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Abstract

In the past two decades, there has been a growing interest in studying nanozymes due to
their enzyme-like catalytic activities, demonstrating their potential application in the
industrial, biochemical, analytical, and pharmaceutical fields. Nanozymes are classified based
on their fabricated materials and their specific catalytic activities. Some nanozymes exhibit
single or multienzyme-like activities, such as POD- (peroxidase), catalase-, oxidase, or
superoxide dismutase-like activities. These nanomaterials possess unique physical, chemical,
and electrical properties that lead to different mechanisms of their catalytic activity, such as
electron transfer processes or free radical production.

One promising class of nanomaterials with a high potential for catalytic activity is high-
entropy oxides (HEOs). HEOs as a class of high-entropy nanoparticles (HEN) are modern
nanomaterials with diverse applications and the ability to lower reaction energy rates.
Therefore, this thesis investigates the multienzyme-like activity of HEO, and compares their
peroxidase-like activity to other well-studied nanozymes, such as Fe30s nanoparticles and
natural enzyme Horseradish peroxidase (HRP), using Michaelis-Menten Kinetics. The study
also investigates the mechanism of peroxidase-like activity and the detection of the catalase-
like activity of HEOs.

In the reaction condition of this study, HEN exhibited a 2.6 folds higher affinity towards TMB
than native HRP. In addition, this material accelerated the reaction speed by 3.6 folds
compared to Fe304-NP. Regarding the reaction mechanism, it turned out that the oxidation
of the peroxidase-substrate is driven by the electron transfer, rather than the formation of
free radicals such as hydroxyl radicals or superoxide radicals. Interestingly, the material
exhibited catalase-like performance at the concentration of 80 pg/ml similar to 0.1 mg/mL of
native catalase during the decomposition of H,0;. These findings contributed to the
understanding of HEN regarding enzyme-like activity and further supported their use in
biomedical fields.
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Kurzfassung

Nanozyme wurden in den letzten Jahrzehnten zunehmend untersucht, was auf die Bedeutung
von enzymahnlichen Nanomaterialien nicht nur im industriellen Bereich, sondern auch in den
biochemischen, analytischen und pharmazeutischen Bereichen hinweist. Nanozyme werden
aufgrund ihrer hergestellten Materialien und ihrer spezifischen katalytischen Aktivitaten
klassifiziert. Einige Nanozyme zeigen ein- oder mehrere enzymartige Aktivitaten, wie z.B.
POD-, Katalase-, Oxidase- oder Superoxid Dismutase-ahnliche Aktivitaten. Diese
Nanomaterialien besitzen einzigartige physikalische, chemische und elektrische
Eigenschaften, die zu verschiedenen Mechanismen ihrer katalytischen Aktivitat flihren, wie
z.B. Elektronentransferprozesse oder die Produktion freier Radikale.

Ein vielversprechendes Nanomaterial mit hohem Potenzial flir katalytische Aktivitat sind
Hochentropieoxide (HEOs). HEOs sind moderne Nanomaterialien mit vielfaltigen
Anwendungen und der Fahigkeit, Reaktionsenergie-Raten zu senken. Deshalb untersucht
diese Arbeit die Multienzyme-ahnliche Aktivitdit von HEO und vergleicht ihre Peroxidase-
ahnliche Aktivitat mit anderen gut untersuchten Nanozymen wie Fe30s-NP und dem
natirlichen Enzym HRP unter Verwendung von Michaelis-Menten-Kinetik. Die Studie
untersucht auch den Mechanismus der Peroxidase-ahnlichen Aktivitat und die Erkennung der
Katalase-ahnlichen Aktivitat von HEOs.

Unter den Reaktionsbedingungen dieser Studie zeigte HEN eine 2,6-fach hohere Affinitat
gegeniiber TMB als das native HRP. Dariliber hinaus beschleunigte dieses Material die
Reaktion um das 3,6-fache im Vergleich zu Fe304-NP. In Bezug auf den Mechanismus stellte
sich heraus, dass der Elektronentransferprozess bei der Oxidation des Substrats eine Rolle
spielt, anstatt die Bildung von freien Radikalen wie Hydroxylradikale oder Superoxid-Radikale.
Dariiber hinaus war es interessant, dass das Material auch eine Katalase-dhnliche Aktivitat
besal’, wobei eine Konzentration von 80 pug/ml HEN denselben Effekt wie 0,1 mg/ml native
Katalase bei der Zersetzung von H,0; zeigte. Diese Erkenntnisse trugen zum Verstandnis von
HEN hinsichtlich enzymahnlicher Aktivitaten bei und legten nahe, dass sie in der Biomedizin
Anwendung finden kénnen.

viii



1. Introduction

1. Overview of nanozymes

Enzymes are biocatalysts that are available in living organisms, such as animals, plants, and
microorganisms, which purpose is to accelerate biological reactions within the cells by
lowering the activation energy to efficiently maximize cell homeostasis [1]. Unfortunately,
natural enzymes have many limitations when it comes to their alternative applications, such
as their ease of denaturation due to low stability in harsh conditions, such as pH or
temperature susceptibility, their high cost of synthesis, and the laborious preparation and
recycling [2]. These drawbacks have led to extensive research for alternatives to natural
enzymes or ways to enhance their application.

Nanozymes are considered a practical alternative to natural enzymes due to the various
advantages they provide, such as high stability at high temperatures and in different acidic or
alkaline media, ease of mass production, low cost of synthesis, long-term storage, comparable
catalytic activity to natural enzymes, multienzyme mimetic activity, and controllability of
catalytic activity through external stimuli [3-5].

In the past few years, nanozymes have been extensively researched and applied in various
fields, such as biosensors, disease diagnosis, and in vivo monitoring and therapy, which
reflects the importance of enzyme-mimetic nanoparticles [6]. The term "nanozymes" was first
introduced by Scrimin in 2004 and describes the catalytic activity performed by nanoparticle
materials [7]. Finally, in 2007, Gao et al. discovered the intrinsic peroxidase-like activity of
Fes0a nanoparticles [8], which opened the gate to researchers for more enzyme-like activity
materials.

Nanozymes are materials measured in one or more of the dimensions of their particles in the
nanoscale (<100 nm) regardless of the shape of the particles, that exhibit enzyme-like
activities.

Nanomaterials, that possess enzyme-like activities can be categorized as antioxidant
mimetics, which scavenge free radicals, and pro-oxidant mimetics, which can produce free
radicals. Depending on the mechanism of activity for each nanomaterial, the activity can be
utilized in a wide range of applications for diagnosis, immunoassay, and therapy.

In this section, the most commonly studied enzyme-like activities would be covered
(peroxidase, catalase, oxidase, and superoxide dismutase), focusing on the mechanism of
catalytic reaction, parameters that influence the activity, and tuning the conditions and
methods for activity enhancement.



2. Classification of Nanozymes based on material

Nanozymes have been recently more developed and categorized according to the raw
materials, with which they are fabricated. As shown in Scheme 1, nanozymes could be
represented in four main types; Metal-based, nonmetal-based, metal-organic framework,
and alternative nanozymes. We will go through each type of these categories briefly
mentioning the main differences and describing their enzymatic activity.

Nanozyme-
Matters
S
| . | : | |
onmetal- .
Metal-based based MOF nanozymes ALterna?tlve
nanozymes materials
nanozymes

— nanozymes containing single metal element

— nanozymes containing bimetallic elements

— nanozymes containing multimetallic elements

Scheme 1. The main classification of nanozyme matters.

2.1. Metal-based nanozymes

More than 40 elements have been used to prepare nanozymes based on metals such as Fe,
Cu, Ni, Mo, Pd, Ag, Au, and more nanomaterials could exist as nanometals, metal oxides, or
metal-metal composites. Transition metals, especially, can coordinate bonds with substrates,
forming a lower energy transition state, hence reducing the activation energy of the whole
reaction [9-11].

Metal-based nanozymes can be subcategorized into single metal-, bimetal- or multimetal-
containing nanozymes. For instance, as a single metal-based nanozyme, Fes0s-nanoparticles
(NP) have been studied and modified since the discovery of their intrinsic enzyme-like activity
[8]. An example of a derivative of previous nanozymes is the bimetal nanozyme MnFe;04
which shows oxidase-like activity with catalytic efficiency of 2.21x10° Mt s [12].To prepare
a highly active and stable nanozyme with higher selectivity, multiple metals nanozyme have
been taken into consideration due to their synergistic effect [13]. Zhang et al. reported the
activity of a Pt/Pd/Mo trimetallic nanozyme, which possesses higher catalytic activity and
improved selectivity in the physiological environment compared to single metal nanoparticles
[14], therefore, it is suggested that the increased catalytic activity is due to the increased
active sites.



2.2. Nonmetal-based nanozymes

Generally, nonmetal substances are not involved in the catalytic process due to the saturation
of their orbits which makes them less reactive. However, the fast development of
nanoscience allowed nonmetallic nanozymes to be structured in a catalytically active way. For
example, the carbon nanotubes (CNT) show their catalytic activity after the treatment with
strong acids, which produced functional groups on the surface of the CTN, these groups are
responsible for this catalytic activity [15]. Due to the chemical and physical properties of
carbon nanomaterials, they have been widely used as catalysts such as graphene oxides
(GOs)[16], carbon quantum dots (CQDs)[17], and carbon nanotubes (CNTs)[18]. Another
example of nonmetal nanozymes is the synthesis with polymers such as melanin, which shows
a superior ROS scavenging property due to polydopamine reported by Marcod’lschia et al,,
where the atypical structure of Melanin exhibits multi anti oxidative activity in addition to
anti-inflammatory actions[19].

2.3. Metal-organic framework (MOF) nanozymes

Metal-organic framework-based nanozymes are considered to set the beginning of a new era
in nanozymes development. They are porous materials with large surface areas, adjustable
pore size, easy to be modified, they possess different shapes, and many unsaturated metal
sites. Although they contain metals, their physical and chemical properties are completely
different from the traditional metal nanozymes, as MOF contains a larger specific surface
area, adjustable pore size, and shape, easier to be modified, and possesses a larger number
of unsaturated metal sites [20]. An example of a MOF-based nanozyme is ultrasmall AuNP
grown on 2D metalloporphyrin MOF nanosheets, which showed a high peroxidase mimic
activity [21].

2.4. Alternative nanozymes

During the investigation of various nanozymes and their activities, another nanomaterial class
exhibited compelling enzyme-like activity. Wang et al. reported the ability of hemin-loaded
mesoporous silica nanoparticles to remove the intracellular reactive oxygen species (ROS)
[22], where the hollow nanoparticles showed 3.5-fold higher activity of ROS removal than
solid NPs made of the same materials. This work encouraged other researchers to further
investigate such materials, for instance, Wang et al. presented a core-shell supramolecular
hybrid nano-gel via oligopeptides around Iron oxide NP [23]. Another example introduced by
Zhang et al. reported that the synthesized transformable hybrid semiconducting polymers
showed enzyme-like activity [24].



3. Enzyme-like activity and mechanism of nanozymes

Electron
donors
Oxid
xidase enzyme 02

e
o Catalase mimetic
- SOD mimetic Nanozyme
O Nanonzyme
2  —-y

ZH*

2HO"+ Colored Ox.
Product

Figure 1. An exemplary representation of possible redox reaction connections involving
enzymes and nanozymes showing the effect of Oxidase as an electron donor, Superoxide
dismutase mimetic enzyme effect to produce H;0,, catalase mimetic nanozyme on H;0; to
produce H>O and O; that could produce hydroxyl radical as a result of oxidase mimetic
nanozyme activity in presence of reduced oxidase substrate, and effect of Peroxidase mimetic
nanozyme on reduced peroxidase substrate in presence of H20; to produce a colored oxidized
product and H;0.

3.1. Anti-oxidant mimetics

Antioxidants in biological systems have the role of scavenging potentially harmful free
radicals, that are produced through different biochemical reactions occurring in the human
body. Examples of anti-oxidant enzymes in mammalian systems are superoxide dismutase
(SOD) enzyme, catalase, glutathione peroxidase, and glutathione reductase.

In this section, SOD mimetic nanozyme and Catalase mimetic nanozyme will be detailed
mentioning enzyme mimetic examples for each activity.

i. Superoxide dismutase mimetic nanozyme:
SOD mimetic nanozyme shows antioxidant ability through scavenging superoxide anions in
the system. As shown in Figure 1, the SOD enzyme reacts with superoxide radicals, which
might cause harmful effects in mammalian cells. Scheme 2 shows the scavenging reaction of
SOD mimetic NP which eliminate [02°7] free radical and produces hydrogen peroxide and
molecular oxygen instead.

20" + 2H* S0D 0> + H,0, Scheme 2

There are a few nanozymes, that show SOD mimetic activity and one of them is nanoceria
(Ce-NP) [25,26]. Ce-NP shows significant evidence of SOD mimetic activity in presence of 0,°*"
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and catalase activity in the case of H,0; presence. The ratio of Ce*3/Ce** on the surface atoms
on nanoceria plays a vital role in defining the nanozyme activity, where the high ratio shows
SOD mimetic activity, whereas the lower Ce*3/Ce** ratio exhibits catalase activity [27].

iii. Catalase mimetic nanozyme

After the reaction of superoxide dismutase enzyme with superoxide radical [02°7] as shown
in Figure 1, hydrogen peroxide accumulated in cells, which may lead to harmful consequences
due to oxidative stress. Although hydrogen peroxide itself is more stable than free radicals
and ROS (reactive oxygen species), it is documented that H,0, might be involved in biological
signaling and undergoes what is called the Fenton reaction in presence of transition metal
ions to form hydroxyl radical, that could be extremely destructive to the human cell [28].
Hydrogen peroxide accumulation in absence of natural catalase enzymes is linked to the
development of autoimmune diseases such as Diabetes mellitus or vitiligo. Therefore, the
activity of the catalase enzyme is to break down H;0; and turn it into less detrimental water
and molecular oxygen as shown in Scheme 3.

2H:0

2 Catalase 2H.0 + O, Scheme 3
—_—

For such reasons, research focuses on alternative catalase enzyme mimetics with enhanced
stability and affordable cost of synthesis. The catalase mimetic activity has been reported
experimentally in some nanozyme such as iron oxide, cobalt oxide, gold nanoparticles, and as
mentioned before in SOD mimetic subsection cerium oxide [29-32].

Recent studies show that catalase mimetic nanozyme Ce-NP could protect hepatic cells from
genetic damage or cytotoxicity induced by the accumulation of hydrogen peroxide by
protecting the hepatic cells from exposure to 3-aminotriazole, which cause hepatic cellular
apoptosis due to high H,0; concentration inside the cell [33]. Iron oxide nanoparticles show
significant catalase-like activity besides peroxidase-like activity, these enzymatic activities are
pH dependent, as it shows the catalase-like activity in [pH=7,4], while in an acidic medium
with [pH=4], the peroxidase-like activity appears, which will be discussed later in Peroxidase
like activity nanozymes [34].

3.2. Pro-oxidants mimetics

Pro-oxidant nanozymes are enzyme-like nanoparticles, that induce oxidative stress or inhibit
anti-oxidant systems inside living cells by producing free radicals that could be harmful to cells
and might lead to cell death (apoptosis). This pro-oxidant activity is similar to that shown by
paracetamol or methotrexate in hepatic cells, where free radicals are generated. Many
transition metals such as copper and iron show a similar activity through Fenton reaction or
Haber-Weis reaction. Such activity has been recently reported for NPs containing such metals
[35].



i. Oxidase mimetic nanozymes
Oxidase enzymes catalyze the oxidation reaction of the substrate in presence of oxygen, into
water or hydrogen peroxide. The production of H.O; or free radicals can be exploited by
oxidase enzymes and oxidase-like nanozymes for the development of efficient colorimetric
reactions used in diagnostics [36—38]. Scheme 4 shows a representation of Oxidase mimetic
activity.
AH+0, 0¥idase p, 0
—_—

AH + 02 + H.0 Oxidase A + H.0; Scheme 4
—_———

Oxidase mimetic nanozymes have been used to detect lung tumor cells such as Ce-NPs
conjugated with poly acrylic acid and functionalized with folic acid. This conjugate is able to
selectively detect the high expression of folate receptors in lung tumor cells [39]. For instance,
a study showed that MnO; nanowires conjugated with antibodies show oxidase-like activity,
that could be used for the development of immunoassay of sulfate-reducing bacteria with
high selectivity and sensitivity towards bacteria [40].

Overall, oxidase enzymes and oxidase mimetic nanozymes have emerged as important tools
in the detection of various biological and chemical molecules. With their unique properties,
they offer a promising approach for the development of highly sensitive and selective
biosensors for various applications, including medical diagnosis, environmental monitoring,
and food safety.

ii. Peroxidase mimetic nanozymes
Peroxidase enzymes are considered natural detoxifying agents catalyzing the conversion of
H,0; into molecular water as shown in Scheme 5, in addition to their ability to facilitate the
eradication of pathogens through myeloperoxidase activity, which utilizes H,0, to produce
Hypochlorous acid and other moieties to kill the pathogen [41].

2AH + H,0, PeToxidase ,, 516 Scheme 5
_— =

One of the most studied catalytic enzymes is Horse-radish peroxidase (HRP), which has been
applied in clinical chemistry and bioanalytical chemistry by converting the colorless reduced
substrate to an oxidized colored product. This enzyme is also used in our studies as a standard
for peroxidase activity. Gao et. al in 2007 reported, that the peroxidase-like activity of iron
oxide NP was 40 folds higher than the natural HRP. In addition, these particles showed a
higher substrate affinity (Km) towards the peroxidase substrate TMB as well as higher stability
over a wide range of pH and temperature [8].

Following Gao et al. work, other several studies investigated the intrinsic peroxidase activity
of iron oxide NP and its application in the detection and sensing of other materials such as
hydrogen peroxide and Glucose [42,43]. The results of such studies created an interest in the
special properties of iron oxide nanoparticles specifically and discovered new nanometals



with the same characteristics. Other iron-metal combinations such as Fe-S nanosheets have
been studied, showing greater peroxidase activity because of the large surface area[44].

Further investigations reported the peroxidase-like activity of other nanometals such as Au-
NP whose activity improved by up to three folds in presence of negatively charged ATP and
has been used in detecting several biomolecules [45]. Many other bimetallic compositions
have been studied as peroxidase mimetics, which illustrates the importance of discovering
new nanozymes that can catalyze biological reactions. Some examples of peroxidase-like
nanozymes are V,03, by Zhang et al. [46], and ZrO,, presented by Pietrzyk et al. [47]

Not just the composition of nanoparticles influences the catalytic activity. Later on, in 2007,
Gao et al. showed that different sizes of iron oxide NP (30, 50, and 300 nm) have different
peroxidase activity. Moreover, different nanostructures have a significant influence on the
peroxidase activity of nanozymes, as shown in the paper of Dutta et. al 2012 which reports a
greater peroxidase activity of Fe-S in a nanoneedle form compared to spherical shape [48].

3.3. Mechanism involved in enzyme-like activity mimetics

The catalytic activity of nanozymes relies on a variety of mechanisms that are not yet fully
understood. Nevertheless, a multitude of studies has focused on the mechanism for different
types of nanozymes through experimental research. This section will delve into the most
prevalent mechanisms involved in the catalytic activity of nanozymes and will describe more
in detail the Peroxidase and Catalase processes, as they are the focal point of this research.

1. Peroxidase-like nanozymes mechanisms
The peroxidase-like nanozyme in presence of hydrogen peroxide oxidizes the substrate and
produces a colored oxidized product. This activity can be exploited in vitro assays for the
detection of biomolecules or in other diagnostic applications. Generally, the catalytic activity
of peroxidase-like- nanozyme could be categorized into two different mechanisms [49,50];

1- Free radicals production such as hydroxyl radical (OH®) or Superoxide anion radical (02*").
2- Electron transfer process.

The peroxidase-like activity of nanozymes is well documented and is possibly based on Fenton
or Fenton-like reactions. After the adsorption of H,0, on the surface of nanozyme, the bond
between 0-0 breaks up producing two hydroxyl radicals OH®, which are stabilized by electron
transfer interaction [51]. The hydroxyl radical is responsible for the oxidation of the substrate
into colored products [52,53].

Other than the Fenton-like reaction mechanism, some nanozymes such as Ag/Au [54] may
present a peroxidase-like activity by electron transfer, where the nanozyme act as a mediator
to facilitate the electron transfer between hydrogen peroxide and the substrate to be oxidized
[55,56]. Scheme 6 displays a reaction of electrons, donated from the substrate to the
nanozyme, generating a high electron density of nanozyme. Finally, the peroxidase substrate



is oxidized, while hydrogen peroxide, as an electron acceptor, is reduced into water
molecules.

H,0; + 2e" + 2H* pPoD 2H,0 Scheme 6

2. Catalase nanozyme mechanism

Some nanozymes show catalase mimetic activity, as they have the ability to turn hydrogen
peroxide into H,O and molecular oxygen O,. This catalytic reaction mechanism depends
mainly on the structure of the nanoparticle. Although the catalase-like mechanism is not fully
understood, two pathways might explain the catalase-like activity of nanozymes. Since there
are two different bonds in H,0, ( O-O and H-O bonds), the mechanism could be categorized
into homogeneous (between 0-0) and heterogenous (between H-O) depending on the bond
broken [57].

A suggested mechanism of catalase-like reaction for nanoceria (Ce-NP) is proposed as the
redox cycle between Ce3* and Ce** on the surface of the nanozyme. Some studies showed
that H,0, oxidizes Ce3*into Ce** in a reversible oxidation reaction, in a process that is not yet
well defined. Recently, an additional mechanism has been proposed as H,0; might have the
ability to reduce Ce**in nanoceria into Ce®*, the H,0, would be oxidized to molecular oxygen
in a similar reaction of Catalase-like enzyme as shown in Figure 2 (steps 1-4) [58].

3. Oxidase nanozyme mechanism

The oxidase-like activity of enzymes shown by many nanoparticles describes the ability to
catalyze the oxidation reaction of many substrates in presence of O, to produce an oxidized
product of substrate and hydrogen peroxide, therefore these nanozymes could be utilized in
vitro in oxidase substrates detection, for example, the detection of sulfite and L-cysteine by
oxidase-like hollow MnCo;04 nanofibers [59]. The mechanism of the oxidase-like reaction of
nanozyme depends on the structure of the nanoparticle (nanozyme) and the substrate [60].
For instance, nanoceria shows oxidase-like activity through the redox cycle of Ce3*/Ce** and
O ~ production, initially O, adsorbed on the surface of nanoceria and converted into O; 7, as
a result, the substrate gets oxidized simultaneously while Ce*" on the surface of nanoceria
reduced to Ce3*. Finally, Ce3* is re-oxidized into Ce** again through formulated (02 ) [61].
Another oxidase-like possible mechanism was reported by Long et al., Pd-NP shows oxidase-
like activity through adsorbing O, on the surface, which is converted into actively singlet
oxygen [02!] by electron transfer, this generated O! is responsible for the oxidation of
substrate and oxidase-like activity of many noble metals such as Pd-NP [62]. Furthermore, the
oxidase-like activity of Mn nanoparticles suggested a mechanism, as Oz converted into (02 7),
which converted partially into H20,, that decomposed subsequently into OH® in presence of
Mn ions. The formed OH® is responsible for the oxidase-like activity of Mn-NP [63].



4. Superoxide dismutase nanozyme mechanism

SOD acting like nanoparticles gained their importance from their ability to eliminate the
harmful O2°*" radicals and turn them into H,02 and O, although the mechanism of this activity
is structure dependent. The most accurate suggested mechanism of SOD-like nanozymes,
especially metal, metal oxide, metal carbides, and metal sulfides of Pt, Au, Co, Ni, and others
is the protonation of 0,° then adsorption and rearrangement of the formed HO,*® on the
surface of the nanozyme. Once HO,* is adsorbed on the surface of the metal it converts into
02 and H,0;, as HO;*® contains a low potential energy profile.

For instance, the nanozymes attract the radical anions electrostatically on their surface, then
the dismutation of the substrate [64]. Another mechanism has been proposed based on the
redox cycle (as shown in the catalase-like nanozyme mechanism), where the activity of
nanoceria depends on the fraction of Ce3* ions. The Ce3*/Ce*" ratio somehow controls the
SOD activity, where Ce3* needs to be oxidized to Ce*" and on the other hand, the superoxide
is reduced to H,02 and molecular oxygen as shown in Figure 2 (steps 5-7). The restoration of
the reduction state for the metal is followed in this case of nanoceria spontaneously by not
fully understood mechanism [58]. in conclusion, superoxide is attracted at the surface of the
nanozyme reacting with protons producing H.0; on the surface, and this mechanism is found
by other nanometals such as Fe- and Mn- SOD-like nanozymes [65].
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Figure 2. A model reaction represents the redox cycle that occurs between Ce** on the surface
of nanoceria and H20;, followed by the reduction of Ce** into Ce3* and producing protons and
then molecular oxygen leaving the molecule, which mimics catalase activity (steps 1- 4). The
reaction of superoxide at step (5) with nanoceria was generated at the end of the reaction
H-0; and oxidized Ce** on the surface of nanozyme. Adopted from Celardo et al. [58], copyright
from The Royal Society of Chemistry 2011.
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4. Parameters influencing the catalytic activity of nanozymes

Although nanozymes are believed to be chemically and biologically inert, some parameters
have been reported to influence their enzymatic-like activity such as pH, temperature, and
substrate concentration. Here we shortly describe some of such findings.

4.1. pH of the medium

The pH of the medium is an important parameter that affects the catalytic activity of
nanozyme. Wei et. al. reported that iron oxide NPs show a faster peroxidase-like activity in
an acidic medium (pH=4) than in a basic medium, due to the variation of Fe?*/Fe3*ions ratio
in solution, in addition to the leaching of Fe ions from the NPs structure [42]. Similarly, Ag-
based nanozymes peroxidase-like activity increases as the medium shifts towards acidic pH
[66].

4.2. Temperature

The efficacy and stability of nanozyme could be affected by the different reaction
temperatures. For example, Gao et. al reported that iron oxide NP compared with HRP and
both showed higher catalytic activity at 40 °C, despite the better stability of iron oxide
nanozymes within the range of (25 to 60 °C) [8]. Another investigation carried out on Ag
nanozyme at three different temperatures (15, 25, and 35 °C) showed higher catalytic activity
at room temperature (25 °C) [67]. That means, although nanozyme are stable in a wide range
of reaction temperatures, they exhibit their highest activity in a specific temperature.

4.3. Substrate concentration

The peroxidase-like reaction of nanozymes requires the presence of hydrogen peroxide to complete
the reaction and generate the oxidized product at the end of the reaction. Liu et al. showed that Ag
nanozymes activity increases proportionally up to a substrate/nanozyme molar ratio of 7.3.
Adding more H,0; substrate above such a threshold results in a decrease in activity showing
a “hump-shaped relationship” [66]. Interestingly, this behavior has also been reported for HRP [68].
A possible explanation of such phenomena could be due to the competitive inhibition of
excess substrate absorbing onto the nanozymes surface.

5. Strategies to improve the catalytic activity of nanozymes

Several studies focused on the improvement of enzyme-like NPs in terms of enhancement of
substrate selectivity and increase in the catalytic reaction rate of nanozyme.

The enhancement of the catalytic activity of nanozymes can be attributed to several factors
including an increase in the surface area of nanomaterials to provide a larger number of active
sites for the reactants, size, shape, and composition, which can affect the reaction kinetics
and selectivity. Additionally, the nanomaterials' electronic properties, such as their
conductivity and redox potential, can also contribute to their performance.

Modification of nanozymes could be achieved in five different ways:
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5.1. Nanozyme surface modification:

Gold nanoparticles (Au-NP) with peroxidase-like activity can be enhanced via surface
chemistry by introducing carboxyl groups on their surface, which increases their affinity
towards the substrate and facilitates the reaction kinetics [69]. Similarly, carbon-based
nanomaterials, such as graphene oxide and carbon nanotubes, have also been reported to
exhibit peroxidase-like activity, which can be enhanced by introducing defects on their
surface. A study by Wu et al. showed that the catalytic activity of graphene oxide can be
enhanced by introducing oxygen-containing functional groups on its surface, which creates
more active sites for the substrate to bind and undergo catalysis [70].

5.2. Nanozymes size, shape, and morphology improvement:

Nanozymes with other types of catalytic activity than the peroxidase-like one have also been
reported to show enhanced performances due to specific modifications. For instance, Gold
metal-organic frameworks (MOFs) with oxidase-like activity can be enhanced by controlling
their size as the smaller the particle size (down to 3-5 nm), the higher the surface/volume
ratio compared to allowing for a greater number of active sites [72].

The morphology and shape of nanozyme also play an important role in determining their
catalytic activity. For instance, Mugesh and colleagues compared the multi-enzymatic activity
(catalase, SOD- and Glutathione peroxidase GPx) of differently shaped Mns0s-NP
(nanoflowers, flakes, cubes, and hexagonal plates) funding out a greater catalytic activity for
nanoflowers shape over other morphologies for all three catalytic activities [73].

5.3. External excitation such as localized surface plasmon resonance (LSPR):

An additional catalytic mechanism enhancement of Peroxidase-like nanozyme based on “Hot
Electron” generation using localized surface plasmon resonance (LSPR) excitation was
performed, where the generated hot electrons decompose H;0; producing OH*® free radical
and OH™ anions. The hydroxyl radical possesses a high catalytic activity that oxidizes the
peroxidase substrate.

LSPR excitation generates holes (nanoscale gaps or voids in a thin metal film, which are
intentionally created to enhance the sensitivity of the LSPR sensor) in addition to hot
electrons, these holes are scavenged by electron donors through three different pathways as
shown in Figure 3, the scavenging of holes reduces the probability of recombination between
hot electrons and holes, thus maintaining higher catalytic activity.

First channel: holes are consumed by OH™ anions, generated through H,0; cleavage, the
second channel: is depletion through water molecule oxidation, and the third channel is
through additional electron donors such as Ethanol [74]. In conclusion, the recombination of
hot electrons and holes could be inhibited using scavengers, leading to fast cleavage of H,0;
and increasing the reaction rate significantly.
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Figure 3. An illustration of a suggested peroxidase enzyme-like activity mechanism of Au-NP
based on the generation of the hot electron with three different pathways under LSPR.
Adopted from wang et al. [74] Copyright 2017, Wiley-VCH.

5.4. Molecular imprinting technique:

Molecular imprinting involves the creation of cavities, or imprints, in the nanomaterial's
structure, which is complementary to the target substrate’s size, shape, and functional
groups, and can be used to enhance the nanozymes selectivity [75]. For example, Gao et al.
reported the creation of molecularly imprinted gold nanoparticles (MIP-AuNPs) with
peroxidase-like activity for the selective detection of prostate-specific antigen (PSA). The MIP-
AuNPs exhibited a 10-fold higher catalytic activity towards the oxidation of 3,3',5,5'-
tetramethylbenzidine (TMB) in the presence of PSA, compared to non-imprinted AuNPs

[76]. Similarly, Wu et al. reported the higher activity of molecularly imprinted carbon
nanodots (CNDs) compared to non-imprinted CNDs for the detection of glucose [77].

5.5. Composition modification (Metal doping and complexes/hybrid forming):

A recently popular technique for boosting the catalytic performance of nanozymes involves
the incorporation of several metals into a single lattice, resulting in changes in
physicochemical and electronic properties of the multicomponent structure, thus a higher
catalytic activity than single metal counterparts. For example, the addition of a few atomic Ir
layers into the surface or Pd-cubes leads to the enhancement of catalytic efficiency up to 20
folds more than Pd-cubes and more than 400 folds of HRP as shown in Figure 4 [78].

Metal doping can introduce additional active sites, modify the electronic structure, and
improve the stability of the nanomaterial [79]. In another example, Liu et al. reported that
the peroxidase activity of cobalt-doped iron oxide NP enhanced up to 100-fold, regarding its
H,0; affinity compared to Fe304-NP [80].
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Figure 4. An efficient peroxidase-like activity of Pd-Ir cubes. Adopted from Xia et al. [78],
copyright American Chemical Society 2015.

Studies have shown that catalytic activity can be enhanced through the conjugation of
different nanomaterials, resulting in a synergistic effect. For example, Pd-Pt-FezOs-NP
demonstrates higher peroxidase-mimetic activity than individual nanoparticles [81]. Metal
doping using nanometals such as MoS;,, CuO, or Pt nanoparticles has also demonstrated
higher catalytic activity [82][83].

Additionally, nonmetal materials and natural enzymes can be used for higher catalytic activity,
improved substrate selectivity, or modification of the nanozyme's susceptibility [70][84][85].

Doping with other metal ions can result in nanoparticles with multiple enzyme-like activities,
which are summarized in Table 1 with enzymatic parameters and catalytic mechanisms,
including the peroxidase-suggested mechanism of their catalytic activity and the peroxidase
substrate.
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Table 1. Different nanozymes from different classes, and their studied enzymatic activities,
focusing on the peroxidase-like mechanisms and enzymatic parameters (Kv / Vivax), where Ky
is known as Michaelis constant, which represents the affinity of nanozyme to the substrate
and Vvex represent the maximum reaction velocity.

Kan Viorax Peroxidase-
Nanozyme Enzyme activity Substrate ) like Ref.
(mM) | (nM.S?) .
Mechanism
Au/Ag Peroxidase/ TMB 0.396 14.1 Electron [54]
Oxidase/ SOD transfer
reaction
FePt/Au Peroxidase TMB 0.445 246.7 Hydroxyl [86]
radical /
Electron
transfer
CoFez04 Peroxidase/ Different (Km and Vmax) based | Hydroxyl [87]
Oxidase/ Catalase on the size of nanoparticles. radical
CuFe;04 Catalase/Peroxidase/ | H.O> 0.00118 | 82.3 Unclear [88]
oxidase
Fe2(Mo0s); | Peroxidase TMB 1.126 37.3 Hydroxyl [89]
radical
Au-Fe304 Peroxidase H,0; 4.27 28.9 [90]
PtPd-Fes04 | Peroxidase TMB 0.079 93.6 [81]

6. Applications of Nanozymes

Cancer
The investigation of numerous enzyme-like therapy

substances resulted in the integration of nanozymes
in various bio-applications, as illustrated in Figure 5.
Their distinct characteristics have made them
suitable for applications such as anti-oxidation,
biosensing, and bioimaging. Furthermore, more
intricate in-vivo applications have been explored,
including disease therapy, particularly tumor
therapy, and anti-bacterial applications, among
others. This subsection will detail the most

Anti-

Anti-bacteria Oxidation

Nanozyme

Bioapplications

Biosensing Bioimaging

prevalent  bio-applications  associated  with

nanozymes.
2y Figure 5. lllustration of different

bio-applications of nanozymes.
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6.1. Anti-oxidation: ROS are normally produced in human cells, but the excess generating and
accumulation of ROS inside the cells cause harmful events. Nanozymes, which possess
antioxidative properties such as low dose Ce-NP can scavenge the excess free radicals in the
liver cells due to their SOD-like activity, preventing the cell from early apoptosis and DNA
damage [91] in addition to its activity in protection against ischemic stroke [92]. Another
example is MnO; nanozyme, which has been reported as a protector for the cell against
physiological stressors such as superoxide radical O,*” by catalyzing radicals into water and
molecular oxygen [93].

6.2. Cancer therapy: research continues always when it comes to cancer therapy, due to the
unsatisfied results of chemotherapy and their harmful side effects, which makes enzyme-like
mimetics a choice as toxic agents because of their ability to produce oxidative stress in an
acidic medium like they can clear the free radicals in physiological pH. Therefore, nanozymes
could result in apoptosis for cancer cells without harming the normal tissues around them, as
the cancer cells possess acidic media in contrast to the normal cells where the medium is
weak basic (physiological pH) [94]. Recently, chemo-dynamic therapy (CDT) has been widely
used in cancer therapy, through Fenton-like reaction H,O, converted to hydroxyl radical
(OH*), which accumulated into cells leading to apoptosis [95]. Nitrogen-doped porous carbon
nanosphere was reported by Yan et al. as a multifunctional enzyme-mimetic, it possesses
POD-, oxidase-, catalase, and SOD-like activity, where it exhibits POD and oxidase in a slightly
acidic microenvironment [15]. Furthermore, when it is combined with ferritin, the
combination can selectively enter the lysosome stimulating production of more ROS, which
increases the efficiency of the nanozyme therapy.

6.3. Antibacterial: Due to the increasing drug resistance of bacteria resulting from the
excessive use of antibiotics, the development of an alternative treatment to overcome the
challenges posed by bacterial infections has become imperative. Bacteria have the ability to
create a biofilm that acts as an extracellular matrix barrier to protect them against antibiotic
penetration [96]. Nanozymes such as Cu,WSa4 nanocrystals [97], Ag/g-CsN4 hybrid [98] and
silver ions-infused porphyrin (MOF) [99] exhibit a broad spectrum antibacterial activity owing
to their inherent enzyme-like properties. For instance, Cu;WSa4 nanocrystals show peroxidase-
like and oxidase-like activity enabling them to eliminate both gram-positive and negative
bacteria through excessive ROS production.

6.4. Biosensing: Many nanozymes have been utilized due to their enzyme-like activity in
biological substrate detection such as blood glucose, uric acid, ROS, phosphatase, and others.
For example, ultrasmall Au-nanoclusters are reported to be used as multifunctional protease
biosensors for colorimetric detection due to their POD-like activity [100].
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6.5. Bioimaging: Nanozymes have found extensive use in the detection of biological analytes
in vitro and in vivo imaging, including live cells, organ imaging, and disease monitoring. For
example, the ability of NiO nanozyme to mimic the activity of oxidase allows it to oxidize
amplex-red, which is a weak florescent agent used as an indicator of cell viability, in
physiological conditions. This characteristic makes it highly effective for intracellular imaging.
[101].

7. High-entropy Nanomaterials

7.1. High entropy Nanomaterials (HEN) overview

High entropy nanomaterials (HENs) have recently gained attention in the field of catalysis due
to their unique composition and structure. The high degree of structural disorder at the
nanoscale in HENs can create an abundance of active sites for catalytic reactions, resulting in
enhanced catalytic activity. These materials exhibit unique chemical stability and can be easily
modified to optimize their catalytic properties, making them promising candidates for a wide
range of catalytic applications. The synthesis of HENs with tailored compositions and
structures is a complex process, often involving high-energy ball milling or other techniques.
However, recent advances in materials science have made it possible to design and fabricate
HENs with precise control over their composition and structure, opening up new possibilities
for the development of innovative catalytic technologies. With their potential to significantly
improve catalytic efficiency, HENs are expected to play an increasingly important role in the
field of catalysis in the years to come. High-Entropy materials are composed of five or more
principal elements with almost equal atomic fractions [102].

High entropy oxides (HEOs) are a novel type of high entropy nanoparticles (HENs) that have
received considerable attention in recent years due to their distinctive features. HEOs are
comprised of numerous metal cations that are arranged in a disordered manner within the
lattice, resulting in a high degree of structural complexity. The disorder within HEOs is
responsible for their unique characteristics, such as elevated surface area and improved
catalytic activity. HEOs have been extensively investigated for their prospective utilization in
various domains, such as catalysis, energy storage, and environmental remediation.

7.2. Core effects of high-entropy nanoparticles (HEN)

High-entropy materials are characterized by four main properties as illustrated in Figure 6. (a,
b, ¢, and d), that describe and distinguish the nature of HEN. These four core effects will be
explained in this section, in addition to the stabilization phase of HEO.
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Figure 6. An illustration represents the core effects of HEN (a) High entropy effect: increase
the compatibility between components to reduce the total free energy. (b) Lattice distortion:
different molecular sizes between the principal elements. (c) Sluggish diffusion: higher
diffusion activation energy due to the difference in the diffusion rate of elements. (d) the
cocktail effect: describes the synergistic effect of multi-component material based on principle
elements. (a,b) Copyright ELSEVIER 2020 and (c,d)Copyright Springer 2013.

The stabilization of the mixed elements in the solid solution is represented by Gibbs free
energy law as shown in Scheme 7. HEN act as a single solid solution equally distributed in a
crystal lattice [103].

AGmix = AHmix— TASmix Scheme 6

Where (Gmix) represents Gibbs free energy, (Hmix) is the Enthalpy of the mixture, (T) is the
absolute temperature, and (Smix) represents the Entropy of the mixture. From Scheme 7,
Gibbs free energy decreases with the increase of Entropy of the Mixture, which in return
provides a more stable Solid Solution mixture [104].

The Temperature, the number of elements, and the atomic fraction of elements in the
composition influence the change in Entropy according to the following equation[105]:

ASmix = —R Y1 xilnxi Scheme 7

Where (R) represents the universal gas constant, (N) is the total number of elements and (xi)
is the atomic fraction of each element. Based on Scheme 8, the maximum Entropy is achieved
with an equal atomic fraction of each element with a high number of elements.

As shown in Figure 7. a. there is a direct correlation between the number of elements and the
entropy ASs, as the entropy increases with the increase of elements number.
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Based on the classification of Murty and his colleagues for various alloy systems in Figure 7
(b), the High entropy alloys show AS¢ > 1.5R, while medium-entropy alloys present R> ASt
>1.5R and low-entropy alloys AS¢< R.
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Figure 7. (a) The Relation between the entropy (AScont) and the number of elements in High-
entropy metals. (b) The classification of alloys according to the entropy of the system. Adopted
from Murty et. al. [106]

Phase stabilization is an important parameter for high-entropy material synthesis, which is
influenced by the core effects of HEN such as the high-entropy effect, cocktail effect, sluggish
effect, and lattice distortion effect. In this section, we will briefly describe each effect and
explain its role in HEN stabilization and application [102,104,105,107,108].

First, the High-Entropy effect refers to the increased entropy of the material due to the
presence of multiple cations. This effect can lead to a higher degree of disorder in the
material, resulting in unique properties such as increased thermal stability and improved
mechanical properties as shown in Figure 6 (a). The high-entropy effect has been
demonstrated in several high-entropy oxide systems, including AlCoCrCuFeNiOx and
MgCoNiCuZnOx [109-111]. Thus, the high entropy effect provides HEN with higher phase
stability at very high temperatures.

Secondly, the Sluggish effect refers to the slow diffusion of ions within the material. The
presence of multiple cations in HEN leads to an increased number of lattice sites, making it
more difficult for ions to move around as shown in Figure 6 (c). As a result, high-entropy
oxides tend to have a slower rate of phase transformation compared to conventional
materials. This sluggish effect can be beneficial in certain applications, such as high-
temperature thermal barrier coatings, where the material's stability is critical. Due to its
dependence on different diffusion rates of different types of atoms in HEN, the change in
chemical bonds, and potential energy, which leads to a lower diffusion rate, HEN displays a
higher thermal and chemical stability than single-component nanomaterials [112].
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Thirdly, The Cocktail effect as shown in Figure 6 (d), assures the effect of primary elements
on the multi-component metals and provides unique features of HEN such as high strength,
thermal stability, and catalytic activity due to the multiple cations present in the material
[113]. This effect can result in high thermal stability, increased hardness, and improved
chemical resistance. By combining different cations in high-entropy oxides, researchers can
tailor the material's properties for specific applications, such as catalysis and energy storage.

Finally, the lattice distortion due to combining more than one element with different atomic
sizes into the same lattice leads to the creation of many oxygen vacancies within the structure
as shown in Figure 6 (b), which leads to lattice distortion or in other cases amorphous
structures and the appearance of various mechanical, electrical, chemical and optical
behaviors [112]. For example, high-entropy oxides have been shown to have enhanced
photocatalytic properties due to their lattice distortion, which promotes the separation of
photo-generated electrons and holes [114].

The combination of these characteristics has significant implications for the phase
stabilization of high-entropy nanomaterials. The sluggish effect, for example, can prevent the
material from undergoing phase transformation, resulting in a stable material that is suitable
for high-temperature applications. The lattice distortion effect and the cocktail effect can be
used to tailor the material's properties, such as increasing its catalytic activity or improving
its chemical resistance. Finally, the high-entropy effect can result in a material with enhanced
mechanical and thermal properties. Therefore, these four core effects sculptured the
structural characteristics that influence the catalytic activity and different chemical, optical,
thermal, and electrical properties of HEN [109].

Understanding these characteristics is critical for developing high-performance high-entropy
materials for a wide range of applications.

7.3. Structures, Synthesis Methods, and Applications of HEN:

High-entropy
Ceramics

High-entropy
Alloys

High-entropy High-entropy- High-entropy
Oxides borides carbides

High-entropy
nitrides

High-entropy High-entropy
fluorides Silicides

Others

Scheme 9. A typical differentiation of high-entropy metals showing different classes of high-
entropy ceramics.
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The synthesis methods of HEN are determined according to the principle elements and the
structure of HEN [104,115]. Scheme 9 shows the main classification of HEN into two
categories high-entropy alloys (HEA) and high-entropy ceramics (HEC), each category
characterized by different properties, and to keep the focus on the aim of the thesis, only HEC
materials are mentioned in this section. High-entropy ceramics contain a wide range of classes
according to the involved anion in the system such as high-entropy oxides, borides, carbides,
and others. Recently, a huge attention to high-entropy oxides due to the involvement of
oxygen anions within the structure, which plays a role in the catalytic action. For a better
understanding of the tested material in this study high entropy oxide (HEO), Table 2
demonstrates some classes of HEC including HEO, with synthesis methods, available
structures, and suggested applications.

Table 2. Different HECs with the relative method of synthesis, crystal structures, and
applications in industrial and environmental fields.

sintering.

electrode films.

HEC Synthesis methods Crystal Suggested Ref.
structures applications:
High-entropy High energy ball milling, | Fluorite, CO- oxidation, | [116—
oxides(HEOs): Solvothermal method, | Rock-salt, desulfurization, Li- | 121]
Sol-gel method, Solid | Spinal Sulphur  batteries,
state method, High- | structure, Co; reduction,
pressure Torsion, | amorphous photocatalysis, and
Mechanochemical structure, benzyl alcohol
method, Carbothermal | and oxidation.
shock, and others. Perovskite.
High-Entropy Sintering method, ball- | Rock-salt protective coatings. | [122,123]
Carbides(HECs): | milling method, Thermal | structure
reduction, and others. (Cubic)
High-Entropy Perovskite electrocatalytic [124—-
Fluorides (HEF): structure. applications, laser | 126]
industry.
High-Entropy coprecipitation method. | Monazite- barrier coating | [127,128]
Phosphates type. materials and
(HEPO,): Catalytic activity.
high-entropy mechanical Hexagonal Coating and | [129,130]
silicides (HESis): | milling and spark plasma | structure. integrated circuit
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Aim of thesis

Metal-
nanoparticles

H,0-

TMB -
Peroxidase . Catalase
Ox. TMB H,0 + O,
HEM

H,0

Figure 8. lllustration scheme demonstrating the aim of the thesis, where different metal-
nanoparticles forming high-entropy material (HEM), shows multienzyme-like activity
(Peroxidase and catalase).

Since the discovery of the intrinsic peroxidase-like activity of FesOs-NP, huge attention has
been paid to seek for new nanomaterials with enzyme-like activity. As mentioned previously,
incorporating different metals into the same lattice can improve the catalytic performance of
nanomaterials or even offer new enzymatic activities. Those researches, however, have been
restricted to bimetallic or trimetallic nanoparticles. A previous study in our group showed that
high entropy nanomaterials also possess peroxidase-like activity, depending on metal
compositions. In this study, we will focus on investigating mechanisms of peroxidase-like
activity of a selected high entropy material (FeCr)(CuFeMn);0s as well as enzymatic
parameters according to Michaelis-Menten kinetics, in comparison with the reference Fe304
nanoparticle. In addition, another enzymatic activity of this material (catalase) will be also
determined.
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Il. Experimental section

1. Materials and instruments

1.1. Chemical substances
High-entropy nanoparticle (FeCr)(CuFeMn);04 with a particle size of 374 + 8 nm, and Fe30s-
NP with a particle size of 270 £ 7 nm were produced by ball-milling and kindly provided by our
collaborator Dr. Ben Breitung, Institute of Nanotechnology, Karlsruhe Institute of Technology
(KIT), Germany.

3,3’,5,5’ tetramethylbenzidine (TMB), Sodium acetate (Na ac.), Acetic acid, Peroxidase from
Horseradish (lyophilized powder) with a concentration of 150 U/mg, Terephthalic acid,
Europium chloride (Eu-Cl3), Tetracycline hydrochloride, MOPS sodium salt, and native
catalase enzyme extracted from bovine liver (lyophilized powder) with concentration 2000-
5000 U/mg, and 1,4 Benzoquinone (p-BQ) purchased from Sigma Aldrich chemicals. Dimethyl
sulfoxide (DMSO) and Sodium hydroxide were purchased from Carl Roth company. Reduced
Cytochrome C purchased from ABCAM.

1.2. Instruments
UV-vis Spectrophotometer from “Bio-Tek Instruments” Reference: EPOCH2NSC, with serial
number 21031519. UV- Fluorescence Spectrophotometer microplate reader from TECAN
model: infinite M200 PRO. Millipore Milli Q Ref A+ from MERCK for water purification.

Software for enzymatic analysis and graphs: Origin Pro 2023 learning Edition from OriginLab
Corporation. Microsoft Excel version MS 365 from Microsoft.

2. Methods

2.1. Colorimetric assay using Michaelis-Menten kinetics for HEN
(FeCr)(FeCuCr);0a4, Fe304 NP, and HRP
Firstly, HEN suspension (80 pg/ml) was prepared by diluting from 100 pL stock suspension
(2mg/mL) with 1150 pL of miliQ-H20. To eliminate any contamination left over during
synthesis, the suspension was washed by centrifugation at 13000g, then the supernatant was
taken out and nanoparticles were refilled with fresh milliQ-H20.

In this experiment, the catalytic activity of HEN, Fe3s04 NP, and HRP on the substrate TMB in
presence of H,0; at a fixed concentration (500 mM), which was the concentration used in the
study performed by Gao et al. [8]. A set of different concentrations of TMB (100 uM to 1500
UM) was prepared from a stock solution.

22



To investigate Michaelis-Menten kinetics of HENs, a peroxidase assay was carried out as
followed: 100 uL of HEN suspension (80 ug/mL) was added in a quartz cuvette, followed by
78,4 uL of TMB solution in NaAC pH 4 and 21.6 pL of H;0, solution, respectively. The
concentration of TMB was varied from 100 uM to 1500 uM and the H,0; concentration was
500 mM. The absorbance was measured at 650nm every minute for 15 minutes at RT. The
measurement was repeated with 3 replicates.

The absorbance values were collected to calculate the mean values and standard deviation,
in addition to calculating the slope of the first 5 minutes from the generated curve to
represent the change in absorbance (AA). As referred to in Beer-lambert equation in Scheme

10, the initial velocity of the reaction (Vo) was calculated by the equation Vo = AA/(€.1)
(M.Sec?), where (g) of the substrate TMB = 39.000 M-t/cm.

From the gathered data, Michaelis-Menten plot was generated, where the x-axis represents
[S] the substrate concentration of TMB in (uUM) while the y-axis represents the calculated
initial velocity (Vo) in (M.Sec™?).

For a further representation of the data, Lineweaver-Burk plot was also generated, which
represents the reciprocal values of initial velocity (1/Vo) and substrate concentration 1/[S].

From the generated graphs, values of the maximum velocity of the catalytic reaction (Vmax)
and the affinity of HEN to the substrate, referred to as Michaelis constant (Km), were
calculated to be compared later with the values of Fe304-NP and HRP.

Kinetic parameters of Fe3s04-NP and HRP were investigated according to a similar procedure
to HEN. In the case of HRP, the concentration of HRP was 10 ng/ml and H,0, was 17.6 mM.

Michaelis-Menten plot and Lineweaver Burk plot were generated. Finally, the affinity to TMB
(Km) of (FeCr)(FeCuCr)204, Fe3s0s NP, and HRP and the maximum velocity (Vmax) were
calculated and compared with other data as shown in Table 3.

2.2. Data analysis (Michaelis-Menten enzymatic kinetics)

The principle of the experiment is based on the colorimetric detection of the oxidized product,
which is produced through the reaction between peroxidase substrate and hydrogen
peroxide, as shown in the following chemical equation in Scheme 10:

Mg e app Hee  2HO* oy,
Peroxidase T
HoN 7\ NH, ———— > HN — NH
HaC Ha HaC CHs
T™B
HEN(POD — like nanozyme)
TMB + H,0: - = Ox. TMB + 2H,0 Scheme 10
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In Scheme 10, TMB represents the peroxidase substrate, high-entropy nanoparticles (HEN)
are the nanozyme, that catalyzes the peroxidase-like reaction, and H;0;, is the second
substrate, which acts as an oxidizing agent. The Michaelis-Menten kinetics was performed by
varying the concentration of TMB (100 uM to 1500 uM) and fixed H,0 concentration of 500
nm. The assay was carried out as described in section 2.2.

The colorimetric detection of a produced ox. TMP is based on measuring the absorbance (A)
kinetically in 15 minutes, using a UV-vis Spectrophotometry device at wavelength 650 nm.

To obtain Michaelis-Menten parameters, the Beer-Lambert law was used to calculate the
absorbance (A) of oxidized peroxidase substrate according to the equation in Scheme 11:

A= &£.1.C Scheme 11

In the equation, (A) represents the absorbance measured by UV-vis spectrophotometry, (€)
is the extension coefficient/molar absorption coefficient of the substrate (M*/cm3), (1)
represents the length of the light path in (cm), and (c) is the molar concentration of substrate
in (M). The change in absorbance of the product in time appears in Figure 9 (a). To measure
the initial velocity of the reaction (Vo) to be plotted in the Michaelis-Menten graph as in Figure
9 (b), we measure the change of concentration in time via the absorbance measurement,
which is calculated from the slope of the produced curve of absorption, must be calculated
as in Scheme 12:

AA
— — : -1
Vo =A4c =— (M.Min™) Scheme 12
E.L
m o
‘ MichaslisMenten Fit of Sheet1 B™V0" (mol Sec-1 \‘
P

o2] (a) o (b)
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Figure 9. (a) A graph showing the change in absorbance (A) in time (T). (b) The change of
reaction velocity in different substrate concentrations.

Michaelis-Menten kinetics is commonly used to investigate the catalytic activity of an enzyme
regarding its affinity to the substrate (Km) and the maximum velocity of the catalytic reaction
(Vmax). The Michaelis-Menten equation in Scheme 13 describes the dependence of the
conversion rate of the enzyme on the substrate concentration and therefore can predict the
rate of an ongoing reaction.

__ Vmax [S]
T Km+[S]

Scheme 83
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From Michaelis-Menten equation [S] represent the substrate equation and the Michaelis
constant (Kw) is equal to the concentration of substrate when the velocity of the reaction is

half of the maximum velocity of the catalytic reaction (v =§ Vmax), therefore (Kwm)

calculated with units of Molarity (M).

In addition to Michaelis-Menten kinetics, the Lineweaver Burk plot is performed as an
additional representation of enzymatic activity, as the following equation in Scheme 14:
1 Km 1

— = + Scheme 9
Vo Vmax.[S] Vmax

Lineweaver Burk graph is generated by plotting the reciprocal of calculated velocity (V) versus
the reciprocal of substrate concentration [S], therefore it is referred to as (a double reciprocal
Burk plot). Due to the similarity of the straight line equation (Y = m. x + C), where the y-axis
(Y) would be represented by 1/Vo, the x-axis equals 1/[S], and (m) represents the slope of the
line on the graph, that equals to (Km/Vmax), and the intercept on the y axis (C) represents
1/VMax-

2.3. Investigating the peroxidase-like activity mechanism of HEN

The mechanism of peroxidase-like activity (as mentioned in the mechanism section from the
introduction) can be the production of free radicals such as hydroxyl radical OH® or
Superoxide anion radical [O27] through Fenton-like reaction or by electron transfer process
involvement. It depends on the chemical structure, charges of cations, and chemical
properties of the nanozyme [52,53,55,56].

2.3.1. Detection of hydroxyl radical (OH®) production

To prepare the terephthalic acid (hydroxyl radical scavenger) for detection, sodium
terephthalate (NaTa) needed to be prepared by adding 10.4 mg of TA to a solution of 100 ml
of sodium hydroxide NaOH, which was previously prepared by dissolving 6,3 mg of NaOH in
100 ml of MilliQ-H;0. The prepared concentration of Sodium terephthalate NaTA to show the
scavenging effect to OH"* free radical is 0.625 mM.

After preparing NaTa, three different concentrations of HEN were also prepared to detect the
effect of concentration on OH® production (20, 40, and 80 ug/ml). 24 uL of HEN suspension
was added to an Eppendorf, followed by 200 uL of 0.625 mM sodium terephthalate, 120 uL
of 1M NaAc, and 48 pL of 6.25 M H,0; solution. The mixture was mixed and incubated for 8
hours at RT in a dark place. A negative control solution was prepared to contain NaTa, H,O3,
and H,0 without HEN and incubated in the same conditions.

After incubation, the mixture was centrifugated at 13000g for 5 minutes. Then 200 uL of
supernatant was transferred into a well and measured fluorescent intensity (excitation
315nm, emission 425 nm). The experiment was done with 3 replicates and in comparison with
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the negative control. For the measurement of fluorescence emission, a UV- fluorescence
Spectrophotometer was used to read the spectrum from 300-500 nm wavelength. Finally, the
collected data were gathered and after calculating the mean value was generated for results
visualization.

2.3.2. Detection of superoxide radical (02) production

A solution of 5 mM 1,4 Benzoquinone (p-BQ) in dimethyl sulfoxide (DMSO) was prepared,
three concentrations of solution (40, 80, and 60 pug/ml) HEN was prepared as mentioned
previously, 100 pL of HEN suspension (80 pg/mL) was added in a well, followed by 78.4 uL of
TMB solution and 21.6 L of H,0; solution. Then 50 pyL of 5 mM p-BQ solution in DMSO was
added and the absorbance was measured every minute for 15 mins at 650 nm.

The experiment was repeated with 3 replicates. Results were presented as mean value and
standard deviation.

iiii. 2.3.3. Electron transfer process
In this experiment, Reduced Cytochrome C was used to detect if the electron transfer was
included in the catalysis reaction in presence of HEN as a catalyst.

It is well documented that Cytochrome Cin the reduced form shows two peaks at 520 nm and
550 nm. On the contrary, the oxidized Cytochrome C after losing electrons will show the
disappearance of those two peaks and a newly developed peak will be seen at 530 nm [131].

Procedure: 350 pL of HEN suspension (80 pug/mL) was mixed with 140 pL of 1M NaAc, 45 pL
of reduced cytochrome C, and 164 uL of milliQ-H20. The mixture was incubated for 90
minutes in a dark place, then centrifugated at 13000g for 5 minutes. Subsequently, 200 uL of
supernatant was added to a 96-well plate and the UV spectrum was scanned from 400nm to
600nm. A control sample without HEN was prepared at the same condition for comparison.

2.4. Catalase-like activity detection of HEN
To conduct the catalase assay, several solutions were prepared as follows:

10 mM MOPS buffer: 0.693 g of MOPS sodium salt was dissolved in 100 mL MilliQ-H,O. pH
was adjusted to 7.4 by glacial acetic acid, then the solution was filled up to 300 mL. The
Prepared solution was kept in a dark place at RT.

Europium tetracycline (EuTc) solution was prepared by mixing 5 ml of EuCI3 solution (23 mg
EuCls in 50 ml MOPS buffer) with 5 ml of tetracycline chloride (50.5 mg tetracycline-HCl in 50
MOPS buffer), then filled with 40 m| MOPS buffer to obtain 50 ml of EuTc solution.

Catalase assay: In a 96-well plate, 50 plL of EuTc solution, 20 pL of 750 mM H;0, and 165 plL
of MOPS buffer were added, then the mixture was incubated for 20 minutes. After that, 50
uL of HEN was added and the fluorescent intensity (excitation 405 nm, emission 620 nm) was
subsequently measured every 2 minutes for 20 minutes. Negative control (replacing HEN with
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milliQ-H,0) and positive control (replacing HEN with a solution of 0.1 mg/mL native catalase)
were also prepared for comparison. The catalase activity was presented as mean decreased
fluorescent intensity (%) with standard deviation obtained from 3 replicates.

Ill. Results

Based on the aim of the thesis the peroxidase- and catalase-like activity of tested HEN were
detected in addition to the determination of a peroxidase-like reaction mechanism.

1. Michaelis-Menten kinetics of HEN regarding peroxidase-like activity

Investigation of Michaelis-Menten kinetics of HEN was carried out by varying TMB
concentration from 100 to 1500 uM and a fixed H.0; concentration of 500 mM in presence
of 40 pg/mL of HEN.

The velocity was calculated by measuring the absorbance of oxidized TMB in Scheme 12, then
a graph of TMB concentration versus velocity was plotted as shown in Figure 10 (a).

Lineweaver-Burk line was obtained (R? = 0.987) by plotting the reciprocal concentration of
TMB against reciprocal velocity in Figure 10 (b). The graph was fitted into Michaelis-Menten
kinetics mode in Origin Pro (version 2023), and enzymatic kinetic parameters were calculated
with Km = 0.507 mM, Vmax= 2.97E% M.Sec™.

Using the same procedure, Michaelis-Mente kinetics of 40 pug/ml of Fe304 NP was carried out
in the same reaction conditions and substrate concentrations, in presence of 500 mM H;0,.

The Michaelis-Menten graph was plotted as shown in Figure 10 (a), in addition to the
Lineweaver-Burk plot in Figure 10 (b) with (R? = 0.98), the graph was fitted into Michaelis-
Menten kinetics mode in Origin Pro (version 2023), and enzymatic kinetic parameters were
calculated with Km = 0.54 mM, Vax= 8.28E9° M.Sec™™.

Finally, for better comparison, the peroxidase activity of 10 ng/ml horseradish peroxidase in
the same range of TMB concentration (100 — 1500 uM) was measured at the same reaction
condition (at room temperature in pH = 4 ). Due to the higher sensitivity of HRP to H,0;, a
much lower concentration was used (17.6 mM). The same measurement procedure was
performed and data collected were used to generate the Michaelis-Menten plot and
Lineweaver-Burk as shown in Figure 10. The maximum velocity of HRP catalytic reaction
(Vmax) was calculated as Vivax = 3.90E8 M.Sec™?, while the affinity of HRP to (TMB) as peroxidase
substrate Km = 1.32 mM.

27



T.00E+08

= HEN

3.50E-08

300E-08 6.00E+08

2.50E-06 20

o ¢ 00E-+08 |
2
=

3005408 |

2.00E-08

1.50E-08

VO (mol/Sec)

1.00E-08 200E+08 |

5.00E-09

0.00E+00 T T T T T T T T T
0DE+0 20E-4 40E-4 6.0e-4 BOE-4 10E-3 12E-3 14E-3 186E-3 =201

[TMB] (M)

0.00E+00
00 0

1/[TMB]

Figure 10. (a) Michaelis-Menten graph represents the enzymatic relation between the velocity
of the reaction of (HEN, Fe.O4+-NP, and HRP) and the concentration of substrate TMB, where
the red line represents HEN activity, the green line shows HRP activity and the blue line
represents FesO4NP activity. (b) Lineweaver-Burk plot shows a straight line with (R’= 0.987,
0.981, 0.978) for HEN, Fe.O4-NP, and HRP respectively, representing the double reciprocal of
the velocity and TMB concentration. (Vo) represents the reaction velocity and [TMB] is the
concentration of TMB. Values represent the mean # standard deviation of n=3 replicates.

In the following Table 3, the maximum catalytic reaction velocity Vmax and the affinity towards
substrate (Michaelis constant Km) for HEN, FesO4-NP, and HRP were represented.

Table 3. A demonstration of the maximum velocity, affinity to the substrate, R2 of Lineweaver-
Burk plot, and H202 concentration for HEN, Fe304-NP, and HRP enzymatic activity.

Substrate | Concentration | R2 | Km( mM) | Vmax (M.S-1)
of H202
HEN 40 pg/ml TMB 500mM | 0.987 | 0.507 2.97E-08
Fe304 40 pg/ml TMB 500mM | 0981 | 0.54 8.28E-09
HRP 10ng/ml TMB 167mM | 0978 | 132 3.90E-08

As shown in the previous Table 3, Km of HEN has the lowest value of 0.507 mM, which
indicates the higher affinity of HEN towards TMB as substrate more than Fez0s-NP which
equals 0.540 mM, and HRP that equals 1.320 mM. Although the maximum velocity of
enzymatic reaction belongs to HRP that means the velocity of HRP catalytic reaction is 1.31
higher than HEN catalytic reaction.
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2. Hydroxyl radical production

It has been reported that hydroxyl radicals are involved in the peroxidase-like activity of
nanozyme. The detection of hydroxyl radicals is based on the reaction of terephthalic acid
with OHs radical to form hydroxyl terephthalate which has strong fluorescent signal. As can
be seen in Figure 11, a peak was absent at 425 nm at any tested concentration, indicating no
hydroxyl radical was produced.

Hydroxyl Radical OH® florescence detection in TA PH4
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Figure 11. Fluorescence spectrum from 400 — 480 nm for 20, 40, and 80 ug/ml HEN, 1 M of
H20,, and 0.625 mM sodium terephthalate compared with control (absence of HEN) shows no
difference in spectrum between all tested concentrations and control, which indicates the
absence of hydroxyl radical. Values represent the mean + standard deviation of n=3 replicates.

This result interprets the absence of OH® production, therefore hydroxyl radical can not
explain the mechanism of the peroxidase-like reaction of HEN.

3. Superoxide radical production

Using a UV-vis spectrophotometer, the reaction rate for three HEN concentrations was
measured every 60 seconds for 15 minutes at wavelength 650 nm to detect the oxidized TMB
production in the presence and absence of p-BQ. The data was gathered, and the average
value for three replicates of each concentration was calculated, in addition to the standard
deviation and slope for the first 5 minutes.

The reaction rate of HEN with TMB in the presence or absence of p-BQ was compared and
reported in Figure 12. The negative control was done as well to show the effect in absence of
HEN on the reaction.
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Figure 12. The reaction rate of 40, 80, and 160 ug/ml of HEN in the presence (green) and
absence (blue) of p-BQ with TMB in presence of H,0,, showing a negative control (without
HEN) show the effect on the reaction and exclude any interference of p-BQ to the reaction
rate. Values represent the mean + standard deviation of n=3 replicates.

As can be seen, there was no significant change in reaction rate in the presence and absence
of p-BQ, (P-values of 0.483, 0.275, 0.256 were calculated for concentrations 40, 80, and 160
ug/ml respectively), which means that the presence of p-BQ does not affect the reaction due
to the absence of superoxide radical. Therefore O,* is not responsible for the catalytic
mechanism.

4. Electron transfer process involvement.

The determination of the electron transfer process is based on the conversion of reduced
Cytochrome C to its oxidized form as shown in Figure 13. Cytochrome C in the reduced form
will show two peaks at 520 nm and 550 nm. On contrary, the oxidized Cytochrome C after
losing electrons will show the disappearance of those two peaks and a newly developed peak
will be seen at 530 nm. The control was prepared as well to compare the change in the
spectrum by adding the same amount of Cytochrome C, Buffer, and H,0 without HEN.
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Figure 13. shows a Spectrophotometric analysis of Cytochrome C involved in the electron
transfer process of the Peroxidase reaction, as the Black line shows reduced Cytochrome C
with two peaks at 520 and 550 nm, on the other hand, the red line shows only one Peak at
530 nm.

The spectrum shows in the presence of HEN an appearance of a peak at 530 nm and vanishing
the two peaks at 520 and 550 nm, which indicates the oxidation of Cytochrome C as a result
of losing an electron during the reaction, in comparison to the black line (reduced
cytochrome) in absence of HEN the two peaks at 520 and 550 nm.

That confirms the involvement of the electron transfer process in the peroxidase-like reaction
of HEN and explains its mechanism of activity.

5. Catalase-like activity of HEN

A fluorescence spectrophotometer was used to analyze the change in fluorescence intensity
of EuTc after the catalase reaction, as a result of the decomposition of the EuTc-HP complex.

The reduction in the fluorescent intensity was reported and values were gathered, average of
three trials for each concentration was calculated, standard deviation and the percentage of
fluorescence reduction for each concentration and control were visualized in Figure 14(a).
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Figure 14. (a) The graph shows the percentage of fluorescence reduction over time for four
concentrations of HEN (20, 40, 80, and 160 ug/ml) in comparison to negative and positive
(with native catalase enzyme) control. Values represent the mean * standard deviation of n=3

replicates. (b) The catalase-like activity of HEN appears in the production of oxygen bubbles
as a result of H,0, decomposition.

For better interpretation, decreased fluorescent intensity in percentage was used. Graph
14(a) shows there was a decomposition of H,0; in the mixture, determined by the decrease
of fluorescent intensity over time. In addition, catalase-like activity increased with the
increase in HEN concentration. As can be seen in Figure 14, a HEN concentration of 80 pug/ml
showed a comparable performance as native catalase. The negative control also showed a
reduction of fluorescent intensity which may be attributed to the auto-decomposition of H,0;
over time. However, this decrease was much more pronounced in presence of HEN.
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IV. Discussion

While many papers reported the electro-, photo- and thermo-catalysis activities, the focus of
this thesis will be on the multienzyme activity of high-entropy oxide and its catalytic
mechanism.

The enzymatic kinetics of peroxidase-like activity of HEN was determined according to
Michaelis-Menten kinetics and subsequently compared the results with Fes04-NP and HRP
results as references of peroxidase activity. For peroxidase-like activity determination, TMB
had been used as a peroxidase substrate with a set range of concentration (100-1500 uM) in
presence of H,0, at 500 mM concentration, which is the same H,0, concentration in the
previous study by Gao et al. 2007 [8]. It turned out that, HEN showed a higher affinity to
substrate 2.6 folds more than HRP, as Michaelis constant Km of HEN, Fes04-NP, and HRP were
0.507, 0.54, and 1.32 mM, respectively. On the other hand, HEN showed a faster catalytic
reaction rate than Fes04-NP 3.6 folds but slower than HRP, where Vuax of HEN, Fes04-NP, and
HRP was 2.97E8, 8.28E°, and 3.9E® M.Sec}, respectively.

Substrate Affinity Km: HEN > FesO4-NP > HRP (HEN has 2.6 times Higher Affinity than HRP).
Reaction velocity Vmax: HRP > HEN > Fe304-NP (HEN reacts 3.6 times faster than Fez04-NP).

However, the results from the study done by Gao et al. 2007 showed a better affinity for
Fe304-NP to TMB with Kn= 0.098 mM and the affinity of HRP Kn= 0.434 mM, in addition to
the catalytic reaction velocity Vmvax = 3.44 E*® and 10.00 E® for Fes04NP and HRP respectively.
These differences were shown due to the difference in conditions of reaction, as the
temperature of reaction at Gao’s study was 40 °C and the particle size of Fez04NP was 30 nm,
which showed the maximum activity of nanozyme.

Peroxidase-like mimetics exhibit varied catalytic activities, which include free radical
production and participation in the electron transfer process. The Fenton-like reaction is a
well-known and extensively studied mechanism of peroxidase and peroxidase-like reactions
that generates hydroxyl radicals. In this reaction, hydrogen peroxide is attracted to the
surface of nanozyme, leading to the cleavage of the O-O bond, producing OH®, which
subsequently oxidizes the peroxidase substrate into an oxidized colored product. To detect
the production of OH®, a hydroxyl radical scavenger is necessary, which can be detected or
measured using fluorescence techniques. The hydroxyl radical scavenger TA is regarded as
effective due to its high affinity to OH®, and it can detect as low as 2 nM of OH® [132]. The
equation presented in Scheme 15 shows that TA reacts with OH® to form a fluorescent
product called 2-hydroxy-terephthalic acid (hTA).

COO- COO-
OH

coo coo Scheme 105
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The result showed no difference in fluorescence spectrum at the end of the reaction between
samples in the presence and absence of HEN. This result indicates that hydroxyl radical is not
responsible for the catalytic activity mechanism of HEN.

During the peroxidase-like reaction of HEN with the substrate, another free radical that may
be produced is the superoxide radical [02°], which promotes the oxidation of the peroxidase
substrate to yield the oxidized colored product. The detection of superoxide radical [02°]
production in the peroxidase-like reaction follows a similar concept to detecting hydroxyl
radical OH®. A superoxide scavenger, 1,4-benzoquinone (p-BQ), is used to detect the
production of superoxide radical [02°] from the catalytic reaction of nanozyme. P-BQ reacts
with [02°] expected to be produced, resulting in the formation of hydroquinone (H2Q), which
indicates the production of superoxide radical [02°] [133], according to the following
equation in Scheme 16:

02-H + 02-H +

p—BQ

QH H2Q Scheme 116

If the O2* radical is involved in the oxidation of TMB, the presence of p-BQ would reduce the
level of O, radicals, thus decreasing the reaction rate. However, the results showed that
there was no significant difference in reaction rate between samples with and without p-BQ
with p-values of 0.483, 0.275, and0.256 for tested concentrations of 40, 80, and 160 pg/ml,
respectively, suggesting that there is no superoxide radical production.

It has been documented that the peroxidase reaction mechanism may involve the electron
transfer process. The determination of the electron transfer process can be accomplished by
examining the conversion of reduced Cytochrome C to oxidized Cytochrome C. Reduced
Cytochrome C displays two peaks at 520 nm and 550 nm, while the oxidized form of
Cytochrome C, after losing electrons, exhibits the disappearance of these two peaks and a
newly developed peak at 530 nm.

The results confirm the involvement of the electron transfer process in the peroxidase-like
activity of HEN. The suggested pathway involves HEN initially attaching to the surface, with
the lone-pair electrons from TMB donating to HEN, leading to an increase in the electron
density of HEN. Subsequently, HEN, which is electron-rich, transfers electrons to nearby
molecules of H20,, thus accelerating the electron transfer process that occurs between TMB
and HEN. Finally, as part of this catalytic cycle, TMB undergoes oxidation to produce a blue
derivative, while H,03 is reduced to water under acidic conditions [55]. The pathway could be
described as follows in Scheme 17, where H;0; is considered an electron acceptor:

H.0; + 2H* +2e" - 2H,0 Scheme 17

Several studies showed multi-metallic nanozymes may play multienzyme-like activity [134],
therefore, in this thesis, the Catalase-like activity of HEN was also investigated.

In this study, an approach based on the Europium-tetracycline complex (EuTc) was used to
detect the catalase activity of HEN. The EuTc is a weak fluorescent complex with a maximum
emission at 615 nm. However, upon the addition of hydrogen peroxide, a new complex (EuTc-
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HP) is formed, which exhibits 15-fold higher fluorescence intensity [135]. The concept behind
this experiment is if HEN displays catalase-like activity, it will decompose EuTc-HP into EuTc,
then reduce the fluorescent signal.

As expected, HEN shows a significant reduction in fluorescence intensity, which increased
proportionally with the increase of HEN concentrations. The reduction in fluorescence
intensity measured was 14.56%, 22.99%, 34.97%, and 45.43% for 20, 40, 80, and 160 pug/ml
of HEN respectively, while negative control showed only a 7.85% reduction of fluorescence
intensity, and native catalase enzyme exhibited 34.38% reduction, which is almost equivalent
to the catalase-like activity of 80 ug/ml HEN.

V. Conclusion
Nanozymes have been recognized as a promising alternative to natural enzymes due to their
distinct properties, including high catalytic activity, robustness under harsh conditions, cost-
effectiveness, and multifunctionality, among other advantages. Thus, exploring and
optimizing nanozymes has become a crucial area of research in the fields of nanotechnology
and biomedicine. High-entropy oxides have emerged as a particularly promising candidate for
multienzyme catalysis due to their unique composition and characteristics.

In this thesis, a specific high-entropy oxide, (FeCr)(CuFeMn),0a4, was evaluated for its potential
as a multienzyme catalyst. The results of the experiment demonstrated its peroxidase-like
activity, which was 3.6 times faster catalytic reaction rate than that of Fez04-NP, and showed
2.6 times higher substrate affinity than that of HRP. It was also determined that the electron
transfer process was involved in the oxidation of TMB, rather than the formation of free
radicals. Additionally, the materials also displayed catalase-like activity in a concentration
manner in which a concentration of 80 ug/ml of HEN produced a comparable performance to
native catalase.

Further investigation of the multienzyme-like activity of (FeCr)(CuFeMn),04 (HEN) could
provide valuable insights into its potential applications as a nanozyme. For instance, it is
important to determine whether HEN possesses superoxide dismutase or oxidase-like
activities, as these properties could be used in further applications.

Another crucial area of research is to assess whether HEN can be reused efficiently without
losing its catalytic activity, which would enhance its cost-effectiveness and practical utility.
Additionally, determining the lowest limit of detection for H,O, by HEN is essential for its
potential applications in biomedical and environmental monitoring.

Thus, future studies on HEN enzyme-like activities could focus on answering these questions,
which would provide a more comprehensive understanding of its properties and potential
applications.
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Foot Notes:

*Reactive Oxygen Species (ROS): this term describes the molecules that are produced by
peroxidase or oxidase enzymes and possess a highly oxidizing activity. Hydroxyl radical and
superoxide anion radical is considered the most well-known representatives of ROS, they can
harm the cell after accumulation to a high extent leading to cell death or harmful incidences,
therefore ROS are linked somehow with aging and neurodegenerative diseases [136].

**Fenton reaction: is a chemical process that involves the reaction of hydrogen peroxide with
a ferrous ion (Fe?*) at low pH media. The reaction results in the formation of hydroxyl radicals
(*OH) and ferric ions (Fe3*), which are highly reactive and can initiate various oxidation
processes.
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