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A B S T R A C T

This study investigates the use of a redox mediator system to enhance the pollutant remediation capabilities of 
laccase-like nanozymes. A three-phase magnetic nanocomposite, composed of MnFe₂O₄, Mn₃O₄, and CuO in 
various precursor ratios, was synthesized. The 1:2:2 nanocomposite demonstrated the highest specific laccase- 
like activity, with values of 8.9 U mg⁻¹ at pH 4 and 9.2 U mg⁻¹ at pH 5. In contrast, single-phase nanozymes 
exhibited much lower activities. Cyclic voltammetry (CV) revealed that the 1:2:2 composite had a MnFe₂O₄ core 
and a Mn₃O₄|CuO alloy shell. The study also evaluated natural and synthetic redox mediators—acetosyringone, 
syringaldehyde, vanillin, and 1-hydroxybenzotriazole (HBT)—for their effect on methyl orange degradation. 
Acetosyringone was the most effective, achieving near-complete degradation at 50 µM and above, resulting in a 
6.3-fold increase in degradation rate compared to treatments without mediators. Syringaldehyde and vanillin 
also enhanced degradation, with syringaldehyde reaching near-complete degradation at 75 µM and 100 µM, 
while vanillin required higher concentrations for 80 % degradation. CV was used to analyze the electrochemical 
properties of reactions involving the 1:2:2 nanocomposite and redox mediators. These findings highlight the 
potential of combining nanozymes with natural redox mediators for improved degradation of harmful com
pounds in environmental remediation. While laccase-like nanozymes have typically been used for sensor ap
plications, this study opens new possibilities for their use in environmental challenges and catalytic systems.

1. Introduction

Laccase is one of the most researched and versatile enzymes for the 
wastewater treatment and degradation of several compounds that can be 
found in the effluents from industries and hospitals, including herbi
cides, fertilizers, synthetic dyes, polycyclic aromatic hydrocarbons 
(PAH), chlorinated paraffin phthalates, and emerging pollutants, which 
may include pharmaceuticals (antibiotics, hormones, endocrine dis
ruptors), plasticizers, and compounds derived from self-care products, 
among others [1–5]. Laccase catalyzes non-specific oxidation of a wide 
range of substrates, particularly substituted phenols and aromatic 
amines, converting them into unstable radicals using oxygen as an 
electron acceptor and generating water as a by-product [6]. These 

unstable compounds generated free radicals initiate cascade reactions, 
leading to chemical transformations that can reach the complete sub
strate mineralization into carbon dioxide and water [1]. However, lac
cases have a redox potential ranging from 0.5 to 0.8 V [7,8], which is less 
than that of peroxidases (1.1 to 1.26 V) [9]. Several studies have 
demonstrated the effectiveness of a redox mediator system to enhance 
the redox potential of laccase for degrading compounds. This strategy 
involves the utilization of phenolic compounds, functioning as redox 
mediators, to serve as intermediaries between laccase and the targeted 
pollutant. By facilitating electron transfer processes, these mediators 
enhance the breakdown process, resulting in degradation rates that can 
increase by 20 to 80 % [10,11]. While laccase and other natural enzymes 
have shown remarkable efficiency in degrading a wide range of 
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environmental pollutants, they face several limitations that hinder their 
broader application in real-world wastewater remediation systems. 
Natural enzymes, including laccase, often exhibit poor stability under 
diverse environmental conditions, such as extreme pH, high tempera
tures, or the presence of inhibitors commonly found in industrial efflu
ents [12,13]. These limitations significantly reduce their catalytic 
efficiency and lifespan, necessitating frequent enzyme replacement and 
increasing the operational costs. Additionally, the production of natural 
enzymes remains costly and resource-intensive, as it often involves 
laborious purification steps and the maintenance of strict growth con
ditions for producing microbial or fungal strains [14]. Conversely, 
nanozymes, which are engineered nanomaterials designed to emulate 
the catalytic activities of natural enzymes, present an innovative alter
native. These nanozymes, including materials such as Fe2O3, Pt, Fe-Pt, 
Ag2O, Tb2O7, Au/Pt, Pt-Se, Mn3O4, MnO2, CuO, CeO2, MnFe₂O₄, as 
well as metal-organic frameworks (MOF), exhibit enzyme-like activities 
including those akin to peroxidase, oxidase, laccase, and catalase 
[15–23]. Nanozymes provide several advantages compared to natural 
enzymes, including cost-effective production, enhanced chemical sta
bility, and the ability to control their shape, size, composition, and 
surface characteristics. Additionally, the magnetic properties of ferrite 
nanozymes enable easy reuse, facilitating the development of these 
materials with technological scalability and potential for industrial ap
plications [24]. Similar approaches have been reported for natural lac
case immobilized on magnetic nanomaterials as supports [25–27]. 
Furthermore, the catalytic application of nanoparticles with laccase-like 
activity has been predominantly restricted to detection methods that 
involve the oxidation of easily oxidizable substrates [23,28–31], rather 
than compounds requiring enzymes with higher redox potentials, such 
as synthetic dyes. To date, the effect of redox mediators on the activity of 
nanozymes has not been thoroughly explored.

This study aimed to synthesize a nanozyme based on a ternary het
erostructure composed of MnFe₂O₄, Mn₃O₄, and CuO, materials that 
have been reported to exhibit laccase-like activity. We expected to 
enhance this activity through the synergistic effect of combining these 
materials. The incorporation of MnFe₂O₄ also confers magnetic proper
ties to the nanozyme, facilitating its recovery and reuse using an external 
magnetic field. Besides, we evaluated the influence of natural redox 
mediators (acetosyringone, syringaldehyde and vainillin) on the cata
lytic activity of nanozymes for degrading methyl orange as a model azo- 
dye compound (Fig. 1). Additionally, the electrochemical characteristics 
of the reaction between redox mediators and the nanozyme were studied 
to understand and compare the mechanisms of the nanozyme with those 

of natural laccase reported in the literature.

2. Methodology

2.1. Reagents

The reagents, methyl orange (MO), hexadecyltrimethylammonium 
bromide (CTAB), the enzymatic substrates (3-Methyl-2-benzothiazoli
none hydrazone (MBTH), 1.5 mM 4-(Dimethylamino)benzaldehyde 
(DMAB), and 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) 
(ABTS)), redox mediators (acetosyringone, syringaldehyde, vainillin 
and 1-hydroxybenzotriazole) were purchased from Merck (Darmstadt, 
Germany).

2.2. Synthesis of MnFe₂O₄ nanozymes

The synthesis of MnFe₂O₄ nanozymes was carried out using the co- 
precipitation method, as described by Hermosilla et al. [22]. Initially, 
17 mL of 7 M NaOH solution was placed in a 250 mL glass flask and 
heated to 90 ◦C in a glycerin bath. Mechanical stirring was maintained at 
400 rpm throughout the synthesis process. A mixture comprising 2.25 
mL of 4 M FeCl3, 2.25 mL of 2 M MnCl2, and 22.5 mL of ultrapure water 
was then added dropwise to the flask at a rate of 2 mL min− 1, employing 
a peristaltic pump for controlled delivery. Following this, a combination 
of 1 mL of CTAB (as stabilizing agent) at a concentration of 4.6 mg mL− 1 

and 1 mL of 3 mg mL− 1 NH4Cl was introduced into the reaction mixture 
through a peristaltic pump, also at a rate of 2 mL min− 1. The mixture was 
continuously stirred and maintained at a constant temperature of 90 ◦C 
for 2 h to ensure the completion of the reaction. This process resulted in 
the formation of a dark brown precipitate, which was subsequently 
washed three times with water to remove the reagent excess.

2.3. Synthesis of Mn3O4 nanozymes

The Mn3O4 nanozymes were synthesized utilizing a chemical pre
cipitation method. Initially, 25 mL of a 0.5 M NaOH solution was 
introduced into a 250 mL reaction flask, which was subsequently heated 
to 90 ◦C in a glycerin bath. Following this step, 25 mL of a 0.2 M MnSO4 
solution, along with 51 mg of CTAB, were incrementally added to the 
flask at a controlled rate of 2 mL min− 1 using a peristaltic pump. This 
step was followed by the addition of 2 mL of 30 % hydrogen peroxide to 
the mixture, also at a rate of 2 mL min− 1. The reaction mixture was 
subjected to continuous agitation at a stable temperature of 90 ◦C for 2 

Fig. 1. Schematic illustration representing the key steps involved in enhancing the laccase-like activity of metal oxide nanozymes as evaluated in this study.
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h. Subsequently, the formed nanozymes were recovered from the reac
tion mixture through centrifugation at 4300 rpm, followed by triple 
washing with distilled water to eliminate any residual reactants.

2.4. Synthesis of CuO nanozymes

The CuO nanozymes were synthesized utilizing the sol-gel method 
[32]. The synthesis commenced with the preparation of a reaction 
mixture in a 250 mL glass flask; this mixture comprised 50 mL of a 0.1 M 
CuSO4 solution and 51 mg of CTAB. The flask was placed on a heating 
plate submerged in a glycerin bath, with the temperature maintained at 
90 ◦C. A vertical homogenizer, set at 500 rpm, was used to ensure uni
form mixing. Following the initial setup, 17 mL of 0.5 M NaOH solution 
was added gradually to the flask at a controlled rate of 2 mL min− 1, 
facilitated by a peristaltic pump. The reaction was continuously agitated 
at 90 ◦C for 2 h to ensure complete synthesis. Afterward, the mixture was 
subjected to vacuum filtration to separate the precipitated nanozymes. 
The collected precipitate was then washed three times with water to 
remove any unreacted substances or residual reactants.

2.5. One-pot synthesis of MnFe₂O₄/Mn3O4 nanozymes

The MnFe₂O₄/Mn3O4 two-phase nanozymes were synthesized using 
various molar ratios of Mn:Mn (1:1) to evaluate their effect on Laccase- 
like activity. Synthesis was performed in round-bottom flasks, which 
were mechanically stirred at 400 rpm on a heating plate within a glyc
erin bath maintained at 90 ◦C. Briefly, 17 mL of a 7 M NaOH solution 
was added to the flask, which was subsequently heated to 90 ◦C and 
sealed with a rubber stopper. Following this, a solution containing 25 
mL of FeCl3⋅6H2O and MnCl2 was added using a peristaltic pump at a 
flow rate of 2 mL min− 1, achieving final concentrations of 0.2 M for Fe3+

and 0.1 M for Mn2+. Afterward, 1 mL of CTAB and 1 mL of NH4Cl were 
added at the same flow rate. The reaction mixture was kept under 
constant agitation and temperature for 2 h. Then, a solution of 10 mL of 
MnSO4⋅4H2O was added dropwise at 2 mL min− 1 to reach a final Mn2+

concentration of 0.1 or 0.2 M in the mixture for each specific molar ratio, 
followed by the addition of 4 mL of H2O2 at the same rate. These con
ditions were maintained for an additional 2 h. The resulting precipitate 
was separated using a neodymium magnet and washed three times with 
deionized water.

2.6. One-pot synthesis of MnFe₂O₄/CuO nanozymes

The MnFe₂O₄/CuO two-phase nanozymes were synthesized using 
various molar ratios of Mn:Cu (1:1) to evaluate their effect on Laccase- 
like activity. Synthesis was performed in round-bottom flasks, which 
were mechanically stirred at 400 rpm on a heating plate within a glyc
erin bath maintained at 90 ◦C. Briefly, 17 mL of a 7 M NaOH solution 
was added to the flask, which was subsequently heated to 90 ◦C and 
sealed with a rubber stopper. Following this, a solution containing 25 
mL of FeCl3⋅6H2O and MnCl2 was added using a peristaltic pump at a 
flow rate of 2 mL min− 1, achieving final concentrations of 0.2 M for Fe3+

and 0.1 M for Mn2+. Afterward, 1 mL of CTAB and 1 mL of NH4Cl were 
added at the same flow rate. The reaction mixture was kept under 
constant agitation and temperature for 2 h. Subsequently, 10 mL of 
CuSO4⋅5H2O solution was introduced at a flow rate of 2 mL min− 1 to 
achieve a final Cu2+ concentration of 0.1 or 0.2 M, and the reaction was 
continued for another 2 h. The resulting precipitate was separated using 
a neodymium magnet and washed three times with deionized water.

2.7. One-pot synthesis of three-phase nanozymes

The MnFe₂O₄/Mn3O4/CuO three-phase nanozymes were synthesized 
using various molar ratios of Mn:Mn:Cu (1:1:1, 2:1:1, 1:2:1, 1:1:2, 2:2:1, 
2:1:2, 1:2:2) to evaluate their effect on Laccase-like activity. Synthesis 
was performed in round-bottom flasks, which were mechanically stirred 

at 400 rpm on a heating plate within a glycerin bath maintained at 90 ◦C. 
Briefly, 17 mL of a 7 M NaOH solution was added to the flask, which was 
subsequently heated to 90 ◦C and sealed with a rubber stopper. 
Following this, a solution containing 25 mL of FeCl3⋅6H2O and MnCl2 
was added using a peristaltic pump at a flow rate of 2 mL min− 1, 
achieving final concentrations of 0.2 M for Fe3+ and 0.1 M for Mn2+. 
Afterward, 1 mL of CTAB and 1 mL of NH4Cl were added at the same 
flow rate. The reaction mixture was kept under constant agitation and 
temperature for 2 h. Then, a solution of 10 mL of MnSO4⋅4H2O was 
added dropwise at 2 mL min− 1 to reach a final Mn2+ concentration of 0.1 
or 0.2 M in the mixture for each specific molar ratio, followed by the 
addition of 4 mL of H2O2 at the same rate. These conditions were 
maintained for an additional 2 h. Subsequently, 10 mL of CuSO4⋅5H2O 
solution was introduced at a flow rate of 2 mL min− 1 to achieve a final 
Cu2+ concentration of 0.1 or 0.2 M, and the reaction was continued for 
another 2 h. The resulting precipitate was separated using a neodymium 
magnet and washed three times with deionized water.

2.8. Characterization of nanozymes

The synthesized nanozymes were characterized using a suite of 
analytical techniques to understand their structure, morphology, and 
magnetic features. X-ray diffraction (XRD) analysis of nanozymes was 
carried out in a Bruker D8 Advance diffractometer (40 kV/30 mA Cu Kα 
radiation) with LynxEye linear detector (Bruker, Karlsruhe, Germany), 
while transmission electron microscopy (TEM) was carried out in a TEM 
JEOL 1200 EX II (JEOL Ltd, Tokyo, Japan).

2.9. Laccase-like activity

The laccase-mimicking activity of the synthesized nanozymes was 
assessed using two substrates: MBTH-DMAB and ABTS. In the MBTH- 
DMAB assay, the oxidation kinetics were determined in a cuvette (1- 
cm light path) filled with a reaction mixture comprising 100 µL of MBTH 
(14 mM), 300 µL of DMAB (6.6 mM), 400 µL of buffer, 450 µL of distilled 
water and 50 µL of the nanozyme solution in deionized water. The re
action kinetics were monitored by measuring the increase in absorbance 
at 590 nm (molar extinction coefficient of 53,000 M− 1 cm− 1) at 1-second 
intervals for 2 min [22]. For the ABTS assay, the reaction was carried out 
in a cuvette (1-cm light path) with 400 µL of buffer, 100 µL of ABTS (15 
mM), 950 µL of distilled water, and 50 µL of the nanozyme dispersion. 
This reaction was also conducted at 30 ◦C, monitoring the increase in 
absorbance at 420 nm using a molar extinction coefficient of 36,000 M− 1 

cm− 1. The effect of pH on these reactions was evaluated using acetate 
buffer (100 mM) for adjustments within a pH range of 3.0–5.0, and 
phosphate buffer (100 mM) for a pH range of 6.0–8.0 [33]. Spectro
photometric measurements were performed using a UV–Vis Spec
troquant Prove 300 spectrophotometer (Merck KGaA, Darmstadt, 
Germany). Laccase-like activity was quantified by defining one unit (U) 
of activity as the amount of nanozyme necessary to oxidize one micro
mole of substrate per minute. For comparative analysis, the specific 
activity was reported in units per milligram (U mg− 1) of nanozymes, 
following the methodology of [34].

2.10. Assays of MO degradation by nanozyme-redox-mediator system

The degradation assays of methyl orange (MO) were conducted in 
Erlenmeyer flasks, employing specific concentrations of 20 mg L− 1 MO 
and nanozyme concentrations of 50 and 100 mg L− 1, within a pH range 
of 4 and 5. These conditions were maintained for 1 hour at a constant 
shaking of 200 rpm. The extent of MO degradation was determined at a 
wavelength of 463 nm, utilizing a UV–Vis Spectroquant Prove 300 
spectrophotometer for the measurement. The influence of various redox 
mediators—namely syringaldehyde, acetosyringone, vanillin, and 1- 
hydroxybenzotriazole —was assessed. These mediators were tested at 
final concentrations ranging from 25 to 100 μM, under identical 
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experimental conditions. Additionally, control treatments were per
formed, where the nanozyme was tested without redox mediators (no- 
mediator treatment) and where the redox mediators were tested without 
the nanozyme. All treatments were performed in triplicate, and the data 
are presented as the mean ± standard deviation of the results.

2.11. Recovery and recycling of nanozymes

The reutilization of nanozymes for MO degradation was assessed by 
conducting degradation assays in Erlenmeyer flasks containing 20 mg 
L⁻¹ MO, 100 mg L⁻¹ nanozyme, and 100 μM acetosyringone at pH 5. The 
reactions were incubated at 200 rpm for 1 hour. Afterwards, the nano
zymes were magnetically recovered using a neodymium magnet, 
washed with distilled water, and reused in subsequent degradation cy
cles under identical conditions. The degradation efficiency and stability 
of the nanozymes were evaluated over seven consecutive cycles, with 
the data presented as the mean ± standard deviation of triplicates. 
Additionally, the metal ions released after each degradation cycle were 
measured using Total Reflection X-Ray Fluorescence (TXRF) spectros
copy. The analysis was carried out with a high-efficiency S4 T-STAR 
module (Bruker Nano GmbH, Berlin, Germany) equipped with a mo
lybdenum (Mo) X-ray tube. Sample excitation was conducted at a 
voltage of 50 kV and a current of 1000 μA. The measurement time was 
set to 600 s. The evaluation of the obtained spectra was performed using 
Spectra PicoFox software (version 7.2.5.0, Bruker Nano GmbH).

2.12. Cyclic voltammetry

The electrochemical perturbations were performed through a CHI- 
920D potentiostat/galvanostat using a three-compartment cell with an 
Ag/AgCl reference electrode, a platinum wire as counter-electrode with 
a geometrical area 20 times larger than the glassy carbon electrode (GC) 
(3.0 mm diameter), used as the working electrode. Cyclic voltammetry 
was performed between − 1.00 and 1.00 V, with a sweep speed, n,

n = 0.05 V s− 1. The solution consisted of an acetate buffer at pH 4.0, 
where the different mediator groups (acetosyringone and syringalde
hyde) and the nanozyme were added, with a concentration of each 
mediator of 50 mM and a nanostructure of 50 mg L− 1. All experiments 
were performed at room temperature.

3. Results and discussion

3.1. Laccase-like activity of nanozymes

The laccase-like activity of various metal oxide composites and their 
individual components under different pH conditions was spectropho
tometrically evaluated using MBTH/DMAB and ABTS as substrates. The 
obtained results show the influence of nanozyme composition, precursor 
molar ratios, and pH on catalytic performance. Fig. 1a shows the specific 
laccase-like activity using MBTH/DMAB as the substrate. Among the 
single-phase materials, Mn₃O₄ exhibits the highest activity (1.74 U mg⁻¹ 
at pH 3), followed by MnFe₂O₄ (0.26 U mg⁻¹ at pH 4), and CuO (0.006 U 
mg⁻¹ at pH 6). To synthesize magnetic nanozymes, MnFe₂O₄ phase was 
included in the synthesis of both two-phase and three-phase composites. 
To identify potential synergistic effect as “synergism factor” between 
metal oxide phase on the laccase-like activity, the theoretical activity of 
two and three-phase nanozymes was estimated using the following 
equation: 

At =

∑
i(Ri × Ai)
∑

iRi 

Where, At is the theoretical activity of the combined material, Ri is 
the molar ratio of precursor in the combined material, Ai is the activity 
of precursor (i.e., the activity of the corresponding single-phase nano
zyme), 

∑
i(Ri × Ai) the sum of the weighted activities of each precursor, 

and 
∑

iRi the sum of the molar ratios of all the precursors.
The synergism factor was calculated as the observed activity divided 

by the theoretical activity. A synergism factor greater than 1 indicates 
positive synergy, where the combined effect of components is greater 
than the sum of their individual effects. A value equal to 1 indicates an 
additive effect, meaning the components work independently without 
enhancing each other. A value <1 indicates antagonism, where the 
combined effect is less than expected. The MnFe₂O₄|Mn₃O₄ composites 
exhibited higher activity than MnFe₂O₄ alone but significantly lower 
activity compared to theoretical activity (Table 1). The MnFe₂O₄|CuO 
composite showed lower activity than MnFe₂O₄ alone, indicating an 
antagonism effect between MnFe₂O₄ and CuO phases. By contrast, in the 
case of three-phase composites (MnFe₂O₄@Mn₃O₄|CuO), significantly 
higher activity was observed across all tested pH levels (pH 3, 4, and 5) 
compared to single-phase nanozymes and their estimated theoretical 
activities. All synthesized three-phase nanozymes shower a synergism 
effect with synergism index between 1.34 to 14.42. The composite with 
a precursor molar ratio of 1:2:2 reached the highest specific laccase-like 
activity of 8.9 U mg⁻¹ and 9.2 U mg⁻¹ at pH 4 and 5, respectively. This 
nanozyme exhibited a synergism factor of 14.4 relative to the theoretical 
activity, suggesting a synergistic effect among MnFe₂O₄, Mn₃O₄, and 
CuO that enhances catalytic performance. A comparative overview of 
the specific activities of three-phase nanozymes indicates that equimolar 
combinations of Mn₃O₄ and CuO precursors significantly enhance 
laccase-like activity. Conversely, increasing the proportion of MnFe₂O₄ 
in the composite synthesis results in diminished catalytic activity. 
However, the MnFe₂O₄ phase imparts magnetic properties to the nano
zyme, facilitating its recovery and easy reuse after the catalytic process. 
The laccase-like activity measured using ABTS as the substrate shows a 
similar trend (Fig. 2b). The three-phase composite MnFe₂O₄@Mn₃O₄| 
CuO consistently exhibits the highest activity across all pH levels, with 
the 1:2:2 ratio demonstrating superior performance. However, in most 
measurements using ABTS, the activity of the nanozymes was signifi
cantly higher at pH 4 compared to pH 5. Additionally, it was observed 
that the synthesized nanozymes have a higher affinity for ABTS 
compared to MBTH/DMAB, as indicated by the higher specific activity 
values when using ABTS. In both substrates, the activity generally de
creases with lowering pH, suggesting that the catalytic performance is 
pH-dependent, with optimal activity at pH levels between 4 and 5. 
Composite nanozymes, such as MnFe₂O₄|Mn₃O₄ and MnFe₂O₄|CuO, also 
show varied activity, with MnFe₂O₄|Mn₃O₄ performing significantly 
better than MnFe₂O₄|CuO. The mixtures of nanozymes (1:1:1, 1:2:1, 
etc.) show notable variations in activity, with the 1:1:1 mixture dis
playing exceptionally high activity at all pH levels, particularly at pH 5 
Table 2.

3.2. Chemical and morphological characterization of nanozymes

The Fig. 3a–d shows the X-ray diffraction (XRD) patterns which 
provide valuable insights into the structural properties of single-phase 
nanozymes and the three-phase 1:2:2 nanozyme. The XRD pattern for 
MnFe₂O₄ exhibits sharp and well-defined peaks, indicative of its high 
crystallinity and confirming the phase purity with a spinel structure. 
Similarly, the Mn₃O₄ pattern shows well-resolved peaks matching its 
tetragonal structure, confirming its high crystallinity and purity. The 
CuO pattern displays sharp peaks typical of its monoclinic structure, 
indicating high-purity and well-crystalline CuO. In the composite 
pattern of MnFe₂O₄@Mn₃O₄|CuO, a combination of peaks from all three 
oxides is evident, indicating that the composite retains the crystalline 
structures of MnFe₂O₄, Mn₃O₄, and CuO without significant peak shifts. 
This suggests no strong interactions or new phases formed among the 
oxides, highlighting the successful integration of these materials in the 
nanocomposite 1:2:2. The sharp peaks in all patterns confirm high 
crystallinity for both the individual oxides and the composite, which is 
desirable as it influences the material’s physical properties, such as 
magnetic behavior, catalytic activity, and electronic performance. The 
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Table 1 
Laccase-like activity using MBTH/DMAB (as the substrate) and synergism factor of the synthesized nanozymes at different pH levels.

Nanozyme Laccase-like activity (U mg− 1) Synergism index

Experimental activity Theoretical activity

pH 3 pH 4 pH 5 pH 3 pH 4 pH 5 pH 3 pH 4 pH 5

MnFe₂O₄ 0.25 0.26 0.19 – – – – – –
Mn₃O₄ 1.74 1.70 1.49 – – – – – –
CuO 0.001 0.002 0.006 – – – – – –
MnFe₂O₄|Mn₃O₄ 0.32 0.37 0.25 0.99 0.98 0.84 0.32 0.38 0.30
MnFe₂O₄|CuO 0.02 0.05 0.04 0.12 0.13 0.10 0.16 0.38 0.41
MnFe₂O₄@Mn₃O₄|CuO 1:1:1 5.70 5.17 6.73 0.66 0.65 0.56 *8.59 *7.91 *11.98

1:2:1 2.53 2.45 3.67 0.93 0.92 0.79 *2.71 *2.68 **4.62
1:1:2 0.88 1.13 1.30 0.66 0.71 0.70 *1.34 *1.59 *1.86
1:2:2 6.79 8.90 9.18 0.75 0.73 0.64 **9.10 **12.15 **14.42
2:1:1 1.99 1.57 2.16 0.56 0.56 0.47 *3.55 *2.83 **4.61
2:1:2 1.09 1.13 1.03 0.78 0.79 0.71 *1.39 *1.43 *1.45
2:2:1 1.32 1.51 3.18 0.79 0.78 0.67 *1.66 *1.93 **4.72

The synergism factor was calculated as the observed activity divided by the theoretical activity. An index greater than 1 indicates positive synergy (* and ** values), 
equal to 1 indicates an additive effect, and <1 indicates antagonism.

Fig. 2. Laccase-like specific activity (U mg− 1) of synthesized nanozymes assayed using (a) MBTH-DMAB and (b) ABTS substrates under acidic pH values 3 to 5. The 
data presented represent the mean values with standard deviations (n = 3).

Table 2 
Laccase-like activity using ABTS (as the substrate) and synergism factor of the synthesized nanozymes at different pH levels.

Nanozyme Laccase-like activity (U mg− 1) Synergism factor

Experimental activity Theoretical activity

pH 3 pH 4 pH 5 pH 3 pH 4 pH 5 pH 3 pH 4 pH 5

MnFe₂O₄ 0.79 0.28 0.28 – – – – – –
Mn₃O₄ 1.97 2.24 2.37 – – – – – –
CuO 0 0.01 0.01 – – – – – –
MnFe₂O₄|Mn₃O₄ 2.93 1.21 0.31 1.38 1.26 1.32 *2.12 0.96 0.23
MnFe₂O₄|CuO 0.37 0.14 0.00 0.39 0.14 0.14 0.94 0.97 0.00
MnFe₂O₄@Mn₃O₄|CuO 1:1:1 6.59 11.21 2.31 0.92 0.84 0.89 *7.16 *13.29 2.61

1:2:1 9.72 12.68 8.45 1.18 1.19 1.26 **8.22 **10.63 **6.72
1:1:2 0.31 2.11 0.59 0.57 1.09 0.74 0.54 *1.93 0.79
1:2:2 10.7 16.9 5.77 0.95 0.96 1.01 **11.31 **17.68 **5.72
2:1:1 3.38 4.23 2.54 0.89 0.70 0.73 *3.81 **6.02 *3.46
2:1:2 1.58 1.55 0.28 1.03 1.07 0.59 *1.54 *1.45 0.47
2:2:1 2.48 5.13 1.80 1.10 1.01 1.06 *2.25 **5.08 *1.69

The synergism factor was calculated as the observed activity divided by the theoretical activity. An index greater than 1 indicates positive synergy (* and ** values), 
equal to 1 indicates an additive effect, and <1 indicates antagonism.
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absence of additional peaks in the composite’s XRD pattern suggests no 
new phases formed during nanocomposite synthesis, indicating good 
phase compatibility among MnFe₂O₄, Mn₃O₄, and CuO. This compati
bility is crucial for maintaining the desirable properties of each oxide in 
the composite material. The XRD analysis confirms that the composite 
material is effectively composed of MnFe₂O₄, Mn₃O₄, and CuO, each 
retaining its crystalline structure. The one-pot synthesis process has 
successfully integrated these oxides without forming new phases. 
Quantitative phase analysis of XRD data using the Rietveld method 
yielded the following mass fractions for the 1:2:2 nanozyme: MnFe₂O₄ – 
13.2 wt% (reference code 01–074–2403 from PDF-2), Mn₃O₄ – 45.5 wt% 

(ICSD: 68,174), and CuO – 41.3 wt% (ICSD 98–001–6025). The atomic 
composition is 35.9 % Mn, 32.9 % Cu, 24.7 % O, and 6.4 % Fe.

Transmission electron microscopy (TEM) images revealed that the 
synthesized single-phase nanozymes have distinct sizes and morphol
ogies (Fig. 3e–h). The synthesized MnFe₂O₄ nanozymes exhibited a 
spherical shape with a mean size of 4.1 nm and a normal size distribu
tion. The Mn₃O₄ nanozymes displayed a cubic shape with a mean size of 
25.7 nm, while the CuO nanozymes exhibited a rod shape with a length 
of 55.6 nm. Additionally, the 1:2:2 composite exhibited a rod shape with 
a mean length of 5.2 nm and a normal size distribution. These results 
indicate that the synthesis method successfully produces nanozymes 

Fig. 3. (a-d) XRD patterns and (e-h) TEM images with corresponding size histograms of the synthesized nanozymes.
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with well-defined shapes and sizes, which are crucial for their catalytic 
properties. The spherical morphology of MnFe₂O₄ and the cubic struc
ture of Mn₃O₄ suggest a high degree of crystallinity and uniformity, 
which are beneficial for consistent catalytic performance. The rod- 
shaped CuO and 1:2:2 composite nanozymes, with their larger aspect 
ratios, may offer enhanced surface area for catalytic reactions. These 
distinct morphologies and sizes contribute to the overall functionality 
and efficiency of the nanozymes in various catalytic applications. 
Interestingly, the 1:2:2 composite composed of MnFe₂O₄@Mn₃O₄|CuO 
showed a similar size to the MnFe₂O₄ nanozymes. This size similarity can 
be attributed to the role of MnFe₂O₄ as a nucleation site for the other 
Mn₃O₄ and CuO phases. During the synthesis process, MnFe₂O₄ particles 
likely provide a surface for the nucleation and growth of Mn₃O₄ and 
CuO, resulting in composite nanozymes with a size distribution influ
enced by the initial MnFe₂O₄ particles. This nucleation effect ensures a 
more uniform and controlled size of the composite, closely resembling 
the size of the pure MnFe₂O₄ nanozymes.

3.3. Electrochemical characterization of nanozymes

Fig. 4a shows the cyclic voltammogram of the magnetic nano
structures, MnFe2O4, observing two characteristic peaks corresponding 

to the irreversible Redox couple, Mn3+/Mn4+, around 0.634 and 0.244 V 
[35,36]. In contrast, the Mn2O3 nanostructure presents the same irre
versible Redox couple but at more positive potentials, 0.860 and 0.416 V 
[37] (Fig. 4b). This shift can be associated with the non-presence of 
ferrite in the MnFe2O4 nanostructures, increasing the Redox couple’s 
irreversibility by 0.055 V in Mn3O4. On the other hand, Fig. 4c shows the 
cyclic voltammogram of CuO nanostructures, where two Redox couples 
are observed, Cu0/Cu+ and Cu+/Cu2+ at − 0.034 and 0.169 V in the 
direction of the positive potentials, when reversing the direction of the 
sweep, they appear at − 0.375 and − 0.577 V, respectively [38,39]. 
Unlike the previous cyclic voltammograms, the potential range had to be 
reduced due to the higher catalytic activity presented by copper versus 
the hydrogen evolution reaction (HER). The current densities observed 
in the voltammograms are directly related to the available surface area 
of the nanostructure, which in turn correlates with the sizes observed in 
the TEM images for each of them (Fig. 3e).

Fig. 4d shows the cyclic voltammogram corresponding to the syn
thesized nanostructure at 1:2:2 ratios of MnFe2O4, Mn3O4, and CuO, 
respectively, where different peaks that were assigned to the presence of 
Cu and Mn are shown. Unlike the peaks observed in the CuO voltam
mogram, these appear to shift around 0.090 V towards more negative 
potential values, where the oxidation process of the copper species 

Fig. 4. Cyclic voltammetry of the nanostructures of: (a) MnFe2O4, (b) Mn3O4, (c) CuO and (d) MnFe2O4@CuO|Mn3O4 (1:2:2 nanozyme) in an acetate buffer solution 
pH 5 at n = 0.05 mVs− 1. (e) graphical representation of the nanostructure of MnFe3O4@CuO|Mn3O4.
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shows a much wider signal around − 0.059 V, overlapping two oxidation 
processes of Cu0/Cu+ and Cu+/Cu2+, whereas, when the potential sweep 
is reversed towards negative values, both well-defined reductions are 
shown with values of − 0.259 and − 0.716 V for Cu2+/Cu+ and Cu+/Cu0, 
respectively. Regarding the peaks observed at 0.749 and 0.319 V, they 
correspond to Redox couple Mn3+/Mn4+ Redox couple, process irre
versible with ΔE ca. 0.430 V, very similar to what was observed in the 
voltammogram corresponding to Mn2O3. From this, and as has been 
reported in the literature, it is possible to indicate what type of 
morphology or structure a material has from the voltammetric profiles 
[40,41]. In this instance, it is possible to determine that the nano
structure has a core@shell conformation, which contrasted with the 
TEM image, should be with a rice grain morphology (Fig. 3e)

3.4. Effect of redox mediators on catalytic activity of nanozymes

Redox mediators are primarily low molecular weight aromatic 
compounds that can be easily oxidized by natural laccase, converting 
them into highly active intermediates. These active mediators can then 
interact with and oxidize other compounds that are not susceptible to 
direct laccase oxidation. The active mediator transfers the electrons 
from the substrate to the enzyme, self-reducing in the process, thereby 
allowing the cycle to restart [42]. The use of redox mediators in 
laccase-like nanozyme-catalyzed processes has not yet been explored. 
Therefore, this study evaluated the effect of redox mediators to enhance 
the activity of the 1:2:2 nanozyme for expanding their potential use 
remediation of organic pollutants. Methyl orange was used as a model 
organic pollutant in this study due to its ease of spectrophotometric 
detection. It is a common azo dye widely used in the textile and dyeing 
industries, and its persistence in the environment makes it a represen
tative compound for studying the degradation of organic pollutants 
[43]. It is estimated that over 70 % of industrial dyes are azo dyes. These 
compounds are characterized by the functional group (-N = N-), which 
links two identical or different alkyl or aryl radicals [44]. Three natural 
redox mediators (acetosyringone, syringaldehyde, and vanillin) and one 
synthetic redox mediator (1-Hydroxybenzotriazole) were included in 
the assays.

Fig. 5 shows the degradation efficiency of methyl orange using two 
concentrations of the 1:2:2 nanozyme (50 and 100 mg L− 1) in the 
absence and presence of redox mediators at different concentrations (25 
µM, 50 µM, 75 µM, and 100 µM) and at pH 4 and 5. All treatments 
exhibited higher degradation rates at pH 4. In the absence of redox 
mediators, the 1:2:2 nanozyme achieved low degradation rates of 
methyl orange, with a maximum of 15.5 % using 100 mg L− 1 nanozyme 
at pH 4. In absence of nanozymes, the redox mediators alone did not 
show any degradation of methyl orange. The addition of redox media
tors to the system with nanozymes resulted in a substantial increase in 
the degradation of methyl orange. Acetosyringone was the most effec
tive redox mediator, significantly enhancing the degradation of methyl 
orange, followed by syringaldehyde, vanillin, and 1-Hydroxybenzotria
zole. No significant differences were observed at both nanozyme con
centrations combined with acetosyringone, syringaldehyde, and HBT at 
pH 4, except for the treatment with 50 mg L− 1 of nanozyme and 100 µM 
syringaldehyde. The treatment with acetosyringone demonstrated the 
highest efficiency, achieving near-complete degradation at concentra
tions of 50 µM and above. This resulted in a 6.3-fold increase compared 
to the no-mediator treatment at 100 mg L− 1 nanozyme, indicating that 
acetosyringone is highly effective in facilitating the degradation process. 
Similar results were obtained with syringaldehyde; however, a notice
able decrease in the degradation of methyl orange was observed in the 
treatment with 100 µM of syringaldehyde and 50 mg L⁻¹ of nanozyme. 
This phenomenon has also been observed in natural laccase-redox 
mediator systems, where high concentrations of redox mediators and 
low laccase levels can lead to the formation of non-productive com
plexes or enzyme inactivation [45]. Vanillin, while effective at pH 4, 
showed lower degradation efficiency compared to acetosyringone and 

syringaldehyde, with a maximum degradation of around 80 % at 100 
µM, suggesting that higher concentrations are needed for optimal per
formance. Similarly, 1-Hydroxybenzotriazole exhibited moderate effi
ciency (60 %), with degradation rates improving as concentration 
increased at pH 4, although it reduced degradation at pH 5 compared to 
the no-mediator treatment. The observed effects of the different medi
ators can be attributed to their distinct pKa values, which influence their 
protonation states and subsequent reactivity. Both acetosyringone and 
syringaldehyde are syringyl-type phenolics with pKa values of 7.9 and 
7.3 [46], indicating that at pH levels under pKa, the majority of their 
molecules are protonated. In contrast, the 1:2:2 nanozyme exhibits zeta 
potentials of − 26.9 mV at pH 4 and − 14.4 mV at pH 5. Therefore, the 
protonated forms of the mediators can easily interact with and be 
oxidized by the 1:2:2 nanozyme. Conversely, 1-Hydroxybenzotriazole 
has a pKa of 4.6 [47], which explains the higher degradation of 
methyl orange observed at pH 4 and the decreased degradation observed 
at pH 5. At pH slightly above 4.6, most 1-Hydroxybenzotriazole mole
cules are deprotonated, reducing their interaction with and oxidation by 
the 1:2:2 nanozyme. Vanillin is a guaiacyl-type phenolic has two pKa 
values: 7.4 for the hydroxyl (-OH) group [46] and 5.0 for the aldehyde 
group. This dual acidity leads to behavior similar to, but less pronounced 
than, that observed with 1-Hydroxybenzotriazole at pH 5. Specifically, 
at pH 5, the aldehyde group of vanillin is partially ionized, while the 
hydroxyl group remains mostly protonated. This partial ionization can 
influence the interaction and reactivity of vanillin in catalytic and 
oxidative processes. These results confirm the potential of redox medi
ators to enhance the application of nanozymes for pollutant degrada
tion, mimicking the natural laccase-redox mediator system.

The degradation of methyl orange by natural laccase in presence and 
absence of redox mediators have been evaluated in several studies. As
says with laccase in absence of redox mediators have showed degrada
tions between of 15 to 20 %, but in retention times between 5 and 6 h 
[48,49]. Laccase sole treatments showed rates degradation of methyl 
orange of 90 % after 30 h [14] and 68 % after 72 h [50]. While by using 
laccase mediator system with acetosyringone (200 mM) and syringal
dehyde (200 mM) increase from 15 % to 80 % and 90 % degradation of 
methyl orange after 5 h, respectively [48]. Other approaches using 
immobilized laccase on chitosan-coated magnetic particles with 450 uM 
ABTS as redox mediators have reported methyl orange degradation rates 
of 60 % to 100 % after 1 h [43]. Another study using co-immobilized 
laccase and ABTS on PET/UiO-66(Zr)–NH2 showed 21 % degradation 
of methyl orange with significant activity loss after 4 cycles [13]. 
Therefore, the efficiency natural laccase for degrading methyl orange is 
very limited. In recent studies on nanozymes, MnO₂/Cu-BDC–His 
laccase-like nanozymes achieved high degradation rates of nearly 80 % 
for methylene blue, alizarin red, neutral red, and aniline blue dyes 
within 30 min of reaction [51]. However, the degradation recalcitrance 
of these dyes, compared to methyl orange, can vary significantly. In this 
context, it has been reported that methyl orange exhibits greater 
degradation recalcitrance compared to methylene blue [52]. 
Peroxidase-like nanozymes have been evaluated to degrade methyl or
ange. Ag/Fe3O4@h-BN (75 mg L− 1 catalyst) with 400 mM of H2O2 
reached 99 % degradation of methyl orange in 40 min [53]. CeO2@ZIF-8 
(6 g L− 1) and 12 mM H2O2 showed 95.9 % in 5 h of treatment [54]. The 
use of natural redox mediators with laccase-like nanozymes, offers sig
nificant advantages over the use of H₂O₂ by peroxidase-like nanozymes. 
H2O2 can be toxic at high concentrations and lead to oxidative stress in 
biological systems, while natural redox mediators are generally less 
harmful. Their lower toxicity allows for safer applications in bioreme
diation and other environmental processes, making them more suitable 
for use in living organisms or sensitive ecosystems [55]. Fig. 6a presents 
the concentration of MO relative to its initial concentration (C/C0) over 
time. It can be observed that the presence of acetosyringone (1:2:2/AS), 
MO degrades significantly faster, with its concentration rapidly 
decreasing and nearly reaching complete degradation within 800 s. This 
rapid decrease highlights the enhanced catalytic activity provided by the 
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Fig. 5. Effect of natural redox mediators (acetosyringone, syringaldehyde, and vanillin) and 1-hydroxybenzotriazole concentration on the degradation of MO by 
1:2:2 nanozyme at pH 4 and 5 after 15 min. The data presented represent the mean values with standard deviations (n = 3).
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redox mediator, which facilitates the degradation of MO by the nano
composite. In contrast, in the absence of acetosyringone (1:2:2), the 
degradation of MO is markedly slower, with only a slight reduction in 
MO concentration over the same period. This stark difference in 
degradation rates underscores the critical role of the redox mediator in 
accelerating the catalytic reaction. The presence of acetosyringone 
significantly boosts the efficiency of the 1:2:2 nanozyme, enabling more 
effective degradation of MO. Fig. 6b shows the data fitted to a first-order 
kinetic model. The rate constants for the degradation reactions are k =
0.192 min− 1 with acetosyringone and k = 0.00618 min− 1 without the 
mediator. These results highlight the potential of combining nano
composites with suitable redox mediators to achieve effective environ
mental remediation, significantly improving the degradation rates of 
harmful compounds.

3.5. Cyclic voltammetry of redox mediators and 1:2:2 nanozyme

Fig. 7a shows the cyclic voltammogram corresponding to the 
oxidation of acetosyringone, where three characteristic peaks appear, 
one at 0.397 V associated with the oxidation of acetosyringone (Scheme 
1a) and at 0.616 and 0.841 V corresponding to the polymerisation 
process described in the literature [56]. When the nanozyme is added, 
the voltammetric profile is modified in the two processes described, 
where the polymerisation processes increase their charge by 23 and 72 

% respectively. In contrast, the peak corresponding to the oxidation of 
acetosyringone disappears completely, indicating that the catalytic 
process of enolate ion formation is generated by MnFe3O4@CuO|Mn3O4 
(Scheme 1b), very different from that described for the catalysis of 
acetosyringone in the presence of laccase enzyme, which occurs via two 
complementary routes, Electron transfer (ET) route and radical 
hydrogen atom transfer (HAT) and shows a 50 % decrease in the peak 
current of the oxidation process [57], indicating that the 1:2:2 nano
zyme has higher catalytic power than natural laccase. Fig. 7b shows the 
cyclic voltammogram corresponding to the oxidation of syringaldehyde, 
where two characteristic peaks are observed without the nanozyme at 
0.793 and 0.615 V corresponding to the oxidation of syringaldehyde to 
syringic acid and syringic acid to 2,6-dimethoxy-1,4-benzoquinone, 
respectively. Furthermore, two much weaker signals at 0.548 and 
0.191 V correspond to the reduction processes [58,59]. In the presence 
of nanozyme, the quenching of the signals corresponding to syringal
dehyde oxidation is immediately observed, and only the reduction 
processes at 0.603 and 0.048 V are observed. The reaction steps that 
have been described in the literature for the presence of laccase [60] 
serve as a platform to demonstrate that the presence of nanozyme plays 
the same role as the enzyme in the oxidation of syringaldehyde; this can 
be attributed to the catalytic properties of MnFe2O4 [61], which are 
exacerbated in the presence of CuO and Mn3O4 as described in the 
literature [62,63] (Scheme 2).

Fig. 6. Kinetics of MO degradation by Nanozyme with and without acetosyringone acting as the redox mediator (k = 0.192 min− 1 and k = 0,00,618 min− 1).

Fig. 7. Cyclic Voltammogram of (a) acetosyringone with and without nanozyme and (b) syringaldehyde whit and without nanozyme, a scan rate of 0.050 V s− 1.
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Thus, it is possible to propose that the presence of the CuO and 
Mn3O4 alloy coating the metallic centre of MnFe2O4, forming a 
core@shell with a rice-grain morphology, has a catalytic activity supe
rior to that presented by the natural Laccase enzyme [64].

3.6. Reuse and stability of nanozymes for methyl orange degradation

The recovery and reusability of nanozymes were evaluated following 
the degradation of methyl orange. Recovery was achieved by using an 
external magnet to attract the nanozymes (Fig. 8a). After separating the 
supernatant, the nanozyme pellet was washed three times with water 
and reused in subsequent degradation cycles. The nanozymes demon
strated effective reusability for up to five cycles, achieving a maximum 
degradation efficiency of 87 % (Fig. 8b). However, their efficiency 
declined in the sixth and seventh cycles, with degradation to 67 % and 
32 %, respectively. Similarly, Xu et al. (2021) reported a significant loss 
of activity in laccase-like nanozymes based on the coordination of cop
per with a cysteine–aspartic acid (Cys–Asp) dipeptide after four cycles 
[65]. Metal leaching was assessed after each cycle, revealing a 

cumulative release of Mn and Cu ions (Fig. 7b). To determine whether 
these ions contributed to catalysis, their potential activity in methyl 
orange degradation was evaluated, both in the presence and absence of 
redox mediators. The results confirmed that these ions exhibited no 
catalytic activity. Furthermore, studies have shown that Cu²⁺ ions at 
concentrations as low as 1.2 mg L⁻¹ can inhibit the laccase-like activity of 
Mn₃O₄ nanozymes [23]. This suggests that the observed decline in 
degradation efficiency is primarily due to the loss of structural integrity 
in the nanozymes. Although the 1:2:2 nanozymes have demonstrated 
remarkable efficiency in the degradation of methyl orange and perform 
particularly well when paired with redox mediators. Their application 
could present environmental risks and challenges related to metal 
leaching. The release of metal ions poses significant toxicity risks, as 
some ions have been related to adverse human health effects [66,67]. 
From an ecological perspective, the leaching of metals into ecosystems 
raises concerns about environmental toxicity and bioaccumulation. For 
instance, studies have shown that certain metal-based nanoparticles can 
inhibit algal growth, highlighting potential ecological impacts [68]. 
Additionally, the challenges associated with efficiently recovering 

Scheme 1. Diagram of the oxidation and reduction process of acetosyringone (a) without nanozyme and (b) with nanozyme.

Scheme 2. Diagram of the oxidation and reduction process of Syringaldehyde (a) without nanozyme and (b) with nanozyme.
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nanozymes after use may amplify the risk of environmental contami
nation. Addressing these issues is essential for enabling the safe and 
sustainable application of nanozymes in environmental remediation 
[66,68]. To mitigate metal leaching and improve nanozyme stability, 
several strategies have been proposed. These include the use of support 
materials such as carbon, SiO₂, and Al₂O₃ [69,70], as well as the covalent 
modification of metal oxide surfaces with silane, phosphonate, amines, 
and other stabilizing agents [71].

4. Conclusion

This study on the laccase-like activity of multimetallic nanozymes 
provides significant insights into their catalytic performance and the 
synergistic effects of various metal oxides (MnFe2O4, Mn3O4, and CuO). 
The incorporation of a MnFe2O4 core not only endowed the nanozymes 
with laccase-like activity but also imparted magnetic properties facili
tating their recovery by using an external magnetic field. Our findings 
demonstrate that redox mediators substantially enhance the degrada
tion efficiency of methyl orange, highlighting the potential application 
of these nanozymes in environmental remediation. Among the media
tors tested, acetosyringone (a syringyl-type phenolic) proved to be the 
most effective, achieving near-complete degradation at concentrations 
of 50 µM and above, resulting in a 6.3-fold increase compared to 
treatments without mediators. The observed synergistic effects and 
increased activity with redox mediators underscore the promising po
tential of nanozymes for environmental applications. Future research 
should prioritize integrating this nanozyme into support materials that 
prevent metal leaching, ensuring a safe process, and further assess its 
performance with a wider variety of pollutants, including more complex 
and real-world contaminants.
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