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Abstract

Over the past decade, nanotechnology has been developed and employed across

various entities. Among the numerous nanostructured material types, enzyme‐

incorporated nanomaterials have shown great potential in various fields, as an

alternative to biologically derived as well as synthetically developed hybrid

structures. The mechanism of incorporating enzyme onto a nanostructure depends

on several factors including the method of immobilization, type of nanomaterial, as

well as operational and environmental conditions. The prospects of enzyme‐

incorporated nanomaterials have shown promising results across various applica-

tions, such as biocatalysts, biosensors, drug therapy, and wastewater treatment. This

is due to their excellent ability to exhibit chemical and physical properties such as

high surface‐to‐volume ratio, recovery and/or reusability rates, sensitivity, response

scale, and stable catalytic activity across wide operating conditions. In this review,

the evolution of enzyme‐incorporated nanomaterials along with their impact on our

society due to its state‐of‐the‐art properties, and its significance across different

industrial applications are discussed. In addition, the weakness and future prospects

of enzyme‐incorporated nanomaterials were also discussed to guide scientists for

futuristic research and development in this field.
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1 | INTRODUCTION

The use of nanotechnology has been continuously gaining attention in

several applications, especially in the pharmaceutical and medical (Bayda

et al., 2019), wastewater treatment (H. Li et al., 2019), food and beverage,

packaging (Gomez et al., 2021; Mousavi & Rezaei, 2011), electrical as well

as optical industries (Y. Zhang et al., 2019). Some benefits of nanoparticles

(NPs) include a larger surface‐to‐volume ratio which increases their

adsorption efficiency for elevating kinetics for reactions, better charge

transfer, and carrier immobility (Shende et al., 2018). Furthermore, the

addition of nanomaterials increases the stability, particularly when they

are fabricated via physical or chemical approaches (Ye et al., 2016).

However, physical and chemical synthesis of nanomaterials utilizes costly

equipment and toxic reducing agents, which restricts them to be used for

biomedical applications. Thus, greener or environmentally friendly

approaches are currently being widely utilized for the synthesis of
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less/nontoxic NPs (X. Wang et al., 2014). Figure 1 shows common

nanostructures that are currently under extensive research or utilized in

commercial applications which are further explained in Section 2.

Proteins are essentially macromolecules, polymers made up of

amino acids. Hundreds and thousands of these amino acids link

together to form long chains of proteins (Blanco & Blanco, 2017).

Enzymes, on the other hand, are proteins that act on substrate

complexes to reduce the activation energy of a chemical reaction

(Lewis & Stone, 2022). Recently, hybrid nanomaterials are gaining

significant attention among scientists, which are synthesized through

the fusion of compositions at a molecular level to produce a

conjugate that can reduce the disadvantages of singular compounds.

Organic‐inorganic hybrid nanoflowers (NFs) are three‐dimensional

(3D) objects that resemble flowers under the microscope. Their

synthesis, physical characteristics, protein activity, stability, and

repeatability are all now being studied (Cui & Jia, 2017).

Inorganic–organic hybrid NFs have shown promising results in

stabilizing enzyme activity, drug delivery, biosensor, cell imaging,

and other biomedical applications. Hybrid NFs have a unique shape

and structure, where it has a larger surface‐to‐volume ratio,

compared to spherical‐shaped NPs (J. Li et al., 2016). Further, these

hybrid NFs possess essential qualities, such as the ability to have

increased stability, and physical and reproducibility properties,

compared to conventional materials (S. Lee et al., 2015).

Organic–inorganic hybrid nanostructures are the fusion of organic

(enzymes/proteins) and inorganic (metallic components), which exhibits

promising characteristics in various industries (Abd‐Elsalam, 2020). The

incorporation of enzymes onto nanomaterials has the natural ability to

accommodate the enzymatic activity, structures as well as functions

(Al‐Maqdi et al., 2021). Further, enzymes and proteins are highly distinct

from each other because enzymes are catalysts that exist naturally

within living organisms and play a vital role in the regulation of both

intracellular and extracellular systems (M. Chen et al., 2017). The

designing of nanomaterial‐enzyme conjugates can improve the overall

enzymatic performance by imparting their novel properties onto the

system, compared to conventional free enzymes, which often experi-

ence limitations in terms of deactivation and/or denaturing and ease of

extraction (M. Cao et al., 2021; Tao et al., 2014). Thus, this review is an

overview of various enzyme‐incorporated nanomaterials, their history,

mechanism, bond formation between enzyme and nanostructures

(combinatorial technology), their impact, and applications across various

industries.

2 | TYPES OF NPS

2.1 | Carbon‐based NPs

In general, carbon‐based NPs are divided into two major groups, such

as fullerenes and carbon nanotubes (CNTs). Fullerenes are made up

of allotropic carbon forms usually taking the shape of globular hollow

cages. Some unique properties of fullerenes include their high

F IGURE 1 Representation of different nanosystems (Yaqoob et al., 2020)
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strength and structure, electrical conductivity, electron affinity, and

versatility (Astefanei et al., 2015). CNTs, on the other hand, are more

elongated and tubular in structure with dimensions between 1 and

2 nm (Ibrahim, 2013). They typically roll into sheet‐like forms similar

to graphite sheets whereby, these sheets vary between single

(SWCNTs), double, or multiwalled (MWCNTs). Vaporized atomic

carbons from graphites and/or deposition of carbon precursors are

widely used in the synthesis of CNTs. Some techniques involved

during synthesis are, laser, electric arc onto metal particles as well as

chemical vapor deposition (CVD) (Elliott et al., 2013).

2.2 | Metal NPs

Metal‐based NPs are made from metal precursors. Metal‐based NPs are

well known for localized surface plasmon resonance (LSPR) which

enhances their optoelectrical properties (Khan et al., 2019). Some other

properties include their small size whereby metal NPs have a high

surface‐to‐volume ratio. The difference in size contributes to the

difference in electric, magnetic, and chemical properties (Liu, 2006).

Metal NPs are also stable, highly functional (Bhatia, 2016), able to

withstand high temperatures, good welding, superparamagnetic, catalytic,

and selective properties (Chavali & Nikolova, 2019). They are used in

multiple applications including drug and gene delivery, thermal ablation,

radiotherapy enhancement as well as agriculture (Bansal et al., 2006).

2.3 | Polymer‐based NPs

Polymer‐based NPs are nanospherical and/or nano capsule‐shaped

particles that can embed and/or encapsulate agents or additives

within the particle due to its complex polymeric matrix. It can also be

adsorbed or attached to the surface of the particle as well (Din

et al., 2017; Labhasetwar et al., 1997). Polymeric particles are mainly

used in biomedical applications such as drug delivery due to their

exceptional characteristics including biodegradability and bio-

compatibility to be able to be injected into a body, the ability to

release drugs controllably (Kumar et al., 2012) and the ability to

entrap drugs by different mechanisms (e.g., cross‐linking, ionic cross‐

linking and ionic complexation) (Arnaldi et al., 2020; Prabaharan &

Mano, 2004). Some disadvantages of polymeric NPs include high

cost, higher toxicity levels, low purity due to the presence of solvent

residue during synthesis and purification method, and the inability to

produce in large‐scale, degradability as well as specific requirements

for biodegradable polymers (e.g., high purity and quality) (C.‐C. Chen

et al., 2010; Kahraman et al., 2017; Müller et al., 2007).

Polymeric NPs can be divided into natural and synthetic materials,

whereby, the natural and synthetic materials can be further divided into

biodegradable and nonbiodegradable polymeric NPs. Some examples of

natural, biodegradable polymeric NPs are chitosan, cellulose, gelatine,

alginate, and so forth, on the other hand, synthetic biodegradable

polymers such as polylactic acid (PLA), poly‐(lactide‐co‐glycolide) (PLGA),

and polyanhydrides are well‐known. Furthermore, nonbiodegradable,

synthetic polymers including polymethacrylate and polymethylmethacry-

late (PMMA) have also been used in drug delivery and diagnostic imaging

applications (Kumar et al., 2012).

2.4 | Lipid‐based NPs

Lipid‐based NPs are nano‐spherical particles that are made of a lipidic

core. Lipid NPs are synthesized by combining an oil phase with emulsifiers

such as phospholipids. The oily core is how fat‐soluble drugs such as

paclitaxel (Mo & Lim, 2004), hematoporphyrin (P. Stevens et al., 2004),

and lipid‐conjugates (P. J. Stevens et al., 2004) are carried. There are

various lipid‐based carriers, solid‐lipid NPs (SLN), lipid–drug conjugates

(LDC) nanostructured lipid carriers (NLC) (Kumar et al., 2012). Lipid‐based

NPs thus far have been used in medicinal applications of DNA/RNA due

to their low cytotoxic levels (Puri et al., 2009; Xiao et al., 2018).

2.5 | Lipid‐polymer hybrid nanoparticles (LPN)

The idea of lipid‐polymer‐based NPs is the combination between

polymeric and lipid‐based NPs (Chan et al., 2010; Thevenot

et al., 2007; L. Zhang et al., 2008). LPNs consist of a hydrophobic

polymeric core, hydrophilic shell, and lipid shell in between the core

and shell. The hydrophobic core acts to entrap poorly water‐soluble

drugs, whereas the hydrophilic shell enhances stability and half‐life

due to their antibiofouling properties, and the interface lipid shell acts

as a protective wall to ensure the drug encapsulation efficiency, high

loading yield, controlled release of drugs (Kamaly et al., 2016; L.

Zhang et al., 2008), high immunocompatibility properties (e.g.,

complement and coagulation system activation and the ability to

bind onto human plasma protein) (Salvador‐Morales et al., 2009).

2.6 | Inorganic–organic hybrid NPs

The hybrid NFs are composed of binding an inorganic compound to an

organic compound resulting in hybrid nanomaterial. Some of the best

qualities of hybrid NPs include the ability to immobilize enzymatic

activities, significantly better stability, physical and reproducibility

properties compared to conventional materials. Some applications of

hybrid NFs include stabilizing enzyme activity, drug delivery, biosensor,

cell imaging, and other biomedical applications (S. Lee et al., 2015).

Figure 2 shows an illustration of the combined nanotechnology between

enzyme and NPs and their potential applications.

3 | ENZYME‐ INCORPORATED
NANOMATERIALS IN SOCIETY

The enzymes that are incorporated in nanomaterials are utilized in

various fields of society, such as food from agriculture, human health,

and the environment.
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3.1 | Agri‐food

Global food production is an increasingly challenging task due to current

risks including food safety, malnutrition, food wastage, and wastewater

production (Henchion et al., 2019). Recent studies showed that nanoscale

technologies can overcome the current challenges in agriculture and

food‐based industrial sector through sustainable growth (Handford

et al., 2014; Parisi et al., 2015). The application of nanotechnology in

agriculture can be classified into nano‐inside, where the material is

ingested by target species, and nano‐outside, where it is used in/as the

packaging material (Siegrist et al., 2008; Yang & Hobbs, 2020).

Nanotechnology‐based products are beneficial in this sector by

producing nutritious, high‐quality, and safe foods (Gomez et al., 2021;

Mousavi & Rezaei, 2011). The application of nanotechnology in the agri‐

food industry can be divided into five main sectors, such as primary

production, food processing, nutrition, food safety, health, and packaging

applications. The use of the nanomaterial in primary production, includes

agrochemical delivery, pesticide detection, antimicrobial activity, genetic

engineering, field sensing, diagnosis, and prevention of animal diseases

(Gomez et al., 2021; Henchion et al., 2019). In food processing,

nanotechnology is applied in improving the texture, aroma, and

consistency of food, as an anticaking and gelation agent, and viscosity‐

increasing agents, whereas it is used to aid nutrient delivery, fortify

minerals and vitamins, senses characteristics of supplements and also as

nutraceuticals in the nutrition sector. Further, nanotechnology in food

safety and health improves shelf life, sensor diagnostics for contaminants,

security devices, and disinfection products for surfaces and equip-

ment (Handford et al., 2014; Henchion et al., 2019).

Diverse conjugations of organic–inorganic hybrid nanomaterials

have been produced to increase plant protection through antimicro-

bials, nano‐pesticide sensors, degradation, water treatment, as well as

food safety. Furthermore, enzyme‐incorporated hybrid nanomaterials

have also been promising in food analysis and safety due to their

excellent single‐molecule and multiplex mycotoxin detection proper-

ties (Abd‐Elsalam, 2020).

3.2 | Human health

Over the last six decades, there has been massive progress in the

production and applications of biosensors. Biosensors are generally

composed of three main components such as biological recognition

compound, transducer, and processor (Nguyen et al., 2019). The progress

of nanotechnology in human health, and ways to diagnose and prevent

diseases have been excellent over the past years. Enzyme‐incorporated

hybrid nano‐bio‐sensors are analytical devices (derived biologically), that

F IGURE 2 Illustration of enzyme‐incorporated nanoparticle and its potential uses
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are used to detect and sense various diseases and/or disorders, when

combined with transducers to recognize and convert signals (Clark &

Lyons, 1962; Hiratsuka et al., 2008; A. P. F. Turner, 2000; Updike &

Hicks, 1967; Yoo & Lee, 2010).

The enzyme‐incorporated hybrid nanomaterials in the produc-

tion of biosensors and/or biomarkers are considered an alternative

cutting‐edge technology, compared to conventional methods, such as

colorimetric sensors and protein biomarkers. Some advantages of the

hybrid nanostructures include ultrasensitivity, improved viability,

stability, and shelf‐life of the enzymatic proteins (Shende et al., 2018).

The use of enzyme‐incorporated biosensors has shown promising

results in the detection of common diseases such as Parkinson's,

Alzheimer's, type 2 diabetes, and acquired immunodeficiency

syndrome (AIDS) (El Harrad et al., 2018).

3.3 | Environment

Nanotechnology‐based materials have also been studied and applied

to control air pollution through sensing, removal, and/or adsorption

of toxic gases present in the ambient air. Examples of toxic pollutants

in the air include carbon dioxide (CO2), nitrous oxide (NOx), ammonia,

dioxins, and volatile organic compounds (VOCs), which affect the

composition of the breathable air depending on the threshold

quantity. For instance, large quantities of dioxins present in the air

affect the immune and endocrine system as well as are carcinogenic

to human health. Therefore, enzyme‐incorporated hybrid nanoma-

terials have been used as toxic gas sensors (e.g., phenolic compounds

and hydrogen peroxide) to detect and eliminate them (Bollella &

Katz, 2020).

Furthermore, the dye‐processing industry is a major industry that

contributes to more than 200,000 tons of discharge as aqueous

effluent (Chequer et al., 2013) of which 10%–50% is lost in textile

coloration (Mansour et al., 2012). However, the effect of dye (e.g.,

red 1, red 9, yellow 14, crystal violet, methylene blue, basic yellow) on

human health is hazardous, as they can cause carcinogenic activity

and allergic reactions (Lellis et al., 2019). NPs and composites have

already been in use, however, it has a low adsorption efficiency

(Sadegh et al., 2016). Thus, enzyme‐incorporated hybrid nano-

technology implementation showed greater efficiency to remove

dyes from wastewater effluents for overcoming the limitations of

NPs (Azghandi et al., 2017).

4 | ENZYME‐ INCORPORATED
NANOMATERIALS

4.1 | Mechanism of enzyme‐incorporated
nanomaterials

The interactions between enzymes and nanomaterials may have a

greater impact on the chemical and physical properties of the

enzymes or the nanomaterial. This is due to the binding nature of

enzymes onto the surface of nanomaterials which may potentially

alter the structure, function, and properties of the nanomaterials.

However, these potential changes may be different depending on the

type of enzyme immobilization methods (e.g., physical or chemical).

For example, an adsorption is a form of physical bonding, that

generally causes conformational transitions, which would affect the

catalytic activity of the enzymes. Some factors which may contribute

to physical bond formation are the type of enzymes (e.g., amino acid

composition, 3D structures, and orientation) and/or nanomaterials

(e.g., size, structure, chemical properties) as well as environmental

conditions (Castagnola et al., 2017; M. Chen et al., 2017; Johnson

et al., 2014; X. Zhao et al., 2015). Further, enzyme orientations,

typically affected by factors, such as physicochemical properties, pH,

and temperature, are crucial, as improper orientations of the enzymes

can impede and/or obstruct the active sites for enzymatic reactions

(Johnson et al., 2014). Figure 3 shows probable pathways of the

interaction between enzymes and NPs. There are various potential

pathways of interaction between enzymes and NPs depending on the

functionality, application, and uses. For instance, free enzymes can be

encapsulated or combined with NPs to immobilize them for various

functions. Nanozymes are NP‐encapsulated materials that possess

enzyme‐like activity, whereas biodegradation is the use of enzymes

to degrade NPs or nanomaterials. It is noteworthy that the

interactional patterns between enzymes and nanomaterials depend

on the physicochemical properties of enzymes (e.g., structure) and

NPs (e.g., shape, size) (M. Chen et al., 2017).

The effect of varying conditions on the immobilization and the

enzymatic reactivity is influential, where the distinct type of bond

formations (e.g., physical, covalent, hybrid linking) shows significant

changes in the overall enzymatic efficacy. One study by Asuri and

coworkers showed that enzymes immobilized onto NPs of smaller

diameters (resulting in higher curvatures) can retain better enzymatic

activity. Higher curvatures (the radial distance between adjacent

enzymes) can decrease or deter enzymes from each other preventing

unnecessary interactions. A less curved surface could also potentially

increase the enzyme denaturing process due to the interaction

between enzyme and surface area of NPs (Asuri, Bale, et al., 2006;

Asuri, Karajanagi, et al., 2006). Moreover, distinct bond formations

affect the conjugates, whereby, past studies showed that physical

binding alone has a lower enzymatic activity, compared to covalent as

well as covalent binding with a linker (Garcia‐Galan et al., 2011; L.

Wang et al., 2010).

4.2 | Methods of incorporation of enzymes onto
nanomaterials

There are different methods to synthesize enzyme‐incorporated

nanomaterials and the yield of the particles with unique structure,

morphology, and size depends on the operating conditions (e.g.,

temperature, the concentration of components, duration of synthe-

sis), presence of solvents, surfactants, additives, and/or polymers

(Shende et al., 2018). The main techniques of enzyme immobilization
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can be divided into physical and chemical bond formation as

described in detail in this section.

4.3 | Physical bond formation

Physical bond formation can further be divided into adsorption and

entrapment method. The adsorption method is relatively simple with

high loading efficiency and feasible method, which depends on the

physical mechanism based on the dipole attraction, hydrophobic

attraction, Van der Waals forces, and/or hydrogen‐based bond

formation (Eş et al., 2015; Hwang & Gu, 2013; K. H. Kim et al., 2018).

There are different methods of adsorption, such as (a) static process

(b) dynamic batch process (c) reactor loading, and (d) electrodeposi-

tion. In the static process, the enzyme in a solution is allowed to be in

contact with the carrier naturally, where the contact between

enzyme and carrier is established through stirring when the carrier

is placed inside a reactor. The electrodeposition process involves the

use of current and it attracts the enzymes onto the carriers, that are

placed close to the electrodes (K. H. Kim et al., 2018).

In addition, affinity binding uses the principle of selectivity

between complementary biomolecules. The key advantages of this

method are that it has high selectivity of interaction, the controlled

orientation of enzymes as well as minimal conformational changes

(Brena & Batista‐Viera, 2006; Reis & San Román, 2004). Affinity

binding can be achieved in two ways (a) precoupling of support to

ligand affinity and (b) an entity conjugated to an enzyme, which

develops an affinity eventually (Datta et al., 2013). Coulombic, van

der Waals and hydrogen bonding through bio‐affinity layering can

increase the affinity binding efficiency and reusability (Datta

et al., 2013; Haider & Husain, 2008).

Adsorption is more commonly reversible as immobilized enzymes

can be removed if/when enzyme activity decays over time. The

process can be maneuvered under gentle conditions to regenerate

and reload carrier/support with fresh enzymes (Brena & Batista‐

Viera, 2006; End & Schöning, 2004). Moreover, there are different

types of carriers such as mineral, organic, or ion exchange resins.

Some examples of carriers used are cotton fibers, gelatine, porous

glass, and cellulose. However, adsorption bonding is not very stable

due to weak bondings between enzyme molecules and the

nanomaterial. Therefore, coatings would aid in stronger bondings

and overall efficiency (K. H. Kim et al., 2018; Tang et al., 2004).

The entrapment method involves the entrapment of enzyme

molecules through porous gel and/or fibers (Ahmad & Sardar, 2015b;

Hwang & Gu, 2013). This method's advantages include providing a

safe and confined environment that protects the enzymes from gas

F IGURE 3 Typical significant pathways of
enzyme and nanoparticles interaction, Inspired
by (M. Chen et al., 2017)
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bubbles, solvents, mechanical sheer, high stability, simple mechanism,

and continuous operations (Hwang & Gu, 2013). Entrapment can be

conducted in three ways: inclusion in (a) gels (b) fibers, and

(c) microcapsules. Some examples of carriers include polyacrylamide

gels, gelatine, cellulose triacetate, agar, carrageenan, and alginate.

Some key advantages of this method are that it reduces enzyme

leaching and improves mechanical stability (Shen et al., 2011)

ultimately reducing the potential denaturing of enzymes due to

interaction with polymer (Datta et al., 2013). However, the

disadvantage of this method are that it can be rigorous and has a

mass transfer limitation (J. Kim et al., 2008; D.‐H. Zhang et al., 2013).

Other disadvantages include enzyme leaching typically due to

irregular ratio of pores on support, enzyme deactivation while

immobilization and reduced loading capacity, and support matric

abrasions (Górecka & Jastrzębska, 2011).

4.4 | Chemical bonding

The covalent technique is the attachment of the enzyme onto the

nanomaterial through covalent bonds (Ahmad & Sardar, 2015a). This

technique has a strong bond formation between the enzyme and

nanomaterial and therefore increases stability to be beneficial in

various applications and industries (Eş et al., 2015; Hwang &

Gu, 2013). The orientation of enzyme binding is a critical component

that controls the stability of the covalent bond between enzyme and

support. A study showed that when the active center amino acids are

not implicated in the support binding, the highest level of enzyme

activity is reached. Depending on the active groups present in

the molecule to be immobilized, the coupling with the support can be

accomplished in two ways. The reactive functional groups can be

added to the support without any changes, or the nanomaterial can

be changed to produce activated groups. The electrophilic groups

formed on the support are expected to react with strong nucleophiles

on the protein in both circumstances (Mohamad et al., 2015). When

combined with other supports such as mesoporous silica, chitosan,

and others, the approach boosts enzyme half‐life and heat stability

(Ispas et al., 2009). Because there is no barrier between the enzyme

and the substrate, there is infinite covalent binding between them,

which confers stability. The enzyme's location on the support's

surface improves enzyme adhesion and the binding mechanism used

to load the enzyme (Zhai et al., 2013). Covalent bonds can be formed

via distinct methods including (a) diazotization (b) peptide bond

formation, and (c) using polyfunctional reagents. The diazotization

method involves creating bonds between amino groups and tyrosil

and/or histidyl groups from enzymes, whereas peptide bond

formation is between amino group and enzyme and polyfunctional

reagents create the bonds between amino groups of enzymes and

carriers, such as cellulose and titanium oxide. Moreover, the

disadvantage of this technique includes a decrease in enzyme

mobility, reactivity as well as conformation restrictions (K. H. Kim

et al., 2018).

The cross‐linking method involves the attachment of enzymes to

each other using a reagent (Ahmad & Sardar, 2015a). Technically,

cross‐linking is accomplished by using bi‐ or multifunctional

chemicals to produce intermolecular cross‐linkages between enzyme

molecules. Cross‐linked enzyme aggregates (CLEAs) are made by

aggregating enzymes in precipitants like acetone, ammonium sulfate,

and ethanol, then adding a cross‐linker (Hanefeld et al., 2009).

CLEA was developed to improve the efficiency of enzyme

immobilization whereby, enzyme precipitation from an aqueous

solution and the combination of nonionic polymers, organic solvents,

and/or salts (K. H. Kim et al., 2018; Sheldon, 2007). The reactions for

enzyme immobilization can be carried out in three ways: mixing the

prepolymers with a photosensitizer (e.g., benzoin ethyl ether),

melting, mixing with an enzyme solution, and gelling by exposure to

near ultraviolet (UV) radiation, or freezing the enzyme‐containing

monomer solution in the form of small beads. Then, the enzymes are

either mixed in a buffered aqueous solution containing acrylamide

monomer and a cross‐linking agent before performing a chemically

initiated polymerization, or the enzymes are mixed in a buffered

aqueous solution containing acrylamide monomer and a cross‐linking

agent before performing a chemically initiated polymerization

(Obzturk, 2001). Examples of reagents include glutaraldehyde and

diazonium salts. The binding between glutaraldehyde and enzyme

occurs between the aldehyde functional groups and amino group of

enzymes. Glutaraldehyde is the most often used cross‐linking reagent

since it is inexpensive and readily available in large amounts (Górecka

& Jastrzębska, 2011; Hanefeld et al., 2009; Sheldon, 2007).

The increased surface area and porosity, cross‐linking enzymes

to electrospun nanofibres has resulted in enhanced residual activity.

Continuous antibacterial applications have also been described using

lysozyme‐immobilized electrospun chitosan nanofibres via CLEAs

(Park et al., 2013). Advantages of this method include strong binding,

preventing any leakage and desorption as well as good recovery and

reusable values, whereas the disadvantage of this technique is that it

reduces enzymatic activity due to the reagents used that may easily

denature or modify (D.‐H. Zhang et al., 2013). Table 1 shows the

difference between all the four different enzyme immobilization

techniques.

4.5 | Self‐assembly of enzymes and NPs

Noncovalent bonds, such as hydrogen bonds between a hydrogen

atom and atoms of electronegative surface of the nanostructure can

enhance the self‐assembly of hybrid nanomaterials (L. Wang

et al., 2019). Hydrogen bonds aid in the growth of biological

components in one direction to form 1D structures, however, the

hydrogen bonds provide cylindrical morphology for self‐assembly in

cyclic peptides (Rho et al., 2019). One study also revealed that

hydrogen bonds formed between –NH group on peptide chains and

carboxyl groups present on polymers, resulting in strong interaction

without the need for external agents or binders (Agostinelli
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et al., 2007). Van der Waals forces and dipole–dipole interactions are

much weaker than hydrogen bonds and covalent bonds, however,

they function to control self‐assembly and any possible phase

transitions (J. Cao et al., 2019; H.‐Y. Gao et al., 2015).

Figure 4a shows hypothetical electrostatic interaction between

NPs and enzymes. Electrostatic interactions are formed between

negative and positively charged particles whereby, it has been

identified to enhance self‐assembly while maintaining the stability of

the resultant hybrid NPs (Mauri et al., 2017). The strength of the

interaction can be increased by varying the pH and/or charge

screening of the ionic medium. Likewise, hydrophobic interaction‐

induced self‐assembly of enzymatic‐NPs has also been identified as a

promising bond formation agent due to its excellent property to

enhance secondary biomolecule structures into a specific cylindrical

structure (Fu et al., 2014).

Covalent bonds, on the other hand, are required to form a more

stable and stronger attachment between functional groups on

enzymes and a particular surface. For instance, amine groups can

react with the ester group to form amide bonds, thiol group, and

unsaturated carbonyl groups form thioether bonds (Homaei

TABLE 1 Difference between enzyme immobilization techniques

Enzyme immobilization technique Advantage Disadvantage References

Physical

bonding

Adsorption • Simple • Unstable K. H. Kim et al. (2018);

Zhang et al. (2013)

• High loading
efficiency

• Weak bond formation

Entrapment • Simple, continuous
operation

• Rigorous

• Protect enzyme
activity

• Mass transfer
limitation

• High stability

Chemical

bonding

Covalent • Strong bonding • Decrease enzyme

mobility and reactivity

• High stability

Cross‐linking • Strong binding • Decreased enzymatic
activities

• Prevent leakage and/
or desorption

• Good recovery and
reusability

F IGURE 4 Hypothetical internal interactions between enzymes
and nanoparticles (NPs) (a) electrostatic interaction (b) covalent
linking through amino groups or phenolic groups of enzyme
and NPs.
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et al., 2013). Figure 4b shows hypothetical interaction between

functional groups on enzymes and NPs' surfaces. Furthermore, π‐π

bonds have been identified to possess major influence in enhancing

the overall stability of structures, that are bound by noncovalent

bonds (e.g., hydrogen, van der Waals). Also, π‐π stacking has been

identified to cause fibrils that can reassemble a higher‐order

hierarchical system (J. Chen & Zou, 2019). In typical biomolecule

self‐assembly, the noncovalent interactions (charged or uncharged)

form either electrostatic or hydrogen bonds, whereas the nonpolar

amino acids form and stabilize through π‐π stacking or hydrophobic

interactions (X. Ding & Wang, 2017). For example, 3D hybrid

nanostructures, that are composed of pyrene‐modified glucose

oxidase/catalase‐loaded graphene nanodots/gold electrodes, are

stacked through π‐π bonds to exhibit better catalytic activity (up to

70%), compared to free standalone enzymes in the detection of

glucose and H2O2 in biological sample It is noteworthy that the

graphene–pyrene π‐π interactions can help to protect the pyrene

conjugate structure while maintaining the electrical properties of

graphene (J. Wang et al., 2015).

4.6 | Factorial variation on the reactivity of
enzymatic‐NPs

The mechanism of the enzymatic‐NPs' enhancement has improved

the interaction between enzyme and nanomaterial, which eventually

influences their rate of reactivity, as shown in Figure 5. Some factors

which contribute to the enhancement of enzyme–NPs interaction

include the morphology and structure of the nanomaterial, tempera-

ture, electron transfer efficiency, metal ion activation, conformational

changes, and the possibilities of multienzyme systems.

Initially, different morphologies have distinct stability of the

enzyme‐incorporated nanomaterial, especially due to the difference in

surface area and diffusion resistance (An et al., 2020). J. Li et al. (2016)

developed spindle‐like nanocrystals and DNA was encapsulated onto

the structure, which showed a 143‐fold increase in the enzymatic

activity due to its larger surface area for a greater accumulation of

compounds on their surface (Z. Li et al., 2016). Encapsulated enzymes

also have shown increased catalytic activity due to protected enzymes

against harsh external environmental conditions (M. Wang et al., 2015).

Another study involved the synthesis of 3D nano shapes (flowers,

plates, and parallel hexahedrons), where the NF structures showed the

highest catalytic activity, due to the large surface‐to‐volume ratio, which

reduces mass transfer limitations (L.‐B. Wang et al., 2013). In another

study, nanowire meso‐crystals resulted in one of the highest specific

nano biocatalyst activity due to its octahedral structure which is

developed via anisotropic nanowires, which has a large surface‐to‐

volume ratio, interpenetrating channels, and decreases the overall mass

transfer limitations (G. Li et al., 2018).

The use of metal salts with enzymes or proteins has been proven to

be successful as metal ions can bind effectively with the enzyme/protein

(which acts as precursors). Similarly, the incorporation of metal ions onto

enzymes can enhance the electron transfer efficiency (Schwizer

et al., 2018), where enzymatic redox reactions are often related to their

electron transfer, particularly in oxidoreductase catalytic activities/

processes (Wu et al., 2017). Conductive nanosized supports, such as

gold (Au), cadmium sulfide (CdS), carbon dots, and/or tubes have shown

promising results to support and improve the electron transfer of redox

enzymes (An et al., 2020). Moreover, temperature plays a crucial role in

the catalysis process as an increased temperature can enhance enzymatic

activity. However, certain enzymes may denature at extreme tempera-

tures, therefore, it is vital to learn the difference between enzymes and

F IGURE 5 Hypothetical views on different morphologies between nanoparticles (NPs). (a) NPs on enzymes. (b–d) Enzymes are adsorbed and
immobilized onto the surface of NPs. (e) Encapsulation of enzymes on/into porous nanomaterial. (f–h) Embedded enzymes on/into three‐
dimensional support matrices (An et al., 2020).
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apply temperature accordingly (Rodrigues et al., 2013). Recently, it was

identified that certain nanostructures can absorb light and/or electro-

magnetic waves and convert them into heat to enhance catalytic activity.

Another study developed temperature‐responsive enzyme‐incorporated

polymer as nano‐catalysts, which showed excellent results at 40°C (J. Zhu

et al., 2013). Photosensitive nanostructures, such as metal NPs and

semiconductor nanomaterials also help to control the activation of light

into heat strategy (C. Wang et al., 2017). Furthermore, magnetic NPs

were also identified to possess the ability to convert electromagnetic

energy into thermal energy. The use of magnetic nanomaterials further

allows easier recovery of the nanostructures upon frequent usage

(Alarcón‐Correa et al., 2019). Later, Xiong et al. (2019) demonstrated that

the ferromagnetic nano‐ring‐hybrid enzyme‐incorporated structure can

stimulate magnetic fields into localized heating, which improves reactivity

by 1.8 fold (Xiong et al., 2019).

In addition, nanomaterial, or allosteric effectors can have

desirable conformational changes in enzymes, which can improve

catalytic activity (Darby et al., 2017). Certain metal ions such as

calcium (Ca) and magnesium (Mg) have created major impacts as

allosteric effectors (L.‐B. Wang et al., 2013; M. Wang et al., 2015).

Conformational changes within proteins or enzymes, unfortunately,

may also lead to fibril formations from misfolded amyloid proteins

from the works of Colvin & Kulinowski (2007) and thermodynamic

instability making them prone to chemical denaturing (Chatterjee

et al., 2010). This ultimately reduces the protein–protein interaction

signals, which ultimately decreased the enzymatic activity of α‐

chymotrypsin (CT) and soybean peroxidase (SBP) based on the works

of Karajanagi et al. (2004). In addition, conformational epitopes are

the alterations that can result in the specific folding of polypeptide

chains. Nanostructures can either induce these novel epitopes or

even unfold concealed epitopes originating from primary proteins

(Saptarshi et al., 2013).

Multienzymatic systems have the involvement of more than one

enzyme can also enhance the catalytic activity in enzymatic NPs

(Vranish et al., 2017). This system has gained attention in cascade

reactions to obtain desired substrates (Hwang & Lee, 2019).

However, there are certain challenges in designing a multienzyme

system, hence, it should be designed to reduce the movement of

intermediate products between enzymes to improve overall activity,

good spatial arrangement, number, and types of enzymes (H. Wang

et al., 2018). Some examples of nanomaterials in designing multi-

enzymatic systems for overall enhancement of enzymatic activity are

metal–organic framework, a product of one enzyme that acts as a

substrate for another (W.‐H. Chen et al., 2018), and aggregation‐

induced NPs (S. Cao et al., 2021). A metal–organic framework is the

addition of several enzymes onto NPs which acts as the nanoreactors

(W.‐H. Chen et al., 2018) whereby, the aggregation‐induced‐NPs

multienzymatic framework can be described as the (a) formation of

structural formation of NPs followed by (b) functionalization through

enzymatic machinery layer‐by‐layer self‐assembly process (S. Cao

et al., 2021). Recent studies on the development of nanostructured

hybrid particles and their increased enzymatic activity have been

summarized in Table 2.

5 | ENZYME‐ INCORPORATED
NANOMATERIALS IN VARIOUS
APPLICATIONS

Recently, enzyme‐incorporated nanomaterials are under extensive

research to be beneficial in various applications, such as biocatalysts,

biosensors, environment monitoring, drug delivery, and bioremediation.

5.1 | Biocatalysts

Nanosystems have been recently utilized as platforms to promote

enzyme immobilization for ensuring efficient enzyme usage as the

free enzymes often lose their activity easily involving high costs and

low reusability value (Kuhad & Singh, 2013; R. N. Patel, 2008; N. J.

Turner, 2009; Yu et al., 2005). Enzyme immobilization is the process

of attaching enzymes over support to completely immobilize the

attached enzyme (Chagas et al., 2015) and is highly beneficial as

biocatalysts (Jeevanandam et al., 2022). It is often accomplished by

four methods, namely, adsorption (K. H. Kim et al., 2018), entrap-

ment, covalent bond formation (Ahmad & Sardar, 2015a), and/or

cross‐linking approach (Wong et al., 2019).

Some factors which affect the efficiency and performance of the

enzyme immobilization process are the method of immobilization,

type of immobilizer carriers (structure and property), and loading of

enzymes (Talbert & Goddard, 2012). The type of carriers determines

the mass transfer rate between the substrate and the enzyme, the

interaction between molecules as well as the surface area for enzyme

loading, and the electron transfer to the active site on the enzyme (H.

Li et al., 2017). Immobilization allows the protection of enzymes from

harsh conditions, such as pH, temperature, and type of solvent (D.‐H.

Zhang et al., 2013). Further, dye removal tests showed greater

removal performance due to good enzyme adsorptive abilities (Pang

et al., 2013; Pham et al., 2015), improved facilitation of direct

electron transfer, good reusable property, and enzyme stability (Li

et al., 2017). Table 3 shows the list of various types of enzymes and

their support matrices as biocatalysts to immobilize enzymes.

5.2 | Biosensors

Enzyme‐incorporated nanomaterials were widely utilized to fabricate

biosensors for the effective monitoring of glucose in diabetic

patients, biomarkers of cardiovascular diseases, cancer, other

diseases, disorders, and ailments.

5.2.1 | Monitoring of glucose in diabetic patients

Diabetic patients are required to control and monitor their daily sugar

(glucose) intake to ensure a normal range of glucose levels in the

blood to prevent severe complications, such as heart diseases, kidney

failures, and loss of vision (Martín‐Timón et al., 2014). Figure 6 shows
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an illustration of the mechanism of amperometric glucose biosensors.

Current enzymatic biosensors applied in the detection of blood

glucose level includes the incorporation of glucose oxidase (GOx) due

to high selectivity, ability to withstand higher pH and temperatures,

and its cost‐effectiveness (Shandilya et al., 2019).

For instance, GOx immobilized onto carbon nanotubes/Nafion

matrix has been identified to be favorable due to the presence of

carbon nanotubes, which act as the “electron pathways” with an

electron transfer rate of 1.47 s−1 with better transportability and higher

stability. The immobilization of enzymes via cross‐linking approach also

improved the overall sensitivity (16.26 × 10−3 A.M−1cm−2) of the

biosensors (J. H. Kim et al., 2015). H. Lee and coworkers (2017)

adapted a wearable sweat‐based biosensor to detect glucose levels to

better point‐of‐care in diabetic patients. The study showed good

potential of the painless sweat‐collecting combined with a transdermal

drug delivery system. The electrodes are made from gold/GOx/Nafion

NPs cross‐linked with glutaraldehyde whereby, the limit of detection

(LOD) was found to be 1 μl (H. Lee et al., 2017). Another novel study

developed a polyethylene terephthalate (PET) combined with gold NPs

(GNPs) immobilized with GOx enzyme to detect glucose. The study

showed an overall sensitivity of 22.05μAmM−1 cm−2 with a LOD of

2.7 μM (Y. Wang et al., 2019). MnO2 NPs decorated on graphene‐

coated with GOx and Nafion showed good potential as disposable

glucose sensors whereby, the linear range was from 0.1 to 1.4mmol/L

with a sensitivity of 56.32μA/mmol cm2 and LOD of 0.05mmol/L

(Vukojević et al., 2018). A novel approach using paper‐based electrodes

consisting of GNPs/graphene/GOx and conducting polymer, poly(9,9‐

di‐(2‐ethylhexyl)‐fluorenyl‐2,7‐diyl)‐end capped with 2,5‐diphenyl‐

1,2,4‐oxadiazole (PFLO) showed excellent potential as glucose bio-

sensor whereby, the sensitivity was 7.357μA/mMcm2 with a LOD of

0.081mM (Gokoglan et al., 2017). Another study involved the

immobilization of GOx on graphene/multiwalled carbon nanotubes

(MWCNTs)/GNP electrodes to improve the sensing of glucose, where

the electron transfer rate was 3.36 s−1 and sensitivity of 10μM–2mM

with LOD of 4.1 μM (Devasenathipathy et al., 2015). Furthermore, a

novel study incorporated GOx onto tobacco mosaic virus nanotubes as

carriers to improve the detection of glucose in biological samples.

These biosensors exhibited 50%–60% of their initial enzymatic activity

after 3 weeks (Bäcker et al., 2017).

5.2.2 | Biosensors in cardiovascular diseases

Cardiovascular diseases have been on the rise over the past decade

and one way to curb or diagnose them at an early stage is through the

detection of high levels of cholesterol in the blood. Recently, there

are several novel enzymatic biosensors to detect cholesterol by using

cholesterol oxidase on the surface of electrodes, which catalyses

cholesterol into hydrogen peroxide (H2O2). Cinti et al. (2015)

immobilized cholesterol oxidase on the surface of screen‐printed

electrodes containing Prussian blue NPs and revealed that the

sensitivity of the biosensor was 2.1 μA/mM cm2 (Cinti et al., 2015).

Another study involved the use of cholesterol oxidase and

cholesterol esterase onto GNPs/screen‐printed electrodes, where

the detection limit was identified to be 3.0μg/ml (Huang et al., 2017).

Other innovative biosensors include the incorporation of screen‐

printed electrodes with graphene oxide and iridium oxide NPs and

tyrosinase to detect angiotensin‐converting enzymes for the treat-

ment of heart failures by inhibiting the tyrosinase and thioquinone

enzymatic activity (Kurbanoglu et al., 2017).

5.2.3 | Other medical applications

The use of nanosized biosensors in the detection and monitoring of

antidepressants by immobilizing monoamine oxidase on MWCNT‐

modified screen‐printed electrodes to detect chemicals present in

common antidepressant drugs (detection limit of 6 × 10−10M,

8 × 10−10M and 9 × 10−10M for phenazepam, imipramine and

afobazole respectively), such as imipramine, afobazole, and phena-

zepam (Medyantseva et al., 2015). The same team also developed

silver NPs incorporated biosensors to detect imipramine and

amitryptiline with a detection limit of 4 × 10−9M. The use of silver

NPs aided in wider concentration limits as well as improved the

overall sensitivity of the sensor (Medyantseva et al., 2015). Another

study involved the synthesis of screen‐printed electrodes, that are

incorporated with carbon nanotubes and graphene oxide in the

monitoring of moclobemide and amitriptyline concentrations in

pharmaceutical drugs (Brusnitsyn et al., 2016). Similarly,

Medyantseva and team (2017) successfully synthesized gold and

F IGURE 6 Illustration of the working
principle of an amperometric glucose
biosensor
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silver NPs modified biosensors, which were able to detect moclobe-

mide, tianeptine, amitriptyline in urine and drugs with a detection

limit of 8 × 10−10M (Medyantseva et al., 2017). Another study

involved the use of magnetic NPs and tyrosinase on screen‐printed

electrodes to detect methimazole, where the detection limit was

identified to be 0.006 μM (Kurbanoglu et al., 2015). Table 4 is a

summary of the enzyme‐based biosensors in the medical and

pharmaceutical industries.

5.2.4 | Nano‐based biosensors for environmental
monitoring applications

In recent times, environmental protection is highly essential due to

the presence of several toxins and pesticides in water bodies and soil

as a result of the agriculture and industrialization process to meet the

global demand of consumers (Justino et al., 2017). For instance, the

detection of various pesticides through the incorporation of

acetylcholinesterase enzyme has been identified to be a promising

environmental monitoring agent.

Lang and team (2016) demonstrated the detection of paraoxon

pesticides by synthesizing biosensors from glassy carbon electrodes/

gold nanorods/acetylcholinesterase with a detection limit of 0.7 nM

and an average recovery of 97% (Lang et al., 2016). Another study

included the detection of methyl parathion from carbon paste

electrode/chitosan/GNPs/Nafion with a detection limit of 5 fg/ml

(Y. Deng et al., 2016). In addition, Wei and their team (2015)

produced ionic liquids/GNPs/carbon composite/acetylcholinesterase

to detect dichlorvos with a detection limit of 0.3 pM and recovery of

80.8%–93.1% (Wei & Wang, 2015). Furthermore, Zhang and the

team (2021) synthesized reduced graphene oxide (GO)/titanium

oxide nanorods and acetylcholinesterase to detect organo-

phosphorus pesticides (dichlorvos [DDVP]) in waste samples. The

sensor showed a response between 226 and 565 nM with a

detection limit of 2.23 nM where it showed 78% of the initial state

on Day 30 (J. Zhang et al., 2021). Another study successfully

developed acetylcholinesterase on concanavalin A (Con A)/polydo-

pamine (PDA)‐reduced graphene oxide (RGO)‐GNP nanostructures to

detect carbofuran. The sensor was identified to have a detection

range of 5–40μg/kg with a detection limit of 0.012μg/kg (Y. Li

et al., 2019). Moreover, carbofuran has been successfully detected

through the formation of glassy carbon electrodes/graphene oxide/

MWCNTs (Zhuang et al., 2017). Later, Q. Liu and their team (2015)

synthesized MWCNTs/graphene oxide/nanoribbons structure to

detect carbaryl pesticides (Q. Liu et al., 2015).

Similarly, other innovative enzyme‐incorporated biosensors

include the addition of butyrylcholinesterase enzyme on screen‐

printed electrodes/carbon black NPs to detect paraoxon with a

detection limit of 5μg/L and recovery of 96% (Arduini et al., 2015).

Another study also revealed the usage of poly (3,4‐ethylenedioxy‐

thiophene), graphene oxide nanosheets, and laccase on glassy carbon

electrodes to detect catechol in contaminated water samples,

whereby the study showed a 0.032μM of detection limit (Maleki

et al., 2017). Table 5 shows the summary of different nanostructured

biosensors that are successfully fabricated to aid in environmental

monitoring and protection.

5.2.5 | Nano‐based biosensors for food safety

Food safety was introduced to preserve food by suppressing

spoilage, contamination, as well as enhancing tenderness (of meat

and muscle products) (Kerry et al., 2006). Nanosensors can detect

toxins, pesticides, microbes, and infections through the change in

color, taste, odor, and flavor (He et al., 2019). Besides, the

incorporation of nanosensors in food packaging allows tracing of

physical, chemical, and biological modifications during processing

(Berekaa, 2015) as well as provides information on the quality of food

during transportation and storage of product (Augustin &

Sanguansri, 2009). Custom‐made nanosensors are also able to detect

pathogens and toxins (Berekaa, 2015). The advantages of enzyme‐

based nano‐sized biosensors in food safety are because of their high

level of sensitivity, selectivity, rapid response, and nanoscale compact

size (Cavalcante et al., 2021). For instance, Navarro and coworkers

(2020) developed immobilized tyramine oxidase on GNPs to detect

tyramine in emmental cheese whereby the overall sensitivity of the

biosensor lay between 0.033 and 0.25μM with a LOD of 2.9μM

(Navarro et al., 2020).

Scombroid poisoning due to the presence of histamine; typically

synthesized from the decarboxylation of histidine, is a well‐known

toxicant (Shkodra et al., 2020). Therefore, some recent studies have

shown how biosensors can detect high levels of histamine as

preventative care. Another study revealed that indium tin oxide

NPs decorated with diamine oxidase showed good potential to detect

histamine in kashar cheese. The biosensor showed a linear range of

sensitivity of 0.069–6μM and LOD of 2.7μM (Kaçar et al., 2020).

Shkodra and coworkers (2020) developed CNTs coated with horse-

radish peroxidase to detect histamine in fish whereby, the biosensor's

linear range of detection lay between 0.005 and 50 ng/ml−1 with a

LOD of 2.48 pg/ml−1 (Shkodra et al., 2020). Y. Zheng and their team

(2015) synthesized enzyme‐incorporated nanocomposite; acetylcho-

linesterase/glassy electrodes/ionic liquids, and gelatine to detect

levels of carbaryl and monocrotophos found in tomato juice samples.

The percentage of detection of carbaryl and monocrotophos in the

sample was found to be between 92.5%–105% and 91.2%–110%,

respectively (Y. Zheng et al., 2015). Another study using acetylcho-

linesterase incorporated onto Pt NPs/UiO66‐NH2 support matrix

showed high sensitivity and detection of malathion in cabbage and

apples with a detection limit of 4.9 × 10−15M with an average

recovery rate of 95% (L. Ma et al., 2019).

Furthermore, ethanol detection is vital during the fermentation

process for the production of fermented beverages and/or products

(Cavalcante et al., 2021). There have been several studies on how

enzyme‐incorporated nano‐biosensors have been found promising.

For example, alcohol dehydrogenase/diamond NPs on phenothiazine

support matrix (Revenga‐Parra et al., 2020), screen‐printed electrodes
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modified with GNPs and MWCNTs/polyneutral red film/alcohol

dehydrogenase (Bilgi & Ayranci, 2016), polyfluorene‐g‐polyethylene

glycol/MWCNTs/alcohol oxidase (Bekmezci et al., 2020) and the

immobilization of alcohol dehydrogenase on Fe3O4@Au NPs (Samphao

et al., 2015). Table 6 shows the summary of the enzyme‐incorporated

biosensors using nanomaterials.

5.3 | Drug delivery

5.3.1 | Controlled site‐specific drug delivery

Certain types of drugs have poor water solubility, biocompatibility,

and controlled release of the agent, and thus, require a good carrier

to ensure the drug is delivered to the specific site. Conventional drug

delivery systems are not recommended for large‐scale biomedical

applications as it has toxic side effects. Therefore, NP‐based drug

delivery systems were employed recently, due to the specificity,

dosage quantity, and its damage control efficiency. Uricase and HRP

combined with calcium hydrogen phosphate (CaHPO4) nanofibers

(NFs) have shown promising results in the transdermal delivery of

drugs in hyperuricemia‐diagnosed patients (Hao et al., 2019).

In recent times, protease‐responsive nanomaterials have been

identified to be promising in targeted and controlled drug delivery

applications. For example, a recent study developed a novel system

consisting of enzyme‐responsive activatable protein NPs coated with

polyethylene glycol to deliver therapeutic drugs. The self‐assembled NPs

consist of therapeutic drugs (Melittin; anticancerous agent), that are

embedded with peptides and would be activated in the presence of

protease in an environment of diseased cells and/or tissues. The

advantages of this system are its prolonged in vivo circulation, less

toxicity, targeted, and controlled delivery of Melittin (Yu et al., 2018). In

another study, peptides embedded with therapeutic drugs (cisplatin,

adjudin, and WKYMVm hexapeptide) were synthesized for triple‐

negative breast cancer drug therapy via transformable spherical NPs,

that are transformed into nanorod structures upon addition of

metalloproteinases‐2 (MMP‐2) sequence. This novel system showed a

prolonged circulation time, targeted and controlled drug delivery, and

deeper tumor penetration capability. The WKYMVm was also identified

to increase the immune system by forming stable peptide interaction with

TABLE 5 Summary of enzyme‐incorporated biosensors in environmental protection

Organic component Biosensor materials Detection References

Acetylcholinestrerase Glassy carbon electrodes/gold nanorods Paraoxon Lang et al. (2016)

Carbon paste electrode/chitosan/gold NPs/Nafion Methyl parathion Y. Deng et al. (2016)

Ionic liquids/gold NPs/carbon composite Dichlorvos Wei and Wang (2015)

Glassy carbon electrodes/graphene oxide/MWCNTs Carbofuran Zhuang et al. (2017)

MWCNTs/graphene oxide/nanoribbons structure Carbaryl Q. Liu et al. (2015)

Butyrylcholineterase Screen‐printed electrodes/carbon black NPs Paraoxon Arduini et al. (2015)

Laccase Poly (3,4‐ethylenedioxy‐thiophene)/graphene oxide nanosheets/glassy carbon
electrodes

Catechol Maleki et al. (2017)

Abbreviations: MWCNT, multiwalled CNT; NP, nanoparticle.

TABLE 6 Summary of enzyme‐incorporated biosensors in food safety

Organic component Biosensor materials Detection References

Acetylcholinesterase Glassy electrodes/ionic liquids/gelatine • Carbaryl Zheng et al. (2015)

• Monocrotophos

Pt NPs/UiO66‐NH2 support matrix • Malathion L. Ma et al. (2019)

Alcohol dehydrogenase Diamond NPs on phenothiazine support matrix • Ethanol Revenga‐Parra et al. (2020)

Screen‐printed electrode/gold NPs/MWCNTs/polyneutral red film Bilgi and Ayranci (2016)

Fe3O4@Au NPs Samphao et al. (2015)

Alcohol oxidase Polyfluorene‐g‐polyethylene glycol/MWCNTs Bekmezci et al. (2020)

Diamine oxidase Indium tin oxide NPs • Histamine Kaçar et al. (2020)

Horseradish peroxidase CNTs Shkodra et al. (2020)

Tyramine oxidase Gold NPs • Tyramine Navarro et al. (2020)

Abbreviations: MWCNT, multiwalled CNT; NP, nanoparticle.
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cancerous cells (C. Xu, Yu, et al., 2019). Furthermore, Ding and team

(2017) developed a drug delivery system for breast cancer immuno-

therapy by synthesizing acrylamide polyethylene glycol copolymer‐phenyl

vinyl ethylene carbonate (PEGA‐pVEC) peptides, hyaluronic acid, silicon

dioxide (SiO2) NPs to deliver small interfering ribonucleic acid (siRNA) and

anticancer drugs for the treatment of breast cancer cells in vivo. The

system delivered targeted and controlled release of drugs in the presence

of hyaluronidase due to degradation from the entry of lysosomes proving

the efficiency in drug‐resistant cancers (J. Ding et al., 2017). Another

novel study showed that cadmium selenide‐zinc selenide (CdSe/ZnS)

quantum dots successfully delivered anti pancreatic cancer drug

(gemcitabine) through polyethylene glycol decorated quantum dots from

links of matrix metallopeptidase‐9 (MMP‐9) and cathepsin‐B peptides.

The two‐linkage system showed a higher accumulation of gemcitabine,

lower toxicity levels, and increased tumor penetration capability (H. Han

et al., 2017). Other innovative drug delivery systems, include the

development of transformable core‐shell nanocarriers into microsized

extracellular depots to suppress tumor sites with the incorporation of

transglutaminase and human serum albumin (HSA) loaded on the support

matrix. In the case of hyaluronidase overexpression, the anticancer

therapeutics would be unloaded through the degradation of the cross‐

links between hyaluronic acid and micro depot systems (Hu et al., 2016).

5.3.2 | DNA functionalizing and programming for
biomedical application

DNA is highly biocompatible and water‐soluble, where it is used as

building blocks to synthesize DNA nanostructures to be used in

different medical applications. Conventional DNA strands have weak

structures and may suffer structural integrity at low concentrations,

which makes it difficult for therapeutic and imaging applications. The

main concern regarding the DNA structures is mutations within the

structure, whereby, mutations can take place through the addition or

deletion of base pairs and/or DNA segments within chromosome

structure (Mahdieh & Rabbani, 2013). Moreover, the synthesis of

conventional bulky DNA strands is more expensive and time‐

consuming than NFs. Therefore, DNA NFs have been developed

through liquid crystallization (an anisotropic process that aligns

concentrated polymers in order) and dense packaging of DNA building

blocks (Lv et al., 2015). The noncovalent interactions in nanostructures

resulting from vertices aid in the overall stability of the 3D DNA

segments (Greschner et al., 2013). This synthesis process helps to

improve the drug delivery system due to its two‐fold strand, high

biocompatibility, ability to program DNA, high drug tracing, loading,

and controlled release to be beneficial as an efficient drug delivery

system (Shende et al., 2018). One study showed the sequence binding

of functionalized ligand onto HSA showed increased stability from the

nucleases (otherwise known as, DNA hydrolyzing enzyme) and

circulatory time (Jiang et al., 2012). Liu and coworkers (2011) found

the coating of DNA nanostructures with HSA showed an increase of

13%−17% uptake of cells while maintaining low immunogenicity,

degradation, and dissociation (X. Liu et al., 2011).

There have been several advancements over the years in the

functionalization and preprogramming of enzyme‐incorporated DNA

nanostructures. For instance, Yang and coworkers (2018) developed

DNA‐oligonucleotide immobilized trypsin on polydopamine‐modified

magnetic NPs whereby, the DNA linkers aided in the overall catalytic

enhancement and reusability values. The study showed the immobilized

trypsin maintained 55% of its initial activity after 70 cycles and

specificity constant which was 4.7‐fold greater than that of free trypsin

(Yang et al., 2018). Ngo and coworkers (2016) developed xylose

reductase (XR)/xylitol dehydrogenase (XDR) cascaded reaction on a

DNA origami structure. The novel system uses DNA binding adaptors

(e.g., zinc finger protein and basic leucine zipper protein) to attach

enzymes onto the origami resulting in a cascaded reaction. The

metabolic pathway begins when XR converts xylose into xylitol in the

presence of nicotinamide adenine dinucleotide cofactor. The second

enzyme, XDR, then converts xylitol into xylulose in the presence of

NAD+ (Ngo et al., 2016). Another study by Liu and coworkers (2016)

successfully synthesized a triple enzyme cascade system using malate

dehydrogenase/oxaloacetate decarboxylase/lactate dehydrogenase to

convert malic acid into lactic acid across three cycles. The study showed

that the triple cascade system depended highly on the geometric

arrangements of enzymes at short distances (10–30nm) whereby, upon

optimization, the overall catalytic activity showed a fivefold enhance-

ment in comparison to free enzymes (M. Liu et al., 2016).

Besides, it is worthy to note the protection mechanisms of

enzyme delivery to ensure high efficiency and good cellular delivery.

A novel approach to coat β‐galactosidase with DNA strands

(oligonucleotides) showed that coating enzymes with DNA strands

increased their catalytic functions significantly after the process of

transfection (Brodin et al., 2015). Another study developed self‐

assembled DNA cages which are responsible for the trapping and

releasing of horseradish peroxidase through conformational change,

which can be controlled by temperature. The enzyme could enter and

exit at 37°C but remained trapped at 4°C (Juul et al., 2013). Kohman

and coworkers (2016) used the light‐dependent (pulses of <60 s of

light) approach to release bovine serum albumin‐bound within the

DNA origami structures (Kohman et al., 2016). Another approach of

developing half‐cages that can close into a shield‐like box to store

GOx and horseradish peroxidase showed good potential to enhance

the catalytic activity of the enzymes and stability against proteases.

The walls of the cages allowed for the entry and exit of substrates

and products, however, blocks proteases (Z. Zhao et al., 2016).

5.4 | Pollutant removal and bioremediation

Conventional and environmental endangering methods of toxin removal

and/or disposal are mainly through burying into the ground or dumping

into the ocean. Newer methods such as incineration, dechlorination, and

UV oxidation have been implemented, however, it is complex and has a

larger cost (Karigar & Rao, 2011). These methods are highly toxic to the

environment and can be a high potential health hazard to the ecosystem.

Therefore, scientists have developed novel systems consisting of
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biological components (e.g., microbial enzymes, fungi, bacteria, plants,

algae) to convert contaminants into non or less hazardous wastes, over

the past decade (Vidali, 2001). However, there are research gaps in the

field of enzymatic‐nanosystem‐based water treatment methods as

studies are dispersed and experimental in nature to exhibit bio-

remediation in lab‐scale conditions only.

5.4.1 | Wastewater detoxification

All industrial manufacturers would contribute to the formation of toxic

wastewater, which contains hazardous chemical components, including

heavy metals, such as zinc, lead, chromium, and copper (J. Ma et al., 2017;

J.‐N. Zheng et al., 2014). Recently, scientists have initiated incorporating

biological components into an existing nanosystem to enzymatically

degrade or decompose wastes before disposing of the waste (Karigar &

Rao, 2011). Figure 7 shows an illustration of the wastewater treatment

mechanism using enzyme‐incorporated NPs.

For instance, phenols can be produced using wastewater

effluents from various industries, such as textiles and dyes, petroleum

and coal, plastic as well as organic chemical industries. Conventional

methods of phenol removal are less efficient and incomplete,

therefore, researchers have utilized alternative approaches based

on polyphenol oxidase for enzymatic degradation of phenols

(Agarwal et al., 2016). A recent study showed highly efficient

removal of phenolic compounds using tyrosinase immobilized iron

oxide NPs, where the phenol degradation was identified to be >70%

with a reusability value of 58% after seven cycles. The synthesized

nano‐bio‐catalyst also was tested in a real water sample containing

phenol and was identified to be able to degrade phenol up to 78%

after 60min of the incubation period (Abdollahi et al., 2018).

Zhang and team (2020) successfully developed a laccase

immobilized chitosan/magnetic iron oxide (Fe3O4) NPs for the

removal of 2,4‐dichloro phenol, and 4‐chlorophenol, where the

degradation was identified to be 91.4% and 75.5% after 12 h. The

study also showed effective removal up to 10 cycles (K. Zhang

et al., 2020). Another study by Qiu and coworkers showed good

degradation efficiency of phenol (86.1%), 2,4‐dichloro phenol (100%),

and 4‐chlorophenol (93.6%) pollutants using laccase cross‐linked on

iron magnetic NPs using dialdehyde starch (X. Qiu et al., 2020, 2021).

Das and coworkers (2020) developed covalently bonded laccase on

iron oxide NPs which showed good potential to degrade chlorpyrifos.

The study showed a high sorption coefficient, 112.3 L/kg, and nitrogen

content of 0.21%–0.22%. The high affinity of pesticide to soil and low

nitrogen content within the column also describes the degradation,

which ultimately showed the excellent potential of the novel system

(Das et al., 2020). Another study using laccase immobilized on iron

magnetic NPs also showed good potential for degradation of

chlorpyrifos whereby, the high‐performance liquid chromatography

(HPLC) results showed four major peaks at retention time, 2.810, 2.962,

4.425, and 4.760min. The results obtained showed two more major

peaks than free enzymes (2.810 and 2.302min) proving a higher

degradation rate using immobilized laccase (Srinivasan et al., 2020).

Besides, lignin peroxidase immobilized onto Fe3O4/SiO2/polydopamine

NPs have been identified to be promising for reducing organic

compounds, such as dibutyl phthalate, phenol, tetracycline, and

5‐chlorophenol, phenanthrene, fluoranthene, and benzo(a)pyrene,

where the study showed 100%, 100%, 100%, 100%, 79%, 73% and

65% degradation and/or adsorption, respectively (Guo et al., 2019).

Ranjan and team (2019) successfully synthesized cyanate hydratase

onto an iron oxide/MWCNTs system to remove metal ions, such as

copper (29.63%), iron (35.53%), chromium (39.31%), and lead (34.48%)

from synthetic wastewater samples (Ranjan et al., 2018, 2019). Fur-

thermore, Wang and coworkers (2019) developed metal‐ion chelated

magnetic NPs immobilized with bacterial prolidase to hydrolyze

organophosphorus compounds such as methyl and ethyl paraoxon.

The study showed His6‐tagged Escherichia coli prolidase (His6‐EcPepQ)

immobilized onto silica‐coated magnetic NPs had a maximum reaction

rate of 17.48 and 6.31μMmin−1 for methyl and ethyl paraoxon

respectively (T.‐F. Wang et al., 2019).

5.4.2 | Dye removal

The textile industry contributes greatly to the production of dyes in

wastewater effluents. Sarkar and team (2020) demonstrated that the

F IGURE 7 Illustration of enzymatic
treatment of wastewater effluent
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most efficient and suitable enzymes in the degradation of dyes were

laccase, azoreductase, and peroxidase, where these enzymes present

as a multicopper oxidative, flavin mononucleotide (FMN) dependent,

and α β− with heme group, respectively. All these three enzymes

showed excellent thermal stability and water interaction ability

(Sarkar et al., 2020). For instance, Q. Zhu and coworkers (2022)

developed immobilized laccase on Fe3O4@SiO2 NPs, which showed

outstanding removal rate of malachite green, brilliant green, reactive

blue 19, azophloxine, procion red MX‐5B, and alizarin red dye at

98.7%, 99.3%, 88.8%, 79.0%, 78.7%, and 64.4% after 10 cycles

whereby, the activity recovery of laccase was 109.7% (Q. Zhu

et al., 2022). Z. Li and team (2020) have developed laccase

immobilized on the surface of iron oxide/carbon/copper (Fe3O4/C/

Cu2+) composite to degrade synthetic dyes, such as reactive blue 19,

crystal violet, azophloxine, brilliant malachite green, and Procion MX‐

5B dye at 65%, 71%, 78%, 80%, 94%, and 60% after 10 cycles,

respectively (Z. Li et al., 2020). Recently, a novel in‐vault NP

combined laccase system has shown good removal of reactive blue

19 and acid orange 7, whereby, the study showed 90% decolorization

after 8 and 24 h, respectively (Y. Gao et al., 2022). Another study

utilized laccase incorporated chitosan/Fe3O4 nanosystem showed

potential long‐term efficiency in the removal of textile dyes; Reactive

Blue 171 and Acid Blue 74 (Ulu et al., 2020).

Kalsoom and coworkers (2022) developed iron oxide NPs

immobilized with manganese peroxidase to study the efficiency in

the removal of acid black 234 and direct red 31 dye. The study

showed after 24 h, the immobilized manganese peroxidase on iron

oxide NPs showed 92% and 100% decolorization, respectively

(Kalsoom et al., 2022). Lignin peroxidase immobilized on graphene

oxide functionalized MnFe2O4 NPs showed excellent removal of

nigrosine, bromophenol blue, coomassie brilliant blue, and methylene

blue at a decolorization percentage of 57.2%, 81.6%, 51.4%, and

88.2% within 1 h, respectively (Rathour et al., 2020). Another study

involved the formation of peroxidase immobilized over Fe3O4 NPs

linked with glutaraldehyde to improve enzyme stability, catalytic

activity, and reusability for the individual removal of green and red

azo dyes (Darwesh et al., 2019). Enzyme immobilization through the

formation of 3D NFs using graphite oxide, carbon nanotubes, and

copper phosphate‐laccase showed promising efficient dye removal

(Li et al., 2017), whereas Ali et al. (2018) used ginger peroxidase on

poly‐pyrolle‐cellulose‐GO NF to remove blue 4 dye (Ali et al., 2018).

6 | THE FUTURE OF ENZYME‐
INCORPORATED NFS

6.1 | Current drawbacks and concerns

It is noteworthy from the previous sections that nanoscience and its

applications were studied efficiently, and to yield a more envir-

onmentally clean, energy‐efficient, and economically driven system.

Some industries which have been improved, include the construction

and infrastructure, pharmaceutical, energy production, and storage

industries (Iavicoli et al., 2014). Nevertheless, the incorporation of

nanotechnology in an application may impose concerns on the

environment, health, and safety, as well as ethical issues among

consumers (OECD, 2013).

One of the major concerns of nanotechnology is the regulation

and use of NPs in industries leading to ethical issues and/or

potential abuse (Baran, 2016; Wood et al., 2003). For instance, the

usage of nanotechnology to develop genetic weapons for redesign-

ing human “spec,” which may alter genetic traits altogether (Wood

et al., 2003). Further, each country follows its regulation for using

nanomaterials in biomedical applications, and hence there is no

standard regulatory law. Thus, there should be a standardized

regulation law and regulatory committee in each country for

nanomaterials to be utilized in commercial biomedical applications

(Barhoum et al., 2022). Moreover, NPs used in the cellular

environment undergoes biodegradation which may lead to gene

alterations and intracellular changes, that can be a potential threat

to human life. Another issue raised is the usage of nanobots to enter

the human body to target and destroy harmful microorganisms,

however, concerns are raised regarding programming errors that

can result in certain alterations/destruction. Some past incidents,

such as drug resistance of viruses and/or bacteria, oil spills in

oceans, and nuclear accidents are some of the examples, that may

happen in the case of unregulated NP‐based products in biomedical

applications (Wood et al., 2003) as well as the presence of chemicals

in the air due to the inability to breakdown (Buzea et al., 2007). The

most crucial way of establishing legislation and addressing this

challenge is by validating methods of synthesis, detection, and

characterization as well as the development of risk assessment and

hazard identifications of nanomaterials (Baran, 2016).

In addition, nanotechnology and its economic impact are closely

related to community engagement as it determines the progress and

success of nanotechnology due to its high cost. The public's point of

view on the design of NPs would affect the final product and supply/

demand ratio. Besides, investments are typically collaborations

between the public, private, and government as a cooperative

research and development agreement (Board et al., 2006). Therefore,

the investment rate is fairly large and it would not be intellectually

welcoming to go for huge investments (Wood et al., 2003), especially

after a crucial economic slowdown due to the COVID‐19 pandemic.

Further, insurers also undergo the uncertainties of nanotechnology,

where potentially affected line of work includes, employee compen-

sation, general, environmental and product liability, product recall,

and property (Allianz & OECD). Despite various pros of nano-

technology, it also affects job prospects and availability in several

industries. For instance, the creation of nano‐based lubricants may

need lesser maintenance requirements and/or services (Board

et al., 2006).

In terms of the environmental impacts of nanotechnology, the

major challenge is the method of NPs synthesis, where the difference

in shape, size, structure, and composition would affect their toxicity

level. The different functional groups in an NP also would drastically

alter its physical and chemical properties, which would result in their
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inability to identify them in the environment, which can eventually

cause potential harm to the atmosphere. Besides, there have been no

quantitative and/or qualitative measurements to identify these NPs

(Bitounis et al., 2016; Stone et al., 2009) in the environment, as

detecting them in the air is rather tedious due to the size distribution

between NPs and normal particulates in the air, whereas synthetic

and natural NPs binds with each other in the water and sinks to the

bottom. Certain methods also require a high amount of energy which

is potentially harmful to the environment. Other potential risks

include unclear life stages of NPs, as well as untrained professionals,

which raises further concerns to utilize them in commercial

applications and produce them in a large‐scale (Dunphy Guzmán

et al., 2006; Zhang et al., 2011).

6.2 | Future prospects

There are endless opportunities for NPs to grow industrially in various

sectors due to their unique characteristics, such as good kinetic power,

better insulation and reusability properties, low power consumption

system as well as high sensitivity and precision quality (Khan

et al., 2019). For instance, upcoming industries using NPs include

photonics and optoelectronics. The nanophotonic term is currently

being used in methods, such as optical systems, device doping, and

ablation, optoelectronics devices, bio‐nanophotonics, medical devices

(e.g., lasers) as well as power physics (Y. Zhang et al., 2019). Advanced

nanosystems such as molecular nanorobotics to grow artificial organs

using nanomaterials, genetic therapy, as well as antiaging treatment in

the future, is also being utilized in recent times (Khalid et al., 2020;

Roco, 2006). Moreover, further studies on biomedical applications

using NPs to develop wireless, high efficient devices, such as

implantable biosensors, biomolecular sensors, and microelectromecha-

nical devices, were also increasing rapidly (Y. Xu, Hu, et al., 2019).

Other portable electronics, including home security devices and

environmental sensors have been seen as promising applications of

nanomaterials in the future (Vigneshvar & Senthilkumaran, 2018).

Furthermore, the idea and advantages of collaboration among

scientists, economists as well as governments can be very fruitful in

developing revolutionary designs as nanotechnology is generally

expensive (Scarazzati & Wang, 2019). For instance, in 2000, President

Bill Clinton founded the National Nanotechnology Initiative (NNI) to

act as support for nanotechnology research across governmental

agencies, educational institutes, and research industries in the United

States. The NNI research funding has increased more than 155‐fold

since 1997 (initial investment of $116 million) and most recent data

showed the research & development (R&D) investment at $18.1 billion

as of 2014 (Koshovets & Ganichev, 2017; Paull et al., 2003). However,

there has been a steady decline in funding due to budget cuts since

2013 whereby, in 2016–2017, the proposed funding was cut to $1.5

billion, which, could potentially be a barrier to the growth of the

nanoindustry (National Nanotechnology Initiative, 2016). In Europe,

the European Union (EU) research projects launched the Horizon 2020

program, one of the largest investments (€2 billion) in the development

of nanomaterials. Horizon 2020 aims to act as an important tool for

gaining a better understanding of the possible safety concerns

associated with nanotechnology, as well as exploring their capabilities

(European Commission, 2020). On the other hand, the nanotechnology

industry has been developing across Asia whereby, in China, the

research dethe velopment of nano‐industry has been flourishing since

thethe founding of Strategic Pioneering Programme in 2012 with a

budget of $152 million over 5 years. The long‐term program which is

led by the Chinese Academy of Sciences (CAS), is a key player in the

nano‐industry and is leading the ranks in terms of scientific papers and

patents (J. Qiu, 2016). The government of India through the

Department of Science and Technology funds the National Nano-

technology Program with nearly $10 million as well as National

Program on Smart Materials, which was funded with over $15 million

(funding from collaborations with five government agencies). In South

Africa, the South African Nanotechnology Initiative (SANi) includes

participation from 11 universities, 5 research organizers, and 10

private industries within the scope of research areas, such as

chemicals, fuels, energy as well as telecommunications, whereas there

have been 62 projects funded with nearly $12.5 million by the

National Council of Science and Technology, Mexico, in 19 institutions

focusing on optics, microelectronics, coatings, and medical devices.

The council also collaborated with EU and assigned $1 million to call

for research proposals on BisNano projects (Foladori et al., 2011;

Singer et al., 2005). South Africa also founded 6 plans to reinforce R&D

in the nano‐industry over a 10‐year research plan from 2008 to 2018

(e.g., National Nanotechnology Equipment Programme [NNEP]:

Human and Infrastructure Capacity Development Strategic Frame-

work), which indicates comprehensive investments and planning

toward the growth of nanotechnology (Muhammad, 2022). The

collaborative approach also improves risk management by identifying

and prioritizing research ideas and potential risks of NPs. International

collaborations also help industries to gain synergies and widen their

databases.

Some precautionary steps which would aid high‐priority stake-

holders include independent research on the risks of nanotechnology on

the human, environment as well as ensuring transparency to the public

for obtaining public's trust and have adequate risk management ability

(Allianz & OECD). In addition, nanotechnology may also reduce job

opportunities in certain industries (Board et al., 2006) as mentioned in

the previous subsection. According to Nance (2019), nanotechnology‐

based industries (e.g., nanomedicine and pharmaceutical industries)

would have an upsurge in employment due to numerous career

trajectories (e.g., start‐ups, consulting, intellectual property and patent-

ing, academia, venture capitalist, regulatory and policy writing) that the

field could potentially provide over time (Nance, 2019).

7 | CONCLUSION

The evolution of nanotechnology in the 21st century has been

interesting and proven to be useful and effective in various

industries. Although the use of NPs started as a form of esthetic
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pleasure in the 16th century, it has created a massive change in the

current science, where its uses show effectiveness in pharmaceutical,

medical, food, and wastewater industries.

The introduction of nanotechnology has created huge impacts on

the community in terms of food safety, human health, and the

environment. For instance, NPs have been vastly used in food

industries to promote the longevity of foods, ensuring the taste,

texture, odor, and coating are maintained as well as creating a safe

and smart packaging system to ensure food safety. Further,

nanotechnology has impacted human health in various ways. For

instance, NPs synthesized using various methods and chemical

precursors are applicable for the targeted and controlled delivery of

drugs and/or genes, immobilize enzymes, biosensors to detect

cancerous cells, and/or as biomarkers to detect specific diseases.

Moreover, the application of NPs to preserve and conserve the

environment has been the main focus of study among researchers in

the past few years, where NPs are used in wastewater treatments to

remove hazardous toxins (e.g., hydrocarbons, dye, and heavy metal

ions) before entering the water system.

It is noteworthy that, there are few limitations and challenges in

nanotechnology as well as enzyme‐incorporated NPs. The major

concern of nanotechnology is the abuse of NPs for ethical reasons,

such as developing genetic weapons which may lead to gene

alterations. Furthermore, the possibility of the existence of toxic

chemical compounds in the environment due to the inability of NPs

to breakdown, ill‐defined life stages of NPs as well as the methods of

synthesis, where certain methods consume more energy and lack

environmental friendliness. Economically, the application of nano-

technology is rather costly, and therefore, large amounts of

investments are required, however, it comes with uncertainties.

Thus, there are numerous applications of nanostructured

materials across multiple industries (e.g., medicine, pharmaceutical,

wastewater treatment, and electronics). Some advantages of nano-

scale materials and enzyme‐incorporated NPs are their smaller size,

compactness, ability to increase stability, and physical and reproduc-

ibility properties, compared to conventional materials, whereas

greener synthesis and their high efficacy rates were also utilized in

various applications as mentioned in this article. Despite that,

nanotechnology also possesses certain challenges, and therefore,

scientists should focus on the synthesis and large‐scale application of

nanomaterials using a safer, sustainable, and cost‐efficient approach.

Once these challenges have been overcome, the future is irreducibly

bright for the utilization of nanomaterials, especially enzyme‐

incorporated NPs in our daily lives.
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