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Preface

This book focuses on the use of nanomaterials and enzymes to support different
applications in the materials, food, pharmaceutical and biotechnology industries. It
comprehensively covers topics relevant to understanding the development of
nanotechnology-integrated biological systems and their innovative functionality.
Among several advantages, the enzyme, after being immobilized, becomes more stable,
being more suitable for the use in drug delivery systems, in addition to increasing
efficiency in catalysis systems. In this book, its chapters cover recent advances in
production and properties of nanoenzymes, immobilization of enzymes in
nanomaterials and their applicability in the area of disease diagnosis, environmental
clean-up, biosensor manufacturing, drug delivery and vaccine production.

Nanomaterials Supported Enzymes aims to explore in their chapters with discussions
on a variety of nanomaterials and enzymes to support various applications in the
materials, food, pharmaceutical, and biotechnology industries. Leading researchers and
specialists from all over the world contribute to the book chapters. This book is a
reference text that can be used by postgraduates, biotechnologists, engineers, scientists,
professors and environmentalists working in the field of nanotechnology,
nanomaterials, biosensors, diagnostics, food industry, drug delivery, vaccine
production, engineering, environmental science, and industries. The work reported in
the following 9 chapters are as follows:

Chapter 1 describes the various types of nanomaterials i.e. metal nanoparticles, metal
oxide, carbonaceous materials (carbon nanotubes, graphene, and activated carbon), that
have been used for the immobilization of the enzyme. So that durability, catalytic
activity, leaching of the enzyme, and mechanical steadiness are evaluated for their
continual operation.

Chapter 2 discusses the production, properties, and applications of nano-enzymes of
carbon, zinc oxide, magnetite, copper, and some noble metals in the food industry.

Chapter 3 highlights the literature on nanozymes; their recent fabrication for enzyme
mimicking activity and finally their mechanism of actions to enhance enzymatic
activities concerned with the food industries.

Chapter 4 discusses the different immobilization methods, nanosupports for
immobilization and their uses in the depollution of aquatic environments, as far as
nanomaterials supported enzymes are concerned.

Chapter 5 lays an outline with respect to biosensors that are fabricated with
nanomaterials as a transducer, where enzymes acting as a bioreceptor, are immobilized
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on their surface. In addition, the biosensing mechanisms of the enzyme immobilized
nanomaterials, their efficiency, detection limit, and sensitivity, are also discussed.

Chapter 6 highlights the different fascinating applications in therapeutics along with
the associated mechanism of nanozymes, which are efficient nanomaterials with
enzyme-like appearances.

Chapter 7 eclaborates the diversified range of nano-material based enzymes, their
synthesis methods, modification strategies, and factors influencing the catalytic activity
of these enzymes. Therapeutic applications of nano-material based enzymes and their
limitations have also been discussed.

Chapter 8 enumerates the importance of how immobilized enzymes are helpful in
different biomedical uses and what kind of enzymes and nanoparticles could be
hyphenated to take advantage in health care sectors. Different method of enzymes
immobilization will also be discussed in details including both physical methods and
chemical methods of loading enzymes on nanoparticles.

Chapter 9 focus on nanonzyme and their use in vaccine production and immunization.
The nano carrier-based system facilitates the delivery of vaccine antigens to target cells
and increases antigen resistance and immunogenicity.

Highlights

e Provides a comprehensive overview of the nanomaterials supported enzymes
e Production and properties of nanoenzymes
e Provides a broad overview of different spheres of applications

¢ One-shot reference guide for those wishing to learn more on this.
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Chapter 1

Recent Advances in Enzyme Immobilization
in Nanomaterials

Muhammad Hamza!, Abdul Qadeer?, Mabkhoot Alsaiari**, Saleh Alsayari’,
Qudsia Kanwal', Abdur Rahim®”

'Department of Chemistry, University of the Lahore, Lahore

2Shanghai Veterinary Research Institute, Chinese Academy of Agricultural Sciences, Key
Laboratory of Animal Parasitology of Ministry of Agriculture and Rural Affairs, Shanghai,
200241, China

SEmpty Quarter research Unit, Department of Chemistry, College of science and art in Sharurah,
Najran University, Sharurah, Saudi Arabia

“Promising Centre for sensors and electronic devices (PCSED). Advanced materials and Nano
Research Centre. Najran University. Najran. 11001. Saudi Arabia

>Interdisciplinary Research Centre in Biomedical Materials (IRCBM), COMSATS University
Islamabad, Lahore Campus, Pakistan.

* rahimkhan533@gmail.com
Abstract

This chapter described the advancements in the development of nanostructured supported
material and enzyme immobilization techniques. The functionalized nanomaterials
extremely affect the inherent mechanical properties and provide the highest
biocompatibility and specific nano-environment surrounding the enzymes for improving
enzymes stability, catalytic performance, and reaction’s activities. The enzyme
immobilization on nanomaterials considerably enhances the robustness and durability of
the enzyme for its frequent applications, which reduces the overall expenses of the bio-
catalytic process. There are various types of nanomaterials i.e. metal nanoparticles, metal
oxide, carbonaceous materials (carbon nanotubes, graphene, and activated carbon), that
have been used for the immobilization of the enzyme. So that durability, catalytic activity,
leaching of the enzyme, and mechanical steadiness are evaluated for their continual
operation.

Keywords

Enzyme Immobilization, Nanomaterials, Biomimetic, Co-factor, Carbonaceous
Nanomaterials
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1. Enzymes and their uses/ applications/ functions

1.2 Definition of enzyme

Enzymes are chemically composed of protein, works as a catalyst in biological reactions,
and are known as biocatalysts [1]. Normally, Catalysts speed up chemical or biological
reactions. The substances upon which catalysts works are called known as substrates, after
reaction completion these catalyst converts starting molecules into various new molecules
which are called products. Every metabolic reaction within a cell requires an enzyme that
accelerates reaction sufficient for the support of life [2]. The metabolic mechanism depends
on catalysts to catalyze every single step. The science of exploring enzymes is known as
enzymology and recently an advanced field of pseudo-enzyme analysis has been developed
[3, 4]. Currently reported enzymes catalyze more than 5000 metabolic chemical reactions
[5]. Some other catalysts are catalytic RNA molecules which are known as ribozymes.
Enzymatic specificity arises due to their specific three-dimensional architecture.

An enzyme, like other catalysts, decreases the activation energy of molecules and speeds
up the chemical reaction. A few enzymes' activities are millions of times faster than normal
reactions they convert substrate to the product at such high speed. For example, the enzyme
orotidine 5'-phosphate decarboxylase allows a reaction in milliseconds rather than millions
of years [6, 7]. Enzymes are similar to chemical catalysts in that they speed up processes
by lowering the activation energy of molecules. They are not utilized in reactions, and they
do not change the chemical reaction's equilibrium. Enzymes and catalysts differ in such a
way, enzymes are more specific than catalysts. The activity of enzymes is affected by
different types of molecules: activators accelerate the activity of enzymes, and inhibitors
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cease the activity of the enzyme. Various therapeutic poisons and drugs act as an inhibitor
for enzymatic activities.

A few examples of commercially used enzymes are the formation of antibiotics. A few
household items utilize enzymes to accelerate reactions: In organic washing powder
enzymes disintegration of fats, starch, or protein stain on cloth, and in flash tenderizers
enzymes disintegration of larger protein molecules into shorter molecules and makes flash
easy to digest.

1.2  History & etymology of enzymes

End of the 17" and initial 18" centuries, saliva and secretions from the stomach causes the
digestion of meat [8, 9] and convert meats' starch into sugars like plant extracts were known
but how it happens, which chemical reactions take parts, and which mechanisms occurred
had not been investigated [10].

Enzymes firstly were discovered in 1833 by the French chemist Anselme Payen that was
diastase [11]. After a few years of research into the fermentation process of sugar to
alcohol, Louis Pasteur hypothesized that the process was catalyzed by a key force housed
in yeast cells known as "ferments," and that this force performed its role within living
creatures. Further Louis Pasteur concluded that " the process of fermentation of alcohol is
an action related along with the corporation of the yeast cell and life, not related with the
putrefaction of the cell or death [12]."

n

Terminology “Enzymes” first reported by German physiologist Wilhelm Kiihne (1837-
1900) in 1877, this word originated from the Greek word &v{vpov, meaning "leavened" or
"in yeast", this terminology explains fermentation technique [2, 13-21]. After a while, the
enzyme was used to cite “non-living substance” e.g. pepsin, and the ferment was used to
cite “‘chemical action arises through living organism” [22].

In 1987, the first paper of Eduard Buchner was submitted on “the study of yeast extracts”.
At the University of Berlin, he conducted a sequence of trial investigations and concluded
that the fermentation process of sugar through yeast extracts is carried out even when all
the yeast cells are dead in the solution mixture [2, 15, 16, 23-29]. He labeled the enzyme
as "zymase" which carried out the sucrose fermentation. [30] According to Buchner's
following example, most enzymes are labeled based on the reactions which they conduct:
the substrate name combined with the suffix-use (e.g., lactase DNA polymerase) [31].
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1.3 Nomenclature

Enzymes are classified into two prime categories depending on either the sequence
similarity of amino acids or the activity of enzymes.

1.4 Enzyme activity

According to Eduard Buchner enzymes name, most enzymes are named derived from their
catalyzed chemical reaction or substrate, with the suffix -a. [2], for example alcohol
dehydrogenase, lactase, and DNA polymerase. The same reaction that is catalyzed by the
various types of enzymes is known as isozymes [2].

The enzymes nomenclature has been established by the International Union of
Biochemistry and Molecular Biology, the EC ("Enzyme Commission") numbers. The
entire enzymes are labeled by "EC" along with four-digit numbers that express the grading
of enzymes activity. The first digit usually categorizes the enzyme according to its
mechanisms while the rest of the digits express enzymes specificity [15, 16].

The principal-level of categorization as:

e EC 1, Oxidoreductases: Oxidation and reduction reaction are catalyzed.

e EC 2, Transferases: Functional groups are transferred.

e EC 3, Hydrolases: Various bonds hydrolysis is catalyzed.

o EC 4, Lyases: Different bond cleave rather than oxidation and hydrolysis.
e EC 5, [somerases: Isomerization is catalyzed within the same molecule.

e EC 6, Ligases: Bond two molecules through covalent bonding.

The categorization of these primary levels is further divided by various characteristics e.g.
the chemical mechanism, products, and substrate. An enzyme is completely identified by
its four digits designations e.g. hexokinase (EC 2.7.1.1) [15].

1.5 Sequence similarity

Enzyme Commission division cannot explain sequence relationship. For example, two
ligases catalyzing entirely the same reactions, possessing identical EC numbers have
entirely contrasting sequences. Independent of enzymes purpose like different proteins
have been categorized according to enzymes sequence similarity into various subgroups
[32].
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1.6 Chemical structure

Enzymes are naturally spherical proteins with complicated structures. Amino acids make
up an enzyme. The arrangements of amino acids within enzymes regulate their catalytic
activity in a chemical reaction [33]. Besides the structure of the enzyme, its purpose is
predicted rather than its unique enzymatic activity just from the enzyme structure alone
[34]. The structure of enzymes denatured when exposed to heat or chemical compositions
and this disturbance in the enzyme structure is usually liable for the deprivation of activity
of enzymatic [35]. Alteration in the structure of enzymes is generally related to a
temperature high to enzymes' normal level.

The structure of enzymes is generally larger as compared to their substrate. Enzymes size
ranges from 62 amino-acids, for example, 4-oxalocrotonate tautomerase used a monomer
[36], to high up to 2,500 amino-acids within animals fatty acid synthase [37]. Just a
microscopic segment of enzymes' shape is contributing to the catalysis process known as
the catalytic site of the enzyme [38]. The catalytic site exists near one or multiple binding
locations where amino acids align substrate. The binding portion and catalytic portion both
formulate enzymatic activity and are collectively known as enzyme active sites [39].
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Fig. 1: Structure of Enzyme and types of Amino Acids
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In the enzymes catalysis process, the amino acid is not involved, in their catalysis process
enzyme has an area for binding and aligning catalytic cofactors [39]. The structure of
enzymes contains allosteric sites in which the attachment of small molecules results in the
change of their conformation which escalates or suppresses enzymatic activity [40].

A few RNA-based biological catalysts are known as ribozymes that react alone or with
proteins e.g. protein and catalytic RNA components [41].

1.6.1 Co-factor

Various enzymes do not require supplementary items to express their full enzymatic
activity. The remaining enzymes need a non-protein substance known as co-factors that
bind with the enzyme for its activity [42]. This substance may be inorganic (e.g., iron-
sulfur clusters and metal ions) or organic compound (e.g., heme and flavin). These
inorganic and organic co-factors show numerous functions; for example, in inorganic
cofactor metals, ion favors in nucleophilic molecule stabilizing on active position of the
enzyme [43]. On the other hand, an organic co-factor may be a co-enzyme that is liberated
from an active position of enzymes within the reaction, and the organic prosthetic group
that is lodged with an enzyme. Generally, the prosthetic group is attached with a covalent
bond (e.g., biotin within enzyme as pyruvate carboxylase) [44].

An enzyme-containing cofactor is (e.g. carbonic anhydrase that utilizes zinc atom as a
cofactor) attached as a portion of enzymes active site [45]. These attached molecules
through covalent bonding are generally present in enzymes active-site and take part in the
catalysis process (e.g., Heme and flavin are co-factors usually carried out redox reactions)
[16].

The enzymes, which require cofactor and they do not show one bond, are known as
“apoproteins or apoenzymes”. An enzyme that requires a cofactor along with it for
enzymatic activity is known as “haloenzyme or holoenzyme”. The term holoenzyme
applies to the enzyme, which contains different protein monomers (e.g., DNA polymerases;
the holoenzyme has an overall complex structure consisting of overall subunits required
for activity) [39].

1.6.2 Co-enzymes

Co-enzymes consist of small organic molecules, which may be covalently bonded or
loosely attached to an enzyme. The function of co-enzymes is generally the transportation
of chemical groups from enzyme to enzyme (e.g., NADPH, ATP, and NADH) [46]. A few
co-enzymes (e.g., FMN, FAD, TPP, THF) are acquired from vitamins. The coenzymes are
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not produced within the body and these enzymes' homogenous molecules must be obtained
from our diet [2, 14-16, 46, 47].

Co-enzymes are a unique category of substrate that chemically changes their structures or
arrangements according to enzymes' actions. Co-enzymes are unique groups of molecules,
or substrates that are identical to numerous enzymes (e.g., more than 1000 enzymes are
used as co-enzyme of NADH) [48, 49].

Co-enzymes are permanently reproduced and their quantity remains at a uniform level
within the cell structure. The continuous production of the co-enzymes means that a minor
quantity of co-enzymes is utilized very exhaustively (e.g., ATP) [50].

1.6.3 Inhibitor

The enzymatic reactions rate is reduced by different types of enzyme inhibitors [51-53].
There are different types of inhibitors available.

1.6.3.1 Competitive

Competitive inhibitor and reactant substrates bind with enzymes at different times and
rates. [54] Generally, competitive inhibitors are approximately identical to reactant
substrates e.g., the drug (methotrexate) is approximately identical to dihydrofolate, which
is reduced to tetrahydrofolate through dihydrofolate reductase enzymes, meanwhile drug
works as a competitive inhibitor of enzymes [55]. The identical structure of the drug helps
it to bind with enzymes at the binding site and inhibits its activity by changing its shape
[56].

1.6.3.2 Non-competitive

Non-competitive inhibitors attach to enzymes rather than the substrate binding or active
site. The reactant substrate even now attaches with enzymes, enzymes regular affinity and
K value remains constant. So that, inhibitor minimizes the catalytic activity of enzyme
and enzymes Vmax value is decreased [57].

1.6.3.3 Uncompetitive

The uncompetitive inhibitor has no affinity to attach free enzyme, it binds only enzyme-
substrate complex. In accompany of the uncompetitive inhibitor, enzyme-substrate
complexes are inert [58]. This Kind of inhibition is usually rare [51].

1.6.3.4 Mixed

Mixed inhibitor attaches to an allocated area and substrate binding and inhibitor efficiency
are affecting each other. The activity of the enzyme is minimized but not terminated when
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an inhibitor is attached to the enzyme. Mixed inhibitors do not obey the Michaelis—Menten
equation [15].

1.6.3.5 Irreversible

An irreversible inhibitor entirely suppresses the enzyme's activity; in most instances, the
irreversible inhibitor binds to the enzyme via a covalent connection. [53]. Penicillin [59]
and aspirin [60] are drugs that work on the same principle.

1.6.4 Functions of inhibitors

In most multicellular organisms, an inhibitor acts as a feedback mechanism of the chemical
reaction. If an enzyme manufactures a large amount of a single substance in the
multicellular organisms, the excessive amount of that substance acts as an inhibitor for this
enzyme and decrease or cease the rate of reaction when there the amount of specific
substance is sufficient. This kind of feedback is known as negative feedback. Important
metabolic channels e.g., the citric acid cycles make utilization of mechanism.

1.7 Mechanism of enzymes working

1.7.1 Substrate binding

For proper working of the enzyme, an enzyme binding to its substrates is compulsory so it
can easily catalyze a chemical reaction. Enzymes generally bind with specific substrates
that are catalyzed within a specific reaction. This specificity of substance is accomplished
by binding sites possessing complementary shapes, charges, and characteristics
(hydrophobic or hydrophilic) of the substrate. So, the enzymes can differentiate between
identical substrates or molecules due to their specificity in region-selective, chemo-
selective, and stereo-specific [40].

A variety of enzymes express the highest accuracy and specificity in repeating and
explanation of genome molecules. A lot of enzymes express a "proof-reading" mechanism.
For example, DNA polymerase is an enzyme its reaction occurred in 2 phases, in the first
phase catalysis of reaction takes place and in the second phase it verifies products, is it
correct or not [61]. This two steps reaction results in < 1 error in 100 million reactions.
Alike proof-reading mechanism is also the same in aminoacyl tRNA synthetases [62], RNA
polymerase [63], and ribosomes [64] [65, 66].

1.7.2 "Lock and key'" model

In 1894, Emil Fisher proposed a model to elucidate the distinguish specificity of the
enzyme. According to this model, both the substrate and the enzyme have specific
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compatible geometric appearances that fix completely into each other [67]. This kind of
model is known as the " Key and Lock " model. This premature version elaborates enzymes
specificity, but cannot elaborate transition states of the enzyme, which are responsible for
the catalysis of reaction [68].

o Substrates Q 9 o Product
J B l f T

Enzyme-substrate complex " .. I

Enzymes have a complex An enzyme and its substrate(s) bind As a resull, a chemical reaction

threw-dimensional surface to which tightly together, forming an oecurs within the active site, forming

particular reactants (called substrates of enzyme-subsirate compleéx. The binding the product. The product then

that enzyme) fit, like a hand in a glove brings key atoms near each other and diffuses away, freeing the enzyme to
siresses key covalent bonds work again

Fig. 2: Mechanism of Enzymes working

1.7.3 “Induced fit” model

In 1958 Daniel Koshland proposed a revision to the “Key and Lock model”. As the
enzyme's active site is constantly changing due to the interlinking or bonding of substrate
with the enzyme, it has a flexible shape [69]. In a conclusion, the substrate cannot join a
firm active area; the chains of the amino acids that contain active areas are fouled into an
accurate site that authorizes the enzymes to execute the activity. In a few processes, for
example, glycosidases, the substrates switch their structure a little bit as it binds to the
active site of the enzyme [70]. Changing in the active areas remains continues until
substrates are fixed when it is fixed its structure, charge, and properties are verified [71].
Induced Fit Model increases the loyalty of molecular acknowledgment in the existence of
competition and proofreading mechanisms [72].

1.7.4 Catalysis

Enzymes can speed up a chemical reaction in many ways, all the mechanisms of enzymes
lower the activation energy of chemical reaction (e.g., AG", Gibbs free energy) [73].
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By stabilizing transition states:

Design surrounding having charges distribution compatible to transition states to reduce
activation energies [74].

By giving a different channel of chemical reaction:

In the meantime of reaction, the enzyme reacts with substrate, through covalent bonding to
supply less energy for transition states [75].

By de-stabilizing the ground states of substrate:

Distorting the bounded substrate to minimize its activation energy necessary for transition
state [76].

By aligning substrates into an effective arrangement to minimize [77] the changing in the
reaction entropy [78].

1.7.5 Dynamics

Enzymes are not hard, fixed shapes. Enzymes have complicated interior dynamic
movements; these movements within enzyme's molecules are due to single amino acid
residues, these groups of amino acids result in a unit of secondary design known as protein
loop or whole protein domain. These movements bring about a configurational group of a
little bit different configurations that replace each other at an equilibrium point [79].

1.7.6 Substrate presentation

This is a procedure in which an enzyme is isolated from specific substrates. An enzyme
may be separated from the plasma membrane and isolated from substrates in the cytosol or
nucleus. Or inside membranes, enzymes may be separated from lipid, leach out from
substrates in chaos area. When enzymes are discharged it combines with substrates.

1.7.7 Allosteric modulation

Allosteric area is known as pockets at enzymes surface, different from active sites, which
joins molecules within cellular structure. As result, this molecule is responsible for the
alteration of dynamics or conformation of enzymes, which is transformed to the binding
area so it influences the rate of reaction of enzymes [80]. Through this mechanism,
allosteric interactions may activate or inhibit enzyme activity [81].
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1.8  Factor affecting enzymes activity

Enzymes are composed of proteins, they are sensitive to temperature, pH, substrate
concentration, changes. The pH optimum for each enzyme is shown in the table below [2,

15].

Table-1: pH optimization for different enzymes

Sr. No. Enzyme pH Description Optimum pH
1 Lipase (stomach) Acidic 4.0-5.0
2 Arginase Highly alkaline 10.0
3 Urease Neutral 7.0
4 Maltase Acidic 6.1-6.8
5 Amylase (malt) Acidic 4.6-5.2
6 Ribonuclease Neutral 7.0-7.5
7 Sucrase Acidic 6.2
8 Trypsin Alkaline 7.8-8.7
9 Lipase (castor oil) Acidic 4.7
10 Cholinesterase Neutral 7.0
11 Adenosine )

triphosphate Alkaline 9.0
12 Catalase Neutral 7.0
13 Amylase (pancreas) Acidic-neutral 6.7-7.0
14 Pepsin Highly acidic 1.5-1.6
15 Cellobiase Acidic 5.0
16 Lipase (pancreas) Alkaline 8.0
17 Fumarase Alkaline 7.8
18 Invertase Acidic 4.5

1.9 Functions

1.9.1 Biological functions

Enzymes handle a broad range of activities within living organisms. Generally, enzymes
are crucial for signal transformation and regulation of cells, frequently through Phosphates
and kinases [82]. Enzymes also cause motion, muscle contraction is produced through
hydrolyzing ATP with myosin, and also convey shipments all over the cell as a portion of
the cytoskeleton [83]. Ion pumps coupled with active transport make up the remaining
ATP-ases within the cell membrane. An enzyme can also perform additional remote
activities, e.g., luciferase producing light during fireflies [84]. Viruses also accommodate
enzymes for influencing cells, e.g., the reverse transcriptase and HIV-integrase, for viral
flashes from the cell, like the influenza virus’s neuraminidase [85].

The most main activity of the enzyme was found in animals’ digestive systems. An
enzyme, e.g., proteases and amylases are used to break down larger molecules (proteins or
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starch) into small molecules so that these molecules are easily absorbed within the
intestine. Various types of enzymes digest various types of food molecules. In herbivorous
animals that use an herbivorous diet, the microorganism is present in their gut that produces
an enzyme “cellulase”, which is used to disintegrate the plant's cell wall that is made up of
cellulose [86].

1.9.1.1 Metabolism

Several enzymes work simultaneously in a chronic arrangement and establish metabolic
pathways. In this type of metabolic pathway, the product of the first enzymes is used as a
substrate for the second enzymes and so on. After completion of the first catalytic reaction,
a product of the first reaction is then sent to the second enzyme as its substrate. Normally
two or more two enzymes can activate the single reaction; this causes more complex
regulation: e.g., low rate of chemical reaction activity shown by the first enzyme but second
enzyme shows high activity [87].

1.9.1.2 Control activity

For control activity within a cell, there are five main methods. These methods are discussed
below.

1.9.1.2.1 Regulation

Enzymes can work as an activator for one substance and at the same time acts as an
inhibitor for other molecules. E.g., the metabolic pathway end product generally works as
an inhibitor for the first enzyme of this metabolic pathway, so regulating the number of
end products formed through this metabolic pathway. Because the concentration of a
reaction is controlled by the amount of the same reaction's end product, this type of
regulation system is known as a negative feedback mechanism [39].

1.9.1.2.2 Post-translational modification

A few cases of post-translational modifications are myristoylation, phosphorylation, and
glycosylation [39]. e.g., to insulin response, multiple enzymes phosphorylation includes
glycogen synthase assist to authorize the degradation or formation of glycogen and permits
the cell to react with different sugar levels in blood [88]. The breakdown of peptide chains
is the second example of post-translational changes. For example, chymotrypsin is a
digestive protease that is generated in an inactive state in the pancreas as chymotrypsinogen
and then transported to the stomach in the same form and activated in the stomach. This
procedure aids in the preservation of pancreatic and other digestive tissue before it enters
the intestine. The term "proenzyme" or "zymogen" refers to inactive enzyme precursors.
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1.9.1.2.3 Quantity

The formation of enzymes can be enhanced or suppressed through cell responses according
to changing of cell environments. This type of gene regulation is called “enzyme induction”
e.g., a bacterium becomes resistant to antibiotics like penicillin, the reason is that -
lactamases enzymes are induced, which hydrolyses significant B-lactam rings inside
penicillin molecules [89]. Other examples, Enzyme from liver play key role in drugs
metabolism is known as cytochrome P450 oxidases, inhabitation or induction of this
enzyme may cause the reason of drug interactions [90].

1.9.1.2.4 Subcellular distribution

Some enzymes may be compartmentalized because enzymes have various kinds of
metabolic pathways taking place in various cellular portions e.g., fatty acids are formed
from one kind of enzyme present in cytosol, Golgi apparatus, and endoplasmic reticulum
and consumed by another kind of enzyme as an energy source in the mitochondria by beta-
oxidation [91]. Furthermore, transporting enzymes to different parts of the body might alter
the oxidative states (e.g., cytoplasm reducing or periplasm oxidizing) or degree of
protonation (e.g., acidic lysosomes and neutral cytoplasm), affecting the enzyme's function
[92]. Enzyme polymerization into macromolecular cytoplasmic filaments, on the other
hand, alters subcellular localization through partitioning into membrane-bound organelles
[93, 94].

1.9.1.2.5 Organ specialization

In eukaryotes, multicellular organisms, cells from various tissues and organs have a
discrete arrangement of gene expression and consequently, they have a discrete set of the
enzyme (called “isozymes”) applicable for metabolic reaction e.g., hexokinase is the
introductory enzyme in the glycolysis pathway and its specific kind is known as
glucokinase exhibited in pancreas and liver [95]. These types of enzymes are hooked in
regulating insulin production and sensing blood sugar [96].

1.9.2 Industrial applications

In the chemical industry enzymes are applied and specialized catalysts are required in
industrial processes. As a result, proteins engineering is an active research area and it
includes its aims to form new enzymes possessing unique properties through in vitro
evolution or rational design. [97, 98] These attempts of bioengineering become successful,
and several enzymes have been formed "from scratch" to catalyze reaction which is not
found in nature. [99]
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Table-2: Industrial application and utilization of Enzymes

Application Enzyme Used Uses Ref.
Biofuel Cellulases Decomposition of cellulose to sugar [100]
Industry molecules that make cellulosic ethanol

through fermentation.
Ligninases Formation of biofuel through [100]
pretreatment of biomass.
Biological Lipases, amylases, Removal of starch, protein, oil, or fat [101]
Detergent proteases stains from dishware and laundry.
Mannanases Removal of food stain from the common  [101]
food additives guar-gum.
Brewing Proteases, glucanases, =~ Break down of proteins and [16]
industry amylase, polysaccharides in malt.
B-glucanases Advancement in the worth and beer [16]
filtrations properties.
pullulanase, Amylo- Production of low calories beer and [16]
glucosidase regulate its fermentation ability.
Acetolactate Enhance fermentation efficiency by [102]
decarboxylase suppressing the formation of di-acetyl.
Culinary Papain Cooking of tenderizing meat. [103]
application
Dairy Rennin During the production of cheese [104]
Industry hydrolyzes protein molecules.
Lipases Produce Camembert cheeses and blue [105]
cheeses e.g., Roquefort.
Food Amylases Produce sugars from starch, such as in [106]
Processing making high-fructose corn syrup.
Proteases Lower the protein level of flour, as [104]
in biscuit-making.
Trypsin Manufacture hypoallergenic baby foods.  [2,
104]
pectinases, cellulase Elucidate fruits juice. [107]
Molecular Polymerases, DNA To produce recombinant DNA via PCR [41]
Biology ligase , and nucleases, or restriction digestion.
Paper Xylanases, lignin Removal of lignin from kraft pulp. [108]
industry peroxidases,
and hemicellulases
Personal Care Proteases Removal of protein from contact lensto ~ [109]

Starch
Industry

Amylases

prevent infection.
Transform starch into glucose and
different syrups.

[110]
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2. Different methods for enzymes immobilization in nanomaterials

The method choice of immobilization is tremendously helpful to restrict deprivation of
enzymes activity through no changing of reactive groups at binding sites and the chemical
nature of the enzyme. Sufficient knowledge of the nature of active sites i1s helpful to
understand enzymes. Secondly, active sites are secured through binding of protective
groups, after complication of reaction these protective are removed without alteration in
the activity of enzymes. In a few reactions, this protective activity was achieved through
competitive inhibitors or substrates of enzymes. The commonly applicable processes for
immobilization of enzymes are covalent coupling, adsorption, cross-linking, and
entrapment [111]. Fig. No. 3 represents the pictorial representation of different procedures
of immobilization. A lot of review articles explain detailed protocol, methodology, and
advantages and disadvantages of each method. A summary of each process is given below.
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Fig. 3: Graphical view of enzymes immobilized method and reaction of immobilized
enzymes [112].

2.1 Adsorption

Adsorption is the traditional, straightforward and easy process of enzymes, this process has
a broad range of applications and excessive potential/ability of loading enzymes relative to
various immobilization processes. In adsorption, enzymes are generally immobilized
through the directly blending of the enzyme with appropriate adsorbent, having a suitable
situation of ionic strengths and pH of adsorbent. Unbounded enzymes and loosely attached
enzymes are removed through the washing process; the resultant obtained immobilized
enzyme is used directly without any further processing. The adsorption method depends
upon ionic bonding, Vander Waal forces, hydrophobic interactions, and hydrogen bonding,

EBSCChost - printed on 2/14/2023 2:05 PMvia . Al use subject to https://ww.ebsco.coniterns-of-use



Nanomaterial-Supported Enzymes Materials Research Forum LLC

Materials Research Foundations 126 (2022) 1-66 https://doi.org/10.21741/9781644901977-1

all these forces are extremely weak, but in huge quantity, impart significant bonding forces
[113]. The selection of adsorbents especially relies on decreasing the used enzymes
leakage. The adsorption process is carried out by physical techniques cause’s a lot of
alteration in the protein microenvironment [114]. The disadvantage of this process is
enzymes are quickly desorbed by various influences e.g., fluctuation of temperature,
alteration of ions, and substrates quantity [115].

2.2 Covalent bonding

Covalent bonding immobilization concerns the evolution of covalent bonds in the support
matrix and enzymes. An enzyme contains different types of functional groups, these
functional groups are not involved in the chemical activity of enzymes they just take part
in the binding of the support matrix with the enzyme. Covalent bonding of support matrix
to enzymes, the chain of amino acids containing histidine, aspartic acid, arginine, and
reactivity depends upon various functional groups like phenolic hydroxyl, imidazole,
indolyl, etc [36]. Modified surfaces of peptide chain applied for enzyme bonding outcomes
in higher stability and specific activity having controlled orientation of the protein [116].
CNBr-activated-Sepharose and CNBr-agarose containing glutaraldehyde are spacer arms
and carbohydrates are moieties that impart thermal stability to enzymes bounded through
a covalent bond [117, 118].

Table 3: Industrial application of Enzymes and their uses and examples represented for
covalently bounded enzyme immobilization

Sr. Reaction groups Type of covalent Catalyst Ref.
No.  Nanoparticles  Enzyme attachment

1 Carboxyl Amino Amino with carboxyl NHS and [119,

reaction carbodiimide 120]

2 Amino Carboxyl  Aldehyde with amino With/without [121,

Aldehyde Amino reaction reducing agents 122]

3 Epoxide Amino Amino with epoxide Neutral pH [123]

functionalized reaction
4 Unsaturated Thiol Thiol linker Anatomical pH [124,
carbonyls (6.5-7.5) 125]
(maleimide)

2.3  Entrapment

Entrapment explains as the controlled motion of enzymes in a permeable gel, even treating
them as a free molecule in solution. Enzymes traping inside fibers or gels is a suitable
procedure, involves I processing of low molecular weight products and substrates. This
entrapment technique entirely involves covalent bonding and physical caging. An enzyme
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entrapped in natural polymers e.g. gelatine, agar, and agarose via thermo reverse
polymerization, even in carrageenan and alginate through ionotropic gelation. [126] A
large quantity of synthetic polymer e.g., polyacrylamide [127], polyvinyl alcohol hydrogel
[128], also has been studied.

2.4  Cross-linking

This process comprises the attachment of biocatalysts with one another through
multifunctional or bi-functional ligands or reagents [126]. Through this process, insoluble
aggregates having higher molecular weight are produced. As compared to the previous
process, the cross-linking process is a comparatively easy method. The cells and enzymes
have cross-linked along with inert proteins e.g., albumin, collagen, and gelatine, and may
apply to cells or enzymes. The most recently evolved cross-linked enzymes aggregate
(CLEAs) is formed through enzymes precipitation from aqueous solution just like protein
physical aggregate, through salt addition, non-ionic polymers, and water-miscible organic
solvents [129]. CLEAs are easily recycled and show sufficient performance and stability
for selective application [130]. The basic process of immobilization of enzymes is
categorized into some methods as discussed above, A lot of variation depends upon the
union of real procedure, has been evolved [126, 131, 132]. A lot of carriers for various
chemical and physical natures of various phenomena’ have been proposed for the diversity
of bio-separations and bio-immobilizations [126, 133].

2.5 Bio-affinity interactions and other techniques

Many protein-to-small molecule and protein-to-protein interactions, particularly bonding
interactions, for example, a histidine-tagged protein with chelated transition metal [134]
and biotin-functionalized enzymes, and streptavidin or avidin [135, 136] have been studied
and evolved for enzyme immobilization. Immobilization and affinity adsorption on
magnetic nanoparticles have also been improved by combining maltose-bonding protein
with enzyme [137]. In addition to these immobilization processes, an attainable fusion of
these processes also has been evolved to assume specific characteristics for the formation
of EnNPs [135, 138].

3. Enzymes immobilization on different nanomaterial
3.1 Immobilization of carbonaceous nanomaterials

Because of their outstanding qualities, carbonaceous nanomaterials incorporating,
graphene, graphene derivatives (e.g., graphene oxide (GO)r and reduced graphene oxide
(rGO)), and carbon nanotubes have been published as enzyme immobilization carriers.

EBSCChost - printed on 2/14/2023 2:05 PMvia . Al use subject to https://ww.ebsco.coniterns-of-use



Nanomaterial-Supported Enzymes Materials Research Forum LLC

Materials Research Foundations 126 (2022) 1-66 https://doi.org/10.21741/9781644901977-1

This carbon nanomaterial is the leading member of carbonaceous nanomaterial and their
application in enzyme immobilization is described in Table 4 and evaluated as under.

3.2 Carbon nanotube

Carbon nanotubes, which come in single-wall and multi-wall varieties, are one-
dimensional hollow tubes made up of carbon atoms. CNTs are increasingly being used to
immobilize enzymes due to their unique mechanical, thermal, biocompatibility, and
electrical capabilities. CNTs have previously been formed via high-pressure carbon
monoxide disproportionation, laser ablation, arc discharge, and chemical vapor deposition
[139]. Feng’s group administrated research on enzymes immobilization along MWCNTs,
[140, 141] which provide some knowledge of activation’s system of MWOCNTs
immobilized enzyme [142].

3.2.1 Graphene

Graphene is a two-dimensional honeycomb-like network of carbon atoms, and one-atom-
thick, that has fascinated growing attention in a variety of swiftly evolving disciplines
because of its elevated surface area, great mechanical strength, and noteworthy thermal,
optical, and electrical properties [143]. Graphene assumes to be a perfect carrier for the
immobilization of enzymes due to its extraordinary features. The larger surface area assists
to raise enzyme packing and the glowing mechanical strength enlarges the enzyme
recyclable.

3.2.2 Graphene oxide and reduced graphene oxide

Owing to the extraordinarily larger surface area, outstanding mechanical, and thermal
qualities, graphene oxide is known as the perfect immobilized enzymes carrier. Graphene
oxide possesses a lot of oxygen and diverse functional groups including epoxy, carboxyl,
and hydroxyl, which makes it ideal for enzyme immobilization. The Hummers method has
been used for the fabrication of graphene from graphite oxidation [144]. Graphene oxide
immobilized enzyme has exhibited various catalytic activities when Graphene oxide nano
support is developed through various procedures. Reduced graphene oxide has lost its
functional group on its surface, which is attained during graphene oxide reduction.
Covalently connected enzymes, electrostatically adsorbed or cross-linked enzymes, and
hydrophobically adsorbed enzymes on reduced graphene oxide are all possible. Physical
adsorption, covalent attachment, and crosslinking are used to construct the graphene oxide
immobilized lipase by Hermanova et al. [145].
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3.3 Immobilization on metal/metal oxides nanomaterials

A metallic nanomaterial is a division of nanomaterial consisting of metal elements. The
application of metals, metal oxides, and metal hydroxides nanomaterial in the
immobilization of enzymes is discussed.

Table 4: The applications of Au nanomaterial immobilized enzymes

Sr. Enzyme Nanomaterial = Immobilization Application Ref.
No. method

1 HRP AuNPs Chemical Biosensor [148]

adsorption

2 Periodate- AuNPs-NH;  Schiff base covalent Biosensor [149]
oxidized GOD coupling

3 Periodate- AuNPs-NH;  Schiff base covalent Biosensor [152]
oxidized GOD coupling

4 GOD AuNPs- EDC/NHS covalent Thermo-stability [119]

COOH coupling improvement
5 GOD AuNPs- EDC/NHS covalent Estimation of glucose [153]
COOH coupling through eye
6 Cholesterol AuNPs- EDC/NHS covalent Biosensor for [154]
oxidase COOH coupling cholesterol estimation
in blood stream
7 GOD AuNPs GA crosslinking Biosensor [155]
8 a-Amylase AuNPs Ionic exchange/ Starch processing [156]
Hydrophobic
interaction
9 Cholesterol AuNPs- EDC/NHS covalent Biosensor for [157]
oxidase COOH coupling cholesterol estimation
in blood stream
10 HRP AuNPs-NH» GA crosslinking Biosensor [150]

3.3.1 Metal nanomaterial

Because of its higher surface area, virtuous mechanical and thermal stability, simple
functionalization, and biocompatibility, the gold nanomaterial is a popular choice for
immobilized enzymes among metal nanomaterials. Gold nanomaterial has been formed
through citrate two-phase reduction process, reduction process; seed-mediated evolution
process, etc., all these processes have been investigated by Dreaden and his coworkers
[146]. The enzyme is immobilized on nude or gold functionalized nanomaterial through
physical adsorption [147], chemical adsorption [148], covalent attachment [149], or cross-
linking [150]. Apart from this, the gold nanomaterial is always looked at with other
nanocarriers for the immobilization of enzymes [151]. The gold nanomaterials
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immobilized enzyme is always used in biosensors and their achievements are described
below in Table 4.

3.3.2 Metal hydroxide

Layered double hydroxide (LDHs) is a type of metal hydroxide nanomaterial with a layered
architecture that has gained a lot of attention for its usage in the drug delivery process
[158], catalysis [ 159], treatment of wastewater [ 160], and many more. In the past few years,
because of their greater surface area and excellent biocompatibility, LDHs have been
created as a suitable substrate for immobilized enzymes [161]. The enzyme may be settled
through ion exchange, electrostatic attraction, and hydrogen bonding or van der Waals
interaction [162].

3.3.3 Metal oxide nanomaterials

In metal oxide nanomaterial, TiO [163], Fe3s04 [164, 165], and ZnO [166] nanomaterials
are generally utilized for enzymes immobilization. The procedure for the formation and
functionalization of Fe3O4 nanoparticles and their utilization in enzymes immobilization
has been extensively reported. [167, 168] ZnO and TiO2 nanomaterials are also used as a
carrier of enzyme immobilization.

3.4 Immobilization of conductive polymers

Due to its appealing qualities for the evolution of biosensors, conducting polymer has
gotten a lot of interest [169]. High electrical conductivity, low ionization potential, high
electronic affinity, and outstanding optical qualities characterize conducting polymers. The
most applicable systems depend on polyaniline, polyacetylene, poly-pyrrole, poly,
polythiophene, and polyphenylene, vinyl, or -ene. Outstanding conducting polymers
dependent enzymes biosensor has been produced for estimation of biological molecules
e.g., acetylcholine, [170] glutamic acid [171, 172], and soluble gasses e.g., NO [173], all
of these linked with specific diseases.

3.5 Enzyme immobilization on other materials

Apart from these nanocarriers mentioned above, additional nanomaterials e.g. chitosan
[174], silica [175], and cellulose [176] -based nanomaterials, mesoporous materials [177],
clay minerals [178], and metal-organic framework [179], are used as immobilization of
enzymes. An et al. provide a summary on applications of clay minerals as a carrier of
immobilized enzymes. The enzymes immobilized on structured mesoporous material and
their use was explored by Zhou and Hartmann. [180]. Lian et al. looked into using a metal-
organic framework as an enzyme carrier for immobilization [181].
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4. Application of immobilized enzymes on nanomaterials

4.1 Electrochemical sensing applications of enzyme immobilized on
nanomaterials

An electrochemicalcal biosensor is a broadly applicable biosensor whose mechanism of
working depends upon electrochemical features of analytes and transducers [182].
Alteration in the features of physicochemical of electro-active molecules e.g., resistance,
voltage, current or superficial charge, formed through redox reaction caring on transducer
surface of the electrode, is output signal. The application of electrochemical biosensors
produces advantages e.g., rapidity, simplicity, high sensitivity, and low cost.
Potentiometry, amperometry, impedimetric, and conductometry are typical forms of
transducers applied in electrochemical biosensors.

4.1.1 Amperometric biosensors

The estimated value in enzyme-based amperometric biosensors is the current created by
the reduction or oxidation of electro-active substances at their electrodes (i.e., platinum,
carbon, gold, etc.). When a prescribed potential is altered in the middle of two electrodes,
the amount of produced current at the working electrode's surface is proportionate to the
analyte quantity of available in trail solutions. The advantages of amperometric biosensors
include their resilience, ease of downsizing, and ability to manage complex matrices with
small sample volumes [183, 184]. Based on the electron transfer technique, which is used
to estimate biological reactions, these biosensors have evolved through three generations
[183, 184]. Various types of enzyme-based amperometric biosensors are now available for
estimating alcohol, lactate, glucose, and other compounds by exploiting oxidases (e.g.,
alcohol oxidase, lactate oxidase, glucose oxidase, etc.) to oxidize their substrate and
produce hydrogen peroxide (H20z), which is measured through the electrode.

4.1.2 Potentiometric biosensors

Being a variety of enzymes are related to the absorption or release of hydrogen ions during
the enzymatic reaction, and its outcome is variation in ions amount, ionic selective
electrodes may be applied to detect this techniques variation in voltages between reference
electrodes and working electrodes is known as a signal in potentiometric biosensors, and it
is computed under equilibrium conditions. The computed signal is used for quantification
of analyte amount [185]. Classification of Potentiometric biosensors is light-addressable
potentiometric sensors, enzyme field-effect transistors, and Ion-selective electrodes.
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4.1.2.1 Ion selective electrode

As a potentiometric sensor, an ion-selective electrode is utilized; ionic selective electrodes
convert the activity of certain ions in sample solutions into potential (voltage), which is
monitored using a pH/mV meter. These electrodes generally consist of two constituents:

e An ions selective membrane that gives permeability for selective ion in sample
solution of analyte that contains several interfering ions,

¢ An integrated or separate reference electrode.

4.1.2.2 Enzyme field-effect transistors

On ion-sensitive field-effect transistors constructed by dividing the metal gate of
conventional metal oxides, an enzyme field-effect transistor sensor is produced, removing
the semiconductor field-effect transistor from the device and reinstalling the gate in the
form of reference electrodes dipped in water solutions separated from the gate oxide by
enzymatic membranes [186].

4.1.2.3 Light addressable potentiometric sensors

Rather than using alternating current voltages to activate the semiconductor in light
addressable potentiometric sensors, a modulated light-produced light-emitting diode is
used. Electron-hole pairs form on the semiconductor's surface as a result of lightning. As a
result of the fixed bias voltages, a photocurrent is established and estimated. The light
addressable potentiometric sensors are semiconductor-dependent chemical sensors that
produced the electrolyte insulator semiconductor form [187].

4.1.3 Conductometry

Enzymes reaction is generally associated with variation in the concentration of ions, which
changes the conductivity of electrolytic solutions. The conductivity of the solution is
evaluated by conductometric biosensors via implementing potential voltages across two
parallel dipped electrodes. As a result, the mobility of negative charge ions approaching
the anode and positive charge ions approaching the cathode increases ionic motility. The
electrolytic solutions conductivity is purely due to mobility and ion concentration. The
enzyme is immobilized at the electrode’s surface through sol-gel entrapment technique
[188], covalent bonding among collagen membranes [189], electrochemical
polymerization technique [190], or cross-linking technique with bovine serum albumin
applying glutaraldehyde [191]. The many types of immobilized enzymes and substrates are
detailed in Table 5, and all of these immobilized processes are for conductometric enzymes
biosensors.
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Table-5: Summary of substrates, immobilization enzyme, and immobilized procedures of
conductometric enzymes biosensor

Sr. Immobilized Substrates Immobilized Ref.
No. Enzymes techniques

1 Uricase Uric acid - [192]

2 Creatinine deiminase Creatinine Adsorption [193]

3 AChE, BChE Organophosphates Cross-linking (GTA) [194,

195]

4 GOx Glucose Covalent bonding [196]
(EDC-NHS)

5 Alcohol oxidase Formaldehyde Cross-linking (GTA) [197]

6 B-galactosidase, Lactose Cross-linking (GTA) [198]

GOx

7 D-amino acid D-amino acids Covalent bonding [189]
oxidase (Hydrazine)

8 Tyrosinase Triazine herbicides Cross-linking (GTA) [199]

9 Urease Urea Cross-linking (GTA) [200]

10 AChE Acetylcholine Cross-linking (GTA) [201,

202]

11 BChE Butyrylcholine Cross-linking (GTA) [201,

202]

12 Urease Heavy metal ions Cross-linking (GTA) [203]

13 AChE Carbamate pesticides Cross-linking (GTA) [204]

14 Peroxidase Hydrogen peroxide Cross-linking (GTA) [205]

15 L-asparaginase L-asparagine Cross-linking (GTA) [206]

4.1.4 Impedimetric enzyme biosensors

In electro-chemical impedimetric dependent biosensors, the electrode impedance is
quantitative value. Electrochemical impedance spectroscopy is applied for evaluating
variation in interfacial characteristics, having the property of bio recognitions at enzyme-
modified surfaces. The resultant impedance spectra are applied for the estimation of the
quantitative criteria of electrochemical techniques. In enzymes based biosensors, the
impedance estimation process is not generally the same as in amperometric and
potentiometric techniques, because of the consumption of time for recording complete
impedance spectra to win a wide range of frequencies. Along with this, in the EIS process,
many requirements e.g., causality, stability, and linearity are necessary to get valid
impedance spectra. Hence, the EIS method is generally applicable as a characterizable
technique for a lot of enzymes based impedimetric biosensors.
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Table 6: An overview of immobilized enzyme, analyte, immobilized technique, and Limit
of Detections of impedimetric enzymes biosensor

Sr. Immobilized Analytes Immobilization Methods LOD Ref.
No. Enzymes

1 Alcohol oxidase Alcohol Electrochemical - [207]
polymerization (aniline)

2 GOx Glucose Covalent bonding 15.6 uM  [208]
(EDC-NHS)

3 GOx Glucose Adsorption 1 mM [209]

4 Butyrylcholinest Trichlorfon Adsorption 0.1 ppm [210]

erase

5  Glycerol catalase ~ Cyanide Photopolymerization 4 uM [211]
(PVA-SbQ)

6 Urease Urea Covalent bonding (Eudragit S- 0.02 M [212]

100, carbodiimide)
7 Lipase Diazinon Cross linking (GTA) 10 nM [213]
8 CAT H>0» Adsorption 0.025 [214]
nM
9 GLOD Glutamate Cross linking (GTA) 20 uM [215]

4.2  Fuel cell applications of enzyme immobilized on nanomaterials

For the generation of biofuel, a variety of nanomaterials have been used. At the activator
size, covalently attached immobilized lipase has been implemented on magnetic Fe;O4
nanoparticles for practice in the production of biodiesel [216]. Lipases from Candida
rugosa, Pseudomonas cepacia, and Porcine pancreas were immobilized on functionalized
amino-Fe3O4 nanoparticles [217].

The highest production of biodiesel up to 90% was reported from covalent immobilization
Thermo-myces lanuginosus lipase with the functionalized amino-magnetic nanoparticle.
[165, 218] Pseudomonas cepacia lipase has been immobilized through adsorption
technique on nano-pores gold particles support [219]. Highly expensive gold practicals
[220] have been widely applicable for operation because of chemical stability and
biocompatibility. [221] PAN nanofibres were activated through amidination reactions for
covalently immobilized PCL enzymes [222].

In all the different types of functions of nanomaterial bound enzymes, bio-catalytic
efficiency in the production of biofuel has been evolved; a crucial step towards, later
application in the formation of biofuel.
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Table 7: Biosensor applications of few immobilized enzymes nanoparticle

Sr.  Nanoparticles Type of Typical Properties used Ref.
No. biosensors application
1  Glucose oxidase Optical Potential test kits ~ Change in localized [244]
(GOx)- for estimation of  surface plasmon
immobilized glucose level resonance with
silver glucose —
nanoparticles Simplifying and
inducing optical
sensitivity
2 Cholesterol Electrochemi ~ Amperometric Change in electrical [245]
oxidase (ChOx) cal biosensors for properties with
aggregate estimation of cholesterol —
cholesterol level Increasing stable,
in human blood active, and shelf life
serum for immobilized
enzymes
3  GOx—gold Electrochemi  Optical biosensor  Transduction in [234]
nanoparticles cal and electrochemical
and optical electrochemical impedance
biosensor in the spectroscopy and
estimation of surface plasmon
glucose resonance —
Level Enhancing sensitive
response and good
reproducibility
4  B- Colorimetric ~ Visual test strip Colorimetric [246]
Galactosidasei format in the development
mmobilized estimation of through released
gold microbial enzymes Fast and
nanoparticles contamination instant
(e.g., model Measurement
analyte

Escherichia coli)

4.3 Bio-sensor applications of enzyme immobilized on nanomaterials

Biosensors are applied for the estimation of an analyte along biological detection
components attached with physic-chemical detectors that transform detected responses to
quantifiable signals that are proportional to the amount of analyte [223-231]. Enzymes
dependent sensors are divided into the following types based on signal-transducing format
e.g., calorimetric/thermal, optical, electrochemical, and piezoelectric biosensors. The
nanoparticle is also applied as a carrier for enzymes immobilization on biosensors
electrodes are summarized in Table no. 7. Silver, Gold, and metals-like nanoparticle
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outstandingly enhance the enzyme's layered immobilization electrical conductivity at
electrodes, which increases the detection sensitivity [232, 233]. AuNPs can also be used as
a catalyst to speed up electrochemical reactions, such as the reduction and oxidation of
H>0O> in glucose biosensors. [234-236]. Nowadays, a large quantity of nanoparticles
electrochemical biosensors dependent upon the fusion of magnetic nanoparticles and
different other materials e.g., chitosan, electro-conductive polymer, and carbon nanotube
has been applied as an electro-catalytic-magneto-switchable biosensor [237-242].
Generally, applying enzymes dependent immobilized nanoparticle in biosensor enhance
their analytical activity detected through the dynamic parameter of the biosensors e.g.,
depression in response time and elevation insensitivity [231, 233, 234, 239, 243]. Many
biosensors devices are linked with many enzymes e.g., urease, HRP, ChOx, GOx, acylase,
penicillin, and nanoparticle has been commercially used for biomedical, clinical, industrial,
environmental, and pharmaceutical analysis [231, 233, 243].

4.4 Enzyme nanoparticles for biomedical application

Enzymes have a large tendency in the therapy of oncological [247], cardiovascular [248],
intestinal [249], viral and hereditary [250], and other disorders [251-263]. The routine
therapeutic application of enzymes, on the other hand, is not commonly used due to their
short lifespan in the human body or for storage, which increases the danger of toxic and
systemic immunological adverse effects. These shortcomings can be mitigated by
delivering therapeutic enzymes to infected locations in a targeted manner [247]. A large
quantity of therapeutic enzymes nanoparticles has to express their role in vitro and animal
researches [247].

Table 8: Selected immobilized enzymes and their medical use.

Sr. No. EC Number Enzyme Application
1 4.3.1.5 Phenylalanine ammonia-lyase Phenylketonurea
2 1.1.1.49 Glucose-6-phosphate Glucose-6-phosphate
dehydrogenase dehydrogenase deficiency
3 1.1.3.22 Xanthine oxidase Lesch—Nyhan disease
4 4.2.1.1 Carbonic dehydratase Artificial lungs
5 1.7.3.3 Urate oxidase Hyperuricemia
6 3.5.1.1 Asparginase Leukemia
7 1.1.3.4 Glucose oxidase Artificial pancreas
8 1.11.1.6 Catalase Acatalasemia
9 422.7 Heparinase Extracorporeal therapy
procedures
10 3.5.3.1 Arginase Cancer
11 3.5.1.5 Urease Artificial kidney
12 3.2.1.3 Glucoamylase Glycogen storage disease
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4.4.1 Thrombolytic therapy

Streptokinase, tissue-type plasminogen activators, and urokinase-type plasminogen
activators have all been used to inhibit blood clotting in critical cerebral micro thrombosis
or myocardial infarction [248, 249]. Nanoparticle e.g., polymeric nanoparticle, liposome,
magnetic nanoparticle, or red blood cell has been selected as carrying this thrombolytic
enzyme to the site of blood clotting to abolish the possibility of hemorrhagic reaction
produced by nonspecific activation or non-targeting of this thrombolytic enzyme [250-
253]. To achieve ultrasound-assisted thrombolysis, tissue-type plasminogen activators are
additionally adsorbed into echogenic liposomes [254].

4.4.2 Oxidative stress and tnflammation therapy

Reactive oxygen species consist of a wide range of free radicals of oxygen that is sensitive
and can induce oxidative stress on cell structure [255]. Reactive oxygen species from both
non-enzymatically and enzymatically, causing cell death in macrophages, epithelial cells,
neutrophils, monocytes, eosinophils, and lymphocytes via electron transfer processes in
response to a variety of stimuli [255-257]. Intracellular reactive oxygen species creation
occurs in innate immune cells at sites of inflammation connected to chronic inflammatory
sickness or in areas where oxygen and other exogenous mediums have a strong influence,
such as cigarette smoking in the lungs [256]. Cells are primarily guarded against oxidative
stress and inflammation by catalytic reactions accomplished via catalase [135, 258] and
superoxide dismutase [259]. A new approach for SOD intracellular delivery [260-263]
based on cell-penetrating peptides fusion of SOD implanted in mesoporous silica
nanoparticles has also been developed recently [264].

4.4.3 Antibacterial treatment

A lot of recent researches have shown the utilization of enzymes coupled nanoparticle for
antibacterial application for minimizing the antibiotic resistances rate for human pathogens
e.g., E. faecium, M. tuberculosis, P. acruginosa, and S. aureus [265-267].

Lysozymes were attached to polystyrene nanoparticles and utilized to boost the transport
of infested macrophages to the liver via the reticuloendothelial system.
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4.5 Water contaminants treatment applications of enzyme immobilized on
nanomaterials

4.5.1 Removal of emerging content

Materialized pollutants are universal in soft and drinking water and generally laborious to
abolish in ordinary water treatment techniques e.g., filtration, sedimentation, and
coagulation. To enhance the eliminating efficiency of these pollutants, various latest
processes have been evolved and applied, including electrochemical oxidation technique,
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photocatalysis technique, advanced chemical oxidation technique, and enzymatic catalysis
technique. Among all of these techniques, the enzymatic technique exhibits comparatively
high versatility and efficiency, needs less energy and chemical consumption, and also has
a lessened capacity to produce toxic byproducts, which accumulatively makes it a
satisfactory process particularly for the POU system [268-270]. Various enzymes e.g.,
laccase, peroxidases, atrazine chlorohydrolase, and organophosphate hydrolase have been
recognized and devised to treat numerous pollutants, e.g., pharmaceutical, endocrine
disruptors, personal care products, and pesticides. Pathway, kinetic, and mechanism of
enzymatic treatment have been considerably studied [268, 271, 272].

4.5.2 Disinfection

Present drinking water disinfection techniques e.g., ozonation and chlorination produce
poisonous byproductsAntimicrobial enzymes, on the other hand, prevent the formation of
any harmful byproducts by disrupting bacterial biofilms and microorganisms' cellular
component or adhesion [293]. Lysostaphin and lysozyme is powerful enzyme across Gram-
positive bacteria reason is they break down cross-linking bonds present in peptidoglycan
[275, 279]. Another method can be used for the enzyme, which creates oxidative stressors
such as hydrogen peroxide to prevent all types of bacterial development [293, 294].
Immobilized antibacterial enzyme enhances their stability and secure them from being
infected through microbes [275].

Potential Applications Limitations Future Directions
= H ;¢ [Combining enzyme
Purifying water Contaminant Removal | : High Cost 1" immobilization and purmcam"]

Inactivating pathogens ‘ i ¢
. : . i [ Understanding effects of enzyme conjugation
e raiment rocesses| | (D +—| e — ]
Disinfection - A
other treatment processes Pifttoctid ! Enzymes ; Potential Risk b g
' . | Engineering application unit to prevent release]
[Enham:ing water storage salsiy]—/ : : '
Dstormiiiing svaler uiality ‘ : : Exploring more enzymes from natural processes .
: 3 + & | orthrough protein engineering H
Evaluating water treatment - . Limited Applicability |Ji

: | Developing multi-enzyme
T | immobilization system

[meding basis for POU system design

Fig. 5: A summary of the suitability of nano-supported enzyme in POU water system:
limitation, potential application, and future direction [295].
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Table-8: An overview of Nano-supported metal particles and their Potential Applications
and Advantages in the POU System

Nanomaterial Advantages Potential Refs
Applications
Silica Nano-supports
Chemically Easy synthesis Contaminant [273-275]
synthesized silica Removal
Disinfection
Biosynthesized silica Milder synthesis Contaminant
conditions less Removal
enzyme activity loss Disinfection
Carbon nano-supports
CNTs, graphene, and Extraordinary Enzymatic [276-279]
mesoporous carbon  electric conductivity amperometric
Sensor
Nano-gel Minimal enzyme Disinfection, [280]
activity loss Contaminant removal
Metallic nano-supports
MOF and Increased enzyme  Contaminant removal [281-283]
protein—inorganic activity
Nano-flower
Magnetic Easy recovery Contaminant removal [284]
nanoparticle
Noble metal Unique aggregation- Enzymatic [246, 285, 286]
nanoparticle state dependent colorimetric sensors
optical property

enhanced quantum
efficiency of surface-
bound fluorophore
Bio-derived nano-supports

Protein cage Environmentally Contaminant [270, 287-290]
friendly, removal, disinfection
biocompatible, a
programmable

structure that allows
enhanced enzyme
selectivity and
Activity
DNA origami The biocompatible, = Contaminant removal [291, 292]
enhanced overall
activity of enzyme
couples
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4.6  Water contaminants monitoring applications of enzyme immobilized on
nanomaterials

Conventional physical technique to monitor pollutants is lengthy, expensive and a lack of
instant estimation increases health risk. As a result, improving the sensor to provide fast
on-the-spot pollutant assessment can effectively remove the risk of unintentional or
incidental disclosure to communities, as well as develop rules for constructing a POU
system to meet specific treatment requirements. The reason is this, the enzyme has the
superiority of high specificity, sensitivity, and instant response to the substrate, and
perform a promising technique for the evolution of biosensor. Nano-support provides the
framework required to form enzymes dependent sensors.

4.6.1 Bacterial approach

For bacterial detections, the nano supports interact with the surface of the cell although
immobilized enzymes produce a signal. -Galactosidase catalyze chlorophenol red beta-
D-galactopyranoside hydrolysis, chromogenic reactions result in the alteration color. The
anionic -galactosidase is absorbed by gold nanoparticles that have been modified with the
cationic ligand. Immobilized -galactosidase is used to catalyze a reaction that yields
colorimetric yield in conjunction with chlorophenol red -D-galactopyranoside during the
adhesion of anionic surfaces of bacteria to the nanoparticle [246].

4.6.2 Colorimetric approach

Colorimetric techniques are applied for the instant detection of pollutants. Contrast with
electro enzymatic sensor, minor sensitive but more appropriate for application by non-
trained people. The formation of colored compounds from enzymes mediated pollutant
transformation can be immediately applied for quantifying concentration [281, 296]. Noble
metal nanomaterials' unique optical and surface features are also crucial in the development
of colorimetric enzyme sensors. The quantum performance of surface constrained
fluorophores can be improved by using nano-metal. A fluorophore is a competitive enzyme
inhibitor that can be attached to immobilized enzymes and retained on the nano-metals
surface, resulting in increased fluorescence.

4.6.3 Electro-enzymatic approach

The electro-enzymatic biosensor is made up of enzymes that are coated on the electrode
and can be used to estimate contaminants. When an electric potential is produced,
molecules formed or consumed by enzymatic activity produce current, as well as activity
due to pollution levels. Although there are restrictions to the activity of these types of
sensors, such as the destruction of enzyme activities and stability, and the electron transfer
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barrier formed by enzyme covering on the electrode surface, there are advantages to using
them [297].

4.7  Other applications of immobilized enzymes on nanomaterials

Other uses for immobilized enzymes can be noticed in the fabric industry, whereas the
major advantage is their cost-effectiveness. The size of the manufacturing facility required
for constant processing is two times lesser than that necessary for batch processing with
the free enzyme. The whole cost is, too much smaller. Immobilized enzyme offers
appreciably enhanced activity depending upon enzymes load and also usually gives
processing advantage [298].

Besides that, the oxidation reaction is the principal reaction in numerous industries; mostly
applies the traditional oxidation process, which has the following disadvantages:
undesirable or non-specific side reaction and utilization of environmentally hazardous
chemicals. These drawbacks have urged the search of the latest oxidation processes
depending on the biological system e.g., enzymatic oxidations. This system expresses the
following improvement over chemical oxidations: an enzyme is a biodegradable and
specific catalyst and enzymes reaction is conducted under normal settings.

Enzymatic oxidation has been proposed in a range of industries, comprising foodstuff,
fabrics, and pulp & paper [299]. The oxidation of ortho and para amino phenols, di-
phenols, polyamines, polyphenols, aryl di-amines, lignins, and a few inorganic ions, as
well as the decrease of molecular di-oxygen to water, is catalyzed by these enzymes [300].

A lot of different kinds of procedures and supports are continuously applied for
immobilized numerous industrial enzymes, and a lot of functions of laccase have been
suggested [301]. Laccase has recently become essential in the textile sector for
decolorization of dye processes, as well as in the pulp and paper business for dignifying
woody fiber, particularly during the bleaching process [302]. Laccase is utilized in
conjunction with a chemical mediator in all of these applications [303].

Conclusion

Latest advancements in the advancement of nanostructured supported material and
immobilized techniques have authorized accurate immobilization of biocatalyst, so that, in
recent they have got more importance in flourishing the nano-biocatalyst-mediated
industrial bio-processing. Especially, functionalized nanomaterial extremely affects the
inherent mechanical properties and provides the highest biocompatibility and specific
nano-environment surrounding the enzymes for improving enzymes stability, catalytic
performance, and reaction’s activities. Moreover, immobilized enzymes on nanocarriers
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composed can considerably enhance the robustness and durability of the enzyme for its
frequent applications, which reduces the overall price of the bio-catalytic process.
Consequently, increasing fundamental understanding and knowledge of the
physicochemical characteristics of biocatalysts and nanocarriers, additionally, and
interfacial interconnection associated with the nanocarriers-enzymes systems. Rather than
all these improvements, various problems are still present that requires controlling for real-
time application at an industrial scale. Firstly, the price is linked with enzymes preparation
or bio-synthesis, nanostructured carriers, and immobilized enzymes are the main problems
for industrial-scale application. On the other hand, a large quantity of nanomaterials is still
produced at the laboratories scale. Secondly, a lot of nano-biocatalysts evolved only to
express proof of concept realization, and a small number of nanocarriers immobilized
biocatalyst has been profitably managed for a maximum of 10 to 15 consecutive repeated
batches. So that durability, catalytic activity, leaching of the enzyme, and mechanical
steadiness are evaluated for their continual operation.
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Abstract

Fungi and bacteria cause foodborne diseases and affect food security, which remains the
main challenge of the global food industry. Nanomaterials-based enzyme (NMB)
technologies play an important role in improving food security issues. This is possible since
they can act quickly and efficiently on food substrates when used as biosensors to monitor
and control the quality and shelf life of food. This chapter deals primarily with the
applications of NMB in the food industry. The production, properties, and applications of
nano-enzymes of carbon, zinc oxide, magnetite, copper, and some noble metals in the food
industry were discussed. It was suggested that the material could mimic catalytic activities
and compete with other naturally occurring enzymes, such as hydrolase and oxidoreductase
in foods. It is hoped that this chapter will provide key insights into NMB technologies
applied in the food industry.
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1. Introduction

The NMB technologies are commonly used as biosensors to monitor and control the
physical, biological, and chemical activities of food products [1,2]. They may be
considered synthetic materials from metals and non-metals, reduced at the nanoscale (1 -
100 nm) [3,4]. Due to their ability to act as a catalyst to accelerate biological and chemical
reactions in food products, they are typically used as biosensors for food application [5].
In the past decades, studies have shown that the catalytic behavior of natural enzymes, such
as peroxidase and catalase, are mimicked by many biological materials [6,7]. Many novel
artificial enzymes have been developed [6,8—11], and when compared with natural
enzymes they are more stable, efficient, sensitive and can be easily modified and recycled
[6,12]. The materials can also be stored for longer period thereby enhancing their
availability for numerous applications [13]. Typically, the NMB are applied in the food
industry for studying and controlling the progress of food products deterioration at
molecular scale [12,14—18]. The ability of the material to withstand diverse conditions of
pressure, pH and temperature makes them suitable for application in monitoring food
quality degradation [13,18].

The catalytic behavior of the material, which is responsible for its unique biosensing
properties, can be enhanced by improving its surface area or varying the particles size or
composition [19]. Food pathogens like fungi and bacteria can be detected, through
application of the NMB, using catalytic colorimetric reaction [7,20,21]. The ability of the
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material to detect the early stage of food product defects is especially the reason they are
important in monitoring the yield and market value of crop [22]. However, the design of
biosensors made them to act rapidly, reliably, and sensitive to environmental conditions
[23]. Although, natural enzymes such as catalase and peroxidase can detect food-borne
pathogens, the slow reaction and cost has limited their use [14,23]. There are other proven
studies reported on the applications of cost-effective NMB in food processing [4,22,24—
26].

The current chapter present the application of the NMB, either in combination with other
materials or singly, in the food industry. The in-depth knowledge of production and
properties of the material, in relation to their actions against bacteria and fungi in food
processing were presented. The applications of nano enzymes of carbon, magnetite, zinc,
copper, and other noble metals on food products were discussed, and challenges and
prospects were also highlighted.

2.  Production and properties of nanomaterial-based enzymes

The production or synthesis of the NMB are generally carried out by reducing the particle
to nano scale size. This often leads to the production of materials that have some unique
properties, such as high surface area, low density, and high solubility of solvents at the
nanoscale. Significant progress has been made to design new or improve techniques and
approaches for the synthesis of the NMB to meet specific industrial applications. The
approach used in the production process may be directly related to how they behave in food
applications [18]. On this basis, their production can be categorized as physical, chemical,
or biological approaches, as described in the Fig. 1 [27-30].

2.1 Chemical synthesis of nanomaterial-based enzymes

The chemical synthesis of the NMB involves the reduction of ions followed by nucleation,
by the reaction of the metal with a reducing agent, in the lattice site of the metal [5,31].
The chemical synthesis of the NMB and structures has been described by Shivashankar
[32] in his work on nanomaterial synthesis for different applications. The author uses the
chemical vapor deposition method and equilibrium thermodynamics to arrive at a
nanocomposite coating with interesting features for industrial applications. The chemical
method of synthesis of NMB with excellent active properties was reported by Gaspera [33]
in her work on wet chemical synthesis of functional nanomaterials. High-quality synthetic
enzymes can also be synthesized using a two-phase approach, which entails a significant
reduction in the use of chemicals [34]. The enzymes obtained by this approach usually
favor catalytic chemical reaction [35], which is essentially needed in the manufacture of
biosensors in the food industry.
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Figure 1: Methods of synthesis of nanomaterials-based enzymes [98]
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2.2 Physical synthesis of nanomaterial-based enzymes

The physical synthesis of NMB does not involve the use of chemicals or any biological
agent. Several approaches have been reported for enzyme syntheses, laser ablation and
condensation methods are common among biosensor manufacturers [19,36]. In the
condensation method, the substrate of nanomaterials is normally activated when exposed
to temperatures that could render it ionizing and form complex ions that behave like natural
enzymes. The method primarily requires adequate space for the combustion activity and a
longer duration to complete the pyrolysis or to reach a stable operating temperature [37].
The laser ablation method involves the use of pulse laser irradiation to focus a solid-liquid
interface and generate a plasma in the form atoms and ions, which releases quantum of
energy in the process [29,38]. This method was used to prepare the high-quality pure NMB
[38]. The materials are often associated with a wider distribution of size characteristics that
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can slow down its catalytic response capacity, thereby retarding its biosensing application.
The problem can be resolved by adding a stabilizing agent in the solution to reduce the size
of the material and thus improve the surface [38,39]. This approach was applied by Siegel
et al. [40] for synthesizing the silver-gold NMB by stabilizing the resulting solution with
glycerol.

2.3  Biological synthesis of nanomaterial-based enzymes

Biological synthesis of NMB usually involves the use of living organisms to induce the
conversion of materials into synthetic enzymes. Commonly used living organisms include
bacteria [41,42], plant [21,39,43] and fungi [44,45], which can act on the main material
substrates and reducing it to stable ions [27]. The ions formed are then used to act and
destroy the microorganisms that cause spoilage of the food product [27]. In particular, the
addition of bacteria into silver nitrate substrates can reduce the silver ion in the cell to nano-
silver, which can act as an artificial enzyme in food processing [41,46]. Since fungi can
survive extreme conditions of the environment, the NMB synthesized using the fungi has
better reactive properties and is more stable than those prepared using the bacteria [47].

Green synthesis is another biological way of producing enzymes based on nanomaterials.
[48]. The resulting enzyme will normally have a moderate level of toxicity compared to
other biological synthetic methods, as they can incorporate the metabolite into the
biological extract to make them biocompatible [48,49]. The plants such as Curcuma longa
[50], Euphorbia hirta [51] and Cassia auriculata [21] can convert metallic materials into
enzymes, as they can be used as material agents to reduce the main substrate and later
stabilize it [27,52,53]. In particular, the Lagenaria siceraria and Malus domestica plant
extracts can be used to stabilize and reduce noble metals, like silver and gold, to form NMB
suitable for application in the food processing [19,46,54].

2.4  Properties of nanomaterial-based enzymes

The NMB used to detect defects in food quality analysis is characterized by its high reactive
surface, which can cause it to disperse [55] and interfere with food structure [56]. These
properties enable the materials to enhance catalytic chemical reaction between itself and
the food substrates during processing, thereby revealing the areas of defects in the
substrates. The enzymes can adsorb and interact with the chemical or biomolecules due to
high adsorption [57]. This therefore presents the unique ability of the materials for use as
detection sensors [58]. The examples of sensors utilizing the NMB includes but are not
limited to colorimetric, electrochemical, and fluorescent sensors. Other classes of synthetic
enzymes that are useful for detection of estradiol in red wine include silver and gold NMB
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[59]. This depends to a large extent on the size of the nanoparticles, which can be improved
further to meet other industrial applications [58].

3. Application of nanomaterial-based enzymes in the food industry

3.1 Carbon-based nanomaterial enzyme biosensors

The ability of the carbon-based NMB biosensors to control the activities of deteriorating
microorganisms in food and water, thereby enhancing the quality of food and water in the
supply chain, have been studied [60,61]. For example, Rao et al. [62] reviewed the
numerous potentials of carbon nanotubes, buckminsterfullerene, activated carbon,
and graphene oxide for application in food preservation, water purification and other
applications. Also, Abdelmonem [63] reported the use of the carbon-based NMB to
monitor and control how thermoplastic films can prevent food spoilage and extend its shelf-
life. The materials are also used to detect contaminants in liquid foods and to identify or
separate spoiled products from many industrial foods [64]. The nanomaterials can in fact
be used to control the activities of certain biological reactions that may affect yield in food
production [56,64,65]. The incidence of tobacco mosaic virus infection can be suppressed
using the nanocarbon biosensor [66]. The protective role of the nanomaterial was made
possible by the physical mobility of the carbon ions that attack the virus cells to prevent its
further replication [66], as shown in Fig. 2. The aquatic ecotoxicity of wastewater has also
been treated using the nanocarbon based enzymes with a great degree of success [67].

1. Early foliar
application of

NP:
Uptake and accumulation S

Activation of defense system 2. TMV
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Figure 2: The use of nano carbon-based enzyme to suppress tobacco mosaic virus [66]
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3.2 Zinc oxide-based nanomaterial enzyme biosensors

The application of zinc oxide NMB as biosensors to monitor and control postharvest
operations in the food sector has been extensively reported in literature [16,68—75]. Akbar
and Sadiq [76] applied the zinc-oxide nanomaterials to control the microbial activities in
food product. The antimicrobial potential of the zinc-oxide NMB can be associated with
the ability of the materials to hydrolyze water to form a collection of hydroxyl ions [77].
This, in turn, will act on the food substrates to target the activities of the fungi and bacterial
causing damage to food [25]. Also, the material, when incorporated with
acetylcholinesterase, forms an active biosensing product for the detection of pesticides in
storage facilities, such as silos, and bans [78]. This biosensor can detect paraoxon pesticide
in the range 0.035—-1.38 ppm and can be used to detect other acetylcholinesterase inhibiting
organophosphate pesticides in stored food products. The material has also been used for
detecting and monitoring the extend of adulteration in milk and milk product in the food
industry [17]. The detection of analyte in milk using the nano-zinc enzyme biosensor can
be visualized in Fig. 3 [17].

4 )

<@
T o— s .
P Potentiometric

Amperometric

Calorimetric

Optical
Piezoelectric

Quartz crystal

\\\4
= \

Analytes

Type of Transducers

A 4

Measurable
Signal

Figure 3: Nano-zinc based enzyme biosensor for detecting analytes in milk [17]

3.3 Magnetite-based nanomaterial enzyme biosensors

The mechanism of magnetite NMB has been explained by Wang and Gunasekaran[15] in
their study on artificial enzymes for safety and quality of food. The authors viewed the
magnetite nanoparticle as a close replica of the peroxidase natural enzymes with similar
properties. We can see how, in Fig 4, the food substrates such as the 3,30,5,50-
tetramethylbenzidine (TMB), o-phenylenediamine (OPD), 2,2-azinobis and 10-acetyl-3
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(ABTS), and 7-dihydroxyphenoxazine (AR) are oxidized in the presence of the magnetite-
based nanomaterials enzymes [15]. This closely imitates the behavior of the oxidase and
peroxidase natural enzymes. Other investigators such as Nie et al.[79], Zhang et al. [6] and
Gao et al. [8] confirmed the close behaviour of the magnetite NMB with the peroxidase in
biosensing applications. Also, the findings of Wan et al. [10] and Wang et al. [11] on the
catalytic experiments and steady-state kinetic of the material suggest that the particles
undergo enzymatic catalysis just like the natural enzyme peroxidase. The catalytic
mechanism was explained by Zhang et al. [9] and Wang [80] to involve the reaction of a
collection of hydroxyl ions obtained from the exposure of Fe?" to the hydrogen peroxide.
The hydroxyl ion will immediately bind with the hydrogen ion to cause an oxidation of the
Fe?* to Fe*', and the circle repeat itself again. This is how the magnetite NMB achieve its
peroxidase like properties, and by this, has often been used as surrogate artificial enzyme
in the food industry. The application of the material in food analysis has been extensively
studied [15,26,64,81,82]. Other applications of the nano-enzyme have been reported for
wastewater and effluents treatment from the food industry [73,83—-85].
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Figure 4: Oxidation reaction of oxidase and peroxidate materials in the presence of
magetite nanoparticles and oxidizing agents [15]
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3.4  Copper cluster-based nanomaterial enzyme biosensors

The coper nanocluster NMB exhibits impressive catalytic oxidation reaction between
hydrogen peroxide and the substrates. This is due to the ability of copper to exist in two
atomic forms in its core, namely five and thirteen, thus indicating different oxidation levels
[86]. In the same way as magnetic enzyme biosensors, copper nanoclusters exhibit a higher
enzymic behavior than catalase and peroxidase [87]. The reactive mechanism here involves
the copper nanoclusters forming bonds with the O-O and the hydrogen peroxide groups to
form a substrate and catalytic active sites, which are then rapidly hydrolysed to trigger the
oxidation of the substrate. The catalytic response mechanism imitating peroxidase and
oxidase enzymes in the oxidative action of the nanomaterial on the food substrate can be

seen in the Fig. 5 [7].
OHads * Oads
A

Cu nanm:luster

0, * 0205 : bZads_"HOEads+0H
e

Figure 5: Mechanism of catalytic reaction of copper nanocluster [7]

The copper nanocluster can be used to detect hydrogen peroxide and glucose in food
analysis. The action of the NMB here resembles that of peroxidase. The material has been
applied in the study of glucose degradation and glucose detection analysis in biomedical
and food industries [87]. Other applications of the material are found in the treatment of
wastewater and in detecting organic contaminants [2]. Some of the physical properties of
the copper-based nanomaterial enzyme which favors its application for wastewater and
contaminant treatments include its ability to disperse widely in water, biocompactibility
and its high stability when exposed to sunlight [88,89]. Structurally, Bhamore et al. [90]
noted that the copper nanocluster has a high affinity to identify or recognize ligand
molecules due probably to its transition nature, thus they are suitable for detecting
contaminants in wastewater. The detection capability of the NMB can be extended to small
ions and internal microstructural defects in food and other applications [2,91-93].

EBSCChost - printed on 2/14/2023 2:05 PMvia . Al use subject to https://ww.ebsco.coniterns-of-use



Nanomaterial-Supported Enzymes Materials Research Forum LLC

Materials Research Foundations 126 (2022) 67-88 https://doi.org/10.21741/9781644901977-2

3.5 Noble metal-based nanomaterial enzyme biosensors

The noble metal NMB, which include silver, platinum, and lead ion-based enzyme sensors,
can act on food substrates to induce catalytic chemical reactions under wide range of
experimental conditions [20]. Although, these materials may show promising abilities in
biosensing applications (Fig. 6), they often have a tendency for short shelf-life and may be
unstable when expose to extreme conditions. For this reason, they are often used together
with stabilizers to help prolong the life span and maintain the stability in food preservation.
The combine effect of the materials and the stabilizers on the food substrates has been
noted to effectively promote catalytic chemical reaction just like the redox reaction of the
natural enzyme peroxidase in fruits and vegetables [94]. For example, the gold nanocluster
combined with bovine serum albumin was reported to present high peroxidase-like
behavior in wide temperature range and offers improved physical properties than ordinary
gold nanocluster biosensors in food processing [12,95].
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Figure 6: Illustration of synthesis of noble metals nano-enzymes [20]
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The application of the noble metal NMB for oxygen scavenging in the modified
atmosphere packaging materials maybe possible by hydro-deoxygenation reaction [96].
The material can introduce hyroxyl ions in the storage atmosphere that will inturn react
with the excess oxygen to create suitable environment for keeping the food [16,72]. The
trimetallic catalytic reaction of the noble metals might be responsible for their unique
ability as sensing materials for oxygen. This reaction can also be extended to other types
of packaging designs that influence the gaseous composition of the storage atmosphere
[14,97]. Also, the noble metals nano-enzymes can be used for detecting incidence of food
spoilage due to pest, rodents, or insect attacks [98].

4. Challenges and prospects

After extensive literature review, we noticed that the utilization of NMB in the food
industry is currently limited to closely imitating the behavior of natural enzymes, such as
oxidase and peroxidase. These two enzymes are the driving forces in the catalytic chemical
reactions and changes occurring in food processing and preservation. The natural enzymes
are however affected by pH and temperature conditions, which may either speedup or
reduce their action on the food substrates. Meanwhile, the nanomaterials are designed to
address this deficit of the natural enzymes by providing enzyme like artificial NMBs that
can withstand extreme environmental conditions, like pH and temperature. Further
research should focus on designing NMB that can mimic the catalytic activities and
compete with other natural enzymes including hydrolases, oxidoreductase, transferases,
isomerases, and ligases present in foods.

Conclusions

The use of biosensor for the detection of various food pathogens can be traced back to
decades, and many of them that are being used nowadays have come from NMB. Because
of unique inherent properties, the NMB enzymes have continued to be one of the major
bio-sensing technologies still today. In the recent years, there has been a remarkable
resurgence of interests observed in the application of the materials in the food industry.
With significance usage in monitoring and control of food pathogens, the NMB enzymes
have gain new momentum. They are now suitable for effective screening of pathogens in
foods. Interaction of the materials with chemical or biomolecules, due to the high
adsorption, is one of their main properties, especially in relation to actions against food-
borne pathogens. Methods of production and properties of biosensors from various NMB
enzymes are available in the literature; the advances and sensitivity of the materials have
made their interaction less laborious and easy to apply. The current chapter presents the
application of NMB enzymes in the food industry.
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Abstract

Natural enzymes perform pivotal role in all biological reactions in living things. But their
practical operations are restricted due to difficulty in synthesis, reprocessing, cost, and easy
denaturation. To combat these hurdles, blistering exertion is dedicated for improving these
enzymes to other enzymes known “artificial enzymes.” The man-made enzymes, which
possess enzyme mimicking properties, have fascinated researchers’ attentions. From last
decade, nanozymes have attained tremendous progression. Nanomaterials-based enzyme
elucidates expressive features like distinct preparative protocols, low cost, long duration
for storage, and high stability towards environment than natural enzymes. This draft carries
survey on 1) nanozymes literature, which is considerably explored by a diverse class of
nanocomposites such as composites of halogens, carbon-based nanostructured materials
etc.; 2) the recent progresses made in the fabrication of nanozymes for enzyme mimicking
activity; 3) the mechanism of action, schemes to increase enzymatic activities, catalytic
property and recent trends of using nanomaterials-based enzymes in the food industries.
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1. Introduction

Enzymes are the biological catalysts which perform a vital role in living things. These
enzymes alter reactions rate with extraordinary specificity and efficiency at moderate
conditions such as ambient pressure, room temperature, aqueous solutions, etc. Many
applications of these enzymes have been widely known in biological reactions. For
example, natural enzymes have been extensively explored in food and clinical sector [1].
Typically, enzymes require optimum temperature (30-45°C) and pH range from 4 - 7.5, for
their function. Enzymes are made of proteins which mainly consist of amino acid subunits.
The activity of the enzymes mainly depends on the stability of the hydrogen bonding of
amino acid units with other amino acids in tertiary structure of enzymes protein. The
breakage of H-bonds in biological system or in-vitro environment cannot stay intact at or
above 45°C which cause the loss of enzymatic activity. Due to the huge demand of
enzymes in multiple sectors, there was utmost need to choose some alternate to take
advantages of enzymes at wide range of reaction conditions. Man-made or artificially
synthesized enzymes were introduced to cope the industrial production challenges. During
synthesis and purification of enzymes, time and labor are the necessary elements, which
restricts maximum demands for enzymes production. Recently, interesting and formidable
achievements have been noticed, and many artificial enzymes have been synthesized like
hemoglobin, dendrimers, cyclodextrins, porphyrins, hemin, proteins, supramolecules, etc.
using automatic synthesizers [2].

Nanoscience deals with artificially arranging the atoms, molecules, macromolecules, and
studying their properties. Those nanomaterials having enzymatic features are called
nanozymes. In 2004, the term nanozymes was coined for the first time, means copying the
natural enzymes features [3]. Recently, the sciences of bioanalytical and analytical is
changed by nanomaterials. In the progress of this science, a basic role has been shown by
nanostructured materials to different industrial areas, like biomedicine, power
conservation, storage of power, nano-catalyst casts, food, management of waste materials,
and engineering technology.

Food is one of the necessary elements for all human beings. The nutritional quality of food
is partially or completely destroyed by many microorganisms like bacterium, pathogens
and viruses. The crucial threat for the food safety is food-borne germs. Every year in the
word, various diseases which lead to 400,000 deaths, are caused by germ’s infections. It is
very necessary to prevent food from microbial, chemical and pathogenic contaminations.
A lot of food preservative methods are exercised to maintain the quality of food and to
preserve it safely. However, all conventional food preservative techniques are time taking,
laborious and require extensive care to accomplish. There is a need to develop sensitive
and fast way to handle food-borne germs. The industry is trying to develop possible
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applications of nanoparticles in the market to get optimize production. Nanostructured
materials have been in developing new ingredients and food, strengthening quality control,
upgrading food safety, acting as biosensors in spoiled food [4]. Mimetics are those
compounds that copy the activity of other materials, being indistinguishable to the ones
found in the organism (hormones, mediators, enzymes) [5]. Mimetics and natural signaling
molecules are indistinguishable according to physically and chemically. Variety of
nanoparticle based enzymes have been developed and their use gaining the acceleration
after each day of its advantageous results. There are many important features of mimetic
enzymes; few of them are summarized in Figure 1.

Impacton
loop
feedback
iti Binding to
Competition
with natural fr'ggl:;tlgg
nf'cﬁggﬂ?é’s not intended
for th
E n Zy m e orthem
Mimic
N Properties
o Variation of
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ft?nctioning effect
Substitution
of natural
regulatory
substances

Figure 1: Features of mimetic enzymes.

2.  Nanozymes and its features

Nanozymes substitute natural regulatory substances after binding to the receptors of
molecules. For the binding to receptors, there is a competition between natural signaling
molecules and mimetics (by affinity and concentration). The time of linking to the
receptors and the period of mimetics functioning in the same organism is not the same as
for natural compounds. Because of the feedback between production of mimetics and
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concentration of regulators, the development of regulatory materials in the body is
conditioned by the mimetics presence [6].

Tailoring metal-organic frameworks-based
nanozymes for bacterial theranostics

Open up some new horizons for therapy

James B. Sumner determined the Integrated nanozymes for live bioassay

enzymes urease to be a protein

V,05 for antifouling

Cyclodextrin in mimic enzymes

Wilhelm Kuhne coined the Nanozymes for bioanalysis
term “enzymes

Retinal degeneration was prevented
by rare earth nanoparticles

| | |
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The term “nanozyme” was
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The nobel prize was won by James B. for his
discovery that enzymes can be crystallized.
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mimics

features was proposed.
Graphene

Ronald Breslow coined the term
“artificial enzymes”.

The idea of RNA molecule with enzymatic

Derivativess of fullerene for
neuroprotection in nonhuman primates

Discovery of hydrolytic nanozymes

[I Natural enzymes D Artificial enzymes D Nanozymes Nanozymes for pathological tissue imaging

Figure 2: Complete detail for developing of man-made enzymes, natural enzymes, and
nanomaterials based enzymes [1, 7, 8].

There are many advantages of nanozymes over other enzymes, however some key merits
are as follow;
e The ratio of larger area of surface to volume concerning of minute size to
nanozymes.
e Nanoparticles are relatively long lasting and provide longer shelf life.
e Catalytic activities of these particles are defensive via heat circumstances and
a broad pH range.
e The formation of huge mass of these particles can be easily formed.
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e They show pH-based properties of catalyst, structure and size which are
simply attuned.

These special features of nano-structured materials convenient to modify with biological
species, resulting sharp reply to exterior stimulant and leads to a superior contestant for
catalysis as compared to natural enzymes. Esterase, oxidase, superoxide dismutase (SOD),
peroxidase and catalase are those natural enzymes whose features are mimicked by
nanomaterials [9]. Quadrametallics, trimetallics, and bimetallics are the nanocomposites
which show the features similar to natural enzymes.

Recently, nanozymes have gained increasing demand and exhibit good aptitude as
replacement of natural enzymes. Figure 2 shows the gradual development of man-made
enzymes, natural enzymes, and nanomaterials based enzymes in detail.

Over the last few years, the research of nanozymes has achieved remarkable progress. The
following sections will describe the 1) catalytic mechanism of nanomaterials-based
enzymes, 2) applications of nanozymes in food industry, 3) schemes to improve substrate
specificity of nanozymes, 4) nanozymes importance for the detection of food contaminants.
For analytical studies of foodstuff and their vitality for human health, uttermost form of
nanomaterials which could act as enzymes are peroxidase, catalase as well as oxidase, these
could be applied for detection of any kind of adulteration, toxicity as well as other illegal
analytes in our food products which we will elaborate with some examples and principle
of action [10].

3. Catalytic mechanism of nanomaterials based enzymes

Tunable catalytic performance is exhibited by nanozymes. However, their pragmatic
applications are confined by poor substrate specificity and low catalytic property. Poor
information about the true mechanism of action of nanozymes can cause delay in upgrading
the nanoparticle-based enzymes for their catalytic activities. To describe the procedure
about working of nanostructured enzymes, our thinking should be cleared regarding
reaction mechanism, binding attraction of nanozyme for functional arbitrators, functional
sites of nanozyme, substrates, and donation of electron including catalysts and substrates.

Peroxidase-like activity

To study catalytical activity mechanism of peroxidase mimics, the pathways to decompose
H>0> on metallic element’s surface which possess brilliant resistance against chemical
invasion were investigated using kinetics, showing properties similar to that of enzymes,
having no dependence on the exterior passive aspects. For instance, H>O» decomposition
on Au(111) are mostly divided into two kinds under the normal condition. In an acidic
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environment, the decomposition of H>O> produces OH* (* shows that labelled compounds
become adsorbed on exterior of metal) after which O* and H>O*. In this situation, O*
demonstrates high oxidizing capacity to extract H atom towards organic substrates,
exhibiting a peroxidase-like activity. Hydrogen peroxide can generate water as well as
oxygen in the system having basic media, demonstrating property similar to catalase
enzyme as compared to the pre-adsorbed OH group. This ending shows various trajectory
for decay of H2O» could activate the properties similar to enzyme [11].

Catalase-like activity

Majority of the nanoparticles possess catalytical activity similar to this type. The principle
of action in these nanomaterials based enzymes depends upon the catalytical conversion of
hydrogen peroxide into water as well as oxygen molecules. The progress of catalytical
activity in these materials also based upon the type of structure of the nanoparticles which
they possess during performance. For example operational procedure of cerium
nanoparticles has been determined which possess enzymatic activity similar to that of
catalase and also similar in catalytical activity as of superoxide dismutase. The action of
working includes oxidation reduction reactions which takes place among cerium ions
having oxidation states of +3 and +4 and also on availability of oxygen. Bond among
oxygen atoms in hydrogen peroxide segregate which is present on exterior surface due to
encouragement from protons, which results in the removal of water molecule from exterior
[12].

Oxidase-like activity

The types of nanoparticles which possess catalytical activity similar to that of oxidase are
used for determining the amount of analyte of interest as well as their identification, whose
detection is based upon type of analyte material which could accelerate reaction rate in the
presence of oxygen molecule and results in the generation of oxidized species as well as
hydrogen peroxide. The progress of activity is also linked with exterior surface of analyte
as well as surface of nanoparticles [13, 14].

4. Nanomaterials-based enzymes for food analysis

4.1 Metal oxide-based

Iron oxide (Fe3O4) has exhibited remarkable uses in biotechnologies along with biosensing,
between the high oxide value of metal-dependent nanostructured materials. Different sizes
of Fe3O4 nanoparticles exhibited deep-rooted copies of peroxidase, that can promote the
oxidization of diazoaminobenzene (DAB), o-phenylenediamine (OPD), as well as TMB,
granting brown, orange, along with blue products [2]. Experimentally, the lower interaction
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of HRP to TMB, is because of higher M. Menten constant (Km) value of Fe3O4
nanocrystals. The presence of ferrous ions supports the peroxidase-alike properties of
nanoparticles of Fe3Os4. Additionally, nanocomposites of Fe3Os4 having various
nanostructured materials of Fe3O4 can be described to have deep-rooted oxidase along with
peroxidase-like properties, showing wide implementations in medical diagnosis, therapy,
environmental science, and biosensing.

The oxidase, SOD, catalase, and phosphatase mimetic activities of nanoparticles of CeO>
are the most broadly used metal-oxide-dependent copies of enzyme. Polyacrylic-acid and
dextran- coated CeO; nanocrystals, having deep-rooted oxidase-viz properties in the
surroundings of acidic medium have been developed, that could change the oxidation of

tiny species without any kinds of oxidizing agents and a serial of organic dyes as well.
Population of world is increasing, consequently the demand of food is also increased. For

better yield and meeting the demand of food almost 1.89 billion of people utilized toxic
insecticides or pesticides to shield crops from pests. Because of excessive utilization of
these insecticides around the world about 25 million people suffer from toxicity of these
pesticides in every year [15]. Ethoprophos which is a pesticide as well as nematicide along
with nanoparticles of cerium was developed in dual scheme as catalyst for the identification
of organophosphorus, in this system nanomaterials which act as catalyst promote
organophosphorus conversion into nitro-phenolic which cause appearance of yellow color
which was directly related with organophosphorus concentration [16].

Antioxidants are bioactive components which are present excessive in daily vegetables as
well as fruits. These are mighty weapon for our body competing to heart diseases. These
antioxidants may involve phenolic compounds, ascorbic acid as well as gallic acid or some
other tocopherols etc. Consequently, assessment of antioxidant activity of food products
containing these compounds is of quite importance. The assessment of antioxidant ability
of food products with the help of nanomaterials is mostly developed on antioxidant based
utilization of oxidational products as a result of catalytical activity. Jia and his colleagues
[17] examined antioxidant abilities of natural antioxidants like ascorbic acid, tannic acid
as well as gallic acid whose working principle was based upon inhibition effect of oxidized
ABTS produced as a result of catalytical activity similar to that of peroxidase like of oxide
of cobalt nanoparticles and they possess different progress towards antioxidant activity and
there order of activity was from tannic acid at first and ascorbic acid at last. On the other
hand, Jin and his colleagues [18] developed a quite different mechanism of action for
ascorbic acid identification which was dependent upon ascorbic acid stimulated
deterioration of nanomaterial which acts as an enzyme. In this method ascorbic acid can
untangle nanostructures of COOH similar to that of oxidase into cobalt ion therefore it
could inhibit catalytical activity of tetramethylbenzidine. This detection system possesses
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an excellent response towards ascorbic acid having limit of detection up to 140 nM as well
as very small duration for assaying of about 5 minutes which could also be utilized for
sample of orange juice.

For proper growth and nourishment of brain as well as development of memory food
enriched in acetocholine are quite helpful, because signalizing of choline play a pivotal
role in the nervous system of the brain. It is quite important to fabricate a simple as well as
loyal procedure for determination of choline in foodstuff. Zhou with his colleagues [19]
fabricated a normal colorimetric procedure for determination of acetocholine or choline by
using tandem reaction with the help of iron oxide and re-oxidized graphene oxide
nanomaterials like acetocholinesterase inhibitor as well as choline oxidase which possess
catalytical activity similar to peroxidase. This approach can detect 10-100 mM of range for
choline and possess limit of detection of about 38 nM. In real sense, analytical study of
samples of milk elaborate its potency in foodstuff investigation applications. Likewise,
Nirala and Prakash [20] performed a fast colorimetric determination of acetocholine in
samples containing milk by application of molybdenum disulfide nanostructures with
peroxidase activity as well as choline oxidase. With the help of magnetic nanoparticles,
melamine was determined in samples of milk having detection limit up to 2.6 ppm with
optimized conditions which was about at pH of 4, temperature was about 46 °C and time
of assaying was around 10 minutes. By inspiring from these unique characteristics of
magnetic nanoparticles, researchers also worked on enzymatic activity of oxides of iron,
copper as well as oxides of Mn [21].

Ions of Mn replaced with oxide of cobalt having submicron spherical structures was linked
with antiochratoxin peptide to copy oxidase like activity and for the determination of
ochratoxin in corn samples. This form of enzymatic material exhibit 50 times better
attraction against ochratoxin as compare to that of pure enzyme. This increment in
concentration of ochratoxin cause rise in oxidation of tertrametylbenzidine, which show
change in color at wavelength of about 652 nm having limit of detection about 0.079 ng/ml
[22].

4.2 Metal-based nanozymes

Due to their attractive electronic features and good biocompatibility, metal-based
nanomaterials are of considerable importance in nanotechnology, resulting broad
implementation in sensing, biological medicine, electrolyser, electrocatalysis, biological
medicine, imaging, and catalysis. Metal nanomaterials copies the property of oxidase of
glucose, catalase, peroxidase, SOD, oxidase, because of having intrinsic enzyme-like
features. Nanocomposites of silver are most broadly known, among a large class of metal
nanostructured materials. The surface property of nanocrystals of Au influence the property
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of peroxidase. Negatively charged silver nanocrystals having electronegative character,
altered by any salt of citric acid, show lesser copying of peroxidase than those by prepared
positively charged Au nanoparticles. A lot of research works have been done to judge the
ligands effect on enzyme-like catalytic activity. In addition, enzyme-like efficiency is
determined by pH values [2].

Silver nanocrystals normally exhibit the higher properties similar to peroxidase (around pH
=4.0) in an acidic solution, but it is different about physical and biological values of pH,
limiting the biologic implementation. By using Lipo-Hepin at normal circumstances, the
peroxidase-alike property of nanocomposites of silver has been enhanced [23]. All the
kinds of copies of enzyme have been managed by the accumulation of ions of metal on
silver nanocrystals surface.

Whereas an essential component for the human body is glucose which is associated with
diagnosis or worse feeling of diabetes. So precise as well as exact determination of level
of sugar or glucose in our foodstuff'is quite necessary which could be beneficial for guiding
and consulting about diet for patients with diabetes. For determining the level of glucose
in foodstuff sample a new sensing system has been fabricated which working principle is
related to nanozymes, having enzymatic activity similar to that of peroxidase as well as
oxidase. Huang and colleagues [24] developed an assay for glucose quantification with the
help of cascade reaction of GOX with nanozymes having catalytical activity similar to
peroxidase. Under controlled situations this assay analyzed a varied range of concentration
from 5-250uM but this assay has comparably low detection limit of about 1.49uM which
can be utilized fairly for samples of juice [21].

In an attracting enzyme pounding investigation, effect of ions of halogen family on a
protein casein with modified nanoparticles of gold and their catalytical activity was
elaborated. In the whole halogen family iodide ion possess prominent as well as fast
irreversible inhibition effect of nanomaterials for peroxidase like activity and indicate the
reason due to bonding among composite materials also cause blockage of functional
centers of enzyme. The assembly also indicate that halides pounding capability was based

upon exterior surface as well as intrinsic characteristics of modified materials applied [10].
Because an indigenous constituent of wine as well as ethyl alcohol level is necessary to be

analyzed regarding defilement assessment of these alcoholic liquors and concerning dietary
admonishments. Stasyuk and his colleagues [25] developed a detection system whose
working principle was based upon electrical changes by connecting nanoparticles of
platinum and ruthium with oxidase alcohol for inspection of primary alcohols in alcoholic
liquor. The attachment of pure peroxidase with composites of platinum and ruthium cause
development of sensing system which act as artificial enzyme like catalyst and enhance
electrochemical abilities of working electrodes as well as increment in linear range.
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Sensitivity of this approach is quite excellent which is 335 ampere/M'm™ for ethyl alcohol
and range of 20-200 uM, as well as better selectivity for pure analytes.

One of most customary issue faced during protection of foodstuff is food allergens which
must have more precise as well as sensitive approaches of analysis for determination of
these allergens. Latterly, a new trending NLISA methodology was developed for uttermost
sensitive resolution of the allergens in milk samples of cow with the application of -
lactoglobulin as biological measure for proteins of milk. In contrast to this assay, writer
ambition was to enhance limit of detection by applying platinum nanoparticles which
possess peroxidase like catalytical activity mounted with different antibodies and
horseradish peroxidase molecule as new technique for signaling [10].

4.3 Metal-organic frameworks based nanozymes

Recently, many types of metal-organic frameworks (MOF) can be shown to have
peroxidase, laccase, as well as oxidase viz property. Furthermore, Cu based metal organic
frameworks which can be produced with the help of 2-aminoterephthalic acid along with
copper nitrate and in control of various mechanism, exhibiting property similar to
peroxidase, which can produce yellowish colour by catalyzing oxidation of TMB along
with the help of hydrogen peroxide [26].

The developed Ce-based MOFs showed outstanding property similar to oxidase due to
unforced reprocessing along with flip-flop in the oxidation and reduction surrounding of
Ce*'/Ce*". Furthermore, these nanomaterials-based frameworks show lesser value of
Michaelis constant as well as greater starting value of velocity (Vmax) after comparing
with CeO», resulting greater interaction and TMB catalytic property. In addition, Ce-MOFs
peroxidase-viz property have been assigned for greater plane along with p—p assembling
interactivity in TMB and nanostructured-based frameworks. An excellent strength is
exhibited by Ce-MOFs, resulting good implementations in the biothiols diplomatic finding.

Metal organic framework, nanocomposite type of metal organic framework as well as
modified form of these materials can be applied comfortably for various detection systems
for monitoring foodstuff products because of their proficient nature. MOFs in original form
possess relatively enhanced porous area in their original structure, as well as resilient
functional centers which cause excellent catalytical activity of biological molecules. Many
forms of organic based framework for instance iron based MOF in combination with
88NH> possess brilliant catalytical activity similar to peroxidase which is helpful in
determination of hydrogen peroxide in sample of milk, belong to class of MOF in their
original form. When these are applied with luminol they show excellent catalytical activity
of reaction and express enhanced chemiluminescence signal and detection of hydrogen
peroxide was quite precise. The limit of detection was lying around 0.025umol/L [27].
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Unsaturated functioning group coordinately attached across metal organic framework
promote alteration of functioning sites, which cause promotion of functional ability of these
nanomaterials. For example in determination of acetylocholine or choline in samples of
milk. Valekar with his friends [28] developed MOF based nanocomposite with simple
diamines across coordinately unsaturated functioning center and determined enzymatic
activity similar to that of peroxidase. The maximum catalytical performance was observed
due to symbiotic effect of boosted negative efficacy, as well as accurately establishing the
diamines molecular size. Chen with colleagues [29] developed PtNPs/MOF composite
formed of Cu, made of copper, as of iron containing prosthetic group (Cu-TCPP(Fe))
ligand, and integral platinum nanoparticles were applied in determination of hydrogen
peroxide. This type of composite materials possess brilliant catalytical performance having
limit of detection of about 0.36uM in contrast to pure constituents which developed metal
organic based framework composite as well as prevented accumulation of nanoparticles of
platinum on very thin nano-disk during development [10].

Hydrogen peroxide is mostly chosen preservative as well as bactericide for foodstuff
containing raw milk samples for the protection as well as keeping milk sample fresh.
Moreover, extreme level of hydrogen peroxide to sample of milk not only promote
deterioration of essential components of milk but also cause induction of intestinal as well
as nervous disorders to the consumer. According to world organization of food and
agriculture, the maximum level of acceptance of hydrogen peroxide is up to 0.05% (w/w).
Freshly, different types of methods have been introduced for precise detection of hydrogen
peroxide in dairy foodstuff, and most of sensing system for detection of hydrogen peroxide
are colorimetric assay. Liu with his colleagues [30] introduced colorimetric system for
determination of hydrogen peroxide with the help of iron doped copper tin hydroxide
nanozymes having similar catalytical activity as of peroxidase and the substrate was TMB
and range of working was from 30 to 1000 uM and limit of detection was around the 9.5
uM. But limit of detections of these assays are not better enough up to satisfaction level
which demands for some more novel sensing systems like as fluorescence detector.

4.4  Molecularly imprinted polymers (MIP)-Based

Molecularly imprinted based nanopolymers having enzymatic activity are developed by
the phenomenon of polymerization across the main element. This procedure generates
active centers to the main surface, which can be renewed and recycled inattentive of their
saving circumstances, and consequently examined an outstanding substitute for natural
sense-organs [31]. To improve the peroxide reductase activity of Fe3;O4 nanomaterials, their
plane was stamped by TMB rigorous the adaptation to zeta potential. This developed in the
evolution to patches of substratum irrevocable, and a hundred-fold enhance to particularly
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was noticed after contrasting with non-stamped nanostructured-based enzymes [32]. Many
researchers toiled on increasing the glucose oxidoreductase copying the property of
nanocomposites of Au/Pt by elemental imprinting procedure. They exhibited higher
property by using the ratio (1:1) and were amalgamated along with magnetic nanospheres
for uncomplicated dissociation and good strength. Glucose-irrevocable amino-phenyl
boronic acid was utilized for printing after the combination of main element of glucose.
The patches of glucose irrevocable were synthesized after the elimination to main elements,
and showing two hundreds-fold greater catalytical regulation as compare to nanoparticles
of Au [33]. After the study of patulin existing in the juices of fruit, MIPs remodeled
nanoparticles of Au, chitosan, and C dots are applied. To use of chitosan along with CDs
enhanced the shifting rate of electrons, the plane area of electrode, and power of signal,
that are identified. The limit of detection was about to (7.58x107!3 mol/L) [34].

4.5 Carbon-based nanozymes

Nanomaterials of carbon-based like (C-dots), grapheme (GE), fullerenes, as well as
nanowires of carbon generally show remarkable physiochemical features, that are
performing a vital role in the fields of research; such as catalysis, engineering of
surroundings, transformation, biological medicine, electronics and optoelectronics, power
storehouse, and sensing. In the last few decades, deep-rooted peroxidase-like property is
exhibited by carbon nanostructured materials. It is noticed that modification of surface
along with hydroxyl as well as carboxyl classes imparts remarkable character as
peroxidase-like activity. Qu with colleagues [35] demonstrated peroxidase-like property of
oxide of carboxylic reshaped grapheme for the first time. After further investigation the
oxide of carboxylic reshaped grapheme demonstrates greater interaction to the enzyme
acting place 3, 30, 5, 50-tetramethylbenzidine (TMB) as compare to enzyme horseradish
peroxidase (HRP), having good activity of catalyst. Likewise, the peroxidase-like property
is also shown by carboxyl-reshaped Ceso (Ceo[ C(COOH):]2) [36].

Due to unique physical and chemical features, C-dots have aroused great attention since
2004 [37]. For example, C-dots can also be seen to show the property similar to peroxidase,
by receiving the lone-pair of electrons to H2O: from TMB amino groups, resulting to
electrons shift from C-dots. Some other kinds of nanocomposites such as SWCNHs can
also exhibit an efficient peroxidase-like property. In addition, the greater stability against
pH and temperature have been exhibited by I-the prepared carboxylic-group-functionalized
SWCNHs than those by HRP [2].

The nanocomposites of Pd-C dots are applied to identify glucose and H>O> in direct
specimens, and limit of detection announced for H2O> about (0.3 uM) are mainly same to
the the value of LOD prevailed. The composites of carbon dots and metal-based
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nanoparticles, provide fast identification to general foodstuffs microorganism
Staphylococcus aureus. This procedure including the nanoparticles of silver-dependent
attached to microorganisms functioning centers and established sandwich
immunocomplex, assisting the o-phenylenediamine (OPD) oxidation. In that event, the
dose of microorganisms are directly related to the colour changes, and limit of detection
was seen to be (4.91 CFU/mL) [38]. In the glucose identification, the hybrid grapheme
nanocrystals of N> and Ni along with nanoparticles of Pt showed peroxide reductase-viz
property. This catalytical nanocomposite are demonstrated to beneficial for the
immobilization of glucose oxidoreductases enzyme, consequently identification of the
glucose quantity, utilizing micro-fluidic paper-dependent nanomaterials) [38, 39].

A lot of heavy metals causes the diseases like minimata and Plumbism in the food chain
and pure water. Even in very small amount, arsenic, mercury, cadmium, and lead are those
heavy metals which may cause terrible effects [40]. These heavy metals are mostly
identified by nanocomposites of graphene oxide-based nanoparticles along with film of
bismuth, owing to its more conductivity and limit of detection are noticed to be (0.50 ng/L)
and (0.80 pg/L) for the ions of Cd and Pb. Various kinds of tea specimens are distinguished
based on 12 ions of metals such as (Ni*, Ag*, Ba?*, Cr**, Sn**, Cu**, Pb*", Mg?*, Mn?",
Ca?*, Fe’', AI**) using 3 kinds of oxidase-copying nanoparticles-based enzymes (Cu/AMP
Cu/ATP, and Cu/ADP) [41].

5. Schemes to improve substrate specificity of nanozymes

We know that natural enzymes induce complete specificity for a specific reactant. While
nanomaterials which possess enzymatic property display catalytical activity scheme that
are most appreciative, but their specificity for the reactants are not so good. Many of
oxidase as well as peroxidase like activity, the oxidation of TMB cannot be only catalyzed
by nanozymes, but on the other hand, for other substrates like OPD and ABTS this may
occur. Hence, the basic task here for us is to make innovative types of nanomaterials which
can behave as enzymes with outstanding selectivity for the specific form of reactant. For
the improvement of nanozymes binding selectivity for the special target material, this may
be useful to raise functional binding centers of substrate by using the approach of
transformation chemically to upgrade the substrate specificity of these enzymes [42]. A
distinctive way has been proposed to improve the oxidize reactant specificity is to connect
peptide molecule or strand to DNAzymes [43].

Furthermore, Liu with his colleagues [30] showed a new way of molecular imprinting to
enhance the specificity for oxidation activity of TMB in contrast to ABTS. They have
produced polymers which possess imprinted molecules located onto the exterior of Fe3O4
nanoparticles to examine about their specificity features for showing peroxidase properties
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similar as that of peroxidase. The oxidation of ABTS and TMB can be catalyzed by naked
Fe304 nanoparticles, but imprinting of TMB sets on the core of Fe3O4 molecular imprinted
polymer accelerate the catalytical property and selectivity to the oxidation of TMB, and
ABTS-imprinted sets along with the core of FesOs (A-MIP) promote the catalytical
property and ABTS selectivity towards the reactant. The efficiency of a catalytical activity
is applied to contrast the performance of their substrate specificity, exhibiting good
selectivity possessed by imprinting with the reference of adsorbed reactant. In addition to,
by applying monomers in which charge has been induced, show almost 100 times good
selectivity for the imprinted reactant species as compared to the naked Fe3O4
nanomaterials. As described earlier in above portion, nano-sized particles coated with
metal single layered can accelerate the enzyme activity of nanozymes [44].

On the other hand, there is an excellent scheme to promote the nanozymes substrate
specificity with the help of the monolayer modification. For instance, differentiation of
enentiomers can be attained by modification of chiral monolayer on Au nanozymes. The
chiral nanomaterials which possess enzymatic activity having bimetallic catalytical centers
of chiral nanozymes were manufactured through the mutual connection of thiol-having
chiral Znll-containing major groups on Au nanoparticles exterior, which could display
diverse properties to various substrates of RNA dinucleotide. Hence, nanozymes exhibited
outstanding selectivity for reactant for the splitting of dinucleotides such as ApA, GpG,
CpC, or UpU. Mainly, a remarkable reactivity difference regarding the splitting of UpU
enantiomer was noticed, exhibiting excellent capability for enantiomer differentiation [2].

6. Some other applications in the food industry

Recently, a lot of nanozymes have been synthesized which possess enzyme like properties
and have exhibited an excellent forum for routine uses. In this chapter, our main focus of
discussion will be upon the routine applications of nanomaterials which show enzyme like
activities, in the food industry, depending upon the catalytical mechanism similar to
enzymes. Most blistering, versatile, and simple form of detectors having excellent
selectivity as well as high sensitivity have already been discussed. Nanomaterials based
enzymes are used in food industries for various purposes.
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Table.1 Food industry application of nanostructured based enzymes

Nanostructured-  Biological conjunction Uses References
materials Strategy
Nanocrystals of Fructose oxidoreductasde = Fructose identification = [45]
carbon adsorption with the limit value
(.001 mM) in honey
Zinc oxide:Cobalt = Glucose oxidoreductase  Glucose identification = [46]
nanocluster covalent with the range of
immobilizing (0.02-0.21mM)
Nanoparticles of  Lactase covalent E. coli identification [47]
carbon immobilizing with the range of (10-
10*cfu/ml)
Nanocrystals of Pyranose-2-oxidase Glucose identification = [48]
Au (POx) covalent with the range of 0.05-
immobilizing .75mM
Nanoparticles of = Aflatoxin oxidoreductase = Aflatoxin [49]
carbon covalent identification with the
immobilizing range of (0.5-2ng/ml)
in food
Nanocomposites = Lactase absorption Identification of [50]
of Au (Physically) Escherichia Coli with
range of
(100 E.Coli/ml)
Nanomaterials of = Xanthine oxidoreductase = Xanthine [51]
zinc oxides covalent identification with the
co-immobilising range of
(0.1-100 uM) in fish
meat
Films of zinc Choline peroxide Phosphatidylcholine [52]
oxide reductase and identification with the
nanorod oxidoreductase covalent  range of
(ZnONR). co-immobilising (0.0005-2mM) in milk

6.1

Intentional adulteration

The embezzle use of illicit supplements of food has ensued of persistent exposure to
success of experiences of food welfare, that has created a serious ultimatum for the well-
being of public and caused general troubles for the well-being of food. Owing to very
toxicity of these illicit supplements of food, the survey of illicit supplements of food is
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pivotal for the well-being of food [53]. Nitrite, clenbuterol (CLB), and Sudan I are
considered to be the general illicit supplements of food, that caused global threat in most
countries. Various nanoparticles-based enzymes are being synthesized for the fast
identification of these additives. Sudan I is being widely used as supplements of food,
especially in the powder of red chilly due to attractive red and inexpensive. But, Sudan |
are known to be poisonous, and can cause harm to digenetic substance because of the
interaction along with in vitro particular sequence of DNA [54]. A good, reliable, and novel
nanoparticles of Platinum modified electrode graphene-B-cyclodextrin are being developed
to identify Sudan I in the specimens of food. The electrochemical appearances of many
remodeled electrodes for this compound are being assessed by cyclic voltammetry. All of
these remodeled electrodes composites, the developed nanoparticles of grapheme-p-CD-Pt
altered electrode revealed more electrocatalytical property for Sudan 1. Furthermore, the
developed remodeled electrode can ride the susceptibility of Sudan I, and resulting to a
direct retaliation range improvement of electrochemical nanomaterials. These
nanoparticles can be applied to identify samples of Sudan I (chili powder, and ketchup)

having range founding from (0.005 to 68.69 uM), and limit of detection (1.6 nM) [55].
Major concern in food products vitality which may be resolved by the identification as well

as handling credentials of nanomaterials, are pollutants and adulterations caused by many
of bacterium as well as protozons. In the same appreciation, a detection system has been
developed whose working principle based upon electrochemical changes on Ca3(PO4). for
tyramine amino acid identification and analysis in cheese containing foodstuff by applying
tyrosinase enzyme as a substance for biological system. The obtained detection system was
feasible, reliable, sensitivity was extremely good, fast, cheap, and easy to handle for
detection of tyramine. In feasible circumstances, a straight line limit lies between 6 x 1077
to 1.7 x 107, response signal of 1.6 x 10> mA M™! cm™, detection limit was 4.85 x 10 M,
and the time for each response was about 6s [56]. A handsome rate of flow of negatively
charged electrons was obtained among the functional binding sites of enzyme because of
better adhesive force of AChE with hydrophobic exterior of working electrode, that
accelerate recurrence of reactant to functional sites of catalyst. The developed detection
system was applied in the identification of insecticides in pointed tomato cocktails. Their
obtained results reveal limit of identification of carbaryl insecticides lies from 93% to
105%, and in case of organophosphate insecticides, this occurred in the range of 91% to
110%. These values persistent that developed detection system has better determinacy as
well as detection proficiency in analysis of foodstuff related issues [57].
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6.2  Detection system for insecticides

Latterly, many scientists argued the preparation strategies as well as applications of a
detection system whose working is associated with Pt nanoparticles type materials bonded
with UiO66-NH, as facilitator to develop acetylcholinesterase detection system for
insecticides of organophosphorus class, detection in food products containing apple as well
as cabbage. Their observations revealed that our established detector possess highly
amplified signal for identification, ranging from 1071* M to 10 M, having an identification
range of 5 x 10" M. Applying this recommended detection system, malathion insecticide
limit of identification was lying in the range between 93% to 98%. These values elaborate
that our detection system is a feasible choice for suspicious applications [58].

6.3  Design for detection of gram negative bacterium

In same field of studies, researchers utilized de-oxy ribozyme for the fabrication of a
detection system for determination of concentration of interested components whose
working was associated with a catalectic peptide and trivalent DNAzyme design for,
detection of gram negative bacterium Vibrio parahemolyticus, known as a foodstuff-
propagated mutagen which is mostly present in common food fishes. In the following
studies, peptide molecules associated with nanoparticles which possess magnetism ability
(MNPs) were utilized for carrying and facilitating purpose, and the G4 secondary structure
which possess stable DNA configuration was applied for amplifying signal of reactant. In
feasible circumstances, a reasonable linear signal range for identification was obtained
from 102 to 107 CFU/mL, also having a lesser identification limit of about 10 CFU/mL.
Consequently, our developed detection system possess better as well as amplified signal,
ensuring it a feasible choice for the assurance of foodstuff vitality instead of utilizing
complex procedures [58].

6.4 Detection of ethanol

Detection of ethanol is vital in clinical analysis and also in beverage production industries
to monitor the progress of fermentation processes. Many types of biosensors has been
developed by many architectures for related studies. The founder utilized nanoparticles of
octahedral isotope of carbon which was modified by chemical interaction with C12H9NS
which act as conveyer for dehydrogenase enzyme which promote the oxidation of ethanol.
The detection system developed show a certain catalytical activity in electrical system and
express oxidation activity of NADH, having better discrimination for ethyl alcohol, and
interpretation was enjoyable [59]. Consequently, many kinds of detection system whose
working is associated with nanostructured materials might be suggested for several
ambitions in field of food products, planning for better identification of insecticides as well
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as protozons or bacterium, as illustrated earlier. It is legible prospect of detection system
in the field of technologies which is developing day by day to guarantee best regulation,
screening, and vitality of foodstuff, by keeping in mind the facts in that area, which is
directly related with the betterment and dignity of diverse community or environment.
That’s why, there is much need about feasible, tenable regime as well as expedite for
degradation of challenges which influence on environment by facilitating recent
advancement, which determine the obsession as well as level of pathogenic, which could
deteriorate foodstuffs, sludge as well as plants has developed an area of interest and charm
in research which is planned for certifying the manufacturing as well as conservation of
intact and vital foodstuffs [60].

6.5 Mycotoxins

Mycotoxins are very noxious for living things and cause long-lasting protection peril
towards the products of agri-food, which is very poor as contrast to illicit additive. The
development of tactful and particular procedures are motivated by the powerful negative
results of mycotoxins. Huang with his colleagues [61] manufactured a nanozyme-
dependent colorimetrical aptasensor of MnCo204 for the detection of biomolecules, and
the OXD-viz property of MnCo204 nanomaterial are being controlled by aptamer
reversible loyalty on a nanosphere plane of MnCo204 umpired by target identification. It
is revealed that the ochratoxin is sensitively, and quickly identified in the sample of maize,
along with value of LOD (0.08 ng/mL). Mainly, the concurrent identification of many
selected elements is more desirable as compare to identification of the single element. [62]
described the micromotor-dependent ‘“on-the-fly” incandescent perspective by using
composite of catalase-viz, rGO-Pt nanoparticles, that provided fast and concurrent
identification FB1 (0.4 ng/mL) and OTA (7 ng/mL), corresponding greater perceptivity.
During the investigation of the specimens of wine and beer, an important quantitative
recuperations (97%) were acquired [21].

6.6 Other food contaminants detection

Additionally, many defilements of food are identified by nanomaterials-based enzymes,
like norovirus (NoV), lipopolysaccharide (LPS), hydroquinone (H2Q), and arsenic (III)
[54].

6.6.1 Lipopolysaccharide (LPS)

Shen with his colleagues [63] confirmed a nanomaterial of ratiometric having greater
perceptivity and validity to identify LPS with the help of nanocomposites of Cu-MOFs for
the exaggeration of signal.
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6.6.2 Hydroquinone (H2Q)

For the first time, the cerium vanadium oxide (CeVOs) was developed by using very easy
scheme, displaying both oxidoreductases along with peroxide reductase-copying property.
CeVOs can also be preferred for catalysing TMB oxidation to build a blue colour with the
presence or without the presence of hydrogen peroxide. H>Q can be lowered to give rise to
a disparity of visible colour while CeVO4 oxidizes TMB. But, the isomer of H2Q (CC and
RC) can’t. Correspondingly, a colorimetrical nanomaterial was built for discrimination of
H>Q from RC along with CC, and H>Q can be identified in direct retaliation having range
of (0.05-8 uM) along with value of LOD (0.04 uM) [64].

6.6.3 Arsenic-I11

The formation of new hypersensitive scheme to identify the Arsenic (III) is very
advantageous and remarkable owing to low concentration and high toxicity of it in drinking
water. Lately, Li with colleagues [41] synthesized the tactful discerning interface to
identify As (IIT) with the help of the developed dullard-viz nanoparticles of Au-Fe;Oas.
According to the amalgamation of silver nanoparticles catalysts, the surface-active
conciliation of iron (II), FesOs nanoparticles adsorption, and the electrochemically
retaliation to identify As (IIT) was adequately magnified. The nanoparticles of Au- Fe3O4
can be altered to C electrode having screen-stamped for the production of discerning
interfaces.

6.6.4 Norovirus (NoV)

Owing to the demand of elimination to inhibitory elements and virus matrix particular
concentration, the norovirus (NoV) identification in the samples of food is highly exigent.
Lately, Weeranthunge with his colleagues [65] synthesized a new, hypersensitive, along
with extremely powerful colorimetrical nanomaterials to identify murine norovirus
(MNV). The nanoparticles of silver along with the peroxide reductase-viz property known
as nanostructured enzymes to catalyze the colorless substratum of TMB to give rise to the
product of a blue color. But, these norovirus-particular AG3 aptamer elements can hinder
the peroxide reductase-viz property of nanomaterials-based enzymes owing to their
absorption over the AuNPs surface. With the existence of MNV, the MNV-particular
aptamers of AG3 are eliminated from plane of the AuNPs in the presence of MNV because
of particular binding to MNV, appearing in the catalytical property recuperation of
nanoparticles of Au, once more giving rise to the product of blue color. The quantity of
MNYV in specimens is in proportion to the color strength change. While, these aptamers do
not have sympathy to other defilements, so the catalytical property of nanoparticles of Au
cannot be recuperated and no color alter with the presence of general target. With the
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amalgamation among the peroxide reductase-viz property of nanoparticles of Au. By the
developed colorimetrical nanoparticle, the MNV was identified to LOD for twenty viruses/
assessment near to two hundreds viruses/mL [66].

Conclusion

In this chapter novel advancements in, catalytical features, synthesis, as well as uses of
nanomaterials based enzymes has been elaborated. Many types of nanomaterial based
enzymes have been explained, also some innovative schemes which could enhance
catalytical property as well as discrimination have been mentioned. Nanomaterials
assumed enzyme are now being synthesized to use in many interesting areas. The
approaches in nanotechnology incorporation with the already existing nanomaterials which
possess enzyme like properties, has also been showing enhanced suitability of
nanomaterials. This could be observed that most of nanomaterials are among the most
impressive materials; that could increase the transducers signal as a result of
electrochemical changes, decrease retort time period, and are biocompatible as well as
strong to other analogous non-nanomaterials.

For the safety of food, most of the nanoparticles depend upon colorimetric assay. There are
many drawbacks of this assay. Therefore, the combinations of various assays are preferred
like approach of dual colorimetric-digital. This may help to future directions for the
development of nanostructured-based enzymes for food industry. We should not use
nanozymes only in the areas of food safety, nanozyme can be used for other resolution
areas, for instance, transcription of DNA, catalytical activity of enzymes, transmission of
nerve signal, and transduction of hormone signal. But, prior to attaining those objects in
the upcoming days, scientists should give heed to the nanomaterials-based enzymes itself
bioavailability as well as biosafety. In spite of, many accessible research on the properties
of nanomaterials-based enzymes as well as applications, contrasted to the conventional
enzymes, those works are yet rather restricted. So, large examinations in the upcoming
days should be performed to fix problems as well as investigate further utilization of these
enzymes.

Acknowledgment

The authors are thankful to Higher Education Commission (HEC), Islamabad, Pakistan and
Government College University Faisalabad for providing resources to complete this
project.

EBSCChost - printed on 2/14/2023 2:05 PMvia . Al use subject to https://ww.ebsco.coniterns-of-use



Nanomaterial-Supported Enzymes Materials Research Forum LLC

Materials Research Foundations 126 (2022) 89-116 https://doi.org/10.21741/9781644901977-3

References

[1] X. Wang, W. Guo, Y. Hu, J. Wu, H. Wei, Nanozymes: next wave of artificial
enzymes, Springer, 2016. https://doi.org/10.1007/978-3-662-53068-9

[2] W. Song, B. Zhao, C. Wang, Y. Ozaki, X. Lu, Functional nanomaterials with unique
enzyme-like characteristics for sensing applications, Journal of Materials Chemistry B.
7 (2019) 850-875. https://doi.org/10.1039/C8TB02878H

[3] F. Manea, F.B. Houillon, L. Pasquato, P. Scrimin, Nanozymes: Gold-nanoparticle-
based transphosphorylation catalysts, Angewandte Chemie. 116 (2004) 6291-6295.
https://doi.org/10.1002/ange.200460649

[4] V.A. Kumar, T. Uchida, T. Mizuki, Y. Nakajima, Y. Katsube, T. Hanajiri, T.
Maekawa, Synthesis of nanoparticles composed of silver and silver chloride for a
plasmonic photocatalyst using an extract from a weed Solidago altissima (goldenrod),
Advances in Natural Sciences: Nanoscience and Nanotechnology. 7 (2016) 015002.
https://doi.org/10.1088/2043-6262/7/1/015002

[5] S. Singh, Cerium oxide based nanozymes: Redox phenomenon at biointerfaces,
Biointerphases. 11 (2016) 04B202. https://doi.org/10.1116/1.4966535

[6] 1. Chekman, N. Horchakova, P. Simonov, Biologically active substances as
nanostructures: A biochemical aspect, Clinical pharmacy. 21 (2017) 15-22.
https://doi.org/10.24959/cphj.17.1422

[7]1S. Li, Z. Zhou, Z. Tie, B. Wang, M. Ye, L. Du, R. Cui, W. Liu, C. Wan, Q. Liu, Data-
informed discovery of hydrolytic nanozymes, bioRxiv. (2020).
https://doi.org/10.1101/2020.12.08.416305

[8] S. Ali, A. Hendriks, R. van Dalen, T. Bruyning, N. Meeuwenoord, H.S. Overkleeft,
D.V. Filippov, G.A. van der Marel, N.M. van Sorge, J.D. Codée, (Automated)
Synthesis of Well-defined Staphylococcus Aureus Wall Teichoic Acid Fragments,
Chemistry (Weinheim an der Bergstrasse, Germany). 27 (2021) 10461.
https://doi.org/10.1002/chem.202101242

[9] L. Pasquato, P. Pengo, P. Scrimin, Nanozymes: Functional nanoparticle-based
catalysts, Supramolecular Chemistry. 17 (2005) 163-171.
https://doi.org/10.1080/10610270412331328817

[10] A. Payal, S. Krishnamoorthy, A. Elumalai, J. Moses, C. Anandharamakrishnan, A
Review on Recent Developments and Applications of Nanozymes in Food Safety and
Quality Analysis, Food Analytical Methods. (2021) 1-22.
https://doi.org/10.1007/s12161-021-01983-9

EBSCChost - printed on 2/14/2023 2:05 PMvia . Al use subject to https://ww.ebsco.coniterns-of-use



Nanomaterial-Supported Enzymes Materials Research Forum LLC

Materials Research Foundations 126 (2022) 89-116 https://doi.org/10.21741/9781644901977-3

[11]J. Li, W. Liu, X. Wu, X. Gao, Mechanism of pH-switchable peroxidase and catalase-
like activities of gold, silver, platinum and palladium, Biomaterials. 48 (2015) 37-44.
https://doi.org/10.1016/j.biomaterials.2015.01.012

[12] I. Celardo, J.Z. Pedersen, E. Traversa, L. Ghibelli, Pharmacological potential of
cerium oxide nanoparticles, Nanoscale. 3 (2011) 1411-1420.
https://doi.org/10.1039/cOnr00875¢

[13] M. Shamsipur, A. Safavi, Z. Mohammadpour, Indirect colorimetric detection of
glutathione based on its radical restoration ability using carbon nanodots as
nanozymes, Sensors and Actuators B: Chemical. 199 (2014) 463-469.
https://doi.org/10.1016/j.snb.2014.04.006

[14] Z. Jin, N. Hildebrandt, Semiconductor quantum dots for in vitro diagnostics and
cellular imaging, Trends in biotechnology. 30 (2012) 394-403.
https://doi.org/10.1016/j.tibtech.2012.04.005

[15] F.P. Carvalho, Pesticides, environment, and food safety, Food and energy security. 6
(2017) 48-60. https://doi.org/10.1002/fes3.108

[16]J. Wei, L. Yang, M. Luo, Y. Wang, P. Li, Nanozyme-assisted technique for dual
mode detection of organophosphorus pesticide, Ecotoxicology and environmental
safety. 179 (2019) 17-23. https://doi.org/10.1016/j.ecoenv.2019.04.041

[17] H. Jia, D. Yang, X. Han, J. Cai, H. Liu, W. He, Peroxidase-like activity of the Co 3
O 4 nanoparticles used for biodetection and evaluation of antioxidant behavior,
Nanoscale. 8 (2016) 5938-5945. https://doi.org/10.1039/C6NR0O0860G

[18] H. Jin, C. Guo, X. Liu, J. Liu, A. Vasileff, Y. Jiao, Y. Zheng, S.-Z. Qiao, Emerging
two-dimensional nanomaterials for electrocatalysis, Chemical reviews. 118 (2018)
6337-6408. https://doi.org/10.1021/acs.chemrev.7b00689

[19] Y. He, W. Zhou, G. Qian, B. Chen, Methane storage in metal-organic frameworks,
Chemical Society Reviews. 43 (2014) 5657-5678.
https://doi.org/10.1039/C4CS00032C

[20] N.R. Nirala, R. Prakash, Quick colorimetric determination of choline in milk and
serum based on the use of MoS 2 nanosheets as a highly active enzyme mimetic,
Microchimica Acta. 185 (2018) 1-8. https://doi.org/10.1007/s00604-018-2753-2

[21] L. Huang, D.W. Sun, H. Pu, Q. Wei, Development of nanozymes for food quality
and safety detection: Principles and recent applications, Comprehensive reviews in
food science and food safety. 18 (2019) 1496-1513. https://doi.org/10.1111/1541-
4337.12485

EBSCChost - printed on 2/14/2023 2:05 PMvia . Al use subject to https://ww.ebsco.coniterns-of-use



Nanomaterial-Supported Enzymes Materials Research Forum LLC

Materials Research Foundations 126 (2022) 89-116 https://doi.org/10.21741/9781644901977-3

[22] G. Zhang, C. Zhu, Y. Huang, J. Yan, A. Chen, A lateral flow strip based aptasensor
for detection of ochratoxin A in corn samples, Molecules. 23 (2018) 291.
https://doi.org/10.3390/molecules23020291

[23] M. Hu, K. Korschelt, M. Viel, N. Wiesmann, M. Kappl, J.r. Brieger, K. Landfester,
H. Therien-Aubin, W. Tremel, Nanozymes in nanofibrous mats with haloperoxidase-
like activity to combat biofouling, ACS applied Materials & Interfaces. 10 (2018)
44722-44730. https://doi.org/10.1021/acsami.8b16307

[24] J. Huang, X.-L. Zhu, Y.-M. Wang, J.-H. Ge, J.-W. Liu, J.-H. Jiang, A multiplex
paper-based nanobiocatalytic system for simultaneous determination of glucose and
uric acid in whole blood, Analyst. 143 (2018) 4422-4428.
https://do1.org/10.1039/C8 AN00866C

[25] N. Stasyuk, G. Gayda, A. Zakalskiy, O. Zakalska, R. Serkiz, M. Gonchar,
Amperometric biosensors based on oxidases and PtRu nanoparticles as artificial
peroxidase, Food chemistry. 285 (2019) 213-220.
https://doi.org/10.1016/j.foodchem.2019.01.117

[26] S. Wang, W. Deng, L. Yang, Y. Tan, Q. Xie, S. Yao, Copper-based metal-organic
framework nanoparticles with peroxidase-like activity for sensitive colorimetric
detection of Staphylococcus aureus, ACS applied materials & interfaces. 9 (2017)
24440-24445. https://doi.org/10.1021/acsami.7b07307

[27] Y. Li, X. You, X. Shi, Enhanced chemiluminescence determination of hydrogen
peroxide in milk sample using metal-organic framework Fe-MIL-88NH 2 as
peroxidase mimetic, Food Analytical Methods. 10 (2017) 626-633.
https://doi.org/10.1007/s12161-016-0617-0

[28] A.H. Valekar, B.S. Batule, M.I. Kim, K.-H. Cho, D.-Y. Hong, U.-H. Lee, J.-S.
Chang, H.G. Park, Y.K. Hwang, Novel amine-functionalized iron trimesates with
enhanced peroxidase-like activity and their applications for the fluorescent assay of
choline and acetylcholine, Biosensors and Bioelectronics. 100 (2018) 161-168.
https://doi.org/10.1016/j.bios.2017.08.056

[29] T. Chen, X. Wu, J. Wang, G. Yang, WSe 2 few layers with enzyme mimic activity
for high-sensitive and high-selective visual detection of glucose, Nanoscale. 9 (2017)
11806-11813. https://doi.org/10.1039/C7NR03179C

[30] H. Liu, Y.-N. Ding, B. Yang, Z. Liu, X. Zhang, Q. Liu, Iron doped CuSn (OH) 6
microspheres as a peroxidase-mimicking artificial enzyme for H202 colorimetric
detection, ACS Sustainable Chemistry & Engineering. 6 (2018) 14383-14393.
https://doi.org/10.1021/acssuschemeng.8b03082

EBSCChost - printed on 2/14/2023 2:05 PMvia . Al use subject to https://ww.ebsco.coniterns-of-use



Nanomaterial-Supported Enzymes Materials Research Forum LLC

Materials Research Foundations 126 (2022) 89-116 https://doi.org/10.21741/9781644901977-3

[31]J. Rane, P. Adhikar, R. Bakal, Molecular imprinting: an emerging technology, Asian
J Pharm Technol Innov. 3 (2015) 75-91.

[32] Z. Zhang, X. Zhang, B. Liu, J. Liu, Molecular imprinting on inorganic nanozymes
for hundred-fold enzyme specificity, Journal of the American Chemical Society. 139
(2017) 5412-5419. https://doi.org/10.1021/jacs.7b00601

[33] F. Lin, T. Yushen, L. Doudou, W. Haoan, C. Yan, G. Ning, Z. Yu, Catalytic gold-
platinum alloy nanoparticles and a novel glucose oxidase mimic with enhanced

activity and selectivity constructed by molecular imprinting, Analytical Methods. 11
(2019) 4586-4592. https://doi.org/10.1039/C9AY01308C

[34] W. Guo, F. Pi, H. Zhang, J. Sun, Y. Zhang, X. Sun, A novel molecularly imprinted
electrochemical sensor modified with carbon dots, chitosan, gold nanoparticles for the
determination of patulin, Biosensors and Bioelectronics. 98 (2017) 299-304.
https://doi.org/10.1016/j.b10s.2017.06.036

[35] L. Qu, Y. Liu, J.-B. Baek, L. Dai, Nitrogen-doped graphene as efficient metal-free
electrocatalyst for oxygen reduction in fuel cells, ACS nano. 4 (2010) 1321-1326.
https://doi.org/10.1021/nn901850u

[36] R. Li, M. Zhen, M. Guan, D. Chen, G. Zhang, J. Ge, P. Gong, C. Wang, C. Shu, A
novel glucose colorimetric sensor based on intrinsic peroxidase-like activity of C60-

carboxyfullerenes, Biosensors and Bioelectronics. 47 (2013) 502-507.
https://doi.org/10.1016/j.bi0s.2013.03.057

[37] C. Xu, X. Sun, X. Zhang, L. Ke, S. Chua, Photoluminescent properties of copper-
doped zinc oxide nanowires, Nanotechnology. 15 (2004) 856.
https://doi.org/10.1088/0957-4484/15/7/026

[38] S. Yao, C. Zhao, Y. Liu, H. Nie, G. Xi, X. Cao, Z. Li, B. Pang, J. Li, J. Wang,
Colorimetric Immunoassay for the Detection of Staphylococcus aureus by Using
Magnetic Carbon Dots and Sliver Nanoclusters as o-Phenylenediamine-Oxidase
Mimetics, Food Analytical Methods. 13 (2020) 833-838.
https://doi.org/10.1007/s12161-019-01683-5

[39] N. Fakhri, F. Salehnia, S.M. Beigi, S. Aghabalazadeh, M. Hosseini, M.R. Ganjali,
Enhanced peroxidase-like activity of platinum nanoparticles decorated on nickel-and

nitrogen-doped graphene nanotubes: colorimetric detection of glucose, Microchimica
Acta. 186 (2019) 1-9. https://doi.org/10.1007/s00604-018-3127-5

EBSCChost - printed on 2/14/2023 2:05 PMvia . Al use subject to https://ww.ebsco.coniterns-of-use



Nanomaterial-Supported Enzymes Materials Research Forum LLC

Materials Research Foundations 126 (2022) 89-116 https://doi.org/10.21741/9781644901977-3

[40] M. Jaishankar, T. Tseten, N. Anbalagan, B.B. Mathew, K.N. Beeregowda, Toxicity,
mechanism and health effects of some heavy metals, Interdisciplinary toxicology. 7
(2014) 60. https://doi.org/10.2478/intox-2014-0009

[41]J. Li, Q. Cheng, H. Huang, M. Li, S. Yan, Y. Li, Z. Chang, Sensitive chemical
sensor array based on nanozymes for discrimination of metal ions and teas,
Luminescence. 35 (2020) 321-327. https://doi.org/10.1002/b10.3730

[42] Y. Zhou, B. Liu, R. Yang, J. Liu, Filling in the gaps between nanozymes and
enzymes: challenges and opportunities, Bioconjugate chemistry. 28 (2017) 2903-2909.
https://doi.org/10.1021/acs.bioconjchem.7b00673

[43] E. Golub, H.B. Albada, W.-C. Liao, Y. Biniuri, I. Willner, Nucleoapzymes:
hemin/G-quadruplex DNAzyme-aptamer binding site conjugates with superior
enzyme-like catalytic functions, Journal of the American Chemical Society. 138
(2016) 164-172. https://doi.org/10.1021/jacs.5b09457

[44] G.Y. Tonga, Y. Jeong, B. Duncan, T. Mizuhara, R. Mout, R. Das, S.T. Kim, Y.-C.
Yeh, B. Yan, S. Hou, Supramolecular regulation of bioorthogonal catalysis in cells

using nanoparticle-embedded transition metal catalysts, Nature chemistry. 7 (2015)
597-603. https://doi.org/10.1038/nchem.2284

[45] R. Antiochia, I. Lavagnini, F. Magno, Amperometric mediated carbon nanotube
paste biosensor for fructose determination, Analytical letters. 37 (2004) 1657-1669.
https://doi.org/10.1081/AL-120037594

[46] Z. Zhao, X. Chen, B. Tay, J. Chen, Z. Han, K.A. Khor, A novel amperometric
biosensor based on ZnO: Co nanoclusters for biosensing glucose, Biosensors and
Bioelectronics. 23 (2007) 135-139. https://doi.org/10.1016/j.b10s.2007.03.014

[47] Y. Cheng, Y. Liu, J. Huang, Y. Xian, W. Zhang, Z. Zhang, L. Jin, Rapid
amperometric detection of coliforms based on MWNTs/Nafion composite film
modified glass carbon electrode, Talanta. 75 (2008) 167-171.
https://doi.org/10.1016/j.talanta.2008.01.044

[48] C. Ozdemir, F. Yeni, D. Odaci, S. Timur, Electrochemical glucose biosensing by
pyranose oxidase immobilized in gold nanoparticle-polyaniline/AgCl/gelatin
nanocomposite matrix, Food Chemistry. 119 (2010) 380-385.
https://doi.org/10.1016/j.foodchem.2009.05.087

[49] S. chuan Li, J. hua Chen, H. Cao, D. sheng Yao, Amperometric biosensor for
aflatoxin B1 based on aflatoxin-oxidase immobilized on multiwalled carbon

EBSCChost - printed on 2/14/2023 2:05 PMvia . Al use subject to https://ww.ebsco.coniterns-of-use



Nanomaterial-Supported Enzymes Materials Research Forum LLC

Materials Research Foundations 126 (2022) 89-116 https://doi.org/10.21741/9781644901977-3

nanotubes, Food Control. 22 (2011) 43-49.
https://doi.org/10.1016/j.foodcont.2010.05.005

[50] O.R. Miranda, X. Li, L. Garcia-Gonzalez, Z.-J. Zhu, B. Yan, U.H. Bunz, V.M.
Rotello, Colorimetric bacteria sensing using a supramolecular enzyme-nanoparticle
biosensor, Journal of the American Chemical Society. 133 (2011) 9650-9653.
https://doi.org/10.1021/ja2021729

[S1]R. Devi, S. Yadav, C. Pundir, Amperometric determination of xanthine in fish meat
by zinc oxide nanoparticle/chitosan/multiwalled carbon nanotube/polyaniline
composite film bound xanthine oxidase, Analyst. 137 (2012) 754-759.
https://doi.org/10.1039/C1AN15838D

[52] S. Pal, M.K. Sharma, B. Danielsson, M. Willander, R. Chatterjee, S. Bhand, A
miniaturized nanobiosensor for choline analysis, Biosensors and Bioelectronics. 54
(2014) 558-564. https://doi.org/10.1016/j.bios.2013.11.057

[53] H. Mahmoudi-Moghaddam, S. Tajik, H. Beitollahi, Highly sensitive electrochemical
sensor based on La3-+-doped Co304 nanocubes for determination of sudan I content in
food samples, Food chemistry. 286 (2019) 191-196.
https://doi.org/10.1016/j.foodchem.2019.01.143

[54] W. Wang, S. Gunasekaran, Nanozymes-based biosensors for food quality and safety,
TrAC Trends in Analytical Chemistry. 126 (2020) 115841.
https://doi.org/10.1016/j.trac.2020.115841

[55] S. Palanisamy, T. Kokulnathan, S.-M. Chen, V. Velusamy, S.K. Ramaraj,
Voltammetric determination of Sudan I in food samples based on platinum
nanoparticles decorated on graphene-B-cyclodextrin modified electrode, Journal of
Electroanalytical Chemistry. 794 (2017) 64-70.
https://doi.org/10.1016/j.jelechem.2017.03.041

[56] M.S.-P. Lopez, E. Redondo-Goémez, B. Lopez-Ruiz, Electrochemical enzyme
biosensors based on calcium phosphate materials for tyramine detection in food
samples, Talanta. 175 (2017) 209-216. https://doi.org/10.1016/j.talanta.2017.07.033

[57]J. Wang, H. Wang, J. He, L. Li, M. Shen, X. Tan, H. Min, L. Zheng, Wireless sensor
network for real-time perishable food supply chain management, Computers and
Electronics in Agriculture. 110 (2015) 196-207.
https://doi.org/10.1016/j.compag.2014.11.009

[58] L. Ma, Y. He, Y. Wang, Y. Wang, R. Li, Z. Huang, Y. Jiang, J. Gao,
Nanocomposites of Pt nanoparticles anchored on UiO66-NH2 as carriers to construct

EBSCChost - printed on 2/14/2023 2:05 PMvia . Al use subject to https://ww.ebsco.coniterns-of-use



Nanomaterial-Supported Enzymes Materials Research Forum LLC

Materials Research Foundations 126 (2022) 89-116 https://doi.org/10.21741/9781644901977-3

acetylcholinesterase biosensors for organophosphorus pesticide detection,
Electrochimica Acta. 318 (2019) 525-533.
https://doi.org/10.1016/j.electacta.2019.06.110

[59] M. Revenga-Parra, A.M. Villa-Manso, M. Briones, E. Mateo-Marti, E. Martinez-
Perifian, E. Lorenzo, F. Pariente, Bioelectrocatalytic platforms based on chemically
modified nanodiamonds by diazonium salt chemistry, Electrochimica Acta. 357 (2020)
136876. https://doi.org/10.1016/j.electacta.2020.136876

[60] F.T. T Cavalcante, I. R de A Falcao, J.E. da S Souza, T. G Rocha, I. G de Sousa,
A.L. G Cavalcante, A.L. de Oliveira, M.C. M de Sousa, J. dos Santos, Designing of
nanomaterials-based enzymatic biosensors: Synthesis, properties, and applications,
Electrochem. 2 (2021) 149-184. https://doi.org/10.3390/electrochem2010012

[61] L. Huang, K. Chen, W. Zhang, W. Zhu, X. Liu, J. Wang, R. Wang, N. Hu, Y. Suo, J.
Wang, ssDNA-tailorable oxidase-mimicking activity of spinel MnC0204 for sensitive
biomolecular detection in food sample, Sensors and Actuators B: Chemical. 269
(2018) 79-87. https://doi.org/10.1016/j.snb.2018.04.150

[62] A.g. Molinero-Fernandez, M. Moreno-Guzman, M.A.n. Lépez, A. Escarpa,
Biosensing strategy for simultaneous and accurate quantitative analysis of mycotoxins
in food samples using unmodified graphene micromotors, Analytical chemistry. 89
(2017) 10850-10857. https://doi.org/10.1021/acs.analchem.7b02440

[63] W.-J. Shen, Y. Zhuo, Y.-Q. Chai, R. Yuan, Cu-based metal-organic frameworks as a
catalyst to construct a ratiometric electrochemical aptasensor for sensitive
lipopolysaccharide detection, Analytical chemistry. 87 (2015) 11345-11352.
https://doi.org/10.1021/acs.analchem.5b02694

[64] H. Yang, J. Zha, P. Zhang, Y. Qin, T. Chen, F. Ye, Fabrication of CeVO4 as
nanozyme for facile colorimetric discrimination of hydroquinone from resorcinol and
catechol, Sensors and Actuators B: Chemical. 247 (2017) 469-478.
https://doi.org/10.1016/j.snb.2017.03.042

[65] P. Weerathunge, R. Ramanathan, V.A. Torok, K. Hodgson, Y. Xu, R. Goodacre,
B.K. Behera, V. Bansal, Ultrasensitive colorimetric detection of murine norovirus

using NanoZyme aptasensor, Analytical chemistry. 91 (2019) 3270-3276.
https://doi.org/10.1021/acs.analchem.8b03300

[66] C. Han, Q. Li, H. Ji, W. Xing, L. Zhang, L. Zhang, Aptamers: The Powerful
Molecular Tools for Virus Detection, Chemistry-An Asian Journal. 16 (2021) 1298-
1306. https://doi.org/10.1002/asia.202100242

EBSCChost - printed on 2/14/2023 2:05 PMvia . Al use subject to https://ww.ebsco.coniterns-of-use



Nanomaterial-Supported Enzymes Materials Research Forum LLC

Materials Research Foundations 126 (2022) 117-141 https://doi.org/10.21741/9781644901977-4

Chapter 4

Nanomaterials Supported Enzymes: Environmental
Applications for Depollution of Aquatic Environments

Fareeha Magbool!, Saima Muzammil?>, Muhammad Waseem?, Tanvir Shahzad?, Sabir Hussain?,
Muhammad Imran*, Muhammad Afzal!, Muhammad Hussnain Siddique*!

'Department of Bioinformatics and Biotechnology, Government College University, Faisalabad,
Pakistan

2Department of Microbiology, Government College University, Faisalabad, Pakistan.

3Department of Environmental Sciences and Engineering, Government College University,
Faisalabad, Pakistan

“Department of Environmental Sciences, COMSATS Institute of Information Technology,
Vehari Campus, Pakistan

* mhs1049@gmail.com

Abstract

Increased pollution of worldwide water sources as well as difficulties in detecting and
treating a wide range of contaminants impose significant health risks. Enzymes with their
high activity and selectivity for chemical substrates are one of the promising options among
the several technologies for the purification and depollution of aquatic environment. The
operational performance of the enzymes is optimized through the immobilization process.
Because of the unique physio-chemical properties of nanoparticles, they have become
novel and attractive matrices for enzyme immobilization. Variety of composites consist of
nanomaterials and enzymes have been discovered in order to improve enzyme stability,
activity and functionality making nanosupported enzymes easier to use in depollution of
aquatic environment. This chapter reveal different immobilization methods, nanosupports
for immobilization and their uses in the depollution of aquatic environments.
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1. Introduction

The overall condition of the environment is intrinsically tied to the quality of life on the
planet. Unluckily, advances in sciences and technologies results in production of vast
amount of trash including from raw sewage to radioactive waste when released or thrown
into the natural environment pose a serious threat to mankind's survival on earth. Water as
anecessary component of life has influenced human history and culture. Abound 2.1 billion
population does not have safe and pure drinking water, despite the development of
advanced methods for the purification of water during the last few years and half of the
world's population will live in such areas where water is scare by 2025 [1]. Water treatment
technologies have the potential to supply purifying portable water to millions of rural
people in a continuous, feasible, cost-effective, and flexible manner that have low
environmental impact. Emerging pollutants (e.g., disruptors of endocrine, drugs used
against pests and medicines), heavy metals and viruses are posing new challenges to
present treatment technologies [2,3].

Enzymes are highly specific macromolecules that are used in various industries such as
from bio-sensing to pharmaceutical and agrochemical synthesis, from industrial catalysis
to biofuel and biofuel cell production and in the depollution and decontamination of aquatic
environment. Because of their great specificity and selectivity enzyme-based procedures
can produce higher yields and produce less hazardous byproducts than conventional
chemical methods. Furthermore, enzymes can work under harsh conditions of temperature,
pressure and pH as compared to traditional catalysts and resulting in significant energy and
manufacturing cost reductions. But a lot of problems are associated with the development
of enzyme-based technologies. One of the main problems is the cost of isolation and
purification of enzymes and majority of the isolated enzymes work best in water-based
conditions.

To address the constraints of enzyme-based applications and to assure high enzyme activity
retention and functional stability enzyme immobilization is used. The chemical and
physical properties of enzyme, as well as the support surfaces are used to determine which
immobilization strategy to use. Enzymes have been entrapped in polymer matrices to
achieve immobilization [4].

With the advancement of nanotechnology in recent years, numerous nanoparticles are
produced for use in a variety of fields. Nanoparticles have a significant specific surface
area but due to their small size they also have extraordinal optical, electrical, electronic,
thermal, chemical, and mechanical properties as well as catalytic (ability to aid electron
transfer) characteristics. When used for various chemical reactions, enzymes are
immobilized on the nanoparticles to form enzyme nanoparticles (EnNPs) composites
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which have the enhanced enzyme stability, advantages of increased loading capacity of
enzyme as well as the ease with which enzymes can be separated [5].

2. Enzymes

Enzymes are biomolecules that catalyze the particular chemical reactions. The specificity
of enzymes depends on the 3-D shape of the enzymes. Enzymes temporarily bond to the
substrate in a catalysis reaction and the enzyme—substrate complex is formed. Weak forces
like Hydrogen bonding, van der Waals forces and hydrophobic interactions are necessary
to form a combination of enzyme and substrate. The combination of enzyme and substrate
determines a substrate's ability to be converted into a product. Enzymes are larger than the
substrate. Enzymes have specific site where substrate can bind, and catalytic activity occur
known as the active site. The final product is removed from the active site of the enzyme
at the conclusion of the reaction, and the enzyme reverts to its original condition [6].

3.  Sources of enzymes and their applications

Animals, plants and microorganisms are the main sources of enzymes. Enzymes like
chymosin, pepsin, trypsin, etc. are obtained from animals, ficin, papain, bromelain, etc are
obtained from plants furthermore microorganisms also produce pectinase, protease,
cellulase, a-amylase or many other type of enzymes. Enzymes are also produced by
microorganisms on the land and in the sea. From the industrial or biotechnological point
of view, microbial enzymes are more preferable because these enzymes are obtained within
short period of time with high catalytic activity [7].

Microorganisms are considered as ideal sources of enzyme because of fast reproduction
rate, easy availability and range to produce many enzymes under desired conditions,
manipulation and culturing in large quantities, cheap nutrients source and short
fermentation times etc. [8—11]. The use of enzyme in different industries is increasing day
by day due to the cost effectiveness, eco-friendly nature, low energy demand, non-toxicity,
high catalytic activity, short processing time, high efficiency etc. [11-13].

The use of isolated enzymes in diverse field provided that enzymes are stabilized under
high salty conditions, acidic pH, extreme temperature, surfactants along with alkalis. The
majority of enzyme applications take place at high temperatures (For example,
gelatinization of starch occur at 100 degrees Celsius, washing at 60—70 degrees Celsius
and de-sizing of textiles at 80-90 degrees Celsius), under high quantity of salt, acidic
conditions and particularly when surfactants are present [14].

Enzymes have a wide range of uses in aquatic environment like degradation of nitriles
containing wastes, breaking of crude oil hydrocarbons as well as waste nitriles, water
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purification, disinfection of waste water and in the fields of industry like brewing, dairy,
feed processing and beer industry, animal feed, leather and textile industry, pharmaceutical,
paper and pulp industry. Drugs (41%) are the most common industries that use industrial
enzymes, followed by feed and food (17%), detergents (17%), paper and leather (17%),
and textiles (8 percent). Table 1 shows the global enzyme market's distribution across
various application sectors.

Table 1 Advantages of enzymes in various industrial sectors.

Application field(s) Enzymes Advantages References
Amylase Improvement in drainage
Pulp and paper Improved brightness
industry Laccase through bleaching [11,12]
3-xylanase Bleach boosting
Amidase Degradgtlpn of nitriles
containing wastes
. Breaking of crude oil
Waste management Lipase hydrocarbons [11]
Nitrile hydratase Dedragadat.mn of nitriles
containing wastes
Cellulase Cotton sof‘Fen}ng, denim
finishing [12.87]
- . Alkaline bio-scouring of ’
Textile industry Pectinase . .
cellulosic textiles
Dyeing of fabrics and
Laccase Chlorine-free bleaching [11,12]
used as degradable fiber in
Xylanase . -
viscous liquids
. Cause the breakdown of
Animal-feeds S .
industry Phytase phytic acid to obtain [12,87]
calcium, phosphorus and
Mg ions
a- amylase Hydrolyzes starch
Cellulase o .
Hemicellulase Fruit liquefaction
Food processing Hydrolyze the dextran(a
industry byproduct of sugar [12,87]
Dextranase production) increases the
flow's viscosity and lowers
industrial recovery
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4. Enzyme immobilization

Enzymes are the naturally occurring highly activated biomolecules that speed up the
chemical reactions. They have capacity for use in different fields due to many advantages
such as ability to catalyze a reaction at diverse temperature and pH, easy and fast
production rate, high efficiency, environmentally sustainable, non-toxicity,
biodegradability and biocompatibility [15—17]. All these characteristics make the enzymes
popular substitute to traditional chemical catalysts in the conditions that are reasonable and
eco-friendly [18,19].

In their native context enzymes bind to cell membranes and remain active and stable there.
Structure immobilization is comparable to enzyme immobilization. As a result, enzymes
attached to a solid surface are highly stable and resistant to environmental changes than the
free enzymes. More importantly, the immobilization of enzymes lead towards the
formation of heterogenous system that allows the reuse of enzymes, indefinitely production
rate, simple reaction termination, easy recovery of enzyme and various reactor designs.
Immobilization also prevents the products from blocking the enzyme, resulting in
improved functional characteristics [20].

Enzyme immobilization to a solid support not only make it considerably easier to extract
enzyme from the reaction media but also retain the enzyme activity. Once enzymes are
immobilized, the flexibility of their tertiary structure is locked by binding with a solid
support as a result their stability is enhanced. Immobilization process involves the
satisfaction of following circumstances: a) supported material used for enzyme
immobilization should be used again and again b) biocompatible ¢) have a large surface
area per unit volume [21] for a suitable enzyme loading. Stability and loading capacity are
the most important characteristics of an immobilized enzyme to be used in biotechnology
and industrial field [22]. Immobilized Enzymes can prevent the degradation, accumulation,
denaturation at different Heat and pH values. Moreover, biocompatibility of
immobilization method determine the biocatalytic activity of enzyme and allow the enzyme
to recognize substrates and cofactors present in the reaction [23].

From the last few years various enzyme immobilization methods have been developed that
are more efficient and can be used in a variety of industry such as in the food industry, drug
metabolism, biodiesel and bioethanol synthesis, biosensor production, antibiotic
production and bioremediation. Immobilized enzymes are widely used because they are
environmentally safe, cost-effective and considerably easier to utilize [24].
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5. Methods of Immobilization

In 1916, Nelson and Griffin reported first immobilized enzyme that was immobilized
through simple adsorption on an artificially synthesized aluminum hydroxide carrier
[25,26]. From 1960 enzyme immobilization on different carriers have been started through
covalent attachment and entrapment [25,27]. Then in the late 1960s the use of
polysaccharide beads having pores such as dextran, agarose or cellulose have been started
for enzyme immobilization to improve enzyme stability and quantity of enzyme loaded
onto a carrier [27]. Following methods are used for the immobilization of enzymes 1)
Adsorption 2) Entrapment 3) Covalent binding 4) Cross-linking.

5.1 Adsorption

This is simple and easy technique used for immobilization. Adsorption methods include
ion adsorption, physical adsorption and affinity adsorption. Physical adsorption depend
upon the hydrogen bonding, van der Waals forces, electrostatic or hydrophobic interactions
for the attachment of enzyme on insoluble solid support [28,29], or the immobilization of
enzyme in mesoporous materials' pores [30,31]. The main advantage of Physical
adsorption is to prevent the deactivation of enzymes usually induced by the chemical
modifications to the enzyme surfaces such as in the cross-linking and covalent linkage
approaches. The insoluble solid supports used for the enzyme immobilization include
ceramics, silica gel, anion exchange resins, alumina, cation exchange resins, controlled
pore glass. Physical adsorption of lipase enzyme on the Phenyl-Sepharose CL-4B and
Octyl-Sepharose CL-4B resins by hydrophobic adsorption was reported by Bastida and
colleagues in 1998. Another example of this technique is the adsorption of enzyme laccase
into the pores and the surfaces of micromesoporous Zr-metal organic frameworks (Zr-
MOFs) [30]. This method is cost effective thus no additional modifications and binding
chemicals are required. There are following disadvantages of adsorption method 1) low
stability of immobilized enzyme due to the weak and reversible attachment between the
enzyme and solid-support [24] 2) easily desoption as a result of fluctuation in temperature
and variations in the concentrations of ions and substrate [32].

5.2 Entrapment

Entrapment, is an encapsulation method in which enzymes are trapped inside inert and
porous material. In entrapment, movement of enzyme is restricted within a gel having pores
though maintaining the independence of molecules in the solution. Encapsulation in the
fibers and gels is an easy and suitable approach because it involve the low molecular weight
substrate and product [32]. In entrapment material used for the support of enzyme include
agar, calcium alginate, chitosan, polyvinyl alcohol, cellulose triacetate, polyacrylamide,
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collagen, gelatin, polyurethane and silicone rubber [24]. Synthetic polymers such as
polyvinyl alcohol hydrogel [33], polyacrylamide [34] have also been investigated.

5.3 Covalent binding

In this method, covalent bond is formed between the activated functional groups of
enzymes and support materials through chemical reaction. Covalent association between
enzymes and support matrix occurs through amino acids (Histidine, Aspartic acid and
Arginine) present on the side chain while different functional groups such as phenolic,
indolyl, imidazole, hydroxyl, and others influence the degree of reactivity [35]. Enzyme
infiltration from the support matrix can be prevented via covalent bond. So, enzymes
remain fixed [36]. Enzymes get more rigid structure through covalent attachment [37].

Durability of the enzyme depend on the excess number of bounds and the length of the
bound between the support surface and enzyme[24]. Sometimes the activity of the
functional groups on the support matrix need to be activated by using different chemicals
after which enzymes are able to couple with the support surfaces through covalent bonding.
Cyanogen bromide (CNBr)- agarose and CNBr-activated-Sepharose containing
carbohydrate moiety and glutaraldehyde as a spacer arm have imparted thermal stability to
covalently bound enzymes [38,39].

5.4  Cross-linking

Immobilization through cross-linked method was first reported by Richards and Quiocho
for cross-linking carboxypeptidase [40] and by Habeeb for cross-linking trypsin [41]. In
cross-linked method enzyme molecules are attached to each other through via cross-linking
reagent e.g., the most popular of which is glutaraldehyde. Often a small amount of an
inactive protein such as Bovine serum albumin also used as a cross-linking reagent in case
of susceptible enzymes [26,42]. In cross-linked method enzymes are not attached to solid
support, so they are usually firm. Since this method involves covalent kind of bound so
biocatalyst immobilized in this method usually go through conformational changes that
cause the loss of enzyme activity. The main disadvantages of this method are:

1) Undesirable loss of activity which is due to the involvement of catalytic groups in the
interaction is responsible for immobilization.

2) This technique is challenging to regulate, because bigger enzyme aggregates that shows
higher activity are laborious to gain.

3) The preparation of immobilized enzyme is not so easy because of the gelatinous nature
which make less use of the cross-linked method.
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4) The toxicity of the reagents used for cross-linking is a barrier to many enzymes using
this approach [32].

Enzyme nanoparticle composites have been created using this technology such as
horseradish peroxidase (HRP) [43], trypsin [44] , uricase [45], penicillin acylase [42,46],
cholesterol oxidase (ChOx) [47] and lipase [42,48] with the benefits of forming a stable
and re-usable biocatalyst at a lower production cost.
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Fig 1. Enzyme immobilization methods.

6. Nanosupports for enzyme immobilization

6.1 Silica nanosupports

The most widely abundant thermally and chemically inert solid support used for enzyme
immobilization is Silica. Surfactant-template polymerization processes convert the silicon
alkoxide into the mesoporous silica materials. This procedure is carried out under severe
circumstances including organic solvents, high temperature, and extreme pH that cause the
loss of enzyme activity. These mesoporous silica particles gain a great importance because
these have enormous surface areas (300—1200 m2 /g) and holes (1.6 to 30 nm) to attach
size varying polypeptides [49-51]. Covalent bond binds the enzyme to the bare
mesoporous silica or chemically grafted with the functional groups like Thiol, Amines and
Silanols. Enzymes can also be captured by the silica particles when the silica is synthesized
in the presence of enzymes. At neutral pH of water, enzymes can also be entrapped by the
silica particles via biosilicification (a process occur in the presence of biomolecules) [52].
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6.2  Carbon nanosupports

There are two types of carbon nanosupports carbon nanotubes (CNTs) and graphene.
Enzymes can bound to these supports through physical adsorption or by surface grafting
[53]. Polymerization and carbonization convert the carbon precursor molecules into
mesoporous carbon materials. In contrast with the silica nanosupports, carbon
nanosupports gain a great importance in the field of enzyme-based amperomatric sensors
because Carbon nanosupports are electrically conductive and can facilitate electron transfer
processes on electrodes. [51,53]. Carbon nanosupports can be made through a method
known as nanogel approach. In this method a permeable and thin polymer layer is produced
which surround the enzyme molecules depend on a two-step process. In the 1% step by
altering amine groups in amino acid residues, ethenyl groups are brought to the surface of
enzyme. After adding monomers, cross-linkers and initiators process of polymerization
occur at ethenyl groups that cause the trapping of single enzyme molecules in the polymer.
The activity of enzymes is only slightly affected by nanogel encapsulation yet their
resilience 1s maintained even under extreme conditions. As a result, it allows for further
enzymes modification such as immobilization under severe conditions that would kill the
enzymes present freely [54].

6.3 Metallic nanosupports

Metal-organic frameworks (MOFs) are permeable metal nanoparticles made through the
cross-linking of organic ligands and metal ions. Enzymes are immobilized on the MOFs
through covalent binding or by physical adsorption. Covalent bound is formed between the
molecules of enzymes and built-in functional groups of MOFs [55]. MOFs arrange
themselves around the molecules of enzyme in a one-pot manufacturing procedure [56].
Another type of metallic nanosupport is protein inorganic hybrid nanoflowers. The first
was made by coprecipitating copper salts and proteins [57] in a single process, and later it
was broaden to other metal ions such as iron [58].

The main advantage of hybrid nanoflowers and MOFs is that they can produce a
microenvironment associated with high concentration of metal ion, that could interact
collectively with the enzymes that are immobilized and increase the activity of enzymes,
especially for enzymes containing metals [56—58]. Enzymes have been immobilized using
magnetic nanoparticles enabling easy recovery and separation from the reaction media
[53].

Enzymes have also been attempted to be immobilized on native metal nanoparticles.
Biological synthesis, dendrimer-assisted synthesis and a variety of other techniques have
been discovered to regulate capacity and shape of native-metal nanomaterials [59]. Native-
metals are often minor employed in water treatment because to their extreme prices, but
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optical characteristics depend on the state of aggregation in combination with enzyme
activity can be exploited to develop sensors for the pollutant detection [60]. As summarized
in table 2 unique benefits of nanomaterials when used as an immobilization support.

Table 2 Nanomaterials and their benefits as an immobilized support.

Nanomaterials Benefits Applications References
e . Removal of
Silica synthesis using . .
. Easily synthesis pollutants,
chemicals .. .
disinfection
Conditions f(?r synthesis are Disinfection, [52,65,73]
- . milder
Silica synthesis using Mini 1 ¢ removal of
biological system inimum foss of enzyme pollutants
activity
Grapheme, Unique electrical Amperometric
mesoporous carbon 9 L. sensors based on [74,77,81,88]
conductivity
and CNTs enzymes
Nanogels Minimal enzyme activity Contaminant [54]
loss removal
Magnetic . Deportation of
nanoparticles Easy and simple recovery pollutants [53]
Extraordinary optical feature Colorimetric
Noble me tal that is depending on the sensors based on [60,86,89]
Nanoparticles .
aggregation state enzymes

7. Applications of nanosupported enzymes in the depollution of aquatic
environment

7.1 Water treatment applications

7.1.1 Eradication of emerging pollutants

Newly emerging pollutants are present everywhere in the aquatic environment but
sometimes these are not removed via the traditional methods of water treatment like
filtration, sedimentation and coagulation. Many modern approaches including as
photocatalysis and electrochemistry have been developed and employed to improve the
effectiveness of these compounds' removal. The enzymatic approach for example has a
comparatively high effectiveness, polyvalence and consume minimal chemical or energy
[61-63].

So far several enzymes including peroxidases, laccase and organophosphates hydrolase a
nd atrazine chlorohydrolase were discovered and developed to remove a number of
pollutants such as: disruptors of endocrine, pesticides, drugs and cosmetics [64,65].
The main  problem of enzyme assisted methods isthat mobilized enzymes
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might rapidly deactivated due to the sensitivity of metal ions and ligands into the water as
well as the outcomes of their own operations. But the problem could be
solved through the immobilization of enzymes on nanocarriers that usually enhance the
activity and functionality of enzymes with a minimum activity loss [66]. During a project,
a membrane reactor with the laccase enzyme that is immobilized on silica nanoparticles
withdrawn about 66 percent of power supply bisphenols A [65].

Metal nanocarriers have shown that they improve the activity of immobilized enzymes
[57,58,67]. For example, 2,4-dichlorophenol hydroxylase immobilization in copper
nanoflowers resulted in a 160 percent increase in 2,4- dichlorophenol degradation [67]. For
enzymes with metal ion-containing cofactors, the improvement impact is more significant.
Immobilized HRP with iron nanoflowers and copper nanoflowers were found to be about
three-times more stable and active as compared to mobilized HRP in a study of the heme-
containing enzyme horseradish peroxidase (HRP) [58].

Pollutants can be adsorbed and concentrated near the enzymes surfaces and in the
microenvironment around them using nanosupports, improving apparent enzyme kinetics
and facilitating contaminant clearance. For example, a supernegatively charged inner
surface of a lumazine synthase protein cage was used to collect substrates containing +ive
charge over the substrates containing —ive and neutral charges, inverting substrate
selectivity of encased enzyme by 480 times [68]. Vault nanoparticles with lipophilic
properties were created by genetically modifying the N-terminus of main vault protein by
attaching an amphipathic peptide to that terminus [69].

The advantages of immobilizing enzymes on nanosupports also extend to the use of
enzyme couples. Certain pollutants (such as C3HsCl3) need gradually conversion involving
numerous enzymes [70], whose effectiveness become limited by the diffusion of substrates
between the enzymes. Enzymes' collocation on nanosupports' tiny surfaces might decrease
the internal diffusion path, improving all over kinematics. Copper nanoflowers with
immobilized HRP and immobilized glucose oxidase had 5 times higher activity as
compared to mobilized enzymes and a 60% greater feedback compared to the combination
of copper nanoflowers with immobilized HRP and immobilized glucose oxidase [71].

7.1.2 Disinfection

Chlorination and Ozonation which are currently used to disinfect drinking water can yield
hazardous byproducts. Antimicrobial enzymes on the other hand attack microorganisms
and biofilms (produced by bacteria) through adhesion or by disrupting the components of
bacterial cells limiting the creation of any toxic byproducts[72]. Due to the cleavage of
crosslinking bonds present in peptidoglycans (a significant constituent of Gram +ve cell
walls) lysostaphin and lysozyme are effective against Gram +ve bacteria [73,74]. Another
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option is the use of such enzymes that produce oxidative stresses such as hydrogen
peroxide that inhibit the growth of bacteria [75]. Bacteria attach with one another and on
the other surfaces using the adhesion proteins Proteases and the hydrolysis of these proteins
reduces the microbial fouling [72]. Antimicrobial enzymes such as subtilisin,
bacteriophage lysine and lysosomal extract are also examples[72,76]. Antimicrobial
enzymes that have been immobilized improve their stability and prevent them from being
digested by bacteria, making them easier to utilize in reactors that may be utilized as
separate purification units and to control biofouling in various point-of-use (POU)
procedures [73].

Furthermore, conjugating antimicrobial enzymes to nanosupports protects the activity of
enzymes throughout subsequent processing thus expanding the range of applications for
antimicrobial enzyme nanomaterial composites. Protease immobilized with carbon
nanotubes, for example have been integrated into a matrix of polymer to inhibit microbial
fouling that might utilize in sense of coatings on the interior sides of tanks used for water
storage in order to enhance safety of water [77].

7.2  Water monitoring applications

7.2.1 Electro-enzymatic method

Biosensors constructed on the basis of electro-enzymatic approach are commonly used and
these sensors use the electrodes on which enzymes are coated to detect the pollutants.
Voltage is produced when potential is applied to the species made or consumed by
enzymatic activity and activity is determined by the pollutant concentration. But the loss
of enzyme stability and activity are two issues that could restrict the efficacy of this type
of sensor. A combination of enzymes and nanosupports having conductivity like metal
nanoparticles ( gold nanoparticles) furthermore carbon nanomaterials (e.g., CNTs,
graphene) improves the constancy and carrying capacity of enzymes while promoting e
transport on conductors resulting in susceptible and fast-responding detectors [78].

Two main detection methodologies have been established that depend on either
contaminants interact directly with the enzyme or have an indirect effect on enzyme
activity. For starters pollutants produced under the catalysis of enzymes are identified by
using amperometry. Paraoxon was identified at 0.15 pM using an electrode that is coated
with the carbon nanotubes conjugated or immobilized with the organophosphate hydrolase
enzyme greater than 10-times improvement than the electrode coated with the free-enzyme
[79]. With the suitable nanosupported enzymes other pollutants including phenol [80],
bisphenol A [81], and fenitrothion [82] have been identify. This method has a high
selectivity over interfering substances due to the high specificity of enzymes. As a result
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even in mixtures pollutants can be recognized at very low quantities. Second, the
nonenzyme-reactive contaminants' inhibitory effects on enzyme activity can be utilized to
identify the pollutants.

Many enzymes are inhibited by heavy metal ions due to the blockage of sulfhydryl groups
of enzymes causing mercaptides to develop [83]. A conductor coated with the free enzyme
is 2 time less sensitive to Hg2" than the conductor covered with immobilized urease
enzyme on gold nanoparticles, detecting Hg2" at minimum concentration such as 50 nM
[84]. The inhibitory technique considerably increases pollutant detection capacity however
it is not so much susceptible and selective to the complex components of natural water
samples.

7.2.2 Colorimetric method

This approach has been used to determine contamination levels quickly. They are less
sensitive than electro-enzymatic sensors but they are easier to use by the general
population. The production of colored compounds as a result of contaminant conversion
mediated by enzymes can be utilized to directly estimate concentrations. Immobilization
of enzymes with nanomaterials enhance enzymes activity and stability resulting in speedy
reactions and lower detection limit, as well as making it easier to transfer the methodology
from the lab to the field applications [59,90]. Noble metal nanoparticles' distinctive surface
and optical features are especially important in the development of colorimetric enzyme
sensors. Nanometals can increase the quantum efficiency of fluorophores that are bound to
the surface. A fluorophore (competitive enzyme inhibitor) could be attached to enzyme
that is immobilized furthermore persist on the nanometal particle's exterior part resulting
in increased radiance [71].

7.2.3 Bacterial monitoring

During the detection of bacteria when immobilized enzyme creates signal interactions of
nanosupported enzymes with cell surfaces occur. When S D-galactopyranoside
(chlorophenol red) undergo hydrolysis, this reaction is catalyzed by the f galactosidase that
cause the change in color and it is known as a chromogenic reaction. The anionic
galactosidase is adsorbed and inhibited by the modified gold nanoparticles with the ligands
that are cationic in nature. Immobilized galactosidase is shifted when anionic bacterium
surfaces bind to nanoparticles, restore its ability to catalyze the colorimetric reactions when
CPRG is present. A strip test is constructed depend upon the galactosidase enzyme that is
immobilized has been used to identify the bacteria at minimum concentrations such as 10*
bacteria/mL [86]. But due to the interactions with all anionic surfaces this approach is
unable to distinguish infections from nonpathogenic strains. The specificity should be
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improved by applying enzymes that attack specific extracellular chemicals or components
of the cell of harmful microbes [71].

Conclusion and Future Perspectives

Nanosupported enzymes are promising technologies used for the depollution of aquatic
environment. In both aqueous and non-aqueous conditions, the immobilization procedure
has been employed to improve enzyme activity and stability. In enzyme immobilization
the support matrix must be carefully chosen and designed. Because of their tiny size and
huge surface area nanoparticles have recently emerged as a useful technique for developing
effective supports for enzyme stabilization [32].

In addition to providing a flexible platform for tailoring enzymes and nanomaterials to provide
desirable water treatment biodegradable immobilized enzymes can provide productive, eco-
friendly and unpolluted methods for water purification. Enzymes used against for the microbes
assisted by nanoparticles are a safe disinfection alternative that can help to increase the
safety of water storage tank. High quality sensors constructed on the basis of
nanosupported enzymes allow for on-the-spot pollution detection.

However issues such as adaptability, potential health hazards, and expenses are impeding
the technology's transition from the lab to the field. However despite the promising results
numerous unforeseen disadvantages of enzyme onto nanoparticles (EnNPs) including as
aggregation, precipitation and bio-incompatibility remain a source of concern in terms of
health, environment and the economy [5]. It is necessary to investigate many additional
enzymes in order to broaden their use in pollutant removal.

The use of pure enzymes in immobilization on the other hand comes at a high cost. The
vault nanoparticles for example have been found to trap enzymes through particular
interactions. They can specifically capture certain enzymes removing the need for enzyme
purification. The nanosupported enzyme systems will profit economically from the
development of nanoparticles with multiple functions that cause the purification and
immobilization the enzymes at the same time [71].
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Abstract

In recent times, nanomaterials with semiconductor properties are introduced as a potential
transducer in biosensors, which can be credited to their intrinsic, elevated surface-to-
volume proportion, enhanced sensitivity, and improved surface properties. The surface
properties of nanomaterials have made them a significant transducer matrix towards the
immobilization of bioreceptors, which eventually enhances the identification threshold and
the biosensor sensing capability. Several nanomaterials, such as polymer, metal oxide,
metal and carbon-based, as well as nanocomposites, are used towards transducer
manufacturing, eventually being incorporated in the biosensors. The current chapter lays
an outline with respect to biosensors that are fabricated with nanomaterials as a transducer,
where enzymes acting as a bioreceptor, are immobilized on their surface. In addition, the
biosensing mechanisms of the enzyme immobilized nanomaterials, their efficiency,
detection limit, and sensitivity, are also discussed.
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1. Introduction

Sensors are electronic or electric devices, which are beneficial towards the detection or
monitoring of an analyte of interest [ 1]. The sensors, which utilize biomolecules as an agent
to detect biological compounds or biomarkers, are termed biosensors [2]. In general, a
biosensor will possess some basic parts, such as a bio-receptor, which could be an enzyme,
an antibody or a nucleic acid, semiconductor or nanomaterial as a transducer, and an
electronic system, such as a processor, a display, and a signal amplifier [3]. The biosensors
are widely classified into electrochemical [4], optical [5], electronic [6], piezoelectric [7],
gravimetric [8], pyroelectric [9], and magnetic biosensors [10], depending on the type of
bio-receptor used in the biosensing detection system. These biosensors possess several
advantages, such as high selectivity, sensitivity, as well as high-throughput process abilities
[11]. However, conventional semiconductor materials as a transducer possess limitations,
such as less sensitivity and the inability to detect multiple bio-compounds [12]. Thus, there
is a perpetual thrust towards the design and inception of a novel alternative material to be
used as a transducer in biosensors.

In recent times, nanomaterials with semiconductor properties are introduced as a potential
transducer in biosensors, which can be credited to their intrinsic, elevated surface-to-volume
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proportion, enhanced sensitivity, and improved surface properties [13-16]. The surface
properties of nanomaterials have made them a significant transducer matrix towards the
immobilization of bioreceptors, which eventually enhances the identification threshold and
the biosensor sensing capability [17]. Several nanomaterials, such as polymer, metal oxide,
metal and carbon-based, as well as nanocomposites, are utilized towards transducer
synthesis, eventually being assimilated in the biosensors [18]. The current chapter lays an
outline with respect to biosensors, which are manufactured with nanomaterials as a
transducer, where enzymes as bioreceptor are immobilized on their surface. In addition,
the biosensing mechanisms of the enzyme immobilized nanomaterials, their efficiency,
detection limit, and sensitivity, are also discussed.

2. Enzyme immobilized nanomaterials

Nanomaterials, which are made up of metal, metal oxide, polymer, carbon-based
nanoparticles, and nanocomposites, are widely used to immobilize enzymes to be utilized
as a transducer for the detection of biomolecules via bioreceptors [19]. This section
emphasizes various nanomaterial types as a matrix that is used to immobilize enzymes
towards biomedical applications.

2.1 Metal nanomaterials

Gold nanoparticles are widely used in biosensor applications, and their efficiency is
improved by enzyme immobilization, as shown in Figure 1. Recently, electrodes (gold
screen-printed) crusted with bi-layered hydroxides (made of aluminum and cobalt) were
utilized for the fabrication of biosensors by immobilizing tyrosinase on the surface of the
nanomaterial transducer matrix [20]. Likewise, Majouga et al. (2015) fabricated novel,
gold-coated magnetite-based core-shell nanoparticles that are functionalized with alpha-
chymotrypsin enzyme via immobilization. The study showed that the catalytic action of
the immobilized enzyme can be affected (decreased) by a low frequency alternating current
(AC) magnetic field, due to the magnetic properties of the nanomaterial [21]. Similarly, Lu
et al. (2007) fabricated novel gold nanowires via electrodeposition approach, using a
membrane of nanosized polycarbonate pore. Further, the glucose oxidase enzyme was
immobilized on the gold nanowire surfaces for the synthesis of the glucose biosensor [22].
Later, Du et al. (2011) fabricated gold nanorods as a nanosized carrier for the horseradish
peroxidase (HRP) enzyme via a multienzyme amplification approach. This enzyme
immobilized gold nanorods were identified to be beneficial for the detection of Ab2
antibodies via thionine (oxidized by peroxidase) reduction, with the presence of hydrogen
peroxide [23]. Moreover, silver nanoparticles were synthesized and were made to interact
with metalized nucleotides and adenosine triphosphate. These enzyme-responsive silver
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nanoparticles were demonstrated to possess an enhanced anticancer activity against the
human liver carcinoma cells, as well as countering actions against both gram-negative and
gram-positive bacilli [24]. Furthermore, platinum [25], copper [26], and other rare earth
metal nanoparticles [27] were used as a matrix for the enzymes to be immobilized on their
surfaces, towards the fabrication of an efficient biosensor.
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Figure 1. Gold nanoparticles functionalized with enzyme via immobilization. Reproduced
with permission from [28], © MDPI, 2011 [open access].

2.2  Metal oxide nanomaterials

Apart from metal nanoparticles, metal oxide nanoparticles were also exploited towards
biosensor fabrication or other applications, where the enzymes were used to functionalize
them on the surface via an immobilization process, as shown in Figure 2. Rani et al. (2017)
recently immobilized laccase enzyme on zinc oxide and manganese dioxide nanomaterial
(eco-synthesized) surfaces. The enzyme immobilized nanomaterial was used to advance
the enzyme catalyzing feature, aimed towards the degradation of a harmful dye (alizarin
red S) [29]. Further, Singh et al. (2014) prepared novel thulium oxide nanorod structures
via the hydrothermal approach, where cholesterol oxidase and esterase enzymes were
immobilized on their surfaces towards the fabrication of potential biosensors. The enzyme
immobilized metal oxide nanomaterial was accumulated (electrophoretically) on the
indium-tin-oxide glass substrate surface, towards the quantification of total cholesterol in
serum (human) specimens, with a response time of 40 s [30]. Furthermore, Kant and Gupta
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(2018) synthesized tantalum oxide nanoflakes with multilayers of the silver metal, which
were functionalized with the acetylcholinesterase enzyme via immobilization. The
fabricated enzyme immobilized rare earth metal oxide was used for the development of a
fiber optic surface plasmon resonance (SPR)-based acetylcholine biosensor [31].
Moreover, Verma et al. (2017) fabricated zinc oxide nanoparticles and immobilized
cysteine enzymes towards enhanced biosensor applications. The study showed that the zinc
oxide nanoparticles improve the enzyme loading by up to 62.9% with the enzyme-specific
activity of 72.45% [32].

ACTINATION

Figure 2. Metal oxide magnetic nanoparticles functionalized with enzyme via
immobilization towards therapeutic applications. Reproduced with permission from [33],
© MDPI, 2020 [open access].

2.3 Carbon-derived nanomaterials

Recently, carbon-based nanomaterials, for instance graphene (see Figure 3), fullerene,
carbon nanotubes (CNTs) and carbon dots, are also used as a matrix towards the
immobilization of enzymes, eventually targeting biosensor applications. Wang et al. (2017)
fabricated a multilayered gold nanoparticle-graphene-titanium dioxide nanocomposite, that
is functionalized with horseradish peroxidase enzyme. These novel enzyme immobilized
graphene-based biosensors were reported to be advantageous towards an enhanced
identification of thrombin in serum (human) specimens [34]. Likewise, Lai et al. (2016)
synthesized a graphene oxide (GO) nanoprobe that is functionalized with the HRP enzyme
via immobilization. The resultant nanomaterial was utilized as a biosensor carrying out an
ultrasensitive immunoassay towards enhanced ferrocene quantification [35]. Similarly,
Zhou et al. (2020) prepared novel C60 fullerene nanoparticles that are functionalized with
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a duplex-specific nuclease enzyme via the click-chemistry mediated enzyme-assisted
target recycling approach. The resultant nanomaterial was used towards the detection of
microRNA-141 via a dual-amplified strategy-based ultrasensitive electrochemical
biosensor [36]. Besides, Afreen et al. (2015) proposed that fullerenes functionalized with
enzymes, particularly myoglobin, urease and glucose oxidase, can be highly beneficial as
nanomediators, towards the manufacturing of delicate biosensors [37]. Further, Su et al.
(2018) immobilized HRP on the surface of carbon dots (amine-functionalized) through a
single-step hydrothermal methodology. The synthesized nanomaterial on the electrode
(glassy carbon) was used towards a sensitive hydrogen peroxide detection [38].
Furthermore, Goncalves et al. (2010) fabricated novel carbon dots via direct laser ablation,
which were functionalized with N-acetyl-L-cysteine and amine-polyethylene glycol. The
functionalized carbon dot could be utilized towards the detection and measurement of
mercury via the fluorescence property of the nanomaterial [39]. Meanwhile, NADH
oxidase was surface-immobilized on functionalized CNTs via a specific and reversible
immobilization process [40]. In addition, HRP was surface-immobilized on silica
nanoparticles, and were mixed with an aqueous ink prepared using single-walled CNTs.
The novel nanomaterial formulation was utilized towards the fabrication of fully inkjet-
printed biosensors, in order to detect hexacyanoferrate ions or hydroquinone [41].

2.4  Polymeric nanomaterials

In recent times, polymer-based nanomaterials are also gaining significance to immobilize
enzymes on their surface for biosensor applications. Yoon et al. (2008) demonstrated that
novel carboxylated polypyrrole nanotubes can be synthesized, where pyrrole-3-carboxylic
acid can be used to functionalize their surface to bind the glucose oxidase enzyme via
immobilization. The study showed that the nanomaterial can be utilized as a potential field-
effect-transistor sensor for monitoring glucose [43]. Further, Keller et al. (2017) showed
that the ‘core-shell’ (polymeric) nanoparticles, functionalized with nitrilotriacetic amine,
can be utilized to sustain enzyme immobilization. In this work, the nitroxide-mediated
polymerization of nitroxide SG1 was used to protect the amine moiety via a self-assembly
approach, induced by polymerization as immobilization support for polyhistidine-
functionalized HRP enzyme [44]. Recently, Bezerra et al. (2020) fabricated iron oxide
magnetic nanoparticles, which were activated with divinyl sulfone, and functionalized with
polyethylene amine. The resultant nanomaterial was identified to be beneficial towards the
immobilization of lipase, extracted from the Thermomyces lanuginosus bacteria [45].
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Figure 3. Graphene oxide nanoparticles functionalized with enzyme via immobilization
towards therapeutic applications. Reproduced with permission from [42], © MDPI, 2020
[open access].

2.5 Nanocomposites

It is noteworthy that in recent times nanocomposites are increasingly being utilized to
immobilize enzymes on their surface towards enhanced biosensor applications. Jun et al.
(2019) immobilized the Jicama peroxidase enzyme on the surface of a nanocomposite
membrane, which is made up of buckypaper, CNTs (multi-walled), and PVA (polyvinyl
alcohol). The study exhibited that the enzyme immobilized on the surface of
nanocomposite displayed a significant enhancement in their pH, storage, and thermal
stabilities, compared to the free enzyme [46]. Further, Asmat et al. (2017) fabricated a
nanocomposite with GO, which was functionalized with silver, and coated with
polyaniline, towards the immobilization of the lipase enzyme, extracted from the fungus
Aspergillus niger. The resultant enzyme immobilized nanocomposite was revealed to
possess around 94% of immobilization yield, and 88.5% of high enzymatic activity, along
with the enhanced structural rigidity of the enzyme [47]. Furthermore, Vineh et al. (2020)
recently showed that the nanocomposite, synthesized using reduced graphene oxide (rGO)-
silicon dioxide, possesses the ability to be functionalized by HRP via a covalent bond-
based immobilization process. The resultant nanocomposite was proposed to be beneficial
towards the biodegradation of phenols and a wide range of dyes, including methyl green,
phenol red, methyl red, methyl orange, reactive black 5, Coomassie brilliant blue,
bromocresol green, bromophenol blue, and bromothymol blue [48].
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3. Enzyme immobilized nanomaterial-based biosensors and their applications

The enzyme immobilized nanomaterials are widely exploited towards the manufacturing
of electrochemical, optical, piezoelectric, gravimetric and magnetic biosensors in recent
times as shown in Table 1.

Table 1. Applications of enzyme immobilized nanomaterial-based biosensors

Nanomaterial Immobilized Application Reference
enzyme
Multiwalled carbon nanotube | Bovine serum Detect phosphate in the [49]
albumin artificial saliva
Multiwalled carbon nanotube | Laccase Bisphenol A detection [50]
with zinc oxide nanoparticles
Graphene oxide nanoparticles | Glucose oxidase Glucose sensor [51]
Gold nanoparticle and Uricase enzyme Uric acid quantification | [53]
graphene oxide
Zeolitic imidazolate Urease Urea quantification [54]
framework
Tantalum oxide nanoflower Acetylcholinesterase | Acetylcholine Detection | [55]
Plathum and cadrmum Tyrosine methylester | Tyrosinase quantification | [57]
selenide nanoparticles
Iron ox1de-51hcon'd10x1de Glucose oxidase Glucose sensor [60]
core-shell magnetic
nanoparticles
Magnetlg ferr1.te Horseradish Cholesterol detection [61]
nanoparticles in carbon .
tub peroxidase and
fanotube cholesterol oxidase
Iron oxide nanoparticles Beta-glucosidase Identification of beta- [62]
glucosidase enzyme

3.1 Electrochemical biosensors

Figure 4 is the schematic representation of enzyme immobilized nanomaterials for
manufacturing nanosensors. Recently, Bai et al. (2021) employed CNTs (multi-walled) as
an enzyme carrier, where bovine serum albumin (BSA) and glutaraldehyde were
immobilized on their surface via a printing strategy (layer-by-layer) via the interconnection
of the ink constituents amongst the strata of printed constituents. In this study, the working
electrode was preloaded with the reagents for the catalytic enzyme reaction, which was
coupled with a smartphone (Android) application for real-time processing of the data. The
fabricated biosensor system showed a fast reaction time (< 10 seconds) for detecting

printed on 2/14/2023 2:05 PMvia . Al use subject to https://ww.ebsco.coniterns-of-use



Nanomaterial-Supported Enzymes Materials Research Forum LLC

Materials Research Foundations 126 (2022) 142-161 https://doi.org/10.21741/9781644901977-5

phosphate in the artificial saliva sample (30 pl), with a high stability and selectivity towards
efficient, point-of-care applications [49]. Similarly, Kunene et al. (2018) modified a printed
(carbon-screen) electrode with CNTs (multi-walled) functionalized with nanoparticles
(zinc oxide), which were doped with silver, where the laccase enzyme was bound on their
surface via immobilization. The resultant enzyme immobilized nanocomposite-based
biosensor showed an enhanced ability for quantifying Bisphenol A, inclduing a 0.5 — 2.99
uM linear range performance, a 6 nM detection limit, and a 0.86% high reproducible
response factor, in plastic bottle samples [50]. Likewise, Akhtar et al. (2019) manufactured
a GO on an interface (screen-printed, gold-sputtered) surface, where the glucose oxidase
immobilization was expedited by the 1-ethyl-3-(3-(dimethylamino)propyl) carbodiimide.
The resultant biosensor was identified to possess a larger sensing ability magnitude of
3.1732 pA mM! em towards glucose, including a 3-9 mM linear response range, and a
0.3194 mM detection limit [51].

3.2 Optical biosensors

Singh et al. (2019) fabricated a novel composite with gold nanoparticles and GO,
functionalized with pointed fiber, and uricase enzyme on their surface, via immobilization.
The resultant nanomaterial was identified to possess an enhanced, localized SPR property
for uric acid quantification. The study showed that the optical biosensor possesses the
ability to detect distinct uric acid proportions between 10-800 uM, where their selectivity
is improved via the immobilization of the uricase enzyme [53]. Besides, Zhu et al. (2019)
demonstrated the fabrication of a novel enzyme capsulation film towards optical biosensor
applications, with the zeolitic imidazolate framework (few nanometers in size) embedded
with the urease enzyme via in situ development procedure, on the fiber (devoid of core)
surface. The fabricated novel film exhibited an excellent linear relationship for quantifying
urea (1 to 10 mM range in concentration) in real samples, including a quantification
threshold of 0.1 mM within a scope of 1525-1590 nm of broadband light (0.8
mM/refractive index unit) [54]. Meanwhile, Kant and Gupta (2019) prepared an optical
biosensor founded on SPR aimed towards quantifying acetylcholine via its counterpart
enzyme, which is entrapped via immobilization on a tantalum oxide nanoflower assembly
that are encapsulated in the matrix of rGO and chitosan. The results showed that the optical

EBSCChost - printed on 2/14/2023 2:05 PMvia . Al use subject to https://ww.ebsco.coniterns-of-use



Nanomaterial-Supported Enzymes Materials Research Forum LLC

Materials Research Foundations 126 (2022) 142-161 https://doi.org/10.21741/9781644901977-5

biosensor detects acetylcholine within 0 — 8 uM of concentration range, with 73 nM of
qunatification threshold [55].
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Figure 4. Enzyme immobilized nanoparticles towards electrochemical nanosensor
applications. Reproduced with permission from [52], © MDPI, 2020 [open access].
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3.3 Piezoelectric and gravimetric biosensor

Piezoelectric and gravimetric biosensors embody the most infrequent biosensing devices,
which exploit enzyme immobilized nanomaterials, as the detection process may lead to
heat generation, which may disintegrate the enzymes. Yildiz et al. (2008) modified the
surface of platinum and cadmium selenide nanoparticles with tyrosine methyl ester for
quantifying tyrosinase, which represents a symptomatic indicator of cancerous cells in the
skin (melanoma). The study showed that the nanomaterial can be used as a potential
piezoelectric biosensor towards the detection of tyrosinase with 1 U and 0.1 U of detection
limits, via electrochemical and photoelectrochemical methods, respectively [57]. Further,
the gravimetric biosensor embodies a type of piezoelectric device, in which the
biomolecules can be detected, thereby provoking an alteration in the resonance frequency,
corresponding to the analyte mass [58]. Thus, Jia et al. (2021) integrated the reverberating
nano or micro sensors (gravimetric) towards the biochemical recognition of biomolecules
in liquid and air. The gravimetric sensor with immobilized enzymes was proposed to be
beneficial towards the detection of trace analytes in bacteria, biomarkers, DNA, volatile
organic compounds, chemical vapors, and pollutant gases, via distinct in-plane, torsional,
extensional, and flexural modes [59].

3.4 Magnetic biosensors

Qiu et al. (2007) demonstrated the fabrication of iron oxide-silicon dioxide core-shell
magnetic nanoparticles, which are modified with ferrocene, and can be used as building
blocks for the reagent-less enzyme-based biosensor construction. In this study, the
biosensor was fabricated via the entrapment of glucose oxidase in the composite of
chitosan, doped with core-shell nanoparticles, and modified with ferrocene
monocarboxylic acid. The resultant biosensor was identified to possess a linear glucose
detection range of 1.0 x 10 to 4.0 x 10°M, with a 3.2 uM of detection limit [60].
Likewise, Eguilaz et al. (2011) designed a magnetic high-performance bienzyme biosensor
with the help of magnetic nanoparticles, which are wrapped in the platform of CNTs. In
this study, nanoparticles (ferrite, magnetic) were subjected to functionalization via the
incorporation of poly (diallyl dimethylammonium chloride) and glutaraldehyde, which
were coated with CNTs (multi-walled). This novel platform was immobilized with HRP
and cholesterol oxidase enzymes on their surface, for fabricating bienzyme biosensors. The
resultant biosensor could identify cholesterol in the concentration range of 0.01 — 0.95 mM
at -0.05 V of applied potential, with 0.85 uM of detection limit and 1.57 mM of Michaelis-
Menten constant [61]. Recently, Zhang et al. (2017) functionalized iron oxide magnetic
nanoparticles with beta-glucosidase enzyme via immobilization, from the peel isolates of
Dioscorea opposita, towards the recognition of beta-glucosidase inhibitors. The study
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showed that the beta-glucosidase inhibitor present in the peel isolate was 2,4-dimethoxy-
6,7-dihydroxyphenanthrene and batatasin 1. The study showed that the enzyme-
immobilized magnetic nanoparticles can be combined with high-performance liquid
chromatography (HPLC)-mass spectroscopy (MS), towards a rapid identification of beta-
glucosidase inhibitors [62].

4. Future perspectives

As discussed in aforementioned sections, it is evident that several types of biosensors
utilize enzyme-immobilized nanomaterials, due to their inherent ability to advance their
sensitivity, selectivity, and detection limits [63, 64]. However, these nanomaterials, which
are immobilized with enzymes, also present certain limitations [65]. The fact that these
biosensors must detect the desired biomolecules for a long time, including a large amount
of sample in a relatively small duration, may lead to heat generation [66]. The generated
heat may affect the enzyme stability and integration, which in turn affect the proficiency
of the biosensors [67]. Accordingly, enzyme-devoid biosensors are gaining applicational
significance in recent times towards biomedical applications [68]. However, the efficiency
corresponding to such enzyme-devoid biosensors, is not on par with the enzyme-
immobilized, nanomaterial-based biosensors [69, 70]. Hence, heat-resistant nanomaterials,
as nanosized composites, are used recently for protecting the enzymes from the heat, as
well as to improve their biosensing efficiency [71]. In the future, the addition of
nanocomposites, and thermal resistive DNA nanomaterial combined with enzymes, can be
beneficial for improving the efficiency of biosensors [72]. In addition, these
nanocomposites will be used to immobilize distinct types of a diverse range of enzymes,
towards the detection of multiple biomolecules via biosensors, with a high sensitivity [73].

Conclusions

The current chapter lays an outline corresponding to biosensors that are fabricated with
nanomaterials as a transducer, where enzymes as bioreceptors are immobilized on their
surface. In addition, the biosensing mechanism of the enzyme immobilized nanomaterials,
their efficiency, detection limit, and sensitivity, were also discussed. Even though enzyme
immobilized nanomaterials are widely beneficial biosensor fabrication, limitations such as
excess heat release during detection may disintegrate the enzyme and affect the efficiency
of the biosensor in the long run. Thus, alternative methods, such as enzyme-free biosensors
are introduced to overcome those limitations. However, reduction of heat during the
process via additional components may improve the efficiency of enzyme-immobilized
nanomaterial-based biosensors, compared to enzyme-free nanomaterial-based biosensors
in the future.
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Abstract

Nanozymes (NSEs), which are efficient nanomaterials with enzyme-like appearances, have
proved themselves highly-stable compared to the natural enzymes. They are also organized
with the exclusive fundamental properties of nanomaterials such as luminescence and
magnetism. Thus, in the biomedical field, their expansions demonstrate that their catalytic
movements have opened up new applications as well as opportunities. Nanozymes are
excellent in the informal mass production as well as long term storage. They are also
helpful in the field of biomedical technology for the treatment of many diseases. They may
incorporate various therapeutically effects in the anti-inflammatory, cytoprotecting, brain
diseases and dental biofilms as well as in cardiovascular diseases. They have also
performed as impartial therapeutics with other therapeutic approaches to increase
antitumor effects. This chapter describes their fascinating applications in therapeutics the
associated mechanism.
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1.1 Nanomaterials

Materials or particles having the size of 1-100 nm are known as the nanomaterials as
defined by the European Commission. Their criteria for classification of nanomaterials also
include that size of half of the particles in a given sample should be less than 100 nm [1].
Nanomaterials or nanoparticles may be found in nature as small particle due to
environmental impacts. Moreover, they are artificially manufactured via combustion or
engineering, as chemical substances for the applications in various fields at very small
scale. They have similar characteristics as basic chemical substances from which they are
extracted. Their features including chemical conductivity, chemical sensitivity and
strength, are enhanced after processing into smaller particles. They may exhibit unique
physical and chemical properties as they are extracted from bulk into nano size particles
and applied for different outcomes. However, they occur in nature accidently as processed
due to volcanos, forest fires and heavy combustion processes as ash and its byproducts.
Other processes like engine oils and welding also releases the nanomaterials as by products
and due to their heterogeneous nature they are called as ultrafine particles [2]. In industries
these nanomaterials are manufactured due to their wide applications evident by their unique
physicochemical properties.

1.2  Enzymes

Enzymes are the biological catalysts, found in the living organisms to speed up the
metabolic reactions [3]. They control different physiological mechanisms in their body.
They speed up the pace of reactions, without being utilized into it, and do not alter their
structure in whole processes. Without enzymes, the metabolic reactions cannot be
progressed and they are vital to continue the life processes in living organisms. The
catalysis by enzymes is crucial to carryout chemical and biological reactions to control the
cell metabolism [4]. For examples some of those mechanisms are digestion, transformation
of food particles into energy gradients and building block formation for living body.

1.3  Nanomaterials supported enzymes (NSEs)

Due to the advancements of biotechnology, the nanomaterials are being integrated with
enzymes for enhancing its efficiency and immobilization, by 1916 [5]. The molecular
advancements and discovery of nanotechnology enabled the researcher to integrate
different enzymes with nanomaterial to improve their capabilities which are also known as
nano-biocatalysts. They have wide applications in various biological processes achieved
through high surface area for adsorption, encapsulations, and high relatability to form
covalent bonds [6] . That was done basically due to their unique physio chemical properties
e.g., specific geometric structures, reductions in mass limitations, easy transportations as
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well as large surface area for modified catalysis. Some other characteristics might be their
stable nanostructures, property of reusability and high reactiveness. Due to stable
nanostructures and highly improved performance, nanomaterials supported enzymes are
applied in the bio-catalysis, water treatment, bioremediations, bio-sensing and
immobilizations processes (Figure 1) [7]. The research is on the way to find further
applications in different areas to improve speed, quality and viability of process through
their unique properties.

Biocatalysts for biological process

a*

Biosensing : Nano Bio
detection

enzymes

Easy transfer in biological
bodies due to reduced size

Figure 1. Applications of nanomaterial supported enzymes (NSEs)

2. Applications of nanomaterial supported enzymes (NSEs)

2.1 Role of NSEs in disease diagnosis and therapeutics

As described earlier, nanostructures have been integrated with enzymes through
nanotechnology due to its large-scale applications in biomedical fields. Their unique
physical and chemical properties enabled their applications in biochemical processes due
to high-speed catalysis. Compared to size of nanomaterials, its structure possesses large
variety of functionalities. The biological cells and tissues integrate these structures to
penetrate into extracellular matrixes where that participate in different biochemical
reactions. The biomedical applications of nanostructures include biofilm resistance,
atherosclerotic plaques and treatment of tumors [8].
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2.2 Use of NSEs in therapeutic

Due to the requirement of high-speed catalytic biological processes in case of metabolic
disorders, nanostructures are applied because they have wider and unique properties. Major
examples of NSEs are cerium oxides due to their efficient catalytic activity as the
replacement of defected protein enzymes in patients. The anti-oxidation effects of NSEs
enhance their catalytic activity for the in vitro conditions [9]. That establishes exploitation
of the neurons and removes oxidative stress for the cardiac progenitor cells. To remove the
oxidative stress in retinal degenerations, reduced ischemic cells and stent coatings, the
NSEs of cerium oxide are used in their therapeutic treatments. That recently have been
integrated with the phospholipid-polyethylene glycol to enhance its applications in
treatment of stroke [10].

2.3  Applications of NSEs in biofilms and tumor prevention/disruption

The bacteria cells invade in the somatic tissues of living organisms with extracellular
matrix and adhere to it for further pathogenic mechanisms. Those bacterial colonies are
considered as biofilms that react with polymeric substances in tissue layers to cause
infection [11]. These biofilms producing bacterial species are responsible for causing a
wide variety of infectious diseases in humans. However, different investigations are done
to explore the properties of vanadium pentoxide nanowires for the antibacterial activities
and biofilm resistance. The catalytic activity and antibacterial functions induced by the
vanadium pentoxide nanowires are similar to the halo peroxidases. Which are applied for
catalysis of the hypobromous acid by forming the hydrogen peroxide and bromide ions
[12]. The biofilm of bacterial species is degraded by NSEs due to increased levels of
reactive molecules and breakdown of hydrogen peroxide. That biochemical or catalytic
activity causes large scale mortalities of invaded bacteria due to degradations of
polysaccharides [13].

The iron oxide, prior to biofilm resistance activities, are also applied for anti-tumor
treatments as nanostructures, tumor cells are treated by nanostructures by several means
(Figure 2). The synergistic effects of the iron oxide nanoparticles with the ferumoxytol are
studied. That caused apoptosis in the cancerous and macrophage cells, exhibiting anti-
tumor property. The macrophages cells proliferate rapidly in response to nanoparticles
which lower the attacks of cancerous cells. That phenomenon is controlled by the iron
oxide nanoparticles which fix the phenotype of defected genes [14].
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Figure 2. Illustrations of the target of tumor cells by nanostructures

2.4 The NSEs as enzymes inhibitors

Antibacterial invasion is among the main causes of death globally. The microorganisms
that are narcotic are evolved as a result of the widespread utilization and misapplication of
antibiotic medicines. The antibiotic resistant bacteria are providing a significant barrier to
effective prevention of bacterial illness. In fact, that difficulty prompted the development
of new approaches to bacterial illness management. Metallic nanoparticles (MNPs), have
recently been used as antimicrobial agents, offering the ability to combat bacterial
resistance to antibiotics.

2.5 Enzymatic Inhibition

The MNPs may be utilised to sense the diagnostic evaluations, regenerative medicines,
radiations and thermally blistering techniques [15]. By improving pharmacokinetics and
cellular uptake, the NSEs might reduce the harmful effects of antibiotics and improve their
recovery efficacy when used as drug conveyers [16]. The performance of metal nano-
architectures is also evaluated for antibacterial properties. That suggest they might be used
to treat the contagious illnesses. Unlike conventional organic antimicrobial drugs, the
MNPs have a higher carrier mobility proportion, which enhances production. That also
imparts chemical, motorized, analogue, mechanical, electro-optical, magnetic and
gravitational properties to the NPs that varies from own’s key results. The antibacterial
activity of MNPs is mostly dependent on amount, consistency and severity inside the
growing media [17]. While combating bacterial infections, NPs offer different advantages
compared to standard medications, including an increased accumulation of antibacterial
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tools within cells, avoidance of biofilm formation and fewer side effects. Antibiotic
treatments are inhibited when microorganisms neutralize them until they may come into
effect in the desired location. Microbes that acquired resistance to lactam antibiotics, such
as penicillin, have already been widely reported. The lactam antimicrobial attacks reverse
transcriptase enzymes. That enzyme is needed to for the cell wall production by
hydrolyzing the aldehyde group of the four-membered polypeptide chain. The lactams are
accessible in the cytoplasmic membrane of gram-negative bacteria, while -lactamase is
excreted in gram-positive bacteria. The lactamase genes are contained in envelopes or
transposable elements, resulting in a significant migration and transportation of specific
genes to alternate microbes. Further lactamase gene alterations in such moving components
might lead to multidrug  resistant systems containing autoimmune reactions,
sulphonamides, chloramphenicol and aminoglycosides [18].

2.6 Nanozymes for Inactivation/Inhibition of SARS-CoV-2

To battle the deadliest COVID-19 pandemic, the SARS-CoV-2 must be inactivated and
inhibited. Much about SARS-CoV-2 is still undiscovered Nanozyme-mediated treatment
medicines can prevent viral infections in a variety of ways, including inhibiting gene
transcription and cell entrance, reducing viral incremental backups as well as inactivating
the virus directly [19].

3. Rolein biology and medicine

The nanoparticle exhibits multiple magnified characteristics of chemical, optical and
physical in nature. They show high electrical conductivity, strong catalytic activity, heat
conductance, photoelectrical properties and high reactivity. Nanomaterials have the
physical electromagnetic properties to be integrated with biological processes which may
be applied to imaging and diagnostic strategies [20]. Some of prominent applications of
nanoparticles supported enzymes in medicine and biological mechanisms are given as
bellow.

Construction of biomarkers for diagnosis of diseases, creation of fluorescent biological
labels and molecules for detection of defected tissues.

e Gene therapy through nanostructures for induction in the recipient organism.

¢ Drug doping and delivery systems through nanostructure.

e Genetic engineering and tissues replacement.

¢ Diagnostic strategy for detection of disorders and metabolic diseases in organisms

e Protein and antibodies formations.
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e The tumor cells apoptosis with drugs and rays.
In medicine, the drug delivery system is supported with nanoparticles for magnifying the

catalytic activities. The benefits of nanostructure associated enzymes include:

¢ By using nanoparticles, the target drugs can be formulated.

e The nanoparticles are widely utilized by medical sciences for enhancing catalytic
activities during metabolic defection.

4. Nanozymes for sensing applications

For analytical and diagnostic processes, the nanostructures are utilized as metal oxide and
non-metals oxides nanozymes in context of physiology. The detections and diagnosis of
diseases are divided into two principal categories (Figure 3).

e The detection of diseases can be accompanied by integration of nanozymes and the
drug agent.

e The indication of tumor cells on targeted tissues can be done with nanozymes.

e The markers and biomolecules assist in the detection of the tumor tissues.

Applications of
Nanomaterials

Figure 3. Applications of the NSEs in different domains of medical fields

5. Cancer tumor and bacterial detection

Globally the statistics of cancer patients is increasing due to various environmental factors
and contaminations. That fatal disease may lead to deaths over the globe, but the diagnosis
and treatment of different types of cancers is now possible due to extensive nanotechnology
and synthesis of nano materials associated enzymes to compete with it. However, more

EBSCChost - printed on 2/14/2023 2:05 PMvia . Al use subject to https://ww.ebsco.coniterns-of-use



Nanomaterial-Supported Enzymes Materials Research Forum LLC

Materials Research Foundations 126 (2022) 162-191 https://doi.org/10.21741/9781644901977-6

advances are needed to enhance the capabilities of nanomaterials for treatment of different
metabolic disorders too. These strategies may assist in diagnosis of different types of
cancers at early stages for the treatment. For the detection/diagnosis of cancer cells,
nanozymes with ligands are applied which work as conjugation of aptamer. For example,
the electrochemical cytosensor used for detection of MCF-7 circulating tumor cells which
are caused by MUC-1 aptamer and MCF-7 cell membranes over expression. The copper
oxide as nanozymes is used as signal-amplifying nanoprobe in humans for diagnosis of
different types of cancers [21]. The tumor cells are detected through immunomagnetic
sensors which are designed for the electrochemical detection. Another nanostructure
discovered by various reports is folate-modified nanozymes for the detection of cancer cell.
The electrochemical cancer cell detections are done by applying CuO/WQO3 nanoparticles
conjugated with folic acid (FA). The bacterial infections are related to more incidental
deaths (25%) over the globe. That severity of infections is due to drug resistance and
causes proliferation in bacterial populations [22].

6. Imaging, diagnostics and biomarker monitoring

NSEs are applied as the analytical and detective tools for the biomonitoring of many
diseases. Ammonia levels in the human body are diagnosed by LaCoO3 (Nanostructure
perovskites such as LaMO3s where M= transition metal such as Mn, Co, Ni and Fe)
nanoparticles. The detection and oxidation of ammonia and NOx can be catalyzed by the
NSEs, which can be monitored through light emission of laminal reaction. The peroxidase
group of nanoparticles moved the hydroxyl radicals by conversion of hydrogen peroxide.
However, the detection through hydroxyl groups in nanoparticles are applied in different
diagnostic strategies and investigated through various reports. The nanomaterials of
hydroxyl groups are integrated with luminol or 3, 3,5,5-tetramethylbenzidine (TMB) to
magnify the catalysis and detection properties[23]. A variety of biological mechanisms are
detected and imaged to check its accuracy by using nanoparticles. For instance, the
glycolysis may be regulated using cofactors of nanoparticles. Moreover, the catalytic
activity of glucose oxidase may be enhanced that is involved in conversion of hydrogen
peroxide [24].

The imaging and diagnosis strategies are applied by using NSEs, known as enzyme-linked
immunosorbent assays (ELISAs). That is implanted in the body of a living organism by
conjugating it with anti-bodies. The iron oxide is investigated through nanotechnology as
a nanoparticle and applied for the detection of hepatitis B. That interpreted the reaction
between the hydrogen peroxide and TMB as ELISA assays. In that assay, the horseradish
peroxidase may be replaced by the iron oxide [25]. Another example of modification of the
ELISA nanozyme by integration of ferritin (M-HFn) is through encapsulation. That is used
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for the detection of transferrin. That is frequently used and detected at tumor tissues
through iron oxide nanoparticles. The transferrin receptors are associated with tumor cells
and contain ferritin-based coating [26].

Catalysts for reaction boasting for 3, 3’-diaminbenzidine (DAB) and hydrogen peroxide
which formulates the DAB-polymer are brown in color. The nanoparticles may be helpful
in detection of tumor cells of different cancers by brown staining. The diagnosis and
detection of tumor cells can be done by targeting tumor cells through nanoparticles of
fluorescent staining by using the ferritin (FITC-HFn). That technique is applied to
differentiate between the tumor and normal cells due to sensitive detection of nanomaterial-
based enzymes [27]. The Engineered nanoparticles (ENPs) have major applications in the
domain of biomedical sciences like cancer therapy, drug delivery gene delivery,
biomolecule detection, tissue engineering as well as diagnosis. By various purposes several
types of ENPs have been synthesized and categorized (Figure 4). By biological activity,
few inorganic ENPs (aluminum NPs (AINPs), carbon-based NPs, copper NPs (CuNPs))

are characterized [28].
Cancer
therapy

Against
Antimicrobial ¢
resistance

Applications of ENPs in

Biomolecule
medicine and Biology i
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g e O

g >
Tissue
Engineering

Figure 4. Applications of engineered nanoparticles (ENPs) in different fields of medicine
and biology
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7. Role in HIV reactivation

The natural enzymes in living organisms can be replaced with the nanozymes having
nanomaterials or particles in case of metabolic defects. The applications of NSEs for the
detection and treatment of defective genes and tissue parts due to the viral and bacterial
attack [29]. The laboratorial studies have revealed the applications of the nanozymes due
to their unique physical and chemical properties for the artificial insertion. For instance, a
nanozymes for neuroprotection and reduction of inflammation is used as ceria-based
nanoparticles. The peroxides and oxidation activity of nanozymes broaden their
applications as iron oxide carries the antibacterial activity to reduce biofilm production, in
case of bacterial infections [30].

The ferumoxytol, (FDA) is another NSE that is used for the detection of HIV virus and
inhibits tumor growth in the living organisms. The nano enzyme of vanadium pentoxide
(V205) has same catalytic activity as glutathione peroxidase (GPX). Both exhibit the
mimic behavior in biological processing [31].

The molecular technique of nanozymes of anti-oxidants in nature has applications for the
diagnosis and detection of acquired immunodeficiency syndrome (AIDS) caused by human
immunodeficiency virus (HIV-1). Its latency causes major issue in the diagnosis and
detection. The healthy cells on the induction of virus become replication-competent and
somehow, transcriptionally silent[32]. The HIV basically causes the oxidative stress by
using latency resources of NF-kB and proceeds transcriptional activation through long
terminal repeat (LTR). For HIV latency establishments and promotions of cellular
antioxidants, the iron oxide is applied clinically which may induce long term response. The
infections of HIV impose the oxidative stress as investigated through different studies and
elaborates the glutathione (GSH) levels in biological tissues. The reduction in
Measurement of Glutathione-redox potential (Egsn) levels cause the decline in viral latency
and increases in Egsu Levels reactivate the HIV-1 reactivation. In case of HIV, the
oxidative stresses are necessary to remove for decline in HIV viral latency and nanozymes
are best applied techniques for anti-oxidative activity to deactivate the virus [33].

8. Nanozymes for live cell and organelle imaging

Diagnosis of the clinical illness largely depends on cytological testing. Cerebrospinal fluid,
exfoliated cells from blood, mucous liquid and pleural fluid may offer a wealth of medical
data like cell proportion as well as cell types which can be utilized for screening cancer
patients. The cytological smear, flow cytometry and nucleic acid testing are the most
extensively utilized cytological detection procedures nowadays. Contrary to that the
traditional procedures have significant technological requirements. Moreover, they are also
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time consuming, and expensive. The utilization of nanozyme-driven color reactions for
qualitative and quantitative cytological analysis has expanded their use for circulating
tumor cells (CTCs) detection [34]. By accelerating the oxidation process of the substrate
TMB (Tetramethylbenzidine) into blue-colored products during colorimetric technique,
the magnetic extraction and imaging of CTCs can be achieved at the same time via targeted
Fe304 nanozymes conjugated with the specific antibody [35]. UV-vis (ultraviolet—visible)
measurements can also be used to quantify the CTCs that have been visualized.
The nanozymes successfully identify thirteen melanoma CTCs/mL blood in about fifty
minutes, and for the TMB colorimetric development around 0.2mg/ml Fe3O4 is used. Later,
an ultrasensitive electrochemical CTCs detection technique based on Fe3O4 NPs is devised
[36]. The proposed nanozymes cyto-sensor exhibited significant detection accuracy for the
measurement of MCF-7(Michigan Cancer Foundation-7) CTCs under optimal
experimental conditions [37]. In addition to identify CTCs, catalytic activity of nanozymes
is used to build the real-time detection probes in living cells for organelle imaging. For
instance, a heterogeneous palladium nanozyme is developed that may successfully
facilitate bio-orthogonal processes in situ using light. That may allow exact imaging of
mitochondria in living cells [38]. Moreover, heterogeneous palladium catalysts are used
for reversible light-controlled biorthogonal catalysis in living cells. In addition to CTCs
and organelle imaging recognition, there are various nanozyme-based colorimetric
approaches for a particular disease tomography, AIDS, diabetes, neurodegenerative
diseases, infectious diseases and jaundice [39]. In blood serum the process of identifying
free bilirubin is done by gold nanoclusters that are used as colorimetric probe. A nanozyme
based method, compared to established methods (for instance Polymerase Chain Reaction,
ELISA, and cell flow cytometry), offers a wider range of possibilities for organelle
imaging. In fact they are faster, cost-effective, and easier to use [40].

In addition to diagnosis of cancer, the nanozymes have been widely used for imaging many
other diseases including inflammation, infections and several neurological disorders (Table
1). That, my allow imaging exposure of biofilm-associated infections caused by diverse or
mixed bacteria species [41]. For multimodal imagination of DNA base-excision improve
in living cells, MnO> NSEs are created as intracellular catalytic DNA circuit producers.
The MnO> nano sheet is used as a cofactor source for DNA nanozymes[42].
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Table 1. Nanozymes for disease imaging

Physical Enzyme- | Bio- Disease
Nanomaterials characteristics | mimicking | markers
activity
Metal Fes;04 Magnetism POD CSPG Melanoma
Oxide CTCs
Fes04 MRI POD -—-- Tumor
theranostic
M-HFn Targeting POD T{R1 Tumor tissue,
high-risk plaque
tissues
M-HFn MRI POD -—-- Visualization of
breast cancer
cells
Fe;O4@Pt Magnetism POD HER2 Point-of-care
bioassay
Fe304 /rGO Magnetism POD Ach Neuropsychiatric
disorders
Co0304 — POD VEGFR Tumor tissue
Fe-PDAP NFs MRI CAT -—-- Multimodal
tumor
theragnostic
CePOq : Tb, Gd | MRI and | POD — Multimodal
nanospheres fluorescent imaging
imaging
MnO MRI SOD -—-- Tumor
theranostic
MnO; DNA zyme | ---- -—-- Living cell BER
cofactor pathway
supplier
MnO; nanosheet - CAT - UCL/PDT/RT
imaging
CuO CL POD CEA Tumor diagnosis
Gd (OH); and | MRI POD L-cysteine Cardiovascular
Gd»Os nanorods and neurotoxic
disease
Prussian blue MRI CAT H,0; Ultrasound
imaging
Noble Ag SERS POD CRP Inflammatory
metal Ag Dark-field POD HER2 Quantitative
imaging analysis of
cancerous tissue
Au Localized SPR | Gox ATP Real-time
imaging of
targets
Au Two-photon POD Integrin GPIIb/IIa | Quantification of
photo- membrane
luminescence proteins on
the cell surface
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PtCo Magnetism OXD - Cancer cell
imaging
Au nanoclusters Photo OXD Trypsin Pancreatitis
stimulated
enzyme
mimetics
Au/Ag -—-- POD Ach Parkinson’s and
Alzheimer’s
disease
Pt@mSiO, e POD BRCA1/2 Breast cancer
PtNPs -—-- CAT BNP, CEA .ct.al Point-of-care
diagnostics
Composite | Au-Fe3;O4 Fluorescence POD - Dual modal
Nano- and MRI imaging cancer
Materials cells
GO-Fe;04 Magnetism POD Glucose Diabetic
FA-PtNPs/GO -—-- POD FAR MCF-7 cancer
cell imaging
CoxFes«04 Magnetism POD DA Schizophrenia
Fe;04@MIL- Magnetism POD Cholesterol Coronary heart,
100(Fe) myocardial
infarction and
stroke
Ag@Au-Fe;04 Magnetism POD Human IgG Protein biomarker
Detection
ZnFe;O4@MWNTs | Magnetism POD CEA Tumor diagnosis
Prussian- MRI, PA | CAT Oxygen
blue/manganese imaging  and regulation of the
dioxide PT imaging xenografted
breast cancer
V,05-PDA-Au NPs | ---- POD, Gox | Glucose Diabetes
NaYF4: Yb, Er POD Uric acid Hyperuricemia,
renal impairment
and liver disease
Fe-Co — POD Glucose Diabetes

9. The role of nanozymes in cardiovascular diseases (CVDS)

Worldwide, the cardiovascular diseases (CVDs) account for the main cause of deaths.
According to the World Health Organization (WHO), the CVDs affected lives of 17.9
million individuals in 2016, accounting for 31% of all fatalities worldwide. That causes a
financial load on under-developed and developing nations because a great number of
people die when they are still young and active. The cardiac fibroblasts, cardiomyocytes,
neural cells and vascular cells are among the cells that make up the heart [43]. CVDs are
caused by any dysfunction or alteration in these endothelium, smooth, or connective cells.
Ischemic heart disease, cerebrovascular illnesses, Marfan syndrome, arrhythmia, heart
failure, stroke, thrombosis, vascular diseases, pericardial disease and cardiomyopathies are
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among the ailments covered under the term CVDs. Depending on the severity and risk of
CVDs, corresponding treatments vary. To minimize tissue damage and capillary rupture,
all treatment strategies for CVDs focus on improving blood flow or preventing pressure
from being placed on heart walls. The most popular approach for dissolving clots and
restoring endothelial membrane flexibility in blood arteries is statin medication [44]. X-
ray computed tomography (CT) and electrocardiography (ECG) are the most often utilized
CVD diagnostic tools [45]. Biomimetic materials based on nanotechnology have recently
attained a lot of attention for scaffold creation. These scaffolds are made up of
nanomaterials that help with tissue repair and regeneration by providing physical,
electromagnetic and mechanical support. They can help tissue function and repair by
seeding cells at injury site or tissue degradation. Nano-polymeric coated biodegradable
stents are now being investigated to address concerns with current stents. These new stents
have the potential to improve drug release patterns while also lowering platelet adhesion
rates. Anti-thrombogenic and blood compatible stents are made from nanocomposite
polymers such as poly (lactic-co-glycolic acid) (PLGA) and polycaprolactone (PCL). For
the medication of CVDs, nanomedicines with various properties and compositions are
being studied extensively [46]. The silica-based nanoconjugates, polymeric nanoparticles,
micelles, surface-modified nanostructures, niosomes, exosomes, nanofibers, nanotubes,
metallic NPs, dendrimers, liposomes, hybrid nano-systems, immune modified nano-shells,
and PEGylated nanospheres are its inadequate examples (Figure 5) [47].

Nano theranosties for Cardiac diseases
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Figure 5. Applications of nanotheranostics for cardiovascular diseases (CVDs)
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Table 2. Detection methods to detect nanostructures

Detection Methods Nanostructures Limit of References
Detection

Nano secondary ion Co304, AuNPs 7 (NanoSIMS | [67]

mass spectrometry 50L)

(SIMS)

Electrochemistry (EC) | Reduced graphene oxide | 0.97 pg/mL [68]

X-ray computed Ce02-NMs ~10 pm [69]
microtomography
Surface plasmon AuNPs, Fe304 NPs 3.75 ng/mL [70]

resonance (SPR)

Dynamic light Nano gold size ~0.Inm to ~ | [69]
scattering 10pum
(DLS)

10. Diagnosis of CVDs

If CVDs are detected early enough, then they can be treated. The diagnosis of CVDs has
also been made easier due to recent advances in nanotechnology (Figure 6) [48]. Nanoscale
contrast agents have evolved as multifunctional entities capable of diagnosing heart
problems early on (Table 2). In comparison to traditional diagnostic techniques, nano-
sensors have the advantage of being able to combine a variety of imaging agents while also
being able to load medications for active targeting [49]. Due of the larger surface areas,
they enable for the chelation of multivalent targeting moieties. Light scattering,
fluorescent, electron-dense, paramagnetic, multimodal, or radioactive particles, generally
known as nano-sensors, are used to enhance contrast in diagnostic and imaging
nanostructures.
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Figure 6. Diagnosis methods for the CVDs

11. Applications of Nanozymes in the treatment of CVDs

Nanozymes show a critical role while treating CVDs. The uses of Nanomaterials are
directly linked to medicinal research. They can be used to provide strong alternatives to
CVDs [50]. Many novel tactics may be able to improve the effectiveness of these
medicines. In the last few decades, advances have been achieved for the treatment of CVDs
using nanomaterials. NPs are thought to be safe and effective platforms for a variety of
medicines with limited therapeutic utility due to toxicity or undesirable pharmacokinetic
features (Table 3) [51].

12 The role of nanozymes in cyto-protecting

Platinum is employed as a catalyst in a wide variety of industrial processes. It is studied
that the Pt (Platinum) NPs act as both SOD (Superoxide dismutase) mimics and scavengers
of H2O2 CAT, and O> [52]. Additionally, conventional approaches utilized poly (acrylic
acid) (PAA) in the research procedure to increase the biocompatibility of the materials. To
fabricate Pt nanostructures in situ, the nano carrier apoferritin protein shell is utilized.
These ferritin-platinum nanoparticles are non-toxic, stable and exhibit remarkable catalase-
like activity. Previously it is suggested that Pt NPs are non-cytotoxic. Moreover, it is
demonstrated that 10-4-103 ng/cm? (7.8610-7 -7.86 mg/1) of Pt NPs with a diameter of 20-
100 nm has no effect on cellular metabolism or mortality [53]. Additionally, hybrid
nanomaterials have been extensively invented. Due to their strong conductivity, absorption
capabilities, vast surface area and exceptional biocompatibility, graphene oxide
nanoparticles are widely used in research [54]. However, the hybrid GO-Se (Graphene

EBSCChost - printed on 2/14/2023 2:05 PMvia . Al use subject to https://ww.ebsco.coniterns-of-use



Nanomaterial-Supported Enzymes Materials Research Forum LLC

Materials Research Foundations 126 (2022) 162-191 https://doi.org/10.21741/9781644901977-6

oxide-selenium) nanoparticles have antioxidant capabilities comparable to those of GPx
(glutathione peroxidase) for cyto-protecting. The GPx catalyzes the degradation of H>O»
to a non-hazardous substance in the existence of GSH (glutathione). These nanoparticles
stimulate the breakdown of H,O; into a less reactive compound. When Se (selenium) NPs
and GO-Se nanoparticles are compared, the former demonstrated more GPx mimic
catalytic efficacy. Additionally, GO-Se nanozymes are known for their great capacity for
scavenging reactive oxygen species [55]. An enzyme is created using the self-assembly of
polymers and protein, that nanocomposite is utilized to protect cells[56]. SP1 (Stale Protein
one) is a stress-responsive protein with no resemblance to other stress proteins in its
sequence. The electro-optic interaction between the polymer and protein can self-assemble
and form nanowires with properties like SOD and GPx (Figure 7). These nanocomposites
operate as a scavenging agent for excess reactive oxygen species and help to maintain
intracellular homeostasis [57].

Table 3. Characteristics of different Nanocarriers

Types of Nanocarriers | Drugs used in the | Biological Function | References
Treatment

Liposome

Doxorubicin Doxorubicin Improve the | [71]

encapsulated liposomes | (DOX) accumulation of
DOX in the tumor

Liposomal nanoparticles | Prednisolone Ideal for | [72]

coated with polyethylene | phosphate atherosclerotic

glycol disease

X-ray triggerable verteporfin Produce singlet | [73, 74]
oxygen

Polymer Nanoparticles

Dendrimer Sulfamethoxazole Strep throat and flu | [75]

Miceller porphyrin Diagnosis and | [76]
Bioimaging
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Figure 7. Self-assembly of the GPx and SOD to form a nanocomposite

13. Advances of nanozymes in the neural disorders

Throughout the world almost a billion people are affected by neurological diseases
irrespective of sex, age and income. Neurological disorders like stroke and Parkinson’s
disease (PD) have produced huge pressure on human health. Nowadays, nanomaterials are
examined to have a huge capability in the treatment of stroke because there are many deaths
occur around the world due to stroke [58].

The therapeutics effects are produced by specific anatomical location of brain as well as
by pathogenic mechanism because they are not understandable yet. The blood-brain barrier
(BBB) is apparently considered as the main barriers. Its role is to preventing the most drugs
from easy movement in the brain. Nanomaterials which are specially designed can recover
the thrombolytic process of ischemic stroke [59]. Many patients and their families are
damaged by inestimable due to the neurological diseases (Table 4) [60]. Through the
authority of nanotechnology in 1990s, the technical barriers are vanished [61]. With the
passage of time nanomaterials regularly involve in the field of visualization. Based on the
properties of nanomaterials the research path of nanomaterials for neurodegenerative
disorders is largely absorbed on drug delivery, early precise diagnosis and treatment of
diseases. For instance, polymeric as well as lipid-based nanomaterials displayed great
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biocompatibility. They have potential to enter in the blood-brain barrier (BBB), with
controlled release of drug. The inorganic nanomaterials are easily transformed and
recognizable via imaging as well as lab methods. It is stated in 2017 that the BBB
absorbency of gold nanoparticles is thoroughly associated to their size and shape. For
instance with 20 nm spherical particles, the toughest penetration can be achieved [62]. In
fact that make it possible to display dopamine levels in the brain as well as the gold
nanoparticles may be improved by dopamine [63].

Table 4. Applications of nanomaterials for the neurodegenerative diseases

Type Nanomaterial | Drugs Findings References
s Delivered
Lipid-based | Prp CsiRNA- | Prp Increase BBB passage rate | [77]
nanomaterial | RVG-9r- CsiRNA and Development of delivery
S liposomes RVG- efficiency.
9rPrp Cs
Fus- LIP- Enhance drug life, increase | [78]
liposomes- FGF20 BBB diffusion ability, high
rthFGF20 biocompatibility, high

encapsulation rate.

RVG29- N-3,4- Higher uptake efficiency in | [79]
liposomes Bis(pivalo | dopaminergic cells, drug
yloxy)- sustained release.
dopamine
PEG- GDNF+N | Ultrasound-guided  ability, | [78]
liposomes- urrl  and | and increase drug half-life.
MB neurturin

14. Future prospects of NSEs

Contrary to immobilization on bigger substances or immobilized enzymes, immobilizing
lipids onto a range of nanomaterials offer numerous advantages [64]. In a packed-bed
reactor size, use of the nanomaterials in enzyme immobilization leads to an increase
enzyme packing, numerous recycle and insulation from denatured proteins of enzymes.
Various nanomaterials connected amino acids might be employed in the production of
renewables. In addition, the use of carbon nanotube/nanosheets on immobilized
lipases/cellulases for feedstocks requires further investigation. The ability to co-
immobilize several enzymes on these nanomaterials might make it easier to use different
enzymes to hydrolyze complicated compounds. Further research is needed, though, to
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identify the technological constraints, such as intensive and costly methods for the
production of nano -materials, toxic effects and the creation of security assessment criteria.
The creation of efficient enzymatic solutions by the impalement of enzymes on
functionalized nanoparticles substrates seems feasible, given latest events in molecular
biotechnology and nanotechnology. Nanotechnology also has potential to have a huge
influence on biodiesel study, from the refining of nanomaterials to the programming of
enzymes for biofuels generation. In a filled to capacity reactor, only two investigations
using nanomaterial attached enzymes for transesterification are done. That indicates that
more research is needed in that field. Increased nanotech founder might be significant in
the future to assist the implementation of green and expensive ethanol synthesis. That may
fully use nanoparticles as new materials at the commercial scale. More research is needed
on project management and magnitude too.

Most nanozymes have lower catalytic performance than bioactive molecules and some
other biological catalysis. As a result, efforts must be made in the coming years to produce
high-performance nanozymes. In this regard some work has been done. A small number of
chemicals has been discovered that can effectively increase nanozyme catalytic properties.

Furthermore, nanozyme's peroxidase reaction kinetic characteristics are equivalent to those
of normal HRP enzyme. Combining the operational assembly of many distinct nanozymes
can open up new possibilities for the production of nanozymes with synergistically
catalysis behavior of various materials. Another one of these breakthroughs might pave the
way for singular sensing and theranostics that could be used in a variety of biosensors and
therapeutic purposes. The majority of nanozymes are known to have catalytic properties
due to redox activation of metal ions (Figure 8). Furthermore, by altering the center of the
nanozymes and loading with few-earth components, the catalytic activity may be enhanced
even more. More redox "hot-spots" for catalytic activity would be added as a result of such
techniques, boosting nanozyme performance [65].

Over all, nanomaterials' potential problems are presently attracting a great deal of attention
due to their potential implications on environmental pollution. Biocompatible materials
might be developed using a "safe-by-design" approach to nanostructured materials
production. Biocompatibility has also been demonstrated when biocompatible polymers
like dextran are coated on the top of nanoparticles. The US Food and Drug Administration
(USDA), has authorized dextran-coated iron oxide nanomaterials (Resovist) for the
therapeutic usage. As a result, additional nanozymes as biodegradable catalysts for
biological devices must be created [66].
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Figure 8. Applications of metal and non-metal oxide in different biological field

Conclusions

The biological properties of inorganic nanomaterials are revealed by the appearance of
nanozymes. Nanozymes are also used in the form of natural enzymes due to their ability to
report the restrictions of natural enzymes such as high cost and hard storage. During the
previous era the disease diagnosis from in vitro to in vivo occurred by broadly development
of nanozyme-based probes. Nanozymes have attained more attention after the detection of
Fe;O4 nanoparticles. NSEs have many advantages like easy to prepare, good strength and
easily purchasable. They are mainly useful in the cancer therapy as well as sensing etc. In
this chapter, we have tried to concise the activity regulation, catalytic mechanism and
present research improvement of nanozymes. Even though nanozymes also have many
disadvantages compared to the natural enzymes but several exciting challenges remain.
Enzymes are broadly used for different fields such as biotechnology, industry etc. Present
research on applications of NSEs is still limited than natural enzymes. That shows a
challenging but bright future for NSEs.
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Abstract

From the last two decades the world has progressed enormously to upgrade the wellbeing
of humans by revamping the disease diagnostic and treatment. To accomplish this task, the
nano-biotechnology has significantly aided in the complete transformation of disease
treatment. Nanomaterials have been of great interest for better drug delivery, due to their
significant catalytic activities, feasibility, and reduced production cost. Moreover, the
implementation of enzyme like properties, to increase better drug delivery has gained
enormous attention. Modification of the nano-scaled materials to nanozymes and enzyme-
responsive nanoparticles is considered as revolutionary concept in the field of theragnostic.
This chapter elaborates the diversified range of nano-material based enzymes, their
synthesis methods, modification strategies, and factors influencing the catalytic activity of
these enzymes. Therapeutic applications of nano-material based enzymes and their
limitations have also been discussed.
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1. Introduction to Nanozymes

Nanotechnology is generating enormous developments in the field of biomedicine. It
involves designing, synthesis and characterization of nanoscale materials which are used
to transport therapeutic agents and diagnostic tools to specific targeted sites in a precise
way [1]. In vivo solubility, stability, poor bioavailability, intestinal absorption, therapeutic
efficacy, side effects, plasma variation of drugs and steady delivery to the target site are
the difficulties in most of the drug delivery systems. To develop and fabricate
nanostructures at submicron and nanoscales that are mainly polymeric with multiple
advantages is a novel strategy to overcome these difficulties.

Nanomedicine is an emerging strategy for the applications of nanotechnological systems
in therapy and disease diagnosis. Currently, nanomedicines have been well appreciated
because of the reason that nanostructures could be efficiently used as drug delivery agents
by attaching therapeutic drugs or by encapsulating them and transport these drugs to target
sites in a controlled manner. The utilization of nanoscience techniques and knowledge in
medical biology and disease stoppage and remediation is an emerging field of
nanomedicine. It implicates the utilization of nanorobots, nanosensors for delivery,
diagnosis and sensory purposes, and actuates materials in living cells [4].

A nanoparticles-based method has been established combining both the imaging modalities
of diagnosis of cancer and treatment is a good example of it. The lipid systems such as
micelles and liposomes that are FDA-approved now, is the first generation of
nanoparticles-based therapy. These micelles and liposomes can carry inorganic
nanoparticles like magnetic or gold nanoparticles [5]. These attributes enhance the use of
inorganic nanoparticles in imaging, drug delivery and in therapeutics applications.
Additionally, nanostructures reportedly help in the transportation of poorly water-soluble
drugs towards their target site and prevent the drugs from being deteriorated in the
gastrointestinal tract. Nanodrugs exhibit good oral bioavailability since they show typical
uptake phenomenon of absorptive endocytosis [6].

Targeted drug delivery using nanomaterials especially nanozymes have tremendously
helped in the cure of several diseases, as the biocompatible, chemically inert nature of NPs
allow the delivery of drug at the target site. Several structural modifications are performed
which allow the release of drug at the site and increases the efficacy of drug with improved
absorption. The structural modification involves the attachment of different moieties,
including enzymes responsive crowns, MMP-2 cleavable peptides, PEGs as hydrophilic
crown, hydrophilic moieties which avoid leakage of drug and prevent from the recognition
by reticuloendothelial system (RES), and expedite cellular uptake as well enhanced drug
delivery.
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Nanozymes have enzyme like properties and have great potential to replace intrinsic
enzymes in many fields as disease treatment/diagnosis, chemical sensing, antibacterial
agents and environmental protection [8]. Nanozymes are capable to work in environments
nearer to physiological conditions and respond to a series of external stimuli. The main
characteristic of nanozyme is that they have size and composition dependent catalytic
activity. Tremendous progress has been observed in the establishment of these
nanomaterials based artificial enzymes as shown in Figure 1.

1972
1992

2007 -2008

:  1996-1997

1967-1968

i &

2009-2010

1971

Figure 1: An outline of sequence of events in the development of nanomaterials based
artificial enzymes.

Nanozymes can also overcome the limitations of natural enzymes and even the
conventional artificial enzymes like high cost, low stability and difficulty in storage. By
combining the controllable catalytic ability and physiochemical properties of
nanomaterials, nanozymes can be used for in vitro spotting and in vivo disease monitoring
and its treatment [9]. Nanozymes also provide larger surface area for bioconjugation and
modifications. They have exceptional catalytic activity, fast response, multienzyme
activity and self-assembly capability.

2.  Categorical distribution of nanozymes based on material type

Different types of nanomaterials are used to design nanozymes to mimic the natural
enzymes. There are numerous nanomaterials that can replicate the functions of two or more
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enzymes. In general, metal, metal oxides materials and also carbon-based materials are
used for the design of nanozymes and on the basis of which they can be arranged into three
different types.

2.1 Metal-based nanozymes

Metal and metal oxide based nanomaterials have unique features such as redox chemistry,
electrical and optical properties that can play an effective role in the replication of natural
enzymes. For example, manganese dioxide, cerium dioxide, cobalt tetraoxide and copper
oxide nanomaterials having peroxidase catalytic activity. These metal oxide nanozymes
also have high surface to volume ratio and surface energy. They also exhibit low biological
toxicity so that they can reside biological tissues for a long time. Metal oxide nanozymes
have significant potential to replicate the activity of antioxidant enzymes such as
superoxide dismutase, catalase and glutathione peroxidase. Cadmium sulfide and copper
sulfide nanoparticles also exhibit similar catalytic response. Different uses of metal and
metal oxides based nanoenzymes are illustrated in figure 2.

Metal and Metal based Nanozymes
Therapeutic

Antibacterial Cancer Therapy

v ’

Anti-Inflammation

Figure 2: Different functions of metal and metal based nanozymes

EBSCChost - printed on 2/14/2023 2:05 PMvia . Al use subject to https://ww.ebsco.coniterns-of-use



EBSCChost -

Nanomaterial-Supported Enzymes Materials Research Forum LLC

Materials Research Foundations 126 (2022) 192-214 https://doi.org/10.21741/9781644901977-7

Table 1. Some important characteristics of nanozymes and natural enzymes

Nanozymes Regulation Mechanisms References
Surface modification via (polyethylene glycol ,3-aminopropyltriethoxysilane,
Fes304 dextran, and SiO») [10]
Ag Activator mercury (IT) [36]
CeO, Inhibitor (phosphate) [37]
Pt Inhibitor mercury (II) [38]
VO, Morphology (nanorods, nanofibers and nanosheets) [35]
Prussian Blue pH [39]
Ti-doped CeO, Composition (doping) [40]
Graphene quantum  Surface modification (Benzoic Anhydride, phenyl hydrazine & 2-bromo-1-
dots phenylethyl ketone) [41]
Graphene oxide Temperature, pH [42]
Dextran-coated
nanoceria Size range of (5 nm, 12 nm, 14 nm, 100 nm) [43]
Mn3;0O4nanoflower = Morphology (polyhedron, nanoflowers, Cubes, flakes, hexagonal plates) [44]
Co0304 nanoplates Morphology (nanorods, nanoplates and nanotubes) [45]
ZrO, gel pH [46]
Au@Pt nanorods Inhibitor (Fe?*, Cu?*, and NaN3) [46]

2.2 Fe-based nanozymes

Ferromagnetic (Fe3O4) nanoparticles with enzyme like properties were first reported by
Gao et al. [10]. Nanozymes with Fe>Oz and Fe3Os4 nanomaterials also have peroxidase
catalytic activity. They used to mimic the natural peroxidases that are being utilized the
oxidation of organic substrates as wastewater treatment. The size, surface modification and
shape can enhance the catalytic potential of Fe-based nanozymes.

2.3 Carbon-based nanozymes

Carbon nanomaterials have well defined geometric and electronic structures that are
helpful in the design of carbon based nanozymes such as graphene, carbon dots, carbon
nano-spheres, graphene quantum dots, fullerenes and carbon nanotubes [11]. Carbon
nanozymes provides a multifunctional platform for biomedical applications.

3.  Major Classes of nano-enzyme based on mode of action

Nanozymes can also be classified based on their mode of action.

3.1 Antioxidant nanozymes

The incomplete removal of reactive oxygen species by the antioxidant defense system of
the body causes reactive oxygen stress that is the main reason of many diseases and
disorders including cancer, kidney disorders, neurodegenerative diseases, diabetes, arthritis
and aging. If reactive oxygen species (ROS) such as superoxide anion radicals (O--2),
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hydrogen peroxide (H.O.) and hydroxyl radicals ((OH) sustain for long time, they cause
oxidative damage to lipids, DNA and proteins. They are also responsible for the activation
of the apoptotic pathways in the body, which leads to severe damage. Some of the natural
enzyme antioxidants and non-enzyme antioxidants are readily inactivated under non—
physiological conditions and lacks the stability to fight with the reactive oxygen stress
related disorders [12]. Nanozymes with antioxidant enzymes like activity have a wide
range of applications in immunoassays, biosensing, therapeutics and diagnostics. Metal
oxide nanozymes such as Fe3O4 and cerium oxide (CeO»,) are more efficient in mimicking
the antioxidant enzymes of immune system like catalase, superoxide dismutase and
glutathione peroxidase [13].

Prussian blue nanoparticles (PPBs) are an example of antioxidant nanozymes, which can
effectively scavenge ROS with catalase activity, glutathione peroxidase activity and
superoxide dismutase activity. PPBs efficiently converts harmful hydrogen peroxide
(H20») into useful water (H>0) and oxygen (Oz) and therefore avoid the damage to DNA,
lipid peroxidation and protein oxidation [14]. The ultimate antioxidant nanozymes have
exceptional biocompatibility; have stable antioxidant activity against oxidative damage.
They can decompose reactive oxygen and nitrogen species (RONS) and avoid the
inflammation caused by RONS.

3.2  Superoxide dismutase (SOD) antioxidant nanozymes

Superoxide dismutase is the first line of defense against the ROS. They are a class of
metalloenzymes catalyzing the dismutation of superoxide radicals thus treating the diseases
caused by oxidative stress. Superoxide dismutase (SOD) such as CeO> nanomaterials can
decompose hydrogen peroxide (H20.) through catalase like activity [15]. Cerium vanadate
(CeVO4) nanozymes mimic the function of superoxide dismutase (SOD), which prevents
the mitochondrial damage by maintaining the superoxide level and repairing the
physiological levels of Bcl-2 family proteins (the anti-apoptotic).

3.3 Pro-oxidant nanozymzes

The nanozymes which induce the oxidative stress by free radicals generation or by
inhibiting the antioxidant system of the body are known as pro-oxidant nanozymes. Some
metals like iron and copper and some commonly used drugs like paracetamol and
anticancerous methotrexate produce excessive free radicals so regarded as pro-oxidant
nanozymes [16].

Natural peroxidase enzymes are used to detoxify the free radicals; they use hydrogen
peroxide (H20-) to oxidize the substrate and also fight against the invading pathogens [16]
Specific nanomaterials reveal catalytic activities such as peroxidase enzymes. The Fe3O4
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nanozymes have great importance because of their antibacterial nature and peroxidase
activity. Iron oxide nanoparticles have great ability to work like peroxidase enzymes. The
peroxidase activity of iron oxide nanozymes is higher with smaller sized nanoparticles.
Comparison studies on natural peroxidases and iron oxide nanozymes peroxidases showing
that both work in controlled reaction temperature and pH while nanozymes peroxidases are
more stable on higher range of temperature [16] .There are many other types of iron-based
nanoparticles which have peroxidase activity like Fe-S nanosheets and iron telluride (FeTe)
nanorods have greater peroxidase activity than spherical shaped nanoparticles because of
large surface area [17].

4. Nanoparticles with enzyme-responsive linker

Nanozymes are designed with the help of nanoparticles and cleavable linkers so that drugs
can be attached with them and reached their specific target. These linkers have hydrophobic
and hydrophilic ends through which they bind the drugs and the nanoparticles respectively.
These linkers are cleavable in nature so that can be rapidly separate at the site of target.
The linkers with dual characteristics are more desirable as having both binding and
enzymatic activity as linker peptides also have protease activity [18]. These enzyme
responsive nanoparticle linkers enhance the bioavailability of chemotherapeutic drugs at
specific target and reduce the side effects. They have great potential in diagnosis and for
the treatment of cancers by reducing the drawbacks of traditional chemotherapeutic drugs.

5. Nanozymes preparation

There are numerous methods used for the preparation of nanozymes. The most common
methods employed for the preparation of nanozymes are listed below.

5.1 Hydrothermal method

The hydrothermal method is applied for the synthesis of nanozymes having crystalline
phase with fluctuating melting points. This process involves an aqueous reaction requiring
elevated temperature and vapor pressure to re-crystallize the materials [19].0Oxide based
nanozymes are successfully synthesized using this method. Peroxidase-like activity
displaying nanozymes and hexagonal tungsten oxide nanoflowers are synthesized by using
hydrothermal method [20].

5.2 Solvothermal method

This method is one of the preliminary methods for constructing the nanomaterials. In this
method a solvent with elevated temperature range (100 to 1000 °C) along with the
increased pressures (from 1 to 10,000 atm) are used [21]. A wide range of nano-materials
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can be synthesized using this method including various semiconductors and metals, metal
oxides [22]. Fe3Os nanocrystals and Au/Cu (gold/copper) nanocomposites displaying
oxidase-like catalytic activities are also synthesized using this method [23].

5.3 Co-precipitation method

Co-precipitation method is preferably used methods for the production of nanoparticles
(NPs). This process offers the synthesis of pure and homogeneous NPs, as well as
nanozymes for more than one constituent [24]. Shi et al. [25] reported the method of
preparation of CoFe,O4 NPs that manifested peroxidase like activity by co-precipitation
method.

6. Development of endogenous enzyme-responsive nanomaterials

Modification of conventional NPs, as stimuli-responsive NPs (SRNPs) is regarded as
promising porter for the site directed drug delivery due their unique bio-responsive and
physicochemical properties. These “smart” SRNPs can respond in expected manner,
predominantly to external stimuli [26].

In the human body, metabolic activities direly depend on the enzymatic reactions. The idea
of enzyme responsive drug release via NPs was originated from the concept of naturally
enzyme catalyzed reactions. Due to their predicted and specified response to external
stimuli, smart enzyme-responsive nanoparticles are applied in diversified range of anti-
tumor drugs delivery [27]. Enzyme responsive NPs are considered as providential
alternatives for the controlled and time specific drug release in tumor’s microenvironment
[28].

6.1 Synthesis of nanomaterials with enzyme-responsive core

Synthesis of nanoparticles with the enzyme responsive core involves the installation of
functionally active drug entrapped in the core of NPs. The release of drug predominantly
depends upon the presence and action of enzyme. Release of drug that is entrapped in the
core of NPs involves confirmational changes in the structure, splintering of covalent
linkages, disintegration and charge switching etc. [29].

The synthesis of enzyme responsive core NPs, implies either proteinase sensitive peptides
(covalent-conjugation) to the diagnostic agent or self-assembly of peptides with natural
enzyme-cleavable stretch. Matrix metalloproteinases MMPs such as MMP-2 and MMP-9
belonging to calcium-dependent zinc-containing proteinases class, are of significant
importance as experimental studies have proven their metastasizing and cell invasion
activities.
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6.2 Nanoparticles construction with enzyme responsive crown

In order to escalate the uptake of NPs by cells, surface modifications are performed.
Usually surfaces of NPs are modified with hydrophilic constituents to avoid the
reorganization by reticuloendothelial system (RES), to avoid the interaction with cells, to
prevent the drug-leakage. Diversified range of materials with enhanced hydrophilic
properties have been considered as potent surface modifiers, including hyaluronic acid
(HA), peptides, synthetic polymers, proteins etc. For the efficient discharge of encapsulated
drugs, it was supposed that hydrophilic auxiliary of NPs would be slipped off as the NPs
reached the target site. Enzyme-cleavable peptides are of quite significance for
synthesizing NPs with enzyme responsive crown [30]. Rather than, constructing crown
entirely with peptides, nanozymes can be constructed with synthetic hydrophilic polymers
crosslinked with enzyme-cleavable peptides. This mechanism facilitates the triggered-drug
release, by partial degradation of the polymeric-crown [28]. Li et al. deciphered the method
of efficient drug release by the NPs containing synthetic polyethylene glycol (PEG) as
hydrophilic crown & further modified by the adding MMP-2 responsive peptides & tumor-
targeting-ligands [31]. This experiment also explained that modification of NPs with PEG
was performed to increase the circulation time of drug in blood.

6.3 Modification of nanomaterials with enzyme responsive linker

Generally, cleavable linkers are necessary constituent of nanoparticles. These are used in
diversified range of NPs modification such as establishing the link between the hydrophilic
crown and hydrophobic core. Also, they are used in the modification of hydrophilic
surfaces by ligands targeting. Ideally, cleavable linkers corroborates that the auxiliary of
nanoparticles must remain joined while the drug circulation, but surely get cleaved
immediately after the NPs reach the target site [ 18]. It is preferred in the NPs modification,
if the linkers are conferred with enzyme-responsive capability. In the fabrication of
enzyme-responsive linkers, peptide harboring proteases are the most commonly used. For
the anti-tumor drug delivery system, MMPs are the most studied proteases and even in
some cases MMPs degradable peptides have been reported as a linker. In a study, NPs with
hydrophilic PEG (as cationic charge shielding surfaces) were constructed [32, 28]. The
active drug loaded core was attached to PEG by MMP degradable peptide linker, as shown
in figure 3. It was observed that these long nanoparticles might be localized passively in
tumor-tissue. In the presence of MMP2/9 that are PLGLAG-sensitive, PEG-layer could fell
off and uptake of NPs by tumor cells when, exposed to positive charge.
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Figure 3: Diagrammatic representation of synthesis of siRNA and PPTN (paclitaxel
loaded micelle) and its activation in response to MMP-2/9.
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Figure 4: Active and passive targeting of NPs loaded with drugs for the treatment of TB

6.4 Nanoparticles and enzyme-responsive ligands

A cause of the elevated heterogeneity levels of tumor cells, precise target delivery of anti-
tumor drugs are necessary. Several strategies have been implemented to modify the
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targeting-ligands. The selection and structural configuration of the target ligands entirely
depend on the receptors over-expressed in the disease tissues. For the synthesis of target
ligands with enzyme responsive ability, HA and peptides play a vital role [33].

7.  Factors affecting nanozymes activity

The optimized functioning of nanozymes can be affected by size, shape, morphology,
temperature and pH. In the following section some of the factors affecting the optimized
catalytic functioning of the nanozymes will be discussed. Some of the regulation strategies
of nanozymes activities have been summarized in table 2.

Nanozymes Natural enzymes
Low cost Increased substrate specificity
Easy for mass production Enhanced selectivity
High catalytic efficiency High catalytic activity
Robustness to extreme environments Refined three-dimensional structures
Increased stability Broad range of catalytic reactions
Long-term storage Tunable catalytic activity

Tunable catalytic activity and types Enhanced biocompatibility

Size- (structure-, shape-, composition-) dependent Rational designs by computation and protein
characteristics engineering
Multifunctional

Recyclable utilization
Efficient response to external stimuli

Unique physiochemical properties

7.1  Morphology

Accurate surface-structures are necessary for the efficient working of nanozymes. It was
reported that enzymatic activities of LaNiOs, Fe304, CoFex04, Co304 get significantly
influenced by the morphological changes [34]. For example, increased peroxidase-like
activities were represented by vanadium oxide (VO2) nanofibers when compressed to nano
sheets or nanorods due to morphological changes [35].
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7.2  Size

In the modification of nanozymes, size of the NPs plays a vital role. Usually, smaller NPs
represent increased catalytic activity as they have specific-surface area [47]. Zhang et al.
[48] reported that by decreasing the size of FesOs NPs, their peroxidase-like activity was
significantly increased.

7.3  Surface modifications

Catalytic efficiency and performance of nanozymes are greatly affected by the surface
modifications. Numerous methods can be used for the modification of nanozymes such as
covalent immobilizations of functional groups and by electrostatic adsorption [10]. By
increasing the active sites, significant increase in the catalytic activities of nanozymes are
observed [49].

8. Therapeutic applications of nanozymes

Nanoparticles have many applications in the field of biology such as magnetic
nanoparticles are used in the waste water treatment, catalysis, biomedical separation and
magnetic target drug delivery [45]. The activity of enzymes has been combined with the
properties of nanoscaled materials to expand the applications of nanozymes. Many types
of the nanozymes have been reported and their applications in the environmental
remediation and biomedical technology in diagnosis, drug delivery and treatment of
diseases have been reported [31]. Some of the applications of nanozymes have been
mentioned below.

8.1 Cytoprotection

Nanozymes are involved in the cytoprotection as platinum (Pt) NPs serve the role of SOD
mimics to scavenge the H2O2, CAT and O2¢". Pt nanostructures were synthesized by using
apoferritin (protein shell) as nanocarriers. These NPs were stable, non-toxic, bioactive and
were having exceptional catalase like activity [28]. Similarly, graphene oxide
nanomaterials have been extensively used in the research because of their large surface
area, high conductivity, increased absorbing activities and good biocompatibility.

A nanocomposite having enzymatic activity was constructed by self-assembly of polymers
and proteins that can be used for the cytoprotection. Protein (SP1) is a stress responsive
protein, GPx, (Glutathione peroxidase) and SOD (Superoxide dismutase) catalytic center
were assembled into the protein SP1 and polymer nanoparticles (PDS5). These
nanocomposites maintained the intracellular balance by scavenges the reactive oxygen
species (ROS) [19].
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8.2 Nano carriers

Nanomaterials having the potential to wrap nano-sized materials, to transport, to protect
and to release at the site of action are known as nanocarriers, e.g., Liposomes and micelles
are used as drug delivery systems in treating many diseases. Nanocarriers are used in
therapeutics to treat different diseases such as cardiovascular diseases. Liposomes are
lipids in nature having similar structure as plasma membrane so they can easily pass
through the cell. These biocompatible vesicles size ranging from 80-300 nm are broadly
used in nanomedicine because of their low toxicity for in vivo experiments. They
incorporate the hydrophobic agents inward the lipid bilayer and hydrophilic therapeutic
agents inside the aqueous place to protect them from degradation. Liposomes have high
agent loading ability, controllable release and high stability in the biological environment.
They encapsulate the drug and deliver them inside the cell at the target side (Qamar et al.,
2019).

The micelles with size range of 10-100 nm have amphiphilic monolayer structure. They
incorporate hydrophobic agents and deliver them on their site of action. These are stimuli-
based nano-carriers for the controlled drug delivery [15].

8.3 Nanozymes as antibacterial, anti-inflammatory and antibiofilm agents

Microbial infections are becoming a major global issue, and the main response to overcome
this problem is the use of antibiotics. However, the extensive use and misuse of antibiotics
led to the development of multi drug resistance (MDR) bacteria, decreasing the therapeutic
efficiency of antibiotics and increasing the mortality rates [49]. Moreover, most of the
bacterial pathogens also have the potential to form biofilms enclosed by self-secreted
extracellular polymeric substance (EPS) mainly composed of polysaccharides, proteins,
lipids and extracellular DNA (eDNA). Due to the presence of EPS, biofilms forming
bacteria can exhibit more resistance to antibacterial agents and can also evade the host’s
immune system. This situation prompts the researchers to develop novel antibacterial and
antibiofilm materials effective against MDRs (Yang et al. 2015; Natsos et al., 2019). So,
for nanozymes having fundamental enzyme like activities regulating the reactive oxygen
species (ROS) by redox reactions have been developed. These nanozymes are more
biocompatible, stable and reusable than the natural enzymes. So, the growth of different
types of bacteria, gram negative, gram positive and biofilm forming, can be inhibited.

An antibacterial composite i.e., based on polyethylene glycol (PEG) functionalized
molybdenum disulphide nanoflowers (PEG-MoS2 NFs) was established by Yin et al.
(2016). This nano enzymes-based composite had peroxidase activity that could efficiently
decompose the H>O> to produce OH having accelerated anti-bacterial activity. Whereas,
the generation of OH radicals made the architecture of the resistant bacteria more fragile
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thus wound-healing process became easier. Molybdenum disulfide in this composite
material also had good photothermal activity thus providing an efficient strategy for in vitro
rapid killing of E. coli (i.e., ampicillin resistant) and Bacillus subtilis (endospore-forming).
Gold nanoparticles (AuNPs) were conjugated with graphite carbonitride (g-C3N4) to
prepare antibacterial and antibioflms system (Wang et al. 2016). This system could
effectively be used for the killing of bacteria, disinfection of wounds, and for the treatment
of lung infections at biologically applicable concentrations of H>O. The peroxidase
activity of nanomaterial was significantly enhanced by the synergistic effect of AuNPs and
g-C3Ny that could more efficiently decompose H>O» to generate OH. It was observed that
this nanomaterial-based enzyme system not only exhibited promising bactericidal activities
against MDR Gram-positive and Gram-negative bacteria but also effectively decomposed
pre-established multidrug resistant biofilms and prevented the formation of new ones. Oral
diseases associated with biofilm production by bacteria especially Streptococcus mutants
can be treated by nanozymes. Fe-based nanoparticles (FesOs) with CAT nanoparticles
having peroxidase like activity that is useful in preventing the biofilm formation by
bacteria. These CAT nanoparticles catalyze the OH formation in low pH environment that
will kill the biofilm forming bacteria and also mutilate the biofilms and protect the teeth.

DNase-mimetic artificial enzyme (DMAE) was developed by AuNPs adsorption
physically on the surface of colloidal, magnetic Fe304/S102 core/shell particles and then
assembled a single layer of Ce(IV) on the bare AuNP (Chen et al. 2016). This system had
efficient cleavage capacity for natural DNA and model substrates, having the potential to
inhibit the biofilms formation in 120 hours. By the DNase activity of nanomaterials,
integrity of EPS surrounding the biofilms was targeted thus increasing the bactericidal
efficiency of antibiotics against biofilms forming bacteria. Cerium oxide nanoceria plays
an important role in nano-therapeutics and decreases the chronic inflammation that is the
part of many diseases as diabetes, arthritis, Parkinson’s and heart diseases. Chronic
inflammation is due to the high level of nitric oxide in the body leading to the organ
damage. Nanoceria has the ability to scavenge the reactive oxygen species (ROS) and
inhibit the moderators of inflammation. Cerebral ischemia/stroke is the most common
cause of death in which the supply of oxygen and glucose is reduced to the brain leading
to stress, blood brain barrier and ultimately the cell death. Cerium oxide nanoparticles have
the ability to treat stroke. When cerium and oxygen combine in the formation of
nanoparticles, they become antioxidant in nature and have the ability to treat oxidative
stress [11].
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8.4 Nanomaterials based targeted drug delivery to overcome tuberculosis (TB)

Due to the expeditious spread of MDR and XDR (extensively drug resistant) strains [50],
TB has always been a challenge to health-sector. The poor-solubility of drug and elevated
toxicities associated with the drug direly require the shifting of TB treatment towards new
potent alternatives [51]. Using nanocarriers as a potent vector to administer the drug to the
target site is currently applied. Currently for the treatment of TB via nanocarriers, both
active and passive targeting have been implemented. NPs loaded with the drug can be
administered via different routes due to heterogenous responses represented by biological
system. For the treatment of TB pulmonary, oral, and intravenous routes of drug
administration are preferred, but oral route is considered as the ideal one.

Delivering the NPs loaded with drug by passive targeting is advantageous as nanocarriers
are ardently taken up by macrophages [52]. Due to the continuous movement of
macrophages to the site of infection, drug can be proficiently transported that makes
passive targeting a promising alternative for TB treatment [53]. The active targeting by
NPs involves the surface modification of NPs with ligands, particular to receptors
displayed by macrophages. Thus, active targeting provides enhanced treatment of TB using
nano- carriers [53].

8.5 Anti-tumor drug delivery via enzyme-responsive NPs

Cancer 1s one of the leading cause of mortality [54] and the challenges leading to the failure
of cancer treatment involves the resistance to chemo-drugs, recurrence of tumors and tumor
metastasis [55]. Efflorescing advancements in the field of nanoscience has enabled us to
curb the issue of increased mortality due to cancer. Advancements in the field of
nanoscience have been made on the concept of dire-expression of tumor associated-
enzymes to construct the enzyme responsive nanocarriers for the targeted drug release.
Synthesis of enzyme-responsive NPs for targeted on-response drug release has
tremendously aided in the effective cancer treatment [56].

Peroxidase-like nanozymes have taken significant attention [57]. During rapid proliferation
in tumor cells, excessive amount of released reactive-oxygen species and hydroxyl radicals
have been observed [58]. Peroxidase like enzymes, exclusively aid in the conversion of
hydrogen-peroxide in reactive oxygen radicals, which ultimately help in the development
of cancer treatment [59] that has been experimentally proved by 97% breast tumor
inhibition after the treatment with peroxidase-mimetic boron NPs [60].
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9. Limitations of nanozymes

Despite the significant advantages observed by nanozymes in the wide array of diagnostic,
theragnostic and cancer treatment; but still there are various challenges regarding the
practical clinical applications that must be addressed. These limitations include poor
selectivity of substrate; few catalytic types, poor dispersibility and nanozymes get clogged
at the site with high ionic strength resulting in the reduced catalytic activity. Also, the
cytotoxity associated with nanozymes are still unknown [55].

Conclusion

Over the past few years, the advancements in the horizon of nano-medicine from
nanomaterials to nanozymes based drug delivery have completely revolutionized the
medical field. Nanomaterials based enzymes are considered as potent alternatives for the
better targeted-drug delivery due to their reluctant nature to multiple biological systems
and high catalytic activities and the most advantageous the peroxidase-like activities
represented by nanozymes. The surface modification of nanozymes allows efficient drug
delivery and increases the efficacy and bioavailability of the drugs. The use of nanozymes
has tremendously helped in the field of diagnosis, cancer treatment. Also, perforable
progress has been made in generating the alternatives to treat the MDR and XDR
infections.
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Abstract

Immobilized enzymes are now a significant and appropriate area of modern technologies.
Immobilization of enzymes on nanoparticles (NPs) especially magnetic nanoparticles
(MNPs) not only increase the stability of the enzymes by protecting the active site but also
facilitates the separation mode. Immobilized technology is considered effective in context
of running cost to exercise immobilized enzymes technique. Nowadays, variety of
magnetic nanoparticles are available such as chitin-chitosan magnetic nanoparticles, Fe;O4
magnetic nanoparticles, bacteriophages T* capsid novozym-435 etc. which are quite fit for
loading enzymes and to use fruitfully. The main focus in this piece of work is that how
immobilized enzymes are helpful in different biomedical uses and what kind of enzymes
and nanoparticles could be hyphenated to take advantage in health care sectors. Different
method of enzymes immobilization will also be discussed in details including both physical
methods and chemical methods of loading enzymes on nanoparticles.
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1. Introduction

Enzymes are the major accelerator for almost all biochemical reactions occurring inside or
outside of the cells. Those biocatalysts are proteins or a glycoproteins macromolecule with
varied number of active sites to normalize its function. They are synthesized in living cells.
Activities of enzymes widely impart a great role in the metabolic reactions in the living
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system particularity in animal and human beings [1-3]. Enzymes are the biocatalysts
bearing high sensitivity by nature; therefore, they work at a limited range of temperature
and ph. Beyond the limit, temperature and pH badly affect the structure and activity of
enzymes due to which they fail to do their job in physiological and industrial processes.
Nowadays, technology is progressing day by day and the role of enzymes is increasing
exponentially. Plant and microbial enzyme have found its enormous application in the
world of agriculture, pharmaceuticals, cosmetics, textiles, paper, environment, biofuel and
food industry. However, as recovery is associated with inorganic catalysts in chemical
reactions; in contrary, enzymes cannot be recovered. For example, in maximum enzymatic
industrial processes, soluble enzymes are used. These enzymes got deactivation in drastic
conditions due to its limited range of sensitivity which make the situation impossible to
recover, due to which the cost of the product increased significantly. These disadvantages
of enzymes, triggered the development of new system for maintaining the enzyme active,
intact and recoverable in wide range of reaction conditions. In order to take maximum
advantage of existed stuff of enzyme by keeping the enzymes active, intact and recoverable
under multiple reaction conditions, enzyme immobilization technology was adopted [4, 5].
Immobilization method itself was first developed in 1916 and it expand to different sectors
especially biocatalyst field. For enzyme immobilization different supporting materials
were practiced including organic & synthetic polymers, silica gels, hydrogels, mesoporous
materials and NPs. Among these supports, NPs enabled the enzymes to work in somewhat
harsh conditions. The technique was remained very successful and immobilized enzymes
by nanoparticles showed a good profile of advantages [6]. Stability and formation of
nanoparticles for enzyme immobilization plays an important role in order to get fruitful
results. It is because, properties of nanoparticles are definitely depending on the
development as well as their construction methods [7]. Symmetry, particle size,
crystallization and particle distribution ratio are the phenomenon’s that can be controlled
easily as compare to other supports [8].

In recent years, nanoparticles are not only used for immobilization but also used in
catalysis, biomedicines, micro and nano-fluids, for ecological remedies, drug-delivery,
optical fibers and as data storage [9, 10]. However, in present era the acceleration of using
the Nanoparticles as a carrier material for the immobilization of proteins, drugs, enzymes
and antibodies is gaining the momentum [11]. For example, the activity of lipase for the
first time increased many times by immobilization method using MNPs of Fe3Os as
supporting material, which indicates that in immobilization technique the nature of the
carrier material and method to load the enzyme play critical role to improve the enzyme
activity and stability [12, 13].

EBSCChost - printed on 2/14/2023 2:05 PMvia . Al use subject to https://ww.ebsco.coniterns-of-use



Nanomaterial-Supported Enzymes Materials Research Forum LLC

Materials Research Foundations 126 (2022) 215-239 https://doi.org/10.21741/9781644901977-8

These particles have a major impact in biotechnology and multiple areas of biomedicines.
These immobilized particles can be directly use to heal a disease or to modify cell and
molecule on to the targeted areas. Immobilization by NPs is a significant area in
biotechnology which offer several different kinds of supports such as nanofibers, nano-
flowers and magnetic nanoparticles to hold enzymes for particular function in living system
[14-16]. Presently, various NPs are being used for immobilization of enzymes [17].
However, MNPs appear more effective because of its broad-spectrum.

Nano
Particles

* Magnetic graphene oxide

* Bacteriophage T4 capsid

* Novozym 435

* Carbon nanotubes nanoparticles

* MnFe,0, nanoparticles

* Chitin-chitosan based nanoparticles

* Magnetic Fejoy@mem-41 core
shell nanoparticle

« Zinc oxide nanoparticle

. J/

Figure 1: Nanoparticles used for enzymes immobilization
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Immobilized Enzymes

Figure2: Advantages of immobilized enzymes

These properties include enormous surface to volume ratio which is too much important
for immobilization point of view, large surface area, loading capacity and specifically
magnetic/superparamagnetic property. Magnetic orsuperparamagnetic nanoparticles used
as a useful carrier because MNPs contains magnetic properties, ease to separate under the
external magnetic field [18]. Most commonly used MNPs are Fe3O4 and Maghemite due
to very low toxicity levels. Hybrid technology made a lot of the materials which are
affordable for immobilization technology. So organic and various inorganic substances are
also used for enzymes immobilization. For immobilization physiochemical properties, pore
size, surface chemistry should be observed. MNPs carriers comprises three major parts.
These parts are called functional parts which consists of a magnetic core, surface area and
outer coating [19].Transition metal complexes sometimes are used for binding the
numerous catalytic substances. Binding of catalytic particles to MNPs for its multiple
applications offer pure production of NPs loaded with enzymes, therefore, no additional
purification step is required [20]. Recent development in using MNPs as supporting agent,
core-shell structured magnetic nanoparticles are being used. Figure 1 shows the reported
nanoparticles used for enzyme immobilization. The major advantage associate with its use
are their low toxicity and chemically adaptable surface. The process, immobilized enzymes
in conclusion, offer Stability at extended range of temperature and pH and great efficiency
as compare to mobilized enzymes. What actually the major advantages of enzyme
immobilized process can be seen in the following Figure 2 [8].
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2.  Enzymes immobilization methods

Various methods have been adopted for immobilization of enzymes. Enzyme
immobilization techniques or method includes adsorption binding, covalent binding,
entrapment, cross linked with/without support and affinity immobilization [21]. Enzyme
immobilization by force of affinity between enzyme and carrier nanoparticle, a physical
adsorption works well in some particular applications. The adsorption may take place either
through hydrogen bonding, or weak van der Waals interactions [22]. lonic bonding is
strongest as compared to physical binding because it avoids the enzymes leaching from the
surface. Formation of covalent bond take place by the reaction between the functional
group of unchanged enzymes. It comprises the example of enzymes such as lysine, aspartic
acid, glutamic acid and cysteine. The enzymes immobilization methods are shown
graphically in Figure 3. Chemical adsorption sometime needs prior modification of
nanoparticle substrate surface to make it enable for chemical bonding with enzymes. After
modification enzymes are ready to attach at the surface of carrier nanoparticle.
Modification can be proceeded either by modifying the functional group of nanoparticle or
by attaching the functional group of nanoparticles with some coupling agents [23].
Different functional groups and sometimes polymers are also coated over enzyme surface
which offer functional stability of enzyme activity [24].

Enzyme
Immobilization
Methods
-
Physical Chemical
Methods Methods
. Cowo
Absorption attact
Entapment Cross-linking
I::-niﬁ

mteraction

Figure 3: Classification of enzyme immobilization methods
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3.  Choice of supports

For the preparation of immobilized enzymes using nanoparticle, both carries material and
properties of enzymes plays a significant role. Demonstrative of carrier’s material should
be matched with the properties of enzymes because performance is totally based on the
characteristic of both carrier materials and enzymes. Biochemical, mechanical, chemical
and kinetic properties of immobilized enzymes depend on the interaction between the
support material and enzymes so order to get required results. We classified the support in
to organic, inorganic or biopolymer which totally depends on the chemical composition.
Organic support can be further divided into synthetic and natural polymer. Properties of
supporting material consist of resistance to compression, hydrophilicity, inertness in the
direction of enzymes ease of derivitization, biocompatibility, fight to microbial attack, and
availability at low cost, are involved [8].

3.1 Entrapment

It is based on the constriction of the enzymes into the polymeric network of organic or
inorganic such as polyacrylamide and silica-based material, respectively. Hollow fiber or
microcapsule which basically called membrane devices can also be used polymeric
network following the rule of diffusion to allow the reactant and product to diffuse freely
while dodging the passage of biocatalyst. Immobilization of enzymes done by this method
are effective and low cost. Due to small pore size of matrix, it decreases mass transfer of
substrate to enzyme. Sometimes enzyme is deactivated during immobilization. This
problems is solved by the addition of cross-linking agent [25]. The entrapment
immobilization method is mostly used. Entrapment method permits the substrate and
product while retaining the enzyme. Different methods such as gel trapping, fiber
entrapping or microencapsulation involved in this method. This method is carried out while
using immobilized whole cells. It usually needs the development of polymeric medium in
the presence of enzymes.it is a low-cost method. Different approaches must be adopted in
order to avoid the arrogation of enzymes. Different media that are being used for
entrapment methods are chitosan, silica, chitin-chitosan beads, rubber, collagen poly
acrylamide, polyurethane, agar, polyvinyl alcohol, gelatin and cellulose triacetate.
Gel/fiber entrapping, micro capsulation are the methods which are used for immobilization
of enzymes. these useful methods allow substrate and products to pass easily while
enzymes are retained in the networks means polymeric networks. It may be helpful to avoid
the leaching of enzymes and gives extra stability and enzymatic reactions are carried out
in a well performed manner. High catalytic activity should be maintained and in order to
prevent the movement of macromolecules diffusion barrier may be helpful. Instead of using
polymeric networks, researchers recently developed the MOFs for immobilized
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enzymes.in this new method, to entrap the enzyme we should prefer to use Zeolitic
imidazolate networks (ZIF-8). We added polyvinylpyrrolidone (PVP) which act as a
stabilizer it is than protected and then mixed with zinc nitrate to synthesis MOFs
immobilized enzyme [6].

3.2 Crosslinking

This method involves the bifunctional group which act as a cross linking agent. The most
commonly cross-linking agent that are used for enzymes immobilization is glutaraldehyde.
Enzyme’s immobilization that has done by using crosslinking consisting of major physical
forces such hydrophobic interactions, ionic interaction and most important van der walls
interactions. But under high condition of temperature these interactions become too weak
to be detached. Addition of precipitants such as acetone, ethanol along with glutaraldehyde
forming diamine bonds. Some additives are also added in order to increase the stability of
enzymes. Moreover, crosslinking aggregates are also used in order to enhance the
functionalities. It is totally based on intermolecular interactions. It is the type of chemical
method. This method comprises the cross-linked of enzymes to the support materials using
bifunctional components. For high performance applications, covalent bonded attachment
to nanoparticles are used. But enzyme catalytic activity diminishes by this method to some
extent. However, coupling agent for immobilization process preserve the enzyme activities
promisingly and therefore, this immobilization method used mostly. Among crosslinking
method, cross-linked enzymes crystals (CLES) provide a stable configuration, impact a
high catalyst-to-weight ratio and increase the catalytic activity. But CLES limited to only
certain enzymes. so we introduces cross-linked enzymes aggregate (CLEA) to overcome
this drawback because it can applied to wide range of proteins [26].Glutaraldehyde is used
mostly for the preparation of cross-linked enzyme aggregate (CLEAs) as shown in Figure
4, enzymes are crosslinked to another enzymes. Firstly, the precipitants for aggregation
process and afterwards using bifunctional reagents for the preparation of CLEAs. This is
done in order to protect the active site of enzyme. The researcher used 75% ammonia
sulphate as a precipitant and glutaraldehyde as across linker.

EBSCChost - printed on 2/14/2023 2:05 PMvia . Al use subject to https://ww.ebsco.coniterns-of-use



Nanomaterial-Supported Enzymes Materials Research Forum LLC

Materials Research Foundations 126 (2022) 215-239 https://doi.org/10.21741/9781644901977-8
Aggregation
ereed : PEI N
¢y !
A ol B -4y
Cross-link - TMOS
. et °
o Agaregation o q PEI *'/‘a:-;,. .4 Armnylase y b
C q bﬁ 3 “\ 2 -"\: e
# wh : o
Qo o %& o o o e 5 = &
Q Cross-link "obd' THIOS p ": A 2 2 &
L} L -]
TEYme Q Stareh —  Glutaraldehyde Biomimetic silica  \ CLEAs

Figure 4. Preparation of CLEAs

3.3 Covalent attachment

It is another important chemical method for immobilization of enzymes. For
immobilization of enzymes the most conventional method is covalent attachment.
Formation of covalent bond is due to the reaction between the support material that is used
as carrier and enzymes. amino acids such as lysine, aspartic acid, glutamic acid and lysine
which mostly follow covalent attachment. Many functional groups of amino acid also
follow the application of covalent attachment such as phenolic group, hydroxyl group,
indolyl, imidazole, carboxylic group and amino group etc.in order to prevent leakage of
enzymes covalent attachment is preferred thus this binding improving the stability of
immobilized enzymes [27]. This attachment is also helpful in order to activate the sites of
enzymes. Many methods such as bromide cyanogen, diazotization, glutaraldehyde
coupling have been developed by using the mode of covalent attachment. Among these
methods glutaraldehyde coupling method is most common and in majority cases it was
used [6].Multipoint covalent attachment (MCA)of various enzymes to carrier materials
increasing stabilizing effect for example stabilizing factor increases up to 10000-fold by
immobilized on glyoxal agarose through MCA. Multipoint covalent attachment provides
rigidification to enzymes that enhance structure stability. MCA is somewhat difficult to
achieve so we mostly prefer simple covalent attachment [28].
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3.4 Adsorption

It is one of the simplest methods for enzyme immobilization method. Physical adsorption,
ion adsorption and affinity adsorption are the typical types of this kind of immobilization.
We used resins mostly solid support resin such as cation and anion exchange resin.
Enzymes are adsorbed on the surface of supports material by interaction of these resins for
enzymes. Sometimes hydrogen bonding also involves but Vander Waals’s interaction is
most operative. For example, lipase was immobilized on the resins of phenyl-Sepharose,
laccases on the surface and into the pores of Zr-metal. Adsorption method is very helpful
in cost perspective point of view [29]. In this method no additional substance, additives
and coupling agent required for stability. Moreover, the activity of enzymes gives fruitful
results. The only demerit while using adsorption method is a little interaction between
enzyme and carriers’ materials, due to which the probability of enzyme leaching exist [30].
The summary of functional groups opperated in immobilization of enzymes by physical
and chemical methods are shown in Table 1.

Table 1: Involvement of functional groups in enzymes immobilization processes

Functional Binding Reactive group on enzyme
Method of

group
immobilization

Alkyl Hydrophobic | Hydrophobic areas on the
Van der Waals .

surface of lipase

Trialkyl amine | Ionic Negatively charged a. a
Ionic interaction :

carboxylate adsorption

Epoxy Covalent bond | Primary amines
Covalent bonds : :

Amino Nucleophiles groups

Diol Primary amines(terminal)

4. Carrier bound method: general concept

Immobilization of enzymes done by classical method involve the formation of chemical
interaction between the solid support and enzyme. Supports can be chosen on the basis of
adsorption or covalent bonding immobilization, that have already been discussed in details.
Immobilization generally occur in the aqueous medium which contains the enzymes in the
dissolved form while the carrier material which is in solid always in suspended form. In
case of the aqueous buffer ionic strength should be adjusted. It encourages the barrier of
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protein on to the solid transporter. Majority of the enzymes that are used for immobilization
have the hydrophilic surface [31]. Therefore, the removal of water molecule from the
protein surface and formation of new polar interaction can occur relatively of low ionic
strength. Selection of above strategy, the following method requires a number of factors
such as activity of enzymes, enzyme deactivation, cost, reuse, renewal characteristic and
properties of enzymes. We prefer affinity immobilization because of its specific
interactions. It gives good control on immobilization and restricted to minimum structure
changes. Moreover, purification of enzymes must be done by using the method of affinity
immobilization. Due to this affinity immobilization is advantageous over the other
methods. choice of the supporting materials is another essential procedure. In recent years,
nanoparticles illustrated growing interest because their fundamentally large surface area
for enzyme effectiveness, even as immobilizing enzymes onto planar surfaces commonly
decreased the activity however, their application is hindered by means of high cost [32].
Researchers are now developing simple and cost affective enzymes for immobilization.
High specificity and catalytic effectiveness of enzymes in biological reactions makes it
very significant [33]. However, a lot of limitations includes high cost of preparations,
refinement, separation, stability, severe circumstances of environment comprise high
temperature, ph. In order to overcome the above drawbacks development of artificial
enzymes now enhanced. Now nanomaterials with enzymes are called nanozymes entered
in the next generation of enzyme impersonators. These nanozymes get the importance with
the unexpected discoveries of magnetic nanoparticles. The smooth surface of nanoparticles
provides more space for immobilization which enhanced both the enzymatic and catalytic
activities. Moreover, physicochemical possessions of nanoparticles along with the
substantial improvement made in the few years by nanotechnology, biotechnology,
catalytic technology to increase new enzymatic activities. Mostly nanoparticles belong to
the nano-alloys that are coated with special kind of molecules. Sometimes we do
modifications in order to increase the function of enzymes.it may also be helpful to improve
physiochemical properties such as corrosion, oxidation, and toxicity of nanoparticles [34].
For example, magnetic nanoparticle with avidin-biotin which act as a linker to the MNPs
increase the stability of immobilized enzymes to several months. Magnetic nanoparticles
also layered with molecules mostly conjugated molecules like micelles, liposomes,
polymeric coating and core-shell- structures. These all operations done just only to increase
the stability of enzymes [35]. In the following section we will discuss the application of
immobilized enzymes in details.

EBSCChost - printed on 2/14/2023 2:05 PMvia . Al use subject to https://ww.ebsco.coniterns-of-use



Nanomaterial-Supported Enzymes Materials Research Forum LLC

Materials Research Foundations 126 (2022) 215-239 https://doi.org/10.21741/9781644901977-8

5. Degradation of dye pollutants

Some dyes such as acid blue 45, orange G shows many applications in the fields of food,
textile, paper, etc. But these dyes contain pollutants that are injurious to human health and
the organisms that are living in aquatic environment. The industrialist is applying chemical,
physical and biological treatment method but these are the classical methods which have a
lot of shortcomings. However immobilized enzymes method for the treatment of pollutants
especially in the treatment of dyes, offer many advantages over classical methods.
Chloroperoxidase (CPO) is the most common enzyme used for degradation [36]. But it has
lack of stability and recovering but still it has widespread applications in wastewater
bioremediation. To resolve the issue of constancy and recycling, the immobilization of
CPO and Glucose oxidase (GOx) enzymes were practiced by loading over magnetic
nanoparticle surface. The enzymes were loaded over the surface of Magnetic graphene
oxide nanoparticles. Its catalytic activity increases up to almost 90%. It shows maximum
activity in order to degrade the pollutants present at 40°C. Almost by using the method of
co-immobilization of CPO along with GOx by using graphene oxide as nanoparticles
almost decolorization of6 dyes achieved. It is also widely used in environment applications.
An alternative method is also applied for decolorization of dyes and also used for the
purification of textile waste water. The enzyme that used for this process is Peroxidase
enzyme that is isolated during the purification of industrial waste water treatment.
Magnetic nanoparticle that are used for immobilization is Fe;Os. So, in order to increase
the stability under pH and temperature changing, FesOs used glutaraldehyde as a
functionalized member during immobilized with peroxidase. Due to this catalytic activity
increasing up to 100 folds and reusing it again and again. It is widely used for the
decolorization as well as degradation of waste water which is abundant in green, red or
reactive red azo dye pollutants. Sometimes we used CuFe2O4 as a magnetic nanoparticle
instead of Fe3Oa. it is used for immobilization of laccase enzymes to degrade an azo dye
[37]. Researchers revealed that immobilized biocatalyst plays a maximum role for
decolorization of different dyes under the normal conditions. Their estimated efficiency is
about 94%.it can be stated that magnetic nanoparticles along with immobilized enzymes
also play a role for decolorization of dyes [35].

6. Fe3O4along with L-asparaginase

L-asparaginase is the 1 approved bacterial enzymes that is used for treatment of cancer.
Aspartic acid and ammonia are formed after hydrolyzed these enzymes. L-asparagine
synthetase (ASNS) that is present in normal cell catalyze the reaction between L-aspartate
and L glutamine for the synthesis of L-asparaginase (ASN). Now this enzyme is widely
used to treat acute lymphoblastic leukemia (ALL) in children across the world. The
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survival rate of patients 54% during the year(1975-1977) and now 90% [38]. In recent
reports, FesO4nanoparticle were used for enzyme immobilization. The preference of Fe3O4
nanoparticles is due to immobilization developmental advantages such as non-toxicity,
enormous surface area, mechanical strength, mechanical properties and the surface area of
Fe;O4 can easily adapted with a lot of functional groups which highly compatible to
application requirements. Chemicals needed to synthesize Fe;Os MNPs includes sodium
hydroxide (NaOH), ferric chloride (FeCl3.6H>O) and ferrous chloride tetrahydrate
(FeCl2.4H20) [39].

However, surface modification is a successful strategy to improve or to make an enzyme
active in some particular applications; such as 3-choloropropyltrimethoxysilane (CPTMS)
is being used for surface modification in order to immobilized L-asparaginase on the carrier
material. Surface modification is also carried out by coating the nanoparticle surface such
as Fe3O4 coated by MCM-41 which is the mesoporous structure materials. Due to low
toxicity, particle size, pore size, morphology and most important thermal stability it also
serves as a support material for drug delivery system. Sometime this mesoporous material
act as a catalyst and sometimes it acts as template for the synthesis and purification of other
versatile materials. In some modern reports Fe;O4@MCM-41 core shell nanoparticles now
used in advance levels for immobilization of different enzymes. But it may helpful for
modification of very small molecules with functional groups such as epoxy, thiol and
amino using chemical (covalent) binding. It is because it attached the carrier material along
with enzymes so firmly also preventing leaching of enzymes. CPTMS is an organic agent
and only react with the giant molecules such as proteins, carbohydrates, lipids, fatty acids
and enzymes. It also acts as a carrier for immobilization of enzymes [40]. It is used because
it increases the yield and reusability of enzymes. In order to treat acute lymphoblastic
leukemia which is most common in children we used L-Asparaginase. It is an anti-cancer
medicine mostly used in chemotherapy. Hydrolyzation of L-Asparaginase into L-
Asparagine and then catalysis into L-aspartate and ammonia. Synthesis of proteins for
normal as well as for cancer cell we used amino acid L-asparagine. It is produced by L-
asparaginase synthetase enzyme. But in cancerous cell there is lack of this enzyme. So,
hydrolyzed L-asparagine in order to prevent the division of cancerous cells is preferred.
This must be done by immobilization of L-asparaginase by using Fe;04@MCM-41 as a
carrier material. FTIR spectroscopy play a role in order to check the chemical composition.
The spectra for Fe;04@MCM-41 gives the vibrational value at 1072 and 1620 cm™it
shows 2 new peaks after modification with CPTMs. Thermogravimetry analysis must be
done in order to check the stability up to which temperature it survives before
immobilization. The efficiency must be almost 70% that is detectable. Optimum ph ranges
from 4 to 10 and optimum temperature value from 25 to 70°C [41].
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For the improvement of stability and sensitivity L-asparaginase now immobilized on
various support materials such as fructose polymer levan, hydrogel magnetic nanoparticle,
nanofibers of polyaniline, glutaraldehyde activated silica gel, magnetic nanoparticles
functionalized with poly(2-vinyl-4,4-dimethylazlactone) and, magnetic poly(HEMA-
GMA) nanoparticle. L- asparaginase has some disadvantages besides its threpautic effect.
It causes allergic reactions, having a very short half life period. These disadvantages now
overcomed [42].

7.  Chitin and chitosan support material for immobilization

Chitin is a naturally abundant polymer composed of glucosamine and N-acetylated
glucosamine. Chitin existed as a and B allomorph but a allomorph is most abundant in
nature and found in cell wall of yeast and fungi. It is a semicrystalline biopolymer
consisting of microfibrils that are tightly bonded to one another in an extensive network by
covalent bond. It is used as a support material for enzymes immobilization due to its
biodegradability. Chitosan is a derivative of chitin and found in the skeleton of crustaceans.
Chitin is converted into chitosan through enzymatic deacetylation or by chemical
treatment. Chitosan in the form of beads are more effective for enzymes immobilization
[30]. Performance of enzymes specially immobilized enzyme depends on the properties of
the material’s surface at which enzyme is loaded. We use chitin and chitosan-based support
materials because of its stability and cost-effective bioprocessing. Chitosan contains,
having a lot of functional groups, its non-toxicity, its bridgeable nature makes it good
supporting material. Moreover, chitosan is the second richest biopolymer in nature. The
chief source of chitin is mainly exoskeleton of marine crustaceans specially crabs.
Derivative of chitin is chitosan which is formed by the process of deacetylation. Chitosan
is made of randomly deacetylated unit(d-glucosamine) and acetylated unit(N-acetyl-d-
glucosamine). It consists of a lot of the exclusive properties such as physicochemical
properties, biodegradability, non-toxicity and most important attachment properties.
Entrapment must be done through crosslinking especially ionic cross linking. Most of the
biological functionalities such as bone formation, antitumor, central nervous system
depressant and antimicrobial can be improved by using chitosan. Thus, chitin is a useful
low-cost biopolymer. So that’s why we use chiton and chitosan base support material for
enzyme immobilization. We use immobilized enzymes by using chitin as a carrier material
because it withstands the harsh conditions due to verity of functional groups such as amino,
hydroxyl and polyamine. Such functional groups of chitosan impart extra stability to
enzymes as well as carrier materials [43]. It also enables the binding between the carrier
material and enzymes so functional groups play a very important role in any standpoint of
view for immobilization. For example, amino group of chitosan may be a very helpful in
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order to bind the glutaraldehyde via covalent bond with a protein [44]. Many enzymes
include isomerase, lactase, glucose oxidase, acid phosphatase and chymotrypsin are
immobilized by using chitin. Chitin and chitosan support-based materials have wider
applications in different fields which are given below.

7.1 Biomedical applications

Table 2 is a brief summary of enzyme immobilization application in clinical setups; which
indicate the important role of chitosan as a carrier material for several enzymes. Table 3
indicate the use in food and agriculture sectors. It provides extractability to enzymes so it
works at optimum temperature and ph. Serrati peptidase enzyme immobilized on chitosan
medium shows highest protein loading. So, both the enzyme and carrier materials have
their importance. Intrinsic protein also immobilized with chitosan in in order to study the
activity of different tissues [45]. It reduced the operational time of blood clot by almost
60%. Researcher preferred protein immobilization chitosan coated magnetic nanoparticle
and the efficiency degree inclined up to several folds when we used nanoparticle other than
chitosan support based [46]. Researchers are looking for the development of new method
for the delivery of insulin. In this regard researcher preferred glutamic acid that is attached
with chitosan modified trimethyl functional group. It necessary for strong attachment.so
the overall summary is that chitin and chitosan support-based material is an excellent
choice for the immobilization enzyme and drug delivery system especially oral drug
delivery. That’s why we called it a universal biopolymer [47].

Table 2: Biomedical application of immobilized enzymes using chitin-chitosan support

material.
Enzymes Immobilization method Applications
| Insulin Trypsin and goblet cell attached | Insulin preparation for
chitosan nanoparticle oral insulin delivery
2 Urease Chitosan beads Urea analysis in sample
R) Trypsin Magnetic nanoparticles functionalize | For protein degradation
with chitosan
4 Oxalate Mucin/chitosan Biosensor for oxalate
oxidase determination
5 Glucose Chitosan-ferrocene Blood glucose
oxidase biosensor
6 Serrati Chitosan Drug targeting and anti-
peptidase inflammatory agent
7 Lactate Carbon nanotubes-nanoparticles Lactate biosensor
dehydrogenase
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Table 3: Application of immobilized enzymes in food and agriculture industry.

Support material Applications
Saccharification of dextrin to
Pepsin Chitosan beads glucose, whipping qualities to
proteins, estimation of protein in
nondairy
Amylase Chitosan beads Wide application in food,
fermentation and pharmaceuticals
Lipase Chitosan flakes Flavor industry and detergents
Proteases Chitosan in the form of | Textile industry and leather
powder industry
Papain Chitosan beads Feeds, meat tenderization and
textile industry
Acid Chitosan beads Used in labelling of proteins, used
phosphatase in dephosphorylation of nucleic
acid and for production of
enzyme-based biosensor
Amino Chitosan based alginate | Used in vast production of
acylase beads phenylalanine
Invertase Chitosan solution For the production of bakery
products
Laccase Chitosan nanoparticles and | For imparting color enhancement
magnetic chitosan | in tea, for cork modification,
microsphere brewing, fruit juice processing and
beer stabilization

8.  Zinc oxide nano-particles

Zinc oxide nanoparticles are unique particles. They are semiconductor in nature. These
nanoparticles are prepared from different methods such as hydrothermal methods,
electrochemical deposition methods, microwave combustions, thermal decomposition, sol
gel method, combustion method and electrophoretic depositions [10]. Global production
of ZnO nanoparticles is 0.1-1.2 million ton per year. It can widely use in cosmetics, beauty
care products but use of ZnO nanoparticles to human being is still limited. Immobilized
enzymes using ZnO nanoparticles enter to the target via inhalation, skin contact and by
digestion. Two most important parameters influence on ZnO NPs. One is the chemistry of
media including ph and other is physiological properties of zinc oxide ion after released
from ZnO [48].They are widely used in biosensors, pigments and food additives. Zinc
oxide nanoparticles are also known permanent white, oxo zinc, ketozinc and ox datum.
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Several methods are developed for the preparation of ZnO NPs but famous one are
precipitation method, wet chemical synthesis method, solid-state pyrolytic method,
biosynthesis and sol-gel method [49].

Protein biosensaors

Phenol biosensors

—y

Lactic acid biosensors

Uric acid biosensors

DMA biosensors

Glucose biosensors

Hydrogenperoxide biosensors

ey r— p—— ey o— fo—o—

|
|
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Figure 5: Applications of ZnO NPs as biosensors

9. Modern applications

9.1 Biosensor

Application of biosensors are wide spreading day by day. Estimation of cholesterol using
chitosan are now consideringly important because it associated with heart disease,
jaundice, diabetes and nephrosis and decrease level of cholesterol due anemia and
hypothyroidism. Cholesterol estimation in different stages done by biosensing technology
[50].Biosensors are the detecting agents that are based on biological materials. They are
widely used in analysis such as biological analysis and food analysis. Zinc oxide are used
in many types of bio sensors (Figure 5). It includes glucose biosensors, phenol biosensors,
hydrogen peroxidase biosensor, cholesterol biosensors, urea biosensor etc.
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9.2 MnFe:04@SiO:@PMIDA magnetic nanoparticles for antibody
immobilization

In the past few years, some unexpected development takes place for the synthesis of probes
which play a role for the acknowledgement of molecules specially biomolecules in several
fields including medical science, biotechnology and chemistry. These probs used for study
the biological functions. For environmental analysis, medical diagnostics and different
chemical studies, enzyme-linked-immunosorbent used. It comprises precise antibody and
fixes to an antigen. Antibody conjugated nanoparticles which provide enormous surface
area in all the 3 dimensions in order to boost the loading capacity of proteins.so we
speediness the number of immobilized substances for different diagnostic purposes and
applications comprises therapeutic applications. In the field of immunoassay, the most
reliable method for antibody immobilization is the only solution for the development of
highly activated biosensors. This method is also helpful for the detection of trace amount
targets. In this regard covalent immobilization is mostly used for stability point of view
and for better yield [51]. On magnetic nanoparticles high surface density of antibodies
provides enormous binding sites for antigen. Magnetic ferrite NPs are particularly used for
their rich crystal chemistry which can be changed by tunning the magnetic field. These
particles contain a cubic face centered structure along with tetrahedral and octahedral
interstitial sites occupied by metal cation. The metal cations are mostly divalent and
trivalent [52]. Synthesis of MnFeO4@SiO@PMIDA magnetic nanoparticles for anti-
prostate specific membrane antigen (PSMA) immobilization. Co precipitation method is
used for the synthesis of manganese ferrite nanoparticles and then coated by SiO shell.
Co-precipitation of MnCl» and FeCls in water is done by presence of NAOH. It is only a
unique method for preparation manganese ferrite nanoparticles. After its preparation it is
than coated with silica. It is done by the hydrolysis of tetraethyl orthosilicate on the
manganese ferrite nanoparticles.it is than treated with 0.1M HCL. After that for preparation
of MnFe:04@SiO:@PMIDA, silica coated nanoparticle through ultrasonic probe disperses
in water solution. The coupling agent that is phosphonomethyl iminodiacetic acid
(PMIDA). After continuously stirring finally we got our product. The synthesis process is
shown in Figure 6.
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Figure 6: Steps for preparation of MnFe>04@SiO@PMIDA

The silica coating became fabricated by way of postponing the magnetic nanoparticle in an
ethanol-water and mixing with TEOS to shape middle-shell systems (MnFe,04@SiO5,).
This step has been achieved so that it will stopover oxidation, agglomeration and, the
extreme density of -OH on the silica surface allows in addition to change the particles
through different steps. It is now functionalized.

Conclusion

The whole discussion in different sections indicates the importance of blooming area of
research which need to explore in real sense in clinical, environmental, agriculture and
industrial zones.
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Abstract

The production of standard vaccines is increasing rapidly. The improvement is needed due
to concerns of low immunogenicity, instability, and the need for more vaccines. To
overcome these concerns, development of vaccines has been integrated with and facilitated
by nanotechnology. Nanotechnology is increasingly playing a key role in vaccination by
the development of NP-based delivery systems which have aided in increasing cellular and
humoral immune responses. The nano carrier-based system facilitates the delivery of
vaccine antigens to target cells and increases antigen resistance and immunogenicity. Many
nano-sized particles have been studied and are being used as adjuvants and vehicles to
deliver vaccine antigens. The efficiency of NPs as nanocarriers is due to their size and
promoting specialized and selective immune responses. This chapter will focus on
nanonzyme and their use in vaccine production and immunization.
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1. Introduction

Synthetic enzymes have become of great interest to many scientists because of the many
benefits and properties they have over natural enzymes [1-3]. Many synthetic materials,
such as cyclodextrins, metal structures, organ selenium, and porphyrins [1,4,5], have been
extensively studied and used to design and synthesize these enzymes in a variety of ways.
Today, much research is being done in a class of synthetic enzymes called nano enzymes
[6-8] that are nanomaterials with enzyme-like properties. These structures have features
such as low cost, longevity, mass production, tunable catalytic activities, robust high
performance compared to natural enzymes [2,9,10]. The advancement of biology and
nanotechnology has provided new possibilities for formation of various nanozymes until
many biological or functional components can be successfully integrated into a single
nano-scaled system [11-13]. In addition, it is preferable that the enzyme produced not only
mimics replicating the natural features of the enzymes but can also reflect other novel
properties in biological applications. Blending of nanomaterials into biomimetic enzymes
provides a simpler and better way of modulating the activity and durability of catalysts. It
is good to note that the imitations by nanozymes tend to have low catalytic performances
at times [6] hence cannot mimic the high stimulant activity of natural enzymes completely.
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Vaccination helps in reducing a number of infectious diseases [14—16] and many vaccines
have been licensed for use in combating various diseases. The first generation of vaccines
is still very effective though not safe enough. There is a lot of effort being rendered to
develop their suitable alternatives. The main drawbacks of DNA vaccines are due to
oncogene activation and elicitation of anti-DNA antibodies and their low immunogenicity.
Commercial drugs made from inactivated toxins require complex substances in their
culture medium, which makes them inefficient and expensive to produce. Ordinary
vaccines based on bone marrow transplants show the risk of mutation into pathogenic
virulence, while inactive pathogen injections often lead to a weak immune response.
Chitosan nanoparticles (CSNPs) and Mannosylated Chitosan Nanoparticles (MCH NPs)
are loaded with recurrent hepatitis B surface antigen (rHBsAg) as the adjuvants and show
a progressive release pathway, with no toxic in-vivo effects and very high antibodies[ 17—
19]. In addition, nanoparticles containing high levels of fat elicited; a strong immune
response compared to live virus vaccines.

2. Enzymes

Enzymes are soluble, colloidal, and organic catalysts generated by living cells. They
stimulate chemical reactions by reducing activation capacity/energy and, in the process,
remain unchanged [20—22]. Their main function is to stimulate the biochemical reaction of
organisms and they remain unchanged at the end of the reaction [23,24]. Enzymes can be
classified as natural or synthetic. The synthetic enzymes are subsequently modified and
manipulation by chemical route. They are able to perform the function like former natural
enzymes while natural enzymes are present in plants and animals [20,22]. Despite their
different conditions, both play the same role in stimulating bio-chemical reactions.

2.1 How enzymes work

Enzymes stimulate chemical reactions by binding to specific substrates. The specification
is achieved by binding packets with consistent charge, and hydrophilic/hydrophobic
markers on substrates which is why enzymes can differentiate between identical substrate
molecules to select chemo, regioselective and stereospecific [23,24]. The process of
reactivating a chemical reaction can be explained by two models, namely — 1) Lock and
key model and 2) Induced fit model [24,25].

In the lock and key model (Fig. 1), the enzyme and the substrate have certain corresponding
geometric elements that directly co-relate to each other in terms of geometry to perform
biochemical reaction. While an induced fit model (Fig. 2) the active site of enzymes slightly
modified itself with respect to substrate to interact with it and perform biochemical activity.
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Figure 1. Key-lock model- functions of the enzyme (self redrawn)
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Figure 2. Induced fit model-functions of the enzyme (self redrawn)

2.2 Natural and Artificial Enzymes

* Natural enzymes

Natural enzymes are highly efficient and versatile biocatalysts that occur naturally in plants
and animals [26-28].

* Artificial Enzymes
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An artificial enzyme is a synthetic, organic molecule or ion that performs a specific natural
enzyme activity 29-32].

Table 1: Natural and Artificial classification of enzymes

Natural enzymes Artificial enzymes
Protease Cyclodextrins
Phospho Kinases XNAzymes
Oxygenases Amylase
EcoRI Lysozyme
Trypsin Urease
Cellulose Amyloglucosidase

3. Nanozymes

Nanozymes are class of synthetic enzymes with nanoscale size that exhibit enzyme-like
characteristics [33—35]. Recently, researchers have discovered that certain substances can
act as synthetic enzymes that include fullerenes, cyclodextrins [36], polymerspl [37,38],
dendrimers, porphyrins, metal complexes [39,40], and other biomolecules. Fe3Os
nanoparticles [41] as peroxidase have been found to have many properties that can make
them act as an enzyme—Nanozymes are divided into two categories.

e Nanomaterial hybrid enzymes- This enzymatic catalytic group achieves improved
stability and durability by modifying it with the help of nanomaterials [42].

e Nanomaterials that have natural enzymatic catalytic properties that show a similar
mechanism as an enzyme that catalyzes similar biocatalytic reactions.

Nanomaterial synthetic enzymes have both chemical and biological properties[6,43]. They
have advantages over natural enzymes, such as very low cost, high durability, and long-
lasting properties. They can also catalyze artificial bioprocesses such as biorthogonal
catalysis. Depending on their properties, nanozymes are used in biosensing, environmental
therapy, diagnosis and treatment of diseases, antibacterial agents, and cytoprotecting
against cellular biomolecules, etc.

EBSCChost - printed on 2/14/2023 2:05 PMvia . Al use subject to https://ww.ebsco.coniterns-of-use



Nanomaterial-Supported Enzymes Materials Research Forum LLC

Materials Research Foundations 126 (2022) 240-260 https://doi.org/10.21741/9781644901977-9

Table 2: Examples of Nanozymes

Enzyme Example Application
Oxidase MSN-Au Antibacterial
Au@Pt Immunoassay
PtCo@MnO> Cancer therapy
Peroxidase PtCu Phenol degradation
CuS Immunodetection
Hydrolase DMAE antibacterial
VE CeO» Degradation nerve agents
AuNPs@POMD-8pe AD therapy

Like natural enzymes, nanozymes are affected by some factors such as pH in the
surrounding environment, surface morphology, optimum temperature, and ions in reaction
and light that can affect reactions by blocking the interaction between the enzyme and the
substrate.

4. Nanozymes in vaccine production and immunization

Nanozymes are a kind of nanomaterials with enzymatic catalytic properties. Nanozymes
have a host of various interesting features such as low cost and high durability that have
served as a key point of interest for their applications in the medical and biological fields
[6,33,43—45]. Since, in their discovery, nanozymes have been very useful in producing
many vaccines [46—48]. A vaccine is a biological preparation that provides acquired
immunity to a particular infectious disease [ 14,15,49]. Today, one of the major roles played
by these nanozymes can be traced to the production of COVID-19 vaccine [7].

They ruled as a mimicking enzyme and play a key role in the body's immune response
[50,51]. Immunity is the body's ability to prevent infections [1,52]. There are many types
of immunity, namely, natural immunity, innate immunity, adaptive immunity, and acquired
immunity [1,53,54].

Nanozyme vaccines are also ideal in cases where resources are not sufficient, or the
population density is high due to their autonomous characteristics. In this regard, one can
use single dose infusions, nanofilm based vaccines, and microneedle patches.
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Genetic nano vaccines have also played an influential role in the treatment of Ebola, HIV-
1, and oral infections [55,56]. DNA and RNA vaccines are preferred to traditional vaccines
owing to their simple purification and low production cost, however, their targeted delivery
faces some constraints due to their specificity and stability [14,57—60]. The inefficiency in
traditional delivery systems has invoked nanotechnology to facilitate the delivery through
nanomedicine which is more efficacious [61-64]. A combination of RNA and nanocarriers
can be used to treat serious illnesses, autoimmune diseases, and neurological disorders by
introducing a small amount of disruptive RNA (siRNA), including mRNA-1273 vaccine,
built nanocarrier system [64]. Nanocarriers that deliver antigens prevent their premature
deterioration and help to convert them into active immunogens hence reducing side effects.
Yersinia pestis Fl-antigen - coated AuuPs [65] and Influenza antigen HIN1 - conjugated
chitosan NPs, for example, improved responses to cytokine and antibody levels compare
to mice controlled by unintended antigens. It is shown to be due to the stability of the

vaccine antigen and better immunity due to the antigens associated with NPs [34,46,66].
Vaccine delivery by nanoparticle (NPb-Vs) programs is done by-

e Embedding the antigen in the nanocarrier which presents the RNA or DNA directly
to the APCs that translate them on the surface of the cell into the corresponding
antigens [67—70]. In this sense, RNA is preferred since it can be converted directly
into cell cytoplasm, unlike DNA, which is only translated after reaching the target
cell. This method also prevents the antigens from proteolytic degradation and can
also work with a local cache effect, which increases the antigen exposure time in
the immune system.

e By attaching antigens to the Nano network area to ensure exposure to the
environment.

4.1 Nanomaterial-based enzymes in vaccine production

Nano enzymatic materials and nanoparticles have played a major role in producing various
vaccines such as Nanoflu, Nuvec, Novavax, COVID-19 vaccine, etc.

4.1.1 Nanoflu

NanoFlu contains Novavax's saponin-based Matrix-M adjuvant, which is powerful, well-
tolerated, and stimulates both high and strong responses such as CD4 and CD8 T-cell
responses [71]. Recombinant flu vaccines have an important advantage. Owing to this,
once a commercial license has been issued, large amounts of vaccines can be produced at
a low cost, without the use of live flu viruses or eggs. To develop the vaccine, researchers
combined HA proteins with protein-forming nanoparticles which indicate the HA proteins
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the immune system has to respond. The team developed four types of nanoparticles, each
using HA from a different type of flu and the "mosaic" nanoparticles incorporating all four
HAs into each nanoparticle. The nanoparticle vaccine elevated antibody responses against
flu strains that were better than those elicited by the commercial drugs and also provided
close immunity to the flu that the commercial drug did not protect against. The nanoparticle
vaccine includes only two of the 18 influenza A virus HA subtypes, HI and H3. But the
cocktail vaccine of four nanoparticles provided 73% protection against viruses containing
H5 and H7 subtypes, while the mosaic vaccine provided 92% protection and the
commercial drug provided 12% protection only.

4.1.2 COVID-19 vaccine

Nanomedicine has played a role in the formulation, delivery, and management of the
COVID-19 vaccine [72-76]. Vaccination is considered to be the most promising anti-
coronavirus strategy since the vaccines produced to combat this virus possess a strong
antigen presentation and good antigen enhancement. Nanoparticles are used as carriers of
vaccines in the targeted delivery of antigens and can be converted into inhibitors to enhance
the immune response [74,77,78]. Examples include the mRNA transported by the liposomo
nanoparticle [79—-81] to the cytoplasm of trapped cells, where it can be synthesized into
antigen proteins to initiate the production of antibodies. Traditional vaccines and their
derivatives retreat to pathogenic toxicity or low immunogenicity at times, but this can be
addressed by using and modifying NPs. Nanoparticles with properties such as rapid
penetration of mucous can cross cellular boundaries and act with fewer toxins in the lungs,
thus acting in the treatment of respiratory diseases. Syncytial virus infection can be treated
by using NPs such as F -VLP protein based virus which regenerate parts of the body cells
such as IFN-y, and TNF-a. Modifying amino acids and using peptide inhibitors binds
peptide ligands to the epitome of the B cell from the SARS-B HRC1 spike protein which
helps in fighting the SARS-COV. The binding activity of an ACE2-isolated peptide
inhibitor capable of blocking SARS-CoV-2 can be increased by binding to multiple
nanocarrier-binding peptides. S-protein is used as the target for COVID-19 vaccines such
as mRNA-1273 which target S CoVs protein.

How vaccines work

Vaccines help improve the immune system by mimicking an infection [82—84]. This type
of mimicking by the Vaccine is harmless and doesn't trigger the immune system's
production of antibodies and T-lymphocytes which is meant to fight the actual infection in
the future [85]. Hence, body doesn't produce B-lymphocytes and T-lymphocytes
immediately after vaccination. Therefore, it is possible for a vaccinated person to show
symptoms if he was infected shortly before vaccination or to acquire the disease and show
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symptoms immediately after vaccination as the vaccine has not yet had sufficient time to
create self-defense in body. In some cases, it is common to show minor symptoms, e.g.,
headache, cold, cough due to some stimulated infection after receiving the vaccine. This
reaction is expected as the body builds up the immune system.

Function of the COVID-19 vaccine
e Spike protein type coronavirus is implicated in harmless chimpanzee virus
e The chimpanzee virus is genetically modified to prevent it from growing in humans

¢ Once there, cells study genetic information to produce millions of copies of the spike
protein

e Fragments of protein stimulate the immune system to produce antibodies that can
protect the body when the virus actually invades the body.

functioning of a covid-19 vaccine
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Fig. 3. Working of COVID-19 Vaccine (self redrawn)

4.2 Nanomaterial-based enzymes in immunization

The discovery, supplements have always been combined with vaccines to boost the body's
immune response [86—88]. Many natural and industrially made chemicals have been
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identified as adjuvants, but aluminum-based chemicals remain the dominant additives in
human vaccines [89]. The immune response caused by alum was believed to be a result of
the depot effect in the injection site, which increases the antigen exposure in the immune
system, thus getting a better response [89-91]. However, Holt challenged the depot effect
theory by excising the injection site of a guinea pig which did not stop the humorous
response from developing, thus concluding that the previous approach did not serve as the
correct explanation of the immune response caused by alum. Current studies on alum
adjuvants have observed that these adjuvants release antigens rapidly. Also, ~80% of
AIPO4 adsorbed tetanus toxoid [92-94] could not be traced at the injection site after 4 hrs
of administering the Vaccine. Alum plays a significant role in detecting its electrostatic
interactions with lipopolysaccharide and its desired effect on specific antigen proteins that
lead to aluminum oxyhydroxide metal sheets. Aluminum particles usually have a diameter
<10pm, and their antigens can easily be phagocytosed, unlike those without aluminum.

Particulate molecules produced in living organisms may lead to inflammasome, which
activates Nlrp3 (cytoplasmic protein), causing eosinophilic infiltration and increased
antigen and MHCII expression cell activity. The activation of Nlrp3 also stimulates the
production of pro-inflammatory cytokines. One of these cytokines is IL-1p which produces
T-cell-based antibodies in living tissues[95].

Alum facilitates antibodies andreates CD8 and can trigger cellular responses between
CD4[96-98], creating cellular memory in vivo. The cellular memory created helps in
producing long-term immune defenses and also protects the body against pathogens.

It is important to note that some toxic complications are associated with alum compounds
that could threaten the body's health as they can cause diseases such as Alzheimer's disease
and Lou Gehrig's disease. Hence safer adjuvants should be produced to avoid such
scenarios.

The purpose of immunization is to ensure that the Vaccine administered into the human
body mimics the natural immune system to respond to any infection consistently as the
natural body does. When this is achieved, the body is said to have acquired an adaptive
immune response. The key players here are the antigen-producing cells that use pattern
recognition receptors to detect microorganisms. The microbial surface recognition process
starts with the maturation of antigen-presenting cells. After that, MHC molecules are
dispersed from one cell component to another, chemokines and cytokines are secreted,
morphological changes and cytoskeletal reorganization occur. When surface recognition is
done, antigen-specific antibodies are produced, and the T-cell memory is formed with the
help of peptides produced by protein processing in the body that are found to be expressed
in MHC II molecules as identified by CD4 + T cells. The body must first adapt to the
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immunity induced by the vaccine before the vaccine can respond and deal with the
pathogens [52].

The role of NPs in immunization is mainly to deliver antigens to their target locations.
Recent studies show an increase in efficiency in dendritic cell acquisition and detection of
antigen-presenting cells when NPs are used as antigen delivery vehicles. The same result
is given by Chithrani et al. after a study on gold NPs using plasma-based spectroscopy
where a significant increase in acquisition and detection was detected. This high detection
rate of NPs by the cells also directly impacts the type of immune response produced.

The interaction between antigen-producing cells and particles is also affected by ground
charge. The charged particles are easily transported to cells since the molecular cells are
negatively charged in nature and particle formation where round-shaped cells are readily
available, unlike the rod-shaped.

While PLGA microparticles themselves attach macrophages to phagocytosis, there are
various ways NP can be inserted internally; some NPs can be taken up by HelLa cells
through the clathrin-dependent endocytosis and others via the independent pathway of
cholesterol, non-caveolar, and non-clathrin.

Poly (amino acids) NPs containing synthetic ovalbumin have the ability to respond to
cellular immune responses. This is because of the induction of significantly higher IgG,
IgG1, and IgG2a when CD4+ and CD8+ T cells are activated, producing IFNy, which
triggers the Ig phase IgG2a.

In the same way, a more resistant immune response to the marine model is observed when
the core antigen of Hepatitis B [99-101] is added to PLGA NPs (300 nm).

When vaccination is done using PLA microparticles (2-8 nm), IL-4 is stimulated following
the Th2 response. VLPs produce more robust immune responses against infections in both
animal species and human clinical trials. VLP vaccines can introduce antigens to their
natural state, such as proteins bound to the membrane and not the soluble ectodomain. This
helps VLPs in improving the production of antibodies by mimicking the formation of a
native virus. When VLPs are in vivo, an antigen depot is formed, allowing the antigens to
be released, gradually increasing their exposure to the immune system and strengthening
their dose. The release of the antigens is determined by the pharmacodynamics of each
compound, whether slowly or at the depot. In general, particle formation reduces the need
for adding more adjuvants to the vaccines, thus managing the price and a boasting effect
due to the increased increase in particles by antigen cells.
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