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Abstract: In recent years, there has been an increased interest in the design and use of
iron oxide materials with nanoscale dimensions for magnetic, catalytic, biomedical, and
electronic applications. The increased manufacture and use of iron oxide nanoparticles
(IONPs) in consumer products as well as industrial processes is expected to lead to the
unintentional release of IONPs into the environment. The impact of IONPs on the
environment and on biological species is not well understood but remains a concern due to
the increased chemical reactivity of nanoparticles relative to their bulk counterparts.
This review article describes the impact of IONPs on cellular genetic components. The
mutagenic impact of IONPs may damage an organism’s ability to develop or reproduce.
To date, there has been experimental evidence of IONPs having mutagenic interactions on
human cell lines including lymphoblastoids, fibroblasts, microvascular endothelial cells,
bone marrow cells, lung epithelial cells, alveolar type II like epithelial cells, bronchial
fibroblasts, skin epithelial cells, hepatocytes, cerebral endothelial cells, fibrosarcoma cells,
breast carcinoma cells, lung carcinoma cells, and cervix carcinoma cells. Other cell lines
including the Chinese hamster ovary cells, mouse fibroblast cells, murine fibroblast cells,
Mytilus galloprovincialis sperm cells, mice lung cells, murine alveolar macrophages, mice
hepatic and renal tissue cells, and vero cells have also shown mutagenic effects upon
exposure to IONPs. We further show the influence of IONPs on microorganisms in the
presence and absence of dissolved organic carbon. The results shed light on the
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transformations IONPs undergo in the environment and the nature of the potential
mutagenic impact on biological cells.

Keywords: iron oxide nanoparticles; mutagenicity; mammalian cells; bacteria;
environmental impact; humic acid; 8-OHdG

1. Introduction

Iron represents the fourth most common element in the earth’s crust and is ubiquitous within nature,
industry, and basic consumer products. The prevalence of iron in nature, in its various oxidized forms,
in combination with low extraction costs, has made finding potential applications for iron oxide
nanoparticles (IONPs) highly attractive. From an industrial perspective, iron oxides are mined to support
the production of building materials, pigments, and nutritional supplements. Ninety-eight percent of
mined iron oxide is converted to steel for use in consumer products [1]. In addition, to the applications
involving steel, [ONPs are frequently used as pigments (which are low cost, colorfast, nontoxic and
capable of imparting yellow, red, black, or brown color to a wide variety of consumer products); and
are used as a food additive, which fortifies foods without altering their color or taste [2,3].

New applications for IONPs continue to emerge. Researchers are investigating IONPs as potential
drug delivery systems [4], hyperthermia agents [5], magnetic resonance imaging contrast agents [5,6]
catalysts for environmental remediation, and much more [7—12]. The array of applications associated
with IONPs is a result of their tunable properties, which are derived from unique, structurally driven
characteristics. There are multiple crystallographic structures exhibited by IONPs that include: magnetite
(Fe3O4), maghemite (y-Fe203), hematite (a-Fe203), wiistite (FeO), e-Fe203, and B-Fe2Os [13—15]. This
review will focus on the most common crystallographic structures: magnetite, maghemite, and hematite
(Figure 1). Magnetite has an inverse spinel structure and is ferrimagnetic due to the alternating Fe(II) and
Fe(III) lattices, which are separated by oxygen atoms that allow for electronic coupling [16,17]. Like
magnetite, maghemite is also ferrimagnetic and has an inverse spinel structure [18,19]. Maghemite’s
strong ferrimagnetism is derived from lattice vacancies, which give rise to uncompensated electron
spins [20]. Hematite, a nanoparticle with a corundum crystal structure, is weakly ferromagnetic due to
the coupling between Fe(Ill) ions across crystallographic planes [21,22].
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Figure 1. (a) Crystal packing of hematite, shaded circles represent Fe and unshaded circles
represent O [23]; (b) Crystal packing of magnetite, dark large circles represent O, small
light circles and small dark circles represent octahedral and tetrahedral coordinated Fe,
respectively [24]; and (c¢) Crystal packing of maghemite, shaded circles represent Fe and
unshaded circles represent O [23]. Reprinted with permission from reference [24].

1.1. Potential Applications of Iron Oxide Nanoparticles (IONPs)

In recent years, IONPs have been at the center of promising applications for biomedical research.
Iron oxides are widely considered to be non-toxic, and can be collected or manipulated by an applied
magnetic field. Early research highlighting their potential for use as MRI counter agents focused on the
mechanism by which the body metabolizes IONPs. Studies showed that iron oxides were initially
transported to the liver and spleen [25]; however, in less than seven days the excess iron was either
excreted or incorporated into the body [25] (in the form of co-factors, hemoglobin, etc.).

Studies have shown a variety of biomedical applications that utilize IONPs. These applications
include but are not limited to: magnetic resonance imaging, drug delivery, hyperthermia treatment,
theranostics, and targeted gene delivery [26-29]. Like many other bulk materials, the properties of
iron oxides change substantially when their particle size is reduced to the nanoscale. Each of the
aforementioned applications requires materials that exhibit superparamagnetism, a property exhibited
by nanoscale iron oxides [30]. Superparamagnetism allows magnetite and maghemite nanoparticles to
exhibit magnetic properties only when subjected to an applied magnetic field, thus making possible
superparamagnetic iron oxide nanoparticle (SPION) solutions to be injected and directed toward
a target site in vivo by the application of an applied magnetic field. Researchers have used SPION
solutions to destroy tumors via thermal ablation [31] and have made SPIONs into localizable drug
carriers coated with therapeutically relevant compounds [13].

Chemists and material scientists are rapidly developing a wide variety of applications based on the
unique properties of IONPs. Such nanoparticles have proven useful in the selective detection of
specific gases [32]. For example, hematite thin films have shown promise as selective detectors of
gaseous NOz2 [33]. “Flowerlike” hematite nanoparticles have been used to selectively detect ethanol
molecules [34]. Similarly, hematite nanowire sensors possess a high sensitivity and response to carbon
monoxide [35]. The selective detection of gases by varied forms of IONPs results from the variation in
bandgaps, atom fractions, and exposed crystalline faces inherent in the crystallographic forms [32].
When gases adsorb onto nanoscale sized IONP structures, their resistivity is altered and a proportional
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change in current is detected [35]. Variation with respect to exposed crystalline faces and atom
fractions dictates the level of adsorption of different gases [32].

Other studies have focused on methods by which synthetic surfaces comprised of precisely
configured IONPs, are produced [36]. These synthetic surfaces have finely tuned wetting properties,
which are capable of preventing ice build-up [36]. The wetting properties of a surface directly impact
its ability to support ice formation. A surface’s wetting properties are controlled, in part, by the
surface’s hierarchical roughness at the boundary between the solid and liquid phases [37]. There are
two possible equilibrium positions for droplet formation on a rough surface; the Wendzel state, which
occurs when the water droplet merges with the surface, as shown in Figure 2a and the Cassie state,
which occurs when the water droplet is positioned on the surface above nanosized pockets of ambient
air as shown in Figure 2b [37]. The geometric configuration and composition of the surface dictates
the most energetically favorable equilibrium position (Wendzel or Cassie) [38]. Researchers have
successfully controlled the size and formation of IONP protuberances through the manipulation of an
applied magnetic field and by careful selection of IONP stabilizers. IONPs coated with hydrophobic
surfactants, which were subjected to stronger magnetic fields during the calcination process produced
the most distinct cavities and protuberances [36]. Indirect manipulation of IONP protuberances and

cavities has resulted in synthetic ice-phobic surfaces with minimal wettability [36].

(a) (b)

Figure 2. (a) Wendzel droplet (occurring when a water droplet merges with a surface) and
(b) Cassie droplet (occurring when a water droplet is positioned on the surface) above
nanosized pockets of ambient air.

The use of IONPs to improve the capacity of lithium ion batteries has been investigated. For
example, Wang et al. reported the fabrication and testing of an IONP/nitrogen doped aerogel
comprised of graphene sheets [39]. The anchored IONPs promote the aerogel’s functionality as an
anode by shortening the lithium ion and electron diffusion distance [40]. By crystallographic fusion
across graphene sheets, IONPs also promote the formation of a porous structure, which favors
electrolyte permeation. These doped aerogels are considered as promising agents for the improvement
of battery technologies because they are inexpensive to produce [39,40].

IONPs are also being investigated by a variety of researchers for their utility as agents for
environmental remediation. Reports have shown that IONPs (of various forms and bound to various
substrates) can be used for the removal of heavy metals from drinking water [41] or for the selective
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degradation of wastewater dyes [42]. A brief synopsis of these applications is provided below,
however, a more detailed description was recently published Xu et al. [43].

The removal of heavy metal ions from water supplies is of paramount importance [44]. Heavy
metals are not biodegradable, are known to be carcinogenic, and are increasingly being introduced into
water supplies and the environment [45]. Multiple methods for the removal of heavy metal ions from
water have been developed and include: oxidation/reduction, sedimentation, chemical precipitation,
carbon adsorption, membrane filtration and ion exchange [46]. Unfortunately these methods require
significant capital both to acquire and maintain. Reports show that specially functionalized SPIONs
can be used for the removal of heavy metals from water supplies. Magnetite reduced graphene oxide
nanoparticles have proven capable of near complete arsenic removal (99% within 1 ppb) from
contaminated drinking water [41]. In another investigation, poly(3,4-ethylenedioxythiophene) coated
magnetite nanoparticles were shown to readily conjugate heavy metal ions dispersed within an aqueous
solution [46]. In both investigations, the superparamagnetism of IONPs was used to remove heavy
metal contaminants (adsorbed on to the SPION surface) by collection of the nanoparticles with an
applied magnetic field.

Similarly, researchers are investigating the adsorptive power of IONPs with respect to the collection
and disposal of dyes from wastewaters [47]. When introduced into an aqueous environment,
wastewater dyes degrade via an oxygen consuming process, which produces chemicals that are
suspected to be carcinogenic and disturb the existing ecosystem [48]. To avoid environmental
exposure, wastewater dyes must be collected and treated prior to disposal [49]. Mak and Chen
successfully collected methylene blue dye by: (1) exposing contaminated solutions to SPIONS;
(2) allowing the dye time to adsorb onto the SPION surfaces; and (3) subsequently removing the dye
coated SPIONs from solution by application of a magnetic field. After collection, the dye desorbed
from SPION surfaces when submerged in ethanol [49]. These researchers have exploited the high
surface area to volume ratio and superparamagnetism of SPIONs for wastewater dye binding and
collection, respectively [49]. Other researchers have focused on the degradation of wastewater dyes,
also using SPIONSs. Fenton-like catalytic degradation by these nanoparticles has proven effective in the
remediation of wastewater dyes [42]. The nanosized nature of the SPIONs enhances catalytic activity
due to significant amounts of exposed surface area, relative to the bulk. Also important is the
crystallinity, iron content, and the oxidation state of the SPIONs [48,50]. The crystallinity dictates
which faces are most available for catalytic reactions, while the iron content and oxidation state control
the type of ions released into solution [50].

1.2. IONPs Incomplete Toxicological Profile

Significant research focused on the use of IONPs has stemmed from the ability to generate them
inexpensively with controlled size, shape and coatings [51], their magnetic properties, and the
considerations that these materials are thought to be non-toxic [39]. However, recent research calls into
question the benign nature of IONPs [52-55]. As growing numbers of consumer products and
industrial processes contain nanoparticles, the unintentional release of these substances into the
environment is expected, and the impact of these materials is becoming increasingly significant [55-57].
The unique properties of nanoscale materials causes concern for their behavior in an environmental
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setting where they are likely to interact with various chemicals and biological species. Thus, an
assessment of IONP toxicity cannot be made based solely upon the toxicological profile of its bulk
counterpart [58]; similarly an assessment of environmental toxicity cannot be made in the absence of
environmentally significant compounds, such as dissolved organic carbon. Generally speaking, the
interaction between cell membranes and nanoparticles is controlled by nanoparticle shape, size, and
surface functionalization [59]. There are a multitude of sizes, shapes, and surface functionalized
IONPs described in the literature. The wide array of IONPs is one reason why a toxicological profile
of these particles has not yet been well documented in the literature; though there are increasing
indications that [ONPs are not as benign as their bulk counterparts [60].

This review article focuses on IONPs and their impact on the genetic components of biological
cells. Increasingly, researchers are finding evidence that IONP exposure can produce mutagenic
effects. These interactions directly correlate with DNA alteration and have the potential to damage an
organisms development and reproduction. As IONP applications and manufacturing continue to rise,
so too will environmental exposure [55]. This review article seeks to highlight research investigating
the impact that IONP exposure on the genetic components of various cell lines and bacterial strains.

2. Mutagenic Impact of IONPs on Cell Lines

The increase in the manufacturing and use of nanoparticles has led to significant advances in
modern technology. Despite the numerous advantages that nanoparticles offer toward modern
technology, several concerns exist that render nanoparticles as emerging contaminants. Studies reveal
that nanoparticles have adverse effects on biological cells. These adverse effects include mitochondrial
damage, oxidative stress, chromosomal and oxidative DNA damage, altered cell cycle regulation and
protein denaturation [61-63]. However, the mechanisms by which nanoparticles impact toxic effects
on biological cells are not well understood. One of the most commonly suggested mechanisms of
toxicity is the generation of reactive oxygen species (ROS) by the nanoparticles [64]. More
specifically, the interaction of metal oxide nanoparticles, including IONPs with biological cells has
led to the observation of different types of DNA damage, including: chromosomal aberrations, DNA
strand breakage, oxidative DNA damage and mutations [65].

The preparation of anthropogenic nanoparticles often requires that a stabilizing material is used to
coat the surface. The stabilizer protects the nanoparticle from agglomeration, minimizes the rate of
surface oxidation, and controls the particle size during the synthesis process. Unstabilized nanoparticles
show greater instability, undergo trapping by the immune system, exhibit increased chemical reactivity
and undergo oxidation more readily than do stabilized nanoparticles [66]. There are various types of
coatings including organic ligands, polymers (natural or synthetic), inorganic molecules, and
biological molecules [62]. A study of the cellular uptake of IONPs using different cell lines showed
that the nanoparticle uptake efficiency was dependent on the surface coating, irrespective of the cell
line used [63]. The study showed that the surface coating could increase the biocompatibility of the
nanoparticles and influence IONP toxicity. For example, an in vitro study on A3 human T lymphocytes
showed that IONPs coated with ligands having terminal carboxylic acid groups exhibited higher
cytotoxicity than those coated with ligands bearing terminal amine groups [64]. In another study,
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citrate coated SPIONs exposed to rat macrophages showed elevated levels of malonyldialdehyde and
protein carbonyls that resulted from oxidative stress [67].

Magnetic IONPs including maghemite, hematite, and magnetite have a variety of potential
biomedical applications in both diagnostics and therapeutics [65,66]. This is because the iron
metabolism is well controlled whereby excess iron is efficiently removed from the body by hepcidin,
which is the central regulator of iron homeostasis [68]. However, at the nanoscale, concerns arise as
IONPs cause cell damage, including: disruption of cytoskeleton, apoptosis and oxidative stress in both
human and mammalian cells [61,62,69,70]. Excess iron exposure has been found to cause elevated
ROS generation through the Fenton reaction, resulting in oxidative stress that damages DNA, lipids
and proteins, consequently resulting in carcinogenesis [71,72].

When IONPs are used for biomedical applications, control of their interactions with biological
systems is a challenge. IONPs immersed within a physiological environment are covered by a layer of
proteins forming a “corona” [73]. Blood, which has over 1000 proteins, is often the first physiological
environment a nanoparticle interacts with [74]. Protein corona characteristics alter the size,
aggregation state, and interfacial properties of IONPs, giving the nanoparticles a biological identity,
which differs from their synthetic identity. Upon entering a physiological environment, the
surrounding proteins migrate to the particle’s surface by diffusion or by travelling down a potential
energy gradient. Protein adsorption on the surface occurs spontaneously if it is thermodynamically
favorable. Protein—IONP interactions can be characterized as covalent or non-covalent and may
involve rearrangement of interfacial water molecules, or conformational changes in the protein or in
the nanoparticle’s surface. The interaction between the protein and the nanoparticle occurs through a
special region of the protein known as the “domain” [75]. Essentially, the protein corona is a result of
simultaneous adsorption of multiple proteins via protein-nanoparticle or protein-protein interactions.
Proteins that adsorb with a high affinity, and are tightly bound form a hard corona. Conversely,
proteins that adsorb with a low affinity, and are loosely bound form a soft corona. Hard corona
proteins directly interact with the nanoparticle’s surface, while soft corona proteins interact with the
hard corona via protein-protein interactions [76,77]. The resultant protein corona, a composite of the
hard and soft corona, induces a physiological response when exposed to biomolecules, biological
barriers, and cells [77]. It has been recognized that protein corona formation is ubiquitous and
independent of NP nature [78]. Researchers have uncovered protein corona formation in several
studies. Rapid protein corona formation was observed in the presence of silica and polystyrene
nanoparticles [79], and long lived corona were found on nanoparticles exposed to serum or plasma [80].
Other studies have investigated the biocompatibility of nanoparticles upon corona formation [81] as
well as the nanoparticles aggregation and cell viability within the culture medium [82]. Consequently,
reports have shown that the protein corona can alter the interactions between nanoparticles and
produce aggregation, leading to the need and use of polymeric surface stabilizer that protect the
nanoparticle surface from protein corona formation [57,83—86]. Furthermore, stable polymer coated
magnetic nanoparticles were reportedly used in biomedical applications [6,12] and for wastewater
remediation [46].

Nanoparticle coating characteristics and size are known to impact the cellular uptake of IONPs [84].
It is important to recognize that though the doses of IONPs with which cells were treated are
presented, these values do not necessarily represent the amount of internalized iron [84]. This is
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somewhat problematic, as there is good reason to suspect that the amount of internalized IONPs
(governed not only by NP dose, but also by coating composition, coating thickness, and media
composition [85]) impact reported levels of mutagenicity. Thus, the dose of nanoparticles impacts, but
may not be equivalent to, cellular internalization of IONPs [86]. Additionally, levels of IONP
internalization mediate the observed levels of toxicity and mutagenicity. The toxicity and mutagenicity
associated with various IONPs presented in this review are categorized by IONP dose because this is
the current standard of reporting within the literature. However, readers are cautioned to also consider
the role that cellular uptake of IONPs may have played. Researchers interested in adding to the
experimental literature are encouraged to consider indicating the dose of IONPs applied and
determining the level of cellular uptake using the method suggested by Galimard et al. [86].

2.1. General ROS Generation and DNA Damage Mechanisms

The cellular oxidation mechanism involves a sequence of electron and proton transfer reactions in
which, molecular oxygen is reduced to water and ATP is synthesized. However, in most cases a small
amount of the molecular oxygen does not undergo complete reduction to water but instead may be
converted into superoxide anion radicals (O2:") or other oxygen-based ROS including hydroxyl radicals
(-OH), singlet oxygen ('02) and hydrogen peroxide (H202). These ROS play an important role in cellular
signaling systems. Except for this cellular oxidative stress, copper and iron participate in single electron
oxidation-reduction reactions leading to ROS formation [87]. ROS generation induced by nanoparticles
has a great impact on mutagenicity since DNA is a critical cellular target of ROS [72].

Nanoscale sized metal and metal oxide particles with redox characteristics can enhance the
formation of ROS by acting as catalysts in ROS production reactions. For iron, two types of reactions
known as the Fenton reaction and the Haber—Weiss reaction are shown in Equations (1)—(3). Iron ions
released in to the cytosol as a result of lysosomal enzymatic degradation participate in these reactions
producing radicals [72], especially when nanomaterials are in a suspending medium or a biological
system. This leads to the generation of ionic species promoting toxicity [88].

Fenton reaction:

Fe** + H202 — Fe** + -OH + :OH" (1)

Haber—Weiss cycle reaction:
Fe*' +-02" — Fe* + Oz (2)
Fe?* + H202 — Fe** +OH + OH~ €)

Studies estimate that a human cell is exposed to approximately 1 x 10° oxidative hits per day from
hydroxyl radicals and other ROS [89,90]. The hydroxyl radical can react with purine and pyrimidine
bases as well as with the deoxyribose-phosphate back bone, damaging the molecule [89,90]. More than
100 products have been identified resulting from oxidative damage. ROS-induced DNA damage
accounts for DNA single and double strand breakage as well as purine, pyrimidine or deoxyribose
modifications, and DNA cross-link formation [91,92]. Hydroxyl radicals have been shown to add to
the double bond of the pyrimidines and purines at diffusion-controlled rates. The second order rate
constant for these types of reactions ranges from 4.5 x 10°-9 x 10° M -s”! [93]. These reactions
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produce the hydroxyl-adduct radical or the allyl radical product of the relevant base (Figure 3). These
radical products are further oxidized or reduced depending on their redox environment, redox
properties and reactants to yield a variety of products [94,95]. When a hydroxyl radical attacks
guanosine, 8-hydroxyguanosine (8-OHdG) is produced as depicted in Figure 4. In nuclear and
mitochondrial DNA, 8-OHdG acts as a free radical and further induces oxidative damage within its
region as shown in Figure 5. Therefore, 8-OHdG acts as a biomarker of oxidative stress and DNA
damage. It also acts as a risk factor for many diseases, including cancer [96,97]. This modification
occurs once for every 10° human guanine residues [98].
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Figure 3. Reactions of ‘OH radical with DNA nitrogenous bases cytosine, thymine
and guanine.
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Figure 4. Schematic diagram showing the fate of iron oxide nanoparticles (IONPs) inside a
cell leading to mutagenicity, hydroxylation of the deoxyguanosine (pictured as a circled “G”).

Hydroxyl radicals can abstract a H atom from the sugar component of DNA as shown in Figure 5 at
rate constant of 2 x 10° M !-s”!. The C4'-radical of the deoxyribose sugar in DNA can undergo
several reactions, which lead to DNA strand breakage. The breakage of the strand may be due
to release of free modified sugars or sugars with terminal groups of broken DNA strands.
2,3-dideoxypentos-4-ulose and 2,5-dideoxypentose-4-ulose act as free modified sugars. In the absence
of oxygen, the C4'-radical of the deoxyribose sugar can lose a phosphate group on either side of the
DNA leading to strand breakage [87,93]. Apart from these modifications, elimination of modified
bases due to weakened glyosidic bonds occur often and are referred to as base free sites (apurinic
sites/aprydimidinic (AP) sites) [93]. Upon exposure of DNA to free radicals, like H2O2 or ionizing
radiation, DNA-protein crosslink formation occurs. In mammalian cells, chromatin thymine-tyrosine
crosslinking has been observed [99,100].

In recent years, there have been several studies reporting the mutagenic effects of IONPs. Table 1
summarizes the investigations focusing on IONPs and their impact on DNA. Most studies compare the
impact of bare IONPs and coated IONPs on various cell lines. Different mammalian cellular models
have been studied, these include: blood cells, vascular cells, stromal cells, reproductive cells, lung
cells, liver cells, skin cells, brain cells, and cancer cells. In many of these studies, DNA damage is
observed. Though researchers have begun to investigate the impact of IONPs on mammalian cellular
genomes, little attention has been paid to the impact of IONPs on bacterial genomes.

Common methods to detect DNA damage include: the comet assay [101], micronucleus (MN)
test [102], and 8-OH-dG detection. Furthermore, DNA damage can be accessed via the enzymatic



Int. J. Mol. Sci. 2015, 16 23492

digestion of DNA [103]; where products are identified by high performance liquid chromatography
(HPLC) or (electrochemical HPLC) EC-HPLC. Acidic hydrolysis is another method by which DNA
damage may be detected, where free bases are liberated and isolated using HPLC and subsequently
identified with gas chromatography mass spectrometry (GC-MS) [72].
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Figure 5. Sugar-phosphate backbone damaging reactions on DNA, including C4'-radical
formation from deoxyribose sugar, base release, sugar modification, and loss of
phosphate group.
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Table 1. IONP and DNA damage evidences from past studies.
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Fe3;04 (magnetite) and
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to IONPs than did hBMSCs-1. In hBMSCs-2, only
PDMAAm-y-Fe,0O; and y-Fe,Os particles increased
DNA damage after 72 h of exposure to NPs.

[11]

Bare superparamagnetic
magnetite (SPION) and

poly(vinyl alcohol) PVA coated

SPION

Mouse fibroblast adhesive

Particle size 4.5 nm (TEM) cells (L929)

Cells exposed to bare particles showed evidence of
cytotoxicity after 24 h. No toxic effect for the coated
particles was observed, even after 72 h of exposure.

DNA damage is believed to be the reason
behind apoptosis.

[112]
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Table 1. Cont.
IONP Type and Surface Cellular
Ch terizati d Si I t on Cell Ref.
Modification aracterization and Size Model/Organism mpact on Cells e
B rticle size 10 nm.
Bare SPION (magnetite) citrate gr'f pta © etsclize . I;m No extensive or dose dependent DNA damage was
itrate coated particle
coated, tetracthyl orthosilicate 10 TEO sp ted Murine fibroblast cell line observed for the cells treated with bare and TEOS
nm, coate . . .
(TEOS) coated, 3-aminopropyl article S 100-150 nm (L-929 from mouse treated particles. SPIONS modified with APTMS and [113]
trimethoxy silane (APTMS) iPTM S coated 10 ’ subcutaneous connective T-A showed a dose dependent mutagenicity. Cells
coate nm, . . . .
coated and TEOS/APTMS TEOS-APTMS coated tissue) treated with 200 ppm citrate modified SPIONS showed
coated IONP (T-A) significant DNA damage.
100-150 nm
Ze.ro valent ir(?n NPs (nZVI) Particle size 50 nm (TEM) Mytilus galloprovincialis DNA strand breakage was observed after exposure (114]
with Na acrylic co-polymer sperm for 2 h.
DNA d b db itoring the DPV
Fe@Fe,O; core-shell Diameter of nanonecklace ) : amage was Observet by tmonttoting the
: Herring sperm DNA (Differential Pulse Voltammetry) response of an [115]
nanonecklace with MWCNT 50-150 nm (SEM) . 3 3+
electrochemical indicator Co(phen)” or Ru(NHs)s .
High ification SEM s .
Fe@Fe>O; core-shell _ 187 maghitica 1(.)n . DNA damage was detected within 5—10 min of
image revealed diameter Hering sperm DNA . . . . [116]
nanonecklace and Au NPs incubation with cathodic treatment.
50-150 nm
Particle sizes for Fe;O4
Fe;0 tit -sized 27 = 8 d
?3 ) (ma.lgne ite) na.no 51z.e nman . No significant DNA damage or micronucleus
microparticles and micro-sized 156 + 82 nm, Syrian Hamster . )
) ] formation was observed in any cell samples exposed to [117]
nanoparticles, Fe,Os3 Fe>O3 nano-sized embryo cells . .
. . . . . the iron oxide NPs.
microparticles and nanoparticles 35 £ 14 nm and micro-sized
147 £ 48 nm (TEM)
Significant DNA damage in magnetite treated mice
| 11 b d. Mice treated with low d
. Particle size 12.5 = 4.45 nm Mice lung imprinting une c‘e S Was Observe fec treated with fow os.e
Fe;04 (magnetite) NPs magnetite showed a two-fold mutant frequency relative [60]

(TEM)

control region

to the control. High dose treated mice showed
a three-fold mutant frequency relative to the control.
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Table 1. Cont.

23496

TONP Type and Surface Characterization and Size Cellular Impact on Cells Ref.
izati iz .
Modification Model/Organism P
FesOs ( fite) NP Average particle size 10 nm A549 Human lung 8-OH-dG levels increased by 8- and 14-fold above the (28]
e magnetite ] oy . .
34 (mag (TEM) epithelial cells control with 10 and 100 g/L NPs, respectively.
Rhombohedral hematite
Hematite (a-Fe;O3)in three o-Fe,O3 (XRD) Human lung epithelial
i Hem- , Particle sizes: 1ls (A549), i . .
Slees, T 1.1ano aHiete SIzes n.a no cells ( ), murine No DNA damage was induced by hematite NPs. [118]
Hem-submicro (93 nm), sub-micro alveolar macrophages
Hem-micro (260 nm), micro (1600 nm) (MH-S)
from TEM
) ) ) By the comet assay Fe,O3 and Fe;O4 caused small but
i . Particle sizes: Fe,O3 micro . . .
Fe,O3; microparticles and significant increases in DNA damage. In terms of
. (0.15-1 pm) and nano . .
nanoparticles, (30-60 nm) sizes, FesO Human alveolar type 11 oxidative damage, only Fe3O4 produced significant [119]
Fe;04 (magnetite) ) T like epithelial cells (A549) DNA damage. The authors report that nanoparticles
) el d tticl micro (0.1-0.5 pm) and hicher i dati v than their mi ¢
microparticles and nanoparticles were higher in oxidative capaci an their micrometer
P P nano (20-40 nm) (TEM) gherim ¢ capactty
sized particle counterparts.
human lung cells: After 24 h exposure to Fe,O3 NPs, IMR-90 cells
. . . . IMR 90 (human bronchial showed DNA-breakage at concentrations of 10 and
Fe;0; (hematite) NP No infi t ded 120
&20s (hematite) O tniormation provide fibroblasts) and 50 pg/cm?; then in BEAS-2B cells DNA breakage was [120]
BEAS-2B cells observed at 50 pg/cm” Fe,O; NPs.
X-ray
diffraction-crystalline
) Human skin epithelial . .
25.27 rticles, TEM A t lat DNA d d ROS
Fe;04 (magnetite) NPs HIT partieies, (A431) and lung epithelial POSIHVE correration In amage at [27]

showed polygonal shaped
particles with a diameter of
24.83 nm

(A549) cells

generation in A431 and A549 cells was observed.
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23497

TONP Type and Surface Characterization and Size Cellular Impact on Cells Ref.
izati iz .
Modification Model/Organism P
By the comet assay: no DNA damage was observed for
IONPs (Fe30s, Fe,03), but DNA d b d
CuZnFe;04, Fe;04 (magnetite), ) _ , Type 11 epithelial cells s (Fes0s, Fe:0), bu : AMage was observe
No information provided for CuZnFe,Os. In terms of oxidative damage, Fe3Oa4 [63]
Fe>O3 NPs (A549) Sy .
produced oxidative DNA lesions as
did CuZnFe,Os.
H hepatocyt Cells showed nucl densati dch 1
Fe;04 (magnetite) NPs Particle size = 8 nm (TEM) uman hepa oc'y e ells showed nuclear C(?n ensation and chromosoma [121]
(HL-7702 cell line) DNA fragmentation after NPs exposure.
Fey0s NPs Particle size = 50 nm Human hepatoma Concentration and time dependent DNA damage (53]
Hep G2 cells was observed.
In liver tissue there was significant increase of
8-OH-dG levels for the highest dose of NPs
) . : . (40 mg/kg). In kidney tissues damage was shown for a
) Particle size = 35 nm Mice hepatic and e
Fe304 (magnetite) NPs (TEM) L6 dose of 20 mg/kg NPs. A significant DPC [122]
renal tissue
(DNA-protein crosslinks) coefficient was observed for:
(a) a dose of 40 mg/kg NPs in liver tissue and
(b) a dose of 10 mg/kg NPs in kidney tissue.
Ult 11 i
ra sr'na superparamagnetic Particle sizes _ _
magnetite IONPs (USPIO NPs, $ + 3 nm (TEM) Human cerebral Single and double DNA strand breaks and alkaline (123]
Fe304) oleic acid coated 14-15 nm (DLS) endothelial cells (HCECS) labile sites were detected.
USPIO NPs
Aminosilane-coated IONPs Mouse braifl microYessel N.O toxicity vYas observed for any of the Particles in
. . . endothelial cell line brain endothelial cells. At high concentrations neurons
(AmS-IONPs) and No information provided ) .. [124]
COOH-AmS-IONPs and mouse astrocytes displayed a toxicity to AmS-IONPs and astrocytes
and neurons displayed a toxicity to COOH-AmS-IONPs.
Particle size ranged Human breast cancer cell Gradual nonlinear DNA damage was observed as NP
u
Fe,O3 NPs between 19.56—48 nm dose and exposure time were increased. 60 pg/mL [52]

(TEM)

line (MCF-7)

IONP conditions produced the most DNA damage.
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Table 1. Cont.
IONP Type and Surface Cellular
Ch terizati d Si I t on Cell Ref.
Modification aracterization and Size Model/Organism mpact on Cells e
An increase in DNA strand breaks for 225 NP treated
. cells was observed (relative to all other treatment
Epidermal growth factor ..
tor (EGFR) targeted conditions). DNA strand breaks were assessed by
receptor argete . . .
.p ] & TEM and DLS particle size Human HCC827 lung tracking the levels of phosphorylated H2AX
hybrid plasmonic core-shell . . . . [125,126]
) . : 73 £35 nm cancer cell line expression. A slight increase in phosphorylated H2AX
iron oxide (maghemite) gold . .
NPs (225 NP) was also observed in cells treated with: (1) AuFe;
(2) 225-Ab (antibody) alone; (3) a mixture of NP and
225-Ab relative to untreated cells.
Bare F6304(magr.16t1te.)/ SiO; TEM. DLS
NPs, Fe;O4 amine-silane

surface modified,
Fe3;04 sulfonate-silane
surface modified

Human cervix carcinoma
cells (HeLa cells), Human
lung carcinoma cells
(A549)

Fes04 core 12 £+ 2 nm, SiO,
shell thickness 7 + 1.5 nm,
total diameter 26 + 2.9 nm

Bare NPs increased DNA damage in terms of tail
length and DNA percentage in tail relative to
passivated NPs, which showed results similar to

the control.

[127]

Fe3;04 (magnetite) NPs

No information provided HeLa cells

Vero cell line (C1008),

After exposure of 50 pug/mL NPs, no significant change

was observed in tail length. 100-200 pg/mL
concentrations however, showed increased tail length

[128]
and DNA percentage in the tail.

Fe304 (magnetite) and
Fe203 NPs

bacterial strains
Salmonella typhimurium
(TA98), S. typhimurium
TA 100, TA 1535, TA
1537, and
E. coli WP2uvrA

Particle size < 50 nm
(TEM)

No change is observed in the number of revertant
colonies in IONP treated groups or the negative
control. The positive control showed mutagenicity.
IONPs do not induce mutagenicity in strains
S. typhimurium TA 100, TA 1535, TA 1537, and
E. coli WP2uvrA.

[129]

Ref., References.
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2.2. Vascular System and Blood Cells

The effect of IONPs on blood, human, rat and eel blood cells were carried out in an effort to
determine the impact of these IONPs. European eel (4. Anguilla L.) erythrocytes were exposed to
silica-coated, dithiocarbamate functionalized Fe3O4 (magnetite) with Hg co-exposure to determine the
interference of Hg on functionalized NPs [104]. Erythrocytic nuclear abnormalities (ENA) were
evaluated at times (2, 4, 8, 16, 24, 48 and 72 h) progressively. ENA increase was observed only for
IONP under early (2, 4 and 8 h) and late (16, 24, 48 and 72 h) exposure times. IONPs in the presence
of Hg showed no ENA increase, proving that the IONP-Hg complexation reduced or eliminated DNA
damage. When exposed to IONPs or Hg alone a progressive increase in 8-OHdG levels was observed
over time [104]. Rat leucocyte cells and bone marrow cells were exposed to bulk Fe3O4 and FesO4
(magnetite) nanoparticles [105]. Rats were treated with 500, 1000 and 2000 mg/kg Fe3O4 bulk and
Fe304 nanoparticles and sampled at 6, 24, 48 and 72 h to be assessed by the comet assay. The results
showed no significant DNA damage in the comet assay or the MN test.

A human lymphoblastoid cell line, MCL-5, was exposed to the following nanoparticles: uncoated
Fe3O4 (magnetite), and uncoated y-Fe2O3 (maghemite), dextran coated ultra-fine superparamagnetic
Fe304 (dUSPION), dextran coated ultra-fine superparamagnetic y-Fe2O3 (dAUSPION2), [106]. The cells
were exposed to a range of concentrations (1-100 pg/mL) of Fe3Os (dUSPION), v-Fe20s
(dUSPION2), uncoated Fe3Os4, and uncoated y-Fe:Os3 in a 1% serum medium for 24 h. y-Fe2Os
(dUSPION2) NPs induced significant micronuclei formation at a concentration of 4 pg/mL and higher.
Dextran coated Fe3Os4 (dUSPION), uncoated Fes3Os, and uncoated y-Fe2O3 induced no micronuclei
formation and no DNA damage. The same human lymphoblastoid cell line, TK6, was tested with
Fe203 nanoparticles (concentrations of 5, 10 and 20 pg/mL) in a separate study [108]. DNA damage
was detected with a high throughput assay using a comet chip. IONP concentrations of 10 and 20 g/mL
resulted in 17% and 20% DNA damage, respectively, after 4 h of exposure. The same cell line TK6,
was exposed to Fe3O4 and oleic acid coated FesOs. No genotoxic effects were observed for the bare
particles, however an increase in base pair oxidation was observed in the case of oleic acid coated
nanoparticles after 2 and 24 h of treatment [107].

Landgraf et al. exposed human microvascular endothelial cells to unfunctionalized Au@Fe304
Janus particles and amine-functionalized Janus particles [109]. The cells were exposed to different
Janus particle concentrations 1, 10, or 50 pg/mL for 24 h at 37 °C. DNA damage, as assessed by the
comet assay, was observed in cells treated with unfunctionalized Janus particles, but was not observed
in amine-functionalized Janus particles.

2.3. Fibroblast and Stromal Cells

Human and mouse fibroblast/stromal cells have been incubated with several kinds of IONPs
including magnetite, maghemite, hematite Fe3O4, Fe203, and SPION to reveal their effects. In a study
with human normal fibroblast cells and Fe3Os (magnetite) NPs, cells were exposed to concentrations
100, 200, 1000 pg/mL of bare magneitite nanoparticles, tetracthyl orthosillicate (TEOS) coated IONPs,
3-aminopropyl trimethoxy silane (APTMS) coated IONPs and TEOS/APTMS coated IONPs [26].
Bare and TEOS coated nanoparticles showed no extensive or dose dependent damage to DNA as tested
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using the comet assay. However, nanoparticles modified with APTMS and TEOS/APTMS showed
significant dose dependent DNA damage. Another study exposed maghemite (y-Fe203) with different
coatings to human bone marrow mesenchymal stromal cells. Bare maghemite (y-Fe203), maghemite
(y-Fe203) coated with poly-L-lysine, D-mannose, poly(NN-dimethylacrylamide) were exposed to cells
from two donors (hBMSCs-1-12 years old and hBMSCs-2—-54 years old) [111]. The cells were
incubated for 72 h in a nanoparticle suspension of 15.4 pg/mL in a culture medium. The washed
nanoparticles were incubated in a fresh medium for 72 h. Sample hBMSCs-2 exhibited a higher
sensitivity and level of toxic effect than did sample hBMSCs-1. In hBMSCs-2, only PDMAAm-y-
Fe20s3 and y-Fe20s particles induced an increase in DNA damage after 72 h of exposure. Human
bronchial fibroblasts (IMR 90) and Fe:0O3 nanoparticles were used to examine the toxic effects [120].
The cells were exposed to nanoparticles for 24 h. DNA-breakage was observed at concentrations of
10 and 50 pg/cm?.

Several studies have used mouse/murine stromal cells and different types of IONPs. Bare SPIONs
and poly(vinyl alcohol) PVA coated SPIONs and mouse fibroblast adhesive cells (L929) were
used in this study [26]. The cells were exposed to SPIONs for 24, 48, 72, h and 100 pL of
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) were added to wells and
incubated. Cells exposed to bare nanoparticles showed evidence of cytotoxicity after 24 h. No toxic
effect was observed for the coated particles, even after 72 h of exposure. DNA damage is believed to
be the reason behind the observed apoptosis. Murine fibroblast cell line (L-929 from mouse
subcutaneous connective tissue) and SPION particles have been used in a different study [113]. The
cells were exposed to bare SPION, citrate coated SPION, tetraethyl orthosilicate (TEOS) coated
SPION, 3-aminopropyl trimethoxy silane (APTMS) coated SPION and TEOS/APTMS coated SPION
(T-A). The cells were exposed to increasing SPION concentrations (200—1000 ppm) for 24 h. Fresh
cultures and 10% DMSO treated cell cultures were used as negative and positive controls, respectively.
No extensive or dose dependent DNA damage was observed for the cells treated with bare and
TEOS-coated nanoparticles. Interestingly, SPIONs modified with APTMS and T-A showed a dose
dependent mutagenecity. Cells treated with 200 ppm citrate modified SPIONs also showed significant
DNA damage.

2.4. Reproductive Cells

There are a few studies that have investigated the effects of IONPs on reproductive cells. In these
studies ovarian cells, sperm cells and embryo cells were exposed to IONPs. Two studies were carried
out using Chinese hamster ovarian cells with IONPs. In one of the studies cell line H9T3 was exposed
to Fe2Os3 nanoparticles at a variety of concentrations (5, 10, 20 pg/mL). Concentrations 10 and
20 g/mL resulted in 33% and 48% DNA damage, respectively, after 24 h in H9T3 cells [108].
In the other study, Fe3O4 (magnetite) and Fe3Os—poly(L-lactide)—poly(ethylene glycol)—poly(L-lactide)
magnetic microspheres (Fe3;Os—PLLA-PEG-PLLA MMPs) were exposed to CHO-K1 cells [110].
Ovarian cells, (1 x 10° were exposed to different concentrations of MMP suspensions for 24 h.
Untreated cells functioned as the negative control, while cells treated with 200 ng/mL of Mytomycine
(MMC) functioned as the positive control. Ultimately, Fe3O4-PLLA-PEG-PLLA MMPS exposed cells
exhibited less DNA damage than did cells exposed to bare Fe3O4 nanoparticle.
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Two studies have used Mytilus galloprovincialis sperm cells and Hering sperm cells to observe the
fate of sperm DNA upon exposure to two different types of IONPs. Zerovalent iron nanoparticles
(nZVI) with Na acrylic co-polymer were exposed to Mytilus galloprovincialis sperm cells [114].
Sonicated fresh stock solutions of nanoparticles were added to sperm cell suspensions yielding 0.1, 1,
10 mg-L™! concentrations. After the sperm cells were exposed to the nanoparticles for 2 h DNA strand
breakage was revealed by the comet assay [114]. Hering sperm DNA were exposed to two types
of nanoparticles: (a) Fe@Fe203 core-shell nanonecklace with MWNT [115] and; (b) Fe@Fe203
core-shell nanonecklace and AuNPs [116]. In both studies, DNA damage was detected using
differential pulse voltammetry (DPV). This method was capable of detecting DNA damage within
5-10 min of incubation [115]. Syrian Hamster embryo cells were exposed to nano and micro Fe3O4
(magnetite), as well as nano and micro Fe:O3 particles in a different study [117]. Cell cultures in
21 cm? dishes were treated with the following particle concentrations for 24 h: 10, 25, 50 pg/cm?.
Then, those were used in the comet assay and MN test. No significant DNA damage or micronucleus
formation, in any cell samples exposed to the IONPS was observed.

2.5. Lung Cells

There are several studies that have been carried out using lung cells and IONPs. In most of these
cases human and mouse cell models have been studied. Mice lung imprinting control region cells and
magnetite nanoparticles were used in a particular study in which the mice were treated with
0.05-0.2 mg/animal of IONPs [60]. The mice treated with a low dose of magnetite showed a two-fold
mutant frequency increase relative to the control, while the high dose treated mice showed a three-fold
increase relative to the control.

Human lung cell types tested for IONPs toxicity include lung cell BEAS-2B type and lung epithelial
cells (A549). BEAS-2B cells were exposed to Fe2O3 nanoparticles for 24 h. DNA-breakage was
observed at concentrations of 50 pg/cm? in BEAS-2B cells [63,119]. Reports have shown tests of the
toxic effects of IONPs on lung epithelial cell line A549 [28,60,118]. Totsuka et al. exposed magnetite
nanoparticles to A549 human lung epithelial cells. The cells were incubated with the following
magnetite nanoparticle concentrations for 72 h at 37 °C: 0, 1, 10, 100 pg/mL. Nuclear DNA was
isolated and 8-OH-dG levels were determined by HPLC-ECD. 8-OH-dG levels increased 8- and
14-fold above the control in thel0 and 100 g/LL NP concentrations, respectively [60]. In another study
by Freyria ef al. human lung epithelial cells (A549) and murine alveolar macrophage (MH-S) cell
cultures were incubated in the presence and absence of IONPs. Hematite, in three sizes (nanoparticles,
submicrometer particles and microparticles), was used in the study [118]. No DNA damage was
induced by hematite nanoparticles in any of the cell lines. Another study was conducted on human
alveolar type IlI-like epithelial cells (A549) and two different types of IONPs. Those particles were
Fe203 nanoparticles and microparticles, and magnetite (nanoparticles and microparticles) [28]. In the
study, 0.16 million cells were grown in 24 well plates for 24 h, then exposed to 40 and 80 pg/mL of
particles for 4 h. Micrometer sized particles were shown to cause more significant DNA damage than
the nanometer sized particles. However, cells exposed to 40 pg/mL Fe3Os nanoparticle concentrations
did show significant oxidative DNA damage.
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Karlsson et al. exposed type II human lung epithelial cells (A549) to the following NPs:
CuZnFe204, Fe3sO4 and Fe203. After exposure, these cells were subjected to the comet assay and no
DNA damage was observed for Fe3O4 or Fe2O3. However, DNA damage was observed for Fe3O4 and
CuZnFe204 nanoparticles in the form of increased oxidative DNA lesions.

2.6. Liver, Kidney and Cerebral Cells

Several investigations were performed to determine the effect of IONPs on mammalian liver cells.
Human hepatocytes (HL-7702 cell line) were exposed to Fe3Os (magnetite) NPs for 24 h and analyzed
with the comet assay [121]. The cells showed nuclear condensation and chromosomal DNA
fragmentation after exposure to the NPs. A study by Sadeghi ef al. investigated human hepatoma Hep
G2 cells, which were exposed to Fe203 (75, 100 pg/mL) for 12 and 24 h. Concentration and time
dependent DNA damage was observed in Hep G2 cells [53]. In another study conducted by Ma et al.,
mice were exposed to 2, 10, 20, and 40 mg/kg Fe3Os (magnetite) NPs doses for one week. Their
hepatic and renal tissues were extracted and analyzed [122]. In liver tissue a significant increase in
8-OH-dG (for the highest dose of NPs) was observed. In kidney tissues, damage was observed for
20 mg/kg NPs dosage. A significant DNA-protein crosslinks (DPC) coefficient in liver tissue at a dose
of 40 mg/kg NPs and in kidney tissue at a dose of 40 mg/kg NPs was also observed. A study that used
ultra-small superparamagnetic iron oxide nanoparticles (USPIONs, Fe3Os4) and oleic acid coated
USPIONSs on human cerebral endothelial cells (HCECS) showed single and double DNA strand breaks
and alkaline labile sites [123]. A study by Sun et al. exposed the following mouse cell lines to
aminosilane-coated IONPs (AmS-IONPs) and COOH-AmS-IONPs: brain microvessel endothelial
cells, astrocytes, and neurons [124]. None of the particles demonstrated toxicity against mouse brain
endothelial cells. However, at high concentrations neurons were damaged by AmS-IONPs and
astrocytes were damaged by COOH-AmS-IONPs.

2.7. Cancerous Cells

In addition to the mutagenic effects of IONPs, studies have also focused on understanding the
genotoxic effects induced by these particles. Apart from healthy cells, several studies have investigated
cancerous cells. Different cancer cell types including human fibrosarcoma cells [26], breast cancer
cells [52], lung cancer cells [125,126], and cervix cancer cells [127,128] have incorporate [ONPs and
studied their effects on DNA.

In previous sections IONPs were shown to mediate DNA damage within healthy cells; this is
considered problematic. Interestingly, IONPs have also been shown to generate DNA damage within
cancerous cells. This observed DNA damage may lead to new cancer treatment methods. As an
example Yang et al. explore levels of DNA damage in Human fibrosarcoma cells exposed to
concentrations of 100, 200, 1000 pg/mL of Fe3O4 NPs, tetracthyl orthosillicate (TEOS) coated IONP,
3-aminopropyl trimethoxysilane (APTMS) coated IONP and TEOS/APTMS coated IONP. Bare and
TEOS coated NPs with cells showed no extensive or dose dependent DNA damage. Another study
which used human breast cancer cell line (MCF-7) exposed with FexO3 in different concentrations
(0, 10, 30, 60, 120 pg/mL) for 24 and 48 h showed gradual nonlinear DNA damage in a dose and time
dependent manner [52]. Two studies showed results for two different lung cancer cell lines: human
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HCC827 lung cancer cell line and human lung adenocarcinoma type II alveolar epithelial cells A549.
Human HCC827 lung cancer cell line was tested with epidermal growth factor receptor (EGFR)
targeted hybrid plasmonic core/shell iron oxide gold nanoparticles (225 NP) [126]. In this study
western blotting showed a greater increase in phosphorylated histone (YH2AX) indicating DNA strand
breaks in 225 nanoparticle treated cells compared with all other cell types. A slight yYH2AX increase
was observed in AuFe, 225-Ab alone, a mixture of NP and 225-Ab treated cells compared with
YH2AX in untreated cells [125,126]. Human cervix carcinoma cells (HeLa cells) and human lung
carcinoma cells (A549) were tested with bare Fe3sO4 (magnetite)/SiO2 NPs, Fe3O4 amine-silane surface
modified particles and Fe3O4 sulfonate-silane surface modified particles [127]. HeLa cells and A549
cells were exposed to 5 nM bare and passivated Fe304/SiO2 NPs for 48 h. Bare NPs showed increased
DNA damage in terms of tail length and DNA percentage in tail relative to passivated NPs (which
showed results similar to the control). Another study used HeLa cells (5 x 10° cells/mL), which were
cultured in six-well plates. Cells were either unexposed or exposed to NPs (50-200 pg/mL). After
exposure to 50 pg/mL NPs, no significant tail size increase was observed. The 100-200 pg/mL
concentrations showed an increased tail size and tail DNA% [128].

2.8. Bacterial Cells

Interestingly, there is little information in the literature describing the impact of IONPs on bacterial
genomes. One such study has been performed using Vero cell line (C1008), bacterial strains
Salmonella typhimurium (TA98), S. typhimurium TA 100, TA 1535, TA 1537, and E. coli WP2uvrA
32 with iron (II) and iron (III) oxide (magnetite) NPs [129]. No change in the number of revertant
colonies was observed in IONP treated groups and the negative control. Positive controls showed
mutagenicity. According to the results IONPs were not mutagenic with respect to bacterial strains
S. typhimurium TA 100, TA 1535, TA 1537, and E. coli WP2uvrA.

An assessment of environmental mutagenicity can only be made in the presence of environmentally
significant compounds, such as dissolved organic carbon. Because bacteria are an important
component of the environment, the authors sought to expose environmentally significant bacterial
cultures to magnetite nanoparticles in the presence and absence of humic acid, after which measures of
optical density and DNA damage were collected. To the best of our knowledge, this has not been
reported in the literature.

Magnetite IONPS with a 10-20 nm diameter were synthesized using the protocol outlined by
Petcharoen and Sirivat [130]. A TEM image of our IONPs is shown in Figure 6. Separate and active
cultures of E. coli and M. luteus, grown in TSB, were used in the preparation of the following
conditions: (1) control condition: bacteria in TSB; (2) bacteria with IONPs; (3) bacteria with humic
acid; and (4) bacteria with both IONPs and humic acid. All bacteria treated with [ONPs were exposed
to an effective concentration of 4 ug/L. Similarly, all bacteria treated with humic acid were exposed to
an effective concentration of 10 mg/L.

At time points 0, 2, 4, 6, and 24 h each condition was removed from a rotating incubator (held at
37 °C); five 100 uL samples were taken from each condition and ODeoo was measured to assess overall
bacterial growth. The ODesoo results are presented in Figure 7. Additionally, DNA damage was
measured at the 24 h time point; these results are presented in Figure 8.
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Figure 6. (a) Photograph of magnetite IONPs; left vial contains suspended IONPs while
the Right vial contains IONPs subjected to a permanent magnet; and (b) TEM image of
magnetite [ONPs with 50 nm scale bar.

A DNA damage kit was used to assess the levels of damage present in each condition at
the 24 h time point via the detection of an oxidized derivative of deoxyguanosine, known as
8-hydroxy-2'-deoxyguanosine (8-OHdG). 8-OHdG is considered a marker of oxidative DNA damage,
and its presence is known to increase the likelihood of G-to-T transversion mutations during the DNA
replication process [131].

Bacterial Growth
1.6 — E 0 hours

B 2 hours
W 4 hours
E6 hours

1.2 +
B 24 hours

0.8 -

Optical Density at 600 nm

Positive E.coli&IONP  E.coli & E. coliwith Positive M. luteus & M. luteus & M. luteus Negative
Control E. coli Humic Acid  IONPand  Control M. IONP Humic Acid with IONP & Control with
Humic Acid luteus Humic Acid IONP &
Humic Acid

Figure 7. Optical density results for bacterial conditions (E. coli and M. luteus) over a
24 h period.
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DNA Damage
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Figure 8. Percentage of DNA damage (as assessed by 8-OHdG levels) for each condition
at the 24 h time point.

Our results demonstrate that IONPs (magnetite) do not impact the growth of E. coli or M. luteus.
All bacterial conditions produced solutions with optical densities equivalent to their respective
controls. Based on the optical density data, IONPs do not impact bacterial growth, irrespective of
humic acid’s presence. However, the results do indicate that IONPs induce oxidative DNA damage in
M. luteus (the gram positive model); this oxidative damage appears to be lessened in the presence of
humic acid, indicating a protective effect previously shown by source Nick et al. [132]. In the case of
E. coli (the gram negative model), IONPs did not impact the levels of DNA damage, irrespective of
humic acid’s presence. From a mechanistic perspective, the authors suspect that the peptidoglycan
layer surrounding M. [uteus mediates an interaction with IONPs triggering oxidative damage of the
genomic DNA. Interestingly, in the presence of humic acid this effect is suppressed, possibly because
the humic acid is coating the IONPs and altering their interactions with the cellular membrane,

effectively conferring a protective layer.
3. Summary and Future Perspective

The prevalence of iron in nature, in its various oxidized forms, in combination with low extraction
costs, has made finding potential applications for iron oxide nanoparticles (IONPs) highly attractive.
Increasingly, novel applications for iron oxides are under investigation as researchers study IONPs as
potential drug delivery systems [4], hyperthermia agents [5], magnetic resonance imaging contrast
agents [5,6] catalysts for environmental remediation, and much more [7-12]. The array of applications
associated with IONPs is a result of their tunable properties. There are multiple crystallographic
structures exhibited by IONPs [16-22].

IONPs are widely considered to be non-toxic [39]. However, recent research calls into question the
benign nature of IONPs [52—55]. As increasing numbers of consumer products and industrial processes
contain nanoparticles, the unintentional release of these substances into the environment is expected,
and the impact of these materials becomes increasingly significant [55-57]. The unique properties of

nanoscale materials is cause for concern, as their behavior within an environmental setting is unclear.
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Thus, an assessment of IONP toxicity cannot be made based solely upon the toxicological profile of its
bulk counterpart [58]; similarly an assessment of environmental toxicity cannot be made in the absence
of environmentally significant compounds, such as dissolved organic carbon. This review article has
sought to highlight and add to the literature investigating the impact that IONP exposure has on the
genetic components of various cell lines and bacterial strains.

Recent studies have shown that magnetite nanoparticles have the potential to seriously damage
healthy cells by inducing oxidative stress or disrupting the existing cytoskeleton [52]. Excess iron has
been shown to cause cancer by inducing an overproduction of reactive oxygen species (ROS) capable
of damaging cellular components [87]. The Fenton reaction describes one mechanism by which
elevated levels of ROS are produced within the cytosol [87]. ROS include: superoxide anion radicals
(O%), hydroxyl radicals (OH), singlet oxygen (-O?) and hydrogen peroxide (H202) [87]. When DNA is
exposed to ROS, 8-hydroxy-2'-deoxyguanosine (8-OHdG) is produced [97]. The presence of this
modified of guanosine base increases the likelihood of a G-to-T mutation during DNA replication [131].
Therefore, 8-OHdAG acts as a biomarker of oxidative stress, a marker of DNA damage and a site of
increased risk for mutagenicity [131].

To date, researchers have found evidence of genotoxic interactions in the following human cell
lines, upon exposure to IONPs: lymphoblastoids, fibroblasts, microvascular endothelial cells, bone
marrow cells, lung epithelial cells, alveolar type II like epithelial cells, bronchial fibroblasts, skin
epithelial cells, hepatocytes, cerebral endothelial cells, fibrosarcoma cells, breast carcinoma cells, lung
carcinoma cells, and cervix carcinoma cells. Other cell lines have also shown genotoxic effect upon
exposure to IONPs, these cell lines include: Chinese hamster ovary cells, mouse fibroblast cells,
murine fibroblast cells, mytilus galloprovincialis sperm cells, mice lung cells, murine alveolar
macrophages, mice hepatic and renal tissue cells, and vero cells.

The authors of this review article have come to three primary conclusions regarding the impact of
IONPs on biological cells. First, the coating surrounding the IONP has a significant impact on the NPs
cellular interaction. As an example, Chen et al. (2012) demonstrate that given a single cell line, coated
Fe304 NPs induce less DNA damage than do uncoated Fe3O4 NPs. Similar work, comparing levels of
DNA damage induced by coated vs. uncoated particles, demonstrate that IONP coatings are capable
of either reducing or increasing levels of DNA damage [26,106,108-113,123,127]. The second
conclusion reached by the authors is that the specific nature of the metallic core impacts a NP’s ability
to induce DNA damage. Karlsson ef al. compared levels of DNA damage caused by uncoated Fe2Os
and Fe3O4 NPs, finding that FesO4 NPs produced significant levels of oxidative DNA damage while
Fe203 NPs did not [119]. Similarly, Karlsson ef al. showed that FexO3 NPs did not induce oxidative
DNA damage, while Fe3O4 and CuZnFe204 NPs did induce oxidative DNA damage [63]. The different
cellular responses produced by these NPs indicate how the structure and composition of a NP’s metal
core impacts its cellular interactions. The third conclusion reached by the authors is that the response
to IONPs is highly specific to the cell line under investigation and generalization of IONPs effects is
not yet possible. As an example, Watson et al. compared levels of DNA damage produced in human
lymphoblastoid cells and Chinese hamster ovary cells upon exposure to FexO3 NPs [108]. The
researchers found the DNA tail percentages for human lymphoblastiod cells exposed to IONPs to
range from 17%-30%, while the DNA tail percentages for IONP treated Chinese hamster ovary cells
ranged from 33%-48%. The difference in the levels of DNA damage is suggestive of the poorly
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understood cell specific interactions produced by IONP exposure. Researchers are finding that the
following cell lines have the most dramatic and negative interaction when exposed to IONPs: lung,
liver, kidney and sperm cells. These cell lines appear to be most susceptible to DNA damage upon
exposure to IONPs [27,28,53,60,115,116,119-123]. Upon exposure to IONPs, cerebral cells are
damaged irrespective of the specific IONP coating [123,124]. DNA damage associated with IONP
exposure in vascular and blood cells is more complex and appears to be dependent upon the NP’s coating
and metallic core. Uncoated Fe3O4 particles are not shown to induce toxic effects when exposed to
lymphoblastoid, leucocyte and bone marrow type blood cells [105-107]. In contrast, dextran coated
v-Fe3Os4 and oleic acid coated Fe3Os4 induced toxicity in lymphoblastoid cells [106,107]. However,
uncoated Fe3O4 and Fe203 are toxic toward erythrocytes and lymphoblastoids respectively [104,108].
Interestingly, in fibroblast and stromal cell lines, the NP coating dictates the level of DNA damage
induced by IONP exposure. In many cases, coated IONPs caused less DNA damage than did uncoated
IONPs [26,110,112]. However, there was a specific coating (3-aminopropyl trimethoxy silane,
APTMS), which was shown to cause increased levels of DNA damage [26,113]. IONPs make a
significant DNA damage in cancerous cells, irrespective of the coating [52,125-128]. Unfortunately,
there is not enough research in this area to make generalizations about the impact various types of
IONP particles on differing cell lines.

The need to understand the behavior of nanoparticles under various environmental settings is
essential toward the advancement of nanoscale science and technology [133]. Bacterial cells often
serve as good models [134].

Interestingly, there is little information in the literature describing the impact of IONPs on bacterial
genomes. The only other articles found which address the mutagenic potential of IONPs with respect
to bacterial genomes took into account few bacterial types, and did not attempt to replicate
environmental conditions. We sought to expose environmentally significant bacterial cultures to
magnetite nanoparticles in the presence and absence of humic acid to assess levels of DNA damage by
comparing 8-OHdG levels. We have found that IONPs did induce DNA damage in the gram-positive
bacterial model (M. luteus), but not in the gram-negative model (E. coli). From a mechanistic
perspective, the data suggest that interaction between IONPs and the thick peptidoglycan layer of the
gram-positive bacteria is responsible for the increased oxidative damage. Furthermore, the data
indicates that the presence of humic acid confers protection, by coating the IONP and limiting its
interaction with the cell wall. To clarify this result, further studies will need to be conducted which
probe the interaction of IONPs with various bacteria in the presence of humic acid.

In summary, we have shown the mutagenic effect of IONPs on various cell lines. This work is
significant toward developing a better understanding of the impact of nanoparticles on various cells,
whether that interaction is intentional or not. Furthermore, conducting such studies will lead to a
proactive approach toward understanding and developing protocols that will lead to guidelines for
handling nanoparticles in various environmental settings.

Acknowledgments

This material is based upon work supported by the National Science Foundation under Award
DMR 0963678.



Int. J. Mol. Sci. 2015, 16 23508

Author Contributions

Niluka M. Dissanayake, Kelley M. Current, and Sherine O. Obare all contributed to the enactment

of experiments, the writing of the paper, the compilation of the figures and the finalization of

the manuscript.

Conflicts of Interest

The authors declare no conflict of interest.

References

10.

11.

12.

Yellishetty, M.; Ranjith, P.; Tharumarajah, A. Iron ore and steel production trends and material
flows in the world: Is this really sustainable? Resour. Conserv. Recycl. 2010, 54, 1084—1094.
U.S. Geological Survey. Available online: http://minerals.usgs.gov/minerals/pubs/commodity/
iron_oxide /mcs-2015-fepig.pdf (accessed on 1 July 2015).

Hilty, F.M.; Arnold, M.; Hilbe, M.; Teleki, A.; Knijnenburg, J.T.; Ehrensperger, F.; Hurrell, R.F.;
Pratsinis, S.E.; Langhans, W.; Zimmermann, M.B. Iron from nanocompounds containing iron
and zinc is highly bioavailable in rats without tissue accumulation. Nat. Nanotechnol. 2010, 5,
374-380.

Kapse-Mistry, S.; Govender, T.; Srivastava, R.; Yergeri, M. Nanodrug delivery in reversing
multidrug resistance in cancer cells. Front. Pharmacol. 2014, 5, 2-22.

Laurent, S.; Forge, D.; Port, M.; Roch, A.; Robic, C.; Vander Elst, L.; Muller, R.N. Magnetic
iron oxide nanoparticles: Synthesis, stabilization, vectorization, physicochemical characterizations,
and biological applications. Chem. Rev. 2008, 108, 2064-2110.

Vuong, Q.L.; Berret, J.; Fresnais, J.; Gossuin, Y.; Sandre, O. A universal scaling law to predict
the efficiency of magnetic nanoparticles as MRI T2-contrast agents. Adv. Healthc. Mater. 2012,
1,502-512.

Tepluchin, M.; Kureti, S.; Casapu, M.; Ogel, E.; Mangold, S.; Grunwaldt, J. Study on the
hydrothermal and SO: stability of Al2Os-supported manganese and iron oxide catalysts for lean
CO oxidation. Catal. Today 2015, doi:10.1016/j.cattod.2015.01.010.

Ghasemi, E.; Ziyadi, H.; Afshar, A.M.; Sillanpda, M. Iron oxide nanofibers: A new magnetic
catalyst for azo dyes degradation in aqueous solution. Chem. Eng. J. 2015, 264, 146—151.

Pereira, M.; Oliveira, L.; Murad, E. Iron oxide catalysts: Fenton and Fenton-like reactions—A
review. Clay Miner. 2012, 47, 285-302.

He, F.; Li, F. Perovskite promoted iron oxide for hybrid water-splitting and syngas generation
with exceptional conversion. Energy Environ. Sci. 2015, 8, 535-539.

Pastrana-Martinez, L.M.; Pereira, N.; Lima, R.; Faria, J.L.; Gomes, H.T.; Silva, A.M.
Degradation of diphenhydramine by photo-Fenton using magnetically recoverable iron oxide
nanoparticles as catalyst. Chem. Eng. J. 20185, 261, 45-52.

Berret, J.; Schonbeck, N.; Gazeau, F.; El Kharrat, D.; Sandre, O.; Vacher, A.; Airiau, M.
Controlled clustering of superparamagnetic nanoparticles using block copolymers: Design of new
contrast agents for magnetic resonance imaging. J. Am. Chem. Soc. 2006, 128, 1755-1761.



Int. J. Mol. Sci. 2015, 16 23509

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Lodhia, J.; Mandarano, G.; Ferris, N.; Eu, P.; Cowell, S. Development and use of iron oxide
nanoparticles (Part 1): Synthesis of iron oxide nanoparticles for MRI. Biomed. Imaging Interv. J.
2010, 6, 1-11.

Cornell, R.M.; Schwertmann, U. The iron oxides: Structure, Properties, Reactions, Occurrences
and Uses, 2nd ed.; John Wiley & Sons: Hoboken, NJ, USA, 2006.

Wu, W.; He, Q.; Jiang, C. Magnetic iron oxide nanoparticles: Synthesis and surface functionalization
strategies. Nanoscale Res. Lett. 2008, 3, 397-415.

Sun, S.; Zeng, H. Size-controlled synthesis of magnetite nanoparticles. J. Am. Chem. Soc. 2002,
124, 8204-8205.

Dobson, J. Nanoscale biogenic iron oxides and neurodegenerative disease. FEBS Lett. 2001, 496,
1-5.

Iglesias, O.; Labarta, A. Finite-size and surface effects in maghemite nanoparticles: Monte Carlo
simulations. Phys. Rev. B 2001, 63, 184416.

Sun, Y.; Ma, M.; Zhang, Y.; Gu, N. Synthesis of nanometer-size maghemite particles from
magnetite. Colloids Surf. Physicochem. Eng. Asp. 2004, 245, 15-19.

Issa, B.; Obaidat, [.M.; Albiss, B.A.; Haik, Y. Magnetic nanoparticles: Surface effects and
properties related to biomedicine applications. Int. J. Mol. Sci. 2013, 14,21266-21305.

Badker, F.; Hansen, M.F.; Koch, C.B.; Lefmann, K.; Merup, S. Magnetic properties of hematite
nanoparticles. Phys. Rev. B 2000, 61, 6826.

Xu, S.; Habib, A.; Gee, S.; Hong, Y.; McHenry, M. Spin orientation, structure, morphology, and
magnetic properties of hematite nanoparticles. J. Appl. Phys. 2015, 117, 17A315.

Zboril, R.; Mashlan, M.; Petridis, D. Iron (III) oxides from thermal processes synthesis, structural
and magnetic properties, Mossbauer spectroscopy characterization, and applications. Chem. Mater.
2002, 74, 969-982.

Hasany, S.; Ahmed, I.; Rajan, J.; Rehman, A. Systematic review of the preparation techniques of
iron oxide magnetic nanoparticles. Nanosci. Nanotechnol. 2012, 2, 148—158.

Weissleder, R.; Stark, D.D.; Engelstad, B.L.; Bacon, B.R.; Compton, C.C.; White, D.L.;
Jacobs, P.; Lewis, J. Superparamagnetic iron oxide: Pharmacokinetics and toxicity. AJR Am.
J. Roentgenol. 1989, 152, 167—173.

Yang, W.J.; Lee, J.H.; Hong, S.C.; Lee, J.; Lee, J.; Han, D. Difference between toxicities of iron
oxide magnetic nanoparticles with various surface-functional groups against human normal
fibroblasts and fibrosarcoma cells. Materials 2013, 6, 4689-4706.

Ahamed, M.; Alhadlag, H.A.; Alam, J.; Khan, M.; Ali, D.; Alarafi, S. Iron oxide
nanoparticle-induced oxidative stress and genotoxicity in human skin epithelial and lung
epithelial cell lines. Curr. Pharm. Des. 2013, 19, 6681-6690.

Watanabe, M.; Yoneda, M.; Morohashi, A.; Hori, Y.; Okamoto, D.; Sato, A.; Kurioka, D.;
Nittami, T.; Hirokawa, Y.; Shiraishi, T.; et al. Effects of Fe304 magnetic nanoparticles on A549
cells. Int. J. Mol. Sci. 2013, 14, 15546—15560.

Reddy, L.H.; Arias, J.L.; Nicolas, J.; Couvreur, P. Magnetic nanoparticles: Design and
characterization, toxicity and biocompatibility, pharmaceutical and biomedical applications.
Chem. Rev. 2012, 112, 5818-5878.



Int. J. Mol. Sci. 2015, 16 23510

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Teja, A.S.; Koh, P. Synthesis, properties, and applications of magnetic iron oxide nanoparticles.
Prog. Cryst. Growth Charact. Mater. 2009, 55, 22—45.

Reddy, G.R.; Bhojani, M.S.; McConville, P.; Moody, J.; Moffat, B.A.; Hall, D.E.; Kim, G.;
Koo, Y.E.; Woolliscroft, M.J.; Sugai, J.V.; et al. Vascular targeted nanoparticles for imaging and
treatment of brain tumors. Clin. Cancer Res. 2006, 12, 6677-6686.

Cuong, N.D.; Khieu, D.Q.; Hoa, T.T.; Quang, D.T.; Viet, P.H.; Lam, T.D.; Hoa, N.D.;
van Hieu, N. Facile synthesis of a-Fe2O3 nanoparticles for high-performance CO gas sensor.
Mater. Res. Bull. 2015, 68, 302-307.

Navale, S.; Bandgar, D.; Nalage, S.; Khuspe, G.; Chougule, M.; Kolekar, Y.; Sen, S.; Patil, V.
Synthesis of Fe2O3 nanoparticles for nitrogen dioxide gas sensing applications. Ceram. Int. 2013,
39, 6453-6460.

Wang, L.; Fei, T.; Lou, Z.; Zhang, T. Three-dimensional hierarchical flowerlike a-Fe2O3
nanostructures: Synthesis and ethanol-sensing properties. ACS Appl. Mater. Int. 2011, 3, 4689—4694.
Liao, L.; Zheng, Z.; Yan, B.; Zhang, J.; Gong, H.; Li, J.; Liu, C.; Shen, Z.; Yu, T. Morphology
controllable synthesis of a-Fe2O3 1D nanostructures: Growth mechanism and nanodevice based
on single nanowire. J. Phys. Chem. C 2008, 112, 10784-10788.

Dodi, G.; Hritcu, D.; Draganescu, D.; Popa, M.I. Iron oxide nanoparticles for magnetically
assisted patterned coatings. J Magn. Magn. Mater. 2015, 388, 49-58.

Patankar, N.A. Transition between superhydrophobic states on rough surfaces. Langmuir 2004,
20, 7097-7102.

Patankar, N.A. Mimicking the lotus effect: Influence of double roughness structures and slender
pillars. Langmuir 2004, 20, 8209-8213.

Wang, R.; Xu, C.; Sun, J.; Gao, L. Three-dimensional Fe2O3 nanocubes/nitrogen-doped graphene
aerogels: Nucleation mechanism and lithium storage properties. Sci. Rep. 2014, 1-7.

Chen, W.; Li, S.; Chen, C.; Yan, L. Self-assembly and embedding of nanoparticles by in situ
reduced graphene for preparation of a 3D graphene/nanoparticle aerogel. Adv. Mater. 2011, 23,
5679-5683.

Chandra, V.; Park, J.; Chun, Y.; Lee, JJW.; Hwang, I.; Kim, K.S. Water-dispersible
magnetite-reduced graphene oxide composites for arsenic removal. ACS Nano 2010, 4,
3979-3986.

Shahwan, T.; Sirriah, S.A.; Nairat, M.; Boyaci, E.; Eroglu, A.E.; Scott, T.B.; Hallam, K.R. Green
synthesis of iron nanoparticles and their application as a Fenton-like catalyst for the degradation
of aqueous cationic and anionic dyes. Chem. Eng. J. 2011, 172, 258-266.

Xu, P.; Zeng, G.M.; Huang, D.L.; Feng, C.L.; Hu, S.; Zhao, M.H.; Lai, C.; Wei, Z.; Huang, C.;
Xie, G.X. Use of iron oxide nanomaterials in wastewater treatment: A review. Sci. Total Environ.
2012, 424, 1-10.

Cong, H.; Ren, X.; Wang, P.; Yu, S. Macroscopic multifunctional graphene-based hydrogels and
aerogels by a metal ion induced self-assembly process. ACS Nano 2012, 6, 2693-2703.

Fu, F.; Wang, Q. Removal of heavy metal ions from wastewaters: A review. J. Environ. Manag.
2011, 92, 407-418.

Shin, S.; Jang, J. Thiol containing polymer encapsulated magnetic nanoparticles as reusable and
efficiently separable adsorbent for heavy metal ions. Chem. Commun. 2007, 41, 4230-4232.



Int. J. Mol. Sci. 2015, 16 23511

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Fresnais, J.; Yan, M.; Courtois, J.; Bostelmann, T.; Bée, A.; Berret, J. Poly(acrylic acid)-coated
iron oxide nanoparticles: Quantitative evaluation of the coating properties and applications for
the removal of a pollutant dye. J. Colloid Interface Sci. 2013, 395, 24-30.

Zargar, B.; Parham, H.; Hatamie, A. Modified iron oxide nanoparticles as solid phase extractor for
spectrophotometeric determination and separation of basic fuchsin. Talanta 2009, 77, 1328—1331.
Mak, S.; Chen, D. Fast adsorption of methylene blue on polyacrylic acid-bound iron oxide
magnetic nanoparticles. Dyes Pigment. 2004, 61, 93-98.

Xue, X.; Hanna, K.; Deng, N. Fenton-like oxidation of Rhodamine B in the presence of two types
of iron (II, IIT) oxide. J. Hazard. Mater. 2009, 166, 407—414.

Itoh, H.; Sugimoto, T. Systematic control of size, shape, structure, and magnetic properties of
uniform magnetite and maghemite particles. J. Colloid Interface Sci. 2003, 265, 283-295.

Alarifi, S.; Ali, D.; Alkahtani, S.; Alhader, M.S. Iron oxide nanoparticles induce oxidative stress,
dna damage, and caspase activation in the human breast cancer cell line. Biol. Trace Elem. Res.
2014, 159, 416-424.

Sadeghi, L.; Tanwir, F.; Babadi, V.Y. In vitro toxicity of iron oxide nanoparticle: Oxidative
damages on Hep G2 cells. Exp. Toxicol. Pathol. 2015, 67, 197-203.

Mesarosova, M.; Kozics, K.; Babelova, A.; Regendova, E.; Pastorek, M.; Vnukova, D.;
Buliakova, B.; Razga, F.; Gabelova, A. The role of reactive oxygen species in the genotoxicity of
surface-modified magnetite nanoparticles. Toxicol. Lett. 2014, 226, 303-313.

Zhu, X.; Tian, S.; Cai, Z. Toxicity assessment of iron oxide nanoparticles in zebrafish
(Danio rerio) early life stages. PLoS ONE 2012, 7, 2012.

Kessler, R. Engineered nanoparticles in consumer products: Understanding a new ingredient.
Environ. Health Perspect. 2011, 119, 120—-125.

Chanteau, B.; Fresnais, J.; Berret, J. Electrosteric enhanced stability of functional sub-10 nm
cerium and iron oxide particles in cell culture medium. Langmuir 2009, 25, 9064-9070.

M¢lanie, A.; Rose, J.; Bottero, J.; Lowry, G.V.; Jolivet, J.; Wiesner, M.R. Towards a definition of
inorganic nanoparticles from an environmental, health and safety perspective. Nat. Nanotechnol
2009, 4, 634-641.

Verma, A.; Stellacci, F. Effect of surface properties on nanoparticle—cell interactions. Small
2010, 6, 12-21.

Totsuka, Y.; Ishino, K.; Kato, T.; Goto, S.; Tada, Y.; Nakae, D.; Watanabe, M.; Wakabayashi, K.
Magnetite nanoparticles induce genotoxicity in the lungs of mice via inflammatory response.
Nanomaterials 2014, 4, 175-188.

Nel, A.; Xia, T.; Madler, L.; Li, N. Toxic potential of materials at the nanolevel. Science 2006,
311, 622-627.

Carlson, C.; Hussain, S.M.; Schrand, A.M.; Braydich-Stolle, L.K.; Hess, K.L.; Jones, R.L.;
Schlager, J.J. Unique cellular interaction of silver nanoparticles: Size-dependent generation of
reactive oxygen species. J. Phys. Chem. B 2008, 112, 13608-13619.

Karlsson, H.L.; Cronholm, P.; Gustafsson, J.; Moeller, L. Copper oxide nanoparticles are highly
toxic: A comparison between metal oxide nanoparticles and carbon nanotubes. Chem. Res. Toxicol.
2008, 21, 1726-1732.



Int. J. Mol. Sci. 2015, 16 23512

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.
74.

75.

76.

77.

78.

79.

Buzea, C.; Pacheco, L.I.; Robbie, K. Nanomaterials and nanoparticles: Sources and toxicity.
Biointerphases 2007, 2, MR17-MR71.

Koedrith, P.; Boonprasert, R.; Kwon, J.Y.; Kim, I.; Seo, Y.R. Recent toxicological investigations
of metal or metal oxide nanoparticles in mammalian models in vitro and in vivo: DNA damaging
potential, and relevant physicochemical characteristics. Mol. Toxicol. 2014, 10, 107-126.
Santhosh, P.B.; Ulrih, N.P. Multifunctional superparamagnetic iron oxide nanoparticles:
Promising tools in cancer theranostics. Cancer Lett. 2013, 336, 8—17.

Stroh, A.; Zimmer, C.; Gutzeit, C.; Jakstadt, M.; Marschinke, F.; Jung, T.; Pilgrimm, H.;
Grune, T. Iron oxide particles for molecular magnetic resonance imaging cause transient
oxidative stress in rat macrophages. Free Radic. Biol. Med. 2004, 36, 976-984.

Buratti, P.; Gammella, E.; Rybinska, I.; Cairo, G.; Recalcati, S. Recent advances in iron
metabolism: Relevance for health, exercise, and performance. Med. Sci. Sports Exerc. 2015, 47,
1596-1604.

Buyukhatipoglu, K.; Clyne, A.M. Superparamagnetic iron oxide nanoparticles change endothelial
cell morphology and mechanics via reactive oxygen species formation. J. Biomed. Mater. Res. A
2011, 964, 186-195.

Mesarosova, M.; Ciampor, F.; Zavisova, V.; Koneracka, M.; Ursinyova, M.; Kozics, K.;
Tomasovicova, N.; Hashim, A.; Vavra, 1.; Krizanova, Z.; et al. The intensity of internalization
and cytotoxicity of superparamagnetic iron oxide nanoparticles with different surface
modifications in human tumor and diploid lung cells. Neoplasma 2012, 59, 584-597.

Toyokuni, S. Iron-induced carcinogenesis: The role of redox regulation. J. Free Radic. Biol. Med.
1996, 20, 553-566.

Valko, M.; Rhodes, C.J.; Moncol, J.; Izakovic, M.; Mazur, M. Free radicals, metals and
antioxidants in oxidative stress-induced cancer. Chem. Biol. Interact. 2006, 160, 1-40.

Lynch, I.; Dawson, K.A. Protein-nanoparticle interactions. Nano Today 2008, 3, 40—47.
Anderson, N.L.; Polanski, M.; Pieper, R.; Gatlin, T.; Tirumalai, R.S.; Conrads, T.P.;
Veenstra, T.D.; Adkins, J.N.; Pounds, J.G.; Fagan, R.; et al. The human plasma proteome:
A nonredundant list developed by combination of four separate sources. Mol. Cell. Proteom.
2004, 3, 311-326.

Norde, W. Protein adsorption at solid surfaces: A thermodynamic approach. Pure Appl. Chem.
1994, 66, 491-496.

Lynch, I.; Cedervall, T.; Lundqvist, M.; Cabaleiro-Lago, C.; Linse, S.; Dawson, K.A.
The nanoparticle—protein complex as a biological entity; a complex fluids and surface science
challenge for the 21st century. Adv. Colloid Interface Sci. 2007, 134, 167-174.

Walkey, C.D.; Chan, W.C. Understanding and controlling the interaction of nanomaterials with
proteins in a physiological environment. Chem. Soc. Rev. 2012, 41, 2780-2799.

Sund, J.; Alenius, H.; Vippola, M.; Savolainen, K.; Puustinen, A. Proteomic characterization of
engineered nanomaterial-protein interactions in relation to surface reactivity. ACS Nano 2011, 5,
4300—4309.

Tenzer, S.; Docter, D.; Kuharev, J.; Musyanovych, A.; Fetz, V.; Hecht, R.; Schlenk, F.;
Fischer, D.; Kiouptsi, K.; Reinhardt, C. Rapid formation of plasma protein corona critically
affects nanoparticle pathophysiology. Nat. Nanotechnol. 2013, 8, 772—781.



Int. J. Mol. Sci. 2015, 16 23513

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.
90.

91.
92.

93.

94.

95.

96.

97.

Walczyk, D.; Bombelli, F.B.; Monopoli, M.P.; Lynch, I.; Dawson, K.A. What the cell “sees” in
bionanoscience. J. Am. Chem. Soc. 2010, 132, 5761-5768.

Casals, E.; Pfaller, T.; Duschl, A.; Oostingh, G.J.; Puntes, V. Time evolution of the nanoparticle
protein corona. ACS Nano 2010, 4, 3623-3632.

Murdock, R.C.; Braydich-Stolle, L.; Schrand, A.M.; Schlager, J.J.; Hussain, S.M.
Characterization of nanomaterial dispersion in solution prior to in vitro exposure using dynamic
light scattering technique. Toxicol. Sci. 2008, 101, 239-253.

Torrisi, V.; Graillot, A.; Vitorazi, L.; Crouzet, Q.; Marletta, G.; Loubat, C.; Berret, J. Preventing
corona effects: Multiphosphonic acid poly(ethylene glycol) copolymers for stable stealth iron
oxide nanoparticles. Biomacromolecules 2014, 15,3171-3179.

Safi, M.; Sarrouj, H.; Sandre, O.; Mignet, N.; Berret, J. Interactions between sub-10-nm iron and
cerium oxide nanoparticles and 3T3 fibroblasts: The role of the coating and aggregation state.
Nanotechnology 2010, 21, 145103.

Safi, M.; Courtois, J.; Seigneuret, M.; Conjeaud, H.; Berret, J. The effects of aggregation and
protein corona on the cellular internalization of iron oxide nanoparticles. Biomaterials 2011, 32,
9353-9363.

Galimard, A.; Safi, M.; Ould-Moussa, N.; Montero, D.; Conjeaud, H.; Berret, J. Thirty-femtogram
detection of iron in mammalian cells. Small 2012, 8, 2036-2044.

Yin, J.; Liu, J.; Ehrenshaft, M.; Roberts, J.E.; Fu, P.P.; Mason, R.P.; Zhao, B. Phototoxicity of
nano titanium dioxides in HaCaT keratinocytes-Generation of reactive oxygen species and cell
damage. Toxicol. Appl. Pharmacol. 2012, 263, 81-88.

Franklin, N.M.; Rogers, N.J.; Apte, S.C.; Batley, G.E.; Gadd, G.E.; Casey, P.S. Comparative
toxicity of nanoparticulate ZnO, bulk ZnO, and ZnCl2 to a freshwater microalga
(Pseudokirchneriella subcapitata): The importance of particle solubility. Environ. Sci. Technol.
2007, 41, 8484—-8490.

Beckman, K.B.; Ames, B.N. Oxidative decay of DNA. J. Biol. Chem. 1997, 272, 19633—-19636.
Dizdaroglu, M.; Jaruga, P.; Birincioglu, M.; Rodriguez, H. Free radical-induced damage to DNA:
Mechanisms and measurement 1, 2. Free Radic. Biol. Med. 2002, 32, 1102—-1115.

Marnett, L.J. Oxyradicals and DNA damage. Carcinogenesis 2000, 21, 361-370.

Cooke, M.S.; Evans, M.D.; Dizdaroglu, M.; Lunec, J. Oxidative DNA damage: Mechanisms,
mutation, and disease. FASEB J. 2003, 17, 1195-1214.

Von Sonntag, C. The Chemical Basis of Radiation Biology; Taylor and Francis: New York, NY,
USA, 1987.

Dizdaroglu, M. Oxidative damage to DNA in mammalian chromatin. Mutat. Res. DNAging 1992,
275,331-342.

Breen, A.P.; Murphy, J.A. Reactions of oxyl radicals with DNA. Free Radic. Biol. Med. 1995,
18,1033-1077.

Zhu, X.; Hondroulis, E.; Liu, W.; Li, C. Biosensing Approaches for rapid genotoxicity and
cytotoxicity assays upon nanomaterial exposure. Small 2013, 9, 1821-1830.

Valavanidis, A.; Vlachogianni, T.; Fiotakis, C. 8-Hydroxy-2'-deoxyguanosine (8-OHdG): A
critical biomarker of oxidative stress and carcinogenesis. J. Environ. Sci. Health C Environ.
Carcinog. Ecotoxicol. Rev. 2009, 27, 120-139.



Int. J. Mol. Sci. 2015, 16 23514

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

Gutteridge, J.; Halliwell, B. Free radicals and antioxidants in the year 2000: A historical look to
the future. Ann. N. Y. Acad. Sci. 2000, 899, 136—147.

Dizdaroglu, M.; Gajewski, E.; Reddy, P.; Margolis, S.A. Structure of a hydroxyl radical-induced
DNA-protein crosslink involving thymine and tyrosine in nucleohistone. Biochemistry 1989, 28,
3625-3628.

Altman, S.A.; Zastawny, T.H.; Randers-Eichhorn, L.; Cacciuttolo, M.A.; Akman, S.A.;
Dizdaroglu, M.; Rao, G. Formation of DNA-protein cross-links in cultured mammalian cells
upon treatment with iron ions. Free Radic. Biol. Med. 1995, 19, 897-902.

Singh, N.P.; McCoy, M.T.; Tice, R.R.; Schneider, E.L. A simple technique for quantitation of
low levels of DNA damage in individual cells. Exp. Cell Res. 1988, 175, 184—191.

Doak, S.H.; Griffiths, S.M.; Manshian, B.; Singh, N.; Williams, P.M.; Brown, A.P.; Jenkins, G.J.
Confounding experimental considerations in nanogenotoxicology. Mutagenesis 2009, 24, 285-293.
Collins, A. Comparison of different methods of measuring 8-oxoguanine as a marker of oxidative
DNA damage. Free Radic. Res. 2000, 32, 333-341.

Mohmood, I.; Ahmad, I.; Asim, M.; Costa, L.; Lopes, C.B.; Trindade, T.; Duarte, A.C.;
Pereira, E. Interference of the co-exposure of mercury with silica-coated iron oxide nanoparticles
can modulate genotoxicity induced by their individual exposures—A paradox depicted in fish
under in vitro conditions. Environ. Sci. Pollut. Res. Int. 2015, 22, 3687-3696.

Singh, S.P.; Rahman, M.F.; Murty, U.S.N.; Mahboob, M.; Grover, P. Comparative study of
genotoxicity and tissue distribution of nano and micron sized iron oxide in rats after acute oral
treatment. Toxicol. Appl. Pharmacol. 2013, 266, 56—66.

Singh, N.; Jenkins, G.JS.; Nelson, B.C.; Marquis, B.J.; Williams, P.M.; Wright, C.; Doak, S.H.
DNA damaging potential of superparamagnetic iron oxide nanoparticles-role of oxidation state.
Mutagenesis 2012, 27, 796-796.

Zuzana, M.; Alessandra, R.; Lise, F.; Maria, D. Safety assessment of nanoparticles cytotoxicity
and genotoxicity of metal nanoparticles in vitro. J. Biomed. Nanotechnol. 2011, 7, 20-21.
Watson, C.; Ge, J.; Cohen, J.; Pyrgiotakis, G.; Engelward, B.R.; Demokritou, P. High-throughput
screening platform for engineered nanoparticle-mediated genotoxicity using comet chip
technology. ACS Nano 2014, 8, 2118-2133.

Landgraf, L.; Ermst, P.; Schick, I.; Koehler, O.; Oehring, H.; Tremel, W.; Hilger, I
Anti-oxidative effects and harmlessness of asymmetric Au@Fe3O4 Janus particles on human
blood cells. Biomaterials 2014, 35, 6986—6997.

Chen, A.; Lin, X.; Wang, S.; Li, L.; Liu, Y.; Ye, L.; Wang, G. Biological evaluation of
Fe304-poly(L-lactide)-poly(ethylene glycol)-poly(L-lactide) magnetic microspheres prepared in
supercritical COz. Toxicol. Lett. 2012, 212, 75-82.

Novotna, B.; Jendelova, P.; Kapcalova, M.; Rossner, P., Jr.; Turnovcova, K.; Bagryantseva, Y.;
Babic, M.; Horak, D.; Sykova, E. Oxidative damage to biological macromolecules in human
bone marrow mesenchymal stromal cells labeled with various types of iron oxide nanoparticles.
Toxicol. Lett. 2012, 210, 53—-63.

Mahmoudi, M.; Simchi, A.; Vali, H.; Imani, M.; Shokrgozar, M.A.; Azadmanesh, K.; Azari, F.
Cytotoxicity and cell cycle effects of bare and poly(vinyl alcohol)-coated iron oxide
nanoparticles in mouse fibroblasts. Adv. Eng. Mater. 2009, 11, B243—B250.



Int. J. Mol. Sci. 2015, 16 23515

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

Hong, S.C.; Lee, J.H.; Lee, J.; Kim, H.Y; Park, J.Y.; Cho, J.; Lee, J.; Han, D. Subtle cytotoxicity
and genotoxicity differences in superparamagnetic iron oxide nanoparticles coated with various
functional groups. Int. J. Nanomed. 2011, 6, 3219-3231.

Kadar, E.; Tarran, G.A.; Jha, A.N.; Al-Subiai, S.N. Stabilization of engineered zero-valent
nanoiron with Na-acrylic copolymer enhances spermiotoxicity. Environ. Sci. Technol. 2011, 45,
3245-3251.

Wang, X.; Jiao, K. Sensitively electrochemical detection of the DNA damage in situ by
electro-Fenton reaction based on Fe@Fe203 core-shell nanonecklace and multi-walled carbon
nanotube composite. Anal. Chim. Acta 2010, 664, 34-39.

Wang, X.; Yang, T.; Jiao, K. Electrochemical sensing the DNA damage in situ induced by a
cathodic process based on Fe@Fe203 core-shell nanonecklace and Au nanoparticles mimicking
metal toxicity pathways in vivo. Biosens. Bioelectron. 2009, 25, 668—673.

Guichard, Y.; Schmit, J.; Darne, C.; Gate, L.; Goutet, M.; Rousset, D.; Rastoix, O.; Wrobel, R.;
Witschger, O.; Martin, A.; et al. Cytotoxicity and genotoxicity of nanosized and microsized
titanium dioxide and iron oxide particles in syrian hamster embryo Cells. Ann. Occup. Hyg.
2012, 56, 631-644.

Freyria, F.S.; Bonelli, B.; Tomatis, M.; Ghiazza, M.; Gazzano, E.; Ghigo, D.; Garrone, E.; Fubini, B.
Hematite nanoparticles larger than 90 nm show no sign of toxicity in terms of lactate
dehydrogenase release, nitric oxide generation, apoptosis, and comet assay in murine alveolar
macrophages and human lung epithelial cells. Chem. Res. Toxicol. 2012, 25, 850-861.

Karlsson, H.L.; Gustafsson, J.; Cronholm, P.; Moller, L. Size-dependent toxicity of metal oxide
particles-A comparison between nano- and micrometer size. Toxicol. Lett. 2009, 188, 112—118.
Bhattacharya, K.; Davoren, M.; Boertz, J.; Schins, R.P.F.; Hoffmann, E.; Dopp, E. Titanium
dioxide nanoparticles induce oxidative stress and DNA-adduct formation but not DNA-breakage
in human lung cells. Part. Fibre Toxicol. 2009, 6, 17.

Lin, X.-L.; Zhao, S.-H.; Zhang, L.; Hu, G.-Q.; Sun, Z.-W.; Yang, W.-S. Dose-dependent
cytotoxicity and oxidative stress induced by “naked” Fe3O4 Nanoparticles in human hepatocyte.
Chem. Res. Chin. Univ. 2012, 28, 114-118.

Ma, P.; Luo, Q.; Chen, J.; Gan, Y.; Du, J.; Ding, S.; Xi, Z.; Yang, X. Intraperitoneal injection of
magnetic Fe3sOs-nanoparticle induces hepatic and renal tissue injury via oxidative stress in mice.
Int. J. Nanomed. 2012, 7, 4809—4818.

Kenzaoui, B.H.; Bernasconi, C.C.; Guney-Ayra, S.; Juillerat-Jeanneret, L. Induction of oxidative
stress, lysosome activation and autophagy by nanoparticles in human brain-derived endothelial
cells. Biochem. J. 2012, 441, 813-821.

Sun, Z.; Yathindranath, V.; Worden, M.; Thliveris, J.A.; Chu, S.; Parkinson, F.E.; Hegmann, T.;
Miller, D.W. Characterization of cellular uptake and toxicity of aminosilane-coated iron oxide
nanoparticles with different charges in central nervous system-relevant cell culture models.
Int. J. Nanomed. 2013, 8, 961-970.

Kuroda, S.; Tam, J.; Roth, J.A.; Sokolov, K.; Ramesh, R. EGFR-targeted plasmonic magnetic
nanoparticles suppress lung tumor growth by abrogating G2/M cell-cycle arrest and inducing
DNA damage. Int. J. Nanomed. 2014, 9, 3825-3839.



Int. J. Mol. Sci. 2015, 16 23516

126.

127.

128.

129.

130.

131.

132.

133.

134.

Yokoyama, T.; Tam, J.; Kuroda, S.; Scott, A.W.; Aaron, J.; Larson, T.; Shanker, M.;
Correa, A.M.; Kondo, S.; Roth, J.A. EGFR-targeted hybrid plasmonic magnetic nanoparticles
synergistically induce autophagy and apoptosis in non-small cell lung cancer cells. PLoS ONE
2011, 6, €25507.

Malvindi, M.A.; de Matteis, V.; Galeone, A.; Brunetti, V.; Anyfantis, G.C.; Athanassiou, A.;
Cingolani, R.; Pompa, P.P. Toxicity assessment of silica coated iron oxide nanoparticles and
biocompatibility improvement by surface engineering. PLoS ONE 2014, 9, e85835.

Cheng, W.; Huang, S.; Wei, C.; Zeng, Q.; Hu, C.; Du, J.; Ding, S. In Cytotoxicity Effects of
Nano-Fe3;O+ on HelLa Cells, Proceedings of the 2010 4th International Conference on
Bioinformatics and Biomedical Engineering (iICBBE), Chengdu, China, 18-20 June 2010; pp. 1-4.
Szalay, B.; Tatrai, E.; Nyiro, G.; Vezer, T.; Dura, G. Potential toxic effects of iron oxide
nanoparticles in in vivo and in vitro experiments. J. Appl. Toxicol. 2012, 32, 446—453.
Petcharoen, K.; Sirivat, A. Synthesis and characterization of magnetite nanoparticles via the
chemical co-precipitation method. Mater. Sci. Eng. B 2012, 177, 421-427.

Akasaka, S.; Yamamoto, K. Mutational specificity of the ferrous ion in a supF gene of
Escherichia coli. Biochem. Biophys. Res. Commun. 1995, 213, 74-80.

Nick, S.T.; Bolandi, A.; Obare, S.O. Interaction of engineered nickel nanoparticles with
gram-positive and gram-negative bacteria. Submitted, 2015.

Nick, S.; Bolandi, A.; Samuels, T.A.; Obare, S.O. Advances in understanding the transformation
of engineered nanoparticles in the environment. Pure Appl. Chem. 2014, 86, 1129—-1140.

Adams, C.P.; Walker, K.A.; Obare, S.O.; Docherty, K.M. Size-dependent antimicrobial effects of
novel palladium nanoparticles. PLoS ONE 2014, 9, e85981.

© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article

distributed under the terms and conditions of the Creative Commons Attribution license

(http://creativecommons.org/licenses/by/4.0/).



