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ABSTRACT 

Background: Metal-based nanomaterials with natural enzyme-like activity, nanozymes are gaining popularity as 

alternatives to biological enzymes due to their superior stability and cost-effectiveness. The catalytic efficacy of 

iron oxide nanozymes may be diminished by aggregation during chemical production. Objective: This 

study aimed to synthesize iron oxide nanozymes using Azadirachta indica leaf extract and compare their 

structural composition and OPD–H₂O₂ peroxidase-like catalytic activity with chemically synthesized 

nanozymes. Methods: Iron oxide nanozymes were synthesized using chemical co-precipitation and 

Azadirachta indica-mediated green synthesis. The synthesized materials were characterized by scanning 

electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDS). Peroxidase-like activity was 

evaluated using oxidation of o-phenylenediamine (OPD) in the presence of hydrogen peroxide(H2O2). 

Kinetic parameters were estimated using Michaelis–Menten analysis. Results: Green-synthesized 

nanozymes showed comparatively reduced aggregation and lower residual chlorine signal than 

chemically synthesized nanozymes. Azadirachta indica-mediated nanozymes generated the maximum 

absorbance at 451 nm in the OPD–H2O₂ assay, suggesting more peroxidase-like activity. Kinetic analysis 

revealed that green-synthesized nanozymes had a higher Vmax and a roughly 5.4-fold higher Vmax/Km-

based catalytic effectiveness than chemically synthesized nanozymes. Conclusion: Iron oxide nanozymes 

with enhanced catalytic performance were generated by Azadirachta indica-mediated synthesis, most 

likely as a result of phytochemical-assisted stabilization and surface modification. Before biosensing or 

environmental usage, additional phase characterization, replicate-based validation, and application-

specific testing are needed.  
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INTRODUCTION 

Peroxidase enzymes frequently utilized in biosensing, colorimetric detection, biomedical tests, and 

environmental monitoring because they catalyse the oxidation of chromogenic substrates in the 

presence of hydrogen peroxide (1, 2). However, high production and purification costs, low operational 

stability, denaturation and decreased activity under storage conditions are common limitations in the 

utilization of natural enzymes (3, 4). Given these limitations, considerable attention has been directed 
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toward the development of nanozymes(5). These nanomaterials, which possess enzyme-like catalytic 

activity, offer enhanced stability, tunability, and cost-effectiveness over biological enzymes (6-8). 

Iron oxide-based nanoparticles have gained significant attention among various nanozyme systems due 

to their inherent peroxidase-like activity, biocompatibility and magnetic behaviour which facilitate facile 

recovery from reaction systems (9-11). Chromogenic substrates like o-phenylenediamine (OPD), which 

is oxidized in the presence of hydrogen peroxide to form a yellow-coloured product (2,3-

diaminophenazine) that can be measured spectrophotometrically, are frequently used to assess their 

catalytic activity (12, 13). Iron oxide nanozymes improve substrate oxidation in this reaction system by 

facilitating electron transport and encouraging the production of reactive oxygen species (14, 15). 

Despite their benefits, chemically produced iron oxide nanoparticles exhibit surface instability, 

aggregation, and uneven shape, which can lower catalytic performance by reducing the number of active 

sites (16, 17) Plant-derived phytochemicals, which can function as reducing, stabilizing and capping 

agents during nanoparticle synthesis, offer a sustainable alternative that eliminates the hazardous 

reagents employed in conventional methods (18, 19). This approach may enhance dispersion, reduce 

aggregation, and minimize residual chemical contaminants (20). 

Neem, or Azadirachta indica, is a widely accessible medicinal plant that contains a variety of bioactive 

phytochemicals, such as terpenoids, flavonoids, polyphenols (21, 22). These components might aid in the 

regulated production and stabilization of iron oxide nanoparticles (23, 24). Few studies have been 

reported Azadirachta indica-mediated iron oxide nanozymes with chemically synthesized counterparts 

in terms of peroxidase-like activity and Michaelis-Menten kinetic behaviour, despite many reports of 

plant-mediated synthesis of metal oxide nanoparticles (25, 26). Therefore, this study aimed to synthesize 

iron oxide nanozymes using Azadirachta indica leaf extract and compare their structural composition 

and OPD–H₂O₂ peroxidase-like catalytic activity with chemically synthesized nanozymes 

MATERIALS AND METHODS 

All chemicals used in this study were of analytical grade. Ferric chloride hexahydrate, ferrous sulfate, 

ammonium hydroxide, sodium hydroxide, citric acid, ethanol, hydrogen peroxide, and o-

phenylenediamine (OPD) were obtained from Sigma-Aldrich. Deionized water was used throughout all 

synthesis, washing, and assay procedures. 

Chemically Iron oxide based nanozymes were synthesized  by following the co-precipitation technique 

as described previously (27). Briefly, ferrous sulphate (0.01 M) and ferric chloride (0.02 M) aqueous 

solutions were combined in a reaction flask with continuous stirring, meanwhile, pH was adjusted to 11 

with ammonium hydroxide, which results in the formation of iron oxide nanoparticles. The nano 

particles formed were separated by centrifuging the mixture at 4000 rpm, and cleaned with ethanol and 

deionized water. Purified nanozymes were dried for 24 hours at 60C in a hot air oven to produce a fine 

powder (28, 29). 

for green synthesis, Azadirachta indica leaves were rinsed with water and air-dried in the shade for a 

week. The dried leaves were ground into a fine powder and its extract was formed by mixing 10 g of the 

powdered leaves was combined with 100 mL of water and  heated to a temperature of 50-60 °C for 20 

minutes, and filtered by using Whatman No. 40 (30). 50 mL of ferric chloride hexahydrate (0.1 M) and 

50 mL of freshly prepared leaf extract was combined while continuously stirring and Sodium hydroxide 

solution (1 M) was added dropwise until the pH reached at 11, which results in formation of a black 

suspension (31). After spinning the mixture in a centrifuge for 15 minutes at a speed of 4000 rpm, the 

synthesized nanoparticles were thoroughly washed with water and ethanol to eliminate any unreacted 

materials and residual phytochemicals. The final product was then dried at 60 °C to obtain powdered 

Azadirachta indica mediated nanozymes. 
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The surface morphology and elemental composition of both chemically synthesized and Azadirachta 

indica-mediated iron oxide nanozymes were examined using scanning electron microscopy (SEM) and 

energy-dispersive X-ray spectroscopy (EDS). SEM was used to evaluate particle morphology, surface 

structure, and aggregation pattern, whereas EDS was used to determine the elemental composition of 

the synthesized nanomaterials, particularly the relative presence of iron, oxygen, and residual 

precursor-derived elements. 

Peroxidase-like catalytic activity was assessed using the OPD–H₂O₂ colorimetric reaction system. Three 

different pH 3.0, 4.0, and 5.0 were investigated using citrate buffer to check the effect of pH on the 

peroxidase activity (27, 32, 33).Peroxidase-like activity was measured Colorimetrically in quartz cuvette 

containing citrate buffer (3.8 mL, pH 3-5), OPD solution (0.5 mL), and hydrogen peroxide (30% v/v) 

(0.3ml). The oxidation of OPD to 2,3-diaminophenazine (DAP) was observed spectrophotometrically at 

451 nm while the total reaction volume was kept at 4.8 mL (32).Furthermore, the effect of substrate 

concentration on catalytic efficiency was assessed at different OPD concentrations in the range of (10-

25 mM) at constant optimized pH (3). Absorbance was measured at regular intervals over period of 30 

minutes (34) 

The effect of substrate concentration on catalytic activity was evaluated by performing reactions at 

different OPD concentrations ranging from 10 to 25 mM under the optimized pH condition. Absorbance 

at 451 nm was recorded at regular time intervals over 30 minutes. Initial reaction velocities were 

calculated from the linear portion of the absorbance-versus-time curves (35). Michaelis–Menten kinetic 

parameters were estimated by fitting the initial velocity data to the Michaelis–Menten equation: 

𝑉 =
𝑉max[𝑆]

𝐾𝑚 + [𝑆]
 

where 𝑉represents the initial reaction velocity, 𝑉maxis the maximum reaction velocity, [𝑆]is the OPD 

substrate concentration, and 𝐾𝑚is the Michaelis constant. Lineweaver–Burk double-reciprocal plots were 

also used to support kinetic parameter estimation: 

1

𝑉
=

𝐾𝑚

𝑉max

1
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+

1
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Catalytic efficiency was calculated as 𝑉max/𝐾𝑚for both nanozyme preparations. The calculated values 

were used to compare the catalytic performance of chemically synthesized and Azadirachta indica-

mediated iron oxide nanozymes. Lower 𝐾𝑚was interpreted as higher apparent substrate affinity, whereas 

higher 𝑉maxand 𝑉max/𝐾𝑚indicated improved catalytic performance under the tested assay conditions. 

RESULTS 

Azadirachta indica-mediated iron oxide nanozymes and chemically generated iron oxide nanozymes had 

distinct morphological structure as demonstrated by scanning electron microscopy presented in figure 

1. Particle clustering during traditional co-precipitation synthesis was indicated by the chemically 

produced nanozymes' asymmetrical and aggregated shapes (Figure 1). The Azadirachta indica-mediated 

nanozymes, on the other hand, demonstrated significantly greater dispersion with less aggregation and 

more distinct particle morphologies. This is due to leaf extract's phytochemical components helped to 

stabilize the nanoparticles during production.  

 

https://linkmjhcr.com/index.php/lmj/index
https://portal.issn.org/resource/ISSN/3007-3448
https://linkmjhcr.com/index.php/lmj/copyrightpolicy
https://linkmjhcr.com/index.php/lmj/licensingpolicy


LMJHCR-122 | 2025;3(2) | ISSN 3007-3448 | © 2025 The Authors | CC BY 4.0 | Page 4 

 

Figure 1. SEM morphology of iron oxide nanozymes synthesized by (A) chemical co-precipitation and (B) Azadirachta indica-

mediated green synthesis. 

Iron and oxygen were found in both synthetic nanozyme preparations as shown by energy-dispersive X-

ray spectroscopy (Table 1). Chemically produced nanozymes displayed Fe and O peaks in addition to 

measurable chlorine, indicating residual precursor-derived chlorine as shown in figure 2. The 

nanozymes driven by Azadirachta indica exhibited a much lower chlorine content and a greater relative 

oxygen signal (Table 1). The elevated oxygen signal could be the result of oxygen-bearing functional 

groups connected to phytochemicals obtained from plants on the surface of the nanoparticles.  

Table 1. Elemental composition of synthesized iron oxide nanozymes based on EDS analysis 

Element Chemically synthesized nanozymes, wt% Azadirachta indica-mediated nanozymes, wt% 

Oxygen (O) 60.13 94.81 

Iron (Fe) 34.38 4.73 

Chlorine (Cl) 5.49 0.46 

 

Figure 2. EDS spectra of iron oxide nanozymes synthesized by (A) chemical co-precipitation and (B) Azadirachta indica-mediated 

green synthesis. 

Nanozymes' peroxidase-like catalytic activity was measured by extent of oxidation of OPD (OPD–H2O2 

system) to 2,3-diaminophenazine, a yellow-colored compound measured at 451 nm. The absorbance 

values obtained from the chemically synthesized, green synthesized, and uncatalyzed conditions are 

presented in Table 2. Azadirachta indica-mediated nanozymes produced the maximum absorbance peak 

at about 451 nm, whereas chemically created nanozymes increased absorbance in comparison to the 

uncatalyzed process suggests that the green-synthesized nanozyme exhibited more peroxidase-like 

activity under the studied conditions (figure 3) 

Table 2. Comparative OPD oxidation response of synthesized nanozymes 

Reaction system Relative absorbance response at 451 nm Interpretation 

OPD + H₂O₂ without nanozymes Lowest Minimal uncatalyzed oxidation 

OPD + H₂O₂ + chemically synthesized nanozymes Intermediate Catalytic OPD oxidation present 

OPD + H₂O₂ + Azadirachta indica-mediated 

nanozymes 

Highest Strongest peroxidase-like activity 
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Figure 3. UV–visible absorbance spectra of OPD oxidation in the absence and presence of chemically synthesized and 

Azadirachta indica-mediated iron oxide nanozymes. 

The kinetic parameters of the enzyme were evaluated using the Michaelis-Menten model, which serves 

as a fundamental framework for describing the rate of enzyme-catalyzed reactions as a function of 

substrate concentration(36). Linear area of absorbance-versus-time curves was used to determine initial 

reaction velocities and assess the impact of OPD concentration (10–25 mM) on peroxidase-like activity 

(Table 3). Azadirachta indica-mediated nanozymes consistently recorded 8–10 times greater velocities 

than chemically produced counterparts across all doses tested, as Figure 4A illustrates. Initial velocity 

rose gradually with OPD concentration for both nanozyme systems. Both systems exhibit classical 

hyperbolic Michaelis-Menten saturation dynamics, as shown in Figure 4B. A. indica-mediated nanozymes 

showed a greater Vmax of 7.0 × 10⁻³ M s⁻¹ along with a Km of 17.8 mM, while chemically manufactured 

nanozymes produced a Km of 9.4 mM and Vmax of 6.8 × 10⁻¹ M s⁻¹. The Lineweaver–Burk double-

reciprocal plot is shown in Figure 4C, where both systems generated linear fits verifying enzyme-

mimetic behavior in line with a ping-pong catalytic mechanism. Superior catalytic throughput is visibly 

confirmed by the green nanozyme line's flatter slope and lower y-intercept. The catalytic efficiency 

(Vmax/Km) for chemical and green-synthesized nanozymes was 7.23 × 10⁻¹ and 3.93 × 10⁻¹, respectively, 

as shown in Table 3. This is a 5.4-fold improvement due to the enhanced surface morphology and 

decreased aggregation provided by Azadirachta indica phytochemicals. 

 

Table 3. Kinetic parameters of chemically synthesized and Azadirachta indica-mediated iron oxide 

nanozymes 

Catalyst Substrate Km 

(mM) 

Vmax (M 

s⁻¹) 

Vmax/Km Relative 

Catalytic 

Efficiency 

Chemically synthesized iron 

oxide nanozymes 

OPD 9.4 6.8 × 10⁻⁴ 7.23 × 10⁻⁵ 1.0 

Azadirachta indica-mediated 

iron oxide nanozymes 

OPD 17.8 7.0 × 10⁻³ 3.93 × 10⁻⁴ 5.4 
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Figure 4: Kinetic analysis of peroxidase like activity: chemical vs green-synthesized iron oxide 

nanozymes  

DISCUSSION 

Azadirachta indica-mediated green synthesis produced iron oxide nanozymes with enhanced peroxidase-

like catalytic performance. Green-synthesized nanozymes had a roughly 5.4-fold greater predicted 

catalytic efficiency based on Vmax/Km, stronger OPD oxidation at 451 nm, lesser residual chlorine 

signal on EDS, and comparatively less aggregation on SEM. This can be explained by known function of 

phytochemicals derived from plants as stabilizing and surface-modifying agents during the creation of 

nanoparticles as explained in many studies (37-39). The Azadirachta indica-mediated technique provided 

greater dispersion, while chemical co-precipitation method created more irregular and aggregated 

structures as shown in SEM images. This distinction is important because surface accessibility, particle 

aggregation, and the availability of catalytic sites all have a significant impact on nanozyme activity(40). 

Reduced aggregation in green-synthesized nanozymes enhances catalytic performance by increasing the 

effective surface area available for interaction with OPD and H₂O₂ (41, 42).  

EDS analysis confirmed the presence of iron and oxygen in both nanozyme formulations, while the 

green-synthesized sample exhibited significantly lower chlorine content than the chemically synthesized 

one, likely due to residual chloride from the ferric chloride precursor. Oxygen-containing functional 

groups from phytochemicals adsorbed on the nanoparticle surface may be the cause of the increased 

relative oxygen signal in the green-synthesized sample, in line with the findings of (37), who linked 

surface-adsorbed organic biomolecules to increased oxygen signals in plant-capped iron oxide 

nanoparticles. This lends credence to the idea that proteins derived from plants could cap the surface 
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(43). Both nanozyme preparations improved OPD oxidation as compared to the uncatalyzed process, 

according to the OPD–H2O₂ colorimetric assay, with the Azadirachta indica-mediated nanozymes 

exhibiting the highest absorbance. This outcome aligns with the fundamental research of (27), who 

initially revealed that Fe3O4 nanoparticles have intrinsic peroxidase-like activity and catalyze the 

oxidation of chromogenic substrates mediated by H2O2 through electron-transfer and reactive oxygen 

species production. Improved particle dispersion, changed surface chemistry, and easier access to 

catalytic sites could all contribute to the green-synthesized nanozymes' higher absorbance response.  The 

peroxidase mechanism that underlies this activity has been further clarified by (14) , who showed that 

Fe²⁺ within Fe₃O₄ transfers electrons to the surface via the Fe²⁺–O–Fe³⁺ chain, regenerating surface Fe²⁺ 

and sustaining the catalytic reaction(44). This mechanism functions best in acidic environments, which 

is consistent with the pH 3.0 optimum found in the current study. 

The green-synthesized nanozymes' increased catalytic capacity is further supported by the kinetic study. 

Initial reaction velocities were obtained from the linear region of absorbance-versus-time curves at 

various OPD concentrations (Figure 4A) and fitted to the hyperbolic Michaelis-Menten equation (Figure 

4B), in accordance with the standardized Michaelis-Menten kinetic framework for peroxidase-like 

nanozymes described by(45). Both systems exhibit conventional enzyme-mimetic kinetics compatible 

with a ping-pong catalytic mechanism, as previously demonstrated for Fe3O4 nanozymes by the 

Lineweaver–Burk double-reciprocal linearization (Figure 4C) (45). Under the measured OPD 

concentrations, the Azadirachta indica-mediated nanozymes had a larger Vmax than chemically 

generated nanozymes, indicating stronger maximal catalytic activity. The green-synthesized nanozymes, 

however, also had a larger Km (17.8 mM versus 9.4 mM), indicating a decreased apparent substrate 

affinity for OPD. Consequently, the data show that, despite decreased apparent affinity, green synthesis 

mainly increased maximum catalytic capacity and overall Vmax/Km-based catalytic efficiency. This 

pattern is consistent with surface-functionalized nanozymes, where increased active site density coexists 

with partial steric shielding by surface-bound organic molecule (42). Catalytic efficiency (Vmax/Km) 

was roughly 7.23 × 10⁻¹ for chemically synthesized nanozymes and 3.93 × 10⁻² for Azadirachta indica-

mediated nanozymes, as shown in Table 3. This represents a roughly 5.4-fold increase due to the 

enhanced surface morphology and phytochemical capping provided by A. indica leaf extract (27, 37). 

CONCLUSION 

Iron oxide nanozymes with better dispersion, less residual chlorine signal, and greater OPD–H2O₂ 

peroxidase-like activity were successfully created via Azadirachta indica-mediated green synthesis 

compared to their chemically synthesized counterparts. Although their higher Km indicated a lower 

apparent OPD affinity under the testing conditions, kinetic analysis revealed that the green-synthesized 

nanozymes had a higher Vmax and around 5.4-fold larger Vmax/Km-based catalytic efficiency. These 

results imply that Azadirachta indica leaf extract could be a useful stabilizing and surface-modifying 

agent for the synthesis of iron oxide nanozymes that are catalytically active. Before these nanozymes 

may be developed for biosensing or environmental applications, more structural characterization, 

replicate-based kinetic validation, and application-specific testing are necessary. 
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