Nanozymes | Encyclopedia.pub

Nanozymes

Subjects: Nanoscience & Nanotechnology

Contributor: Elicia Wong

Nanozymes are advanced nanomaterials which possess unique physicochemical properties with the precise

structural fabrication capability to mimic intrinsic biologically relevant reactions.

enzyme nanomaterial nanoparticle enzyme-mimic catalytic activity

single-atom nanozyme metal organic frameworks sensor

| 1. General Introduction to Nanozymes

Nanozymes are advanced nanomaterials which possess unique physicochemical properties with the precise
structural fabrication capability to mimic intrinsic biologically relevant reactions. Specifically, nanozymes mimic
natural enzymes and exhibit enzyme-like properties. The enzymatic catalytic reactions are highly effective, with
reactions occurring rapidly even under mild conditions, and more importantly, such reactions are also highly
selective. The high efficiency and selectivity are immensely desirable properties for sensing and monitoring
applications. However, natural enzymes, including proteins, suffer from limitations such as low thermostability and
narrow pH window, which will denature the enzymes and greatly reduce and inhibit their enzymatic activities. Low
thermostability also places stringent requirements on the storage, transportation and handling of natural enzymes,
which can be labour- and infrastructure-intensive for the users. Susceptible denaturation adds complexity to the
interpretation of sensing and monitoring outputs, which may yield a false positive/negative outcome. From this
perspective, nanozymes address these limitations by offering high structural durability and stability while

maintaining desirable catalytic activities.

By incorporating the unique physicochemical properties and enzyme-like activities, hanozymes exhibit promising
applications in different fields such as the biomedical sector (in vivo diagnostics/and therapeutics) and the
environmental sector (detection and remediation of inorganic and organic pollutants). The biomedical and clinical
translation of nanozymes have been extensively reviewed WEZIEIHE from their applications in immunoassays RIEI7
[BIBILY to cancer diagnostics and therapeutics [L1I2IA3I14]15] A5 nanozymes offer better structural stability over
their respective natural enzymes, with wider physical (e.g., temperature) and chemical (e.g., pH) operational
windows, they are ideal candidates for real-time and/or remote environmental monitoring and remediation. This is
especially so given the challenging and unpredictable nature of the outdoor environment (compared to a more

physiologically stable in vivo or in vitro environment with a more defined and narrower operational window).

| 2. Types of Nanozymes
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Over the last few decades, various types of nanomaterials have been reported to have intrinsic enzyme-like
activities 817 Natural enzymes exhibit intrinsic catalytic ability, usually at a single active site, to catalyse a
specific chemical transformation 2819, Since nanozymes lack such an active site, different strategies have been
devised to enhance the catalytic properties of these nanomaterials, enabling them to selectively and effectively
react with target molecules. In this review, we categorise nanozymes into four types based on their mode of natural

enzyme-mimicking behaviour (Figure 1).
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Figure 1. Types of nanozymes based on their mode of natural enzyme-mimicking behaviour.

One strategy utilises constructed metal sites (type | nanozymes), such as metal oxides or metal sulphides, to mimic
the metal catalytic active site found in metalloenzymes 29, An early example of such nanozymes is iron oxide
(Fe30,) nanoparticles, as reported by Gao et al. 8, which exhibit peroxidase-like activity similar to the natural
horseradish peroxidase (HRP) enzyme. Peroxidases catalyse the oxidation of a chromogenic substrate, such as
3,3',5,5-tetramethylbenzidine  (TMB), 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic  acid) (ABTS), o-
phenylenediamine dihydrochloride (OPD), in the presence of hydrogen peroxide, H,O,. The smallest Fe;O4

nanoparticles (out of 30, 150 and 300 nm) were found to have the highest catalytic activity, which showed that the
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high surface area of the Fe3O, nanoparticles was responsible for the peroxidase-like activity. Gao et al. [
postulated that the active surface ferrous and ferric ions in the nanoparticles were the key components that
enabled this catalytic activity, mimicking the iron—heme binding site in HRP. Cerium oxide (CeO,) nanoparticles
also utilise their metal as a nanozyme due to its similarity in structure and biochemistry to the iron ion, particularly
in binding to proteins (2. In fact, CeO, nanoparticles are multifunctional catalysts whereby they exhibit catalase-
like (breakdown of H,0, into O, and H,0) and superoxidase-like (dismutation of O,"™ into O, and H,0,) activities
in addition to bearing peroxidase-like activity. The multifunctional catalytic behaviour arises from the coexistence of
Ce(lll) and Ce(IV) oxidation states. The switch between the Ill/IV valence resembles the mechanism of redox
enzymes, which use metals as cofactors to catalyse a range of reversible redox reactions 8. As such, reactions
comprising redox cycles between Ce(lll) and Ce(lV) oxidation states make it possible for CeO, nanopatrticles to
react catalytically with oxygen radicals and hydrogen peroxide, thus mimicking the function of two key antioxidant
enzymes, namely superoxide and catalase 22. Similar to the FezO, nanoparticles, the enzyme-mimicking
behaviours of CeO, are also size-dependent, whereby the smaller CeO, (5 nm) have a superior catalytic activity to
that of larger (28 nm) nanoparticles (22, This is further exemplification that the catalytic activities of the nanozymes
are dependent on the amount of catalytically active atoms exposed on the surface (where the catalytic mechanism

is related to changes in metal valence), which is usually inversely proportional to the diameter of the nanopatrticles.

Other common metal-heme centres found in metalloenzymes include copper, cobalt and manganese ions (Table
1). As such, nanoparticles synthesised from cobalt oxide (Co30,) 24, cobalt sulphide (CogSg) 22, copper oxide
(CuO) [281 and manganese dioxide (MnO,) [Z[28] are also known to possess either peroxidase, oxidase and/or

catalase-mimicking activities.

Table 1. Examples of metalloenzymes.

Metal Centre Enzymes
Zinc Carbonic anhydrase, alcohol dehydrogenase, organophosphate hydrolase
Iron Catalase, peroxidase, cytochrome oxidase
Manganese Enolase, hexokinase
Copper Tyrosinase, lysyl oxidase, laccase
Cobalt Dipeptidase

While the type | metal compound nanoparticles mimic the metal-heme redox centre of metalloenzymes, other
metal nanoparticles that catalyse the same reactions as natural enzymes are classified as type Il nanozymes.
These metal nanoparticles are synthesised from metals that exhibit intrinsic catalytic behaviour for various
heterogeneous reactions. Such metals include gold, silver, platinum, palladium and iridium [29E9B1] Rossj and co-
workers reported that gold nanoparticles, under controlled conditions (unprotected “naked” nanoparticles, 3.6 nm
diameter, in the presence of excess glucose) could initially catalyse reactions similar to glucose oxidase and thus

serve as a mimic for glucose oxidase 2. Moreover, gold nanoparticles also showed peroxidase-mimicking activity
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(331341 Chen and co-workers 23l demonstrated that unmodified gold nanoparticles had significantly higher catalytic
behaviours towards peroxidase substrates, which indicated that the superficial gold atoms were the key component
to the observed peroxidase-like activity. Modified gold nanoparticles with different surface charges (positive or
negative) also exhibited peroxidase-mimicking activity B4, In fact, it was found that their enzyme-mimetic activities
could be modulated by changing the pH of the environment (i.e., pH-switchable). Gao and co-workers (3
demonstrated that gold, silver, platinum and palladium nanomaterials exhibited peroxidase-like activities at acidic
pH and catalase-like activities at basic pH 2. The pH-switchable phenomenon was further investigated by Nie and
co-workers using 1-2-nm platinum nanoparticles, which showed that the catalase-like activity was evident under
basic conditions while the peroxidase-like activity was more dominant under acidic conditions 8. The catalytic
mechanism of the metal nanoparticles is different from the metal compound-based nanozymes and is related to the
adsorption, activation and electron transfer of substrate (e.g., TMB, ABTS or OPD) on metal surfaces rather than a

change in the metal valence of the nanomaterial.

Another intriguing aspect of metal-based nanozymes is that they can form alloys with different elemental
compositions B7. By combining the independent electronic characteristics of two metals, bimetallic nanoparticles
can further exhibit unique properties through the synergetic effect of the two metals B8l Thus, this makes it feasible
to tailor the enzyme-mimicking activities by adjusting alloy compositions, classified here as type Il nanozymes. In
one example, He et al. showed that for Ag-M (M = Au, Pd, Pt) bimetallic alloy-based peroxidase nanozymes, the
efficiency of the catalytic activity could be tuned by gradually changing the ratio of the two metals B9, They
suggested that the composition-dependent activity was from the electronic structure due to alloying. In another
example, further enhancement of the multi-enzymatic activities was demonstrated by Yin, Wu and co-workers 49
using Au-Pt bimetallic nanoparticles by controlling the Pt and Au molar ratio to exhibit oxidase, peroxidase and
catalase-like activities. The enhanced peroxidase-like activity of Ir-Pd nanocubes was obtained by depositing an Ir
atomic layer on the surface of Pd nanocubes 1. It was postulated that the adsorption energy of the Ir-Pd(100)
surface was larger than that of the Pd(100), making it more energy-efficient to dissociate hydrogen peroxides into
hydroxyl radicals.

Non-metallic nanozymes such as carbon-based nanomaterials, including fullerene and their derivatives, carbon
guantum dots, carbon nanotubes, and graphene oxide, show great promise enzyme-mimicking capability owing to
their intrinsic catalytic properties. The peroxidase, catalase and oxidase-like activities have all been reported 4243l
(44][45][461[47] |n one example, Shi et al. ¥4 reported that carbon quantum dots exhibited peroxidase-like catalytic
activity. It was concluded that the catalytic mechanism came from an increase in the electron density and mobility
in the carbon quantum dots acting as effective catalytically active sites. Qu and co-workers 2! also reported that
carboxyl-modified graphene oxide exhibited peroxidase-like activity, with electron transfer occurring from the top of
the valence band of graphene to the lowest unoccupied molecular orbital of hydrogen peroxide. To further lower
this bandgap and improve the peroxidase-like behaviour, Kim et al. 8 co-doped the graphene oxide with nitrogen
and boron and demonstrated a much higher catalytic behaviour than undoped graphene oxide. Besides
peroxidase-like behaviour, the catalase-like behaviour was reported by Ren et al. 7 using graphene oxide

guantum dots.
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Metal-carbon nanocomposites have also been investigated as a strategy to further improve the catalytic activities
of carbon nanozymes 481491501511 An oxidase-like nanozyme, catalysing an oxidation-reduction reaction involving
oxygen as an electron acceptor, was constructed using a metal-carbon nanocomposite hybrid through doping a N-
rich porous carbon with Fe nanoparticles 1. The group suggested that the N-doped porous carbon acted as the
binding sites to trap and transfer O, molecules to catalytic sites and subsequently catalysed their redox reaction
with the Fe nanoparticles. In another example, Guo, Zhang and co-workers 28 integrated graphene quantum dots
with Fe;0O,4 nanoparticles and demonstrated superior peroxidase-like activities compared to individual graphene
guantum dots and FezO, nanoparticles. This superiority was attained from the synergistic interactions between
graphene quantum dots and the Fe3;O, nanoparticles. Compared to the native HRP, this hanocomposite showed
comparable, if not better, removal efficiencies for some phenolic compounds from aqueous solution, rendering it

useful for industrial wastewater treatment 481,

All metal-, metal-compound- and carbon-based nanozymes rely on the high surface area, enabled either through
small particle size (of the order of tens of nanometres for metal- or metal-compound-based nanozymes) or porous
structure (carbon-based nanozymes) to maximise the exposure of the catalytically active atoms. Metal-organic
frameworks (MOFs) which consist of metal ions as nodes and organic ligands as linkers also have highly porous
structures that can be utilised as nanozymes. In this construct, the transition metal nodes containing the MOFs
themselves can act as biomimetic catalysts, while the high porosity structure created by the metal-organic linkers
can serve as the binding sites for the substrates. Their tuneable pore sizes, highly specific surface areas and
exposed active sites provide MOFs with high catalytic efficiency 2. In one example, Li and co-workers 3
demonstrated the use of a nanosized MOF, Fe-MIL-88NH,, as a peroxidase mimic. The catalytic mechanism was
proposed as follows: hydrogen peroxide was adsorbed onto the surface or into the mesopores of Fe-MIL-88NH,,
and the hydrogen peroxide was decomposed into hydroxyl radicals by iron. Other than the Fe-MOF, Cu-MOF B4,
Ni-MOF B3], pt-MOF 8] and Co/2Fe MOF & gre also known to exhibit peroxidase-like behaviours. The bimetallic-
MOF, Co/2Fe-MOF, exhibited dual enzymatic activities, peroxidase and oxidase. Additionally, Min, Chu and co-
workers showed that CeO,-MOF acted as a hydrolase mimic (breakage of a chemical bond using water) to remove
a phosphate group, PO,3~, from phosphopeptides 8. Prussian Blue nanoparticles are an analogue of MOFs
which can simultaneously behave as multienzyme mimics (peroxidase, superoxide dismutase and catalase-like

activities) and were used effectively as a scavenger for reactive oxygen species 22,

Although the aforementioned metal-compound-, metal-, carbon-, nanocomposite- and MOF-based nanomaterials
show promising enzyme-mimicking abilities, achieving the same level of binding affinity and specificity as natural
enzymes remains a challenge. The limiting factors include (i) the density of the catalytically active surface ions
(such as the metal ions) and functional groups (such as the carboxyl group in the carbon nanomaterials), and (ii)
the efficiency of the catalytic mechanism. It has been demonstrated that nanozymes with a low density of active
sites show much lower catalytic activities 89, Additionally, the elemental composition and facet structure of these
nanozymes cause the catalytic mechanism of nanozymes to be different and are usually more intricate than natural
enzymes [l These limitations constrain the extensive applications of these standard nanozymes.
Consequently, new strategies have emerged to mitigate these constraints through spatial or three-dimensional

structural mimicking of the active sites of natural enzymes 8263 These structural mimics can be achieved by
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mimicking the geometry of pre-existing metal binding centres, the binding sites at the peripheral or the confined

and empty space at the centre of natural enzymes (type IV nanozymes).

Single-atom nanozymes resemble spatial structures to mimic the electronic, geometric and chemical structure of
the pre-existing metal binding centre of metalloenzymes. For example, the FeN4 in iron-based single-atom
nanozymes mimic the active sites of oxymyoglobin, HRP and cytochrome P450 enzymes which contain a single
heme Fe with a proximal ligand (Eigure 2) 64163l |n particular, Huang, Zhu and co-workers reported that densely
isolated FeN, single-atom nanozymes exhibited outstanding peroxidase-like activities 88, Both their experimental
and theoretical analyses showed that FeN, led to the strong adsorption of hydrogen peroxide, weakened the
bonding between the single Fe atom and the two adsorbed hydroxyl groups and lowered the energy barrier for the
formation of hydroxyl radicals to boost the peroxidase-like activities. Additionally, other metals such as cobalt and
zinc could also be used to create CoNy, and ZnN,4 single-atom nanozymes that exhibited peroxidase-like activities
[66] The addition of an axial N coordination to form FeNs single-atom nanozymes enhanced the oxidase-like
behaviour of the Fe based single-atom nanozymes 82, The FeNs structure had the most adsorption energy, by
promoting strong oxygen adsorption that led to weakening of the O—O bond. Wang, Dong and co-workers [62
postulated that the weakening of the O—O bond was a result of the electron donor via the electron push effect of

the axial-coordinated N in the FeNsg single-atom nanozyme.

Horseradish
Peroxidase

Single-atom
nanozymes
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Figure 2. A comparison of the HRP enzyme and FeN, single-atom nanozyme showing the high structural similarity
of the single-atom nanozyme to the active centre (iron-heme group) of HRP. (Adapted with permission from (64!,
Copyright © 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim, Germany).

Other structure-mimicking strategies have been achieved through the creation of binding sites, such as nano-
channels at the nanozymes, by resembling the binding sites of natural enzymes either at the periphery or in the
centre (usually a confined empty cavity); see Figure 3. In a pioneering example, Schuhmann, Tilley, Gooding and
co-workers designed a nanoparticle that mimicked the 3D architecture of a natural enzyme by using surfactant-
covered PtNi bimetallic nanoparticles B3I67] |n their design, the surfactant-covered PtNi particles were selectively
etched to create nano-channels that were specific for catalysing the reduction reaction of oxygen. The group
reported that the oxygen reduction reaction activity normalised by the electrochemically active surface area was

enhanced by a factor of 3.3 for the nanozymes compared to the unetched PtNi nanoparticles.

Enzyme

Figure 3. lllustration of a nanozyme as a 3D geometric architectural mimic of an enzyme. (Reprinted with
permission from [l Copyright © 2018, American Chemical Society).
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