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Abstract

Nanomaterials possess superior advantages due to their special geometries, higher surface area, and unique mechanical,
optical, and physicochemical properties. Their characteristics make them great contributors to the development of many
technological and industrial sectors. Therefore, novel nanomaterials have an increasing interest in many research areas includ-
ing biomedicine such as chronic inflammations, disease detection, drug delivery, and infections treatment. Their relevant
role is, in many cases, associated with an effective catalytic application, either as a pure catalyst (acting as a nanozyme)
or as a support for catalytically active materials (forming nanobiocatalysts). In this review, we analyze the construction of
nanozymes and nanobiocatalyst by different existing forms of nanomaterials including carbon-based nanomaterials, metal-
based nanomaterials, and polymer-based nanocomposites. Then, we examine successful examples of such nanomaterials
employed in biomedical research. The role played by nanomaterials in catalytic applications is analyzed to identify possible
research directions toward the development of the field and the achievement of real practicability.
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1 Introduction

Nanotechnology has played a fundamental role in the
development of many industry sectors and science. The
importance of nanomaterials —which are described as
materials with at least one dimension below 100 nm—is
based on their unique structural, chemical, optical, and
mechanical properties [1]. In this manner, nanomaterials
have offered great opportunities in different fields includ-
ing energy, environmental science, food safety, transporta-
tion, electronics, and medicine [2]. Moreover, nanomateri-
als have been extensively used for the immobilization of a
vast array of enzymes, and thus, overcome stability issues
[3]. In addition, some nanomaterials termed “nanozymes”
or “artificial enzymes” exhibit catalytic activities than
those presented in natural enzymes but possess higher
stability, ease of fabrication and storage, and better per-
formances [4].

Nanobiocatalysts have emerged due to the innovative
interaction between nanotechnology and biotechnology
[1, 5]. This synergistic interaction occurs due to the supe-
rior physicochemical properties of nanomaterials and the
remarkable catalytic activity of enzymes. In this manner,
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nanobiocatalysts might revolutionize the biomedical field
due to the improved enzyme stability, efficiency, perfor-
mance, and function [6].

Another nanomaterial-based approach is the construction
of nanozymes, which are nanostructured artificial enzymes
able to mimic the catalytic activity of natural enzymes [4,
7]. The great potential of nanozymes is associated with their
higher catalytic stability, lower manufacturing/storage costs,
and ease of modification in comparison to their natural coun-
terparts [4].

In biomedical research, outstanding performances have
been documented by advanced nano-systems, specifically by
nanobiocatalysts and nanozymes. Some noteworthy applica-
tions include effective therapeutical effects on inflammatory
diseases and cancer, innovative constructions of drug deliv-
ery systems, and designs for non-invasive clinical diagnosis,
among others [8, 9].

There has been significant progress in understanding the
mechanism of various diseases and how to treat them. For
instance, cancer cells can adapt and survive allowing them
to multiply; usually, barriers at the tissue and cellular level
become a challenge for therapies. In this manner, nanoma-
terials as drug delivery tools can overcome such barriers.
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Furthermore, they can interact with enzymes or multiple
targets to improve the therapeutic efficacy of current treat-
ments since nanomaterials possess several advantages such
as minimizing toxic side effects, resistance to chemotherapy,
biocompatibility, selectivity, and antibacterial, antifungal,
and antiviral properties, among others [10, 11].

In addition, new nanomedicine approaches have been
studied to find strategies to treat Alzheimer's disease, which
is a neurodegenerative condition that involves a combination
of processes that ultimately lead to loss of synaptic integrity
and effective neuronal connectivity. Studies have highlighted
different pathological features such as amyloid p (Ap) pro-
tein accumulation and deposition and neurofibrillary tangles
(NFTs) in neurons resulting from over-phosphorylation of
Tau protein together with processes of inflammation and oxi-
dative stress [12, 13]. Nanomaterials increase the possibility
of synergetic therapeutics, effective targeting, and diagnostic
capabilities because both nanobiocatalysts and nanozymes
have multimodal functionality throughout the brain [14].

On the other hand, inflammation has also been studied
in recent years; it can be associated with several diseases,
including pneumonia, rheumatoid arthritis, systemic lupus
erythematosus, Crohn's disease, psoriasis, atherosclerosis,
ischemic heart disease, and cancer [15]. Nanomaterials can
regulate the expression of proinflammatory and anti-inflam-
matory molecules and target inflammatory sensors or mac-
rophages through phagocytosis. Nanostructures have been
designed as useful nanocarriers for diagnosis, therapy, moni-
toring, and balancing of inflammation immune homeostasis.
The nanomaterials used as nano-vehicles are able to degrade
and release active compounds in response to an inflamma-
tory stimulus, such as reduced pH or a high level of reactive
oxygen species; or even the nano-vehicle itself may possess
intrinsic anti-inflammatory properties. Recently, research
has focused on evading systemic clearance by the reticu-
loendothelial system (RES) or on improving tissue biodis-
tribution by targeting inflammatory cell receptors [15, 16].

Diagnosis is another typical goal when using nanoma-
terials in the biomedical field. In this regard, researchers
have evaluated the efficiency of biosensor platforms in
which bimetallic nanomaterials have shown great potential
to improve both the sensitivity and selectivity of electro-
chemical glucose biosensors. Furthermore, glucose oxidase
(GOx) has been widely used with excellent results in terms
of sensitivity and selectivity when integrated into nanostruc-
tured enzyme-based glucose sensors. Nowadays, the appli-
cation of novel and non-toxic nanomaterials is vital for the
control of diabetes [17].

In this review, we analyze the nanomaterial role in bio-
medical research by first examining different nanomaterial
constructs and the immobilization methods which are funda-
mental for the preparation of nanobiocatalysts. Furthermore,
we discuss in detail the potential in biomedical research

of the most recent developments of nanobiocatalysts and
nanozymes to finally identify the current challenges and
recommendations to achieve greater advances and practical
applicability.

2 Nanomaterials for the Construction
of Nanobiocatalysts and Nanozymes

Materials in the nanoscale present different properties than
those presented in the same material in their bulk form; typi-
cally, nanomaterials present superior properties and perfor-
mances. In this manner, nanomaterials in different existing
forms have been synthesized and evaluated in catalytic appli-
cations, showing great potential and excellent performances.
Furthermore, nanomaterials behave differently in terms of
their reactivity and other physicochemical properties, due
to their higher surface area to volume ratio and extremely
small size, which enables atoms/molecules to have a signifi-
cant impact on material properties [18]. Carbon-based nano-
materials, metal-based nanomaterials, and polymer-based
nanocomposites are some typical examples of nanostruc-
tured materials/hybrid materials forming nanobiocatalysts
or acting as nanozymes. Moreover, the design of these nano-
materials represents a critical factor in the stability and opti-
mal activity. In this manner, different nano-constructs can be
formed such as hybrid nanoflowers, nanofibers, nanoporous
substrates, nanotubes, magnetic nanoparticles, nanocompos-
ites, and microspheres [6].

It is important to distinguish between nanobiocatalysts
and nanozymes. Nanobiocatalysts, require the immobiliza-
tion of enzymes to restrain enzyme molecules onto/within
a support nanomaterial, and thus, enzymes can improve
their activity and acquire other beneficial features [19]. In
this manner, a nano-support constructed by an adequate
protocol to achieve enhanced enzyme activity and reus-
ability is highly desired in biocatalysis [20]. On the other
hand, nanozymes are nanomaterials with intrinsic enzyme-
like activities possessing advantageous features. Typically,
natural enzymes are hard to purify, store, and recycle; in
addition, they might easily lose their activity due to molecu-
lar denaturation or subunit depolymerization. In contrast,
nanozymes are designed with better stability, high efficiency,
the resistance to extreme conditions, and simple and low-
cost production [21].

2.1 Carbon-Based Nanomaterials

Carbon nanomaterials have been reported effective in diverse
catalytic applications, either as a pure catalyst or as a support
for other active materials. For example, in biocatalytic appli-
cations, carbon materials are usually reported as nanozymes/
enzyme-mimicking materials, or as supports for enzymes.
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Carbon-based materials reported as nanozymes include
carbon dots (CDs) and other similar materials like graphene
quantum dots (GQDs). CDs can be defined as zero-dimen-
sional materials with sizes generally below 10 nm; however,
some studies report sizes of up to 60 nm [22, 23].

The properties of these materials are highly dependent on
the precursor and the synthesis methods, which are grouped
as bottom-up or top-down approaches [24]. Bottom-up
methods are based on the polymerization and pyrolysis of
molecular precursors, either conjugated or non-conjugated
molecules. On the other hand, top-down methods are based
on the fragmentation of bigger carbon materials, like carbon
nanotubes or graphene sheets [23]. For cutting down these
materials the most common techniques include chemical
oxidation, arc discharge, laser treatment, or electrochemical
methods [23, 25].

CDs have interesting characteristics like biocompatibil-
ity, easy surface functionalization, and fluorescence [26,
27]. Due to these characteristics, CDs have great potential
in diverse applications like sensing, drug delivery, energy
conversion and storage, and catalysis [28, 29].

Due to the nanozyme characteristics shown by CDs, with
enzyme-like activity comparable to diverse enzymes, these
materials have been recently evaluated in biocatalysis appli-
cations. For example, in a recent study, hemin@CDs hybrid
nanozymes were evaluated for the peroxidase-like activity
for sensing glucose, xanthine and H,O, [30]. The authors
employed 4-Aminoantipyrine (4-AAP) and phenol as sub-
strates for the enzyme-like activity evaluation and reported
that hemin@CDs catalyzed both in the presence of H,O,
The activity of hybrid nanozymes was much higher com-
pared to hemin and CDs alone. This was probably because
hemin acted as the active site; however, it has low water
solubility. Interestingly, it significantly improved when com-
bined with CDs, and thus, hemin dispersion increased and
enhanced its activity. Also, this nanozyme was efficiently
employed for the colorimetric detection of H,O,, xanthine,
and glucose, with a low limit of detection of 0.11, 0.11,
and 0.15 pM, respectively. The system was also useful for
the fluorimetric detection of the same targets, with limits of
detection of 0.15, 0.12, 0.15 pM, in the same order.

Another study showed CDs-based nanozyme with per-
oxidase-like activity used for the colorimetric detection
of methylmercury (MeHg") [31]. The authors employed a
composite of noradrenaline-based CDs and Au nanoparti-
cles (NA-CDs/AuNPs), and the peroxidase-like activity
was evaluated using 3,3',5,5'-tetramethylbenzidine (TMB)
as substrate, in the presence of H,O, The authors reported
that the changes in the enzyme-like activity when MeHg™*
was added corresponded to its degradation by the nanozyme.
The authors reported a detection limit of 0.06 pg/L, which
demonstrated that NA-CDs/AuNPs could be employed as a
sensitive colorimetric detection probe.
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Even though CDs with peroxidase-like activity are more
reported for biocatalytic applications, there are studies
where CDs mimicked the activity of other enzymes, like
oxidase. For instance, single-atomic Fe doped CDs (SA Fe-
CDs) were evaluated as oxidase-mimicking materials and
their application in colorimetric and fluorescent assays for
phosphate ions sensing [32]. SA Fe-CDs showed superior
oxidase-like activity for the degradation of TMB compared
to non-doped CDs; thus, the active sites are attributed to the
homogeneously distributed Fe species. The authors com-
pared changes in the activity of SA Fe-CDs during the time
and no significant variations were observed.

Nanozymes formed by Cu and Cl co-doped CDs (Cu,ClI-
CDs) were prepared to determine their oxidase-like and
peroxidase-like activity to further evaluate their applica-
tion for the colorimetric sensing of hydroquinone and H,O,
[33]. For the oxidase-like activity evaluation, three sub-
strates were employed, TMB, o-Phenylenediamine (OPD),
and 2,2'-Azinobis (3-ethylbenzothiazoline-6-sulfonic Acid
Ammonium Salt) (ABTS). For the peroxidase-like activ-
ity, only TMB was employed as the substrate. The results
showed that “Cu,CI-CDs” have both, oxidase-like and per-
oxidase-like activities. Cu sites played a crucial role in the
catalytic reaction, as Cl-CDs were unable to transform the
substrates in both evaluations. For the colorimetric detection
of hydroquinone using “Cu,Cl-CDs” the detection limit was
0.08 uM.

Several studies have shown that pure CDs (non-doped)
have low enzyme-like activities for most enzymes in com-
parison with doped CDs or other CDs-based hybrid materi-
als. However, some studies report successful results with
non-doped CDs as enzyme-mimicking materials. For exam-
ple, a study evaluated the oxidase-like activity of citric acid-
derived CDs (CA-CDs) and their application in a fluorescent
sensor for cystine detection [34]. The oxidase-like activity
was evaluated using different concentrations of cystine, and
CA-CDs showed high oxidase-like activity and better affinity
than the natural enzyme. Also, the CA-CDs-based fluores-
cent sensor could detect cystine with a limit of detection of
0.036 uM.

CDs and other nanozymes have gained much attention in
recent studies due to their superior characteristics compared
to natural enzymes, like higher stability, faster synthesis
methods, and easier storage (Fig. 1). These materials have
shown great potential, with catalytic activity comparable to
enzymes but showing higher effective life. However, it is still
needed to optimize their synthesis parameters to reduce the
use of metallic nanoparticles or doping processes to achieve
enzyme-like activity levels similar to natural enzymes
through simpler processes.
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Natural enzymes vs. nanozymes

Advantages
« Higher catalytic
activity
e Superior
biocompatibility
¢ Higher selectivity

Disadvantages
* Expensive and
complex synthesis
« Difficult storage
¢ Ease of
denaturation

Horseradish Peroxidase

Advantages
¢ Long-term stability
¢ Reusability
¢ Reciclability
» More resistance under
extreme conditions (pH
and temperature)
¢ Easier immobilization
Disadvantages
¢ Surface modification
required to enhance
performance
¢ Some nanomaterials
might produce cytotoxic

bon D
Carbon Dots by-products

Fig. 1 Advantages, disadvantages, and examples of natural enzymes and nanozymes

2.2 Metal-Based Nanomaterials

Magnetic nanoparticles (MNP) are widely investigated as
support materials for enzyme immobilization due to their
attractive properties such as large surface area, high enzyme
loading, less toxicity, surface modification, recyclability, and
uses in multiple cycles. In general, they are created by a
magnetic core surrounded by a polymer shell, which should
be non-toxic and eco-friendly as well [35].

MNP utilization for enzyme immobilization led to an
increase in the yield in terms of biocatalysis, based on its
high stability and recyclability. Several functional groups
such as phosphate, thiolate, carboxylate, and amino groups
are attached to metal nanoparticles and are responsible for
the regular interactions with the enzyme. The co-factors are
relevant to create a proper interaction with metal nanoparti-
cles and allowing a high rate of immobilization [6].

Among the most reported materials are iron oxides
(Fe;0,), alloy based (FePt, and CoPt;), pure metal (Fe and
Co), and spinel-type ferromagnet (MgFe,O,, MnFe,0,, and
CoFe,0,). Frequently the use of magnetite iron oxide nano-
particles (Fe;O,4) has been influenced by their low toxicity
and simple surface functionalization, which make it possi-
ble to control their morphology, shape, and size; important
features in their applications. There is a large number of
fabrication methods for Fe;0, including thermal decom-
position, co-precipitation, microemulsion, laser pyroly-
sis, electrochemical deposition, sonochemical, microwave
method, etc. Moreover, the route of synthesis depends on
the acquired shape of the nanomaterials [20].

For example, Touqgeer et al., prepared iron oxide nano-
particles by solvothermal method; nanoparticles were func-
tionalized with polydopamine (PDA) to facilitate the lipase

immobilization for the production of biodiesel from waste
cooking oil by enzymatic transesterification. The activity
of the composite (Fe;0,-PDA-lipase) was not affected after
the first four cycles and retained 25% of its activity after
seven cycles. The nanoparticles were characterized by Fou-
rier Transfer Infrared (FTIR), spectroscopy, X-ray diffrac-
tion (XRD) and transmission electron microscopy (TEM).
Whereas the formation of the biodiesel was analyzed by
FTIR and gas chromatography [36].

Cellulases are enzymes that convert lignocellulosic bio-
mass into fermentable sugars for further ethanol production.
The immobilization of these enzymes is gaining interest
because of their stability and reusability while simultane-
ously improving fuel production. Kaur et al. reported the use
of cellulases from A. fumigatus immobilized on magnetic
nanoparticles by using a glutaraldehyde cross-linker. The
immobilized enzyme retained 56.8% of its maximal activity
after 6 h and 52.67% of rice straw saccharification efficiency.
Electron microscopy and spectroscopy were used to confirm
the immobilization [37].

Papain is a protease obtained from papaya latex and
exhibits highly hydrolytic activity on proteins and peptides.
This enzyme is very susceptible to denaturalization which
means lower activity in an industrial process. The immo-
bilization of papain on porous Fe;O,/SF nanoparticles has
increased its catalytic efficiency. Nanoparticles were synthe-
sized by a solvothermal procedure, and the crystal products
were characterized by XRD. In addition, the enzyme can
be separated from the solution using an external magnetic
field and 70% of its activity was retained after 8 cycles [38].

Enzyme immobilization with applications in the phar-
maceutical industry has gained relevance due to its biocom-
patibility, and easy recovery. Del Arco et al. described the
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functional and structural characterization of adenine phos-
phoribosyltransferase 2 from Thermus thermophilus HBS.
The enzyme was immobilized onto glutaraldehyde-activated
MagReSyn®Amine magnetic iron oxide porous micropar-
ticles for the synthesis of 6-aminopurine nucleosides-5"-
monophosphate analogs. According to the catalyst experi-
ments at pH 8.5 and 10.0, the activity recovery was 52%
and 44% [39].

In literature, several research groups have implemented
immobilized enzymes in cascade systems which consist of
two or more stages to produce the target compounds. These
sorts of systems try to mimic the biological systems at
molecular, cellular, and in the whole organism. However,
there is a need for optimized systems in terms of scalability
and industrial applicability [40].

Giannakopoulou et al., reported the preparation of a novel
magnetic four-enzyme nanobiocatalyst by the co-immobi-
lization of cellulase, B-glucosidase (bgl), glucose oxidase
(GOx), and horseradish peroxidase (HRP) onto the surface
of amino-functionalized magnetic nanoparticles (MNPs)
employing glutaraldehyde. The co-immobilized enzymes
retained up to 50% of their activity after 5 reaction cycles at
50 °C and remained active even after 24 days of incubation
at 5 °C. The authors characterized the four-enzyme magnetic
nanobiocatalyst by FTIR and X-ray Photoelectron Spectros-
copy (XPS) [41].

2.3 Polymer-Based Nanocomposites

Composite materials are a type of tailored materials com-
posed of two or more elements that can include polymeric,
ceramic, or metallic materials, and any combination of them.
In that same logic, nanocomposite materials are composite
materials, with the addition of having at least one of their
dimensions between 1 and 100 nm [42-44].

Nanocomposite materials are mainly composed of at
least a matrix and a reinforcement or filler, which improve
the properties of the matrix for certain applications such as
physicochemical properties, mechanical properties, electri-
cal properties, optical, and many more, depending on what
conditions need to be met [45].

Based on the nature of the materials used as both matrix
and reinforcement, there are countless options as to which
combinations can be made. For example, hydrogels with
nanoparticles as reinforcement, nanorod-reinforced nanofib-
ers, and quantum dot-enhanced thin films, among others [46,
47].

These combinations of materials for the conformation of
nanocomposites, have been proposed and applied recently
as catalysts in the biomedical field, due to the possibility of
synthesizing biocompatible, biodegradable, and non-toxic
nanocomposites which form part of the larger group of nano-
materials known as nanocatalysts [48].
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Nanobiocatalysts are formed by a support material hold-
ing enzymes, thus, they can be considered nanocomposite
materials which usually use a metallic, ceramic, polymeric,
and/or carbon-based matrix for the immobilization of the
desired enzymes. These nanocomposites act as supports for
the enzyme to reach the corresponding substrate without
losing its activity or denaturalizing [6].

There is an increasing interest in the usage of biopol-
ymeric materials as enzyme immobilizers, due to their
tunability, biocompatibility, and biodegradability, as the
properties of main importance in the biomedical and bio-
technological fields, while also adding the enzymatic activ-
ity for applications such as bioremediation, wound debride-
ment, personal care products, food-related applications, and
many more, depending on the nature of the enzyme [49-51].

Due to their physicochemical properties such as biocom-
patibility and biodegradability, biopolymers have drawn
much attention for biomedical applications in drug delivery
and tissue engineering fields [52]. However, it is possible
to improve the properties of chitosan, collagen, gelatin, and
many other biopolymers by blending/reinforcing them with
other materials to obtain polymeric-based composites. Such
composite materials have tunable properties that make them
more efficient than using each biopolymer on its own, from
mechanical, to thermal, optical, and many more properties
than can be enhanced [53].

Recent research has been performed to modify the prop-
erties of chitosan and other biopolymeric-base composite
materials for a wide range of applications such as drug deliv-
ery, biomarking, wound healing, and tissue engineering [54].
Some examples of chitosan-based composites for wound
healing include freeze-dried, hydrophilic hydrogels with
antibacterial properties and no toxicity for their application
as wound dressings [55]. Also, the addition of nanoparticles,
such as silver nanoparticles, to the polymeric matrix of chi-
tosan and gelatin has shown to improve antibacterial proper-
ties and stability of the nanocomposite, demonstrating to be
an effective alternative to treat skin pathogens and allowing
for proper wound healing. Furthermore, the morphological
studies of the porosity for these sponges showed that as the
addition of silver nanoparticles increased, so did the poros-
ity of the material once chemically cross-linked with tannic
acid which can be impactful in the water absorption of the
material and thus its wound healing efficiency [56].

Gelatin-based hydrogels have also been combined with
carbon-based materials such as graphene oxide for the elabo-
ration of biocompatible hydrogels with collagenase for tissue
engineering applications. In the work done by Piao and Chen
[57], rheology studies showed the improvement in mechani-
cal properties of the hydrogels as the concentration of gelatin
increased, due to the higher amounts of cross-links between
the polymer and the graphene oxide sheets.
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Properties such as swelling due to water absorption, vis-
cosity/ rheological behavior, porosity, and drug encapsula-
tion/release kinetics are some other properties that are often
analyzed for hydrogel/sponge-based nanocomposite mate-
rials, as well as the surface to volume ratio. Furthermore,
whichever enzyme is added to these materials and its corre-
sponding activity, can benefit from the rest of the properties
of such materials, achieving a more complete multi-material
construct that can tackle several challenges at once depend-
ing on the type of application [58].

Biopolymeric-based nanocomposites can also be given
different morphologies such as microspheres, nanoparti-
cles, and nanofibers. In this regard, nanofibrous beads from
bacterial cellulose were successfully synthesized by using
alginate as a template to control the bead formation, with the
addition of lipase for its immobilization and potential appli-
cation in the biomedical, pharmaceutical, and biocatalytic
fields. The beads showed a good crystallinity index of 0.7
and high retention capacity of water. Another important test
in this study was the bacterial cellulose nanofiber growth on
the template surface, which increased as the incubation time
of G. xylinus was increased up to 36 h, covering the whole
surface of the bead with cellulose nanofibers [59].

In general, nanocomposite materials applied as nanobio-
catalysts in the biomedical field through the immobilization/
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encapsulation of enzymes such as collagenase, lipase, gelati-
nase, and many more, are proving to be more efficient for
drug delivery, tissue engineering, and wound healing appli-
cations as research moves forward towards a more nano-
technologically focused global market [60]. There is a wide
array of possible combinations between polymeric matrices
such as hydrogels, nanofibers, microspheres, and many other
materials such as nanoparticles, enzymes, and pharmaceu-
tical compounds, which makes nanobiocatalyst composite
materials great systems for the biomedical field [61].

3 Enzyme Immobilization Methods
in Nanomaterials

The application of enzymes as nanobiocatalyst is usually
limited to some problems related to the implementation of
the free form of the enzyme, including lack of long-term
operation, stability, inability to recyclability, low scalability,
and high production and separation costs [62, 63]. Thus,
research regarding solving these limitations has been devel-
oped over the past 10 years, in which it has been established
that the immobilization enzymes over nanomaterials might
provide a proper matrix with enhanced properties, such as
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[65] with permission from Elsevier
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higher thermal, pH, and storage stability, reusability, and
higher enzymatic activity [64, 65]. As depicted in Fig. 2,
these immobilization methods exhibit various characteris-
tics, advantages, and disadvantages.

3.1 Adsorption

Immobilization of enzymes in nanomaterials by physical
adsorption (Fig. la) is the simplest and fastest method.
This method might be performed by weak ionic bonds
(van de Waals forces) or physical adsorption (adsorbed
in surface pores). Thus, the most common nanomaterials
implemented for this application are cation and anion res-
ins, activated charcoal, silica gel, alumina, controlled pore
glass, ceramics, and carbon-based nanomaterials [65, 66].
For example, physical adsorption is the most attractive
approach for enzyme immobilization into these nanoma-
terials with high surface area, since it maintains the native
structure of the enzyme, which provides many advantages
like convenient operation, low operation cost, and repeat-
able use [67]. However, physical adsorption might not be
functional for long-term operation, since enzymes easily
present desorption from the host matrix [68]. Another
important advantage attributed to this method, is that no
additional coupling agents and modification processes are
required, instead of it, adsorption conditions are conveni-
ent for the preservation of the initial catalytic properties
of the enzymes. Since the weak binding forces can be
affected by changes in pH, temperature, or ionic strength,
a leaching effect may be presented [66, 69].

3.2 Covalent Immobilization

The covalent immobilization method (Fig. 2b) is based
on the chemical activation of functional groups in the
support matrix and the subsequent reaction with func-
tional groups of the enzyme [70]. The covalent process to
immobilize enzymes into nanomaterials consists of two
main stages: (1) Activation of nanomaterials’ surface by
multifunctional reagents (e.g., glutaraldehyde, carbidiim-
ide); and (2) formation of covalent bindings between the
activated support and functional groups of the enzymes,
usually amino, carboxylic, phenolic, sulfhydryl, thiol,
imidazole, and hydroxyl groups [65, 71]. The forma-
tion of covalent bonds provides a strong binding effect
between the enzymes and the host matrix, thus prevent-
ing the leakage of the enzyme from the nanomaterial and
increment stability, which means that the enzyme has
resistance to the effects of temperature, pH, and different
ambient conditions. However, due to the modification of
the structure of the enzyme when the covalent bond is
formed, active sites of the enzyme might be deactivated,
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and the catalytic properties decrease [66]. Moreover,
compared to the adsorption method, covalent immobili-
zation requires longer incubation times and complex and
harsh conditions [68, 71].

3.3 Cross-Linking Immobilization

The cross-linking immobilization method (Fig. 2¢) is char-
acterized by the implementation of bifunctional reagents
to promote the self-immobilization of the enzymes by the
formation of covalent cross-linkages named cross-linked
enzyme aggregates (CLEAs) Commonly, glutaraldehyde,
dialdehydes diiminoesters, diisocyanates, and diamines
activated by carbodiimide, which are the most common
bifunctional reagents used in cross-link immobilization,
react with amine groups of the enzyme proteins to create
a three-dimensional complex structure [65, 66]. Under this
type of immobilization, the complex enzyme-support formed
is resistant to the effects of pH and temperature, improv-
ing reusability. However, large quantities of the enzyme are
required to obtain the CLEAs and the enzyme might lose
activity after the immobilization [68].

3.4 Entrapment and Encapsulation

Entrapment (Fig. 2d) and encapsulation (Fig. 2e) are similar
immobilization methods that consist in a two-stage process
in which the enzyme is mixed with a monomer solution
that will be processed for polymerization and the enzyme
is finally confined/entrapped within the polymer network
without chemical interactions [65]. Indeed, the encapsula-
tion method can be considered a type of entrapment immo-
bilization, with the difference that, in encapsulation, a semi-
permeable membrane is used to separate the immobilized
particles from the external environment [69, 71]. These
methods provide significant protection from the external
environmental conditions to the enzymes, which enhance
stability. Moreover, by these immobilization methods, the
denaturation of the enzyme is considerably decreased [63].
However, some disadvantages of these methods are the mass
transfer resistance limitations, which means that substrates
have problems getting into the polymer matrix and leaking
enzymes due to variable pore size [66, 70].

4 Role of Nanomaterials in Different
Biomedical Applications

In the biomedical field, nanotechnology has tremendous
ongoing research with outstanding achievements that suggest
great potential for the next years. The fundamental role that
nanomaterials are playing in biomedicine is related to their
unique characteristics. For example, nanomaterials used as
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supports to immobilize enzymes provide more robust, stable,
and efficient nanobiocatalysts since they possess higher sur-
face area to volume ratio [3]. On the other hand, researchers
have reported enzyme-mimicking activities in some nano-
materials. Such nanozymes or artificial enzymes present
advantageous features in comparison to their natural coun-
terparts including higher catalytic stability, ease of modifica-
tion, and cost-efficiency [7]. In this manner, the development
of nanobiocatalysts and nanozymes has contributed to great
research advancements in different biomedical applications
such as neuropathological treatments, immunity, bacterial
resistance, alternative therapies for cancer, and others with
enormous potential and future perspectives (Fig. 3) [4].

4.1 Nanobiocatalysts

Nanobiocatalysts are formed by the synergistic interaction
of nanomaterials and enzymes. Enzymes are immobilized
on materials at the nanoscale to obtain tailored properties
like enhanced reusability, stability, and enzyme efficiency.
The role of the nanomaterials is frequently related to their
physicochemical properties such as larger surface areas,
mechanical properties, special geometries, thermal prop-
erties, biocompatibility, or magnetic properties [3]. Nano-
biocatalysts have fulfilled expectations in different fields

including medical therapies or treatments. For example,
nanobiocatalysts have shown multifaceted activities for anti-
tumor detection and therapy due to increased stability in the
tumor microenvironment.

Hu et al. constructed a synergistic system formed by
liquid metal nanoparticles and glucose oxidase termed as
“LM@GOX”. It was used for a combination therapy, using
two therapeutic modes: starvation and photothermal for
tumor therapy. Interestingly, the catalytic efficiency could
be photo-controlled since glucose oxidase exhibited an
enhanced enzymatic activity with increased temperatures,
with optimal values in the range of 43—-60 °C. During the
photothermal therapy, it was observed several effects such as
a decrease of adenosine triphosphate (ATP) and heat shock
proteins levels, increase on enzymatic activity, accelerated
blood flow, and relieved hypoxia situation in tumor tissue.
Also, the authors mentioned that the acidic environment
formed in the catalysis of glucose oxidase, could further
degraded the liquid metal nanoparticles having great poten-
tial in biomedical applications [72].

In the immunology field, chronic inflammation has
been extensively studied because it is mediated by mul-
tiple diseases. Currently, some drugs reduce and help
mitigate inflammation; however, they are often not as
effective due to absorption mechanisms in the body [73].

(A) Nanomaterials for
nanobiocatalysts and nanozymes
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e — > "
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(B) Applications in biomedicine
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Fig.3 Nanomaterials in biomedicine. A Nanomaterials used for the immobilization of enzymes and/or used as nanozymes. B Applications of

nanozymes and nanobiocatalysts the biomedical field
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Polymeric nanoparticles loaded with drugs offer several
favorable biological properties, such as biocompatibility
and mucoadhesiveness [74]. For instance, Zhang et al.
prepared a novel nanomaterial containing uricase (UOx)
and catalase (CAT) into zeolitic imidazolate framework-8
(ZIF-8) coated with a neutrophil membrane to treat a type
of inflammatory arthritis. Both in vitro and in vivo results
showed an enzymatic system with high specificity and the
potential to degrade up to 90% of uric acid; in addition,
inflammation was reduced, and high therapeutic efficiency
was achieved [75].

Another example of the employment of nanocomposites
in biomedicine was reported by Ali et al. In their study,
doxorubicin-conjugated graphene oxide and zinc ferrite
hybrid nanocomposites (GO-ZnFe,0,/DOX) were pre-
sented as drug delivery systems with great potential for
in-vitro theranostic applications. In addition, synthesized
nanocomposites exhibited good performances for magnetic
resonance imaging diagnosis. The results demonstrated a
pH dependence in which the maximum release of the drug
was under a pH value of 7.4. Finally, the studies are tested
in HeLa cells with potential cytotoxicity results [76].

Nanobiocatalysts have been employed to design systems
for the biodetection of different analytes and compounds
since nanomaterials possess exceptional optical and elec-
trochemical characteristics. As a representative example,
He et al. encapsulated glucose oxidase and horseradish
peroxidase in DNA nanoflowers for the detection of human
papillomavirus (HPV). The nanoflowers were synthesized
by a one-pot rolling circle amplification method. Then,
they were captured as signaling molecules by sensitive
hydrogel. HPV16 E6 and E7 oncogenes were used as
targets DNA sequences, which caused the disruption of
the crosslinking structure of the DNA hydrogel, releas-
ing DNA nanoflowers encapsulating glucose oxidase and
horseradish peroxidase, which subsequently catalyzed the
oxidation of tetramethylbenzidine and glucose generating
a significant electrical signal. The biosensor presented sev-
eral advantages like affordability, sensitivity, and rapidity;
biosensor required a detection time of 25 min, which is
lower to other techniques analyzing the same target [77].

Furthermore, nanobiocatalysts can be used for the
design of diverse biomaterials for clinical applications
such as in infections replacing antibiotics. As a representa-
tive example of this application, Soares et al. prepared a
hybrid nano-biomaterial composed of zinc oxide nano-
particles, chitosan support, and the immobilized papain.
The nanoparticles were synthesized by the co-precipitation
method and because of this design was obtained a nano-
triangular structure with a size of 150 nm. The proteo-
lytic activity of papain, in vitro analyses, demonstrated a
decrease in the activation of phagocytic cells but did not
induce toxicity. This innovative nano-biomaterial can be
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used for future treatments for wound healing and psoria-
sis [78]. Moreover, research on nanobiocatalysts aimed to
assist in different applications related to nanomedicine are
included in Table 1.

4.2 Nanozymes

Due to the intrinsic enzyme-mimicking properties of some
nanomaterials, they can substitute natural enzymes to over-
come disadvantages such as high instability and costly man-
ufacturing/storage. In this manner, nanozymes are suitable
candidates for multiple applications in biomedicine show-
ing great selectivity, sensitivity, cost-efficiency, stability, and
ease of fabrication [4, 7].

In this context, catalytic cancer treatment using
nanozymes have shown excellent potential since nanozymes
do not only imitate the catalytic activity in biological reac-
tions, but they can also develop their performance more
efficiently than natural enzymes. In this manner, they have
been widely studied and employed for the construction of
innovative designs aimed to suppress tumor activity. In this
respect, Zeng et al. reported the design of a PEGylated Cu-
doped polypyrrol nanozyme (CuPP) through a facile syn-
thesis using CuCl, as an oxidizing catalyst. Interestingly,
the prepared nanozyme exhibited catalytic activity of three
different enzymes: catalase (CAT), peroxidase (POD), and
glutathione peroxidase (GPx). The nanoenzyme was able
to act following a photothermal strategy, inducing oxida-
tive stress that interrupted redox homeostasis. The authors
reported a highly efficient antitumor effect and active adap-
tative immune response that reprogrammed M1 and M2
macrophages [86].

On the other hand, reactive oxygen species (ROS) play an
essential role in regulating various physiological functions
of living organisms. However, excessive accumulation can
promote neurodegenerative diseases due to neuroinflamma-
tion as an immune response. Ren et al. reported an alterna-
tive method by directing nanozymes to the mitochondrial of
the microglial, and not to neurons as documented in previ-
ous studies. They intended to eliminate amyloid beta (Af)
more efficiently using functionalized molybdenum disulfide
quantum dots. The synthesized nanozyme can mimic the
activity of superoxide dismutase (SOD) and CAT, showing
a reduction in neurotoxicity and elimination AP aggregates
in mice. Therefore, nanozyme could change the polarization
of the microglia from the proinflammatory M1 phenotype to
the anti-inflammatory M2 phenotype. In this manner, phago-
cytosis was activated, and the inflammation produced by M1
was mitigated [87].

Similarly, metabolic diseases like diabetes can also
be treated with nanozymes. For instance, iron oxide
nanoparticles (Fe;O,NPs) with peroxidase-like and cat-
alase-like activity have displayed therapeutic effects on
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hyperinsulinemia and hyperglycemia. The study was
performed using Drosophila as a genetic model and a
high-sugar diet model for type 2 diabetes. The nanozyme
stimulated the activity of adenosine 5’-monophosphate-
activated protein kinase (AMPK) in the liver, muscle and
fat tissues. In addition, it decreased blood sugar levels,
and improves glucose and insulin tolerance in the leptin-
deficient (ob/ob) diabetic animal model. Findings indi-
cate that the peroxidase-like and catalase-like activities
of the nanozyme generate physiological levels of lysoso-
mal ROS for AMPK activation and increase the glucose
uptake capacity in diverse metabolically active cells and
insulin resistant cell models. The authors concluded that
the prepared nanozyme exhibited great potential in diabe-
tes treatment due to their multiple beneficial effects like
AMPK stimulation, insulin-resistance enhancement, and
glycemic control [88]

In addition, nanozymes can also be used in biosensors
providing great selectivity and sensitivity through simple
techniques. Su et al., developed a nanozyme formed by
carbon dots co-doped with Co and N elements. Nanozymes
exhibited peroxidase-like enzymatic activity in a neutral
environment in addition of their fluorescence properties.
This novel system had a multi-mode approach (radio-
metric fluorescence imaging and colorimetric) to detect
cholesterol and xanthine in both solution and human
serum samples. Among the identified advantages of the

system is included a reduced detection time, ease of opera-
tion, and improved analytical performance [89]. Differ-
ent nanozymes have been developed and successfully
employed for diverse biomedical applications (Table 2).

5 Current Challenges
and Recommendations

Nowadays, nanotechnology has been a critical factor in the
progress and development of many research areas including
biomedicine. In this manner, nanostructured materials have
shown excellent potential either as nanozymes or as nano-
supports for enzymes. The special geometries, small particle
sizes, and high surface-to-volume ratio, among other unique
properties presented in nanomaterials, have been associated
with their outstanding performances. Despite the advance-
ments achieved in understanding their role, there are still
some challenges to overcome.

Nanobiocatalysts formed by the employment of nano-
materials to immobilize enzymes usually improve catalytic
activity and other features like reusability and recyclability;
however, there is a need to deeply understand the interaction
enzyme-nanomaterial and to propose adequate and sustain-
able protocols to optimize the catalytic activity and reusabil-
ity [20]. Some of the challenges faced by nanozymes applied
in biomedicine are associated with the fact that the catalytic

Table 2 Recent advancements on nanozymes employed for different applications in biomedicine

Nanozyme Enzyme activity Application Main findings Reference
Two-dimensional vanadium carbide SOD, CAT, POD, Therapeutic effects on inflam- Cytoprotection against oxidative [9]
Mzxene nanoenzyme GPx, TPx, and matory and neurodegenerative stress and high biocompatibility
HPO diseases
Selenium-polydopamine nanozyme SOD and CAT Therapy in Alzheimer's disease Significant antioxidant activity, [90]
neuroprotection effects, and
enhance cognitive ability
Platinum loaded CoSn(OH)¢ POD Detection of dopamine Appreciable thermostability, [91]
nanocubes excellent stability and sensitive
colorimetric platform
Melanin-like nanoparticles Oxidase Therapeutic effects Nanocarriers, antioxidant activity, — [92]

Chitosan-Modified Fe;0, POD, CAT, and SOD

Antibacterial effect

and potential therapy option for
COVID-19

Stimulated the production of ROS  [93]

Nanozymes in drug-sensitive and drug-resist-
ant bacteria
Carbon dots confined in N-doped POD Detection of cancer Potential non-invasively clinical [94]
carbon diagnosis and early-stage detec-
tion
Bimetallic phosphide nanoparticle ~ POD and GPX Cancer therapy Activate the immune response, [95]

good biocompatibility, and sig-
nificant oxidative damage of the
cancer cells

SOD Superoxide dismutase, CAT catalase, POD peroxidase, GPx glutathione peroxidase, 7Px thiol peroxidase, HPO haloperoxidase, ROS reac-

tive oxygen species
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mechanism of many nanomaterials with enzyme-like activ-
ity has not been fully understood. In addition, the develop-
ment of sustainable synthesis methods and the control of
parameters are required to maximize the production yield
and enhance performance. For instance, the proposal of
biological strategies with superior results in comparison to
classical synthesis methods will represent benefits in terms
of cost-effectiveness and eco-friendliness [18].

Research on the application of nanomaterials for specific
applications either in therapy or diagnosis should continue
to improve through the design of innovative, effective, and
non-toxic nano-systems [17]. Innovative strategies should be
explored. For instance, 3D printing techniques for enzyme
immobilization could produce customized, flexible, and
complex structures/geometries at low cost [96]. 3D printing
strategies have been applied for the printing of nanomateri-
als aimed to assist in biomedical applications such as tissue
regeneration [97]. In this manner, further research might be
directed toward the customized synthesis of nanomaterials
with enzyme-like activities and nanomaterials with specific
geometries or structures able to maximize the enzyme load
and catalytic activity.

6 Conclusion

Nanotechnology has revolutionized many technological and
industrial sectors due to the many advantages and tunable
performances of materials at the nanoscale. For instance,
the higher surface area to volume ratio is fundamental in
applications related to the immobilization of enzymes,
since it allows higher enzyme load and thus higher cata-
lytic activity. In this manner, nanobiocatalysts with higher
stability, better performances, and ease of recovery can be
constructed. Moreover, some novel nanomaterials can mimic
the catalytic functions of natural enzymes; such nanozymes
possess advantages like higher stability, superior catalytic
activity, and low-cost fabrication. Thus, nanomaterials have
contributed significantly to the development of different
fields including biomedical research. Engineered nanoma-
terials are considerably contributing to modern biomedicine
from different perspectives and applications such as bioim-
aging, drug delivery, biosensing, and so on. In this review,
the role played by nanomaterials either as nanozymes or
nanobiocatalysts has been analyzed by exploring their most
recent advances for biomedical applications. Nanobiocata-
lysts have demonstrated outstanding potential with versa-
tile applications; however, further efforts are still needed
to understand in detail the nanomaterial-enzyme interac-
tion. Similarly, nanozymes have shown obvious advantages
over natural enzymes; however, some challenges need to be
addressed in terms of biosafety and a deep understanding of

the relationship between the catalytic activity and the struc-
ture of nanozymes.
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