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Abstract

The interaction of nanoparticles with the biological system has increased with the increasing popularity of nanomedicines.
Red blood cells (RBCs) are very sensitive, and abundant cells in the blood. They are highly prone to oxidative damage due
to constant interaction with oxygen itself, foreign particles in the blood, and the lack of repair mechanism. The cell mem-
brane of RBCs undergoes lipid peroxidation, protein oxidation, and heme degradation which results in altered membrane
permeability, changes in the morphology, and functioning of RBCs. The nanoparticles induce oxidative stress, hemolysis,
morphological changes, membrane deformability, and alterations in hemoglobin structure in RBCs. In this review, the effects
of metallic nanoparticles and their modifications on the physiology, and life span of RBCs are discussed. The detailed analy-
sis of the antioxidant enzymes-like activity of metal nanoparticles is expected to highlight the beneficial use of these metal
nanoparticles in RBCs against oxidative stress and the development of new biosafe nanodrugs.
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Introduction

Red blood cells (RBCs) are the most abundant cells in
the blood. RBCs are simple cells that lack a nucleus and
other organelles. That’s why the shape and stability of cells
depend mainly on the cell membrane. The primary func-
tion is to facilitate the transfer of gases throughout the body
of an organism. Simultaneously, RBCs also maintain the
redox balance, nitric oxide (NO) metabolism, the vascular
tone which makes them highly sensitive cells to oxidative
damage. The RBCs have a biconcave disc shape, peculiar
for their function. They are very flexible cells, can change
their shapes according to the environment. An RBC has a
lifespan of 120+20 days. RBCs are unable to synthesize
any amino acids, fatty acids, or any metabolism due to the
loss of organelles. The transport of gases is performed by
hemoglobin (Hb), a red-colored protein with a molecular
weight of 68 kD. Hb is the main intracellular content of
RBCs. The lower concentration of Hb in blood and the lower
number of RBCs in circulation leads to anemia. Anemia is
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a pathological condition that can be associated with several
other complications such as aging, cardiovascular diseases,
neurodegenerative diseases.

To maintain the primary function of RBCs i.e., transport
of oxygen and carbon dioxide mainly, Hb has to be sustained
in a reduced state. Hb in the oxidized form will drastically
lose affinity to oxygen. Therefore, RBCs have to regulate
redox balance. However, there are challenges like free iron
that can facilitate the production of reactive oxygen species
(ROS) via Fenton reaction, various oxidants including oxy-
gen, poor repair mechanism due to loss of protein expression
upon maturation. The RBCs are equipped with antioxidant
systems to counter oxidative damage. Both enzymatic sys-
tems (superoxide dismutase (SOD), catalase (CAT), glu-
tathione peroxidase (GPx)) and non-enzymatic systems
(ascorbate/dehydroascorbate (vitamin C), reduced and oxi-
dized glutathione (GSH/GSSG), and a-tocopherol (vitamin
E)) are available to RBCs. The imbalance of oxidants and
antioxidants has severe consequences on the function of Hb,
other cytoplasmic proteins, ionic homeostasis, and mem-
brane integrity. These damages are signals of abnormal con-
ditions in the body. Many antioxidants like flavonoids have
been applied during oxidative stress in RBCs. Two naturally
occurring flavonoids, Quercetin (3,3°,4°,5’,7-pentahydroxy-
flavone) and myricetin (3,3°,4°,5°,5°,7-hexahydroxylflavone)
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were applied in RBCs to investigate their antioxidant role
against oxidative stress (Maurya et al. 2016). Quercetin
significantly reduced the malondialdehyde (MDA) con-
tent generated after the lipid peroxidation caused by t-BHP
induced oxidative stress at the concentration of 10~ M and
10~7 M. Myricetin reduced MDA content at 10~® M and
1073 M, hence proving to be a more efficient antioxidant.
Both quercetin and myricetin showed an increase in GSH
levels in RBCs.

With rapidly developing nanotechnology, nanomaterials
have been applied in a wide range of biomedical areas such
as drug delivery, bioimaging, biosensors, and nanozymes.
Numerous metallic nanoparticles (NPs) have been synthe-
sized and applied to RBCs. RBCs have proved to be an effi-
cient model to evaluate the efficacy of NPs in-vitro (Wadhwa
et al. 2019). Nanoparticles are particles in the size range of
1 to 100 nm. They are clusters of a few 100 atoms which
behave differently from bulk material. Nanoparticles have
unique physical and chemical properties. Some nanopar-
ticles like zinc oxide NPs and silver NPs are well-known
for their toxicity to induce oxidative stress in the biologi-
cal system. The exposure of zinc oxide NPs led to DNA
fragmentation, generation of ROS in human lung fibroblasts
and led to the reduced viability of Drosophila melanogaster
which was associated with zinc oxide NPs induced oxidative
stress (Ng et al. 2017). Similarly, the polymer-coated sil-
ver NPs when incorporated in the diet of Drosophila mela-
nogaster, induced heat shock proteins, oxidative stress that
was assessed by the increased levels of ROS and decreased
levels of glutathione (Ahamed et al. 2010). Moreover, the
toxicity of silver NPs led to cellular apoptosis in flies, meas-
ured through the increased concentrations of caspase3 and
caspase9 in cells. Whereas nanoparticles such as cerium
oxide NPs (CeO NPs), gold NPs (AuNPs), iron oxide NPs
(IONPs) have an intrinsic property to exhibit scavenging
activity of ROS (Singh 2019). Hence, nanoparticles show
antioxidant enzyme-like activity. They mimic superoxide
dismutase enzyme to convert superoxide anions (O,"”) into
hydrogen peroxide (H,0,), catalase enzyme to convert H,0,
into water (H,0) and oxygen (O,), and pro-oxidant enzymes
like peroxidase and oxidase enzymes which generate free
radicals from H,O,. The nanoparticles behaving as natural
enzymes are popularly known as nanozymes. Nanozymes
can be classified into two categories: oxidoreductase fam-
ily and hydrolase family. The inorganic materials-based
enzymes are more stable, durable and easy to synthesize
than natural enzymes. Various novel metal, metal oxide, and
metal sulfide nanozymes have been prepared and applied in
biomedical fields (Alizadeh and Salimi 2021; Yadav and
Maurya 2021; Murugan et al. 2019).

This review is aimed to review the structural changes in
RBCs cell membrane, membrane proteins, changes in Hb
due to oxidative stress. It also underlines the interaction of
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nanoparticles with RBCs, the effect of nanoparticles on the
shape and function of RBCs. The antioxidant activity of nano-
particles against oxidative stress will also be discussed.

Oxidative stress in RBCs

The primary physiological function of RBCs is to transport
oxygen to tissues. However, to preserve the Hb structure from
oxidation, RBCs also regulate redox balance (Kuhn et al.
2017). The auto-oxidation of Hb generates metHb (Fe**Hb)
and superoxide radical anion. The Fe** generally dissoci-
ates from the complex, this free iron then takes part in the
Fenton reaction to produce hydroxyl radicals (OH®), H,0O,,
and catalyze the further production of ROS. The Nitric oxide
is constantly produced by endothelial cells. Hb of RBCs is
thought to be a sink for this nitric oxide generation. Nitric
oxide further oxidizes the Hb and results in ROS generation.
To counter oxidative stress, RBCs are enabled with enzymatic
and non-enzymatic antioxidants. During pathological condi-
tions, antioxidant systems fail to regulate oxidative damage
levels. Oxidative stress in RBCs leads to heme degradation,
lipid peroxidation in the membrane, membrane deformability
which changes the functionality of RBCs. The schematic rep-
resentation of RBCs alterations induced by oxidative stress is
presented in Fig. 1.

The membrane of erythrocytes is the most prone to ROS
and a secondary by-product is formed known as MDA. It has
been observed that MDA levels were positively correlated
with age i.e., the MDA levels in erythrocytes increased with
increasing age (Rizvi and Maurya 2007). This study also
reported the reduced levels of -SH membrane proteins due
to reduced levels of reduced GSH, an intracellular enzyme,
with increasing age. The alterations in -SH membrane pro-
teins lead to the deformability of the RBC membrane and are
related to various pathologies. The ROSs induce cell mem-
brane deformability in RBCs which leads to the formation
of induced microvesicles (MV). Sudnitsyna et al. observed
that oxidative stress induced by tert-Butyl hydroperoxide
(t-BOOH) in RBCs led to irreversible deformability of cell
membrane, morphological transformation, MV formation, and
band 3 clustering (Sudnitsyna et al. 2020). Hb is oxidized in
RBCs during oxidative stress and formed HbFe** (ferric Hb),
HbFe** (ferryl Hb), and *HbFe*" (ferryl radical referred to as
hemichromes, HbChr) and led to heme loss. The oxidation of
Hb can be explained by various mechanisms (Wang and Zen-
nadi 2020; Mohanty et al. 2014; Sudnitsyna et al. 2020). The
autoxidation of ferrous hemoglobin (Fe?*-Hb) which normally
carries oxygen results in HbFe>* (cannot bind to oxygen) and
superoxide anions.

Fe*™ — Hb + O* — HbFe> + 0>~
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Fig.1 Fig. 1 is showing the
causes and effects of oxidative
stress in red blood cells. The
endogenous factors such as the
auto-oxidation of hemoglobin,
NO metabolism, and exogenous
factors such as pathological
conditions, interaction with
nanoparticles, other foreign
chemicals, environment, and
pollutants are the main causes
of oxidative stress in red blood
cells. Oxidative stress causes
hemoglobin degradation,
oxidation of other proteins, the
deformability of membrane, and
other morphological changes
which lead to functional impair-
ment of red blood cells. (Hb—
hemoglobin, SOD—superoxide
dismutase, CAT—catalase,
NO-—mnitric oxide)

Auto-oxidation
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H0+0,

The superoxide anions are dismutated into hydrogen
peroxide and this hydrogen peroxide when reacts with
Fe?*-Hb and HbFe** degrades Hb and frees the iron.

Fe** —Hb + 0, + H,0, — HbFe*" + 0°~ + H,0 + O,

HbFe** + H,0, — Hb" + Fe*" + 0~ + H,0

And, RBCs release the NO derivatives during the trans-
port of oxygen to balance redox status. The NO results
in vasodilation and reacts with Fe**-Hb, forming HbFe>*
and nitrate.

Fe** — Hb + NO — HbFe’* + NO,

Maurya et al. showed that the activity of enzyme GPx
decreased in erythrocytes in an age-dependent manner
(Maurya et al. 2010). There was a positive correlation
between GPx activity and the total antioxidant status of
plasma. The decrease in the antioxidant capacity of eryth-
rocytes is due to the increased production of ROS with
age. The increased ROS generation with age alters the
transport proteins like calcium ATPases and sodium/potas-
sium ATPases and their activities. Maurya and Prakash
demonstrated a significant decrease in activities of both
membrane-associated proteins, Ca?* ATPases and Na*/
K" ATPases of erythrocytes in both males and females
with increasing age (Maurya and Prakash 2013) and
hypertensive patients (Kumar et al. 2012). The imaging
by the two-photon fluorescence provided clear evidence
of increased oxidative damage in human living RBCs in
young, middle-aged, and elderly age groups (Tsakanova
et al. 2020). Total RBC count decreased and the hemolysis
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rate increased with increasing age. This study showed that
antioxidant enzymes like catalase, superoxide dismutase,
and the ferroxidase activities of ceruloplasmin decreased
significantly with age. Oxidative stress plays a major role
in the early maturation of RBCs and their removal from
circulation. The accumulation of oxidative damage and
DNA damage in hematopoietic stem cells reduces the rep-
licative properties of these stem cells (Ghaffari 2008). The
aged stem cells lose their function and can become cancer-
ous or die. Oxidative stress suppresses various pathways in
stem cells such as nuclear factor erythroid 2-related factor
2 (Nrf2), p53 activity, Wnt/p-Catenin pathway, and NF-xB
pathway (Chen et al. 2017). Bisphenol A (BPA) and its
similar compounds like bisphenol S (BPS), bisphenol AF
(BPAF), and bisphenol F (BPF) are broadly applied in the
production of several everyday use products, leading to the
day-to-day exposure of humans to such substances. The
effect of bisphenols on oxidative stress in non-nucleated
cells has been evaluated (Macéczak et al. 2017). The RBCs
were incubated with compounds for 1, 4, or 24 h and in
concentrations ranging from 0.1 to 500 pg/ml. It has been
observed that compounds enhanced ROS formation, lipid
peroxidation, depleted GSH levels, and altered the activi-
ties of SOD, CAT, and GSH-Px. It was established that
BPAF induced the most notable alterations in the redox
system of erythrocytes, which changed CAT and SOD
activity even at 0.5 pg/ml. Misfolded specific proteins
such as a-synuclein (a-syn), p-amyloid (Ap), and tau were
shown to be accumulated in RBCs when oxidative stress
was induced in the presence of H,0, (Iofrida et al. 2017).
Accumulation of such proteins in the brain and peripheral
tissues is a hallmark of neurodegenerative diseases. There
is an urgent need to develop diagnostic and therapeutic
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tools to mitigate the oxidative damage in cells like RBCs
which are integral for normal functioning of whole body.

Interaction of metallic NPs with RBCs

With the increasing popularity of NPs, they have been used
extensively in biological systems. Intravenous is the most
optimal route of administration of NPs for better bioavail-
ability. Different administration routes such as intrave-
nously (IV), perorally (PO), and intraperitoneally (IP) were
observed in 8-week-old CD1 female mice for biodistribu-
tion of nanoceria (Hirst et al. 2013). It was found that IV
deposited the greatest nanoceria, followed by IP and then
PO. The spleen was the organ with the highest deposit,
followed by the liver, lungs, and kidneys. Nanoceria were
excreted through feces irrespective of the route, PO admin-
istered mice excreted 98% of nanoceria. Nanoceria did not
induce any toxicological or pathological reactions in tissues
of mice and it was established that the IV route is the opti-
mal administration route for nanoceria. This study suggests
that nanoceria due to their biocompatibility are potential
antioxidant materials that are safe to apply in biologi-
cal systems. Hence, the biocompatibility of NPs becomes
a major concern. The RBCs are the first cell that directly
interact with NPs. The direct toxicity of metal oxide nano-
particles like cerium oxide, zinc oxide, aluminum oxide, and
tin oxide in erythrocytes was studied (Subramaniam et al.
2020). After the incubation of NPs for 3 h, it was observed
that hemolysis percentage increased with an increase in
concentration and decrease in size of NPs. The metal oxide
nanoparticles showed hemocompatibility as the hemolytic
percentage was less than 2% in the case of all NPs except
zinc oxide which showed 3% hemolysis. The NPs distort the

Nanoparticles

secondary structure of Hb and convert the a-helical structure
into B-sheets. The effect of ZnO NPs of size 25 nm was stud-
ied on the osmotic fragility of the erythrocyte membrane,
morphology, and as a result on hemolysis (Shirsekar et al.
2016). The effect of ZnO on the osmotic fragility of RBCs
was negligible as 97% of the cells were stable even at the
concentration of 100 pg/ml. The membrane did not break but
NPs certainly affected the morphology of the membrane. In
isotonic solutions, the hemolysis activity slightly increased
with an increase in concentration but it varied in the case
of hypotonic solution of NPs. RBCs showed aggregation to
some degree in response to the interactions with higher con-
centrations of ZnO NPs. The NPs first and foremost come in
contact with the lipid membrane of RBCs. NPs were shown
to bind or get adsorbed on lipid bilayer by electrostatic and
hydrophobic interactions due to the charge interaction on
membrane and nanoparticles (Dias et al. 2019). Other than
membrane lipid bilayer, NPs bind to membrane proteins
like band 3 and spectrin and lead to changes in membrane
integrity, permeability, and fluidity (Tian et al. 2021). The
interaction itself and the oxidative stress induced by nano-
particles cause the structural deformation of membrane
proteins, ultimately deforming the membrane of RBCs. The
changes in the membrane lipid bilayer and proteins alter
the morphology of erythrocytes from biconcave to echino-
cytes and discocytes. The oxidative stress caused by NPs
also puts direct assault on membrane lipids inducing lipid
peroxidation. This ongoing distortion of RBCs affects the
microviscosity of cells which directly affects the lifespan of
RBCs. The interactions of NPs with RBCs are schematically
represented in Fig. 2.

Some other nanoparticles such as aluminum dioxide
(Al,03), zirconium dioxide (ZrO,), and silica dioxide (SiO,)
nanopowders were studied for their effect on microviscosity
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Fig.2 Fig. 2 is showing the interaction of nanoparticles with red blood cells. Nanoparticles cause hemolysis, morphological changes (conversion
of discocytes into echinocytes), hemoglobin degradation, and red blood cells aggregation (rouleaux formation). (RBCs—red blood cells)
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and morphology of erythrocyte membrane (Kozelskaya et al.
2016). ZrO, increased the microviscosity of the membrane
even at smaller concentrations whereas Al,O; started to
decrease the viscosity at very small concentrations. How-
ever, SiO, did not affect the viscosity at lower concentra-
tions but with increasing concentration, microviscosity of
erythrocytes started to decrease slightly. 10% of the cells
swelled up, 30% changed into echinocytes, 50% agglomer-
ated and 10% remained intact after incubating with higher
concentrations of SiO, nanopowder shown by atomic force
microscopy. The treatment of ZrO, nanopowders too swelled
up the cells and created cracks in the membrane of erythro-
cytes. In the case of Al,O; nanopowder, all the erythrocytes
changed into echinocytes from discocytes. Tiny vesicles
with cube-like projections were observed on the surface
along with cell adhesion alterations. It was shown that
Al,0O5 nanopowder was most toxic to RBCs. Nanoparticles
interact with hemoglobin directly and affect their properties
like changes in secondary, quaternary structures. Eskandari
et al. showed the cerium oxide nanoparticles interact with
hemoglobin through hydrophobic interactions (Eskandari
et al. 2018). An NP-protein corona is formed that affects the
structure of proteins, their aggregation, and this interaction
also affects the availability of NPs (Mishra et al. 2021). A
protein corona is formed around the inorganic nanomaterials
when they are applied to a biological system. This protein
corona helps the immune system to identify nanomaterials
(Barbero et al. 2017). This is the major challenge for the
biocompatibility of nanomaterials because it interferes with
the targeting, specific activity, circulation time of nanoparti-
cles (Pareek et al. 2018). However, this protein layer can be
modified using biopolymers as capping agents on nanoma-
terials which can increase their biocompatibility (Berrecoso
et al. 2020). The Nanozymes can also bind through electro-
static, hydrophobic, Vander Waal’s forces at specific sites
on natural enzymes and inhibit their action. The NPs have
been applied as inhibitors of various enzymes like R-chy-
motrypsin, B-galactosidase, mitochondrial ATPase (Huang
et al. 2021). Cerium oxide NPs were shown to quench the
fluorescence intensity of Hb. Other studies are summarized
in Table 1. This wide range of studies aims to synthesize
sensitive NPs towards biological systems. The harsh activi-
ties of NPs can be reduced by simple surface modifications.
The coating of bovine serum albumin (BSA) on AuNPs has
been shown to decrease the hemolysis percent of NPs in
RBCs (Rahul et al. 2016). BSA-coated AuNPs were pre-
pared in different sizes (15, 30, 50, and 70 nm) and showed
negligible hemolysis in comparison to bare AuNPs. The
hemolysis percent was maximum~60% in the presence of
200 pg/ml of bare AuNPs whereas the same concentration
and size of BSA-coated AuNPs exhibited only ~ 10% hemol-
ysis in RBCs. This shows that the surface modifications on
the surface of NPs can render the hemolytic activity of bare

NPs and can protect the RBCs at the RBCs—NPs interface.
Hence, it is important to study the effect of interactions of
NPs with or without surface modifications on living cells.

Protective role of NPs during oxidative stress

Biological systems like RBCs are enabled with enzymatic
and non-enzymatic antioxidants. Metal nanozymes can
behave like pro-oxidant and antioxidant enzymes. Pro-
oxidant enzymes are the ones that induce oxidative stress
while the antioxidant enzymes such as catalase, superoxide
dismutase, peroxiredoxin, glutathione peroxidase, scavenge
free radicals formed during oxidative stress (Lewandowska
et al. 2021). Two nanoemulsions Ethyl acetate fraction-
loaded pomegranate seed oil nanoemulsion (EAF-PSO-NE)
and EAF-loaded medium-chain triglyceride nanoemulsion
(EAF-MCT-NE) were prepared in the size range of 201 to
205 nm (Baccarin et al. 2015). The synthesized nanoemul-
sions protected the RBCs from H,0, and 2,2'-azobis (ami-
dinopropane dihydrochloride) (AAPH)-induced oxidative
stress. The free EAF, EAF-loaded PSO, and MCT NE main-
tained the erythrocyte membrane fluidity in both inner and
outer sides by maintaining the baseline levels of membrane
proteins. The AAPH and H,0, induced oxidative stress led
to the loss of spectrin proteins and band 3 proteins. Further
SEM analysis showed the changed morphology of RBCs
due to oxidative stress. AAPH treatment led to the forma-
tion of echinocytes. Therefore, this in-vitro study suggests
that EAF-loaded PSO and EAF-loaded MCT nanoemulsions
can be applied as an antioxidant. The intrinsic ability of
nanoparticles to act as antioxidant enzymes was discovered
in 2007. Gao et al. for the first time demonstrated the per-
oxidase activity of iron oxide NPs (Gao et al. 2007). After
this discovery, various nanoparticles have been studied and
applied to scavenge free radicals. Here, we examined the
antioxidant properties of mainly cerium oxide nanoparti-
cles, iron oxide nanoparticles, and gold nanoparticles. The
protective effect of nanoparticles has been widely studied as
shown in Table 2. These metal nanoparticles are the most
extensively applied in biomedical fields. The antioxidant
properties of different NPs are presented in Fig. 3.

Cerium oxide NPs

The antioxidant ability of cerium oxide nanoparticles has
been attributed to the auto-regenerative cycling of Ce**, and
Ce** ions on their surface. This interchangeability causes
oxygen vacancies at the surface of CeO NPs and catalyzes
the neutralization of free radicals (Sarnatskaya et al. 2020).
CeO NPs which are also known as nanoceria, show both
SOD and catalase-like activity due to high Ce** ions and
Ce** ions, respectively (Singh et al. 2018). The enzyme
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mimicking the activity of CeO NPs has been well researched
in-vitro and in almost all kinds of models including cell cul-
ture, animal models, and RBCs. The cerium oxide NPs were
shown to exhibit peroxidase activity but inhibited the H,O,
induced killing of both Gram-negative and Gram-positive
bacteria (Zhu et al. 2021). Hence, it is clear that CeO NPs
show multiple enzyme-like properties due to their shape,
size, and environment interaction. The oxidative damage
induced by 3-Amino-1,2.4-triazole (3-AT) toxicity inhibited
the antioxidant enzyme catalase irreversibly that led to the
deposition of free radicals and ROS (Singh and Singh 2019).
A hepatocyte WRL-68 cell-culture model was treated with
3-AT that caused cytotoxicity. However, when the WRL-68
cells which were pre-incubated with CeO NPs exposed to
3-AT did not die and endured the toxicity very well. The
cellular morphology was also altered from elongated to
the sphere by the exposure of 3-AT which was retained in
the elongated form in pre-incubated cells with CeO NPs.
The study demonstrated that CeO NPs protected the cells
from oxidative DNA fragmentation by ROS and apopto-
sis induced by 3-AT. The CeO NPs are highly recognized
nanoparticles and have been applied in biological systems
to scavenge oxidative damage. The surface of these CeO
nanoparticles needs to be modified using chemical ligands
to change the activity as well as the interaction of nano-
particles with biological systems. Phosphomolybdic acid
(PMA) and phosphotungstic acid (PTA), two surface ligands
altered the CAT and SOD-like activity of CeO NPs (Yadav
and Singh 2021a). The PMA did not affect the CAT-like
activity but repressed the SOD-like activity of NPs, whereas
PTA improved the ability of cerium oxide NPs to mimic
antioxidant enzymes. Cerium oxide nanoparticles protected
RBCs from damages caused by hyperthermia (Liu et al.
2020b). This short-term hypothermia increased the den-
sity of older cells, increased the generation of ROS, hence,
induced apoptosis. Phosphatidylserine was found to be on
the surface of RBCs that showed induced apoptosis due to
hypothermia. The pre-treated erythrocytes with CeO NPs
showed less generation of ROS and less apoptosis. CeO NPs
have been applied to the whole blood and shown to improve
the life span and ATP content of stored RBCs (Rzigalinski
et al. 2020). The NPs preserved the ATP content of RBCs
for 42 days. The maximum decline was up to 27% on the
42" day. The 10 nM and 100 nM of CeO NPs also retained
the morphology and number of RBCs. CeO NPs helped the
RBCs endure oxidative stress. Cerium oxide nanoparticles
embedded scaffolds for bone grafts were prepared to inves-
tigate the role of CeO NPs in angiogenesis by increasing
calcium ion channels of mesenchymal stem cells (MSCs)
(Xiang et al. 2016). CeO NPs as an antioxidant promoted the
growth of MSCs and improved the co-culture of EPCs which
enhanced the blood vessel formation. The underlying mecha-
nism was the increase in VEGF secretion which indirectly

(Yadav and Singh, 2021a, b)
(Wang et al, 2019)

References

in the presence of H,0,, which led to the bursting and killing
of the cancer cells. The nanoparticles typically behaved as

cancer cells, killed the cells by inducing oxidative stress. The
peroxidase enzyme activity and killed the cancer cells

which catalyzed the neutralization of free radicals generated
synthesized nanoconjugates switched on the oxidative stress

Buthionine sulfoximine (BSO). BSO depletes the cells of
GSH and induces redox imbalance. This study showed the
SOD-like activity of synthesized cerium oxide nanorods
during the BSO exposure in cells

The Co-Fe;0, nanoparticles when applied in human renal

The WRL-68 cells (hepatocyte model) were treated with

Results

~1.88 nm
~94.6+8.6 nm

Size

Table 2 (continued)
Cerium oxide nanorods
Cobalt-doped iron oxide nanozymes

Nanoparticles
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Fig.3 Fig. 3 is showing the
enzyme-like activity of metal
nanoparticles. Metal nanopar-
ticles behave as superoxide
dismutase, catalase, oxidase,
and peroxidase enzymes
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depends on the calcium channels of MSCs. This study estab-
lished that CeO NPs increased the free calcium levels in pre-
incubated cells through activation of calcium channels at the
plasma membrane of MSCs. Cerium oxide NPs inhibited the
effect of oxidative stress caused by NADPH oxidase (NOX)
activation in UV-B irradiated skin cells (Peloi et al. 2021).
CeO NPs behaved as superoxide dismutase and catalase
enzymes and mitigated the neutrophils' oxidative damage, by
decreasing ROS production, therefore, decreasing the cellu-
lar damages. This study suggests the potential utility of CeO
NPs in controlling NOX-associated oxidative stress in eryth-
rocytes. Acid hemolysis generates oxidative stress in RBCs
of old rats. The nanoceria was applied to mitigate the oxi-
dative damage generated by acid hemolysis in erythrocytes
(Kotsuruba et al. 2016). A dose of 0.1 mg/kg of nanoceria
was given for 14 days to old rats, nanoceria fully stabilized
the RBCs, reduced the ROS generation in RBCs and plasma.
Cerium oxide nanoparticles are hemocompatible and show
antioxidative enzymes-like activity which makes them safe
to treat the oxidative stress complications of RBCs.

Iron oxide NPs

The IONPs like Fe,0;, Fe;O, have been thoroughly
researched. They have been used in probes during mag-
netic resonance imaging (MRI), near-infrared fluorescence
(NIRF) imaging, Positron emission tomography (PET).
IONPs have also been applied as biosensors in the living
system to detect glucose during cancer diagnosis (Vallabani
and Singh 2018). IONPs show peroxidase and oxidase-like
activities. The peroxidase activity of IONPs is in the pres-
ence of H,O, and depends on the pH, temperature of the
solutions. ATP enhanced the catalytic property of IONPs

Superoxide dismutase

Nanoparticles
such as CeO NPs,
IONPs, AuNPs
with enzymes-
like activity

Catalase [

\

\“
/

Oxidase

o |

to measure increased glucose levels in the blood serum of
patients (Vallabani et al. 2017). This one-step detection
has been used to detect glucose from diabetic to cancer
patients. The IONPs incorporated into the diet of Dros-
ophila melanogaster, enhanced the life span of the fruit
flies (Zhang et al. 2016). The daily consumption of 200 pg
IONPs improved the climbing capacity of 6-week-old flies
by reducing oxidative damage at cellular levels. The IONPs
treatment additionally improved the life span of flies from
normally 49 days to 57 days. Iron oxide nanozymes can be
applied as multifunctional enzymes. Guo and Guo showed
that IONPs intrinsically exhibit antioxidative enzymes such
as CAT, SOD, peroxidase-like activity (Guo and Guo 2019).
IONPs behaving as CAT catalyze the degradation of hydro-
gen peroxide into oxygen and water.

2H,0, — O, + 2H,0

Three possible reaction mechanisms, base-like dissocia-
tive mechanism, acid-like dissociative mechanism, and bihy-
drogen peroxide associative mechanism of CAT-like activity
of IONPs were described. Similarly, IONPs behaving SOD
enzyme, catalyze the conversion of OOH radicals into oxy-
gen and hydrogen peroxide.

OOH* — 0, + H,0,

And two possible reaction mechanisms Langmuir—Hin-
shelwood mechanism and Eley—Rideal mechanism of SOD-
like activity of IONPs were explored. IONPs behaving like
peroxidase oxidize the TMB in the presence of H,0,. The
catalytic activities of IONPs depended on different mor-
phologies and sizes of NPs. IONPs due to effective perox-
idase-like activity received great attention for antibacterial
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applications (Vallabani et al. 2020). The peroxidase activity
of IONPs is pH-dependent and restricted to acidic pH. At
near neutral or neutral pH, the IONPs lose peroxidase activ-
ity, which is the major hurdle to their antibacterial activ-
ity. The IONPs were coated with citrate and ATP was used
as a synergistic agent to endure the wide range of pH and
maintain the peroxidase activity i.e., to generate free radical
OH". The novel IONPs with their synergistic combination of
30 pg/mL IONPs and 2.5 mM ATP showed high bactericidal
activity against both Gram-negative and Gram-positive bac-
teria even at neutral pH in the presence of H,O,. Similarly,
the effects of buffers, pH, and ATP on the peroxidase activity
of IONPs were studied. This study established mechanisms
to enhance the activity of IONPs even at neutral pH (Valla-
bani et al. 2019). It was elucidated that generation of OH*
radical due to the synergistic combination of nucleotides
and IONPs gave rise to peroxidase activity at neutral pH.
These findings overcome the limitations of IONPs to be used
only in acidic pH. Hence, the IONPs act as all antioxidant
enzymes and are applied as a versatile detection tool, anti-
bacterial activity, to enhance cellular longevity. IONPs usu-
ally induce oxidative stress in RBCs. However, the IONPs
can overcome these limitations with surface modifications,
different sizes, or different morphologies during further
research.

Gold NPs

The inorganic AuNPs have intrinsic enzyme-like biologi-
cal activities such as peroxidase-like activity, oxidase-like
activity. AuNPs have been widely explored in biomedical
fields due to the well-known surface chemistry of AuNPs.
Novel gold nanoparticles reduced and capped with gallnut
extract (GNE) were synthesized (Deshmukh et al. 2021).
The novel AuNPs were shown to have peroxidase and glu-
cose oxidase-like activity to catalyze multienzyme cascade
reactions. First, the glucose oxidase-like activity of AuNPs
was assessed. The AuNPs catalyzed the glucose oxidation
into gluconic acid and H,0O, with an apparent Michaelis
constant value of 0.089 mM. Second, in the presence of
the H,0, generated during in situ oxidation of glucose, the
peroxidase-like activity of AuNPs was measured. AuNPs
oxidized the TMB in the presence of H,O, with an apparent
Michaelis constant value of 0.118 mM. GNE-based AuNPs
showed the optimum catalytic efficiency within a pH range
of 6-8 at 40 °C. The K, values were low which contends for
the great affinity of the AuNPs and both substrates. These
multienzyme AuNPs can substitute peroxidase and glu-
cose oxidase enzymes which are generally used to develop
detection methods, like glucose level detection. AuNPs have
found applications in the development of several biosen-
sors. Shah et al. demonstrated the influence of ATP, ions,
and other molecules on the peroxidase-mimicking activity

Pielase clla)l auan .
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of AuNPs (Shah et al. 2015). It is widely accepted that NPs
usually lose the catalytic property when exposed to biomole-
cules. On the Contrary, the ATP and ADP addition improved
the peroxidase-like activity of AuNPs whereas, they did not
affect the horseradish peroxidase activity, the natural per-
oxidase enzyme. Free phosphates, carbonate anions, and
sulfates did not alter the intrinsic peroxidase-like activity,
however, ascorbic acid reduced the catalytic efficiency of
AuNPs, irrespective of ATP and ADP. In addition to this
study, Shah and Singh also revealed the effect of surface
charge on the peroxidase-like activity of AuNPs (Shah and
Singh 2018). AuNPs were coated with PEG, citrate, and
Cetyl-N, N, N-trimethylammonium bromide (CTAB). These
newly synthesized AuNPs exhibited a varying degree of per-
oxidase-like activity even the boosting effect of ATP was
different. It was found that the catalytic activity of citrate and
PEG-coated AuNPs depends on hydroxyl radical formation
and ATP improved the peroxidase activity of both citrate
and PEG-coated AuNPs. However, the activity of CTAB
coated AuNPs did not depend on OH® radical formation nei-
ther ATP has any boosting effect on the activity of CTAB
AuNPs. The porphyrinic metal-organic framework (MOF)
was conjugated with AuNPs nanohybrid and used to produce
chemoradiotherapy in tumors (He et al. 2019). The MOFs
are stabilized by AuNPs decorated on their surface and act
as radiosensitizers, here the MOF scaffolds served as the
container for the chemotherapeutic drug doxorubicin. The
catalase activity of AuNPs in the nanohybrids enhanced the
radiotherapy effect, alleviated tumor hypoxia, and achieved
synergistic anticancer efficacy in in-vitro and in-vivo studies.
This study opens new horizons for the next generation of
theranostic nanomedicines. Gold nanoparticles due to their
extensive surface chemistry studies are the most familiar
nanoparticles with a vast variety of applications in different
biomedical fields.

Conclusion

RBC:s are the first cells to be encountered with any foreign
particles entering the blood. They are very simple cells,
without any proper repair mechanism. Hence, they are the
most sensitive and most prone to damages. Oxidative stress
is a central pathway of nearly all pathological conditions and
aging. The first signs of oxidative damage in erythrocytes
are lipid peroxidation of the lipid bilayer. Then, oxidative
stress affects the structure and the function of Hb protein.
The metal NPs have been widely applied in organisms.
Therefore, it becomes important to resolve the problems
arising at the bio interface of these nanozymes. The metal
nanozymes are haematologically safe and applied in RBCs
to protect them from the complications of oxidative damage.
The increasing studies and use of nanoparticles in living
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systems call for the understanding of NPs interactions with
RBCs. There is still a need to explore the multiple enzyme-
like activities of nanozymes, intrinsic catalytic mechanisms
of the inorganic nanomaterials, a solution to the long-term
standing issue of in-vivo toxicity of NPs. In conclusion, the
unique ability of NPs to change their properties with the sur-
face, or ligand modifications can be exploited to make them
biocompatible and apply in sensitive systems like RBCs.
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