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Abstract: Pharmaceutical pollutants such as tetracycline (TC) pose a growing global threat to aquatic
and terrestrial biodiversity. Developing new methods for the degradation of these pollutants would
be a significant advancement in their management. The progress in the development of synthetic
enzymes based on nanomaterials has resulted in their replacement for natural enzymes with higher
performance quality. In this work, a magnetite/Gd3+/β-cyclodextrin nanoplatform was prepared
and used for TC degradation for the first time. The characterization studies were carried out using
various methods, including SEM, XRD, and FTIR. The peroxidase-mimic activity of the synthesized
nanoplatform was evaluated using a colorimetric assay. Kinetic parameters, including Km and Vmax,
were obtained using TMB (3,3′,5,5′-tetramethylbenzidine) and H2O2. The results indicated that
prepared particles had a lower Km value than horseradish peroxidase (HRP), which confirmed the
higher affinity of the prepared nanoplatform toward its substrates. We also demonstrated that our
recyclable nanoplatform (3 mg/mL) was able to degrade 82% of TC (4.5 mM) in 85 min without any
initiator such as light or ultrasonic waves. Collectively, these results confirmed the high affinity of the
synthesized nanoplatform toward desired substrates, including TC.

Keywords: nanoplatform; tetracycline; peroxidase-mimic activity

1. Introduction

Recent studies suggest that tetracycline-like antibiotics rank second in manufacturing
and utilization worldwide [1]. Tetracycline (TC) has been used since the 1950s for the
treatment of gram-positive and gram-negative bacterial infections. It is also used to treat
intracellular chlamydia, mycoplasmas, rickettsiae, protozoan parasites, and other non-
infectious conditions [2]. In addition, this antibiotic has long been used in agriculture
in North America as a growth stimulant for animals [3]. Other uses of this antibiotic
include anti-inflammatory effects, suppression of the immune system, inhibition of lipase
and collagenase activity, strengthening the binding of gingival fibroblasts, and wound
healing [4]. Furthermore, TC is widely prescribed in veterinary medicine to remedy
bacterial infections of the gastrointestinal tract, respiratory system, and skin, infections and
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diseases of the musculoskeletal system, urinary tract, systemic infections, and sepsis [5].
In such cases, TC remains in animal products, including meat and milk, and is likely
consumed by humans. TC can also enter the human body through direct or indirect means.
The high rate of TC entrance into the body exacerbates gastrointestinal issues, allergies,
liver damage, and antibiotic resistance [6]. Any reaction that can move TC from the states
indicated for its antibacterial activity can be used as a means to destroy the structure of
tetracycline. To ensure the degradation of this antibiotic, identification of its metabolites
after degradation is essential.

Most conventional wastewater treatment plants are not designed to remove TC antibi-
otics from wastewater. In order to reduce the residues of this antibiotic in the environment,
physicochemical methods, such as membrane filtration and adsorption using activated
carbon, have been used [7]. However, the main drawback of such methods is that they do
not remove the pollutants but transfer them from one phase to another. Today, advanced ox-
idation is proposed as an alternative method [8]. Less than 30% of the TC taken in through
ingestion is metabolized, and the remainder enters the environment through human or
animal excrement [9]. The best way to reduce and eliminate antibiotics, which come from
unintended sources such as drinking water is through the use of degrading enzymes. These
enzymes are mainly protein- and, to a lesser extent, RNA-structured. They are present in
nature and living organisms, and they are important in research due to their high specificity
and rapid reactions [10]. Enzymes can be used to break down TC. One of the most impor-
tant enzymes that can break down TC is from the group of peroxidases, and studies show
that TC in 50 g/L is degraded up to 72.5% by adding 40 U/L of manganese peroxidase.
The rate of degradation depends on pH, temperature, and possibly H2O2 and manganese
levels [11]. In recent years, we have seen an increase in mimicry in various fields of biology,
chemistry, and other sciences. This science helps to develop suitable designs inspired by
natural structures and mechanisms. Nanoscience is one of the most attractive fields of
biomimetics [12,13]. However, natural enzymes have significant disadvantages, including
low stability, high extraction costs, and a lower percentage of recovery, limiting thetheope
of their application. To overcome these limitations and expand the utility of such enzymes,
nanomaterials referred to as nanozymes are utilized for enzymatic activities [14–16].

The significant stability, ease of production, and recyclability of nanozymes provide
conditions for their use as mimetic enzymes in biotechnology, laboratory diagnostics, and
industry [17]. Given the advantages of nanozymes, in this study we prepared a nanozyme
with peroxidase-like activity in place of peroxidase enzymes for TC degradation [18].
Nanozymes could successfully act as direct substitutes for natural enzymes for catalysis.
With the rapid and better development of nanotechnology, nanozymes with higher catalytic
activity, stability, and ease of modification and fabrication, compared with natural enzymes,
are readily generated [19,20]. Their catalytic activity is shown to regulate the concentration
of H2O2 in various microenvironments [21]. To save on the consumption of the catalyst, it
can be recycled by different methods. Recovery methods include centrifugation, solvent
evaporation, magnetic separation, and the use of pH against molecular and colloidal
solvents [22]. The objective of this study was to design a nanoplatform with high catalytic
power without the need for visible light, ultraviolet light, or an ultrasound, along with
suitable recovery capability.

Peroxides are important natural enzymes in living organisms that break down hy-
drogen peroxide to produce hydroxyl radicals. Nanozymes that perform this action are
included in peroxidase mimics. As in this study, some of these mimics are used to generate
hydroxyl radicals [22]. The properties of peroxidase mimics are remarkable for their ex-
cellent substrate specificity and superior catalytic power. Unfortunately, low sensitivity,
low operational stability, and high costs of catalyst preparation and purification limit their
practicality; these properties must be improved [23,24].

The nanoplatform recovery feature is related to its magnetic properties. Magnetic
properties are one of the attractive characteristics of nanoplatforms [25]. Lanthanide ions
can exhibit strong magnetic properties due to their high spin number. This metal center
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shows extensive variations in the spin quantum number and magnetic anisotropy [26].
A feature that makes this catalyst more attractive is the presence of cyclodextrin in the
nanoplatform structure. Cyclodextrins are a group of cyclic oligosaccharides, including a
macrocyclic ring that has 6 (α), 7 (β), and 8 (γ) glucopyranosyl subunits, which are linked
by alpha-1-4 glycoside bonds [27]. Cyclodextrins are produced from starch by the glycosyl-
transferase enzymatic conversion. They are used in the food and pharmaceutical industries,
as well as in chemical, agricultural, and environmental engineering [28]. Cyclodextrin has a
hydrophilic surface with a lipophilic core, where molecules of suitable size can be stored to
form non-covalent complexes, which results in an increase in water solubility and chemical
stability [29]. The binding of guest molecules inside the host cyclodextrin is dynamic. The
binding strength depends on how well the host-guest complexes fit together [30]. After
assembling the nanoparticles and cyclodextrin, images and specifications of the desired
nanoplatform are needed to ensure appropriate connections.

The purpose of using this coating along with iron nanoparticles is to create a good sur-
face and increase the quality of the reaction. Experimental studies show that cyclodextrin
increases the quality of the mentioned reactions [31,32]. Moreover, by applying changes
such as connecting functional groups involved in catalysis, cyclodextrins can be given
catalytic properties or they can be added to the catalyst as a speed increaser [32]. Cy-
clodextrin acts as a catalyst due to the presence of various functional groups; in addition
to beta-cyclodextrin, it activates various organic compounds and increases the speed of
reactions [33]. To identify and ensure antibiotic degradation analysis by spectroscopy,
the method of studying absorption is utilized. Each substance has a separate absorbance
peak, and after the reaction, it could decrease or increase. GC-mass spectroscopy is an
analytical technique used to separate the chemical components of a sample mixture, and
after detecting their presence or absence, one can determine their amounts [34]. Studies of
catalysts show that some external factors increase the speed, quality, and catalytic power of
some catalysts. A catalyst that works under the influence of an external source must first
be stimulated by visible or ultraviolet lights or an ultrasound, and this energy should be
decomposed into the pollutant [35]. A photocatalyst is a substance that absorbs light, raises
that light’s energy level, and gives that energy to the reactant so that a chemical reaction
occurs. A heterogeneous photocatalyst is the most popular method for improving reaction
performance [36]. In some research, nanozymes with photocatalytic properties have been
utilized. In the reactions, first the solution is placed in a dark place, and then at certain time
intervals, light is emitted and ultraviolet or visible light is irradiated. A photocatalyst that
initiates catalysis under visible light has been used to remove water-polluting compounds
such as phenol [37]. In other studies, ultrasound has been used to increase the quality of
the reaction, which, like photocatalysis, starts the decomposition reaction and increases
the decomposition power [37]. Nanozymes were used as enzymatic mimics to break down
a variety of antibiotics, and adding nanozymes to the system with ultrasonic or visible
light started and enhanced the degradation of antibiotics [38]. These studies showed that
the removal efficiency of TC under natural sunlight conditions, without any catalyst, was
4.2% [39]. The efficiency of TC self-photolysis with visible light or sunlight simulation was
less than 5% [40]. The presence of light enhanced the removal of TC by nanozymes [41]. In
previous research, a photocatalyst and a sonocatalyst were used to remove an antibiotic
from the group of tetracyclines, namely oxytetracycline [12].

Here a Fenton-like reaction method was used in this study. Fenton’s reaction is a
solution of hydrogen peroxide (H2O2) with a metal. Iron, copper, and manganese are
the most common catalysts for Fenton-like reactions. Fe(II) attacks H2O2 in this reaction,
producing powerful radical agents for decomposition [42]. Recently, advanced oxidation
processes (AOPs) have been used for pollutant removal from wastewater because AOPs
can oxidize a wide range of compounds. AOPs, using Fenton’s reagent, have an effective
degradation with low cost, non-toxicity of reagents, and a homogenous catalytic nature [43].
Magnetite (Fe3O4) has been studied to have especially powerful catalysis in a Fenton-like
system, which is related to the presence of Fe(II) species in the magnetite structures that
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started the Fenton reaction [44]. With an inverse spinel crystal structure, it shows unique
electric and magnetic features based on the transfer of electrons between ferrous ions and
ferric ions in the octahedral sites [45]. Experiments have proved that Fe3O4 nanoparticles
can be heterogeneous Fenton-like, such as pH, the concentration of catalyst and H2O2,
temperature, and pollutant concentration, which have been widely investigated because of
their considerable effect on the removal of pollutants by the Fenton or Fenton-like process
with in situ production of H2O2. Thus, all research should report the optimization of
these parameters to increase the removal efficiency [46]. In the Fenton and electro-Fenton
reactions, metal monoatomic catalysts (MSACs) are very useful for wastewater treatment
due to the maximum atomic utilization of metal atoms, which have the advantages of
homogeneous catalysts and heterogeneous catalysts; however, the content of monoatomic
metals in MSACs is limited. Therefore, the development of bifunctional monoatomic cata-
lysts for the high-efficiency production of H2O2 and •OH is highly desired but challenging.
They also show poor stability, including resistance to acid corrosion and the ability to
bind to supports [47]. Single-atom catalysts can reduce the loss of metal resources in the
synthesis process and have excellent catalytic performance in the catalytic reaction process.
By reducing the particle size from nanoclusters to the single atomic level, a strong increase
in surface energy and 100% atomic utilization are guaranteed for their catalytic activity. Se-
lective hydrogenation of unsaturated bonds (including carbon−carbon, nitro-gen−oxygen,
carbon−oxygen, and carbon−nitrogen) affects the synthesis method, com-position content,
monoatomic coordination, and charge relationship between metal and carrier and catalytic
performance [48].

Fe-MOFs have strong coordination bonds, stable skeletons, Fe-O atoms, and narrow
band gaps, as well as new porous inorganic-organic materials with multiple iron sites,
which can make them excellent Fenton catalysts. Furthermore, the metal nodes of MOFs
can be considered isolated semiconducting quantum dots that can be activated directly
under light irradiation or with organic bonds as photoabsorbing antennas, turning Fe-
MOFs into a more suitable photocatalyst in photo-Fenton systems. The synergistic effect of
Fe−MOFs and photo−Fenton accelerates electron−hole separation and other catalysts such
as Single−Atom Catalysts (SACs) with Peroxymonosulfate (PMS) systems are selective
for types of organic pollutants removers, but their mechanisms remain ambiguous. Some
research shows that radical oxidation (SO4•– and HO•) and the nonradical electron transfer
pathway (ETP) coexist in the Co–N4–C/PMS system. Pollutants with a high redox potential
were decomposed primarily by free radicals rather than ETP, while the oxidization of low-
redox contaminants was dominated by ETP at the surface region of Co–N4–C, which
overwhelmed the contributions of radicals in the homogeneous phase [49–51].

One of the improved methods of Fenton’s method is the use of the electro-Fenton’s
method, in which an electric field is established that helps the production of radicals;
the method is significantly improved, and the reaction efficiency increases [52]. In some
studies, compared to AOS technology, O3 has been used in the wastewater treatment
process. Among the advantages of this method, it can be mentioned that it reacts quickly
with bacteria, viruses, and protozoa, is effective in destroying organic substances and
removing minerals, and is less affected by the pH. Specific conditions, and energy sources
such as ultraviolet light are not needed. Although the ozonation process is a practical
system, O3 has low solubility and stability in water and a high production cost [53].

Compared to the previously mentioned methods, the catalyst used in this study does
not require any external energy sources such as visible or UV light or electrodes. Moreover,
the catalyst is recovered by an external magnet and reused. In addition, it is independent
of H2O2.

2. Materials and Methods
2.1. Materials

Ferric chloride hexahydrate, ferrous chloride tetrahydrate, gadolinium (III) nitrate
hexahydrate, β-cyclodextrin, diethylenetriaminepentaacetic acid (DTPA), acetic anhydride,
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dimethyl sulfoxide (DMSO), triethylamine (Et3N), pyridine, hydrogen peroxide (H2O2,
30%), and sodium acetate were from Merck (Darmstadt, Germany), and acetic acid was
from Sigma-Aldrich (St. Louis, MO, USA). The pure TC antibiotic was obtained from Kimia
Pham Pharmaceutical Company (Tehran, Iran).

2.2. Synthesis of Nanoparticles

The synthesis of iron oxide nanoparticles with magnetic properties was performed
by a co-precipitation method [47]. At first, 5.84 g of FeCl3 and 2.15 g of FeCl2.4H2O were
dissolved in 100 mL of deionized (DI) water and stirred using a mechanical stirrer under
nitrogen gas. In the next step, ammonium hydroxide (NH4OH, 30 mL, 25%) was added to
the prepared solution, and the mixture was stirred for another 1 h (1200 rpm) at 60 ◦C. The
black precipitate produced was related to Fe3O4 NPs expelled by an external magnet and
washed with water and ethanol several times. Finally, the produced product was dried
under a vacuum at 60 ◦C for 12 h.

2.3. DTPA-DA Preparation

DTPA (0.125 moles), acetic anhydride (0.558 moles), and dry pyridine (0.770 moles)
were mixed. The prepared mixture was then stirred at 65 ◦C for 24 h. The produced
DTPA-DA was filtered, washed with diethyl ether, and dried under a vacuum [54].

2.4. Synthesis of PCD

For the synthesis of PCD, 1 mmol of anhydrous-CD was added to 4 mL of DMSO
containing 1 mL of anhydrous Et3N and stirred using magnetic stirring. During stirring,
8 mmol of DTPA-DA was added. The mixture was placed at 25 ◦C for 3 h to complete the
polymerization reaction. The produced product was then washed with acetone, and the
yellowish product was dried under a vacuum [55].

2.5. Coating of Fe3O4

Fe3O4 (2 g) was dispersed in 10 mL of DMSO in the first step. The βCD (1 mmol) and
Et3 (1 mL) were added to the solution and stirred for 3 h. The prepared solution was stirred
for an additional 3 h after adding DTPA-DA (8 mmol). Finally, the product was recovered
with an external magnet, rinsed with ethanol, and dried under a vacuum for 1 day [56].

2.6. Loading of Gd3+ Ions to Fe3O4@PCD

Citrate buffer (0.1 M, pH = 5.5) (10 mL) was prepared, and Fe3O4@PCD (0.25 g) was
dispersed in the buffer. The Gd(NO3)3.6H2O solution (0.35 g mL−1) was added dropwise
to the mixture. The prepared product was removed by an external magnet after being
stirred at 100 ◦C for 24 h. It was then repeatedly rinsed with DI water and methanol before
being dried under vacuum [57]. The added DTPA in the polymeric structure of PCD plays
a crucial role in selective Gd3+ ion chelation by inhibiting Gd3+ leakage.

2.7. Characterization

The synthesized NPts were characterized using different methods, including FE-SEM
(MIRA3 FEG-SEM, Tescan, Brno, Czech Republic), FT-IR, and XRD. The FT-IR spectra
were obtained by an ALPHA II compact FT-IR spectrometer (Bruker, Bremen, Germany) in
the range of 400–4000 cm−1. X-ray (XRD) analysis was performed on an Empyrean-XRD
Malvern Panalytical (Malvern, UK) in the range of 2θ = 10–70◦. Furthermore, FE-SEM
images were obtained using MIRA3TESCAN (Tescan, Brno, Czech Republic). The specific
surface area of the prepared sample was measured using the Brunauer–Emmett–Teller
(BET) analysis, which was carried out by N2 adsorption and desorption isotherms at 77 K
using the BELSORP (mini (II), Osaka, Japan).
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2.8. Degradation of TC Using the Magnetite/Gd3+/β-cyclodextrin Nanoplatform

Under the optimum conditions, 200 µL of TC (2 mg/mL) was dissolved in water
containing 650 µL of catalysts with different concentrations (1 mg/mL, 2 mg/mL, or
3 mg/mL) and 150 µL of H2O2 (at 25 ◦C and pH 5). After the termination of the degrada-
tion reaction, the produced metabolites were analyzed by GC-MS spectroscopy (Agilent
6890N coupled with an Agilent 5973 mass spectrometer for GC-MS analysis, Agilent,
Santa Clara, CA, USA).

3. Results
3.1. Characterization Studies

Figure 1 shows the FT-IR spectra of the prepared particles. The distinctive bands,
which correspond to the stretching and bending vibrations of hydroxyl (OH) groups of
β-cyclodextrin, were visible at 3390 and 1646 cm−1, respectively [54]. The aliphatic C–H
bond noted at 2800 cm−1 is related to the stretching bands at 1414 cm−1. The observed
peak at 1157 cm−1 could be associated with the stretching vibration of C–O–C bonds.
Moreover, the C-OH stretching and vibration showed a band at 1031 cm−1 (Figure 2a) [54].
The peck of DTPA indicated that bands at 1732 and 1633 cm−1 could correspond to the
stretching vibration of free monomer and carboxylate (–COO) in the carboxylic acid (COOH)
groups [58]. The peaks at 1241 cm−1 and 1203 cm−1 corresponded to the stretching
vibrations of C–O and C–N bonds, respectively (Figure 2b) [54]. The stretching vibration
peaks of the asymmetric and symmetric carbonyl groups of DTPA-DA appear at 1821 cm−1

and 1775 cm−1, respectively. Carboxylic acid groups led to a band at 1641 cm−1 of the
spectrum (Figure 2c) [59]. Iron and oxygen bonds led to the formation of a sharp peak
in the area of 586 cm−1. In the PCD structure, the stretching and bending vibrations of
O-H groups led to registered bands at 1631 and 1738 cm−1, respectively (Figure 2d) [60]. A
sharp peak at 576 cm−1 could be attributed to the Fe–O bonds of Fe3O4Npts. The bands
at 3414 and 1618 cm−1 could be related to the stretching and bending vibrations of O-H
groups, respectively (Figure 2e). Additionally, peaks at 1735 cm−1 are associated with ester
carbonyl, and peaks at 1621 cm−1 correspond to carboxylate bonds (Figure 2f) [54]. In the
free PCD spectrum, the bands were registered, and PCD-assembled Fe3O4 NPs displayed a
band at approximately 580 cm−1, verifying the correct organization of the polymer around
the Fe3O4 NPs. The Fe3O4@PCD-Gd spectrum’s band at 1737 cm−1 is related to the ester
carbonyl that has been shifted to the lower frequencies [60]. The band was visible at
1568 cm−1 after Gd immobilization, which might be the result of the complexation of Gd+3

ions with PCD’s carbonyl groups (Figure 2g,h) [61].
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Figure 2. The XRD patterns of Fe3O4 (a) and Fe3O4@PCD-Gd (b) nanoparticles.

The XRD patterns of Fe3O4 and Fe3O4@PCD-Gd are presented in Figure 2. The
observed characteristic peaks at 2θ = 30.35, 35.44, 42.82, 53.42, 57.16, 62.84, and 70 ◦C were
consistent with the reflection values of the JCPDS card [62]. As shown in this figure, bands
of Gd3+ ions were registered in the XRD patterns of Fe3O4@PCD-Gd. These outcomes
demonstrated that the inverse spinel cubic structure of Fe3O4 NPs remained constant in
the prepared samples and that ions were unable to alter the crystalline form of the Fe3O4
NPs [63]. The intensity was significantly decreased when compared to the data obtained
from a data bank, indicating that the NPs components were successfully assembled.

Figure 3 shows the FE-SEM images of the synthesized Fe3O4@PCD-Gd NPs with
different magnifications. According to these results, the prepared particles had a spherical
shape and a uniform particle size distribution with a size of 57 nm [54].
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In addition, the elemental mapping and energy dispersive X-ray (EDX) spectrum of
the sample are presented in Figure 4. As shown in this figure, it is clear that the synthesized
NPs formed correctly, and the final product has three different elements, including Fe, O, C,
and Gd.
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The specific surface area of the synthesized magnetite/Gd3+/β-cyclodextrin nanoplat-
form was evaluated by the BET method using the adsorption of nitrogen. The results are
shown in Figure 5. According to the results, the mean surface area and the pore volume
of the prepared particles were calculated as 56.12 m2/g and 0.155 m3/g, respectively. In
addition, Figure 5A shows a classical IV isotherm type, suggesting the presence of a meso-
porous structure [64]. The pore size distribution of the sample as estimated according to
the BJH method from the adsorption branch is depicted in Figure 5B. It can be seen that the
diameter range of pores was from 1.5 to 10 nm, and the mean diameter of pores is 3.1 nm.

3.2. Enzyme-Like Activity of the Nanoplatform

To identify the peroxidase-like activity of our nanoplatform, a colorimetric assay
based on the oxidation of TMB was used. For this purpose, the oxidation of TMB in the
presence of H2O2 was catalyzed by various concentrations of the nanoplatform, which
resulted in the production of a bluish-green product. In the process of the reaction, a
blue-colored product with a maximum absorbance at 652 nm was produced, along with
the TMB cation free radical and a one-electron oxidation product. Additionally, control
experiments were carried out under the same experimental condition to investigate the
peroxidase-like activity of β-cyclodextrin. The results showed no peroxidase-mimic activity
of the β-cyclodextrin. In combination with nanoplatforms, it increases the quality and
power of the catalyst (Figure S1A).



Water 2023, 15, 1419 9 of 16

Water 2023, 15, x FOR PEER REVIEW 9 of 16 
 

 

The specific surface area of the synthesized magnetite/Gd3+/β-cyclodextrin nanoplat-
form was evaluated by the BET method using the adsorption of nitrogen. The results are 
shown in Figure 5. According to the results, the mean surface area and the pore volume 
of the prepared particles were calculated as 56.12 m2/g and 0.155 m3/g, respectively. In 
addition, Figure 5A shows a classical IV isotherm type, suggesting the presence of a mes-
oporous structure [64]. The pore size distribution of the sample as estimated according to 
the BJH method from the adsorption branch is depicted in Figure 5B. It can be seen that 
the diameter range of pores was from 1.5 to 10 nm, and the mean diameter of pores is 3.1 
nm. 

 
Figure 5. N2 adsorption–desorption isotherms (A) and pore size distribution (B) of the synthesized 
nanoplatform in optimal conditions. 

3.2. Enzyme-Like Activity of the Nanoplatform 
To identify the peroxidase-like activity of our nanoplatform, a colorimetric assay 

based on the oxidation of TMB was used. For this purpose, the oxidation of TMB in the 
presence of H2O2 was catalyzed by various concentrations of the nanoplatform, which re-
sulted in the production of a bluish-green product. In the process of the reaction, a blue-
colored product with a maximum absorbance at 652 nm was produced, along with the 
TMB cation free radical and a one-electron oxidation product. Additionally, control ex-
periments were carried out under the same experimental condition to investigate the pe-
roxidase-like activity of β-cyclodextrin. The results showed no peroxidase-mimic activity 
of the β-cyclodextrin. In combination with nanoplatforms, it increases the quality and 
power of the catalyst (Figure S1A). 

3.3. Hydroxyl Radical Scavengers 
The formation of hydroxyl radicals (•OH) in the presence of the peroxidase-mimic 

nanoplatform was tested using the radical-scavenging activities of vitamin C, methanol, 
and ethanol. The absorption spectra of the prepared samples without and with different 
scavengers were recorded, and the results showed a significant decrease in the absorption 
spectra of the samples, indicating the presence of hydroxyl radicals (Figure S1B). 

3.4. Optimization 
At first, optimization of the experimental conditions for the enzyme-mimic activity 

of the prepared nanoplatform was performed. Experimental results indicated that the op-
timum temperature, pH, and catalyst concentration for the catalytic activity were 25 °C, 
5.0, and 3 mg/mL, respectively (Figure 6). 

Figure 5. N2 adsorption–desorption isotherms (A) and pore size distribution (B) of the synthesized
nanoplatform in optimal conditions.

3.3. Hydroxyl Radical Scavengers

The formation of hydroxyl radicals (•OH) in the presence of the peroxidase-mimic
nanoplatform was tested using the radical-scavenging activities of vitamin C, methanol,
and ethanol. The absorption spectra of the prepared samples without and with different
scavengers were recorded, and the results showed a significant decrease in the absorption
spectra of the samples, indicating the presence of hydroxyl radicals (Figure S1B).

3.4. Optimization

At first, optimization of the experimental conditions for the enzyme-mimic activity
of the prepared nanoplatform was performed. Experimental results indicated that the
optimum temperature, pH, and catalyst concentration for the catalytic activity were 25 ◦C,
5.0, and 3 mg/mL, respectively (Figure 6).
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It has been reported that the optimum conditions result in the generation of small,
highly crystalline, and monodispersed particles. Therefore, it can be expected that disper-
sion of the nanoplatform can occur entirely at pH 5.0 and 25 ◦C and that most particle
surface active sites can be exposed to the substrate molecules. Furthermore, the generation
of small particles could increase surface-to-volume ratios. Large surface area will lead to
high catalytic activity. However, the catalytic activity of the prepared particles decreased
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at higher pH and temperature due to the aggregation of the particles and the decreased
surface-to-volume ratios (because of the increase in the particles’ size) [14,15].

3.5. Kinetic Studies

The enzymatic activity of our nanoplatform was evaluated with TMB and H2O2
(as substrates) to adjust enzymatic properties. The kinetic parameters of the nanoplatform,
in the presence or absence of H2O2, were then calculated [65]. In this regard, Michaelis–
Menten and Lineweaver–Burk curves were plotted using additional concentrations of TMB
and H2O2 (Figure S2).

The kinetic parameters, including Vmax and Km, were then calculated and are listed in
Table 1. Km showed the affinity between the enzyme and substrate. A low Km indicates
high affinity, and Km comparisons indicate the kinetic parameters.

Table 1. Comparison of the calculated kinetic parameters (Vmax and Km) for the peroxidase-mimic
magnetite/Gd3+/β-cyclodextrin nanoplatform with HRP.

Sample Substrate Km (mM) Vmax (M s−1) Ref.

HRP
TMB 0.434 2.01 × 10−8

[66]
H2O2 3.7 3.34 × 10−8

Nanoplatform TMB 0.5 × 10−4 13.6 × 10−7
This workH2O2 2.4 × 10−4 17.8 × 10−8

3.6. Effect of the Nanoplatform Concentration on TC Degradation

Under optimal conditions, the degradation reaction was initiated, and after the comple-
tion of the reaction, the solution was analyzed using UV/Vis spectrophotometry. According
to the spectrophotometric results, 82% of TC was degraded in 85 min. The percent degra-
dation was constant (82%) at different catalyst concentrations (3 mg/mL, 2 mg/mL, or
1 mg/mL), but degradation time decreased with increasing the nanoplatform concentration
(Figure 7A).
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3.7. The Effect of H2O2 Concentration on TC Degradation

Various concentrations of H2O2 were added to the reaction solution to study the
impact of H2O2 concentration on TC degradation. In one degradation reaction, the ratio of
3 (distilled water) to 1 (H2O2) dilution was compared with the ratio of 1 to 1 dilution of
water to H2O2. The obtained results revealed that there were no significant changes in the
rate and percentage of TC degradation with increasing H2O2 concentration. Therefore, the
degradation efficiency of TC was independent of H2O2 concentration (Figure 7B).

3.8. Recovery of the Nanoplatform

Using an external magnet, after the completion of the degradation process, the
nanoplatform was recovered from the reaction solution and used in a new reaction. These
results indicated that the catalyst was able to degrade 82% of TC in 122 min. Thus, the
degradation time was increased in the second cycle (Figure 7C,D).

3.9. Performance of the Catalyst in the Presence of UV and Visible Light

The possible effect of UV and visible light on the degradation efficiency of TC was
tested. The obtained results showed no significant effect of visible or UV light on the
degradation of TC (Figure S3).

3.10. Proposed Pathway of TC Degradation

Various metabolites and their corresponding chemical structures were identified by
matching their spectra with those recorded in the NIST 20 Mass Spectral Library. The inter-
mediate products obtained from the degradation of TC included: TC (1), 4H-naphtho[1,2-b]
pyran-4-one (2), naphthalene (3), bisabolol (4), and hexadecanoic acid (5). These were
analyzed by GC–MS, confirming the proposed pathway of TC degradation using our
nanoplatform (Figure 8). Figure S4 shows the GC-MS profile of degradation products
of TC.
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3.11. Degradation Kinetic Analysis

TC degradation analysis was performed using the decrease in absorption of TC over a
period of 5 min and the kinetic constant of degradation was calculated from the slope of
the graph (Figure S5). The results indicated that the kinetic constant of TC degradation was
17 × 10−3 min−1.

4. Discussion

Due to the existence of TC residuals in drinking water, their degradation is of sig-
nificant importance to human health and the environment. Here TC was degraded by
up to 82% using a novel nanozyme. At low catalyst concentrations, the TC degradation
efficiency remained constant at 82%. Thus, preserving the amount of catalyst consumption
is advantageous and makes TC removal cost-effective. To increase the rate of degrada-
tion, the concentration of the catalyst can be increased, which reduces the duration of the
degradation. In previous studies visible and ultraviolet lights and ultrasound was used
to increase the degradation percentage above 70%. In the method described here, other
external factors such as ultraviolet light and ultrasound sources were not required [67].
Thus, the catalyst starts and continues the reaction, and for this reason, it is a simple and
low-cost method. The presence of an artificial catalyst creates a secondary pollutant in
the system, which in many methods is not removed from the system after the catalyst
reaction has occurred. In the present study, the catalyst was removed from the system using
the nanozyme’s magnetic properties reducing its harmful effects on the environment and
other biological systems. In addition, the catalyst retains the ability to decompose TC after
recovery and could be used for additional analytical reactions. Thus, the nanoplatform
developed here is economical.

Hydrogen peroxide, an additive that is used for peroxidation reactions, has not been
reported to be harmful to the environment, aquatic animals, plants, or other species in
low concentrations without changing its chemical structure. Hydrogen peroxide is also
used by other organisms in the environment. It is produced as a result of metabolism, but
excess hydrogen peroxide in the environment and its degradation into hydroxyl radicals
can attack and destroy DNA or proteins with adverse effects [68]. The independence of
the designed catalyst from hydrogen peroxide is another advantage, as it does not require
the use of hydrogen peroxide in the environment to increase the speed and quality of
the reaction.

The nanoplatform developed here showed that the majority of its activities were
achieved at pH 5. Under laboratory conditions, this possibility is provided by the desired
pH. However, under non-laboratory conditions, such as sewers and external environments,
this is not possible. In the external environment, pH varies in the range of 3.5 to 6.5,
which does not provide a suitable pH. Thus, the use of catalysts whose activity is pH
independent is desirable and another noteworthy point in the studies presented here is
that the metabolites resulting from TC degradation remain in the environment and cause
pollution. Thus, the design of nanoplatforms with absorbent properties that can be removed
makes these metabolites beneficial [69]. Nanoparticles that have high porosity and superior
characteristics can remove the metabolites with high efficiency without catalysis [70].
Although this absorption is not 100% in most cases, it can significantly reduce the resultant
metabolites created from TC degradation. Improving the efficiency of nanoplatforms with
catalytic activities and without the least secondary damage to the environment requires
comprehensive and detailed structural and enzyme studies. The current method has
increased the percentage of degradation and reduced the required steps and tools, and
catalyst recovery, thus making it cost-effective and timely with a significant improvement
compared with previous methods.
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5. Conclusions

The nanoplatform developed here, to the best of our knowledge, is the first with
multiple desirable features. In addition to its recyclability, increased catalysis quality, and
strengthening of the magnetic power of Fe3O4 nanoparticles, it mediates TC degradation
without the need for external initiators such as light or ultrasound. It degrades TC up
to 82% in 85 min at a temperature of 25 ◦C and pH 5. Compared to natural enzymes,
this nanoplatform had lower Km and higher Vm values (maximum rate) under normal
conditions and at the same mass concentration. The pathway of degradation includes ring
removal, deamination, and oxidation in the next steps of hydroxylation and reduction. The
compounds produced included 4H-Naphtho[1,2-b]pyran-4-one, naphthalene, bisabolol,
and hexadecanoic acid, which were identified by GC-mass spectrometry.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/w15071419/s1, Figure S1: Study of the peroxidase-like activity of
only β-cyclodextrin and in the combination of nanoplatform (A) and the effect of radical scavengers
on the produced •OH (B); Figure S2: Lineweaver–Burk curve for the peroxidase-mimicking activity
of the synthesized nanoplatform in the presence of TMB (A) and H2O2 (B) as substrates; Figure S3:
Effect of visible and UV light on the percentage of TC degradation; Figure S4: GC-MS profile of
degradation products of TC; Figure S5: Degradation kinetic constant of TC.
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