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Abstract

Nanomaterials are capable of generating reactive oxygen species (ROS) due to defect induced
electronic interactions with oxygen and water stimulated by environmental and structural
factors (e.g., photonic energy, band edge energy and morphology) resulting in excellent pro-
oxidant activity of nanomaterials. The pro-oxidant activities are demonstrated by the
antibacterial activity of nanomaterials under different environmental conditions (e.g., varying
light levels). This review examines research related to the pro-oxidant activity of metallic,
non-metallic, metal oxide nanoparticles (NPs) and their composites. Moreover, there is a
scavenging phenomenon for nanomaterials that manifests itself as inhibition of ROS (i.e.,
anti-oxidant activity) which is also dependent on the electronic property of the nanomaterials,
which is examined. These nanomaterials experience a crossover between pro-oxidant and
anti-oxidant activities depending on concentration, morphology etc., which offers the
nanomaterials potential for application in cancer therapy and inflammatory disease treatment.

Keywords: Prooxidant activity, Antioxidant activity, Metal Oxide, ROS, Antibacterial
activity

Introduction

Nanomaterials tend to have high surface/volume ratios and opportunities for enrichment with
various defect related properties,[1] potentially enabling the generation of reactive oxygen
species (ROS).[2] ROS are primarily generated from nanomaterials after light excitement
whose energy level is higher than the band gap of the nanomaterial,[3] and can be generated
in dark too due to presence of defect states [4,5] The photometric excitement generates
electron-hole pairs that eventually recombine with each other resulting in the emission of
photons? but defect states of nanomaterial can trap these charge carriers where their lifetimes
are many times longer than triplet states of dyes[6] and thus lower the chance of
recombination of photogenerated electron-hole pairs, thereby offering opportunities to react
with adsorbed species (molecular oxygen, water molecules, etc.) on the surface of the
nanomaterials producing ROS.[2] The ROS generation occurs either when electrons are
donated to molecular oxygen or other acceptors(a reductive process) and when holes are



transferred to an electron donor (an oxidative process).[2] Various types of primary ROS are
produced by nanomaterials notably superoxide anions (O2°), hydroxyl radicals (OH) and
singlet oxygen (*O.).[7] Various types of secondary ROS are produced by nanomaterials,
particularly hydroperoxyl radicals (HO2) generated from O2~ by a reductive process.[8] The
overall processes are summarized below in equations .[9,10]

0,+e” =05 (D)
05 4+ H,0 - HO, + OH" (2)
+HO, +-HO, - H,0, 3)
H,0, + 05 = 0, + OH 4+ OH~ (4)
h* + (Hy0)qqs > K"+ (H* + OH ) gqs > OH + H (5)
h* + 05 - 10, (6)

h* - hole e~ - electron

The generation of ROS in nanomaterials produces oxidative stress which is the primary cause
of nanotoxicity. [2,7,10]

The pro-oxidant activity of nanomaterials is an interesting field of studies where the
primary aim is to elucidate the interaction of nanomaterials with biological entities (e.g.,
molecules, cells, tissues, organs, etc.). This physiological interaction involves a variety of
physiological processes such as absorption, distribution, metabolism, excretion, cellular
uptake and trafficking, toxicity, etc.[11] The pro-oxidant potential of nanomaterials are
dependent on various physicochemical properties including chemical composition, size,
shape, surface chemistry, zeta potential, crystallinity, solubility, redox potential, etc [12] and
a thorough understanding of these properties helps to analyze plausible nano-bio interactions
and inform the design of biocompatible products. The toxicity of materials can be due to the
interactions of nanoscale entities with biological entities, potentially resulting in effects
including, but not limited to, antibacterial activity and ROS mediated cancer therapy that
have captured the attention of researchers and practitioners worldwide, due to the potential
applications of such nanomaterials in advanced technologies.[13] One biomedically relevant
example is endodontic applications, where nanomaterials with antibacterial properties are
particularly interesting, as indeed are multifunctional materials [14] Another biomedically
relevant example is anticancer applications, where the pro-oxidant activity of nanomaterials
IS cytotoxic and genotoxic towards cancer cells, and particularly potent when coupled with
targeted drug delivery. [15, 16, 17, 18]

The pro-oxidant activity of nanomaterials results in O injection which can kill cancer
cells. [19, 20, 21]

The antioxidant activity of a material is defined by its ability to inhibit the autoxidation of
entities including: lipids (triglycerides, cholesterol), proteins, carbohydrates, etc.[22]. In live
cells the ROS level is maintained by different intracellular enzymes, including: superoxide
dismutase (SOD), peroxidase (POD), catalase and extracellular enzymes such as vitamin C, E
and coenzymes [23] but these natural antioxidants/enzymes are characterized by poor
chemical stability and bioavailability on demand (due to low production, poor solubility and



low cellular uptake) [24] Nanomaterials have the potential to overcome these challenges;
indeed, defect-induced electronic structures enable nanomaterials to slow down the
autoxidation process by trapping chain carrying radicals at defect states and thus behave as
nanoantioxidants [22]

The antioxidant properties of nanomaterials challenges the limitations of traditional
chemotherapies for cancer where the ROS scavenging mechanism can protect normal cell[25]
ROS scavenging can also be helpful in reducing inflammation that potentially finds
application in wound healing[26] regenerative medicine[27],tissue engineering[28] etc. It is
noteworthy that the pro-oxidant and anti-oxidant activities of nanomaterials depend on
several parameters such as particle size, morphology, concentration, illumination etc. [29]
which will play a role in the context in which they can be applied.

This review highlights the ROS generation ability of different nanomaterials such as metallic,
non-metallic and metal oxide with their composites. ROS production and electronic structure
of nanomaterials are correlated, as are implications for the antibacterial and anticancer
activities, and antioxidant behavior and the crossover approach which may be helpful for
researchers to design and develop new kinds of advanced nanomedicines.

Metallic NPs

Conventionally metallic NPs are differed from semiconducting materials in regards of band
gap energy that may make inquiries of ROS generation ability. These NPs are extensively
employed in various biological applications including antimicrobial, cancer therapy etc due to
their toxicity.[30-33] Fortunately there is abundant literature detailing ROS generation and
related oxidative stress induced cytotoxicity of metallic NPs.[7] Silicon NPs (Si NPs) are
used for photodynamic therapy of cancer employing O to kill cancer cells,[34] Si NPs
generate 1O, after excited by 514.5 nm laser light.[35,36] Surface functionalization of NPs
with various moieties such as amines/azides (NHs/N3) can yield ROS even without any light
irradiation.[37-41] The ROS generation from Si NP may be possible at lower wavelength of
photon after suitable surface modification. In this regards 2-methyl 2-propenoic acid methyl
ester [Si3Os(CsO2Hg)] modified Si NPs (Si-MMA) with sizes of ~3+1 nm efficiently
generated O after irradiation with 300-400 nm light due to energy transfer from its exciton
singlet state to O2 and having an exciton triplet with <0.98eV.[34]The environmental
conditions of ROS generation from metallic NPs can also be varied according to the variation
in metal as well as particle size, surface modifications. In this respect, uncoated silver NPs
(Ag NPs) having particle sizes of ~5-10 nm can produce primary ROS even in the dark[42]
whereas PVP and hydrocarbon coated Ag NPs with larger particle sizes of ~30-50 nm can
produce ROS in room light (energy density of 6.3J/cm?).[43,44] Choi et. al. had investigated
the generation of ROS in PVA coated Ag NPs with sizes 9-21 nm) under natural light but the
ROS yield was reduced with the increased concentration of Ag NPs due to reduction of the
specific surface area.[45] Surface capping fundamentally prevents aggregation and provides
shielding, which in effect requires more photon energy to release electrons from the surface
of Ag NPs.[46, 47] Apart from photometric conditions, the selective generation of ROS also
depends on surface coating of Ag NPs, for example, PVP coated Ag NPs would not yield O~
, Whereas citrate coated Ag NPs yields higher amount of O>~ than bare Ag NPs under UV-
365 light illumination as PVP coating acts as shield for electron donor and acceptor sites of
Ag NPs, and bare Ag NPs produced higher Ag* that consumes O2through photo-oxidation.
No detectable signature of -OH and O were obtained from citrate and PVP capped Ag NPs
when exposed to UV of 365nm [48] Liu et. al. had reported production of H,O, from citrate
capped Ag NP that further stress on generation of O~ from the particular NP.[49] ROS



production from citrate capped Ag NPs was further evident from Bastose’s investigation.
Citrate capped spherical Ag NPs (size of 27.1 nm) exhibited intracellular ROS mediated
apoptosis of human keratinocyte cell line (HaCaT) and assisted DNA damage at higher
extents due to the negatively charged surface. [50] 1O, generation may not be possible in Ag
NP due to inability to produce holes under light stimulation. In the case of Au NPs (Au NPs),
the shape and capping play vital roles in defining their cytotoxicity. When Au NPs were
capped with triphenylphosphine sulfonate (TPPMS), the NPs with sizes of ~ 1.4 nm produced
ample amounts of intracellular ROS in Hela cell to cause morphological changes (rounding
up the cells) and leakage of mitochondrial constituents, whereas those with sizes of ~ 15 nm
did not. Interestingly, Au NPs capped with glutathione (GSH) with sizes of ~1.1 nm
produced less ROS.[51] This interesting observation supports smooth penetration of smaller
sized particle in the cell and the cell morbidity dependence on capping agent. GSH is a well-
known natural ROS scavenger in mammalian cell whose depletion encourages ROS
production.[52] Therefore, GSH capped AuNPs inhibited further yield of ROS. TPPMS
coated Au NPs with particle sizes of ~5-250 nm produced O2" in DI water after UV
irradiation, whereas citrate based Au NPs with similar size ranges yielded O2",OH and 1O
after X-ray irradiation.[53] This diverse observation may be attributed to the surface charge
of the coated NP. Au and Ag NPs (size of 30 nm) were also shown to exhibit in vivo ROS
mediated cytotoxicity in a model organism (zebrafish). The dissected Ag and Au treated gill,
liver tissues demonstrated greater levels of intracellular ROS mediated toxicity for Ag NPs
than Au NPs.[54] Citrate capped Au NPs with sizes of ca. 15 nm had deleterious effects such
as decreased life span and fertility to Drosophila flies because of the generation of elevated
intracellular ROS and DNA damage.[55] The same composition with sizes of ~ 5-20 nm
produced ROS in rainbow trout hepatocytes in the dark.[56] This may be attributed to quick
penetration of the NP into the cell and elevated generation of ROS due to smaller size and
higher specific surface area. Flavonoid capped Au NPs with sizes of ~25-30 nm produced
ROS in PBS and bare Au NPs in room light produced intracellular ROS in E.coli cell causing
cytotoxicity (MBC/MIC ratio is 4 and inhibited tRNA) function.[57,58] Nickel NPs (Ni NPs)
with sizes of ~20 nm induced ‘OH mediated cytotoxicity in rat macrophages resulting in 50%
depletion of supercoiled DNA,[59] whereas Cobalt NPs(Co NPs) with sizes of ~ 28 nm size
induced cytotoxicity in human endothelial cells (40% cell reduction) by intracellular ROS but
with higher particle sizes (0f<100 nm) produced ROS in PBS buffer after irradiation by 365
nm light.[59] Although the underlying mechanism is not explored but there is ample
opportunity to investigate such mechanism to devise future nanomedicine. Mohamed et. al.
had reported the ROS induced antibacterial effect of Au NPs (25nm) against
corynebacterium pseudotuberculosis via formation of vacuoles.[60] There exists another
report supporting non-photometric ROS generation from metallic nanoparticles, e.g., copper
nanoparticles modified by Mercaptooctanoic acid with variable chain length exhibited
distinguishable H.Ogeneration in dark.[61] Ahmad et.al. investigated that chitosan coated
Ag NPs (size of 15-25 nm) exhibited higher intracellular ROS generation than uncoated NPs
which would lead to improved antibacterial activity in the dark.[62]Also the surface
modification by chitosan molecule promotes Ag NPs more cationic in nature which facilitates
higher antibacterial activity against both gram positive and gram negative bacteria.[62] This
implies larger particles which resembles bulk structures yield ROS after light irradiation,
whereas lower sizes can produce extra/intracellular ROS even in dark conditions.[63,64]
Excluding the effect of surface coating and quantum confinement, uncoated Au, Ag, Si and
Ni NPs having size ranges of ~ 20-30 nm exhibited different types of ROS generation with
quantified amounts under 365 nm irradiation;[7] Ag NPs were observed to selectively
produce Oz~ and ‘OH, whereas Au, Si and Ni NPs effectively produced 02 with maximum
yield for Si NPs.



Non-Metallic NPs

Non-metallic NPs are also interesting for a variety of biological applications Bare
Polystyrene NPs could not yield ROS in phosphate buffer (PBS) under UV-365 nm
irradiation as Polystyrene is neither semiconductor nor photosensitizer but the same NPs
with sizes of ~600 nm after surface modification with NH. yielded intracellular ROS in RAW
264.7 macrophages under the same stimulation, whereas the surface modification with
COOH functionalization did not produce any ROS under 365 nm irradiation. This may be
due to anionic surface charge (zeta potential for bare polystyrene is -36.4 mV , COOH-
Polystyrene is -27.6 mV and NH>-Polystyrene is 45.8mV).[65]Anionic surface of polystyrene
(COOH-Polystyrene) has a lower ROS generation due to significant repulsion of the particle
with anionic lysosomal cell resulting lower cytotoxicity [65] Fullerene (Ceo) produced
primary ROS in DI water, PBS and human keratinocyte cells in visible light due to
conversion of triplet state 3C”s into Ceo™ Which subsequently reduces molecular oxygen to
O2" that further transforms into ‘OH.[66,67] After surface modification with ozone, Ceo
produced O2~, 1O, and ‘OH after 365 nm illumination,[68] whereas PVP coated Cgo produced
only Oz, 1O, after 365nm illumination due to development of more acidic pH (~4) that
encourages electron transfer between ‘OH to O.°.[69,70] as described in the following
equations:

*OH + 05 - 10, + OH™ (7
2H* 4+ 205 - 10, + H,0, (8)

CdTe QDs which are visible light driven semiconductors imparted oxidative stress onto
bacteria by inducing Oy~ after excitation with 440 nm light,[71] whereas after coating with
MPA the same CdTe QDs were able to produce the most damaging ROS (i.e.,'O,) in vitro
after excitation by 488 nm light. InP/ZnS QDs (sizes of ~ 2.8 nm) produced extracellular OH
and Oy~ after excitation at 400 nm visible light.[2] Biotin conjugated CdSe/ZnS produced
‘OH and O~ after exciting with solar radiation (A=290-400 nm).[72] Very few reports exist
on ROS generation from polymer-based materials.

Metal Oxide NPs

Metal Oxide NPs can also produce ROS under different environmental conditions
according [69, 73-75] but there exists some ambiguity regarding ROS generation by metal
oxides; reports of ROS production by TiOz2in the dark is not consistent, likewise for
nTiOzproduction of Oz~ in E.coli.[10,64,69,75] Interestingly nCeOz(ca. 8 nm) suppressed
ROS production in RAW 264. 7 and BEAS- 2B cells thus protecting the cells from oxidative
damage,[76,77] whereas another study found nCeO: inhibited E.coli growth by pumping
oxidative stress;[78] nCeO: (ca. 20 nm in diameter) promoted toxicity in BEAS-2B lung cells
for which an incremental ROS level was developed with the subsequent decrease in
glutathione level which further increased malondialdehydes.[79] ROS production by metal
oxides is largely dependent on the specific environmental conditions: illumination intensity,
illumination conditions, particle sizes, concentrations, pH and redox chemistry of the solution
etc., and meaningfully comparable data requires validated studies of the ROS production
from all metal oxide NPs under same experimental conditions. Li et. al. studied different
types of ROS generation from nTiO2, nZnO, nSiO2, nCeO2, NAI>03, NCuO under 365nm
irradiation, where n represents the donor type semiconducting nature of the materials.[10]
Among metal oxide NPs, nCuO NPs did not produce any ROS, whereas maximum
generation was observed for nTiO2. The total ROS generation paradigm is as follows:



nTiO2>nZn0O> nAl,03> nSiO2> nFe,03> nCeO2 > nCuO.[10] Among three types of ROS
(‘OH, 027, 103), Oz~ is mostly generated in nZnO NPs followed by nFe2Os, nTiO2 and nCeOs.
nAl2Oz, nSiO2 and nCuO could not generate O2~.[10] Conversely nTiO2 exhibited highest
production of *OH even 2-fold and 6-fold higher than nZnO and nFe203.[10] In the case of
Si0y, significant amounts of -OH radicals are generated, as reported by Yu et. al. [80] They
had showed size-dependent -OH production from SiO> NPs. Lowering the size resulted in
higher yields of -OH radical in both in-vitro and in-vivo studies [80] Lehman et.al. also
reported the recognizable production of ‘OH radical from SiO> NPs where the surface area
and surface charge play key role in defining the yield of -OH radicals. [81] Thomassen et. al.
had also investigated the production of -OH radicals from amorphous SiO, NPs (size range is
of 2-335 nm) and there was a substantial increase in -OH radical in a time-dependent fashion.
The -OH yield was found to be dependent on synthesis route, particle size, etc.[82]

In the case of O, generation nTiO, gives out highest efficiency compared to nAl,Os
followed by nZnO and nSiO..[10] Such difference is likely to occur due to variation in defect
properties, structural disorders and most importantly electronic structures. Apart from photon
energy stimulation, size-dependent ROS generation and phototoxicity of TiO2 (<25 nm, 31
nm, <100 nm and 325 nm) was reported by Yin et. al. where higher ROS production was
observed for smaller sized particle due to enhanced surface area.[83] Size- and dose-
dependent ROS production and cytotoxicity were also reported by Chen et. al. where the
ROS production was gradually increased with increasing quantities of ZnO NPs (0-6 mg/L)
but decreasing particle sizes (20 nm > 90 nm> 200 nm). The ROS-induced cell toxicity for
these ZnO NPs was assured with the help of cellular GSH variation at similar rhythm. [84]
Genotoxicity is considered as an outcome of ROS-induced oxidative stress [85] and Peterson
et. al. had reported DNA damage by TiO2 nanoparticles at a variety of illuminations, i.e.,
dark, visible light and UVA light. For UVA light irradiation, low concentrations of TiO>
nanoparticles can cause oxidative stress on DNA as compared to visible light condition,
whereas no DNA damage was observed in the dark due to its bandgap energy.[86]
Dependence of the ROS generation from nanosized ZnO on illumination time and
wavelength were reported by Lipovsky et. al. The ‘OH production was primarily increased
with the illumination time and reaches plateau due to recombination of ROS. The intensity of
‘OH radicals was higher with blue light illumination as compared to white and red light due to
enhanced electron-hole pair generation.[87] Morphology-driven ROS generation from MgO
nanoparticles was observed by Podder et. al. MgO nanorods produced higher O2" as
compared to MgO nanoparticles and nanoplates in the dark due to the evolution of F23*, Fo*,
and F* states and "OH was yielded via an O mediated pathway [29]. pH stimulated ROS
generation and resultant oxidative stress on bacterial population was observed in nano CeO>
(size of 3-4 nm).[88] The intracellular ROS was elevated at pH 9, whereas no trace of ROS
was obtained at pH 6 which also correlated the higher antibacterial efficacy at pH 9
environment. At higher pH the surface charge of CeO, was positive (11.76+3.54mV) that
facilitated enhanced antibacterial activity and ROS production. The ROS yield was subjected
to the appearance of higher Ce*' states (lower Ce*'/Ce*" ratio that indicates catalytic
property)[88] Nano CeO, also showed pH-dependent cytotoxicity on bone cancer cells
(osteosarcoma cells) where cell viability was highly reduced at pH 6 (acidic environment) as
compared to pH 7 and pH 9 (physiological and basic environment)[89] The ROS-induced
cytotoxicity of CeO, is developed towards cancer cell at acidic environment due to
transformation of Ce3* to Ce*" states that facilitates its catalytic activity.[90,91,89,92] pH-
dependent ROS generation was recently observed by Dutta et. al. who had studied the effect
of pH on toxicity of CeO2 NPs. When the NPs was synthesized at alkaline pH there was no



toxicity effect on zebrafish larvae but the same NPs synthesized at acidic pH was found to be
cytotoxic and genotoxic on the larvae [93]

Relation of ROS Generation with Electronic Structure of Nanomaterials

ROS generation profiles of different nanomaterials varies due to their electronic structures
and redox states under similar experimental conditions.[7] The general mechanism behind
redox controlled ROS generation is as follows: the redox couple (En) of O2/O2" is -0.2 eV[7]
and from eq (1) as it is a conduction electron mediated process, so the band edge potential of
the conduction band (Ecg) will be less than -0.2eV for detectable O2".[7] Similarly the En of
H>O/OH is 2.2 eV, and as it is related to valence band (hole enriched energy state) according
to eq (5), the band edge potential of valence band (Evs) should be greater than 2.2eV[7] for
successful generation of -OH. Concomitantly, the En of O,/*O; is 1.88eV and according to eq
(6) this valence band centered 'O conversion requires: Eve> 1.88eV for potential production
of 102.[7] Thus depending on the redox potential of energy state, nanomaterials selectively
produce ROS under identical environmental conditions.

Metallic NPs

The most commonly used metallic NPs (Si, Ag, Au, Ni) are highlighted here due to their
frequent use in industrial/commercial, and biomedical fields, and to correlate their
antibacterial properties essential for environmental purposes.[34,94-96] Si NPs have a band
gap of 2.0 eV with Ecg and Evs of 0.1 and 2.1 eV, respectively,[97] so it cannot produce ‘OH
as well as Oz~ as explained previously, and as aforementioned'O, generation is possible. The
theme of different ROS generation is demonstrated in Figure 1.
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Figurel. Band edge positions of Si NPs in aqueous suspension (pH 5.6) demonstrating band
gap (Eg) = 2.0 eV and also the positions of different redox couple illustrating selective
generation of ROS. AIl measurement was carried out with respect to normal hydrogen
electrode (NHE).[7]

Ag and Au NPs being noble metals display the surface plasmon resonance (SPR) effect (i.e.,
coherency between surface electron oscillating frequency with UV light frequency, in cases



where the wavelength of UV radiation >> size of NPs). This SPR effect transfers energy from
molecular oxygen to singlet oxygen,[7] and the energy transfer causes production of O~
which produces more ‘OH.[7] Thus Ag and Au NPs produce O, Oz~ and “OH.[7] Ni NPs
have large optical absorptions which reduces the SPR effect, thus!O, generation is
low.[7]There is also ambiguity regarding Ag NPs producing O2~ and ‘OH but no detectable
amounts of 10,.[7] This may be due to photocorrosion of Ag NPs which is essentially the
alteration of redox chemistry of the Ag NP solution after exposure to UV light and
concomitant evolution of the redox couple Ag*/Ag.[7]The aggregation of NPs or increase in
hydrodynamic size reduces production of ROS (Ni NPs display similar behavior).[7]

Properties of Metal oxide NPs

The properties of metal oxide NPs (low cost, non-toxicity, high chemical stability, high redox
potential) [98] can offer potential for biomedical applications including: antibacterial activity,
sunscreen lotion, wound healing, anticancer therapy (due to their photocatalysis for ROS
generation).[99-101] ZnO and TiO; are extensively used in biomedicine due to their high
performance in ROS generation, and other metal oxides are being developed for biomedical
applications. Evaluation of Ece and Eve of metal oxide NPs is possible using Mulliken’s
electronegativity and Eg4 [102] as these band edge potentials are necessary to understand
charge transfer, ROS generation (which is dependent on redox potentials of ROS generation
reactions)[103,104] and antibacterial activity.[105]The values of Eve and Ecg are derived as
follows:

Eyp=x — 4.5+ X Eg )
ECB = EVB - Eg (10)
Where y is Mulliken’s electronegativity, the geometric mean of absolute electronegativity of

constituent elements. Eq is the band gap of metal oxide NPs (derived from Wood-Tauc’s
plots)



NHE (eV)

4.0 == SiO, ALO,
-3.0-- T =
2.0 Ce0, 9.0ev |853eV
N
10T o0 3:30¢V ZnO Cu+ICu2+
N T R (O .
' Eg=3'2 ¢ l l 3.2eV 0 16eV
1077 0,0, | = gungias v | FeIFe] L70eV [, o
—— |
2.0 Ce¥t/Cet CuO
3.0 T Tio, 172¢V Fe, 05
4.0 T
5.0 -1 H,0/-OH ! Yy
6.0

Figure 2. Band edge potentials of different metal oxides along with free radicals and ionic
species in NHE scale.

Butler et al. had proposed an empirical relationship of Ece and Eve with the pH of
photochemical reactions, [106] wherein the band edge energies shift lower/higher energy
depending on space charge layer and electrostatic double layer (Helmholtz layer) which are
formed at the interface between the metal oxide and aqueous solution.[103,107] If the pH of
the photochemical reactions is 5.6,at this pH value Ecg and Evg are calculated as follows:
[106]

Epis.6) = Eve +0.059 x (PZZP — 5.6) (11)

Where PZZP is the point of zero zeta potential of a semiconductor.Ecg for nTiO2 and nCeO;
as reported by Li et al. were -0.28 and -1.69eV at pH 5.6, respectively, whereas that of for
nZnO was found to be -0.12eV.[10] En of O2/02" is -0.2eV w.r.t. NHE at pH 5.6 so nTiO2
and nCeO- have the potential to donate electrons to O to generate O»~, whereas nZnO should
not produce Oz~ because ECB > En of O2/O2".However, it was found experimentally that
nZnO has the highest ability to produce O>" due to its n-type semiconducting nature, and at
the interface of aqueous solution there is an upward bending of the conduction band due to
accumulation of positive charges, as a result of which the actual value of Ecs could be lower
than that of Ecs at pH~5.6.[108] nAl>Os and nSiO possess higher band gaps (>365nm) so
they could not donate photoexcited electrons from the conduction band to molecular oxygen.
nFe203 due to its higher Ecg (0.46eV) would not normally donate electrons to form O>~, but



due to n-type behavior it can do the same as nZnO. nCuO does not produce O~ due to its
higher Ecg (0.69eV).[10]

Interestingly these oxide materials can produce ‘OH (En of H2O/OH =2.2 eV) in measurable
quantities due to their higher Evg (2.92eV for nTiO2, 3.08eV for nZnO, 2.39eV for nCuO,
2.66eV for nFe>0z3), but experimentally nCuO does not generate ‘OH which may be due to
small differences between the Evg of nCuO and Enx of H2O/OH. [10] Similarly all metal
oxides except nCeO; (Eve=1.6eV), Al,O3 and SiO. generate 'O, (En of 10,/0,=1.88eV) as
reported Li et. al.[10] Their group also reported nCuO and nFe.Osto be ineffective for 10,
generation although their Evs = 2.16 and 2.48 eV, [10] this is due to the rapid consumption of
produced 02 by Cu* and Fe?* ions formed after their conversion from Cu?* and Fe** due to
the lower potential of the redox couples Cu*/Cu?* (En=0.16eV) and Fe?*/Fe** (En=0.77eV).
For ZnO this situation did not occur as the En of Zn*/Zn?*= 1.04eV.[10] nAl,O3 (Eg=
8.53eV)[10] and nSiO2 (Eg=9.0 eV)[10] did not produce any trace amount of ‘OH as well as
10, due to their large band gap. The aforementioned observations require UV light irradiation
(A=365 nm) factors; room light (intensity~10 pW/cm™2) induces ROS generation from
Zn0.[109]Visible light (blue light, A=400-500 nm) promotes generation of ‘OH and 1O, from
ZnO suspensions as demonstrated by EPR spectroscopy.[110] Interestingly metal oxide NPs
(e.g., ZnO) may generate "OH in the dark (no specificity of light condition) as demonstrated
by EPR spectroscopy,[110,111] there are also numerous reports of the antibacterial activity of
metal oxides in the dark, although the intensity is lower than in the presence of
light.[3,112,113] Xu et al. demonstrated H.O. generation from ZnO nanostructures in the
dark imparts antibacterial activity, and oxygen vacancies (Vo) are a significant factor for the
generation of H20,.[114] Prasanna et al. had also reported three types of ROS (02, ‘OH,
H20,) generated from nZnO in the dark, and observed O.~ mediated antibacterial activity;
they also demonstrated that the presence of singly charged oxygen vacancy (Vo*) by EPR
and scavenging studies was responsible for O>~ generation.[5] Okays et al. showed that it was
possible to generate ROS from ZnO nanorods using glutathione (g-l-glutamyl-I-cysteinyl-
glycine, GSH) oxidation in the dark. [115] GSH, present in all prokaryotic and eukaryotic
cells, protects the cells from oxidative stress induced by ROS, so oxidation of GSH becomes
an indirect method to quantify ROS generation.[115] Ghosh et al. had detected ‘OH from
ZnO and ZnO/chitosan NPs in the dark via EPR and -OH were proven to be responsible for
killing S.aureus.[116] It is noteworthy that ROS generation in the dark, and the mechanism
underpinning it for a variety of nanomaterials is still under research.

ROS Mediated Antibacterial Activity of Metal oxide Nanostructures and Their
Composites

ZnO is a particularly well-known example of an antibacterial metal oxide. Being an n-type
semiconducting metal oxide it has various levels of oxygen vacancies [117] which essentially
act as electron donor sites and facilitate the generation of O>~ and related ROS,[5,114] that
underpin the antibacterial activity of ZnO and its hybrid structures.[116,118] Zn?* ion
employed in wound healing due to its anti-inflammatory, drying, antiseptic and astringent
properties.[119] Most of the research on ZnO has focused on the study of effect of variation
in morphology, shape, size, synthesis parameters etc., on antibacterial activity.[120-123] Our
current mechanistic understanding of the antibacterial activity of ZnO nanostructures is based
on Zn?* ion dissolution and internalization of nanostructures which eventually results in death
of the bacteria due to consumption of excessive Zn?* ions and physical damage of bacterial
cell membranes.[118, 124] Singh et al. proposed that the morphology of nanomaterials plays
a role in their antibacterial activity,[125] designing ZnO spheres, nanorods, cauliflowers and



mushroom-like architectures to study their antibacterial activity against S. aureus under UV
light and in the dark. The antibacterial activity was particularly high for the cauliflower-like
structures, and higher under UV light than in the dark; and such activity was ascribed to be
due to the presence of a large number of oxygen vacancies (evidenced by photoluminescence
spectroscopy) and that these native point defects produced enhanced ROS production when
exposed to UV light.[125] ZnO based composite materials (e.g., Ag-ZnO/Chitosan
complexes, Polyaniline/Cu 005Zno9sO complexes, Graphene oxide/ZnO) illustrate the
potential of such materials to display antibacterial/antifungal activity.[126,127,128] In
addition to ZnO nanostructures, other metal oxides (e.g., TiO2, Fe203,Fe304, CuO, MgO etc.)
show antibacterial activities, the mechanism of antibacterial activity typically ascribed to
ROS production under various environmental condition (e.g., UV-Vis exposure, in the dark,
etc.).[129-138] Raut et al. reported that the mechanism of antibacterial activity of nitrogen
doped TiOxwas related to native point defects (oxygen vacancies measured by X-ray
photoelectron spectroscopy) and ROS production under UV (380 nm), sunlight and room
light; the excellent bactericidal properties of nitrogen doped TiO2 under room light and sun
light was observed to be due to increased charge carrier separation (Figure 3) owing to
oxygen vacancies which facilitate disruption of cell membranes by ROS, disordering of inner
cytoplasmic membranes and decomposition of bacterial cells (however, no direct evidence of
ROS production was reported).[129] Similar charge carrier separation induced high bacterial
(S. aureus) inactivation by carbon doped anatase-brookite TiO2 nanoheterojunctions, wherein
charge carrier separation enhances ROS generation and thereby antibacterial activity.[98]
This visible light induced antibacterial activity could be extended to the dark after
conjugation of silver halide/TiO, with hydroxyapatite.[139] The phosphate (POs*) group
under UV illumination acts as an electron trapping centre due to formation of oxygen
vacancies which facilitate generation of O>~, and in the dark there are covalent bonds formed
between bacterial surfaces and POs> groups which interfere with bacterial nutrient uptake
from the environment which inhibit bacterial growth instead of killing bacteria.[139]
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Figure 3. ROS generation due to charge carrier separation in (left) metal-metal oxide
nanoheterojunction and (right) semiconductor-metal oxide nanoheterostructure.

Similar dark and visible light induced antibacterial activity of CuO/Cu(OH). hierarchical
structures was documented by Akhvan et. al., where visible light driven antibacterial activity
is attributed to ‘OH radical generation from adsorbed -OH species on CuO surfaces due to
reaction with photogenerated holes, whereas in the dark the antibacterial behavior was due to
increased Cu®* ion release from higher surface density and physical damage of cell
membranes.[135] The correlation of ROS generation (experimentally) with antibacterial
activity in different light conditions is highlighted in Table 1.



Tablel.Examples of metal NPs with their ROS generation capability and correlation
with antibacterial activity in both light and dark conditions (the antibacterial
mechanism of metallic NPs are based on non-ROS mediated processes).
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The Antioxidant Activity of Nanomaterials

Antioxidant activity (i.e., scavenging of free radicals) is important as it diminishes radical
mediated oxidation of biomolecules in cells under various conditions (e.g., exposure to
cisplatin, diallyl trisulfide, UVA irradiation, lipopolysaccharides, phorbol 12-myristate 13-
acetate, high glucose contents, oxidized low density lipoprotein, hypoxia-hypoglycemia and
reoxygenation, doxorubicin).[145] Nanomaterials (e.g., Prussian blue, Pt, CeO2, Fe30s NPs,
fullerenes and polymers) have potential applications in inflammatory treatment, cancer cell
therapy, tissue engineering, nanomedicine [145-148] etc as artificial enzymes (with size-
dependent properties, enrichment with surface defects, etc.) and they are preferred over
natural extracellular antioxidants viz. Vitamin C, E, coenzyme in regards of higher chemical
stability, improved efficacy, satisfactory bioavailability etc. [23] Prussian blue NPs (sizes of
~ 50 nm) effectively scavenge H20.,0OH and O~ via peroxidase (POD), catalase (CAT)
mimetic pathway at low pH, while superoxide dismutase (SOD) activity was observed at
different pH values in concentration-dependent manner; further studies revealed that it is a
good "OH scavenger (demonstrated in-vitro using a ROS generating model) and reduced
inflammation in macrophages in vitro and in an in vivo mouse model.[145] Pt NPs can

scavenge superoxide anion radicals (O, ) and hydroxyl radicals (-OH) [146] as demonstrated
by the hypoxanthine—xanthine oxidase system (for Oz~ ) and Fenton analysis and a UV/H,0O,
system (for -OH), supported by EPR analysis which revealed that 2 nm NPs potentially
scavenged Oz~ and -OH with rate constant (for the Oz~ scavenging) was 5.03 + 0.03 x 10’




M s Interestingly Pt NPs with sizes of ~ 1 nm showed the highest O2 scavenging

activity, however, the -OH-scavenging reaction remained undetermined in both systems. Pt
NPs are non-toxic to a variety of adherent cells (TIG-1, HeLa, HepG2, WI-38, and MRC-5)
at concentrations of up to 50 mg/L, and the NPs scavenged intracellular ROS in HeLa cells.

Moreover, Pt NPs significantly diminished the levels of intracellular O, generated by UVA

irradiation and inhibited ROS damage-induced cell death of HelLa cells.[146] Among metal
oxide NPs, CeO2 NPs can be used as radical scavengers to diminish oxidative stress-induced
damage (interesting (interesting for neuroprotection, radioprotection and anti-
inflammation);[147, 149-153] where the radical scavenging in biological systems is due to
reversible conversion of the Ce**/Ce*" redox couple (En of Ce3*/Ce*" =1.72 eV). CeO2 NPs
with higher Ce3*/Ce** ratio (due to oxygen vacancies) showed a higher SOD activity than
with lower Ce**/Ce** ratio; SOD activity decreases by changing the Ce3*/Ce** ratio and the
scavenging activity can be restored upon reduction of the particles in solution.[154] Tain et
al. studied the effect of surface properties (e.g., surface defects, morphology) using different
morphologies of CeO(nanorods, porous nanorods and NPs).[155] The porous nanorod-
CeOzshowed the highest radical scavenging activity measured by a Superoxide dismutase
(SOD) assay (the high SOD mimetic activity was caused by high oxygen vacancies
(estimated to be 0.52 mmol/g from the concentration of Ce3* active sites ) and exposure of
(100) crystal facet (observed via TEM). Interestingly, increasing calcinations temperatures
that reduced Ce** concentrations due to decreases in oxygen vacancies (formation of oxygen
vacancies in CeO; leads to conversion of Ce**/Ce3* in order to maintain charge neutrality)
diminished SOD activity. It is noteworthy that the formation of oxygen vacancy (V™"o) can
be described by Kroger-Vink: [155]

2Cece"™ + 09 = 2Ce3* ¢ + V¥, +20, () (12)

Suspensions (2mg/ml) of porous nanorod-CeO.inH20. (50mM) displayed autocatalytic
activity (Ce**> Ce** after immediate exposure and Ce**->Ce®* after 9 days); moreover,
such porous nanorods diminished intracellular H2O. in doxorubicin treated H9c2 cells(by
79.5% which was 3.7 times higher than the vitamin E and reduced cell apoptosis by 120% in
vitro, and in vivo in a rat model.[155] CeO2 NPs can potentially prevent oxidative stress
induced several neurodegenerative diseases (including trauma, aging, Alzheimer’s and
Parkinson’s disease), and activate brain cell neurons against peroxide mediated injury.[156]
CeO2 NPs inhibited ROS-induced damage of the neuronal cell line (HT22) in vitro,[157] and
can protect normal cells during radiation therapy of tumor cells due to inter/intra pH
differences in both cell types, and promote the activity of Amifostine against radiation-
induced damage.[158, 159]
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Figure 4. Serum Total Antioxidant Activity profile of cerium nanoparticle in liver
homogenate and serum of rat. CeNP: Cerium Nanoparticle, CeNP+ Mal: Cerium
Nanoparticle + Malathion.[160]

In liver homogenate and serum of rat the total antioxidant activity is enhanced by
introduction of cerium nanoparticles and their conjugation with malathion.[160] Interestingly,
addition to Zn doped CuO (Cuo.89Zno.110) NPs effectively showed POD mimetic activity
against different substrates (including TMB (3,3°,5,5’-tetramethylbenzidine), OPD (o-
phenylenediamine), ABTS (2,2’-azino-bis(3 ethylbenzothiazoline-6-sulphonic acid)) in the
presence of H>Ozvia Michaelis—Menten enzymatic pathways (validated by EPR and
fluorescence spectroscopy). Using the peroxidase mimetic activity of CuggsZno.110 enabled
the successful detection of very low amounts of glucose (0.27 ppm) and three antioxidants
(specifically tannic acid, ascorbic acid and tartaric acid) by quenching H.O. mediated
oxidation of TMB.[161]

Among the class of metal oxide NPs, CeO- is a ROS scavenger rather than a ROS generator
(in comparison to CuQ), as evident from Kitchin et. al.[162] The juxtaposed attitude of CeO>
such as pro-oxidant and anti-oxidant material is overruled due to plenty of applications of
CeO2 as ROS scavenger e.g., catalase mimetic [163], SOD mimetic[164] oxidase[165] and
peroxidase mimetic activities[166], Diabetes[167] pancreatic beta cell preservation[168]
Protection from radiation induced-injury[169] Liver protective activities[170] etc. Caputo et.
al. reported CeO. NPs protected the HaCaT cells from UVB-induced damage, in contrast
with TiO2 with identical shape and size.[171]. CeO2 NPs did not exhibit any toxicity to Jurkat
cells that were exposed to UVA, UVB or UVC stimulation and prevented UV-induced
mutagenesis and DNA damage [172] In case of oxidative stress-induced human cell lines,
CeO2 NPs proved itself as an excellent ROS scavenger where PEGylated CeO2 NPs protects
human keratinocytes (HaCaT cells) from oxidative insult caused by BSO (Buthionine
sulfoximine). BSO inhibits the y-glutamylcysteinesynthetase (y-GCS) enzyme and thus
depletes glutathione (GSH) which is used to modulate the cellular redox potential. GSH acts
as natural ROS scavenger in xmammalian cell whose depletion encourages ROS production.
The CeO2 NPs effectively inhibited intracellular ROS production from BSO incubated human
keratinocytes (HaCaT) cells.[52] Another report suggested that nano CeO> (size of 25 nm)
replenished GSH level in human breast (MCF-7) and fibrosarcoma (HT-1080) cells assaulted



by ZnO NPs induced oxidative stress. Their investigation revealed that the intracellular ROS
of both cell types was increased by 1.65 times higher in MCF-7 and 1.43 times in HT-1080
cells in presence of ZnO NPs but no significant ROS elevation was observed in presence of
CeO2 confirming nontoxicity of CeO,. Surprisingly incorporation of CeO> (100ug/mL)
promoted the GSH level in both cell types by 1.56 times in MCF-7 cells and 1.4 times in HT-
1080 cells in presence of ZnO NPs.[173] The protecting ability of CeO> NPs against human
cell lines insulted by oxidative stress was further evident from the investigation performed by
Rubio and his group. In their work human epithelial lung cell line, BEAS-2B was incubated
with KBrOgz that acts as oxidative stress-inducing agent. The intracellular ROS level was
reduced for the treated cell with KBrOz in presence of CeO. and similar reduction was also
observed in DNA Damage. There was also down regulation of the expression of the Hol and
Sod2 genes in pretreated cells with CeO..[174] Hybrid metal oxide nanostructures also
exhibit antioxidant behavior which can be used in cancer therapy, for example, Fe;0,@C

NPs surface modified with folic acid. Studies of the POD mimetic activity of the NPs in the
presence of H,O, showed the folic acid shell of the Fe;O,@C NPs facilitates electron transfer

in the catalytic decomposition of H,O,which increased the production of ‘OH, consequently,
the Fe;0,@C/FA NPs promoted ascorbic-induced oxidative stress in human prostate cancer
PC-3 cells in vitro via accumulating ROS with little damage to normal HEK 293T cells.[148]

Although fullerene is proven as potential candidate for PDT of cancer cell treatment [175] but
it can also be protective against oxidative cell damage. Carboxyfullerene (the carboxylic acid
derivative of fullerene) is a potential scavenger of ‘OH and Oz, [176] and such NPs can
reduce cytotoxic cell death induced by N-methyl D-aspartate treatment of cortical neurons
and delay the onset of death of wild type and mutant SOD (G93A) animals due to
amyotrophic lateral sclerosis. Fullerene NPs also prevented the lipid peroxidation induced by
‘OH and O2[177] and prevented lung injury in an in vivo ischemia model.[178] Pristine
fullerene protected rats against carbon tetrachloride-induced injury.[179]Subcellular
localization of fullerenes in the mitochondria of treated cells compensated lack of protein
catalyst in mitochondrial SOD knockout mice as well as delayed onset of premature death
with a three-fold increase in total lifespan.[180] Thus fullerene can compete with
degenerative effects of ROS in living cells. This benign feature of fullerenes may be helpful
for drug delivery in skin therapy, HIV infection etc.[181]

Crossover between Antioxidant and Pro-Oxidant Activity-Duality of Metal oxide
Nanostructure and Their Composites.

Crossover between antioxidant and pro-oxidant activity is a very rare phenomenon in
materials with the exception in ascorbic acid (Vitamin C) which exhibits antioxidant activity
at higher concentrations and pro-oxidant activity at lower concentrations depending upon the
ratio of ascorbic acid and catalytic metal ions such as copper and iron present in food
products.[182] Crossover phenomena are observed in antioxidants found in dietary
supplements (e.g., ascorbic acid, L-cysteine, L-glutathione, and (—)-epigallocatechin gallate)
in the presence of copper (at pH 1.2 and 7.4 when the molar ratio of antioxidants (1 mM) to
Cu?* (0.1mM) was 10, quantified by EPR spectra by the application of DMPO (a spin trap
agent for ‘OH) and H20,).[183] The generation of ROS (‘OH) after mixing Cu?* and the
antioxidant (Ascorbate, AscH") is described below: [183]

Cu?*AscH — Cu* + Asc™ + H* (13)

Cu* + H,0, - Cu®* +-OH + OH~ (14)



The EPR intensity of the spin adduct DMPO-OH was lower at pH 7.4 as compared to pH 1.2
due to the relatively poor solubility of Cu?* at pH 7.4 and the order of pro-oxidant activity at
both pH is: L-cysteine >ascorbic acid > EGCG > GSH.

Similarly, antioxidant activity was observed for molar ratio of antioxidants (10 mM) to Cu?*
(0.2mM). Ascorbic acid, GSH and EGCG only exhibited lowered EPR intensity of DMPO-
OH adduct both at pH 1.2 and 7.4. [180] Yin et al. had proposed two mechanisms for such
activity (including reduction of ‘OH formation by limiting Cu?" redox cycle observed for
GSH only and interception of ‘OH formation before targeting DMPO to form DMPO-OH
which is only applicable for ascorbic acid and EGCG).[183] Interestingly L-cysteine did not
show any antioxidant activity due to rapid formation of ‘OH, which was extended to -OH
generation in bovine serum albumin by GSH and L-cysteine. [183]

Crossover can happen in the absence of catalytic metal ions as successfully demonstrated by
Lu et. al. using nano CeO,[184] wherein different concentrations of ‘OH, different
morphology and size of CeOznanomaterials demonstrate crossover phenomena. UV-Vis
spectroscopy using methyl violet (MV) was employed for quantitative elucidation of this
crossover phenomenon; two different morphologies e.g., spherical ceria NPs with sizes of ~5-
20 nm, and nanocubes with sizes of 20-40 nm were employed, yielding amounts of Ce** ionic
species present in NPs and nanocubes in the range of ~31-28% and 26-25%, respectively,
which control antioxidant activity (OH scavenging) of CeO,. Different concentrations of ‘OH
were employed, with nCeO> showing antioxidant activity at low dosages of ‘OH and pro-
oxidant activity at high levels of ‘OH content. Additionally with increasing concentrations of
nCeOy, it exhibited protective effect against ‘OH, and then showed oxidant activity at higher
concentrations, resulting in the conclusion that nCeO- exhibits antioxidant activity at low -OH
and ceria concentrations, and show oxidant activity at high concentrations of ‘OH and ceria,
and that larger Ce3* contents could act as a "OH source as well as catalyst of Fenton like
reactions.[184]

Ce3* + H,0, - Ce** +-OH + OH™ (15)

Ce®" can act as an antioxidant, but concentrations of Ce®*'that are high lead to pro-oxidant
activity. Size factors also play an important role in such crossover with smaller NPs
irrespective of concentrations exhibiting pro-oxidant activity due to presence of larger
concentrations of Ce®* ions at their surfaces. Morphology strongly affects antioxidant and
pro-oxidant behavior of nano ceria, at the same concentration (50 » M) NPs act as oxidants,
whereas nanocubes act as antioxidants, which may be due to Ce®** content. [184]

Similar crossover phenomenon was observed for graphene quantum dots (GQDs) but the
controlling factor is the presence of light.[185] GQDs (sizes of ~3-6 nm) scavenges ‘OH, Oz~
and 1,1-Diphenyl-2-picrylhydrazyl (DPPH) radicals in a concentration-dependent manner
(quantified by EPR spectra) in the dark. Such activity was highlighted in protection of
HUVEC cells against oxidative damage caused by H»O treatment and X-ray irradiation.
GQD exposure of 405 nm light increased intracellular ROS generation and reduced cell
viability (and the generation of 'O, ‘OH and O2"shown by EPR measurements after 405 nm
light irradiation). GQDs generated O, by both energy transfer and electron transfer pathways
and ‘OH as well as O~ were generated from electron-hole pair generation and charge
separation. These in vitro ROS may involve elevated levels of intracellular ROS generation in
A549 cells and promotion of oxidation of non-enzymatic antioxidants ascorbic acid and
GSH, as well as causing lipid peroxidation leading to cell death.[185]



MgO nanostructures also display crossover between pro-oxidant and antioxidant activities,
wherein concentration- and morphology-dependent crossover phenomena occur due to
overdamping of F?* defect states responsible for O, scavenging and the development of
F23*, F2*, and F* states that are responsible for O, "generation. F>* defect states behave as
acceptor levels and F2**, Fo* , and F* function as donor levels, the lower the concentration the
deeper the F?* defect states and at higher concentrations F2**, F.* , and F* states are
developed due to suppression of F?*,and successful crossover occurs at 200 pg/mL. The
prooxidant activity was estimated by measuring antibacterial activity and interactions with
the antioxidant defense system like ascorbic acid proved the crossover phenomenon;
successful crossover also predicts the possibility of MgO nanostructures as potential cancer
therapeutic agent with low adverse effects on normal cells.[29]

ROS-Induced Anticancer Activity of Metal oxides Nanostructures and Their
Composites

ROS at higher levels oxidizes macromolecules and causes mitochondrial dysfunction in
living cells due to release of oxidative stress which eventually causes cell apoptosis.[186]
Ideally a ROS generating antibacterial agent should have low cytotoxicity at appropriate
concentrations.[187] Studies do not always yield clear results, for example studies of
cytotoxicity of GO@CS/ZnO against peripheral blood mononuclear cells (PBMC) over a
wide concentration range (1-250 x g/ml) where low cytotoxicity (up to 80% viability) was
observed up to 25 u g/ml, however, investigation of ROS mediated antibacterial activity at

2.5-5 1 g/ml found significant intracellular ROS.[143]

Figure 5. Photodynamic Therapy of MnFe>O4 conjugated mesoporous silica nanoparticle via
singlet oxygen (O27) generation.[189]

ROS-induced anticancer therapy utilizing metal oxides with UV light irradiation as a means
of photodynamic therapy.[188] Such light-induced ROS can damage DNA, cell membrane
and proteins leading to cell death.[7] In this therapeutic approach, singlet oxygen(O2")
generation and its exposure onto targeted cell is encouraged. Mesoporous silica nanoparticle
exhibited such activity in hypoxia tumor.[189] Toxicity in lysosomes was observed after
exposure of ZnO due to release of ROS and Zn?* ions.[76,190] Another report suggests
light-induced ROS of ZnO NPs as prime factor for apoptosis of cancer cells (HL60), glioma
cells and rat retinal ganglion cells.[191,192] ROS-induced toxicity of Fluorescein
isothiocyanate/ZnO (FITC/ZnO) composites in cervical cancer (HeLa) and breast cancer
(MCF-7) cells with low cytotoxicity towards fibroblast cells (L929), as demonstrated via
studies of cell apoptosis, DNA fragmentation, depolarization of mitochondrial membranes
and cell cycle arrest at the S phase.[188] Several reports produced evidence of cancer cell



killing via intracellular ROS pathways by ZnO NPs.[193-195] MgO NPs can potentially be
employed in cancer therapy, as demonstrated with HeLa, SNU-16 and AGS cells along with
normal human lung fibroblast cells CCD-25Lu,were all cancer cells were affected by MgO
NPs, yet normal cells were unaffected.[196] DCFH.-DA was used to probe intracellular ROS
generated in cancer cells, finding that the cancer cell inhibition by MgO NPs is entirely
mediated by ROS generation due to the presence of oxygen vacancies at the surface of
NPs.[196]

Hybrid metal oxide nanostructures had been utilized in cancer therapy,[159] core shell
structures of Fe;O,with carbon (C) shells promote cancer cell inhibition by ascorbic acid

which has low in vivo efficacy at tolerable dosages.[148] Ideally ascorbic acid alters the
normal redox state of cell thereby promoting ROS generation that kills cancer cells. In order
to bind the receptor specifically, Fe;0,@C NPs were modified by folic acid on the surface

and subsequently peroxidase (POD) mimetic activity was conducted in the presence of H,0.,.
The carbon shell of NPs facilitates electron transfer in the catalytic decomposition of H,0,

(POD activity) which promotes the production of ‘-OH which promotes ascorbic acid-induced
oxidative stress in cultured human prostate cancer PC-3 cells via accumulating ROS.
Additionally, the NPs caused little damage to normal cells (HEK 293T cells).[148] There are
opportunities for further elucidation of the mechanism of anticancer activity mediated by
specific ROS (e.g., from metal oxides) that are specifically cancer cell killing whilst
demonstrating low cytotoxicity towards normal cells. ROS-induced anticancer activity is also
evident from AgsPO./Polyindole nanocomposite as reported by Podder et. al.[144] where
AgsPO4:Polyindole= 2:1 and 1:1 exhibited enhanced anticancer activity against MCF-7
breast cancer cell with concomitant elevated intracellular ROS level. ZnO NPs exhibited
anticancer activity via oxidative stress pathways as evident from recent reports [197,198] but
its composites with SnO> and graphene oxide e.g., SnO2-ZnO and SnO.-ZnO/rGO
nanocrystals render the enhancement in anticancer activity. They fundamentally upregulated
the mMRNA expression level of the Caspase-3 gene in a dose-dependent manner (10-50
pg/mL) and also increased the intracellular ROS generation with simultaneous GSH
depletion in a dose dependent manner. SnO2-ZnO/rGO nanocrystals exhibited superior
activity towards these experimentations.[199] Ag-TiO. hybrid nanorod killed 4T1 breast
cancer cell line by inducing 'O, under UV irradiation with intensity 5.6 mW-cm™. This
photodynamic therapy essentially involved accumulation of the nanohybrid in the 4T1 cancer
cell and exertion of ROS under UV light stimulation.[200] Nagajyothi et. al. had reported
ROS mediated anticancer activity of ZnO-Ag nanocomposite against HeLa and SKOV-3 cell.
ZnO nanoflakes with 0.75mmol Ag exhibited remarkable anticancer activity towards the two
types of cell where the cell viability was drastically reduced in presence of the
nanocomposite. The anticancer activity essentially based on apoptosis of the cells where the
ATP production inside the cells were largely inhibited in presence of the nanocomposite
implying disruption of mitochondrial respiratory chain and DNA damage. The mechanism
behind this disruption is the elevation in intracellular ROS-induced by the nanocomposite.
The synergistic effect on anticancer activity was developed from the betacyanins, beetroot
components which are potent anticancer agents. [201]

Conclusion and Outlook

This review highlights the implementation of toxicity as well as gentleness of different
nanomaterials including metallic, non-metallic, metal oxide NPs and their nanocomposites.
The toxicity is attributed to generation of different free radicals Oz, ‘OH, H202 and O,. The
interrelation of ROS generation and the electronic structure of the nanomaterials as well as



surface modifications are explored that will be helpful to design nanomaterials with
predictable behaviors. ROS-induced antibacterial activity of nanomaterials and its correlation
with time responses (even in dark conditions) open up potential opportunities of such
materials for antimicrobial applications. Furthermore, the ROS scavenging and translational
phenomena of anti-oxidant property to pro-oxidant behavior offers scope to design
nanomaterials as novel cancer therapeutic agents with minimal adverse side effects to normal
healthy cells. Future research and development will focus on fundamental understanding of
such materials and their biological activities, and the applied studies will be helpful to clinical
up gradation for better living.
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