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Abstract: Nanomedicine, the offspring born from the
marriage of nanotechnology and medicine, has already
brought momentous advances in the fight against a
plethora of unmet diseases from cardiovascular and
neurodegenerative to diabetes and cancer. Here, we
review a conceptual framework that will provide a basic
understanding about the molecular mechanism of action
of a therapeutic nanomaterial inside biological milieu.
In this review, we highlight how the catalytic nature of a
transition metal oxide nanomaterial influences the cellular
redox homeostasis, supports the cellular antioxidant
defence system and reactivates the reactive oxygen species
(ROS) mediated signalling to perform normal cell functions
like cell cycle, differentiation, apoptosis, inflammation,
toxicity, and protein interactions. With numerous
examples, we describe the redox modulatory nature of
d-block metal oxide nanomaterials and their biomimetic
nanozyme activities to protect the mitochondria, the
cellular redox mediator which prevents an organism
from various diseases. This knowledge will be useful to
design new nanomaterials capable of intracellular redox
modulation, which in turn can be effective therapeutic
agents for treatment of various unmet diseases that are
beyond the ability of modern synthetic medicine.
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Introduction

In this article, we review a conceptual framework
that offers an understanding of how a redox active
nanomaterial incorporated into cellular system can
function as a therapeutic agent through the modulation
of intracellular redox homeostasis. The concept is based
upon the nature of the electron exchange processes
(i.e., redox: both reduction and oxidation) that evolved
into the nanomaterial due to quantum confinement and
surface modifications with bioactive ligands. The redox
activity is essential for synchronized functioning of
whole-body metabolism which is a multi-layered system
comprising of intracellular, intercellular, and inter-organ
electron exchange processes [1]. This review will provide
substantial insight into the chemical and biological basis
of nanomedicine action within the body, and may explain
the importance of nanomaterial induced redox stress in
treatment of human diseases. We hope this review will
particularly help in bridging the gap between application
based knowledge about nanomedicines and limited
understanding of their molecular mechanism of action,
which is considerably different from the familiar ‘one
drug one target’ paradigm of modern synthetic drugs.
Although a variety of nanomaterials can be classified as
‘nanomedicine’ according to the definition provided by
the European Science Foundation [2, 3], for the sake of
simplicity and understanding, we limit contents of this
review to only transition metal oxide nanomaterials which
have fascinating potential as nanomedicine.

Cellular redox homeostasis: the
good and bad of reactive species

Life nearly in all its aspects is intricately linked to the
intracellular redox homeostasis and its modulation.
Intracellular redox potential is dependent on an intricate
balance between the intrinsic and extrinsic reactive oxygen
species (ROS) and the range of antioxidant mechanisms
such as glutathione, thioredoxin, nicotinamide adenine
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Figure 1: Cellular maintenance of redox homeostasis - the good and bad of ROSs. In aerobic organisms, many processes produce

0,¢, including cytosolic xanthine oxidase (OX), the cytochrome P450-monooxygenases (CYP) in the endoplasmic reticulum (ER), the
mitochondrial electron transport chain (ETC), and NADPH oxidase (NOX). NOX is a membrane-bound enzyme complex that can be found
in the plasma membrane as well as within intracellular membrane structures or vesicles. O,* produced by the plasma membrane-bound
NOX (e.g., NOX2) can act both intra- and extracellularly. H,0, produced by superoxide dismutase (SOD) outside the cell can transverse
into the cell interior in part through aquaporin channels to initiate intracellular signalling, whereas O, could influx through the chloride
channel-3. The intracellular NOX complexes produce ROS in the lumen of a vesicular compartment, where ROS acts locally or from which
it enters the cytosol. H,0, has been implicated in ROS signalling through oxidative modification of critical redox-sensitive cysteines in
signalling proteins. This helps in maintaining cell survival, growth, metabolism and normal cellular processes. Coordination among different
intracellular antioxidant enzyme systems (e.g., SOD, CAT, GR, GPX) provides an important mechanism for fine spatial control of ROS
homeostasis and signalling. CAT, catalase; GPX, glutathione peroxidase.

dinucleotide phosphate (NADPH), and intracellular
H* content (pH). In this regard, one should remember
that there is no overall cellular redox state [4]. Rather,
a given physiological or pathophysiological situation
is characterized by hugely different set points of redox
couples (e.g., reduced nicotinamide adenine dinucleotide
(NADH) system, reduced glutathione system) operating
concurrently. Before going into a detailed discussion, it is
worth mentioning that deviations from the aforementioned
set points of redox couples are utilized for redox signalling
which is critically important in cell cycle, differentiation,
apoptosis, inflammation, toxicity, and protein
interactions. Conversely, dysregulation of cellular redox
balance, particularly to prooxidative states (i.e., oxidative

stress), is implicated in the initiation and progression of
several disease states including cardiovascular disease,
neurodegenerative disease, diabetes, and cancer [5, 6].
Free radicals can be produced from both endogenous
and exogenous sources. Amongst them, two major
endogenous sources are mitochondria and the family of
NADPH oxidases (NOXs) (Figure 1) [7]. Amongst the eleven
sites within mitochondria that produce ROS, the three
best characterized sites are complex I, II, and III within
the electron transport chain (or mitochondrial respiratory
chain) located in the inner mitochondrial membrane.
These complexes generate O,e by one-electronreduction of
molecular O,, and release it into the mitochondrial matrix
where superoxide dismutase-2 (SOD2) rapidly converts the
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radical to H,0,. Complex III can also release O,¢ into the
intermembrane space. O,¢ can traverse through voltage
dependent anion channels located at mitochondrial
membrane to the cytosol, and is subsequently converted
into H,0, by SOD1. NOXs are membrane proteins localized
to the plasma membrane, endoplasmic reticulum (ER),
and mitochondria. NADPH donates an electron to the core
of the NOX catalytic subunit to generate O,e through the
one-electron reduction of O,. SOD1 in the cytosol converts
the O, radicals to H,0,. Recent studies have showed
that H,0, functions in ROS signalling through oxidative
modification of critical redox-sensitive cysteines in
signalling proteins. Excess H,0, in the presence of bivalent
cations (e.g., Fe?, Cu*) can catalytically decompose
(through a Fenton like reaction) into OHe radicals, which
in turn can cause lipid peroxidation and DNA damage. On
the otherhand, O, if not controlled properly, can damage
the iron-sulfur clusters of proteins, causing dysregulation
of downstream functions. Similar to the functions of SOD1
and SOD2, several other spatial and temporal strategies
exist to maintain the delicate levels of intracellular ROS.
For example, peroxiredoxins and glutathione peroxidases
(GPX) present in the cytosol and mitochondria convert
H,0, to water. Catalase (CAT) performs the same function
in peroxisomes. The aforementioned protective pathways
that drive ROS-detoxification as well as ROS mediated
signalling are outlined in Figure 1.

A coordinated regulation process also exists for other
reactive species like reactive nitrogen species (RNS) (e.g.,
nitric oxide, nitrogen dioxide, peroxynitrite), reactive
sulfur species (RSS) (e.g., persulfides, thiosulfate), reactive
carbonyl species (RCS) (e.g., o,B-unsaturated carbonyl
compounds, dialdehydes), and reactive selenium species
(RSeS) (e.g., selenocysteine, selenomethionine).

Oxidative stress, mitochondria, and
disease

As discussed in the earlier section, free radical production
occurs continuously in all cells as part of normal cellular
function. However, uncontrolled formation of free radicals
originating from either exogenous or endogenous sources
(i.e., oxidative stress) are associated with a number of
pathophysiological conditions.

Figure 1 depicts the inevitable role of mitochondria
in the whole process of redox regulation within the cell.
For years, mitochondria were known to perform many key
roles in the cell, most notably oxidative phosphorylation,
central carbon metabolism, and the biosynthesis of
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intermediates for cell growth [4, 8, 9]. However, in the last
few decades our knowledge regarding the cellular function
of mitochondria has changed dramatically. It is now clear
that mitochondria not only function as cellular power
houses, but also participate in nearly all aspects of cell
function, affecting processes not traditionally linked with
the organelle, including cancer, inflammation, metabolic
signalling, cell death, transformation, and fate [8, 10,
11]. Hence, mitochondrial dysfunction could be linked to
many common disorders, including neurodegeneration,
metabolic disorders, and heart failure (Figure 2) [8, 10, 12].
Thus, therapies targeting mitochondria might be useful as
targets to treat these secondary mitochondrial diseases.
The repeated findings that mitochondria contribute
to the pathology of several diseases by elevated ROS
production, oxidative damage, carbon stress, disruption
to calcium homeostasis, induction of mitochondrial
permeability transition pore (MPTP), accumulation of
protein aggregates, and elevated inflammation suggest
that a similar pattern of mitochondrial damage underlies
contrasting pathologies, enabling mitochondria targeted
drugs to be applicable to many diseased conditions [8].
However, several obstacles exist in the development of
mitochondria targeted therapeutics, including biological
barriers and mitochondrial toxicity [13]. Once the drug
has reached the target cell and entered the cytoplasm,
it has additional barriers including intracellular
diffusion/transport to the mitochondria and outer and
inner mitochondrial membranes [13]. Functionalized
nanosystems, in this regard, could provide unique
and more effective tools to design mitochondrial
therapeutics that either target or avoid mitochondria.
While nanosystems targeting mitochondria can be used
to enhance efficacy in treating mitochondrial diseases,
those that avoid mitochondria might be useful in reducing
mitochondrial toxicity. Whatever may be the route,
the nanosystem has to have a mechanism of reducing
mitochondrial oxidative stress (antioxidant action), and
the molecular mechanism that the nanosystem takes to
achieve the goal is the main focus of this review.

Antioxidants in health and diseases

Given the enormous range of reactivity of oxidants with
a particular target, and conversely, given the similar
diverse range of targets, multiple strategies have been
undertaken by living cells and organisms to counteract
oxidative challenge [4]. An antioxidant can either be an
exogenous or endogenous molecule or nanomaterial that
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Figure 2: Mitochondrial damage due to overproduction of ROS and its contribution to various disease families. Mitochondrial damage can
cause pathogenesis to almost every organ systems of the body including neuronal, hepatic and cardiovascular systems.
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Figure 3: The possible mechanisms of free radical formation and scavenging. The possible free radical scavenging mechanisms (depicted
in red) that maintains cellular redox balance. Black shows the radical-chain mechanism that generates alkyl hydroperoxide (ROOH) from
autoxidation of a substrate (RH). Xe denotes initiator radical, SOD is superoxide dismutase, CAT is catalase and AH denotes chain-breaking

antioxidants.

possesses the ability to reduce or inhibit the autoxidation
of certain oxidizable molecules [14, 15]. Autoxidation can
be initiated in vitro in a variety of ways that yields radicals.
These processes include electron transfer mechanisms
involving transition metal oxides and hydroperoxides,
or haemolytic cleavage of weak bonds induced by light
or heat (Figure 3). The way by which a radical is formed
dictates the nature of the radicals (Xe), which can be
hydroxyl (HOe®), alkyl (Re), alkoxyl (ROe), or hydroperoxyl
(HOOe) radicals. The initiating radicals yield Re radicals
by H-atom abstraction from a substrate RH which further
react with oxygen in a diffusion controlled rate to form
peroxyl radicals (ROOe). The peroxyl radicals (ROOe) on
further reaction with the substrate to generate hydroxides
and Re radicals, establishing a chain-reaction. The chain
reaction proceeds for several cycles before the interaction
of tworadicals quench each other, terminating the reaction
(Figure 3). Antioxidants prevent free radical induced
tissue damage (described earlier) by preventing the
formation of radicals, scavenging them, or by promoting
their decomposition [16]. Thus, depending upon their
mechanism of actions, antioxidants are classified into two
groups, preventive and chain—breaking.

Preventive antioxidants, a heterogeneous class of
compounds (e.g., sunscreens [17], metal chelating agents
[18, 19] and hydroperoxide decomposing molecules [20]
and enzymes like GPX, superoxide dismutase (SOD) or

their mimics [21]) function by reducing the initiation rate
[22]. Another class of antioxidants called chain-breaking
or radical-trapping antioxidants reduce or inhibit the
process of autoxidation of molecules by competing with
the generated radicals in the propagation step, i.e. the
peroxyl radicals react more rapidly with the oxidazable
molecules than with the substrate. This reaction between
the antioxidant (AH) and peroxyl radical (ROOe) also
involves a transfer of H atom to yield hydroperoxide and
the antioxidant radical (Ae). This antioxidant radical
further reacts with a peroxyl radical (ROOe) generated
during the propagation step, thereby forming a non-
radical end product [23]. Most of the members of this class
of antioxidants get consumed during the occurrence of the
reaction, and thus, act in a stoichiometric fashion. Some
popular naturally occurring chain—breaking antioxidants
include tocopherols (vitamin E), flavonoids, stilbenes (e.g.
resveratrol), and ascorbate (vitamin C) [14, 18].

Just like natural or endogenous antioxidants,
nanomaterials can have both attributes, preventive
and chain-breaking (Figure 4). However, their
antioxidant capacity can be inherent or generated from
covalent functionalization (detailed in next part of the
article). Although, several studies showed that dietary
antioxidants can reduce ROS levels to counteract various
diseases, clinical trials provided evidence that the
dietary antioxidants are mostly ineffective inside the
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Figure 4: Overview of nanomaterials as antioxidant agents and the effect of surface functionalization. Various types of ligands can be used
as functionalizing agent to increase the solubility and specificity towards target organ of the nanomaterials. The ligand functionalization
may impart several other interesting physicochemical properties that may useful for biomedical applications.

body [24-31]. One of the possible reasons for this failure
is the inability of the antioxidant to reach biologically
relevant targets at required concentration. To address
this issue, nanoantioxidant formulations have been
fabricated so that they are not only biocompatible
and target specific, but also have prolonged stability
when compared to other small molecules. The vast and
widening field of nanoscience dealing with delivery and
release of antioxidants covalently bound on the surface
(nanoencapsulation [32], inclusion in biodegradable [33,
34], orin solid lipid nanoparticles [35], loading in naotubes
[36], or mesoporous materials [37]) is beyond the scope of
this review, as their antioxidant capacity is directed by the
release of small molecule antioxidant in solution, which
has previously been elucidated in grater details. This
review focuses on the inorganic nanomaterials which
are intrinsically free radical scavengers with or without
organic ligands covalently bound to surfaces.

d-block materials as redox
modulatory biomimetic nanozyme

The d-block metal oxide nanomaterials exhibit some
common physicochemical features. Almost all d-block
metal oxides in nanoform show somewhat antioxidant
activity. Unlike the dietary or natural antioxidants, the
free radical scavenging activities of the aforementioned
metal oxide nanomaterials are repetitive. To be specific,
these metal oxide nanomaterials are catalytic in nature,
i.e., they function as an enzyme in the redox cycle. The
multivalence nature of the metal moieties plays a crucial
role in redox modulation by alternating the surface charge
depending upon the cellular microenvironment. The redox
active metal oxide nanomaterials can accept electron from
free radicals in the oxidized form and become reduced.
And depending on the cellular microenvironment they
can again be oxidized and restart free radical scavenging
activity.
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Figure 5: Redox modulatory properties of d-block metal oxide nanomaterials. Cobalt oxide (Co,0,) NPs can function as SOD, CAT and

GPX mimic and their applicability as an alternative of HRP in immune staining of histological samples. Catalase like activity of iron oxide
nanoparticles. GR coupled assay shows GPX-mimetic activity of vanadium oxide (V,0,) nanowires. SEM image of the nanowires, the GPX like
activity as monitored through decrease in absorbance, the in situ free radical scavenging activity in HELA cells.

The d-block metal oxides starting from TiO, to ZnO can
display ‘enzyme-like’ catalytic activity (Figure 5), which
is useful for several biomedical application like biofilm
disruption [38], protection against neurodegeneration
[39], and tumor prevention [40]. One of the major
advantages of these biomimetic nanozymes over the
classical antioxidants are that they do not suffer from the
typical translational issues like excretion, metabolism,
higher degradation, biocompatibility, and long term
adverse effects due to accumulation in organs like liver
and spleen. Nowadays, nanozymes are being synthesized
for targeted stimuli-driven (the activity depends on their
microenvironment) delivery to specific tissues or for a
specific function.

TiO,@Ce0O_ Core-Shell Nanoparticles. Artiglia
L. et al. have described the activity of TiO,@CeO, as a
peroxidase-like enzyme [41]. They demonstrated that the
Ce* <> Ce* redox switch is at the basis of an all-inorganic
catalytic cycle that can mimic the activity of several
natural redox enzymes. The efficiency of these artificial
enzymes (nanozymes) strongly depends on the Ce**/Ce**
ratio.

Fe O, nanoparticles. In 2007, Yang, Perrett, et al.
found that Fe,0, nanoparticles could serve as peroxidase
mimics to catalyse the oxidation of a series of substrates
[42]. In accordance with the steady state kinetic results,
the substrate concentration dependent Lineweaver—Burk
plots were parallel. These experimental data illustrated
that the catalytic mechanism of Fe,O, nanoparticles might
follow a ping-pong reaction mechanism [43]. Fe,O, could
combine with the first substrate H,0, to form intermediate
HOe. The generated HOe would then capture one H* from
the hydrogen donor, e.g., TMB (Figure 5). Subsequently, by
combining electron spin resonance (ESR) measurements
with a radical inhibition assay, the possible catalytic
mechanism of Fe,O,-based nanomaterials as peroxidase
mimics was proposed by Tang et al. [44]. In their work,
ESR was used to monitor the production of intermediate
HOe during the catalytic reaction. It was found that Fe O,
nanoparticles could also generate intermediate HOe,
indicating the similarity to peroxidase [45].

V,0, Nanowires. Mugesh, D’Silva, and et al
demonstrated that V,0, nanowires possessed remarkable
GPX-like antioxidant activity which could catalyse the
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decomposition of H,0, with the assistance of Reduced
glutathione (GSH) under physiological conditions (Figure
5) [46]. The investigation of the mechanism indicated that
the surface of V,0, nanowires could be used as templates
for GSH to reduce H,0, (Figure 5). First, GS~ could generate
an unstable sulfenate-bound intermediate 2 through
the nucleophilic attack of complex 1 on the peroxide
bond. This intermediate could then hydrolyze to produce
glutathione sulfenic acid 3 and dihydroxo intermediate
4. After that, intermediate 4 would react with H,0, to
regenerate complex 1. This catalytic mechanism was like
natural GPx. V,0, nanowires showed typical Michaelis-
Menten behavior toward both H,0, and GSH, with K_
values of around 0.11 mM for H,0, and 2.22 mM for GSH,
while the K values of GPx1 enzyme isoform were 0.025
mM and 10 mM for H,0, and GSH, respectively. This
difference might be due to the different binding affinity of
nanozyme/natural enzyme for corresponding substrates.
The V___for the reactions were around 0.43 and 0.83 mM
min™ H,0, and GSH, respectively, and the k_ was 0.065
s [45].

Cu,,Zn, O Nanoparticles. It has been well
documented by Nagvenkar et al. [47] that the intrinsic
peroxidase activity of Cu,,Zn O is superior over CuO
against typical substrates like TMB, OPD, and ABTS, in
presence of H,0,. Fluorescence and ESR techniques were
used to demonstrate the mechanism of action of Zn-CuO.
This enhanced activity of the nanoparticles over the
metal oxides have a significant contribution to glucose
detection, thereby lowering the limit of detection (LOD)
significantly.

Co,0, nanoparticles. Ithasbeenillustrated by Mu etal.
(48] that Co,0, nanopatrticle can exhibit both a peroxidase-
like and catalase-like activity. The capability of the NPs
to transfer electrons among the reducing substrates and
H,0,, and not from the HOe radical generated, accounts
for its peroxidase activity. As peroxidase mimic Co,0,
nanoparticle can efficiently be used for colorimetric
determination of H,0,. The peroxidase-like activity of
Co,0, NPs follow Michaelis-Menten kinetics and are more
stable at an increased concentration of H,0, than that of
horseradish peroxidase (HRP). In comparison to HRP,
Co,0, nanoparticle, has several advantages, such as ease
of preparation, low-cost, and stability. Co,0, nanoparticle
has also been successfully used in the colorimetric
determination of H,0, and glucose, which proves not only
to be a seminal work as peroxidase mimics, but also has
immense contribution in the exploitation of redox active
nanomaterials in biotechnology and for clinical diagnosis.

Jia et al. [49] demonstrated in their study that Co,0,
nanoparticles acting as peroxidase mimics can be used
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to catalyse the oxidation of chromophoric substrates by
H,0,. The nanopatrticles evolved a platform which can act
as a biosensor for H,0, and glucose detection, which, can
be utilised for studying the inhibitory effects of natural
oxidants on peroxidase mimics. Three natural occurring
antioxidants, gallic acid, tannic acid, and ascorbic acid,
were compared for their antioxidant capabilities and
found to inhibit peroxidase-like activity in a concentration
dependent fashion with distinct modes of inhibition based
on their specific interaction. The inhibiting capability of
tannic acid was found to be greatest followed by gallic
acid and ascorbic acid. This study proves the hypothesis
that nano-enzyme mimics can be used to evaluate the
antioxidant capabilities and also to screen enzyme
inhibitors.

The curious case of citrate
functionalized Mn_ O, nanoparticles

In a series of studies, we have shown that surface
functionalized Mn,0, nanoparticles have unprecedented
optical, magnetic, catalytic, and biological activities [50-
54].Inanewapproach to treat neonatal hyperbilirubinemia
and associated neuropathology, we designed a mixed-
valence transition metal oxide spinel structured
nanomaterial, citrate functionalised Mn,0, nanoparticles
(C-Mn,0,), which have unique catalytic activity towards
degradation of bilirubin without any photo-activation
(Figure 6). In binary spinel Mn,O, nanopatticles all the
tetrahedral A sites hold a divalent cation, Mn?* (3d®),
whereas all the octahedral B sites are occupied by
trivalent cations, Mn** (3d*). Owing to the orbital degree
of freedom, the e, orbitals of Mn3** (t32ge1g) is lifted by
strong Jahn-Teller distortion that compels the lattice to be
tetragonal (c/a=1.16) below 1433K. Such exciting physical
properties together with the ligand to metal charge transfer
(LMCT) from the surface coordinating ligands to Mn,0,
nanoparticles lead to such exceptional catalytic ability.
Our in vitro studies revealed the role of both ROS and
surface mediated catalysis in the bilirubin decomposition
mechanism. We further described the remarkable efficacy
of the NPs as nanomedicine in symptomatic selective
reduction of serum bilirubin level (both conjugated and
unconjugated) without influencing other serum markers
of toxicity in the CCl, induced Swiss albino mouse model
of neonatal jaundice. Single intraperitoneal dose of 0.25
mg kg! body weight was able to irreversibly decrease the
elevated bilirubin concentration to normal level within 6 h
(Figure 6). The results of preclinical studies demonstrated
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Figure 6: Generation of ROS by citrate functionalized Mn,0, NPs and their use in catalytic degradation of bilirubin in vivo to treat
hyperbilirubinemia (jaundice) and associated disorders. Transmission electron micrographs and high resolution transmission electron
micrographs of C-Mn,0, NPS. DCFH activity as monitored through change in fluorescence. The degradation of bilirubin in vitro. Effectiveness
of the NPs in quick reduction (2 h) of total serum bilirubin after single dose intra peritoneal injection in hyperbilirubinemia induced Swiss

albino mice.

that the C-Mn,0, NPs can be first-of-their-kind nanodrugs
for efficient treatment of neonatal jaundice and associated
neuralgic disorders with adequate biocompatibility.

The twist in tale comes when route of administration
changes. Oral treatment of these NPs efficiently reverses
hepatic fibrosis in CCl,-induced mice. The C-Mn,0,
nanoparticle treatment decreases expression of fibrotic
markers like o-SMA and hepatic-hydroxyproline, as
measured through immune-histochemical analysis, along
with improvements in other liver function parameters
(e.g., AST, ALT, ALP, GGT) (Figure 7). Further results show
that the NPs can mimic cellular antioxidant defense
enzymes (SOD, catalase), and protects cells from oxidative
damages (Figure 7). It was found that the acidic condition
of stomach enhances the antioxidant activity of C-Mn,0,
nanomaterials due to the disproportionation of Mn?*
charges present in the nanoparticle surface. Further
investigations on mitochondrial membrane potential,
mitochondrial permeability transition pore, and
cytochrome c oxidase activity revealed the nanoparticles’

protective activity on mitochondria, the cellular mediator
of oxidative stress (Figure 7). To best of our knowledge,
this is the first study to demonstrate that direct oral
treatment of an inorganic NPs (i.e., C-Mn,0O, NPs) without
any delivery system can efficiently reduce chronic
hepatotoxicity and liver fibrosis through its antioxidant
activity.

Translational Aspects

The problem with the conventional antioxidants that
make their clinical transformation mostly a failure is
multifaceted, starting from limited bioavailability to
nonspecific biodistribution [24, 25]. Similar problems can
be evident even in nanozymes. However, the unimaginable
manoeuvrability in controlling the properties of
synthesized nanomaterials can be useful in overcoming
the limitations.
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Figure 7: Mitochondrial redox modulation ability of C-Mn,0, NPs and their application in treatment of hepatic fibrosis. Citrate
functionalized Mn,0, nanoparticles can protect mitochondria from oxidative damage through maintaining normal mitochondrial membrane
potential, MPTP, and decreasing cytochrome c release into the cytosol, in turn blocks apoptosis. On the other hand, a decrease in ROS levels
downregulates the process of hepatic stellate cell activation through TGF-B, in turn decreases fibrotic damages as observed by Mason’s
trichrome, Sirius red and a-SMA immunostaining.
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The intracellular behaviour of conventional
antioxidants is more like a double edged sword [55]. The
conventional antioxidants are generally less bioavailable
due to low absorption in the gut and nonspecific
biodistribution throughout the body, which in turn
reduces the local concentration. Thus, most of the time
the conventional antioxidants fail to neutralize the
excess free radicals produced due to pathophysiological
condition. On the other hand, if by some means, the
local concentration gets increased, the conventional
antioxidants scavenge almost all the free radicals, affecting
the ROS mediated signalling pathways which are hugely
important in cell-cell communications and maintenance
of normal cell function (it has to be noted that a threshold
level of ROS inside the cell is always required for cellular
homeostasis) [56]. In some cases, it has been observed
that at high concentrations in physiological milieu,
conventional antioxidants behave like prooxidants,
which is detrimental and increases the oxidative damages
[55]. Another problem that conventional antioxidants
suffer from is the lack of reusability. The conventional
antioxidants neutralize the ROS (or other free radicals)
through reduction paired with self-oxidation which makes
the antioxidant molecule non-reactive for further function.
These problems could be overcome in nanosystems.
By simply attaching a cell specific ligand (receptor of
which is overexpressed in particular tissue type) on the
surface of the nanomaterial, the system can be targeted
to specific tissues [57, 58]. There exist numerous strategies
to functionalize nanozymes (with small molecules,
polymers, antibodies, nucleic acids) for targeted delivery
(e.g., capping the nanomaterials with folate will help in
delivering it specifically to cancer cells, as cancer cells
express significantly higher number of folate receptors
than normal cells) (Figure 8). The specificity of the surface
functionalized nanomaterials provides the ability to fine
tune local concentrations in the required tissues so that
the cellular redox homeostasis is maintained. Other than
surface functionalization, some inherent properties (e.g.,
size, shape, hydrophobicity, rigidity, composition) of
the nanomaterial itself may dictate the biodistribution
inside the body (Ref. 57 is an excellent review regarding
this). The redox activity, i.e., ability of the nanosystem
to be oxidized as well as reduced depending upon
the cellular microenvironment, helps to maintain a
threshold level of free radicals inside the cells, which is
the utmost requirement. The redox nature and enzyme
like properties also make nanosystems reusable; hence,
very minute concentrations of nanozymes can provide
large effects in a sustained way. Another advantage of
nanozymes over conventional antioxidants is the stimuli
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responsive initiation of activity, i.e., the functioning of the
nanomaterial inside a cell can be controlled by external
stimuli (light, ultra sound, magnetic field). This unique
property of nanomaterials is heavily utilized in the case
of photodynamic therapy (PDT) of cancer, which is a
form of treatment involving light and a photosensitized
nanomaterial, used in conjunction with molecular oxygen
to elicit cell death [59-62]. The principle of PDT can be
used in redox modulation as well, which will make the
treatment more target specific without affecting other
cells.

Another concern which is important to discuss in the
context of translational aspects of biomimetic nanozymes
is the associated toxicity. To our understanding, the
toxicity of most of the conventional drugs originates from
nonspecific distribution and over activity due to high
local concentration (the basic principle of toxicology
says “dose makes the poison”). We discussed a probable
approach to avoid the problem of non-specificity in a
previous section. Another factor, dose determination, is
probably the most critical factor in the proper functioning
of nanomedicines. In this regard, careful pharmacokinetic
and pharmacodynamic screening will be helpful. Although
the orthodox practice to decide dose of a nanomedicine
(or any other drug) depends upon the body weight of a
subject (in both human and animal experiments), we
think this is not the right way. Maybe, a personalized
approach will be more efficacious considering the
unique physicochemical properties of the nanomaterials.
Moreover, there is no specific guidelines for testing the
toxicity of the nanomaterials. The community needs a
larger debate on the subject of dose determination and
toxicity in the nanoregime.

Conclusion and future perspective

For the development of potent nanoparticle designs,
clinical translation plays a pivotal role. Although,
the study of enzyme mimetic nanoparticles in the
field of diagnostics/bioassays is essential, the greater
translational challenge lays in the usage of these
nanoparticle formulations as topical or injectable
solutions, or as components of implants. Some of the
discussed agents (i.e., citrate functionalized Mn,O,
nanoparticles) have already been successfully trialled in
preclinical mouse model. However, the other synthesised
nanoparticles need to be tested on animal models, owing
to their possible complicacies in regenerating similar
outcomes as obtained in vitro. In addition to the production
of therapeutic and other medically favourable outcomes,
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Figure 8: Designing nanoparticles for intracellular applications. Nanoparticles can be designed with high level of manoeuvrability
using various physicochemical properties ranging from composition to shape, size, and hydrophobicity. Surface functionalization with
biocompatible ligands not only is important for target specific delivery but also it reduces toxicity. Reprinted (with minor modification) with

permission from Ref. [57] Copyright 2010, Royal Society of Chemistry.

injected nanoparticles must show minimal side effects
and have an easy excretory route. The process of excretion
can occur either through metabolism [63] or as renal/fecal
excretion [64]. For example, iron oxide nanoparticles are
thought to be broken down in vivo and their components
metabolised [64]. However, the human system lacks
processes to degrade heavier metals like cerium and some
nanoparticles such as gold, which cannot be degenerated
in vivo. These nanoparticles have to be excreted either
via the urine (for nanoparticles less than 6 nm) or via the
faeces [64]. Furthermore, the interaction of nanoparticles
with biological fluids (ranging from saliva in the mouth to

blood and interstitial fluids) are important attributes for
characterization of important aspects in terms of topical
and systemic use [65]. In-depth characterization of the
catalytic activity of nanoparticles on their interaction
with biologically relevant solutions in laboratory models
mimicking the physiological environment can provide the
in vivo outcomes. In vitro or in silico models that correlates
the physicochemical properties of the nanoparticle (size,
surface area, doping type/concentration, and chemistries)
may help in predicting the bioactivity of nanomaterials
against target cells or tissues. Another important concern
is the biodistribution of catalytic nanoparticles along
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with their level of tissue or biofilm penetration depth.
Nanoparticles possesses certain limitations in site specific
targeting, owing to their complex interactions with
biological fluids and cellular components in physiological
systems, thereby causing toxic side effects. Nevertheless,
studies have helped in significant expansion of clinically
validated and safe nanomedicine drugs and biologics.
To date U.S. Food and Drug Administration (USFDA)
has approved several nano-sized agents which have
therapeutic and imaging applications (51 FDA-approved
nanomedicines and 77 products in clinical trials)
[65]. Although, these comparatively simpler designs
have proved to be a path for providing a template for
undertaking initial attempts for the synthesis of catalytic
nanomaterials, complicated structures with multicentre
nanoenzyme complexes are challenging to be translated,
owing to their multisubstrate availability, control over the
sequential reactions, optimal substrate access, and cost
and complexity of synthesis [66]. Further research on the
catalytic activity, efficacy, and therapeutic activity will
help in accelerating the process of product development
and their subsequent performance in clinical trials.
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