inoculated with Bacillus cereus strain showed optimal germination percentage compared to the other two strains, Proteus mirabilis and Klebsiella variicola, resulting in the accelerated appearance of coleoptile within 24 h of inoculation. In the present study, from the pattern of appearance of coleoptile on the seeds, it is evident that the seeds treated with CBEs exhibit the highest germination rate. The % germination after treatment with CBEs is calculated to be highest at pH 8.5 (Figure 10). The seeds treated with only CBs showed delayed germination, whereas the control samples exhibited almost no germination. This demonstrates the positive impact of the enzyme-loaded beads on the rice seeds. The seedling length is also the longest in the CBE-treated seed samples (Figure 10). Thus, it is apparent that treatment with CBEs significantly enhances the germination parameters of the seed samples. This showcases the ability of the mixed enzyme to be in an active state without undergoing structure denaturation in extreme pH conditions, bring change in the seed microbiome, and improve the germination parameters (Ibrahim and Ikhajiagbe, 2021). The overall germination rate was slower with respect to the time taken for the required change. This may be attributed to the utilization of a buffer solution, which possesses an inhibitory effect on the growth of the coleoptile from the rice seeds, during the germination experiment. Acidic buffers, in general, are reported to inhibit seed germination and cause roots to grow shorter and thicker. All alkaline buffers except CHES-sodium hydroxide are reported to constrain seed germination of P. contorta, P. glauca, etc. The inhibitory effect of buffer solutions is inherently related to the sensitivity of germination toward the increased osmotic potential of the buffering agents. In extremely acidic conditions, the hydrogen ion concentration is reported to constrict seedling growth (Redmann and Abouguendia, 1979).
[image: Figure 9]FIGURE 9 | Appearance of the rice (Oryza sativa) seed coleoptile after 9 days of treatment with CBs and CBEs.
[image: Figure 10]FIGURE 10 | Profile for seedling length and germination index for rice (Oryza sativa) seeds after treatment with CBE beads in pH 5.5, 7, and 8.5 (*: significant at the 5% level, **: significant at the 1% level).
3.6 Statistical interpretation of seedling length upon treatment with CBs and CBEs
A one-way ANOVA was performed to ascertain the influence of the applied enzyme-loaded beads on the seedling length of rice (O. sativa). An LSD test was carried out to test for the significance of the difference between the mean values of control (average seedling length) and the treatments (CB and CBE) used at pH 5.5, 7, and 8.5. The result of ANOVA in the three different pH values is given in Supplementary Table S1.
From the results, p-values corresponding to the F-test were found to be 0.00, 0.071, and 0.014, respectively, at pH 5.5, 7, and 8.5, which is significant at the 5% (0.05) level. The presence of a statistically significant difference between the treatment groups is noted.
An LSD test was used to determine the pair-wise comparison of the responses of the groups in the three pH levels, as given in Supplementary Table S2. The table shows that there is a statistically significant difference in seedling length for all the pairs at pH 5.5. However, at pH 7, a significant difference was only exhibited by the pair treated with CBs and CBEs, with a p-value of 0.037. At pH 8.5, the CBE and control group pair shows a highly significant difference with a p-value of 0.009, whereas the CBE and CB pair shows a significant difference with a p-value of 0.011. Thus, the application of enzyme-loaded beads exhibited a discernable effect in the growth of rice seedlings for tests conducted at pH 5.5 and 8.5 compared to the control. This may be attributed to the dominance of the individual enzymes, respectively, in acidic and basic conditions, subsequently presenting optimal results.
4 CONCLUSION
Broad-spectrum pH-active dual-enzyme immobilized chitosan beads were prepared for the effective solubilization of tri-calcium phosphates at different pH levels. The application of CBE beads significantly enhances the germination parameters for O. sativa (rice) seeds at pH 5.5, 7, and 8.5. Soil application of CBE beads resulted in enhanced soil residual phosphatase activity for the soils of pH 5.5, 7, and 8.5 up to 7 days post-incubation. These CBE beads hold great potential for solubilizing various insoluble phosphate sources for sustainable generation of plant-available phosphorus.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material; further inquiries can be directed to the corresponding author.
AUTHOR CONTRIBUTIONS
KK: conceptualization, data curation, formal analysis, investigation, methodology, resources, validation, visualization, writing–original draft, and writing–review and editing. HB: conceptualization, data curation, formal analysis, investigation, methodology, resources, validation, visualization, writing–original draft, and writing–review and editing. RG: data curation, formal analysis, investigation, methodology, resources, validation, visualization, writing–original draft, writing–review and editing, project administration, and software. AnB: data curation, formal analysis, investigation, methodology, software, visualization, writing–original draft, and writing–review and editing. AB: data curation, methodology, writing–original draft, and writing–review and editing. MB: conceptualization, formal analysis, methodology, writing–original draft, writing–review and editing, and data curation. SG: methodology, writing–original draft, writing–review and editing, investigation, and validation. TK: conceptualization, formal analysis, methodology, writing–original draft, writing–review and editing, supervision, validation, and visualization. JS: investigation, methodology, validation, writing–original draft, writing–review and editing, conceptualization, data curation, formal analysis, funding acquisition, project administration, resources, software, supervision, and visualization.
FUNDING
The author(s) declare financial support was received for the research, authorship, and/or publication of this article. The authors are immensely grateful to the Department of Biotechnology, India, for providing financial assistance (under project no. BT/PR36255/NNT/28/1728/2020) and DST SERB-SURE program (under project no. SUR/2022/001492). The authors are also thankful to the Department of Science and Technology for financial aid under the DST-FIST (SRF/FST/CS-I/2020/152) program and the DST-PURSE program [No.SR/PURSE/2022/143 (C)], and UGC, New Delhi, for Special Assistance Program (UGC-SAP) to the Department of Chemistry, Dibrugarh University.
ACKNOWLEDGMENTS
The authors acknowledge the CSIC Dibrugarh University and CSIR NEIST, Jorhat, for analytical support.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors, and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fchem.2024.1359191/full#supplementary-material
ABBREVIATIONS
CB, chitosan bead; CBG, glutaraldehyde-activated chitosan beads; CBE, mixed-enzyme-loaded chitosan beads; FTIR, Fourier-transform infrared spectroscopy; TGA, thermogravimetric analysis; SEM, scanning electron microscope; EDX, energy-dispersive X-ray; TCP, tri-calcium phosphate; ACP, acid phosphatase; ALP, alkaline phosphatase.
REFERENCES
 Abidin, N. A. Z., Kormin, F., Abidin, N. A. Z., Anuar, N. A. F. M., and Bakar, M. F. A. (2020). The potential of insects as alternative sources of chitin: an overview on the chemical method of extraction from various sources. Int. J. Mol. Sci. 21, 1–25. doi:10.3390/ijms21144978
 Acosta-Martínez, V., and Tabatabai, M. A. (2000). Enzyme activities in a limed agricultural soil. Biol. Fertile. Soils. 31, 85–91. doi:10.1007/s003740050628
 Alori, E. T., Glick, B. R., and Babalola, O. O. (2017). Microbial phosphorus solubilization and its potential for use in sustainable agriculture. Front. Microbiol. 8, 971. doi:10.3389/fmicb.2017.00971
 Altun, G. D., and Cetinus, S. A. (2007). Immobilization of pepsin on chitosan beads. Food chemistry 100 (3), 964–971. doi:10.1016/j.foodchem.2005.11.005
 Anupama, N., Murali, M., Jogaiah, S., and Amruthesh, K. N. (2014). Crude oligosaccharides from alternaria solani with Bacillus subtilis enhance defense activity and induce resistance against early blight disease of tomato. Asian J. Sci. Technol. 5, 412–416. 
 Benucci, I., Mazzocchi, C., Lombardelli, C., Cacciotti, I., and Esti, M. (2019). Multi-enzymatic systems immobilized on chitosan beads for pomegranate juice treatment in fluidized bed reactor: Effect on haze-active molecules and chromatic properties. Food Bioprocess Technol. 12, 1559–1572. doi:10.1007/s11947-019-02315-w
 Belho, K., Nongpiur, S. R., and Ambasht, P. K. (2014). Immobilization of acid phosphatase (type I) from wheat germ on glutaraldehyde activated chitosan beads: optimization and characterization. J. Proteins and Proteomics 5, 177–183. doi:10.1016/j.ijbiomac.2013.11.023
 Çetinus, Ş. A., and Öztop, H. N. (2003). Immobilization of catalase into chemically crosslinked chitosan beads. Enzyme Microb. Technol. 32 (7), 889–894. doi:10.1016/S0141-0229(03)00065-6
 Chiou, S. H., Hung, T. C., Giridhar, R., and Wu, W. T. (2007). Immobilization of lipase to chitosan beads using a natural cross-linker. Prep. Biochem. Biotechnol. 37, 265–275. doi:10.1080/10826060701386752
 Cooney, M. J. (2011). Kinetic measurements for enzyme immobilization. Methods Mol. Biol. 679, 207–225. doi:10.1007/978−1-60761-895-9_17
 Cosnier, S., Mousty, C., Cui, X., Yang, X., and Dong, S. (2006). Specific determination of As(V) by an acid phosphatase-polyphenol oxidase biosensor. Anal. Chem. 78, 4985–4989. doi:10.1021/ac060064d
 Galan, J., Trilleras, J., Zapata, P. A., Arana, V. A., and Grande-Tovar, C. D. (2021). Optimization of chitosan glutaraldehyde-crosslinked beads for reactive blue 4 anionic dye removal using a surface response methodology. Life 11 (2), 85. doi:10.3390/life11020085
 Gonawan, F. N., Romli, M. M., Zuhan, M. K. N. M., and Jaya, M. A. T. (2022). Immobilization of Candida rugosa lipase on the glutaraldehyde-activated chitosan beads. J. Chem. Eng. Ind. Biotechnol. 8, 33–41. doi:10.15282/jceib.v8i1.7771
 Guera, K. C. S., and da Fonseca, A. F. (2022). Phosphorus fractions and their relationships with soil chemical attributes in an integrated crop-livestock system under annual phosphates fertilization. Front. Sustain. Food Sys 6, 893525. doi:10.3389/fsufs.2022.893525
 Häussling, M., and Marschner, H. (1989). Organic and inorganic soil phosphates and acid phosphatase activity in the rhizosphere of 80-year-old Norway spruce [Picea abies (L.) Karst.] trees. Biol. Fert. Soils 8, 128–133. doi:10.1007/BF00257756
 He, Z., and Honeycutt, C. W. (2005). A modified molybdenum blue method for orthophosphate determination suitable for investigating enzymatic hydrolysis of organic phosphates. Commun. Soil Sci. Plant Anal. 36, 1373–1383. doi:10.1081/CSS-200056954
 Hua, Y., Wei, Z., and Xue, C. (2023). Chitosan and its composites-based delivery systems: advances and applications in food science and nutrition sector. Crit. Rev. Food Sci. Nutr. 63, 4579–4598. doi:10.1080/10408398.2021.2004992
 Ibarra-Galeana, J. A., Castro-Martínez, C., Fierro-Coronado, R. A., Armenta-Bojórquez, A. D., and Maldonado-Mendoza, I. E. (2017). Characterization of phosphate-solubilizing bacteria exhibiting the potential for growth promotion and phosphorus nutrition improvement in maize (Zea mays L.) in calcareous soils of Sinaloa, Mexico. Ann. Microbiol. 67, 801–811. doi:10.1007/s13213-017−1308-9
 Ibrahim, M. S., and Ikhajiagbe, B. (2021). The growth response of rice (Oryza sativa L. var. FARO 44) in vitro after inoculation with bacterial isolates from a typical ferruginous ultisol. Bull. Natl. Res. Cent. 45, 70. doi:10.1186/s42269-021-00528-8
 Illmer, P., and Schinner, F. (1992). Solubilization of inorganic phosphates by microorganisms isolated from forest soils. Soil Biol. Biochem. 24 (4), 389–395. doi:10.1016/0038-0717(92)90199-8
 Illmer, P., and Schinner, F. (1995). Solubilization of inorganic calcium phosphates—solubilization mechanisms. Soil Biol. Biochem. 27 (3), 257–263. doi:10.1016/0038-0717(94)00190-C
 Jafary, F., Panjehpour, M., Varshosaz, J., and Yaghmaei, P. (2016). Stability improvement of immobilized alkaline phosphatase using chitosan nanoparticles. Braz. J. Chem. Eng. 33, 243–250. doi:10.1590/0104-6632.20160332s20140074
 Jin, Y., Liang, X., He, M., Liu, Y., Tian, G., and Shi, J. (2016). Manure biochar influence upon soil properties, phosphorus distribution and phosphatase activities: a microcosm incubation study. Chemosphere 142, 128–135. doi:10.1016/j.chemosphere.2015.07.015
 Juang, R. S., Wu, F. C., and Tseng, R. L. (2002). Use of chemically modified chitosan beads for sorption and enzyme immobilization. Adv. Env. Res. 6, 171–177. doi:10.1016/S1093-0191(00)00078-2
 Kapri, A., and Tewari, L. (2010). Phosphate solubilization potential and phosphatase activity of rhizospheric Trichoderma spp. Braz. J. Microbiol. 41, 787–795. doi:10.1590/S1517-83822010005000001
 Kumari, S., and Rath, P. K. (2014). Extraction and characterization of chitin and chitosan from (Labeo rohit) fish scales. Procedia Mater. Sci. 6, 482–489. doi:10.1016/j.mspro.2014.07.062
 Liu, L., Yang, W., Gu, D., Zhao, X., and Pan, Q. (2019). In situ Preparation of Chitosan/ZIF-8 Composite Beads for Highly Efficient Removal of U(VI). Front. Chem. 7, 607. doi:10.3389/fchem.2019.00607
 Manzo, R. M., Ceruti, R. J., Bonazza, H. L., Adriano, W. S., Sihufe, G. A., Mammarella, E. J., et al. (2018). Immobilization of carboxypeptidase A into modified chitosan matrixes by covalent attachment. Appl. Biochem. Biotechnol. 185, 1029–1043. doi:10.1007/s12010-018-2708-4
 Monier, M., Ayad, D. M., Wei, Y., and Sarhan, A. A. (2010). Immobilization of horseradish peroxidase on modified chitosan beads. Int. J. Biol. Macromol. 46, 324–330. doi:10.1016/j.ijbiomac.2009.12.018
 Moreira, K., Barros de Oliveira, A. L., Saraiva de Moura Júnior, L., Germano de Sousa, I., Luthierre Gama Cavalcante, A., Simão Neto, F., et al. (2022). Taguchi design-assisted co-immobilization of lipase A and B from Candida Antarctica onto chitosan: characterization, kinetic resolution application, and docking studies. Chem. Eng. Res. Des. 177, 223–244. doi:10.1016/j.cherd.2021.10.033
 Morsy, M. M. (2021). Sustainable storage pest management using diatomaceous earth against sitophilus oryzae L. J. Appl. Plant Prot. 10, 59–67. doi:10.21608/japp.2021.223217
 Ram, B., Fartyal, D., Sheri, V., Varakumar, P., Borphukan, B., James, D., et al. (2019). Characterization of Phoa, a bacterial alkaline phosphatase for phi use efficiency in rice plant. Front. Plant Sci. 10, 37. doi:10.3389/fpls.2019.00037
 Redmann, R. E., and Abouguendia, Z. M. (1979). Germination and seedling growth on substrates with extreme pH-laboratory evaluation of buffers. J. Appl. Ecol. 16, 901–907. doi:10.2307/2402863
 Rios, N. S., Pinheiro, M. P., dos Santos, J. C. S., Fonseca, T., Lima, L. D., de Mattos, M. C., et al. (2016). Strategies of covalent immobilization of a recombinant Candida Antarctica lipase B on pore-expanded SBA−15 and its application in the kinetic resolution of (R,S)-Phenylethyl acetate. J. Mol. Catal. B Enzym. 133, 246–258. doi:10.1016/j.molcatb.2016.08.009
 Rodríguez, H., and Fraga, R. (1999). Phosphate solubilizing bacteria and their role in plant growth promotion. Biotechnol. Adv. 17, 319–339. doi:10.1016/S0734-9750(99)00014-2
 Saeed, R. M., Dmour, I., and Taha, M. O. (2020). Stable Chitosan-Based Nanoparticles Using Polyphosphoric Acid or Hexametaphosphate for Tandem Ionotropic/Covalent Crosslinking and Subsequent Investigation as Novel Vehicles for Drug Delivery. Front. Bioeng. Biotechnol. 8, 4. doi:10.3389/fbioe.2020.00004
 Sarr, P. S., Tibiri, E. B., Fukuda, M., Zongo, A. N., Compaore, E., and Nakamura, S. (2020). Phosphate-solubilizing fungi and alkaline phosphatase trigger the P solubilization during the Co-composting of sorghum straw residues with Burkina Faso phosphate rock. Front. Environ. Sci. 8, 559195. doi:10.3389/fenvs.2020.559195
 Savic, R., Stajic, M., Blagojević, B., Bezdan, A., Vranesevic, M., Jokanović, V. N., et al. (2022). Nitrogen and phosphorus concentrations and their ratios as indicators of water quality and eutrophication of the hydro-system danube–tisza–danube. Agriculture 12, 935. doi:10.3390/agriculture12070935
 Sheldon, R. A., and van Pelt, S. (2013). Enzyme immobilisation in biocatalysis: why, what and how. Chem. Soc. Rev. 42, 6223–6235. doi:10.1039/c3cs60075k
 Skwarczyńska, A., Biniaś, D., and Modrzejewska, Z. (2016). Structural research of thermosensitive chitosan-collagen gels containing ALP. Prog. Chem. Appl. Chitin Deriv. 21, 176–186. doi:10.15259/PCACD.21.19
 Srivastava, P. K., and Anand, A. (2014). Immobilization of acid phosphatase from Vigna aconitifolia seeds on chitosan beads and its characterization. Int. J. Biol. Macromol. 64, 150–154. doi:10.1016/j.ijbiomac.2013.11.023
 Swetha, S., and Padmavathi, T. (2016). Study of Acid Phosphatase in Solubilization of Inorganic Phosphates by Piriformospora indica. Pol. J. Microbiol. 65 (4), 407–412. doi:10.5604/17331331.1227666
 Tihan, G. T., Zgarian, R. G., Berteanu, E., Ionita, D., Totea, G., Iordachel, C., et al. (2018). Alkaline phosphatase immobilization on new chitosan membranes with Mg2+ for biomedical applications. Mar. Drugs 16, 287. doi:10.3390/md16080287
 Vance, C. P., Uhde-Stone, C., and Allan, D. L. (2003). Phosphorus acquisition and use: critical adaptations by plants for securing a nonrenewable resource. New Phytol. 157, 423–447. doi:10.1046/j.1469-8137.2003.00695.x
 Wang, Z. F., Wang, J. F., Bao, Y. M., Wang, F. H., and Zhang, H. S. (2010). Quantitative trait loci analysis for rice seed vigor during the germination stage. J. Zhejiang Univ. Sci. B 11, 958–964. doi:10.1631/jzus.B1000238
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2024 Konwar, Boruah, Gogoi, Boruah, Borgohain, Baruah, Gogoi, Karak and Saikia. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/inline_2.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		Broad-spectrum pH functional chitosan–phosphatase beads for the generation of plant-available phosphorus: utilizing the insoluble P pool		1 Introduction

		2 Materials and methods		2.1 Reagents

		2.2 Characterization

		2.3 Effect of pH and temperature on immobilization

		2.4 Application of immobilized enzyme in solubilization of tri-calcium phosphate

		2.5 Soil residual phosphatase activity

		2.6 Statistical analysis





		3 Results and discussion		3.1 Immobilization of acid phosphatase and alkaline phosphatase on glutaraldehyde-activated chitosan beads

		3.2 Effect of pH and temperature on catalytic activity

		3.3 Quantitative estimation of phosphate solubilization

		3.4 Soil residual phosphatase activity

		3.5 Germination parameters

		3.6 Statistical interpretation of seedling length upon treatment with CBs and CBEs





		4 Conclusion

		Data availability statement

		Author contributions

		Funding

		Acknowledgments

		Publisher’s note

		Supplementary material

		Abbreviations

		References









OPS/images/inline_1.gif





OPS/images/math_2.gif
Gl =) Gt





OPS/images/math_1.gif
Totalactinty of immobiiized enzyme
Total activity of soluble enzyme

100,

)





OPS/images/fchem-12-1359191-g010.gif





OPS/images/fchem-12-1359191-g009.gif
Contral










OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
P frontiers | Frontiers in Chemistry





OPS/images/fchem-12-1359191-g004.gif





OPS/images/fchem-12-1359191-g005.gif





OPS/images/fchem-12-1359191-g002.gif
o Chitosan beads (CB) # [¢| Chitosan loaded enzyme (CBE)

femert_Wegn%_Aomicx Flment_Weight%_Atomick
TR o wm um
Ta—TY W uw uw
o mw o me um
o

B i i i

>y .





OPS/images/fchem-12-1359191-g003.gif





OPS/images/fchem-12-1359191-g008.gif
‘Soil phosphatase activity

i i





OPS/images/fchem-12-1359191-g006.gif
8077 <+ ACP-ALPSol
[

gos |

Bo |

Jo |

Sou






OPS/images/fchem-12-1359191-g007.gif
Phosphate release from TCP






OPS/images/cover.jpg
, frontiers | Frontiers in Chemistry

Broad-spectrum pH functional
chitosan—phosphatase beads
for the generation of plant-
available phosphorus: utilizing
the insoluble P pool





OPS/images/fchem-12-1359191-.gif
ﬁ{gw”@

+






OPS/images/fchem-12-1359191-g001.gif





OPS/images/math_4.gif
vigor Index (V1) = Germination (%) x Seedling length (cm).
(@





OPS/images/math_3.gif
Numberof germinated seeds x 100
" Total mumber of seeds sowed
)

Germination percentage (%) =





