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ABSTRACT

Nanomaterials with enzyme-like activity have been the spotlight of scientific and technological efforts to substitute natural enzymes, not
only in biological research but also for industrial manufacturing, medicine, and environment healing. Notable advancements in this field
along the last years relied on to the rational design of single-atom active sites, knowledge of the underlying atomic structure, and realistic ab
initio theoretical models of the electronic configuration at the active site. Thus, it is plausible that a next generation of nanozymes still to
come will show even improved catalytic efficiency and substrate specificity. However, the dynamic nature of the protein cage surrounding
most active sites in biological enzymes adds a flexible functionality that possess a challenge for nanozyme’s mimicking of their natural coun-
terparts. We offer a perspective about where the main strategies to improve nanozymes are headed and identify some of the big challenges
faced along the road to better performance. We also outline some of the most exciting bio-inspired ideas that could potentially change this
field.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0061499

. OVERVIEW AND CURRENT SITUATION IN THE FIELD
OF NANOZYMES

Natural enzymes are those biomolecules that regulate the rates
of biochemical reactions in living organisms, as an essential part of
cell metabolic pathways. Enzymes have either extreme specificity to
catalyze a reaction for a single molecule or flexibility for catalyzing
a whole group of biochemical reactions. Several decades ago,
researchers began to imagine different ways to exploit these proper-
ties of enzymes for industrial manufacturing activities including
food, paper, and pharmaceutical sectors to face severe environmen-
tal degradation, energy impact, and resource depletion.' This new

field, known as enzymatic biocatalysis, has allowed notable
advancements in material-efficient and sustainable patterns of pro-
duction and consumption.” However, natural enzymes lack enough
availability for the large scales required for industrial applications.
Additionally, natural enzymes are complex molecules evolutionary
optimized to perform under physiological conditions, and this
imposes strict limits to protect their catalytic activity (e.g., physio-
logical pH and temperature values). Therefore, preserving the
integrity of these biomolecules under the harsh conditions of
industrial processes has been one of the many challenges of the
biocatalysis field.”
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The concept of artificial enzyme was introduced in the 1970s,
after the first observation of increased deacetylation reaction rates
up to 10 times by of metal groups.” This observation was followed
by countless reports on enzyme-like activities involving inorganic
materials™ and the term “nanozyme” was coined to identify them
as a synthetic counterpart of natural enzymes.” With the irruption
of nanotechnology, nanomaterials were also confirmed to mimic
several biological enzymes as a standalone inorganic system, with
the pivotal report by Gao et al. showing the peroxidase-like activity
of Fe;04 nanoparticles.” Since then, multiple enzymatic-like activi-
ties have been reported including peroxidase,” catalase,'’ superox-
ide dismutase,'' and phosphatase.12 However, some authors have
questioned the very concept of nanozyme, arguing the fundamental
differences between enzymatic activity and oxidation chemistry, as
distinct mechanisms behind the observed formation of hydroxyl
radical ("OH) and related to a Fenton reaction process.'”"’
According to these authors, the two-electron oxidation expected
for a peroxidase catalytic reaction does not occur on most of the
“peroxidase-like nanozyme” reactions involving transition-metal
oxide nanoparticles like Fe;O,4 Instead, the oxidation observed in
the presence of these nanomaterials is the result of the strong oxi-
dation potential of hydroxyl radical formed by Fenton-type reac-
tions driven by the Fe or other 3d transition metals."” Although
this reaction is still been investigated a century after Fenton’s first
observation,'® some of the basic, undisputed facts of the Fe**/H,0,
system (ie., Fenton reaction) can be summarized as follows: (a)
when Fe?" ions are in excess over H,O,, quantitative oxidation of
Fe** by H,0, occurs; (b) in the opposite situation, when the perox-
ide is in excess over Fe*", a catalytic decomposition of the H,O,
takes place through 2 H,O, — 2 H,O + O, concurrently with the
iron oxidation; (c) Fenton’s oxidation process involves the forma-
tion of hydroxyl from hydrogen peroxide with a catalytic redox
cycling metal.'”'® This controversy is worth to be investigated
further since it goes beyond the simple adequacy of the term
“nanozyme” to the fundamental nature of the mechanisms
involved, which has to be better understood if the production of
reactive oxygen species (ROS) and oxidative stress in cells by nano-
zymes need to be mastered.

As the biologically based concept of nanozyme emerged and
consolidated, it was natural to apply similar ideas to biomedical
protocols and technologies. Indeed, we have witnessed a remarkable
progress of biomedical technologies around nanozyme-based
devices for sensing, imaging, waste scavengers, and therapeutics.'’
These new technologies are based not only on nanozyme’s
improved performance when compared to the natural counterparts
as mentioned above but also on the evident possibility of designing
their catalytic activity based on materials science knowledge.””*" Of
course, the middle way to use engineered inorganic-biological
interfaces is a reasonable strategy to improve the performance of
enzymatic applications in biology, especially enzyme-based sensing
devices. For instance, the use of the DNA-nanozyme interface has
been reported to offer rapid and label-free colorimetric detection of
Streptococcus mutans on dental pieces.”” However, even non-
functionalized nanozymes have been reported to have regulating
properties on the cellular metabolism, notably the case of adeno-
sine 5'-monophosphate-activated protein kinase (AMPK) that reg-
ulates cellular energy homeostasis, mostly by activating glucose
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uptake and oxidation when cellular energy is low. Using magnetite
(Fe;04) nanozymes, Zhou et al. have been able to control the
AMPK regulating functions as an energy sensor via their
peroxidase-like activity in the acidic lysosomal compartment.”’

Nanozymes combining the catalytic ability with the physical
properties of solid-state matter for smart response to remote
stimuli (e.g., magnetic, optical, or electronic) could constitute a
breakthrough for technologies such as pollutant elimination,
groundwater remediation systems, nanomedicine, and biomedical
devices.”*”” Currently, the list of nanomaterials being explored as
sources of catalytic mechanisms is large and diversified. The bioca-
talytic performance of nanozymes is currently being tested for anti-
tumor therapeutics™® and for other different oxidative stress related
diseases, as in the case of the catalase-like activity reported in
cerium oxide nanozymes against the excess of reactive oxygen
species (ROS) for lowering the oxidative stress.”’

While the general thermodynamics and kinetics involved in
catalytic reactions are well understood, the microscopic mecha-
nisms regarding nanozyme’s topological and binding influence on
reactivity are still being explored.”” For instance, in a recent
work, a Fenton-like reaction occurring at Co atoms on N-doped
graphene nanoparticles was successfully modeled, using density
functional theory (DFT) calculations and demonstrating that the
high efficiency of CoNy sites was due to optimal binding energies
to produce singlet oxygen activation while pyrrolic N-sites partici-
pate in the adsorption of organic molecules.”" This type of theoreti-
cal approach seems to be the right strategy for getting a deeper
understanding on the reactions involved, but it cannot be exploited
adequately as long as precise data on the structural properties of
the actual catalysts are scarce.

From the theoretical side, only a small number of catalytic
reactions triggered by nanozymes have been fully characterized
from ab initio quantum chemistry methods regarding the atomic
mechanisms behind their catalytic performance.’”>”” The lack of
experimental data of atomic-level structural mapping and magnetic
states is an additional difficulty for computational models to
include realistic environments. Indeed, the current challenges faced
by many technological applications of nanomaterials related to
their enzyme-like behavior under realistic environmental condi-
tions are due to this lack of crosstalk between experimental and
theoretical approaches. On the other side, a precise and reliable
detection of free radicals produced in biological systems requires
improving sensitivity of the current techniques in biochemistry,
medicine, and toxicology.‘%'1 Indeed, direct quantification of individ-
ual free radicals (especially ROS from Fenton chemistry) in cells
and tissues is not currently available due to selectivity limitations
and/or experimental artifacts of biochemical techniques.

Since advanced nanotechnology tools are behind the assembly
of nanozymes (either by physical or chemical synthesis methods),
the spectrum of composition and functions potentially attainable is
almost limitless. This potentiality is reflected in the huge diversity
of materials and structures already reported. Some of the most
common of these compositions and the corresponding functions
assigned in the literature are summarized in Table I, also indicating
their active sites.

Some of the nanozymes in Table I were designed for remote
activation by their intrinsic properties (e.g., optical, magnetic) and
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TABLE I. Most common nanozyme activities found in the literature.

Active

Enzymatic activity” Material centers Reference
PrOx, SOx, Ox, Cat Pt Pt 35 and 36
SOD, Cat Pt@PCN-Mn Pt 37
PrOx, SOx, Ox, Cat Pd Pd 38 and 39
SOx, GOx, Lac, Ox, Au Au 35 and 40
Cat

PrOx, SOD, Ox, Cat Ag Ag 35
PrOx, Ox, Cat Fe;0,4 Fe', Fe!! 41
PrOx, Ox, Cat NiFe,0, Fe' 41
PrOx, Ox, Cat MoS,@MgFe, 0, N.A. 42
PrOx, Ox, Cat CuFe,0y4 N.A. 43
PrOx, Ox, Cat CoFe,Oy4 Fe'l, Co™ 44 and 45
PrOx, SOD, GSHPx, Mn;0, Mn', Mn™ 46
PrOx, SOD, GSHOXx, MnO, Mn'Y 47
Cat

SOD, Ox, Cat, PhEs, CeO, Ce'v 48
Nuc

SOD, Ox, Cat C (porous 42

carbon)

Ox, Cat C (diamond) 49
PrOx, GSHPx V,05 vV.vV 50 and 51
GSHOx CsCuyFeNg Cu'-Cu" 52

Ox y-MnOOH Mn™ 53
PrOx MoSe, Mo 54

*PrOx, peroxidase; SOx, superoxidase; Ox, oxidase; cat, catalase; GOXx,
glucose oxidase; Lac, laccase; GSHOx, gultathione oxidase; GSHPx,
glutathione peroxidase; PhEs, phosphoestearase, Nuc, nuclease; NOx,
NADPH oxidase.

applied to catalytic reaction and subsequent recovery (and reuse),
as well as to produce synergistic effects during the catalytic pro-
cesses involved.””® The case of iron oxide based nanozymes will
be treated with some detail since this material is perhaps the most
widely used in biomedical applications, and therefore their toxicity
and catalytic-like behavior are of paramount relevance to establish
any safety standard for their clinical uses.

In Secs. II-VII, we will discuss some of these intrinsic and
extrinsic challenges to attain nanozyme efficiency and specificity
comparable to biological enzymes. Despite those potential difficul-
ties, the promising side of nanozymes is related to the ability to
engineer nanomaterials to produce nanomaterials with
atom-by-atom control (see, for example, Sec. IV), which can
perform sequential multi-enzymatic activities. So far, most of these
goals remain unachieved, despite the enormous amount of nano-
materials that have been studied.

Il. NANOZYMES VS ENZYMES: THE ULTIMATE GOAL

Because nanozymes catalyze reactions that may be either ben-
eficial or deleterious for living cells, the desired final application
will determine how nanomaterials are to be designed and synthe-
sized to achieve control of a given cell metabolic pathway. For
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instance, any nanomaterial would be required to suppress any
intrinsic catalytic activity that could interfere in molecular or cell
labeling applications,” while oncology therapies that rely on the
generation of oxidative stress at the tumor microenvironment
(TME) would require to maximize the catalytic activity to produce
this oxidative stress.”” Irrespective of the specificities of the applica-
tion for a given nanozyme, what is required for its design is the
knowledge of the nature of the nanomaterial at the atomic level
and its correlation with the mechanisms behind their catalytic
activity. A good example of this need is the recent report on the
hydrolase-related nanozyme containing Zn>* centers at the
surface,”® where a large increase in the cleavage efficiency of an
RNA substrate was obtained by decreasing the polarity of the active
site, explained by the multivalence and cooperative effect between
the metal ions in this structure.”®”” This nanozyme is the synthetic
counterpart of the phosphodiesterase (PDE), a zinc-dependent
hydrolase that catalyzes the cell hydrolysis of phosphodiester
bonds, and therefore a complete explanation of the enzymatic
mechanism will require theoretical models to assess the role of Zn**
centers, the local atomic structure, and reactivity parameters.

Controlling the formation of the ROS requires a precise char-
acterization of their surface chemistry, surface/volume ratio, the
physical parameters of the environment, and precise free radical’s
measurement techniques. The next step in nanozyme design for
biomedical purposes will require a breakthrough in the understand-
ing of the connections between the atomic structure of nanozymes
and the mechanisms leading to catalytic selectivity and/or effi-
ciency, including Fenton-based reactions, lipid peroxidation, mem-
brane interactions, and free radical generation. This
multidisciplinary approach would only be possible only by assembl-
ing data and tools from physics, biochemistry, enzymology, toxicol-
ogy, and computational modeling in quantum chemistry.

A. Why are nhanozymes related to ROS?

Reactive oxygen species (ROS) is an ambiguous classification
that refer to those species derived from O, that are more reactive
than O,. From a chemical perspective, ROS are free radicals,
defined as any reactive molecular species having one or more
unpaired electrons and a minimum chemical stability to exist inde-
pendently.”’ All oxygen radicals happen to classify as ROS, for
instance, the hydroxyl radical ®OH and superoxide anion ®O3 are
more reactive than O, and thus are ROS. However, there are also
oxygen derivatives having a non-radical nature, and there is no a
simple way to relate the free radical character of a given oxygen
species to its expected reactivity under different conditions.”’ Note
also that the unpaired electron in free radicals makes them para-
magnetic species.

What is the relationship between nanozymes with ROS? A
concise answer is that nanozymes are intimately related to ROS
because of the need for oxygen to preserve life on Earth. ROS
appeared on Earth together with the first atmospheric O, mole-
cules, and except for some anaerobic and aerotolerant species, all
organisms require O, for efficient production of energy. This
energy production is achieved using electron transport chains that
ultimately donate electrons to O, (mitochondria in eukaryotic cells
or cell membranes in many bacteria).”> However, the necessity of
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O, to maintain aerobic life also comes with a major backside,
which is that oxygen gas is toxic and mutagenic. Aerobes survived
only because they evolved antioxidant defenses from their anaero-
bic ancestors that first appeared on Earth under an atmosphere
containing much N, and CO,, but very little O,. Anaerobes still
exist today, but usually their growth is inhibited or even killed by
exposure to the present atmospheric levels of O, (i.e., 20.95% mole
fraction). When the O, content of the atmosphere rose (an event
known as the Great Oxidation Event), many species must have died
out, but the survivor present-day anaerobes are mostly the descen-
dants of organisms that followed the evolutionary path of “adapt-
ing” to rising atmospheric O, levels. For an excellent biological and
historical review of the rise of complex life, the reader is referred to
the work of Taverne et al.>® The survival strategy of these organ-
isms was to develop antioxidant defenses (evolving new ones as
well as realigning ancient molecules to new functions) to protect
against O, toxicity. The first modern hypotheses about oxygen tox-
icity suggested that O, directly inhibited essential enzymes, but it
was later recognized that the inactivation rates by O, are too slow
to explain O, toxicity. A seminal work from Gerschman et al. in
1954 drew a parallel between the effects of O, and ionizing radia-
tion, proposing that the damaging effects of O, were due to oxygen
radicals.”* Today, there is an established consensus that ROS are
also important signals that regulate numerous processes during cell
life, and the idea that cell management of ROS as regulators of cel-
lular signaling pathways should actually be considered a key evolu-
tionary step has been suggested.”’ Indeed, ROS are essential
molecules in neuronal development and nervous system function,’”
challenging previous assumptions that ROS were just by-products
of the mitochondrial respiratory chain.” It is because our evolu-
tionary history that enzymes, and thus any potential nanozyme’s
application in biology, are bounded to ROS.

The relation between nanozymes and ROS further extends to
environmental applications. Natural and urban water systems
contain a diversity of ROS produced from natural organic matter
and man-produced organic pollutants, including singlet oxygen
(*0,), hydroxyl radicals ("OH), superoxide anions (*O3), and H,0,
induced photochemically (i.e., sunlight). The need of O, in aerobes
requires a simultaneous ability to manage the high toxicity of
oxygen to survive, developing biochemical antioxidant defenses.’”
At physiologically “normal” O, levels, all aerobes are exposed to
oxidative damage, mainly from the superoxide radical (®05).0%%?
From the perspective of human health, the general consensus is
that increased levels of free radicals and the consequent oxidative
damage show correlation with aging and some neurodegenerative
diseases.”””” In this context, ROS have long been studied as toxic
agents with a role in nervous system aging and deterioration
through neurite degeneration before cell death.”’

Il. THE CATALYSIS VIEWPOINT

The recognition on enzymes as biological catalysts date back
to more than a century ago when the amylase’s hydrolytic activity
on starch was proposed.”” Subsequent research on these types of
mechanisms opened the whole field of enzymology to understand
the vast catalytic reaction pool of cell biochemistry and the exqui-
site specificity that balance most life reactions. However, major
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obstacles to develop a wide-ranging picture for the catalytic proper-
ties of enzymes are due not only to enzyme diversification along
different evolutionary paths but also to the highly non-linear and
feedbacked nature of the reactions involved that make useless the
basic approach involving reduction and partitioning of catalytic
contributions into independent and energetically additive compo-
nents. These issues are beyond the scope of this work, and for a
more historical view of these difficulties, the reader is referred to
the thoughtful work by Heckmann and Paradisi.”

The significance of enzymes as catalysts relies on the fact that
they speed up reactions that are thermodynamically favorable but
have too-slow kinetics compared to the time scale compatible with
life. Enzymes” way to enhance the velocity of a reaction is by lower-
ing the energetic barrier through the alignment of reactive groups,
the formation of transient unstable charges, bonding reorganiza-
tions, and other transformations that are crucial but very unlikely
to take place freely in the cellular environment. In other words,
enzymes provide a propitious ambient for the reaction to take
course, known as the active site (see Sec. III D). Active site has a
critical role in enzyme activity and catalytic mechanisms since its
functional groups generate the conditions for an alternative route
for chemical reaction to occur in a way that lowers the activation
energy.”’ In enzymes, the active site represents a confined space or
pocket within the enzyme’s structure where the initial bonding of
the specific substrate (bonding site) and the catalyzed reaction (cat-
alytic site) takes place. This particular arrangement that combines
specific amino acids, topology and conformation, and its participa-
tion is a distinguishing feature of an enzyme-catalyzed reaction.

Similarly, nanozymes offer a site that promotes a similar sce-
nario during catalysis. Although not as conventionally described as
in enzymatic active sites, certain atoms and arrangements of atoms
within the structure of the nanozyme are responsible for the spe-
cific and proper catalytic activity. Despite the advantages of nano-
zymes over natural enzymes mentioned above, a clear weakness of
the former is their poor catalytic performance, which is still lower
than natural enzymes in most cases. Perhaps more important is the
fact that nanozymes’ specificity could be fundamentally limited
because nanomaterials lack the flexibility at the bonding site that is
provided by the organic-based local environment at the active site
in natural enzymes, which is responsible for restricting non-specific
substrates to enter the enzyme pocket. This flexibility of some
natural enzymes also allows changing their conformation during
reaction, as a way to function through different mechanisms by
which its function is regulated to improve activity and specificity.
Figure 1(a) shows a scheme of the different roles for these ele-
ments, including substrate binding, involved in the regulation of
enzymes activity. In Fig. 1(b), the effect on enzyme conformation is
exemplified by the hexokinase 6 changes after ADP-PO,-Mg>" sub-
strate binding. The comparative situation for nanozymes [magne-
tite in Fig. 1(c)] shows that reactions at the particle surface involve
eventual changes of the chemical structure but not its conforma-
tion/topology, activity, and/or specificity. It is important to note
that these regulatory mechanisms are critical not only for catalysis
efficiency but also for the regulation of their biological activity
because they must work within an intracellular medium with large
amounts of different substrates and in a time-coordinated way
(even in synchrony) with other cellular events.
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FIG. 1. (a) Enzyme regulation and conformational changes in the presence of allosteric regulators, substrates, cofactors, and post-translational modifications. (b)
Crystallographic structure based 3D model of hexoquinase 6 before and after substrate binding. (c) Nanozyme, iron oxide nanoparticles, and surface modification during

H,0, oxidation.

The catalytic activity of nanozymes depends directly to the
coordination of the active ion at the surface of the material, especially
for metal-based nanozymes.”” The ability to buildup materials with
fine control on the structure and composition of the surface at the
atomic level is at the root of future designs of functional nanozymes,
and this task will thus require a complete atomic characterization
and modeling of the active sites using advanced characterization
techniques at large scientific facilities,™® with further correlation of
these data to the catalytic activity under different conditions. This
level of understanding of the correlation between the structure and
composition at the atomic level and the ability to design nanozymes
with optimal catalytic activity are far from complete, but it could be
argued that the present stage of nanozyme development has already
produced enlightening and promising results, shading light on the
key problems to be addressed.

In this regard, three main perspectives can be mentioned
according to nanozymes’ application: achieving specificity, regula-
tion of their activity, and enhancing catalytic activity. Although,
specificity and regulation are not requirements for some applica-
tions, i.e., chemical reactions or degradation of water contaminants,
it is mandatory for biological applications in diagnostics or treat-
ments based on nanozymes’ activity. In order to emphasize each
problem, we are going to discuss the actual approaches to overcome
these issues separately in Secs. III A-IIT D.

A. The kinetics of nanozymes

One of the simplest and best-known methods to explain
enzyme’s kinetics on different substrates is the Michaelis—Menten
model.”” It asserts that during an enzymatic reaction, a substrate S
is transformed into a product P by a given enzyme E, through the
formation of an intermediate complex ES in the sequence

E+S=ES=E~+P.

The rate of this reaction depends on the instant concentration
of substrate [S], a fact that complicates the measurement of any in
vitro catalytic reaction while a given substrate is being converted to
product. For this reason, a basic approach in kinetics experiments
is to measure the initial velocity V, of the reaction since usually,
under intracellular conditions, the enzyme’s concentration is many
orders of magnitude smaller than the concentration of substrate
([E] < [S)). In this situation, at the initial times of the reaction, the
changes in [S] should be small enough to be disregarded and con-
sidered constant. The discussion of even the basic concepts of catal-
ysis kinetics is beyond the scope of this review, and the reader is
referred to classical literature studies for these topics.”>**’

Enzymatic kinetics often helps elucidate the number of steps
by which enzymes convert the substrates into products and, hence,
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the reaction order. It also gives valuable information about enzyme
regulation by different compounds that affect its activity, such as
activators or inhibitors and whether they are competitive or non-
competitive. It has also been used to elucidate the active site amino
acid composition through site-directed mutagenic studies and to
characterize nanozymes’ activity by using the same substrates of
the natural enzymes. In fact, although nanozymes behave different
than natural enzymes, this approach has also been proposed as a
standardized method to compare the intrinsic peroxidase-like activ-
ity of different nanoparticles.”” The “learning-from-nature”
approach, i.e., to mimic enzyme active sites for a nanozyme design,
is a valuable tool for manufacturing and activity optimization, and
the final goal is to develop structures that can fully reproduce the
natural active sites in enzymes.” Identifying the catalytic site in
natural enzymes has been one of the goals of classical enzymology,
which allowed us to understand the reaction mechanism and the
possibility of catalysis improvement. Identifying the active site in
nanozymes is not trivial, and for many materials/enzymes, it is not
well established. The development of methods to test reaction
mechanism hypotheses along with the design and engineering of
desired activities should contribute to solve some of these issues.
Interestingly, for some well-established activities, active sites have
been recognized and proven, and reaction mechanisms have been
proposed and validated. One remarkable thing to mention is that
in many cases, the same enzymatic activity can be mimicked by dif-
ferent nanomaterials, a potential advantage for different reaction
conditions. Interestingly, the same behavior can be observed for
enzymes where members from different families with quite differ-
ent structures can catalyze the same reaction.

Among the different concepts to improve the kinetic perfor-
mance of nanozymes, the single-atom nanozyme is so far the
most promising. Although these entities have the same origin
and properties than nanozymes, they are found in the literature
also under the names of single-atom catalysts (SAC) or
single-atom nanozymes (SAzymes). In Secs. III B-III D, we will
use these names following the nomenclature of those works
under review. Different types of SACs have been developed since
the 2000s from the classical field of gas-solid heterogeneous
catalysis,”>** but only since 2010-2012, the enzymatic-like prop-
erties of SACs have been considered from a biomedical perspec-
tive and it is this novel approach that we will consider
below.”*” The basic idea of SACs is to produce a more complex
architecture of the nanomaterials consisting of atomically dis-
persed sites over some (inert or synergic) surface. The isolated
single atoms, stabilized by the support, provide the active sites
(usually metal species) for heterogeneous catalysis. The strong
metal-support interactions in SACs allows a low coordination
environment and the charge-transfer effect that would explain
the enhanced intrinsic activity of the active sites.”’

A related type of SAC based on iron-nitrogen graphene oxide
embedded (Fe-N-rGO) that resembles the heme-cofactor present
in natural horseradish peroxidase (HRP) has been recently synthe-
sized by Kim et al.*® By doing this, the authors were looking not
only for a higher activity but also for substrate and reaction specif-
icity/selectivity. They hypothesized that the Fe-N-rGO structure
would have intrinsic peroxidase activity and selectivity by mimick-
ing the active site of natural peroxidase, which is known to be
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responsible for enzyme properties (see the scheme in Fig. 2).
In this work, the similarity among the natural enzyme active site
and the Fe-N-rGO structure was exhibited, and specific peroxidase
activity was described and characterized relative to iron NP, Pt
(111), and HRP (the natural enzyme). The authors found that Fe-
N-rGO was specific in its peroxidase activity and showed very high
activity, while other nanozymes also show oxidase, catalase, and
superoxide dismutase (SOD) activity. Although they did not vali-
date a reaction mechanism, they clearly showed that both Fe and N
were necessary for the achieved activity and that the configuration/
conformation of the atoms arrangement (active site) was very
similar to that of the natural HRP active site. In addition, five steps
and their free energies were tested by DFT for Fe-N-rGO and
other catalysts. The DFT calculations and experimental results con-
firmed that the material had high activity and specificity for the
peroxidase-like reaction [Fig. 2(b)]. These types of studies should
help not only to understand the reaction mechanisms and perfor-
mance of already established nanozymes but also to make an
impact in nanomaterials with enzyme-like activity design and opti-
mization, for old and new substrates. In addition to catalysis
improvement, SAC studies can contribute to the development of
the nanozyme field since their simpler structure (as compared to
natural enzymes) facilitates the identification of active sites and,
thus, using theoretical models, the possibility to predict and corrob-
orate the different reaction mechanisms. Although these tools and
strategies for understanding nanozymes resemble those approaches
used in enzymology along several decades, it is important to note
that the inorganic chemistry involved in synthetic nanozymes will
allow the use of novel and well-established experimental and theo-
retical tools from condensed matter sciences.

B. Achieving specificity

As pointed out previously, the very first step for enzymes to
lower activation energy is to bind the substrates in the binding resi-
dues of the active site through multiple weak interactions. Then, as
enzymes’ active sites are complementary in structure to the transi-
tion state of the reaction, the reaction takes place in the catalytic
part of the active site. However, this is not the case for most nano-
zymes that possess the catalytic activity but lack the binding func-
tional groups that give the specificity and efficiency to the reaction.
In this regard, numerous efforts have been made to overcome this
issue and all of them are focused on emulating the active site.
Common strategies concerning the improvement of the activity of
the nanozyme are focused on the control of the morphology, crys-
tallinity, size, exposed facets, composition, and doping with hetero-
atoms or the use of hybrid materials with interfacial effects.”” The
presence of specific ligands could also regulate the activity of nano-
zymes.”’ Concerning the substrate specificity of the enzyme-like
activity of nanozyme, there are several research lines based on the
strategy of conjugation that endows the presence of substrate-
binding sites with superficial molecules,” imprinted polymers,”""*
or biomolecules such as aptamers.”” Another possible strategy to
improve both the activity and substrate specificity is to used nano-
zyme assemblies or combined structures containing nanozymes
and natural enzymes.”””
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FIG. 2. (a) Heme-cofactor-resembling Fe-N single site embedded graphene as nanozymes to selectively detect H,O, with high sensitivity. (b) Energy profile for
peroxidase-like reaction on the six types of graphene structures (Fe-N-rGO, Fe-rGO, N-rGO, rGO, Ni-N-rGO, and Co-N-rGO) and Pt and (c) oxidase-like reaction on
rGO, Fe-N-rGO, and Pt. Reproduced with permission from Kim et al., Adv. Funct. Mater. 30(1), 1905410 (2020). Copyright 2021 John Wiley and Sons.

C. Regulating nanozyme activity: The case of the
peroxidases

Enzymatic activity can be regulated in many ways that usually
involve enzyme protein configuration changes. This property has . “errme>  Degraded/mineralized

been difficult to mimic with inorganic matter and has, therefore, productds
been a major concern for biological applications of nanozymes in
vivo, although there is plenty to learn from nature to solve this _—
. s . . Degraded/mineralized
problem. The example of peroxidases is in this sense only illustra- productds

tive. Peroxidases are widely represented across all kingdoms, and
their active site and catalytic mechanism have been extensively
studied. These enzymes are hemoproteins that react with hydrogen
peroxide to form highly reactive intermediates, which oxidize per-
oxidase substrates. Human peroxidases can be divided into true- or
pseudo-peroxidases and according to whether they can exert perox- FIG. 3. Mechanisms for the activation of H,O, on the peroxidase-like Fe;04
idase or peroxidase-like activity, respectively, as depicted in Fig. 3. MNPs catalyst in the degradation of organic pollutants. Reproduced with permis-
There are many true peroxidases that differ in their active site and, sl ol Vg e, Wivzisan, SEreaian, (i), E25-588 (A0, S

2010 Elsevier.
hence, in their substrate specificity. As a common feature of true
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peroxidases, they do not have oxidizable amino acids in their active
site, and they combine a peroxidase cycle, in which free radicals are
generated, with a halogenation cycle, in which (pseudo)hypohalous
acids are obtained.”

On the other hand, pseudo-peroxidases are hemoproteins that
are not meant to react with hydrogen peroxide, like hemoglobin.
They possess oxidizable amino acids in close proximity to the
heme group and under certain conditions acquire peroxidase-like
activity through active heme compounds formation and protein-
based radicals intermediates, such as tyrosine and tryptophane. In
a similar (to some extent) way than for classical nanozymes, once
the reaction products are obtained, they lose their function. In
pseudo-peroxidases, this is due to protein cross-linking and aggre-
gation; in the case of Fe;O, nanozymes, this is due to changes in
iron oxidation state.” In this sense, SACS’ activity is more related to
true peroxidases while conventional nanozymes’ activity is more
related to pseudo-peroxidases due to the fact that after catalysis,
enzymes are recovered unchanged while nanozymes are reduced or
oxidized during the reaction.

An analogy can be made with nanoparticles that exhibit
peroxidase-like activities. Iron oxide nanoparticles’ peroxidase
activity was reported first by Gao et al,” who described how the
iron oxides could catalyze the oxidation of different substrates
under different conditions of pH and temperature. Their experi-
mental data suggested that Fe;O, nanoparticle mechanism of
action begins when an H,0, molecule undergoes homolytic cleav-
age, with the O—O bond cleaving to form two hydroxyl radicals,
which would then capture a proton (H") from a hydrogen donor.
Few years later to its discovery, Wang et al.”® described a precise
mechanism that included the confirmation of surface reaction. In
this work, the degradation of organic pollutant by H,05eFe;0,4
peroxidase mimetic activity was studied. The authors confirmed
that "OH was critical for reaction initiation, but they found that
*03/"HO, were the main ROS involved/contributing to organic
compound degradation (see Fig. 3).

According to what was previously stated, the mechanism of
action differs among peroxidases, pseudo-peroxidases, and nano-
zymes, and regulation approaches are quite different as well
Myeloperoxidase (MPO), is a perfect example of a true-peroxidase
capable of generating significant amounts of HOCI in acidic
inflammatory environments, where H,O, steady-state concentra-
tions are also increased.”” MPO activity is carefully regulated to
avoid healthy tissue damage by keeping away larger molecules to
enter the active site by its union to inhibitory proteins, such as
ceruloplasmin, and by neutral pH.”® Likewise, efforts to regulate
nanozymes activity for in vivo applications involve pH-sensitive
control of nanoparticle release in inflammatory tissue,” redox-
responsive systems,IOU temperaturew " and even a combination of
photothermal therapy with enzymes, like glucose oxidase (GOD),
that convert glucose into glucuronic acid with H,O, release for
Fe;0,4 nanoparticles to catalyze Fenton -based reactions. >’

The case of the peroxidase activity is a good example of the
way to figure out which strategy to follow and what can be achieved
by combining the knowledge of enzymes and the advances in
science material toward to better mimic enzyme activity. This is
not only due to the nature of the peroxidase active site, a metallo-
protein, but also due to the fact that we have extensive knowledge
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of the heme prosthetic group. In addition, ion oxides’ peroxidase-
like activity was one of first nanomaterials to be discovered and
consequently extensively studied. Improving the flexibility and spe-
cificity of nanozymes will, therefore, require combining the knowl-
edge already gained from enzymology and translate those
functionalities to nanozymes, being either through similar mecha-
nisms or radically different ones.

A broader approach to improve catalytic activity in nanozymes
has been recently reported, based on the use of hybrid systems
combining  biomolecules-nanoparticles ~ or  metalorganic
systems.'*>'"” This constitutes an interesting tactic to stimulate the
bio-electro-catalyzed oxidation of glucose by the electrical contact
of an integrated enzyme electrode that stimulates the
bio-electro-catalyzed oxidation of glucose. A recent work by Katz
et al.'” reported a related scheme through the use of an apo-
flavoenzyme with a relay-FAD-cofactor dyad, electrically contacting
them to obtain a hybrid (named electroenzyme), while the engi-
neering of the apo-glucose oxidase (apo-Gox) was achieved using a
ferrocene-tethered FAD-cofactor. The strategy of covalent linkage
of aptamer binding sites to nanozymes has the advantage of versa-
tility and better catalytic activity compared to values reported so far
for “pure inorganic” nanozymes. Current efforts on these hybrid
systems are being focused on assembling reaction substrates at the
catalytic nanozyme core to emulate the binding and catalytic active
site functions (as discussed in Sec. I1I D) of native enzymes.107

D. The active site

Although many of the chemical reactions involved in living
organisms are thermodynamically favorable, they would take time
on the scale of years to occur. Thus, catalysis in biology is essential
to speed up those reactions so they can occur in a time scale com-
patible with life. Catalysts enhance the velocity of a given reaction
without altering its chemical equilibrium, by lowering the energy
barrier through the alignment of reactive groups, by the formation
of transient unstable charges, by bonding reorganizations, etc. The
active site provides the favorable atomic environment to make this
possible. In biological enzymes, the active site represents a confined
space or pocket within the enzyme’s structure where the catalyzed
reaction takes place. This precise arrangement that combines spe-
cific amino acids, topology, and conformation, is the fingerprint of
an enzyme-catalyzed reaction. The extreme efficiency of natural
enzymes is the result of millennia of natural evolution, and there-
fore they have been the inspiring background to emulate some of
their characteristics when nanozymes are designed and engineered,
an activity that has been recognized and termed “learning from
nature.” In classical enzymology, the advancements on the identifi-
cation of the subtle relationships between active sites and reaction
mechanisms were boosted by the incredibly rapid increase of struc-
tural data, freely available in libraries of enzyme superfamilies (as
the Protein Data Bank, PDB)'” with thousands of detailed struc-
tural data files. As a consequence, the current state in the field
offers many examples of complete reaction explanations of atomis-
tic mechanisms in exquisite detail combining enzyme structure
characterization, active site topology, and numerical modeling from
first principles.”>'">"'” It can then be expected that advancements
on the specifics of nanozyme’s reaction mechanisms will require an
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analogous strategy for gathering and sharing the relevant data of
crystal structure, chemical composition, electronic configuration,
etc.

The dynamic nature of the protein cage surrounding most
active sites in biological enzymes has also been recognized, posing
further challenges for nanozyme’s mimicking of their natural coun-
terparts.''''* There is consensus about the subtle relationship
between the function of active sites and the surrounding protein
dynamics for a given enzymatic function. It has been proposed that
a previous adaptation of the enzyme’s active site environment to
specific substrate topologies allows the selection of those substrate
subsets that approach the configuration of the relevant transition
state.''” This would eliminate the slow components and thus
would speed up the reaction. It is yet to be proven whether similar
high enzymatic rates can be achieved in nanozymes without the
need of the plasticity provided by the protein cage.

IV. STRUCTURAL ATOMIC UNDERSTANDING OF
NANOZYMES

Nanozyme characterization is a crucial aspect for the improve-
ment of these materials. The lack of detailed structural knowledge,
especially at the atomic scale, is currently a limiting factor on nano-
zymes’ development because of the need of these experimental data
at the atomistic level to provide a realistic input for theoretical cal-
culations. Among the general properties to be characterized, the
most important ones include the size and morphology of the parti-
cles, structural aspects such as crystallographic data and location of
active sites, chemical composition, or specific surface area, among
others. This section discusses some of the most used characteriza-
tion techniques with special emphasis on electron microscopy and
how this technique can reveal features not accessible by other
methods.

Dynamic light scattering (DLS) is a relatively common and
fast method to characterize the hydrodynamic size of nano-
zymes.'' """ DLS can be used to study the surface modification of
nanozymes by comparing the data obtained by this technique vs
the data obtained from transmission electron microscopy (TEM).
The latter technique usually yields smaller values than DLS on the
same materials, and from this difference, basic information on the
species bonded to the surface can be inferred. More evidence on
these bonded species can be obtained from the {-potential of the
nanozyme,''® an indicator of the nanozyme’s surface charge and a
key factor for the catalytic specificity for a given substrate.''’

To determine functional groups bound to the nanozyme’s
surface, as well as surrounding molecules, Fourier transform infra-
red (FT-IR) spectroscopy is often used. Its high spectra resolution
and high sensitivity make this technique a common method to cor-
roborate the formation of nanozymes through surface
functionalization.""*~'*° FT-IR is also used as a potential tool to
study the catalytic activity of nanozyme directly by changes in the
nanozyme or by changes in a substrate and original reactive prod-
ucts through kinetic sequential measurement, allowing us to study
the kinetics and order of the reactions.'”! In addition to FT-IR,
Raman spectroscopy can provide information on the vibrational
and electronic modes of the sample, which is particularly useful for
studying materials in aqueous solutions as well as biological
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materials due to the weak signal of water. The main complexity of
this technique is the low quantum efficiencies, and therefore the
signal needs to be amplified in what it is named surface-enhanced
Raman spectroscopy (SERS);'**'* for instance, Wen et al.'** were
able to produce an excellent semiconducting SERS substrate, which
presented high oxidase-like activity that was used to monitor the
catalytic process, This work revealed a better affinity between the
enzyme and the substrate, thus confirming the actual enzyme-like
mechanism at the surface of the nanozymes.

When comprehensive information about the chemical struc-
ture and composition is required, XPS (x-ray photoelectron spec-
troscopy) is generally regarded as being the most quantitative and
informative technique. XPS uses x-ray radiation in the range of
0.2-1.5 keV to produce a stimulated emission from the valence or
inner electrons located at 10-200 A (depending on the sample and
instrumental conditions) from the top surface. The energy of the
excited photoelectrons measured'*>'”° provides local information
on the chemical composition and on the oxidation state and
bonding of the components, except for hydrogen and helium, of
any solid surface that is vacuum stable or can be made vacuum
stable by cooling. XPS has been used to reveal the structure-activity
relationship of carbon nanospheres with a zinc-centered porphyrin-
like structure (PMCS),"*” confirming the chemical composition of
all samples indicating the presence of C, O, N, and Zn. By observ-
ing the N 1s spectra, it was possible to study the chemical bonding
between the C and N; for the starting material (i.e., zinc-based zeo-
litic imidazolate framework, ZIF-8), a sharp peak assigned to C=N
of 2-methylimidazole was observed. However, after high-
temperature pyrolysis a different peak appeared at 401.2 eV, which
corresponded to graphitic N in the PMCS.

Perhaps, the most extended technique for analyzing the struc-
tural properties of most materials, including nanozymes, is x-ray
diffraction (XRD) in powder samples (PXRD). From PXRD, it is
possible to acquire information on the crystallinity of a material to
identify the crystalline phase or, in a less accurate way, obtain infor-
mation on the composition and particle size.'**'*’

One of the most advanced characterization methodologies that
encompass many of the structural information required is transmis-
sion electron microscopy (TEM)."”” Chemical composition, oxida-
tion states, and even chemical bonding can be studied by
spectroscopic techniques including energy dispersive x-ray spectro-
scopy (EDS) and electron energy loss spectroscopy (EELS).
Structural information can be obtained by electron diffraction in a
similar way as performed by PXRD with the advantages that small
crystallites can be considered single crystals and, therefore, the
volume required is of several orders of magnitude smaller than for
XRD. In fact, crystals as small as 50 nm can be fully solved by elec-
tron diffraction methods.'”’ Among the many advantages of TEM
over other characterization methods is that it combines spectro-
scopic analyses with diffraction and imaging; therefore, besides
solving the crystal structure with sub-angstrom resolution, it also
provides particle size distribution. Conventionally, image analyses
have been performed using a parallel beam in this TEM mode;
however, complementary to this mode, the electron beam can be
controlled to converge into a small probe that scans over the
sample, a modality known as scanning transmission electron
microscopy (STEM)."”” In the STEM mode, images are formed
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using various detectors than can be simultaneously used; a high
angle annular dark field (HAADF) detector displays an image
where the contrast is dependent on the atomic number of the ele-
ments allowing us to obtain chemical information as well as struc-
tural observation at atomic level.'”” STEM has played a crucial role
in nanozyme characterization as it has been used to obtain infor-
mation of the particle size and morphology and also to achieve
atomic information of active sites, especially in the recent subarea
known as single-atom nanozymes (SAzymes). The location of the
active sites and how they are anchored within the support and
related to the surrounding environment are key points in nano-
zyme development. In the first work reporting the peroxidase-like
activity exhibited by Fe;O, nanoparticles,'”* also the structural and
morphological characterization were performed using TEM and,
since then, the use of this technique has been associated with
almost every report in this field. In 2019, Wang et al.'” studied the
effect of Co doping Fe;04 NPs in order to increase their affinity for
killing renal tumor cells. The size and morphology of the
as-synthesized nanozymes were evaluated by conventional TEM
before and after Co doping [see Figs. 4(a) and 4(b), respectively]
observing no significant changes between both nanozymes that,
however, displayed different activations associated with the pres-
ence of Co.

Deeper structural investigations by means of high-resolution
transmission electron microscopy combined with scanning electron
microscopy (SEM) were applied to characterize the size, morphology,
and crystalline structure of Fe;O, nanocrystals. In this work, Zhu
et al"”® investigated how the morphology (spheres, octahedral, and
triangular plates) affected the TMB (3,3',5,5' - Tetramethylbenzidine)
oxidation observing a superior affinity of the spherical NPs for TMB
as a result of the highest surface area. Interestingly, triangular shaped
NPs exhibited slightly higher activity in comparison with the octahe-
dral ones. This behavior, revealed by a high-resolution TEM study,
was attributed to the higher reactivity of the [220] planes with
respect to the [111] ones owing to the open plane and dangling
bonds [Figs. 4(c)-4(e)]. Additional contributions from HRTEM
include the determination of morphology and structure of CeO,
nanoflowers,"”” the morphology MnO,@PtCo nanoflowers (with the
composition corroborated by TEM-EDS),”" investigation of V,Os
nanowires that mimic the antioxidant enzyme glutathione peroxidase
by using cellular glutathione,'”® and the analysis of carbon based
nanozymes.’ ' **~"*! Aberration-corrected STEM-HAADF is so far
the only technique that allows direct observation of the single atom
(metal) on a given substrate, which is critical information for any
DFT model of SAzymes.'”'*

Among the many carbon-supported SACs developed for catal-
ysis, sensing, degradation of organics because of their good stability,
surface area, and flexibility with dopants, there are some that are
particularly adapted to mimic enzymatic activity. The metal coordi-
nation is usually achieved through N forming a complex of
MetalN, anchored to the carbon support, which provides the
ability to mimic the behavior of natural enzymes; in this sense, Ma
et al.'*’ reported on a novel SAzyme using iron atoms as active
sites, in the form of FeN,, on porous carbon materials. They were
able to mimic two antioxidative enzymes of catalase (CAT) and
superoxide dismutase (SOD) serving as bifunctional materials able
to scavenge reactive oxygen species generated during oxidative
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stress in cells through the catalytic decomposition of H,0O, into
H,0 and O, and O into H,0, and O,. The approach taken in
that work was to encapsulate iron phthalocyanine (FePc) inside the
cages of a metalorganic framework (MOF) and zeolitic imidazolate
framework (ZIF-8), followed by a high-temperature pyrolysis
process. After ZIF-8 decomposition, the material was characterized
by TEM [Fig. 5(a)] observing that the as-synthesized material pre-
sented an average particle size of around 50 nm and somehow pre-
served some the morphological features of the parental material
(dodecahedral shaped particles). However, the presence of Fe atoms
was not evidenced by TEM and, therefore, Cs-corrected STEM-
HAADF was used, observing the presence of bright spots associated
to the existence of single Fe atoms (red circles) [Fig. 5(b)].
Chemical mapping was also employed to corroborate the homoge-
neous distribution of C, N, and Fe. Within this work, electron
microscopy was employed to characterize the morphology, size,
and composition of the nanozymes, evidencing as well the genera-
tion of single Fe sites; however, it did not reveal the metal-carbon
coordination. To investigate the local structure at an atomic level,
the authors turned to x-ray absorption near-edge structure
(XANES) and extended x-ray absorption fine structure (EXAFS)
measurements at Fe K-edge. Figure 5(c) depicts the XANES curves
of the FeN, nanozyme together with the references of Fe foil, FeO,
and Fe,03, suggesting that the Fe valence was between +2 and +3.
Least-squares EXAFS fittings [see Fig. 5(d)] gave a coordination
number for Fe of about 4 with bonding lengths (between Fe and
surrounding N atoms of 2.01), allowing us to conclude that the
local atomistic structure of Fe was composed of Fe isolated atoms
coordinated to four N, which were subsequently linked to the C
structure, see the inset of Fig. 5(d).

A similar methodology for the generation of SAzymes by
Huang et al.'> was applied to study the oxidase catalytic reaction
as a model reaction, combining experimental studies with theoreti-
cal calculations to observe the existence of single-atom active sites
within carbon nanoframes. In this case, a coordinated complex
formed by FeNs was responsible for stabilizing the reactive sites,
which were responsible for the oxidase-like activity as a result of
the synergistic effect and electron donation mechanism. The nano-
zyme was achieved by encapsulation phthalocyanine (FePc) within
a MOF (Zn-MOF), which was subsequently pyrolyzed at 900 °C.
TEM combined with Cs-corrected STEM-HAADF were used to
study the morphology of the pyrolyzed material as well as for iden-
tifying (barely) the Fe atoms.

A more precise approach, from an electron microscopy per-
spective, was reported by Deng and co-workers'** where they were
able to immobilize isolated Fe atoms in a graphene matrix through
the formation of FeN, centers used toward the oxidation of
benzene to phenol at room temperature. The structural analysis
was carried out by aberration-corrected TEM (ACTEM) and by
Cs-corrected STEM-HAADF electron microscopy together with
low-temperature scanning tunneling microscopy (STM). The
typical morphology of the FeN,/graphene nanosheets (GNs) is
depicted in Fig. 6(a), obtained by ACTEM recorded at 80kV to
minimize the electron beam damage, where red arrows pointing at
black dots indicate the presence of Fe atoms. A closer observation
of these sites is presented in Fig. 6(b). The region framed by a
dashed red circle is attributed to one of these Fe sites, while the
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FIG. 4. (a) TEM images of the Fe30, and (b) Co@Fe3;0, nanozymes used for the treatment of tumor cells. Adapted from Huang et al., Sci. Adv. 5, eaav5490 (2019).
Copyright 2019 Wiley-VCH. (c-1), (d-1), and (e-1) SEM data of Fe304 nanocrystals corresponding to spheres, octahedral, and triangular plates, respectively. (c-2), (d-2),
and (e-2) TEM micrographs of individual particles for spheres, octahedral, and triangular plates, respectively. (c-3), (d-3), and (e-3) High-resolution data obtained for each
morphology, with the d-spacing associated to different facets (inset). Figure adapted from Liu et al., Chem. Eur. J. 17, 620-625 (2011). Copyright 2011 Wiley-VCH.

correspondent atomic model is shown in Fig. 6(c), matching per-
fectly with the density functional theory (DFT)-simulated data,
which were also calculated by Deng and co-workers. To further cor-
roborate that those black dots were Fe atoms, Cs-corrected

STEM-HAADF was also employed to visualize the structures, which
showed the atomic size and homogeneous distribution of bright
spots (Fe atoms) along the graphene matrix [Figs. 6(d) and 7(e)].
Additionally, atomic-resolution spectroscopic measurements were

J. Appl. Phys. 130, 190903 (2021); doi: 10.1063/5.0061499
© Author(s) 2021

130, 190903-11


https://aip.scitation.org/journal/jap

Journal of

Appl ied Physics PERSPECTIVE scitation.org/journalljap
)15 d)s
R o Fe-SAs-NC
1.24 4 — Fitting
0.9
0.64 —— Fe foil
FeO

—Fe,0
0.34 273

——Fe-SAs/INC

0.0 r ; . ; 5
7100 7120 7140 7160 7180  720C 0 1 2 3
Energy (eV) R ()

FIG. 5. (a) Low-magnification TEM image of Fe-N SAzyme. (b) Cs-corrected STEM-HAADF image observing the Fe atoms as bright spots (red circles). Adapted from Ma
et al., Chem. Commun. 55, 159-162 (2019). Copyright 2019 The Royal Society of Chemistry.
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FIG. 6. (a) ACTEM image of FeN, on GN with red arrows indicating Fe atoms. (b) Magnified image of one of the FeN, complexes, marked by a dashed circle. (c)
Correspondent atomistic model with Fe in purple, N in blue, and C in gray. (d) Cs-corrected STEM-HAADF, the bright spots correspond to Fe atoms. (e) Magnified
Cs-corrected STEM-HAADF data with a red arrow indicating a FeN, site, where the chemical analysis was performed. (f) Fe and N spectra obtained from the atom
marked by a red arrow.'* Reprinted from Deng et al., Sci. Adv. 1(11), e1500462 (2015). Copyright 2015 Author(s), licensed under a Creative Commons Attribution (CC
BY) license.
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FIG. 7. (a) Proposed overall Fenton-like reaction mechanism on single-Co-atom catalyst. (b) Cs-corrected STEM-HAADF image of the Co-N-C material. In this sample,
Fe and Co may coexist. Adapted from Wang et al., Nat. Commun. 9, 3334 (2018). Copyright 2018 MDPI. (c) DFT calculated model of the Rh-S, configuration. (d)
Cs-corrected STEM-HAADF micrograph of the as-synthesized Rh/MoS, material and (e) after three cycles of selective hydrogenation reaction. Yellow arrows indicate the
Rh atoms, while red dashed lines mark the edge of the sheets. Adapted from Kubaichuk et al., Cells 8(6), 598 (2019). Copyright 2019 MDPI.

also carried out by means of electron energy loss spectroscopy
(EELS), obtaining the signals corresponding to Fe and N, suggesting
the formation of Fe—N, bonding. To gain additional structural and
electronic information, low-temperature STM was performed observ-
ing a similar configuration to that reported by electron microscopy.
Furthermore, the scanning tunneling spectroscopy (STS) measure-
ments showed a sharp resonance state at —0.63 eV below the Fermi
level, which would indicate that the Fe would be strongly interacting
with the C matrix introducing a new electronic state near the Fermi
level.

SAzymes have also been used for pollutant degradation a reac-
tion that has been traditionally carried out by natural enzymes.*>'*°
However, nanozymes when they are used as ROS generators can
offer certain advantages over natural ones such as low costs, high
activity, and the possibility of recyclability. He et al'*’ prepared
Fe-N-C single-atom catalysts for the degradation of organic

molecules using ROS. Another example of this type of reaction has
been the recent work by Lis group where Fe-N-C prepared by a
high-temperature gas-migration strategy exhibited outstanding
peroxidase-, oxidase-, and catalase-like activities'*’ whose structure
was mainly determined by Cs-corrected STEM-HAADEF, XANES,
and EXAFS. Fe-N-C SACs reached up to 83% removal of phenol in
wastewater through the production of ®OH in the presence of H,0,.

Other active sites different than Fe have been also reported to
act as single-atom nanozymes such as cobalt, Co-N-C, which was
able to catalyze the oxidation of recalcitrant organics through a
stable Fenton-like reaction” [Fig. 7(a)]. The reaction mechanism
was explained with the aid of DFT calculations, proving a higher
activity of CoN, complexes vs CoO, graphitic nitrogen, or gra-
phene; meanwhile, the structure was determined by SEM, TEM,
and C-corrected STEM-HAADF [see Fig. 7(b)]. SAzymes of com-
position Zn-N-C have been also synthesized from metalorganic
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frameworks as precursors, exhibiting a remarkable peroxidase-like
activity, which can be used for antibacterial applications, as photo-
sensitizers or in photodynamic therapy.'*’

MoS; is another type of support that has been used to immo-
bilize Rh atoms for selective hydrogenation of unsaturated alde-
hydes to unsaturated alcohols.””” In this work, Rh atoms were
anchored to the edges of 2D MoS, sheets achieving 100% selectivity
for the conversion of crotonaldehyde to crotyl alcohol owed to a
steric confinement effect of pocketlike active sites. Theoretical DFT
analyses revealed that isolated Rh atoms can be strongly anchored
to Mo vacancies on the edges of the sheets forming a unique Rh-S,
complex. Figure 7(c) depicts the schematic representation of the Rh
anchored to the MoS, sheets from a top and from a transversal
view where Rh atoms (in gray) are linked to S atoms in yellow;
green spheres correspond to Mo atoms while O is represented in
red. Nevertheless, this was the predicted structure to investigate the
real configuration authors made use of Cs-corrected STEM-
HAADEF to characterize at atomic level the presence of Rh atoms
on the support. Low-magnification observations were performed to
discard the presence of large clusters or Rh nanoparticles. Atomic
visualization was carried out in what the authors claimed to be
low-dose conditions (despite no values of electron dose were given)
revealing the presence of isolated Rh atoms [Fig. 7(d)] indicated by
yellow arrows that were decorating the MoS, edges (dashed red
lines). It was observed that even after three reaction cycles, isolated
atoms were still retained with no observation of particles or clusters
[Fig. 7(e)] suggesting a strong interaction between the noble metal
and the support that resulted in an excellent stability during the
selective hydrogenation reaction. Further structural characterization
was carried out by EXAFS, which indicated that the absence of
Rh—Rh bonding in agreement with the experimental observation
of isolated Rh sites. In fact, only Rh-S coordination in the first
shell was observed (R=2.3 A). Moreover, the fitting results indi-
cated that on average, Rh atoms were coordinated with four S
atoms (CN=4.4) probing the feasibility of electron microscopy,
especially when it is combined with x-ray absorption techniques, to
characterize at atomic level the structure of all types of nanozymes
in general and single-atom nanozymes in particular.

Based on the importance that nanozymes and SAzymes will
have in many of modern chemical reactions, understating their
structure to correlate their physicochemical properties with the
structural features is urgently needed. SAzymes exhibit outstanding
structural advantages compared to nanozymes, as their active
centers are simple (one atom), more controllable and definite, facil-
itating the understanding of the catalytic reactions that will lead
into a more rational design as well as higher activity per active site.
Despite its huge potential that brings together homogeneous
catalysis, heterogeneous catalysis, and enzymes, there are several
challenges that need to be addressed. In particular, from the char-
acterization point of view, elucidating the real active sites and how
the couple with neighbor atoms is essential in order to explore the
structure—activity relationship. It is also a highly desirable dynamic
observation of the nanozymes during the reaction; therefore, it is
expected that with the development of in situ electron microscopy
new insights in this aspect will be accessible.

Another aspect that needs more attention from an electron
microscopy perspective is how the active sites are bonded to the
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support. For instance, clear atomic imaging data accompanied with
spectroscopic analysis, when possible, of how Fe atoms are con-
nected to the N atoms, which are in turn connected to the C
atoms. Most of the data reported rely on the results obtained by
EXAFS and XANES as well as theoretical models, but there is not
yet clear evidence of whether an ordered C arrangement is present,
especially for the MOF derived nanozymes and SAzymes. This is of
particular interest as it is widely assumed that the surrounding of
the active sites has a strong influence on the catalytic performance.
Based on the current, electron microscopy capabilities in terms of
spatial resolution, electron detection (sensitivity), and spectroscopic
advances, this type of information is potentially available and
would provide direct confirmation of the theoretical structures that
are being proposed.

V. ROS QUANTIFICATION BY ELECTRON
PARAMAGNETIC RESONANCE

As described in Secs. II-IV, the study of the kinetic of ROS
formation by the catalytic activity of nanozymes in different condi-
tions involves several fields of knowledge like physics, chemistry,
biochemistry, and molecular biology. In fact, the study of the oxi-
dative stress considering both measurements of ROS and the coun-
terpart of antioxidants is determined for the understanding of the
catalytic activity by nanostructures. An effective, fast, and precise
determination of oxidative stress is also a central piece in biochem-
istry, for a better understanding of the relationship between the
immune systems and related diseases.'”’™'>” From an experimental
perspective, the above challenges require sensitive techniques to
identify and quantify small concentrations of the free radicals pro-
duced in biocatalysis to unravel the different mechanisms involved
in redox processes and elucidate the role played by the free radicals.

Electron paramagnetic resonance (EPR) spectroscopy is a
standard technique to detect different free radicals. These species
present a paramagnetic moment due to the unpaired electron that
gives their high chemical reactivity. The EPR technique is based in
the resonant absorption of energy by the paramagnetic moment of
the free radical in the presence of a static magnetic field. To induce
this resonance, the system is irradiated with microwave radiation of
fixed frequency, where the most common frequency is the X-band,
which is in the 9-10 GHz range. One of the remarkable characteris-
tics of this spectroscopy is its high sensitivity, which allows us to
detect less than picomolar concentrations of paramagnetic mole-
cules. In addition, each free radical may have a characteristic EPR
spectrum with a set of hyperfine parameters due to the hyperfine
interaction between the unpaired electrons of the free radical with
the nuclear magnetic moment of the surrounding ions. These fea-
tures not only allow us to identify and quantify the free radical
species but also make possible to follow the rate of the reaction.

Although some free radicals can be directly detected in biologi-
cal environments by EPR, such as ascorbyl radicals, o-tocopheroxyl
radical, phenoxyl radicals, nitroaromatic radical, and semiquinone
radicals,”® most of them have a very short lifetime, which makes it
unable for direct measurement. This is the case of the biological rele-
vant ROS free radicals such as O3, "HO, and "HO,. The lifetime
does not only depend on the reactivity of the free radical species in
biological systems but also depend on with the level of cellular
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antioxidants'®” and with the interference with other reactive species
present in the media. Moreover, the ROS concentration is usually
very low, making the EPR detection challenging.'**

These issues were efficiently overcome by employing molecu-
lar spin-probes, spin-labels, and spin-traps. Spin-probes are para-
magnetic molecules whose EPR spectra are sensitive to the nearby
environment.'** Spin-labels are usually stable free radicals with the
ability to form covalent bonds with other molecules allowing us to
monitor specific reactions.'””'*" Spin-traps are diamagnetic mole-
cules that react with short life free radicals, the adducts, resulting in
a more stable free radical that can be detected by EPR.'®' In this
way, the concentration of free radicals can be directly determined
from changes in the area or hyperfine parameters of spin-probe
spectra and from the area of the EPR spectra in the case of spin-
traps or spin-labels.'®* Although these techniques were widely used
for decades to study the ROS in biochemistry, there are some
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limitations that have to be taken into account for its accurate mea-
surement, for example, the toxicity of the spin-label/traps, its rela-
tive hydrophilic character, its dependence with the pH of the
media, the by-reactions, and the distinct reaction rates of the differ-
ent ROS species.'®” Some of the most common molecules currently
used as spin-probes, spin-traps, and labels are shown in Fig. 8, as
well as their EPR response in the X-band. The figure also shows the
reactions with different free radicals involving the spin-trap species.

The high specificity of the spin-trap EPR technique to iden-
tify and quantify different species makes it a “gold standard” for
the free radical detection. As mentioned previously, the spectrum
of each adducted molecule presents a characteristic hyperfine
splitting due to the interaction between the unpaired electron of
the spin-trap molecule with the surrounding nuclei, resulting in a
EPR spectrum that is like a “fingerprint” of the adducted
radical.'®" As a general description, there are two families of
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FIG. 8. EPR detection of nanozyme catalytic activity using spin-probes. Top-left panel: typical nitrone spin-probe with its characteristic EPR signal and schematic reaction
with free radical R°, without EPR signal after the reaction. Top-right panel: a spin-label that conjugates a nitrone spin-probe and a protein with its characteristic EPR signal.
Bottom panel: two typical spin-traps (DMPO and PBN) and their reactions with radical R°® together with the characteristic EPR signal after the reaction with the free radicals
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spin-traps commonly used: the linear nitrones such as the
N-tert-butyl-a-phenylnitrone (PBN) and o-(4-pyridyl-1-oxide)-
N-tert-butylnitrone (POBN); and the pyrroline-based cyclic
nitrones such as the 5,5-dimethyl-1-pyrroline-Noxide (DMPO),
5-diethoxyphosphoryl-5-methyl-1-pyrroline N-oxide (DEPMPO),
and 5-(ethoxycarbonyl)-5-methyl-1-pyrroline N-oxide (EMPO),
among others.' >

Despite the fact that the BMPO and PBN are liposoluble and
DMPO is soluble in water, the detection of radicals with different
spin-traps at the subcellular level is really hard and requires more
complex biochemical solutions, such as the use of conjugates
of macromolecules to the spin-traps: the immuno-spin-traps.'®*
Taking into account that the nanozyme can be functionalized to be
internalized in different cellular environments, such as the lipid
membrane, the lysosome, or the cytoplasm, the formation of
correct immune-molecules and proper spin-traps should be
selected for each case. Although the nitrone traps are relatively
non-toxic at low concentration (mM) and were used in in vivo
experiments,'®” it was reported that the toxicity is related to the
hydrophobicity been the DMPO the less toxic, followed by
DEPMPO and EMPO, and been more toxic the more lipid soluble
BMPO and PBN.'°""7% As mentioned before, another limitation
for quantification using spin-traps is the different kinetics of the
free radicals. One of the most critical ROS species in biological
systems is "O, and the analysis based on nitrone adduct is
complex due to the relative slow kinetic of formation and a short
half-life of the adducted molecule (x50s)."”" These lead to the
underestimation of the superoxide radical, and usually the concen-
tration of spin-traps should be increased from around 20 to
100 mM for its feasible detection.'””

monodentate bridge
* H;C
o\ CHs
H3C N
HsC o)
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Although the EPR spin-trap technique has been used for
decades, the development of new spin-traps is still a present chal-
lenge. Currently, intense research is carried out to design and fabri-
cate novel molecules looking for an increasing rate of adduct
formation, larger adduct stability, EPR spectrum allowing unambig-
uous ROS identification, biostability, and biocompatibility. In this
way, different spin-traps were developed specifically for the ‘O3
detection EPR such as the new cyclic DEPMPO-type nitrone the
mito-DEPMPO, DEPMPO modified with a triphenyl phosphonium
cation conjugated, which results to be more effective for trapping
superoxide and hydroxyl than most spin-trap nitrones, or the
5-(2,2-dimethyl-1,3-propoxy cyclophosphoryl)-5-methyl-1-pyrroline
N-oxide (CYPMPO)."”" Also, valuable information is obtained by
using density functional theory (DFT) calculation that helps us to
conduct a more systematic search for new and more efficient spin-
traps. Different substitutional functional groups in nitrone spin-traps
were analyzed, and from the free energies and rate constants calcula-
tion for the reactivity of «O27, new families of spin-traps were pro-
posed, such as the use of N-monoalkyl-substituted amide or an ester
as attached groups on the nitrone.'®’ Finally, the ability to combine
spin-traps designed for the ‘O, detection with immuno-
macromolecules can improve drastically the ability for the detection
of this free radical at the subcellular level.

As already mentioned, the extreme short lifetime of most of
free radicals, especially ROS, make decisive the use of appropriate
spin-traps, spin-labels, and spin-probes to study and to determine
the effects and effectiveness of nanozymes. This is critical for in
vitro, ex vivo, and in vivo studies, since the low levels of ROS and
complexity of biological environment increases the difficulty to
perform appropriate measurements by EPR. For this reason, it is
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FIG. 9. Schematic representation of the proposed spin-label containing a nanoparticle with a defined crystalline structure composed by active ion (Al) and opposite-
charged ion (OClI) that acts as a nanozyme functionalized with a nitrone-based spin-probe with an active carboxylic functional group that can attach with some active ions

at the surface in three possible different ways.
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likely that future studies and clinical applications of nanozymes in
theranostics will demand new systems to improve the effectiveness
of in vitro and in vivo EPR detection of the ROS and new measure-
ment protocols in order to obtain a complete characterization of
the nanozymes activity and its effects.'”” These studies are critical
for the development of novel nanozymes for specific functions. An
interesting potential area is the design of nanozymes functionalized
with spin-probes, spin-labels, or spin-traps. This class of architec-
ture should improve the specificity in the measurement of the cata-
Iytic activity as their co-localization. As an illustrative example,
Fig. 9 presents a schematic representation a functionalized ferrite
nanoparticle that at a certain condition acts as a nanozyme func-
tionalized with a nitrone-based spin-probe with a carboxylic func-
tional group (carboxy-TEMPO) that has a high affinity with iron
ions at the surface of the nanoparticle through different ways.

The possibility of this architecture is centered not only on the
use of probes for ROS detection by EPR but also for multiple detec-
tion systems, especially with nuclear magnetic resonance (NMR/
MRI) and with photoluminescence and spectrophotometry, as well
as systems to detect the effects of the oxidative stress in proteins,
lipids, DNA, and in the cell metabolism.'*” In addition, in the case
of magnetic nanozymes, the EPR and ferromagnetic resonance
(FMR) can also give information about the nanozyme itself,'””
revealing changes in the valence, phase, surface chemistry, and
magnetic anisotropy during in vivo and in vitro studies.

Other points needed to improve the reliability and reproduci-
bility of determination by EPR of the ROS and oxidative stress cata-
lyzed by nanozymes are the improvement and development of
specific protocols. In general, the protocols to measure free radicals
in solutions by EPR with spin-traps and spin-probes are quite
straightforward, provided that a specific probe is used at the right
concentration,'”" avoiding by-products,’””” and some attention is
paid to the interactions of the nanozyme and the solution elements
like ions for buffer solutions. However, in vivo and in vitro mea-
surements consist of more subtle mechanisms involving the inter-
nalization and localization of the nanozyme and of the EPR probe,
by-reactions, toxicity, and oxidative stress induced by the EPR
probe, among others. In a general way, the protocols for in vitro or
ex vivo (tissues) measurements of ROS levels and oxidative
stress'”'”* should comply with the following requirements: (i) the
tissue/cell culture should be prepared for the spectral analysis, with
an appropriate storage under the specific tissue/culture conditions
(in vitro samples), particularly temperature and pH to avoid addi-
tional stress; (ii) dissolution of the tissue and cells should be per-
formed with appropriate medium, in general, a combination of
chloroform-methanol for tissues or an appropriate buffer-like
saline solutions, such as PBS, taking into account the possibility of
interaction among the saline solution and the nanozymes; (iii) pro-
duction of homogenates, in general, with ultrasound probe or bath
during short times (in general, faster than 1min); (iv) working
concentrations of the spin-trap or spin-probe added to the solution
should be kept close to optimum operational ranges (for instance,
about 50-10 mM for DMPO, a common spin-trap, or 5uM for
TEMPO, a common spin-probe); (v) the time scale of the experi-
ments should match the reaction time, which depends on the
nanozyme activity and the free radical specie object of study.
Concerning the ROS species such as ‘Oyand "HO,, its indirect

7
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observation with using protocols similar to that one described pre-
viously have been performed in several biological systems, from
mitochondria to human neutrophils."”” For the EPR measurements
in biological systems, a temperature control system is used, working
around 310 K. For a kinetic measurement, successive measurements
of the same sample or of different samples at different exposition
times to the nanozyme should be performed. The amount of
sample to be measured depends on the frequency of the microwave
used. For the common X-band (9 GHz), a small amount of sample
solution must be used due to the water absorbance, about
50-120ul in a quartz capillary. For lower frequencies, like the
L-band (1.2 GHz), a larger amount of sample could be used.
However, small sensibility and resolution result from the reduction
of the microwave frequency. The sample positioning and centering
are also critical factors, and the use of a spin-label or a marker is
very useful. The protocols for in vivo measuring the oxidative stress
and ROS levels produced by nanozymes are not so well established
as for the corresponding in vitro experiments, mostly because the
preparation of the biological specimen requires a more complex
series of steps, but also because of the need to attain a balance
between the toxicity of the spin-probes and sensibility of the tech-
nique, which are related.'”” In this way, exhaustive studies with dif-
ferent protocols for different systems, different free radical species
to be detected, and different nanozymes for in vivo experiments are
needed. In addition, the development of new EPR probes with spe-
cificity for nanozyme studies used for in vivo measurements is also
an interesting possibility.

Probably, the most tempting perspective regarding the detection
of ROS using EPR is for clinical applications. Several experimental
techniques for in vivo studies in animals were developed,'’®'”” mainly
focused on the in vivo oximetry (measurements of pO, in tissues),"”
where EPR provides accurate and reliable results with EPR imaging
providing unequal spatially resolved measurements in tissues.'”” A
special combination of EPR imaging (with 3D scan) and spectroscopy
(with 2D scan) is specially a powerful possibility to in situ diagnostic
or even in vivo studies of nanozymes’ activity and the oxidative stress
that it promotes. In addition, EPR is also able to give physicochemical
information of physiology and biochemistry, such as the pH or viscos-
ity, among others."®’ Its continuous development in the last 20 years
promises a strong impact in diagnostics and therapies of several dis-
eases.'””'®" However, in a widespread view, this use might expand the
possibility to measure the catalytic activity of nanozymes and its bio-
chemical effects in clinical practice. This possibility has the potential
to be a real paradigm shift in the clinical uses or toxicity evaluation of
nanozymes, with accurate and reliable in situ evaluation, allowing its
application in theragnosis. The potential of this tool is exemplified in
the study of melanoma B16 metastasis in mice lung, imaged by
Eichhoff and Hofer.'" Using the X-band EPR signal (see Fig. 10), the
authors established that free radicals are created within the melanoma
cells. Specifically, melanin is a free radical from which the presence is
indicated by the black pigmentation of the melanoma, allowing a
comparison between the histological study and the EPR images. A
comparison between the picture of the melanoma [Fig. 10(d)] and its
EPR image [Fig. 10(e)] shows that the matching is excellent. Similar
conclusions can be drawn from the comparison between the lung
[Fig. 10(f)], the corresponding 2D transverse EPR image [Fig. 10(g)],
and the longitudinal section through 3D EPR images [Fig. 10(h)].
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FIG. 10. (a) EPR spectrum from a freeze-dried melanoma B16 metastasis in mice lung; (b) 2D EPR image; (c) 3D EPR image; (d) picture of a fresh melanoma; (e) corre-
sponding EPR image; (f) picture of a freeze-dried lung with metastasis; (g) 2D transverse EPR image; (h) longitudinal section through a 3D EPR image. Reprinted from
Eichhoff et al., Low Temp. Phys. 41(1), 62-66 (2015).Copyright 2015 AIP Publishing LLC.

EPR imaging and spectroscopy clinical technique can be non-
invasive depending on the frequency used. In general, low fre-
quency systems operating in the L-band or in the range of
500 MHz are ideal due to the larger depths obtained, ranging from
10 to 80 mm, respectively.'*’ The reduction in the sensibility due to
the lower frequency is compensated by a larger sampling system. In
addition, the use of appropriate spin-traps, spin-labels, and
spin-probes together with appropriate protocols can improve dras-
tically the sensibility of the system. EPR images for pO, determina-
tion can get a spatial resolution of 1.2 mm and values of 1-3 Torr
for an imaging time of 10 min.'”” The use of rapid pulsed EPR is
much more effective and may reduce drastically the acquisition

time, making the measurement more precise with a better
resolution.'””

In fact, the potential of in vivo EPR imaging increases if its
ability to give information about the pharmacokinetic of the nano-
zymes is also taken into account. Despite several in vivo studies and
protocols established for EPR imaging and spectroscopy regarding
its use as a clinical tool in the diagnostic and evaluation of several
diseases, a few works are reported until now concerning its use in
the study of the pharmacokinetic and the oxidative stress promoted
by the catalytic activity of nanozymes. As mentioned previously,
the development of combined nanozymes and new spin-probes or
spin-traps can be a very useful tool for future clinical theragnosis
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protocols focused on the catalytic activity of the nanostructure
together with the EPR imaging and spectroscopy.

VI. THE CONCEPT OF SEQUENTIAL CATALYTIC
THERAPY

Electron transfer is at the core of every single biochemical cataly-
sis and redox chemistry process. Because biological enzymes are pro-
teins and, therefore, electrical insulators, the first general explanation
of the electron transfer between the substrate-enzyme-product
complex had to wait until 1967,"*"'" when laser technology and
transport measurements in biological samples at helium temperatures
became technically possible.'*® Measuring the electron transfer in pho-
tosynthetic membranes down to T=4.4K allowed us to observe that
electron transport became temperature-independent below 100K, a
strong indication that quantum tunneling was the main mechanism
behind chlorophyll oxidation-reduction. Due to the simpler experi-
mental approachability of photosynthetic systems, empirical and theo-
retical models of enzymatic electron tunneling were first applied to
these systems'*”'** but swiftly extended to many eukaryotic cell path-
ways.'” The same basic mechanisms of electron transfer remains
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invariable when considering more complex enzyme structures. Since
the electron carrier function resides on the cofactor site (either a coen-
zyme or a prosthetic group), in biological enzymes the main role of
the “protein cage” is to serve as a scaffold for the cofactors and modify
some properties, for instance, to increase its solubility in water or to
provide a binding and positioning site for substrates.'”’

Within the field of nanozymes applied to nanomedicine, the
concept of sequential catalysis relates to the idea of sequential
redox reactions triggered by changes of microenvironment.''> The
bottom line is, the distinctive characteristics of tumor microenviron-
ments (TMEs) provide a way for designing cancer therapies based
on local activation of nanozymes to produce the desired cytotoxic,
antitumor agent. A recent report using glucose oxidase (GOD)
grafted onto a Fe;0,-PPy (polypyrrole) composite nanosystem, pro-
vided a proof of concept for the sequential biocatalytic therapy.'”®
Once the nanosystem enters the TME, GOD will consume the
glucose usually present in large amounts, producing gluconic acid
and H,0, as products. The increase of the peroxide concentration
will boost the Fenton reaction H,O, — eOH + OH", and the
resulting concentration of hydroxyl radicals («OH) will add to the
suppression of tumor cells (see Fig. 11). The PPy component aims to

FIG. 11. (a) Scheme of the sequential catalytic process
in vivo for tumor therapy. (b) The sequence of catalytic
glucose oxidation followed by the generation of H,0, to
activate Fenton reaction and OH release. The process is
assisted by an external infrared light source aiming photo-
thermal enhancement of the Fe;O,@PPy@GOD nano-
system. Reproduced from Feng et al., Adv. Mater. 31(5),
1805919 (2019). Copyright 2019 Wiley-VCH.
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thermally enhance the process by an external stimulus using an
infrared light source. Other similar nanosystems targeting the TME
have been reported, for instance, a polydopamine (PDA)-based
TME-responsive nanosystem that showed good efficacy in tumor
regression by integrating catalytic glucose degradation with Fenton
activity of the H,O, by-product. GOD grafted onto the Fe(II)-PDA
nanosystem showed good efficiency catalyzing the glucose of the
TME increasing the H,O, level and starting the sequential Fenton
response to generate hydroxyl radicals (sOH).'"” Although these
proofs of concept for sequential catalysis were performed with an
external photothermal stimulus, it seems plausible that further
advances in materials design could prove this type of external
sources unnecessary.

VIl. CHALLENGES FOR THE NEXT GENERATION OF
NANOZYMES

In the field of synthetic biology, one of the key goals is to
reproduce natural systems with synthetic materials keeping or
improving their functions, a definition that comfortably comprises
natural enzymes and their synthetic counterparts, the nanozymes.
The field has, therefore, the potential to revolutionize the applica-
tion of enzymology to areas even beyond biology, for instance,
those critical societal needs in energy, agriculture, medicine, and
industry. There are no fundamental laws of physics that could
inhibit nanozymes from displaying similar or better catalytic prop-
erties than biological enzymes. However, before these levels of
exquisite detail of enzymatic design and fabrication are attained,
there are some big challenges related to basic properties of the
nanomaterials that must be solved, some of which we hopefully
have unearthed in this review. While the technologies involved in
the atomic-level design of nanomaterials are already mature, it is
the development of comprehensive ab initio models from quantum
chemistry that will show the path to where the nanofabrication
should go. It is also clear that these atomistic models will need the
input from many advanced characterization techniques to perform
under reliable data regarding not only nanozymes” physicochemical
parameters and atomic electronic configurations but also the corre-
sponding substrate atomic configurations during the catalytic reac-
tions under specific conditions. Thus, to attain the maturity level of
enzymology with artificial nanozymes, a qualitative leap in the
knowledge of molecular and atomic dynamics in nanosystems will
be necessary. As a final remark, we note that applications of nano-
zymes to nanomedicine face additional challenges, related to the
complex nature of the biochemical reactions and feedbacked cellu-
lar pathways. In this regard, the current development of new bio-
medical techniques including enzymatic monitoring of brain
neurochemicals in vivo, cell vectorization of nanozymes for targeted
therapies, or new EPR spin-probes for imaging provides an opti-
mistic expectation for successful clinical uses of nanozymes in the
near future.
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