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Abstract: Deoxyribonucleic acid (DNA) represents the main reservoir of genetic information in the
cells, which is why it is protected in the nucleus. Entry into the nucleus is, in general, difficult, as the
nuclear membrane is a selective barrier to molecules longer than 40 kDa. However, in some cases,
the size of certain nanoparticles (NPs) allows their internalization into the nucleus, thus causing a
direct effect on the DNA structure. NPs can also induce indirect effects on DNA through reactive
oxygen species (ROS) generation. In this context, nanomaterials are emerging as a disruptive tool for
the development of novel therapies in a broad range of biomedical fields; although their effect on
cell viability is commonly studied, further interactions with DNA or indirect alterations triggered by
the internalization of these materials are not always clarified, since the small size of these materials
makes them perfectly suitable for interaction with subcellular structures, such as the nucleus. In this
context, and using as a reference the predicted interactions presented in a computational model, we
describe and discuss the observed direct and indirect effects of the implicated nanomaterials on DNA.
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1. Introduction

Nanomaterials have become, in recent years, an innovative alternative to solving
existing problems, offering a wide range of properties that would not be available if
working with average-sized materials. Paraphrasing Richard Feynman, when we enter the
very small world (of atoms), many new things can happen, resulting in completely new
opportunities for design [1].

Some unique properties of these materials, which generally range from 1 to 100 nm,
include optical or fluorescence properties, high surface-to-volume ratio, or enhanced
electrical conductivity [2]. Due to their special characteristics, nanomaterials are being used
in a broad variety of fields, from the production of food additives, flavors or packaging with
enhanced properties, to the adsorption of organic and inorganic pollutants for purification,
or the development of improved devices for energy storage [3,4]. Particularly remarkable
is the progress made in recent years in the field of biomedicine with the development of
different nanomaterials for a wide range of applications: in the treatment of diseases, as a
vehicle for the specific delivery of diverse pharmaceutical agents, or as key components of
implants [5].

The rapid development of these peculiar materials in a great variety of fields, however,
has led to the need for exhaustive biodistribution and toxicity studies of each specific
nanomaterial [6]. Currently, the precise interactions between these material and cells
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are not completely understood; key factors such as the size, surface charge or specific
functionalization are involved in the cytotoxic effects [7].

Concerns regarding the safety and health effects of nanoparticles (NPs) are related
to possible interactions with essential cellular molecules, such as deoxyribonucleic acid
(DNA) [8]. Nucleic acids are the principal informational molecules of the cell. DNA is
defined as the genetic material of the cell, and different types of ribonucleic acid (RNA)
participate in diverse cellular activities, including protein synthesis and functions as mes-
sengers [9]. Interaction with NPs could have an adverse effect (i.e., epigenetic alterations)
on DNA (Figure 1) and its genetic functions, such as transcription, replication, and repair
processes, which are crucial to maintain the normal metabolism of the living cell. Entry
into the nucleus is, in general, somewhat difficult, as the nuclear membrane is a selective
barrier to molecules longer than 40 kDa. Nevertheless, NPs are able to induce indirect
effects through reactive oxygen species (ROS) generation [8]. However, in some cases, the
size of the NPs can enable them to be internalized into the nucleus, thus exerting a direct
effect on the DNA structure.
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Figure 1. Effect of NPs with DNA. Internalization in the nucleus is size-dependent in general terms.

\ Large NPs

(a) Large NPs cannot be internalized in the nucleus, although they can generate ROS and indirectly
induce DNA damage. Small NPs can also generate ROS and can additionally be internalized and
interact with nuclear proteins. (b) Interaction with DNA polymerase stops replication by inhibiting
the interaction of DNA polymerase and DNA; and additionally, (c) NPs can bind to DNA and inhibit
replication by blocking the binding of DNA polymerase and DNA. In cases where endogenous or
exogenous DNA damage (NPs effect) is generated, this can be repaired by DNA damage repair
proteins; however, (d) some NPs are able to interact with these repair proteins, blocking the repair
process. These alterations lead to DNA damage accumulation and, as a consequence, cell cycle arrest;
(e) additionally, several NPs can also modify the methylation profile (epigenetic alterations).

This review focuses on several commonly used nanomaterials, describing the most
relevant reported direct and indirect interactions with DNA as well as observed genotoxic
effects in living cells and organisms.

2. Computational Study of the Direct Interaction of NPs and DNA

Predictive models can represent a beneficial instrument for researchers to characterize
physical interactions, e.g., the interaction of NPs with DNA molecules. A computational
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study has been able to predict the affinity of twelve types of NPs for DNA, concluding that
NPs with a high affinity for DNA strongly inhibited DNA replication and transcription,
whereas NPs with a low affinity had no or minimal effects on DNA replication. The model
predicts how cationic quantum dots (QDs), silver nanoparticles (Ag NPs), hematite NPs,
citrate-capped gold nanoparticles (citrate Au NPs), cerium oxide nanoparticles (CeO, NPs)
and zinc oxide nanoparticles (ZnO NPs) bind to DNA and inhibit in vitro replication (veri-
fied by quantification of polymerase chain reaction (PCR) products), whereas silicium oxide
nanoparticles (SiO, NPs), silicon NPs, negatively charged QDs, COOH-gold nanoparticles
(COOH-Au NPs) and latex beads do not bind to DNA molecules [10] (Figure 2). Both
behaviors were consistent with experimental data.

Strong interaction: \) - No binding: L)

- Quantum dots « - Silicium oxide NPs

- Silver NPs - Silicon NPs

- Hematite NPs . - Negatively charged QDs
- Citrate-capped gold NPs « - COOH-gold NPs

- Cerium oxide NPs * - latex beads

- Zinc oxide NPs

\
/

Replication Transcription - Replication Transcription

Figure 2. Effect of NPs on DNA functions according to interaction degree. Nanoparticles that strongly
interact with DNA, as quantum dots (QDs), silver nanoparticles (Ag NPs), hematite NPs, citrate-
capped gold nanoparticles (citrate Au NPs), cerium oxide nanoparticles (CeO, NPs) and zinc oxide
nanoparticles (ZnO NPs). They bind to DNA and inhibit the replication and transcription, whereas
when there is no interaction (as for example with silicium oxide NPs, silicon NPs, negatively charged
QDs, COOH-gold NPs and latex beads), replication and transcription are not altered.

In this context, although titanium oxide nanoparticles (TiO, NPs) are bound to DNA,
no replication inhibition was observed. This phenomenon may be explained by the en-
hanced conductivity of TiO, NPs, which could increase PCR efficiency. However, this is
not the only plausible explanation, since it has been shown that TiO, NPs inhibit DNA
replication in a dose-dependent manner [11,12]. Other studies have described the geno-
toxicity induced by TiO, NPs through oxidative stress generation [13]. The disparities
observed among NPs-PCR studies have also been noted with the claim that the use of
different PCR systems, polymerases and DNA templates leads to conflicting conclusions.
Therefore, a standardization of the experimental conditions is needed in order to compare
results between studies [12].

Despite the possible limitations of the theoretical model proposed by Li et al. [10], and
the differences in the conclusions drawn compared with in vitro studies, it has also been
reported that several of the above-cited nanomaterials have, due either to direct or indirect
interactions with DNA, a genotoxic effect on cells.
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3. Effects of NPs on DNA: In Vitro and In Vivo Studies

As it has been previously mentioned, despite the broad variety of implementations that
nanomaterials are bringing to diverse areas of biomedicine, undesired behaviors related
to cellular entities need to be thoroughly assessed. These events can lead to an important
toxicity of healthy cells, which implies a concerning phenomenon, especially when the
nanomaterial is administered to a living organism. The existence and characteristics of
those side effects will determine the success of the nanomaterial as a therapeutic agent.
However, the prediction of those effects usually produces quite complicated results.

Firstly, the potential risk associated with nanomaterials is not only limited to the inter-
action with cells but also to possible changes that the medium provokes in the nanoparticle
or a potential degradation of the latter [14]. In this context, as it is described subsequently,
ROS production and DNA damage result in a relevant toxicity mechanism at a cellular
level alongside protein modification and the disruption of membrane integrity. Some of
them were suggested to trigger several kinds of epigenetic alterations [15]. Likewise, it is
possible that corrosive tissues’ microenvironments and lysosomes degrade nanoparticles,
liberating potentially dangerous metal ions [16].

Secondly, the administration or exposition of the NPs is also an important factor,
since they will likely interact with a certain organ depending on the method of entrance.
Once they are inside the organism, they become covered by the protein corona (which can
obviously alter its original function), and they can either interact with initially encountered
organs and tissues or either translocate to the bloodstream and accumulate in distant
organs [15,16]. In any case, they can potentially cause toxicity where they accumulate.
For example, airborne nanoparticles may arise due to NPs deposition in lung tissues,
leading to oxidative stress-mediated lung inflammation. Similarly, organs dedicated to
elimination and excretion (i.e., liver, spleen, kidneys) are involved in the processing of NPs
of different sizes [16]. Thus, abundant exposure to this material can potentially lead to an
accumulation and ulterior severe effects. Nanoparticles have also been demonstrated to
cross the blood-testicle and blood—placenta barrier, and some IONPs were associated with
myocardial damage due to iron accumulation as well.

In addition to these issues, the physicochemical properties of the nanomaterial itself
have a big influence on the potential side effects. It is crucial to perform a full characteriza-
tion of the NPs since, as it has been widely reported, these properties strongly influence the
cytotoxic capacity of the material, which also will be dependent on its interactions with the
biological environment [16].

Fortunately, increasing research in nanomaterials during last years has provided some
insight into the general behavior and considerations about NPs toxicity. In this context, size
might be one of the most relevant properties that will determine the cytotoxic effect of the
material. Related to this, researchers generally observed an inverse correlation between
the size of the NPs and their toxicity either in vivo and in vitro [17]. As an example, the
research group of Pan observed that 1.4 nm Au NPs exhibited a high in vitro toxicity in
contrast to the non-observed toxicity of 15 nm Au NPs [18]. A similar effect was observed
with silver NPs [19]. Another study showed that size variations in Au NPs could even
determine the preferential site of in vivo accumulation [20].

Alongside this, it is also relevant to consider possible aggregations of the material,
which are usually caused by the interactions with biological media previously mentioned.
Several works have demonstrated that agglomeration can notably change NPs properties
and toxicity, for example in ZnO NPs [21] or Au NPs [22]. As this phenomenon seems to be
unavoidable when performing in vivo studies, the thorough study of potential aggregates
in therapeutic nanomaterials results crucial [22]. In the same manner, other properties are
equally important for notable cytotoxic variations and need to be thoroughly assessed for
every material, such as shape or surface chemistry [16].

Nanomaterial-based therapies have experimented an exponential growth during last
years. However, some aspects such as the above-mentioned have made the development
of these materials difficult to a great extent. As a result, it is extremely complicated to
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predict the behavior of these materials in vivo in the face of some critical phenomena such
as the protein corona formation, the aggregation, or in general, the fact that due to the
interactions with the biological medium, a slight variation in the properties or composition
of the nanoparticles leads to a notorious change in the capacities of the material.

To this end, researchers are constantly seeking new strategies to avoid this composi-
tional changes or agglomeration. Among them, the decoration of NPs with some organic
molecules results in a broadly used strategy, for example, using silica coating and polymer
encapsulation to control ion release from NPs in order to mitigate ROS production [16].

Among all these strategies, the polyethylene glycol (PEG) decoration of NPs has been
one of the most used, since it decreases the phagocytic uptake and reduces accumulation
in non-target organs [17], also showing slower degradation and clearance rates for some
NPs [23]. This coating has been even used for reducing NPs toxicity in the clinic [15].
However, recent times have raised concerns about this coating, which are mainly due to
the development of antibodies and immune response mediated by anti-PEG antibodies in
humans [15,16]. All these facts have led to the focus on the development of biocompatible,
biodegradable and non-toxic nanomaterials. Under this premise, polymeric and organic
nanomaterials are gaining importance, as well as some biodegradable synthetic polymers,
such as poly(lactic acid) (PLA), poly(glycolic acid) (PGA), and poly(lactic-co-glycolide),
which have been approved for the FDA and EMA [14]. Altogether, this progress will help
overcome the drawback that some nanoparticles currently present related with their toxicity
and undesired biological interactions, allowing higher specificity and efficiency.

This detailed background confirms that depending on some physicochemical proper-
ties, cellular effects caused by a nanomaterial can dramatically change. Thus, herein, we
present a revision of nanomaterials differing in several features (material, size, decoration
etc.), and their diverse effects on DNA through direct and/or indirect interactions.

3.1. Silver Nanoparticles (Ag NPs)

Ag NPs are able to induce DNA alterations through direct interaction with DNA and
also through indirect effects such as increased oxidative stress, which can lead to cellular
mechanism disruptions. In this context, starch-coated Ag NPs can enter the mitochondria
and the nucleus in normal human lung fibroblast cells (IMR-90) and human glioblastoma
cells (U251-MG), generating mitochondrial toxicity and DNA damage in a dose-dependent
manner. The presence of Ag NPs in the mitochondria disrupts the mitochondrial respiratory
chain, leading to the production of ROS and interruption of the ATP synthesis, which
induces DNA damage. This damage is augmented by internalization of the Ag NPs in the
nucleus, where the interaction of Ag NPs to the DNA leads to cell cycle arrest in the G2/M
phase [24]. ROS generation is closely related with DNA damage induction [25], and it has
been reported by other authors after Ag NPs treatment: in hepatoma cell lines with 5 nm
Ag NPs [26], in a mouse hippocampal neuronal cell line (HT22) with commercial 20 nm
Ag NPs [27], or in human bronchial epithelial BEAS 2B cells with Ag NPs between 43 and
260 nm in size [28].

DNA-strand breaks induced by Ag NPs have been also detected in human testicular
cell line Ntera2 in a size- and dose-dependent manner [29]. A possible mechanism under-
lying Ag NP genotoxicity was reported by Butler et al., since they observed that DNA-
strand breaks and micronuclei formation in Jurkat Clone E6-1 and THP-1 cell lines after
Ag NP treatment was inversely correlated with the size of the NPs. This phenomenon can
be explained by the greater release of Ag ions as the size of the Ag NPs decreased [30].
Nevertheless, some crucial aspects of the NPs, such as the coating, may result in meaningful
changes in their effect. For instance, polyvinylpyrrolidone (PVP)-coated 5 nm Ag NPs
caused oxidative stress in TK6 cells by themselves and without ion release mediation [31].
PVP-coated 42.5 nm Ag NPs, however, showed negative results for micronuclei formation
or chromosomal aberration induction in human bronchial epithelial BEAS 2B cells, which
was attributed to the efficient cell repair of DNA damage [32].
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Also important is the assessment of the behavior of nanomaterials in vivo, since the
effect of NPs can dramatically change when they are introduced into a complex organism.
In this context, the induction of ROS-dependent DNA damage by Ag NPs has also been
confirmed in vivo in a B6C3F1 mice strain after treatment with PVP- and silica-coated Ag
NPs of different sizes. However, some differences were found depending on the coating,
since PVP-coated Ag NPs caused toxicity on the bone marrow, whereas this phenomenon
was not observed after treatment with silicon-coated Ag NPs [33]. Treatment with Ag
NPs ranging in size from 6.3 to 629 nm also induced an alteration in bone marrow in
Sprague-Dawley rats, including aberrated and polyploid cells. Additionally, histopatho-
logical changes in several organs such as the liver, kidneys or spleen were observed [34].
Bioaccumulation in the liver, and in the kidney, has been also corroborated after the oral
administration of Ag NPs [35,36]. The presence of Ag bound to high-molecular proteins
has also been demonstrated, revealing the presence of Ag(I) released by the oxidation of
Ag NPs in the biological environment [36].

Positive results of genotoxicity have been obtained in both in vivo and in vitro as-
says. Rodriguez-Garraus et al., however, in a very complete and detailed review on the
genotoxicity of silver nanoparticles, concluded that the characteristics of Ag NPs and test
conditions should be considered case by case, since none of the 43 studies that they collected
included a complete battery of experiments, as recommended by the International Council
for Harmonisation of Technical Requirements for Pharmaceuticals for Human Use (ICH)
and European Food Safety Authority (EFSA) guidelines [37].

A summary of the effects generated by Ag NPs is presented in Table 1.

Table 1. Effect of AgNPs on DNA.

. .. . Cell Line/
Size Stabilizer/Coating Animal Model Effect Ref.
Sodium borohydride Mitochondrial disfunction and increase in ROS production.
6-20 nm reduction U251-MG, IMR-90 DNA damage and chromosomal aberrations. [24]
Starch-capped Cell cycle arrest.
Reduction in nuclear factor erythroid 2-like 2 expression
f ith Ag NPs i h h
5nm Commercial NPs after treatment wit SCZEIHH%;\T s in both hepatoma
(I&C Techpology, Seoul, HepG2, Huh?, Increase in ROS production after treatment with 5 nm Ag [26]
Republic of Korea) THP-1 . .
PVP d NPs in hepatoma cell lines
100 nm ~coate Alteration of glucose metabolism after treatment with
5 nm Ag NPs in hepatoma cell lines and THP-1 cells.
Cell viability reduction and membrane leakage induction
in a dose-dependent manner.
Commercial NPs Increase in ROS production.
(Shanghai YunfuNano Autophagy induction, upregulation of LC3 II/1,
20nm Technology Co., Ltd., HT22 downregulation of p62. 271
Shanghai, China) Upregulation of caspase-3 and Bax, downregulation
of Bcl-2.
Alteration of PI3K/AKT/mTOR signaling pathway.
Commercial NPs Stimulation of DNA breakage and micronuclei formation.
43-260nm (Sigma Aldrich, St. Louis, BEAS-2B Induction of increased oxidative DNA damage. [28]
MO, USA) Increase in reactive oxygen radicals.
20 nm . Ntera2 (NTZ’ Cytotoxic and cytostatic.
o Commercial NPs human testicular A . . . .
; poptosis and necrosis. Decreased proliferation.
(Plasmachem GmbH, embryonic . . [29]
. . Concentration- and time-dependent manner.
200 nm Berlin, Germany) carcinoma

. 200 nm Ag NP increase DNA-strand breaks.
cell line)
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Table 1. Cont.

. o1 . Cell Line/
Size Stabilizer/Coating Animal Model Effect Ref.
10 nm . . . .
- . Micronuclei and DNA damage inversely correlated with
20 nm Commercial NPs Jurkat Clon E6-1 Ag NP size
T e (NanoComposix, San > ' Suggestion that silver ions are; the main cause of [30]
50 nm Diego, CA, USA) THP-1 g8 re
E— NP genotoxicity.
100 nm
Commercial NPs Genotoxicity 'and c'yt(?tox1c1t}./ mduc'tlon in a range of
. concentrations similar to silver nitrate (AgNO3).
(NanoComposix, San . .
5nm . TK6 Induction of oxidative stress. [31]
Diego, CA, USA) S . . .
uggestion that silver ions are not the cause of
PVP-coated L
NP genotoxicity.
. DNA damage induction in a dose-dependent manner.
Commercial NPs . . . .
(NANOGAP, Milladoiro No induction of micronuclei or chromosomal
42.5nm S a/in) ! BEAS-2B aberrations observed. [32]
PVPF-)coa ted Lack of chromosomal damage may be due to PVP-coating
protection from leaching or direct interaction with Ag NPs.
5nm Commercig 1 Increase in oxidative damage with PVP- and silica-coated
(NanoComposix, San : .
. NPs of different sizes.
Diego, CA, USA) . .
15-100 nm PVP-coated B6C3F1 Induction of toxicity in bone marrow caused by
coate mice—intravenous PVP-coated NPs but not by silica-coated NPs. [33]
Commercial administration No significant increase in mutant frequencies in the Pig-a
10-80 (NanoComposix, San gene or the percent of micronucleated reticulocytes.
—ou nm Diego, CA, USA) Induction of oxidative DNA damage in liver by PVP- and
Silicon-coated silicon-coated NPs.
Highest Ag concentrations found in lung, spleen and liver.
Marked increase in alanine aminotransferase (ALT), blood
Commercial NPs (Nanux, = Sprague-Dawley urea nitrogen (?ig)l\; )f,tztlill; :griki);rilsgalstigr?nd creatinine
6.3-629 nm SL1105001, Gimhae, rats—intravenous . . N . [34]
Republic of Korea) administration Induction of extensive organ damages in liver, kidneys,
p thymus and spleen after NP administration.
Increase in aberration and multiple aberrations cells, as
well as polyploidy cells after NP administration.
Largest silver concentrations found in intestinal system,
Female Wistar liver and kidneys.
14 nm Hydrazine reduction Hannover Galas Lower concentrations of absolute silver after [35]
PVP-coated rats—oral administration of NPs than silver acetate (AgAc). g
administration Sulfur and selenium containing silver granules found in
lysosomes of macrophages of the ileum.
Commercial (Collargol, Weanling male Significant accumulatlo.n of silver found in liver
. and kidneys.
15 nm Laboratorios Argenol S.L, Sprague- . . [36]
. Presence of Ag(I) complexed by high-molecular proteins
Zaragoza, Spain.) Dawley rats in liver

3.2. Cerium Oxide Nanoparticles (CeO, NPs/Nanoceria)

Currently, cerium oxide (CeOy) is being widely used in a variety of applications such
as television tubes, glass/ceramic polishing agents, fuel cells, solar cells, gas sensors and
ultraviolet absorbents [38]. In particular, CeO, nanoparticles (also known as ‘nanoceria’) are
released from diesel engines that use cerium compounds as a catalytic agent to decrease the
diesel exhaust particles [39]. Considering this human inhalation exposure, it is important
to identify the potential risks of this nanomaterial.

Although there is a wide range of works that report on the ability of CeO, NPs to
bind or adsorb DNA molecules [40-42], no study has focused on an in situ genotoxic effect
due to the binding of pure CeO, NPs with DNA in live mammalian cells. At best, the
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most suitable work that might confirm this feature is the study performed by Link et al., in
which they show that CeO,, among other metallic NPs, successfully transfected several
mammalian cell lines [43]. Several effects on DNA have been described, although the
potential risks or benefits of CeO, nanomaterials remain unclear. All these differences
between studies may be related to the concentration, cell lines and animal models and also
to the technique employed. For instance, some studies have reported that the Comet assay
can be misleading due to the fact that CeO, NPs interfere with the measurements [44,45].

3.2.1. CeOy NPs Cause DNA Damage

It has been widely described that CeO, nanoparticles have a potential genotoxic effect,
causing DNA damage. In this context, CeO, NPs with a size range between 8 and 20 nm
were able to generate ROS, diminish glutathione concentration, and generate nuclear frag-
mentation, chromatin condensation and apoptotic bodies in A549 cells. Increased caspase-3
and caspase-9 expression was also observed, as well as p53 phosphorylation and PARP-1
cleavage, thus concluding that ROS-mediated DNA damage plays an important role in
CeO,-induced apoptotic cell death [46]. The generation of intracellular ROS has also been
confirmed in A375 cells after treatment with 38 nm CeO, NPs as well as glutathione (GSH)
depletion, chromatin condensation, DNA strand breakage and increased caspase-3 activ-
ity [47]. Smaller CeO, NPs (7 nm) have also been shown to induce DNA damage in human
spermatozoa [48] as well as micronuclei formation and an intracellular GSH/oxidized
glutathione (GSSG) ratio decrease, which is related to the induction of lipid peroxidation
in human dermal fibroblasts. This latter phenomenon has been related to a clastogenic
mechanism of chromosomal damage, leading to structural chromosomal aberrations [49].

Likewise, the study of the potential cytotoxic effects of these nanomaterials in living
organisms is crucial. As described above, the most common way of interacting with CeO,
nanoparticles is inhalation. In this respect, A. Nemmar has studied in depth the effects
of nanoceria in several animal models after the inhalation of this nanomaterial. Firstly,
they studied the effect of commercial 20 nm CeO, NPs after acute oral administration
in BALB/C mice (0.5 mg/kg). It was observed that ROS levels significantly increased in
the lung, heart, kidney and brain, and most importantly, the Comet assay showed DNA
damage in all the organs studied (lung, heart, liver, kidney, spleen and brain) after treatment
with CeO, NPs [50]. They also evaluated the response of a rat model (male Wistar rats) of
acute kidney injury (AKI) to the oral administration of 20 nm CeO, NPs (1 mg/kg). Even
though AKI-induced rats showed an increase in DNA damage compared to control rats,
the Comet assay also revealed that this damage was significantly exacerbated when AKI
rats were treated with CeO, NPs, thus revealing that the inhalation of this nanomaterial
may have more serious effects in individuals with renal diseases [39,51]. Similarly, they
demonstrated the DNA damage caused by these nanoparticles in the aortic tissue in a
vascular damage model in Wistar rats [52]. Related with these studies, in a very complete
work, Kumari et al. described the effects of repeated oral administration of <25 nm CeO,
NPs or microparticles (MPs) during 28 days in Wistar rats. The doses chosen were higher
than in the other studies (30, 300 and 600 mg/kg), and they observed a significant increase
in DNA damage in liver and peripheral blood leukocytes, micronuclei and chromosomal
aberrations in bone marrow, and micronuclei in peripheral blood after the treatment with
CeO; NPs at 300 and 600 mg/kg bw/day [53].

3.2.2. CeO, NPs Protect from DNA Damage

A wide variety of works have described a positive effect of these nanomaterials in
cells when treated at low (generally non-cytotoxic) concentrations, which is noteworthy.
A relief of oxidative stress and reduction in DNA damage caused by potassium bromate
(KBrO3), a well-known oxidative stress-inducing agent, at subcytotoxic concentrations
(from 2.5 to 7.5 pg/mL) has been described in the BEAS-2B cell line [54]. Comparable re-
sults were obtained with similar 25 nm CeO, NPs in male albino Wistar rats. Pre-treatment
of four intraperitoneal injections of CeO, NPs at 0.01 ug/kg alleviated DNA fragmentation
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in the liver caused by D-galactoseamine and lipopolysaccharide (D-GALN/LPS) in a male
albino Westar rat [55]. Additionally, it was shown that CeO, NPs are not able to produce
either genotoxicity or stress oxidative damage in Caco-2 cells [56].

Another toxicity-related factor is the shape and size of the nanoparticles, these be-
ing associated with different effects. A detailed study of several CeO, nanomaterials
in HepG2 cells concluded that octahedron-like (10-30 nm) and rod-like (8 nm diam-
eter, 100400 nm length) nano-CeO; protect and inhibit DNA damage by scavenging
(hydroxyl radical, -OH), whereas 20-50 nm cube-like nano-CeO, did not present this prop-
erty [57]. Of note is a recent work which, in contrast to the other in vivo studies cited above,
shows that the oral administration of 0.5 mg/kg of <25 nm CeO, NPs in Swiss albino mice
ameliorated the genotoxicity induced by lead acetate, significantly reducing DNA damage.
The authors attribute these results to the possible antioxidative capacity of CeO,-NPs given
its ability to switch reversibly between the III and IV oxidation states [58]. Another study
also highlights the capacity of small polymer-coated nanoceria to diminish DNA oxidation
caused by glutamate [59].

In addition, several studies have described the ability of nanoceria to protect against
several kinds of irradiation. It has been reported that 10 nm CeO, NPs prevent DNA
damage and ROS production after ultraviolet (UV)-A irradiation and UV-B micronuclei
formation in Jurkat cells [60]. Other studies have shown that pre-treatment with CeO,
NPs can significantly reduce DNA damage caused by X-ray irradiation in human bone
marrow-derived mesenchymal stromal cells [61] and in MC3T3-E1 osteoblast-like cells [62]
at 7 and 6 Gy, respectively. Protection against DNA damage has also been confirmed
in vivo, where small CeO, NPs were able to protect sperm from DNA damage after X-ray
irradiation up to 5 Gy in C57BL/6] male mice [63].

A summary of the effects generated by CeO, NPs is presented in Table 2.

Table 2. Effect of CeO, NPs on DNA.

Size Main Features ?ell Line/ Main Effects and Conclusions Ref.
Animal Model
ROS generation, reduction in GSH concentration.
Commercial NPs Nuclear fragmentation and chromatin condensation
820nm  (Sigma Chemical Co., Ltd., A549 induction. Apoptotic bodies generation. [46]
St. Louis, MO, USA) Caspase-3 and caspase-9 increased expression. PARP-1
cleavage and p53 phosphorylation.
. ROS generation, reduction in GSH concentration.
Commercial NPs Chromatin condensation induction. DNA double-strand
38 nm (Sigma Aldrich, St. Louis, A375 - [47]
MO, USA) break formation.
! Caspase-3 activity induction.
. Human Significant induction of DNA damage.
Commercial NPs 2 . .
. . spermatozoa from  Genotoxicity inversely proportional to the concentration.
7 nm (Rhodia Chemicals, . . . [48]
. healthy Accumulation along the flagellum and no internalization
Briton, UK) . .
fertile donors in spermatozoa.
Commercial NPs Primary human MI.CI'OIluC.l el formah.on. .
. . . Induction of lipid peroxidation.
7 nm (Rhodia Chemicals, foreskin . [49]
. . Intracellular GSH/GSSG ratio decrease.
Briton, UK) fibroblasts . .
Clastogenic mechanism of chromosomal damage.
ROS levels significantly increased in lung, heart, kidneys
Commercial NPs . and bram: .
(Sigma Aldrich, St. Louis, BALB,C DNA damage in lung, (}iuzirt., liver, kidneys, spleen
20 nm MO, USA) mice—intratracheal Interleukin-6 (IL-6) iilrlcretfliilrlt. in lung, heart, liver, (501
Intratracheal (IT) administration id d sol & ¢ 4
administration 1dneys, and spleen.

Interleukin-18 (IL-18) increment in lung, heart, kidneys,
and spleen.
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Table 2. Cont.

Size Main Features ?ell Line/ Main Effects and Conclusions Ref.
Animal Model
Significant exacerbation of DNA damage after treatment
with NPs.
Increment in Nrf2 expression in cardiac myocytes and
Male Wistar rats . end.othehal c.ells. .
. (acute kidney Elevation of coagulation function, troponin I, lactate
Commercial NPs injury model)—IT dehydrogenase, IL-6 and TNF« in plasma. [39,51]
(Sigma Aldrich, St. Louis, ; dn}iinis tration Increment in renal injury molecule-1, IL-6, tumoral
20 nm MO, USA) necrosis factor o (TNF«) and glutathione concentrations
Intratracheal in kidneys.
administration Inhalation of nanomaterial has more serious effects in
individuals with renal diseases.
Male Wistar rats Increment in DNA damage in aortic tissue and
(vascular damage aggravation of vascular toxicity. 52]
model)—IT Increment in Nrf2 expression in the nuclei of smooth
administration muscles and endocardial cells
Increment in DNA damage in liver and peripheral
Commercial NPs Albino Wistar blood leukocytes.
24 nm (Sigma Chemical Co., Ltd., rats—oral Increment in micronuclei and chromosomal aberrations [53]
St. Louis, MO, USA) administration in bone marrow.
Increment micronuclei in peripheral blood.
Commercial NPs Reduction in oxidative stress and DNA damage caused
9.5 nm (Sigma Aldrich, St. Louis, BEAS-2B by KBrOs3. [54]
MO, USA) Downregulation of the expression of Hol and Sod2 genes.
Alleviation of DNA fragmentation in liver caused by
Commercial NPs Albino Westar D-GALN/LPS-induced hepatotoxicity.
25 nm (Sigma Aldrich, St. Louis,  rat—intraperitoneal Nrf-2 translocation and HO-1 gene expression decrease. [55]
MO, USA) administration Increment in GSH, GPX1, glutathione reductase,
superoxide dismutase and catalase.
70 nm EUJoint Research Center Caco-2 No induction of cytotoxic or genotoxic effects of NPs. [56]
(NM212)
10-30 nm Octahedron-like .
hydrothermal synthesis . . .
Cytotoxic effect inversely proportional to surface area:
20-50 nm Cube-like apoptosis induction; mitochondrial membrane potential
hydrothermal synthesis HepG2 (MMP), ROS and GSH increase, and reduction in cell [57]
8 nm di- ability to scavenge hydroxyl free radicals.
ameter Rod-like Protection and inhibition of DNA damage by scavenging
100-400 nm Hydrothermal synthesis with octahedron-like and rod-like NPs.
length
. Amelioration of genotoxicity induced by lead acetate.
Commercial NPs . . s NP O b a1 b
. . . Swiss albino Significant reduction in tail length, DNA% in tail, tail
(Sigma Aldrich Chemical .
23 nm . mice—oral moment and percentage of fragmented DNA. [58]
Company, St. Louis, .. . . .. - .
MO, USA) administration Possible antioxidant capacity of NPs due to reversible
! switching between III and IV oxidation states.
9 nm
(Dn) Thermo-hydrolysis
27.2 nm P lsynthesmf Reduction in glutamate-induced intracellular production
(Dn) o ymer coatng of ROS in endothelial cells by all NPs.
7 (MPEG,k-MPh, bEnd.3 . s [59]
295 Coated NPs are devoid of cytotoxicity.
.o nm MPEG;kx-MPEGa;x-MPh £ toxici .. . .
(Dyy) and Lack of toxicity corroborated in vivo (male Swiss mice).

" 315nm  MPEGo-MPEGagk-MPh)
(Dn)
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Table 2. Cont.
Size Main Features ?ell Line/ Main Effects and Conclusions Ref.
Animal Model
Prevention of DNA damage and ROS production after
. . UV-A irradiation.
10nm Wet-chemical synthesis Jurkat Prevention of micronuclei formation after [60]
UV-B irradiation.
Reduction in ROS levels and DNA damage
. . after irradiation.
3-5nm Wet-chemical synthesis hBMSCs Increase in autophagy and bone matrix deposition [61]
after irradiation.
Attenuation of deteriorative effects of irradiation,
Commercial NPs MC3T3-E1 alleviating cell viability, differentiation
<25 nm (Sigma Aldrich, St. Louis, osteoblast-like and mineralization. [62]
MO, USA) cells Alleviation of intracellular ROS production and
extracellular hydrogen peroxide (H,O;) concentration.
Commercial NPs C57BL/6] male Significant redulc)tlc)i?r;r‘ljl I;ijgrel damage caused
5-8 nm (Sigma Aldrich, St. Louis,  mice—intravenous Y ; [63]

MO, USA)

Substantial decrease in DNA damage and ROS.

administration .
Sperm protection.

3.3. Gold Nanoparticles (Au NPs)

Among all kinds of metallic nanoparticles, gold nanoparticles play a key role in the
field of nanotechnology due to their size- and shape-dependent physicochemical and
optoelectronic properties. Also noteworthy is the important role that the functionalization
of surface-modified Au NPs play in several applications, such as biosensors, biodiagnostics
or DNA and drug delivery. These properties postulate Au NPs as holding great promise in
industrial and advanced medical applications [64].

3.3.1. Au NPs Induce DNA Damage

It is well known that surface modifications or coatings can strongly influence the
effects and behavior of nanomaterials in the cellular environment. Regarding Au NPs,
the stabilization and reduction in chloroauric acid (HAuCl) with citrate salts, resulting
in citrate Au NPs, is one of the most common syntheses in the field of nanomaterials.
Through the use of predictive models, citrate Au NPs have shown a strong affinity for DNA
with the expectation of a significant inhibition of the replication [10]. The ability of this
material to adsorb DNA has been reported in vitro, in relation with single-stranded DNA
(ssDNA) [65], and double-stranded DNA (dsDNA) [66], although it seems that ssDNA is
favored for selectivity over dsDNA adsorption [67].

Several works have described a potential genotoxic effect of citrate Au NPs which
leads to DNA damage and seems to be related with the dose and coating. In particular,
HepG2 cells have shown significant DNA alterations after treatment with this kind of
nanomaterial in diverse studies. In this context, 18 nm citrate Au NPs are able to cause
DNA damage to these cells, which is accompanied by a significant reduction in viability [68].
Similarly, an increase in DNA damage in the same cells upon treatment, also with 18 nm
citrate Au NPs, was observed, which did not take place when Au NPs were coated with
11-mercaptoundecanoic acid. In these cases, neither showed a significant reduction in
viability for concentrations below 200 uM [69]. Furthermore, a complete study compared
the behavior of Au NPs coated with different ligands in HepG2 cells, revealing that Au
citrate NPs (~18 nm) were non-toxic overall, although they caused DNA damage that the
cell could not repair [70], which may be related with the reduction in ATP production
observed when these cells are treated with citrate Au NPs [71].

Other studies have reported a genotoxic effect of this kind of nanoparticles in other
cell lines. In this context, 14 nm and 20 nm citrate Au NPs showed a significant increase
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in micronuclei and nucleoplasmic bridge production in CaCo-2 and HaCaT cells at 5 nm
concentration [64]. Related to this, a study on a Chinese hamster ovary (CHO) cell line
was conducted with 14 nm and 20 nm citrate Au NPs. It was determined, on the one
hand, that due to the interferences of Au NPs with nucleated DNA, the Comet assay
was not suitable for genotoxicity assessment of nanomaterials, as reported in a similar
way by the works cited above. On the other hand, it has also been shown that citrate
Au NPs may have some genotoxic potential in mammalian cells at the tested concentra-
tions (6.25-50 pg/mL); however, the genotoxicity observed, although it did exist, was not
statistically significant [72].

It seems therefore that the differences in genotoxic effects can be explained through
the different mechanistic pathways involved in each nanomaterial according to its size and
concentration. In this context, 30 nm citrate Au NPs have been related with the in vitro
induction of genotoxicity, the authors stating that the genotoxicity of Au NPs with sizes
greater than 20 nm had been rarely reported [73]; together with 10 nm citrate Au NPs, the
same size Au NPs have also been reported to cause DNA damage in several structures (i.e.,
liver, blood and brain) in vivo [74,75].

It is also worth noting that citrate has been shown to have a cytotoxic effect by itself,
causing apoptosis in two different gastric cancer cell lines [76]. It has also been suggested
that an excess of sodium citrate, rather than NP size, may affect the viability of A549 and
NCIH441 compared to dialyzed and purified Au NPs [77]. Similar observations have also
been noted for HepG2 cells [70].

A summary of the effects generated by Au NPs is given in Table 3.

Table 3. Effect of Au NPs on DNA.

. o1 . Cell Line/
Size Stabilizer/Coating Animal Model Effects Ref.
10.9 nm Poly(amidoamine) (PAMAM) Interaction of both NPs with both cell lines
HepG2, PBMC and exhibition of geno- and cytotoxicity. [68]
. Observation of higher sensitivity of HepG2
182nm Citrate to Au NPs than PBMC.
No induction of significant cytotoxicity by
Citrate both Au NPs.
18.4 nm HepG2 DNA damage production after treatment [69]
L with citrate Au NPs but not after
11-mercaptoundecanoic acid (MUA) MUA-AUNP treatment.
Bovine Serum
Albumin (BSA)
Poly(sodium Differences in the biochemical effects
4-styrene sulfonate) produced by Au NPs depending on their
Citrate coating,
18 Ci HepG2 No overall toxicity of citrate Au NPs. (70]
nm ltrate MUA P Induction of DNA damage that could not be
GSH repaired by citrate Au NPs.
Unbound citrate shows high toxicity.
pPVP
Polyethylene Glycol
(PEG)
14 nm Significant increase in micronuclei and
2 Citrate nucleoplasmic bridge production at 5 nm
nm concentration for both citrate NPs and both
COOH ligand cell lines. )
i Caco-2, HaCaT Induction, by all tested AuNPs, of [64]
14 nm PEG NH, ligand genotoxicity, indicating DNA damage.
. Induction of highest level of toxicity for
OH ligand 14 nm citrate Au NPs.
14 nm No statistical significance in the genotoxic
20 nm Citrate CHO effect observed for citrate Au NPs at the [72]

tested concentrations.
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Table 3. Cont.

. o1 . Cell Line/
Size Stabilizer/Coating Animal Model Effects Ref.
Increase in the frequency of DNA damage
and the damage index in blood and liver.
DNA damage caused by of oxidative stress [74]
. regardless of the type of administration and
Wistar rats—acute :
. Au NP size.
10 nm Citrat and chronic
30 nm frate intraperitoneal Au NPs induce DNA damage differently
administration depending on the type of administration
and the size of the Au NPs. 75]

There are higher levels of damage frequency
and damage in the DNA by 30 nm Au NPs
compared to 10 nm Au NPs.

3.3.2. Nuclear Internalization of Au NPs

In a living cell, nanoparticles must deal with several barriers in order to be able to
interact with DNA, the nuclear membrane being the most relevant of these. Size is a very
relevant feature that can notably affect the localization of the nanoparticle inside the cell.
Although small molecules (<9 nm in diameter) seem to be able to enter the nucleus without
regulation, larger molecules (>30 nm in diameter) require association with importins to be
internalized in the nucleus via an active process [78].

This characteristic becomes highly relevant, since any molecule or particle intended to
enter into the nucleus must present a nuclear localization signal (NLS) to interact with the
nuclear pore complex, and it must be smaller than 30 nm to cross the nuclear membrane [79].
However, some studies also point out that the nuclear localization of Au NPs can be size-
dependent, showing a nuclear accumulation of small NPs (3 and 10 nm in size) even
without NLS. Moreover, 25 and 50 nm particles accumulated around the nucleus [80].
Related to this, it has been reported that 1.4 nm size Auss (radioactive gold isotope) clusters
are able to enter the nucleus, where they interact irreversibly with the major grooves
of DNA, binding DNA and nuclear proteins, inducing a cytotoxic effect [81]. Likewise,
tiopronin-covered gold nanoparticles (Au-TIOP NPs) smaller than 10 nm (2 and 6 nm) were
able to enter the nucleus of MCF-7 breast cancer cells, whereas larger ones (10 and 16 nm)
were found only in the cytoplasm [82].

Nevertheless, in general, it is convenient for nanoparticles to incorporate the NLS
sequence in order to interact with the nuclear pores. A study using human oral squa-
mous cell carcinoma (HSC) confirms that 30 nm citrate Au NPs were not able to local-
ize at the nucleus. However, when they were conjugated with an NLS peptide, their
nuclear internalization was possible, causing cytokinesis arrest, leading to DNA dam-
age and the failure of cell division, and resulting in apoptosis [83]. Likewise, gold
nanospheres and nanocages (34 and 44 nm, respectively) conjugated with NLS and also
with arginine-glycine-aspartic acid (RGD) peptides were also able to penetrate the nucleus,
inducing cell cycle changes and reducing ATP production, which led to apoptosis and
necrosis [84]. Other examples of internalization include the conjugation of gold nanorods
smaller than 50 nm with an NLS peptide that allowed them to enter the nucleus of both
HaCat and HSC 3 cells [85] and the nuclear translocation of Au NPs (20 nm) conjugated
with adenoviral NLS and receptor-mediated endocytosis (RME) peptides into the nucleus
of HepG2 cells when they are conjugated with both RME and NLS peptides [79].

In general, conjugation with RGD and/or NLS peptides seems to be an appropriate
strategy to allow the internalization of nanomaterials into the nucleus [78,84,86]. How-
ever, it is worth noting that this phenomenon has also been observed in nanomaterials
coated with RALA, a short amphipathic peptide [87,88], as well as when functionalized
with 3-mercaptopropionic acid (MPA) and NH2-PEG-NH2 [89] and dimethyl-dioctadecyl-
ammonium bromide (DODAB) [90].

A summary of the effects generated by internalized Au NPs is presented in Table 4.
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Table 4. Effect of internalized Au NPs on DNA.
Size Stabilizer/Coating Cell Line Effect Ref.
RGD peptide Five-fold increase in NPs uptake and effective nuclear
localization for peptide-capped Au NPs.
. NLS peptide Stabilization of conjugated Au NPs complex thanks
15nm  Citrate HeLa to pentapeptide. [78]
Pentapeptide Reduction in NPs exocytosis for peptide-capped NPs
compared to citrate-capped ones.
Co-localization of RGD/NLS-conjugated nanomaterials with
the nucleus by confocal imaging.
35 nm Citrate Induction of cell cycle changes and reduced ATP production
mPEG—SH—?OOO when cells are treated with
RGD peptide HSC-3 RGD/NLS-conjugated nanomaterials. [84]
NLS peptide Higher induction of apoptosis and necrosis by
45 nm PVP RGD/NLS-conjugated hollow gold nanocages than by
peptide-conjugated solid gold nanospheres.
mPEG-SH-500 ! . ) . .
. RGD peptide Dark-field light scattering confirmation that NLS-Au NPs
30 nm Citrate HSC-3 were localized at the cell nucleus, while RGD-Au NPs were [86]
mPEG-SH-500 distributed throughout the cytoplasm.
NLS peptide
Decoration with RALA peptide imparts nuclear
targeting capabilities.
. . Precise 3D location of Au NPs within the cell, showing
15nm Citrate RALA peptide PC3 evidence of the nuclear uptake of monodispersed Au NPs. (871
79% of RALA-Au NPs internalized by the nucleus are
predicted to be monodispersed nanoparticles.
RALA stabilization of sub-110 nm complexes of several
PC-3, Au NPs.
15 nm Citrate RALA peptide DU145, Validation of nuclear accumulation of RALA-Au NDPs. [88]
PNT2-C2 Meaningful radiosensitization of cells using low microgram
RALA-AuNP concentrations.
No induction of obvious cytotoxicity.
Time-dependent cellular uptake of AuNP@MPA-PEG.
4nm Citrate PEG %\/I/[IYX 2000) HeLa Improvement of stability and biocompatibility due to [89]

surface modification.
Potential nuclear-targeted drug delivery carrier.

3.4. SiO, NPs (Silica NPs)

SiO; NPs have been proposed as potential nanocarriers of DNA molecules [91], thus
being critical in determining the interaction between these NPs and the DNA. The pre-
dictive model proposed by Li et al. predicts that SiO; NPs do not bind to the DNA [10];
however, molecular dynamic simulations performed by Shi et al. describe two major
binding mechanisms to explain DNA-5iO, NP binding: (1) attractive interactions between
DNA phosphates and (2) surface silanol groups and hydrophobic bonding between the
DNA base and the silica hydrophobic region [92]. Additionally, a third mechanism could be
considered, as cationic lipids have a high propensity to bind DNA molecules in vitro [91,93].

The interaction of SiO, NPs with DNA in a biological system, as we have previously
described, strongly depends on the ability of the NPs to cross the nuclear membrane. In
this context, 70 nm nonporous amorphous silica particles have been reported to enter the
nucleus of HaCaT cells (where they showed high ROS generation and DNA damage) as
well as the nucleus of mice skin cells, cervical lymph node cells and parenchymal hepa-
tocytes. The same phenomenon occurred in Langerhans cells and murine macrophages.
ROS generation and DNA damage have also been observed after treatment, and it has
been hypothesized that size-dependent effects might take place due to intracellular uptake
mechanisms. It has also been theorized that 70 nm SiO, NPs might interact with nuclear
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transporting proteins and that SiO, NPs/protein complexes are transported into the nu-
cleus [94-97]. The presence of fluorescent SiO, NPs has also been previously reported
with sizes of 40 and 70 nm, inside the nucleus of HEp-2 cells, the latter inducing aberrant
nucleoplasmic protein aggregation [98]. Another related work studies the increased nuclear
uptake of 28 nm SiO, NPs (called LumiLys 650) in the nucleus of HCT-116 and RT cells
after electroporation [99]. With respect to this phenomenon, electroporation can induce a
70% increase in cell nucleus size, thus potentially increasing the size of nuclear pores [100].

Regarding the potential oxidative stress caused by SiO, NPs, treatment with 43 and
62 nm SiOp NPs in human umbilical vein endothelial cells (HUVECs [101] and HepG2 [102],
respectively) causes oxidative stress, leading to DNA damage response, provoking toxicity
through the G2/M DNA damage checkpoint signaling pathway [101], and leading to
mitochondrial potential decreasing and apoptosis through mitochondrial pathway acti-
vation [102]. In addition, increased ROS levels have also been observed in a dose- and
size-dependent way in HEpG2 cells, where a size reduction in the NPs leads to higher ROS

production, the 19 nm SiO; NPs being the most toxic of all the sizes studied [103].
A summary of the effects generated by SiO, NPs is given in Table 5.

Table 5. Effect of SiO; NPs on DNA.

Size Stabilizer/Coating Cell Line/Animal Model Effect Ref.
Internalization of 70 nm SiO, NPs in nucleus of
70 nm C ial NP HaCat HacCat cells, mice skin cells, cervical lymph node
- O&?gfio d s 9 R1W246'7H ik cells and parenchymal hepatocytes. Same
angerhans cell-like ;
300 nm Partikeltechnologie g (XS52) observation .for Langerhans cells and [94-97]
GmbH Rostock murine macrophages.
mG s ROSIOCK, . BALB/ N Higher ROS generation after 70 nm SiO, NPs in
1000 nm ermany) m1ce—Ap plication in the HaCat cells compared to the other sizes.
inner side of both ears DNA damage.
50 nm
70 nm Commercial NPs (Kisker Nuclear localization observed in HaCat cells
200 nm (Stemfuli)t, Germany) and HEp-2, A549, trefated with 40 and 70 nm SIO% NPs. '
- - ostnova RLE-TEN. N2a Induction of aberrant nucleoplasmic protein [98]
500 nm (Landsberg/Lech, ! aggregation in HEp-2 cells after treatment with
1000 nm Germany).) 70 nm SiO, NPs.
5000 nm
28 nm Commercial NPs
(LumiLys 650) (Chromalys, Toulouse, Nucleus internalization of LumyLys 650 NPs in
France) HCT-116. RL both cell lines after electropermeabilization. [99]
Functionalization with ! Tumor cell tracking for 30 days, labeling cells with
3Q nm gadolinium—diethylene— SiO, NPs by electropermeabilization.
(LumiLys 780) triamine—pentaacetic acid)
Ssbrmethod sy inducionof 05 gertion and DA dama
62 nm orthosilicate (TEOS) + HUVECs through Chk-1 dependent G2/M DNA damage [101]
ethanol/ammonia/water) L .
checkpoint signaling pathway.
SiO; NP induction of oxidative stress through ROS
Stober method (TEOS + production, causing mitochondrial membrane
43 nm ethanol/ammonia/water) HepG2 potential decrease and apoptosis through [102]
mitochondrial pathway.
19 nm Toxicity produced by SiO; NPs was in a dose- and
43 nm Provided by School of size-dependent manner. The smaller the size, the
———————— Chemistry, Jilin University, HepG2 higher the ROS production. [103]
68 nm Changchun, China All four SiO; NPs led to DNA damage, cell cycle
498 nm arrest and apoptosis.
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3.5. Other Nanomaterials
3.5.1. Nanosized-Metal Organic Frameworks (NMOFs)

Metal organic frameworks, commonly known as MOFs, have arisen lately as a poten-
tial class of materials for diverse applications, such as drug delivery, radio enhancement,
imaging or theranostics [104]. MOFs are catalogued as micro- or meso-porous crystalline
materials, which consist of metal ions, clusters or chains interconnected by organic link-
ers [105]. In this context, these materials have been transferred to the nanometric scale,
generating nanosized-MOFs (or NMOFs), which present several interesting features such
as malleable morphology, size or composition, while preserving MOF’s characteristic prop-
erties, i.e., large surface area or high porosity [106]. In particular, their higher quantity of
active sites due to their large surface area makes them ideal nanocarriers for smart drug
delivery [107].

All the features described above make this kind of nanomaterial a highly plausible
alternative for developing sophisticated antitumoral therapies. In particular, some of these
NMOFs exhibit anticancer activity by, among others, producing alterations in the genetic
material. In this context, an iron-based NMOF has been developed, combined with the
addition of dihydroartemisinin (DHA). The interaction of leached iron ions with DHA
generated a substantial quantity of toxic -OH which, via ferroptosis triggering, eventually
led to DNA damage, further confirming therapeutic efficacy in vivo [108]. In a similar way,
complete manganese based-NMOF that leads to a reduction in GSH levels and thus, an
increase in cytoplasmic and mitochondrial ROS generation, which led to DNA damage,
has been developed [109].

Some NMOFs have also demonstrated the capacity of causing DNA damage upon
some external stimulation, i.e., in the case of radiosensitizer NMOFs, or NMOFS used for
photodynamic therapy (PDT) or photothermal therapy. As an example, an NMOF based
on Hf and Mn was able to successfully combine PTT and X-ray therapy and caused an
increase in DNA damage upon X-ray irradiation [110]. Likewise, some NMOFS, as it was
mentioned before, are extremely suitable for the delivery of certain. That is the case for a
biocompatible Zr-based NMOF, which presented a high loading capacity of doxorubicin
(DOX). The correct delivery of this drug helped to increase the apoptotic and cell cycle
alterations in HepG2 cells [106].

Unfortunately, and despite the multiple applications already mentioned, this kind of
nanomaterial is not exempt from potential drawbacks. The most important concerns are the
potential triggering of undesired genotoxic and cytotoxic effects, which have been strongly
correlated with nMOF composition, regarding the metal and organic building blocks. Each
metal possesses a particular lethal dose, and so do the organic building blocks, which
should be considered when designing NMOFs [111]. Likewise, other elements related to
the preparation of NOMFs, such as organic linkers or the solvent, have demonstrated a
strong influence on the potential cytotoxic effects derived from NMOFs administration,
making it necessary to take these factors into account [112]. Furthermore, other crucial
aspects such as the genotoxicity of these materials should be more frequently revised in
order to elucidate the potential of DNA damage.

In addition, it has been recognized that these materials present problems of stabi-
lization mainly compared to metallic nanoparticles. Although several approaches for
overcoming this issue are being implemented, the implications are yet mostly unknown,
and their reaction products and transformations are not fully characterized. Thus, this lack
of information may have implications in the toxicity and activity of these materials in the
biological medium [104]. In this context, Herrmann's laboratory assessed the stability of
several NMOFs. The behavior of TiZr-PCN NMOFs, which initially showed high stability
in different buffers, was of particular interest. However, the partial segregation of Ti and
Zr was detected after 2 months of cell culture, which is an issue to be concerned about,
since some studies suggest DNA could be a possible intracellular target for Ti [104]. Other
studies have also attributed NMOFs toxicity to the solubility and subsequent released
metal ions [113]. Related to this, it is remarkable that some studies are in fact concerned
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about this issue. Cai et al. designed a biodegradable, copper-based NMOF, studying the
degradation profile of this material in an in vivo assay with mice. The results showed that,
in fact, 90% of the nanomaterial was excreted via urine and feces within 30 days [114].

Finally, it is worth noting that, as it was previously mentioned, different strategies are
being studied in order to overcome the limitations of NMOFs that have been described so far.
In particular, biomimetics has produced some good results in the field of nanobiomedicine,
and NMOFs are no exception. Studies with the cloaking of different cell membranes, such as
cancer cells or erythrocytes, have provided immunity escape and preferential accumulation
to different MOFs [115]. Thus, the development of this strategy could be an important step
in the consolidation of NMOFs as a solid, effective and specific therapy in the treatment of
several diseases.

3.5.2. Magnetic Nanometer-Size Particles

Magnetic nanoparticles (MNPs) are a class of nanomaterials composed of metals with
paramagnetic, ferromagnetic, or superparamagnetic properties, such as cobalt, nickel, and
iron [116]. The MNPs have demonstrated great efficacy as thermoelectric materials, imaging
agents, drug delivery vehicles, and biosensors [117]. The most commonly used MNP is
the superparamagnetic magnetite iron oxide (Fe3O4) because of its high biocompatibility
and low toxicity; nevertheless, recently, iron oxide MNPs, with smaller sizes, have been
designated as the best choice for biological and biomedical applications [118].

DNA molecules have a number of metal-ion binding sites. There are oxygen atoms of
phosphate groups, hydroxyl groups of sugars, endocyclic nitrogen atoms and exocyclic
keto groups of bases. Interactions of metal ions with different sites of DNA molecules are
specific and depend strongly on the nature of the ions. Fe2+ cation is directly coordinated
to the N(7) atom of guanine and indirectly, through water molecules, to the O(6) atom of
guanine and phosphate groups, thus forming an octahedral coordination complex of iron.
NPs bind to DNA molecules through the formation of Fe7O7P bonds. Additionally, the
interaction of nanoparticles with the double-stranded DNA induces the cross-linking of
phosphate groups, which led to DNA compaction [118].

MNPs have a high surface area to volume ratio, high binding rate with detection
substances, and can perform magnetically controllable aggregation and dispersion, making
preconcentration, purification and the separation of nucleic acids simple and easy; therefore,
MNPs can be employed for nucleic acid extraction, target enrichment, infectious disease
identification, site mutation detection, and library preparation for next-generation sequenc-
ing [119]. These applications have been widely explored; however, new applications can be
developed such as the differentiation of mesenchymal cells into chondrocytes, adipocytes
and osteoblasts on substrates with nanotopography generated by MNPs and DNA, allow-
ing the differentiation of the cells and reducing the necessity of growth factors [120].

3.5.3. Lipid-Based Nanoparticles (LPB NPs)

In recent decades, lipid-based nanoparticles (LPB NPs) have also attracted attention
because of their properties as molecule carriers, particularly DNA and RNA. DNA therapy
allows gene delivery, whereas RNA therapy offers the possibility to knock down, insert or
replace a disease-associated DNA [121-123]. However, with regard to nucleic acids, LPB
NPs can act in more ways than simply as a carrier. The size of the cationic LPB NPs varies
depending on the carried DNA, and among them, DOTMA /DOPE liposomes, some of the
most widely used types of cationic LPB NPs, are usually large NPs which are internalized
and retained in the cytoplasm surrounding the nucleus [124]. Therefore, in the case of
this nanomaterial, the generation of DNA damage might consist of an indirect process via
inflammation and oxidative stress [125-127]. Cationic LPB NPs are able to induce DNA
breaks in mice, specifically in the lung, liver and kidney, in a dose-dependent manner. These
nanoparticles also induce DNA breaks and later repair in human peripheral blood cells
in vitro, in this case one hour after treatment [128]. In another study;, it was observed that
that the injection of standard cationic non-PEGylated DOTAP/CHOL liposomes (92 nm)
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in Wistar rats, in a single or in consecutive intravenous doses, increased DNA damage
in the lung and spleen. The administration of these liposomes did not induce detectable
DNA breaks in the liver, although they induced the expression of proinflammatory cy-
tokines, stress response gene HOMX1 and DNA repair enzyme OGG1 [127]. It has also
been reported that cationic liposomes and cationic DOTAP also induce in a dose-dependent
manner an increase in reactive oxygen intermediates (ROls) and pulmonary inflammation
in mice [125]. Likewise, it has been shown the cationic DOTAP liposome is an active stimu-
lator of mouse bone marrow-derived dendritic cells (BMDCs), resulting in the activation of
ERK and p38 and the induction of chemokines, cytokines and co-stimulatory molecules
mediated by appropriate amounts of ROS [126].

3.5.4. Nanoparticle Pollution

Diesel exhaust particles (DEPs) are generated from the incomplete combustion of
diesel fuel, being able to cause oxidative DNA damage, which is associated with polymor-
phisms that confer deficiencies in DNA repair and/or xenobiotic metabolic pathways in
white blood cells [129]. In addition to DNA damage, these NPs can modify the methy-
lation profile, which plays an important role in the reprogramming of gene expression.
To date, only two studies focusing on the analysis of DNA methylation in real human
populations occupationally exposed to NP have been published. The first study assessed
global methylation and oxidative DNA damage in workers with occupational exposure
to metal oxide nanomaterials, and it revealed that exposure to SiO, and indium tin oxide
NPs significantly increased oxidative biomarkers and global DNA hypomethylation lev-
els [130]. The second study analyzed the inhalation exposure of workers to NPs during the
nanocomposite producing processes (welding, machining). Results show that short-term
exposure induces DNA damage without disturbing DNA methylation, although long-term
exposure leads to the adaptation of the epigenome by DNA methylation modification
without detectable DNA damage. Differences in CpG methylation levels between the
exposed and control subjects were detected in signaling-pathways-related genes, including
cytokines, genes involved in lung functions, cancer, blood cell count and lipid metabolism,
xenobiotic detoxification, cognitive functions and type II diabetes [131].

4. Conclusions

Nanomaterials have unique properties that make them useful for a wide range of
applications in biomedicine, including diagnosis, treatment and theragnosis. The develop-
ment and improvement of these materials for their use in biomedicine has increased over
the past years. However, their use is accompanied with increasing concerns regarding the
biosafety of these materials, thus limiting the transfer of nanomaterials to the clinics.

For this reason, more extensive studies are needed to understand the role of nanoma-
terials in the metabolism of other compounds as well as ensure the publication of relevant
information on the biosecurity of the nanomaterials tested. A clear example of how these
materials can disrupt several metabolic pathways is derived from the production of ROS.
Several nanomaterials have been related with ROS production and DNA damage induction.
Likewise, the potential genotoxic effect of some nanomaterials must not be overlooked.

Consequently, there is a need for the development of accepted and specific protocols to
identify the entire metabolic alteration of each nanomaterial regardless of their application.
This standardization would enhance our knowledge, leading to the safer use of these
materials, and increasing the number of available NPs for the wide variety of biomedical
applications where novel and groundbreaking therapies are urgently required.
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