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Abstract: Nanotechnology is addressing major urgent needs for cancer treatment. We conducted

a study to compare the frequency of 3-(2-deoxy-β-D-erythro-pentafuranosyl)pyrimido[1,2-α]

purin-10(3H)-one deoxyguanosine (M1dG) and 8-oxo-7,8-dihydro-2′-deoxyguanosine (8-oxodG)

adducts, biomarkers of oxidative stress and/or lipid peroxidation, on human hepatocarcinoma

HepG2 cells exposed to increasing levels of Fe3O4-nanoparticles (NPs) versus untreated cells at

different lengths of incubations, and in the presence of increasing exposures to an alternating magnetic

field (AMF) of 186 kHz using 32P-postlabeling. The levels of oxidative damage tended to increase

significantly after ≥24 h of incubations compared to controls. The oxidative DNA damage tended

to reach a steady-state after treatment with 60 µg/mL of Fe3O4-NPs. Significant dose–response

relationships were observed. A greater adduct production was observed after magnetic hyperthermia,

with the highest amounts of oxidative lesions after 40 min exposure to AMF. The effects of magnetic

hyperthermia were significantly increased with exposure and incubation times. Most important,

the levels of oxidative lesions in AMF exposed NP treated cells were up to 20-fold greater relative to

those observed in nonexposed NP treated cells. Generation of oxidative lesions may be a mechanism

by which magnetic hyperthermia induces cancer cell death.

Keywords: magnetic therapy; nanotoxicity; M1dG; 8-oxodG; human hepatocarcinoma cells

1. Introduction

The use of nanotechnology in medicine is of interest for cancer diagnosis and treatment. In regards

to treatment, a number of substances are currently under investigation for drug delivery, varying

from liposomes to various polymers and magnetic metals [1–4]. In some cases, the characteristic

properties of nanoparticles (NPs) result in their multifunctional potential for simultaneous early

detection and treatment of malignant cell growth, such as those of Fe3O4-NPs [5–7]. For example,

magnetic hyperthermia is a technique that utilizes the administration of Fe3O4-NPs into tumor sites

and the exposure to alternating magnetic field (AMF) to kill cancer cells by heating. NP properties
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have been associated with a number of toxic effects, such as chromosomal aberrations, DNA strand

breakage, oxidative damage to DNA and mutations [8,9]. Use of NPs along with AMF has been

reported to enhance genotoxicity via oxidative stress [10]. In the current study, we focus on the type of

genotoxicity in more detail.

A number of assays have been used for the detection of NP-related oxidative damaged to

DNA, especially of 8-oxo-7,8-dihydro-2′-deoxyguanosine (8-oxodG), in various experimental cell

lines [11]. The interest in 8-oxodG is due to the fact that it is a widely abundant oxidative lesion.

Nevertheless, other kinds of oxidative lesions have also been identified in DNA, including the exocyclic

3-(2-deoxy-β-D-erythropentafuranosyl)pyrimido[1,2-α]purin-10(3H)-one–deoxyguanosine (M1dG)

adducts [12], that may be applied to nanotoxicology testing. In particular, the exposure to Fe3O4-NPs

has been associated with enhanced oxidative stress [13]. This overproduction of reactive oxygen species

(ROS) may induce lipid peroxidation (LPO) as well as M1dG and 8-oxodG [12]. LPO is a process of

oxidation of polyunsaturated fatty acids due to the presence of several double bonds in their structure

and it involves production of peroxides, ROS, and other reactive species, such as malondialdehyde

(MDA). MDA is a reactive LPO by-product, which interacts with DNA forming M1dG adducts [14].

Both M1dG and 8-oxodG, if not repaired, may induce mutations, such as base pair and frameshift

mutations [15] or G:C to T:A transversions [16]. Furthermore, one of the more critical sites on DNA

that can be damaged by oxidative damage is the tumor suppressor P53 [17], a gene involved in cell cycle

arrest, DNA repair, senescence, and apoptosis [18]. Early investigations have also indicated that great

amounts of both M1dG and/or 8-oxodG adducts are associated to cancer development and tumor

progression [17,19–22], therefore these biomarkers are considered worthy indicators for carcinogenesis

or mutagenesis events.

Herein, we report a toxicology study aimed at comparing the production of both exocyclic M1dG

and 8-oxodG adducts, biomarkers of oxidative stress and/or LPO [23], in human hepatocarcinoma

HepG2 cells exposed to Fe3O4-NPs of 50 nm-size in presence or absence of increasing exposures to

AMF and prolonged incubations compared to control cells. The levels of exocyclic M1dG and 8-oxodG

adducts were examined by 32P-postlabeling [24–26]. Our aim was to investigate the mechanisms

underlying the genotoxic effects caused by magnetic hyperthermia. Considering the technical

development and the current and future use of this therapy in cancer treatment [27], an improved

understanding of the mechanisms of action of magnetic hyperthermia is important.

2. Results

2.1. Fe3O4-Nanoparticles and Exocyclic M1dG Adducts

One of the purpose of the present study was to evaluate the generation of exocyclic M1dG adducts

induced by the treatment with increasing amounts of Fe3O4-NPs, ranging from 30 to 60–90 µg/mL,

at different incubation times, from 1 to 48 h. As shown in Table 1, no effects were observed at each

concentration for dosages at 2 h of incubations. However, the production of exocyclic M1dG adducts

per 106 normal nucleotides was increased, up to about two-fold, in HepG2 cells which were treated with

NP dosages for incubation times of ≥24 h compared to untreated samples. In our model, the difference

between M1dG adducts of cells exposed to increasing amounts of Fe3O4-NPs and basal adduct levels

of control cells, i.e., 0.4 ± 0.1 (SE), was generally significant, all p < 0.05, after ≥24 h of incubation

times, with exception of sample exposed to 30 µg/mL of NPs for 24 h (p = 0.057). Table 1 shows that

the highest levels of M1dG, i.e., 0.9 ± 0.1 (SE), were found in HepG2 cells treated with 60 µg/mL of

Fe3O4-NPs. At higher dosages (90 µg/mL), the treatment was not associated with further adduct

production, possibly due to the onset of excessive citoxicity. A significant dose–response relationship

was found, with a p-value for the trend <0.001. The levels of NP-related M1dG adducts were then

compared with those caused by the xanthine/xanthine oxidase system, a ROS-generating system [28].

The frequency of exocyclic M1dG adducts in HepG2 cells treated with Fe3O4-NPs was about three-fold

lower compared to that induced by the ROS-generating system (Table 1).
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Table 1. Mean levels of 3-(2-deoxy-β-D-erythro-pentafuranosyl)pyrimido[1,2-α]purin-10(3H)-one

deoxyguanosine (M1dG) adducts and 8-hydroxy-2′-deoxyguanosine (8-oxodG) per 106 normal

nucleotides in HepG2 cells after treatment with 30, 60 or 90 µg/mL of Fe3O4-nanoparticles and

prolonged incubation times compared to control cells. Adduct levels caused by a free radical-generating

system in our model are reported, as positive internal control.

Exocyclic M1dG and 8-oxodG Lesions

N M1dG ± SE p-Value 8-oxodG ± SE p-Value

Adduct background

Control cells
Incubation times

24 h a 10 0.4 ± 0.1 3.2 ± 0.2
48 h a 10 0.4 ± 0.1 3.1 ± 0.2

Adduct levels of magnetic nanoparticle treated cells

Treated cells
30 µg/mL

Incubation times
24 h 10 0.5 ± 0.1 0.057 b 11.2 ± 0.8 <0.05 b

48 h 10 0.6 ± 0.1 <0.05 b 14.7 ± 0.4 <0.05 b

60 µg/mL
Incubation times

24 h 10 0.8 ± 0.1 <0.05 b 18.4 ± 2.8 <0.05 b

48 h 10 0.9 ± 0.1 <0.05 b 19.4 ± 1.4 <0.05 b

90 µg/mL
Incubation times

24 h 10 0.7 ± 0.1 <0.05 b 17.1 ± 1.7 <0.05 b

48 h 10 0.8 ± 0.1 <0.05 b 18.0 ± 1.8 <0.05 b

Adduct levels of positive internal control

Free radical-generating system
0.2 mM xanthine/1.0 mU xanthine oxidase

Incubation times
24 h 10 1.9 ± 0.1 <0.05 b 4.6 ± 0.2 <0.05 b

48 h 10 2.2 ± 0.1 <0.05 b 5.4 ± 0.2 <0.05 b

0.2 mM xanthine/5.0 mU xanthine oxidase
Incubation times

24 h 10 2.9 ± 0.6 <0.05 b 8.3 ± 0.2 <0.05 b

48 h 10 2.7 ± 0.4 <0.05 b 9.3 ± 0.4 <0.05 b

a Reference levels; b p-values vs. appropriated controls.

2.2. Fe3O4-Nanoparticles and 8-oxodG Adducts

We next investigated the generation of 8-oxodG in our experimental model. Table 1 reports

that there were no effects at each NP concentrations with ≤120 min incubations, whereas adduct

production was significantly increased, up to six-fold, after ≥24 of incubations compared to untreated

cells. The highest levels of 8-oxodG per 106 normal nucleotides, were found after treatment with

60–90 µg/mL of Fe3O4-NPs for period of incubation of ≥24, 18.4 ± 2.8 (SE), and 19.4 ± 1.4 (SE),

respectively. The difference of 8-oxodG among HepG2 cells treated with various concentrations of

Fe3O4-NPs relative to basal adduct levels, i.e., 3.2 ± 0.2 (SE), was always significant, all p < 0.05, after

≥24 h of incubations. The mean amounts of 8-oxodG detected in control cells (3.1–3.2 8-oxodG per 106

normal nucleotides) was in the range of 1.0 and 5.0 per 106 normal dG, which is typically observed in

cultured cells [29]. As shown in Table 1, the association between 8-oxodG and NP levels was linear

at low dosages, but tended to reach a steady-state at higher exposures. A significant dose–response

relationship was observed, p-value for the trend <0.001. The amounts of NP-related 8-oxodG were

then compared with those detected after treatment with the xanthine/xanthine oxidase system. Table 1

reports that the generation of 8-oxodG was about two-fold higher in HepG2 cells treated with the

Fe3O4-NPs compared to those exposed to the ROS-generating system.
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2.3. Magnetic Nanoparticles, Alternating Magnetic Field and Exocyclic M1dG Adducts

We also evaluated the genotoxicity of Fe3O4-NPs (90 µg/mL) after increasing exposures,

i.e., 20–40 min, to an AMF applied at 186 kHz frequency. Table 2 shows that a significant production of

exocyclic M1dG adducts, up to a 30-fold increment, was detected in treated cells after AMF exposures

compared to controls. The genotoxic effect increased with both exposure and incubation times, with

p-value for the trend <0.001. The highest value of the exocyclic M1dG adducts of 15.9 ± 6.7 (SE) was

detected in HepG2 cells containing 90 µg/mL of Fe3O4-NPs after 20 min of AMF exposure and 48 h

of incubation. The difference of M1dG was significant, all p < 0.05. Table 2 indicates that the levels

of exocyclic M1dG adducts were also higher, up to 20-fold, in NP treated cells after AMF exposures

relative to nonexposed NP treated cells, all p < 0.05.

Table 2. Mean levels of 3-(2-deoxy-β-D-erythro-pentafuranosyl)pyrimido[1,2-α]purin-10(3H)-one

deoxyguanosine (M1dG) adducts and 8-hydroxy-2′-deoxyguanosine (8-oxodG) adducts per 106 normal

nucleotides in 90 µg/mL Fe3O4-nanoparticle (NP) treated HepG2 cells in presence or absence of

alternating magnetic field (AMF) exposures and prolonged incubation times compared to control cells.

Exocyclic M1dG and 8-oxodG Adducts

N M1dG ± SE p-Value 8-oxodG ± SE p-Value

Adduct background in presence or absence of AMF exposures

Control cells
Nonexposed to AMF

Incubation times
24 h a 10 0.4 ± 0.1 3.2 ± 0.2
48 a 10 0.4 ± 0.1 3.1 ± 0.2

Exposed to AMF (20 min)
Incubation times

24 h a 10 0.5 ± 0.1 3.2 ± 0.2
48 a 10 0.5 ± 0.1 3.3 ± 0.3

Exposed to AMF (40 min)
Incubation times

24 h a 10 0.5 ± 0.1 3.4 ± 0.2
48 a 10 0.5 ± 0.1 3.9 ± 0.3

Adduct levels of treated cells in presence or absence of AMF exposures

NP treated cells
Nonexposed to AMF

Incubation times
24 h a 10 0.7 ± 0.1 <0.05 b 16.7 ± 1.7 <0.05 b

48 a 10 0.8 ± 0.1 <0.05 b 21.2 ± 1.9 <0.05 b

Exposed to AMF (20 min)
Incubation times

24 h a 10 4.6 ± 0.5 <0.05 b 40.3 ± 3.3 <0.05 b

48 a 10 6.9 ± 0.6 <0.05 b 69.3 ± 1.4 <0.05 b

Exposed to AMF (40 min)
Incubation times

24 h a 10 6.4 ± 1.4 <0.05 b 36.5 ± 4.0 <0.05 b

48 a 10 15.9 ± 6.7 <0.05 b 79.3 ± 1.1 <0.05 b

a Reference levels; b p-values vs. appropriated referent cells.
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2.4. Magnetic Nanoparticles, Alternating Magnetic Field and 8-oxodG Adducts

We investigated the association between the production of 8-oxodG in 90 µg/mL Fe3O4-NP

treated cells after exposure (20 or 40 min) to an AMF applied at 186 kHz. As reported in Table 2,

the generation of 8-oxodG was significantly increased, up to 25-fold, in treated cells after AMF exposure

compared to controls. The effect was associated to both exposure and incubation, with p-value for the

trend <0.001. The highest value of 8-oxodG of 79.3 ± 1.1 (SE) was detected in treated cells that were

exposed to AMF for 40 min and incubated for 48 h. Table 2 shows that the levels of 8-oxodG were

also higher, up to a five-fold increase, in treated cells after AMF exposure relative to nonexposed NP

treated cells, all p < 0.05.

Since heating curves cannot be directly recorded during the experimental sessions because of

sample sterility, kinetic pathways of temperature increase were recorded in solutions of Fe3O4-NPs

containing the same amount of particles as the samples described in the manuscript (Figure 1).

Temperature rise of the dispersion during AMF exposure was measured by an optical fiber probe

(CEAM Vr18CR-PC) and it was recorded every second during the experimental measurements.

The samples were inserted in a homemade polyethylene sample holder, surrounded by glass wool for

thermal isolation, and then in the copper coil. The sample mass (m = 0–3 g) was chosen to minimize

the effects of magnetic field inhomogeneity inside the sample.

μ

 

μ μ

μ

Figure 1. Kinetics of temperature increase versus exposure time for block polymer coated Fe3O4-NPs

90 µg/mL (blue curve) and 60 µg/mL (red curve).

2.5. Fe3O4-Nanoparticle Internalization

The uptake of Fe3O4-NPs conjugated with fluorescent dye Dylight650 was monitored by

fluorescent microscopy. NP fluorescence inside cells was measured with background subtraction.

As shown in Figure 2A–C, the NPs were internalized at the concentration of 90 µg/mL by HepG2 cells

in sufficient quantity to be detected after 240 min (Figure 2C). A significant increase in fluorescence

intensity was indeed observed only at that incubation time, p < 0.0001 (Figure 2D). The lack of genotoxic

effects in Fe3O4-NPs treated cells at lower incubation time is apparently due to a lack of significant

cellular penetration of NPs during this initial period.
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Figure 2. Human hepatocarcinoma (HepG2) cells incubated with 90 µg/mL Fe3O4-nanoparticles

conjugated with fluorescent dye Dylight650. The images of treated cells at selected incubation times

are shown: 0 min (A); 120 min (B); and 240 min (C). The increments in fluorescence intensity at

each incubation times, mean ± standard error (SE), are reported in the insert (D). Scale bar: 10 µm;

**** p < 0.0001; n.s. = not significant.

3. Discussion

The potential therapeutic benefits of Fe3O4-NPs [30] must consider their potential for off-target

toxicity [8,9,31–33]. Fe3O4-NPs, if undirected, are mainly sequestered in liver tissue for elimination.

Hence, we studied human hepatocarcinoma cells for NP-related toxicity. In particular, we investigated

the pro-oxidant properties of Fe3O4-NPs in towards DNA. We asked whether experimental cells

treated with increasing NP concentrations experienced genotoxic effects at various times of incubation.

A further purpose of the present study was to investigate the generation of oxidative DNA lesions

in Fe3O4-NP treated cells after AMF exposures. Two different biomarkers, i.e., exocyclic M1dG and

8-oxodG adducts, of oxidative stress and/or LPO [23], were measured by 32P-postlabeling.

High dosages of Fe3O4-NPs are expected to significantly increase cellular ROS and the production

of oxidative damage to DNA [11]. This was found in our model, where the administration of increased

NP concentrations (30, 60 or 90 µg/mL) was significantly associated with higher levels of both exocyclic

M1dG and 8-oxodG adducts in HepG2 cells after ≥24 h of incubation in comparison to untreated cells.

No genotoxic effects were detected by each concentration dosages at ≤120 min of incubations, possibly

due to a lack of penetration of NPs into cellular membrane of HepG2 cells during this initial period,

as shown by fluorescent microscopy (Figure 2). We found a significant dose–response relationship

between oxidized DNA lesions and Fe3O4-NPs. Nevertheless, while the associations with adduct

production tended to be linear at low exposure, it was sublinear at high dosages, perhaps due to

excessive cytotoxicity. We assume in this study that Fe3O4-NPs act as a pro-oxidant by causing

iron-dependent Fenton reactions that generate first .OH and, then, .C radicals, through LPO induction,

which are important intermediates that lead to the formation of oxidative DNA lesions. Consequently,

the addition of Fe3O4-NPs to HepG2 cells increases the oxidation of genomic DNA, measured as

promutagenic lesions. The toxic action of magnetic therapy may be mediated by several mechanisms,

as shown in Figure 3.
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Figure 3. Potential mechanisms underlying the genotoxic effects caused by magnetic hyperthermia.

AMF, alternating magnetic field; ROS, reactive oxygen species.

Our findings are in keeping with a series of earlier reports which have shown adverse effects

associated with the exposure to Fe3O4-NPs in mammalian liver cells [11]. For example, Lin and

coworkers [34] analyzed the toxicity of Fe3O4-NPs on human hepatocytes after 24 h of incubation

using various assays including the comet assay and other biomarkers of oxidative stress, such as

glutathione peroxidase, superoxide dismutase and MDA. In that study, the treatment with NPs

was associated with both nuclear condensation and chromosomal DNA fragmentation. Significant

reductions of cellular levels of glutathione peroxidase and superoxide dismutase levels as well as

increased MDA were also observed. Sadeghi and coworkers [35] analyzed the effects of Fe3O4-NP

exposures (75–100 µg/mL) in HepG2 cells after 12–24 h of treatment. Higher oxidative damage

to DNA that was both concentration and time dependent was detected. In another study, Ma and

coworkers [36] analyzed the effects of increasing dosages up to 40 mg/kg of Fe3O4-NPs on mice after

seven days of treatment. Significant increments of both 8-oxodG and DNA-protein crosslinks were

observed in liver tissue.

Magnetic hyperthermia is a technique based on the use of Fe3O4-NPs to remotely induce local

heat in cancer cells when AMF is applied. Increased production of oxidative stress has been associated

with this therapeutic approach [10,37]. We evaluated whether DNA-damaging effects induced by

Fe3O4-NPs (90 µg/mL) are intensified by increasing exposures to AMF. Our most striking result

shows that higher exposures to AMF induce a significant production of both exocyclic M1dG and

8-oxodG adducts compared to controls cells. Thus, one important question is whether the increasing

induction of DNA-modifications is correlated to a rising temperature. This is important, since as

known chemical reactions can be promoted by higher temperatures. The effects, shown in the data

reported in Figure 1, showed that oxidative lesions were induced with a temperature rise of 4 ◦C,

but it is reasonable that the punctual heating of each single particle under AMF reaches even higher

temperature that, to date, is not possible to be quantified. The genotoxic effects were also significantly
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associated with incubation times (24–48 h). The levels of oxidative DNA lesions in AMF exposed

treated cells were also significantly higher in respect to nonexposed NP treated cells. Specifically,

the levels of exocyclic M1dG adducts in AMF exposed NP treated cells are up to 95% higher when

compared to nonexposed NP treated cells. The amounts of 8-oxodG are up to 73% greater in respect

to nonexposed controls. Nevertheless, the levels of M1dG in AMF exposed NP treated HepG2 cells

(30-fold increment vs. nonexposed control cells) was lower than that detected in A549 and BEAS-2B

lung epithelial cells exposed to 10 µM of benzo(a)pyrene (54-fold increment vs. control cells) [38]. Our

findings are in agreement with Shaw and coworkers [37], who observed enhancement of genotoxic

effects by Fe3O4-NPs in cancer cells after magnetic flux using the Comet assay. In that study, magnetic

field exposure increased the levels of DNA double and single strand breaks in cancer cells.

On the one hand, Fe3O4-NPs may absorb the energy from AMF and convert it into heat primarily

through Brownian and Neel relaxations, when exposed to AMF [10]. The heat in turn could simply

increase reaction rates for existing ROS. On the other hand, magnetic therapy could increase formation

of ROS such as hydroxyl radicals at the surface of Fe3O4-NPs [39]. Increased levels of ferrous ions

might form and react with H2O2 produced by mitochondria, inducing ROS generation through the

Fenton reaction [40,41], which causes various kind of oxidative damage to DNA, such as exocyclic

M1dG and 8-oxodG adducts. Alternatively, ROS induction may be attributed to surface coating-cell

interactions. Toxic effects of Fe3O4-NPs may partially derive from chemical reactions between coating

and cell components during phagocytosis [42]. In support to this hypothesis, we showed an association

between oxidative burst of activated cells and M1dG generation [43,44].

The generation of oxidative DNA lesions, such as those caused from Fe3O4-NPs [45], has

intensified interest in nanotoxicology because they are considered one way to induce of authophagy

and apoptosis cell death of cancer cells [46]. When DNA is severely damaged or unrepaired, cells may

remain quiescent and activate pro-survival mechanisms or undergo cell death. Once induced by DNA

injury, autophagy may delay apoptosis in response to genetic damage by sustaining the mechanisms

necessary for DNA repair, or may contribute to cell death when DNA is unrepaired and apoptosis

is defective.

4. Material and Methods

4.1. Fe3O4-Nanoparticles, Cell Culture and Cell Treatments in Presence or Absence of Alternating Magnetic Field

The 50-nm hydrodynamic diameter size (by DLS measurements) block polymer coated Fe3O4-NPs

of 3 mg/mL concentration were obtained from Colorobbia Consulting-Cericol, Italy. HepG2 cells

were routinely cultivated under standard conditions. Cells were incubated in a humidified controlled

atmosphere with a 95% to 5% ratio of air/CO2, at 37 ◦C, with medium that was changed every 3 days.

Trypsinized cells at 30–40% confluence were exposed to increasing levels of Fe3O4-NPs that were

dispersed in cell culture medium to obtain the final concentrations of 30, 60 or 90 µg/mL. Increasing

lengths of incubations were used, i.e., from 60–120 min to 24–48 h. The entire and general image of

strategy of the present research is shown in Figures 4 and 5.

Specifically, the NP concentrations were comparable to those utilized in the studies of Kham and

coworkers [47], and Alarifi and coworkers [48], who found increased toxic effects caused from the

treatments with Fe3O4-NPs of comparable diameter size. Subsequently, the hepatocarcinoma cells,

which were treated with 90 µg/mL of NPs, were exposed to 25 kA/m AMF at a frequency of 186 kHz

with a copper coil of 3 turns and Ø = 100 mm (Celes MP 6/400) for 20 or 40 min exposure times,

and then returned to the incubator for 24 or 48 h of incubation. Cells not exposed to NPs served as

negative control in each experiment. As positive internal control, experimental cells were treated with

0.2 mM xanthine plus 1.0 or 5.0 mU xanthine oxidase, a system capable of generating singlet oxygen

and hydrogen peroxide [28], and incubated for 24–48 h.
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Figure 4. Strategy protocol of analytic research aimed to evaluate genotoxic activity of

Fe3O4-nanoparticles with increasing dosages and incubation times in HepG2 cells.

 

Figure 5. Strategy protocol of analytic research aimed to examine the genotoxic effects of

Fe3O4-nanoparticles at select dosage and incubation times in presence or absence of magnetic therapy

in HepG2 cells.

4.2. Preparation of M1dG Reference Adduct Standard

A reference adduct standard was prepared: calf-thymus-DNA was treated with 10 mM MDA

(ICN Biomedicals, Irvine, CA, USA), as previously reported [49]. MDA treated calf-thymus-DNA was

diluted with untreated DNA to obtain decreasing levels of the reference adduct standard to generate a

calibration curve.

4.3. Mass Spectrometry Analysis

The levels of exocyclic DNA adducts in MDA treated calf-thymus-DNA sample were analyzed by

mass spectrometry (Voyager DE STR from Applied Biosystems, Framingham, MA, USA), as reported

elsewhere [50].
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4.4. Reference M1dG Standard by 32P-Postlabeling and Mass Spectrometry

The levels of the exocyclic M1dG adducts were 5.0 ± 0.6 per 106 normal nucleotides in MDA

treated calf-thymus-DNA using 32P-postlabeling [24]. The presence of exocyclic M1dG adducts in this

sample was confirmed by matrix-assisted laser desorption/ionization time-of-flight-mass-spectrometry

(MALDI-TOF-MS). A calibration curve was set up by diluting this sample with untreated

calf-thymus-DNA and measuring the decreasing amount of M1dG, R2 = 0.99.

4.5. DNA Isolation and Hydrolysis

DNA from treated and untreated cells was extracted and purified from lysed cells using a

method that requires digestion with ribonuclease A, ribonuclease T1 and proteinase K treatment and

extraction with saturated phenol, phenol/chloroform/isoamyl alcohol (25:24:1), chloroform/isoamyl

alcohol (24:1) and ethanol precipitation [51]. DNA concentration and purity were determined using a

spectrophotometer. Coded DNA samples were subsequently stored at −80 ◦C until laboratory analyses.

Before adduct determination, DNA (2–5 µg) was hydrolyzed by incubation with micrococcal nuclease

(21.45 mU/µL) and spleen phosphodiesterase (6.0 mU/µL) (Sigma Aldrich, St. Louis, MO, USA

and Worthington, NJ, USA) in 5.0 mM Na succinate, 2.5 mM calcium chloride, pH 6.0 at 37 ◦C for

4.5 h [52,53].

4.6. Exocyclic M1dG Adduct Analysis

The generation of M1dG adducts was analyzed by 32P-postlabeling [24]. Hydrolyzed samples

were incubated with nuclease P1 (0.1 U/µL) in 46.6 mM sodium acetate, pH 5.0, and 0.24 mM ZnCl2
at 37 ◦C for 30 min. After nuclease P1 treatment, 1.8 µL of 0.16 mM Tris base was added to the

sample. The nuclease P1-resistant nucleotides were incubated with 7–25 µCi of carrier-free [γ-32P]ATP

(3000 Ci/mM) and polynucleotide kinase T4 (0.75 U/µL) to generate 32P-labeled DNA adducts in bicine

buffer, 20 mM bicine, 10 mM MgCl2, 10 mM dithiotreithol, 0.5 mM spermidine, pH 9.0, at 37 ◦C for

30 min. The generation of M1dG adducts in Fe3O4-NPs treated hepatocarcinoma cells and control cells

were measured using a modified version of 32P-postlabeling [38]. Labeled samples were applied on

polyethyleneimine cellulose thin-layer chromatography plates (Macherey-Nagel, Postfach, Germany).

The chromatographic analysis of M1dG adducts was performed using a low-urea solvent system

known to be effective for the detection of low molecular weight and highly polar DNA adducts:

0.35 M MgCl2 for the preparatory chromatography; and 2.1 M lithium formate, 3.75 M urea pH 3.75

and 0.24 M sodium phosphate, 2.4 M urea pH 6.4 for the two-dimensional chromatography.

Detection and quantification of modified and normal nucleotides, i.e., diluted samples that were

not treated with nuclease P1, was performed by storage phosphor imaging techniques employing

intensifying screens from Molecular Dynamics (Sunnyvale, CA, USA). The intensifying screens were

scanned using a Typhoon 9210 (Amersham, UK). Software used to process the data was ImageQuant

from Molecular Dynamics. After background subtraction, M1dG adducts were expressed as relative

adduct labeling (RAL) = pixel in adducted nucleotides/pixel in normal nucleotides. M1dG levels were

corrected across experiments based on the recovery of reference M1dG adduct standard.

4.7. 8-oxodG Adduct Analysis

Digest DNA was diluted with ultrapure water to 20 ng/µL. Diluted DNA digest was incubated

with 10 µCi of carrier-free [γ-32P]ATP (3000 Ci/mM) (Amersham, UK) and 2 U of polynucleotide

kinase T4 (10 U/µL) (Roche Diagnostics, Indianapolis, IN, USA) to generate 32P-labeled adducts

in the reaction buffer (10×) at 37 ◦C for 45 min [21,52]. 32P-labeled samples were treated with

1.2 U of nuclease P1 (1.9 U/µL) (Sigma Aldrich, St. Louis, MO, USA) in 62.5 mM sodium acetate,

pH 5.0, and 0.27 mM ZnCl2 at 37 ◦C for 60 min (final volume 10 µL) [25,26,53]. 32P-labeled samples

were applied on polyethyleneimine cellulose thin-layer chromatography plates (Macherey-Nagel,

Postfach, Germany). The chromatographic analysis of 8-oxodG, a biomarker of oxidative stress and
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cancer risk [54], has been performed using a chromatographic system known to be effective for the

detection and quantitative analysis of such oxidative lesions [25,26,55–58]. As previously reported [25],

this procedure specifically detects 8-oxodG, which is the only adduct retained in chromatograms

developed in acidic medium. Specifically, an aliquot (2.5 µL) of the labeled solution was applied to the

origin of a chromatogram and developed overnight onto a 3 cm-long Whatman 1 paper wick with

1.5 M formic acid for the one-dimensional chromatography. For the two-dimensional chromatography,

chromatographic plates were developed at the right angle to the previous development with 0.6 M

ammonium formate, pH 6.0. Detection and quantification of 8-oxodG was obtained as described above.

After background subtraction, the levels of 8-oxodG were expressed such as RAL = screen pixel in

8-oxodG spot/screen pixel in total normal nucleotides [25,26]. The levels of the normal nucleotides

were measured as described above. The values measured for the 8-oxodG spot were corrected across

experiments based on the recovery of the internal standard, e.g., 8-oxodG (Sigma Aldrich, St. Louis,

MO, USA).

4.8. Fe3O4-Nanoparticle Internalization

To evaluate the dynamics of cellular internalization, Fe3O4-NPs were conjugated with the

fluorescent dye DyLight650 and imaged by live-cell microscopy. Briefly, HepG2 cells exposed to

90 µg/mL of Fe3O-NPs were cultured in FluoroBrite DMEM media supplemented with 10% FCS,

and kept at 37 ◦C with 5% CO2 during image acquisition. Images were acquired through a 63x HCX

PLANAPO 1.2NA water-immersion objective, using a Leica AM6000 inverted microscope equipped

with a DFC350FX camera. Images were collected before addition of NPs (t = 0) to analyze background

and autofluorescence of experimental cells, and incubated at different incubation times, i.e., 30, 60, 120,

or 240 min. Both transmitted and fluorescence images were collected. Quantification of intracellular

fluorescence was performed using Fiji software [59] by manually drawing regions-of-interest (ROI)

around cells in the brightfield channel and measuring the mean intensity fluorescence in each

region. Mean background fluorescence was measured in each microscopic field (by drawing ROI

not-containing cells) and subtracted from cellular fluorescence values. Fluorescence intensity values

were normalized by the average fluorescence intensity at t = 0.

4.9. Statistical Analysis

The levels of oxidative DNA lesions were expressed as adducted nucleotides per 106 normal

nucleotides. Adduct data were log transformed to stabilize the variance and normalize the

distribution. Baseline characteristics between two groups were compared using independent t-test or

Mann–Whitney U test for continues variables and chi square test for categorical variables. All statistical

tests were two-sided and p < 0.05 was considered to be statistically significant. The data were analyzed

using SPSS 13.0 (IBM SPSS Statistics, New York, NY, USA).

5. Conclusions

The greater production of Fe3O4-NPs-related oxidative DNA lesions after exposures to AMF may

be one of the mechanisms by which magnetic therapy kills cancer cells. Concerning cancer cell death

specifically, the hypothesis that increased levels of oxidative damage to DNA during magnetic therapy

might contribute to kill cancer cells upon greater induction of apoptosis and autophagy seems to be

fair enough. The generation of oxidative DNA lesions might be a further parameter that has to be

maximized to optimize the action of this therapeutic approach.

Acknowledgments: This work was supported by the “Ente Cassa di Risparmio di Firenze”, Florence, Italy.

Author Contributions: Marco E. M. Peluso, Andrea Galli, Filippo Cellai, Armelle Munnia, Saer Doumett,
Costanza Ravagli, Elisabetta Ceni, Tommaso Mello and Giovanni Baldi conceived and designed the experiments;
Filippo Cellai, Armelle Munnia, Jessica Viti, Saer Doumett, Costanza Ravagli, Elisabetta Ceni, Tommaso Mello,
and Roger W. Giese performed the experiments; Marco E. M. Peluso, Filippo Cellai, Armelle Munnia,



Int. J. Mol. Sci. 2017, 18, 939 12 of 15

Tommaso Mello, Simone Polvani and Saer Doumett analyzed the data; and Marco E. M. Peluso, Simone Polvani,
Armelle Munnia and Filippo Cellai wrote the paper.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Guo, M.; Sun, Y.; Zhang, X.-D. Enhanced radiation therapy of gold nanoparticles in liver cancer. Appl. Sci.

2017, 7, 232. [CrossRef]

2. Ariga, K.; Minami, K.; Ebara, M.; Nakanishi, J. What are the emerging concepts and challenges in NANO?

Nanoarchitectonics, hand-operating nanotechnology and mechanobiology. Polym. J. 2016, 48, 371–389.

[CrossRef]

3. Chen, G.; Roy, I.; Yang, C.; Prasad, P.N. Nanochemistry and nanomedicine for nanoparticle-based diagnostics

and therapy. Chem. Rev. 2016, 116, 2826–2885. [CrossRef] [PubMed]

4. Yamamoto, E.; Kuroda, K. Colloidal Mesoporous Silica Nanoparticles. Bull. Chem. Soc. Jpn. 2016, 89, 501–539.

[CrossRef]

5. Nakanishi, W.; Minami, K.; Shrestha, L.K.; Ji, Q.; Hill, J.P.; Ariga, K. Bioactive nanocarbon assemblies:

Nanoarchitectonics and applications. Nano Today 2014, 9, 378–394. [CrossRef]

6. Wicki, A.; Witzigmann, D.; Balasubramanian, V.; Huwyler, J. Nanomedicine in cancer therapy: Challenges,

opportunities, and clinical applications. J. Control. Release 2015, 200, 138–157. [CrossRef] [PubMed]

7. Karimi, M.; Ghasemi, A.; Sahandi, Z.P.; Rahighi, R.; Moosavi, B.S.M.; Mirshekari, H.; Amiri, M.; Shafaei, P.Z.;

Aslani, A.B.M.; Ghosh, D.; et al. Smart micro/nanoparticles in stimulus-responsive drug/gene delivery

systems. Chem. Soc. Rev. 2016, 45, 1457–1501. [CrossRef] [PubMed]

8. 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. [CrossRef]

9. Watanabe, M.; Yoneda, M.; Morohashi, A.; Hori, Y.; Okamoto, D.; Sato, A.; Kurioka, D.; Nittami, T.;

Hirokawa, Y.; Shiraishi, T.; et al. Effects of Fe3O4 magnetic nanoparticles on A549 cells. Int. J. Mol. Sci. 2013,

14, 15546–15560. [CrossRef] [PubMed]

10. Wydra, R.J.; Oliver, C.E.; Anderson, K.W.; Dziubla, T.D.; Hilt, J.Z. Accelerated generation of free radicals by

iron oxide nanoparticles in the presence of an alternating magnetic field. RSC Adv. 2015, 5, 18888–18893.

[CrossRef] [PubMed]

11. Dissanayake, N.M.; Current, K.M.; Obare, S.O. Mutagenic effects of iron oxide nanoparticles on biological

cells. Int. J. Mol. Sci. 2015, 16, 23482–23516. [CrossRef] [PubMed]

12. Marnett, L.J. Oxyradicals and DNA damage. Carcinogenesis 2000, 21, 361–370. [CrossRef] [PubMed]

13. Singh, N.; Jenkins, G.J.; Asadi, R.; Doak, S.H. Potential toxicity of superparamagnetic iron oxide nanoparticles

(SPION). Nano Rev. 2010, 1, 1–15. [CrossRef] [PubMed]

14. Jeong, Y.C.; Swenberg, J.A. Formation of M1G-dR from endogenous and exogenous ROS-inducing chemicals.

Free Radic. Biol. Med. 2005, 39, 1021–1029. [CrossRef] [PubMed]

15. Zhou, X.; Taghizadeh, K.; Dedon, P.C. Chemical and biological evidence for base propenals as the major

source of the endogenous M1dG adduct in cellular DNA. J. Biol. Chem. 2005, 280, 25377–25382. [CrossRef]

[PubMed]

16. Cooke, M.S.; Evans, M.D.; Dizdaroglu, M.; Lunec, J. Oxidative DNA damage: Mechanisms, mutation, and

disease. FASEB J. 2003, 17, 1195–1214. [CrossRef] [PubMed]

17. Brancato, B.; Munnia, A.; Cellai, F.; Ceni, E.; Mello, T.; Bianchi, S.; Catarzi, S.; Risso, G.G.; Galli, A.;

Peluso, M.E. 8-Oxo-7,8-dihydro-2′-deoxyguanosine and other lesions along the coding strand of the exon

5 of the tumour suppressor gene P53 in a breast cancer case-control study. DNA Res. 2016, 23, 395–402.

[CrossRef] [PubMed]

18. Bargonetti, J.; Manfredi, J.J. Multiple roles of the tumor suppressor p53. Curr. Opin. Oncol. 2002, 14, 86–91.

[CrossRef]

19. Loft, S.; Moller, P. Oxidative DNA damage and human cancer: Need for cohort studies. Antioxid. Redox Signal.

2006, 8, 1021–1031. [CrossRef] [PubMed]

http://dx.doi.org/10.3390/app7030232
http://dx.doi.org/10.1038/pj.2016.8
http://dx.doi.org/10.1021/acs.chemrev.5b00148
http://www.ncbi.nlm.nih.gov/pubmed/26799741
http://dx.doi.org/10.1246/bcsj.20150420
http://dx.doi.org/10.1016/j.nantod.2014.05.002
http://dx.doi.org/10.1016/j.jconrel.2014.12.030
http://www.ncbi.nlm.nih.gov/pubmed/25545217
http://dx.doi.org/10.1039/C5CS00798D
http://www.ncbi.nlm.nih.gov/pubmed/26776487
http://dx.doi.org/10.1007/s13273-014-0013-z
http://dx.doi.org/10.3390/ijms140815546
http://www.ncbi.nlm.nih.gov/pubmed/23892599
http://dx.doi.org/10.1039/C4RA13564D
http://www.ncbi.nlm.nih.gov/pubmed/25798231
http://dx.doi.org/10.3390/ijms161023482
http://www.ncbi.nlm.nih.gov/pubmed/26437397
http://dx.doi.org/10.1093/carcin/21.3.361
http://www.ncbi.nlm.nih.gov/pubmed/10688856
http://dx.doi.org/10.3402/nano.v1i0.5358
http://www.ncbi.nlm.nih.gov/pubmed/22110864
http://dx.doi.org/10.1016/j.freeradbiomed.2005.05.018
http://www.ncbi.nlm.nih.gov/pubmed/16198229
http://dx.doi.org/10.1074/jbc.M503079200
http://www.ncbi.nlm.nih.gov/pubmed/15878883
http://dx.doi.org/10.1096/fj.02-0752rev
http://www.ncbi.nlm.nih.gov/pubmed/12832285
http://dx.doi.org/10.1093/dnares/dsw018
http://www.ncbi.nlm.nih.gov/pubmed/27260513
http://dx.doi.org/10.1097/00001622-200201000-00015
http://dx.doi.org/10.1089/ars.2006.8.1021
http://www.ncbi.nlm.nih.gov/pubmed/16771692


Int. J. Mol. Sci. 2017, 18, 939 13 of 15

20. Peluso, M.; Munnia, A.; Risso, G.G.; Catarzi, S.; Piro, S.; Ceppi, M.; Giese, R.W.; Brancato, B. Breast fine-needle

aspiration malondialdehyde deoxyguanosine adduct in breast cancer. Free Radic. Res. 2011, 45, 477–482.

[CrossRef] [PubMed]

21. Munnia, A.; Amasio, M.E.; Peluso, M. Exocyclic malondialdehyde and aromatic DNA adducts in larynx

tissues. Free Radic. Biol. Med. 2004, 37, 850–858. [CrossRef] [PubMed]

22. Wang, M.; Dhingra, K.; Hittelman, W.N.; Liehr, J.G.; de Andrade, M.; Li, D. Lipid peroxidation-induced

putative malondialdehyde—DNA adducts in human breast tissues. Cancer Epidemiol. Biomark. Prev. 1996, 5,

705–710.

23. Sorensen, M.; Autrup, H.; Moller, P.; Hertel, O.; Jensen, S.S.; Vinzents, P.; Knudsen, L.E.; Loft, S. Linking

exposure to environmental pollutants with biological effects. Mutat. Res. 2003, 544, 255–271. [CrossRef]

[PubMed]

24. Vanhees, K.; van Schooten, F.J.; van Doorn-Khosrovani, S.B.; van Helden, S.; Munnia, A.; Peluso, M.;

Briede, J.J.; Haenen, G.R.; Godschalk, R.W. Intrauterine exposure to flavonoids modifies antioxidant status at

adulthood and decreases oxidative stress-induced DNA damage. Free Radic. Biol. Med. 2013, 57, 154–161.

[CrossRef] [PubMed]

25. Izzotti, A.; Balansky, R.M.; Dagostini, F.; Bennicelli, C.; Myers, S.R.; Grubbs, C.J.; Lubet, R.A.; Kelloff, G.J.; de

Flora, S. Modulation of biomarkers by chemopreventive agents in smoke-exposed rats. Cancer Res. 2001, 61,

2472–2479. [PubMed]

26. Izzotti, A.; Cartiglia, C.; De Flora, S.; Sacca, S. Methodology for evaluating oxidative DNA damage and

metabolic genotypes in human trabecular meshwork. Toxicol. Mech. Methods 2003, 13, 161–168. [CrossRef]

[PubMed]

27. Beik, J.; Abed, Z.; Ghoreishi, F.S.; Hosseini-Nami, S.; Mehrzadi, S.; Shakeri-Zadeh, A.; Kamrava, S.K.

Nanotechnology in hyperthermia cancer therapy: From fundamental principles to advanced applications.

J. Control. Release 2016, 235, 205–221. [CrossRef] [PubMed]

28. Link, E.M.; Riley, P.A. Role of hydrogen peroxide in the cytotoxicity of the xanthine/xanthine oxidase system.

Biochem. J. 1988, 249, 391–399. [CrossRef] [PubMed]

29. European Standards Committee on Oxidative DNA Damage (ESCODD). Comparative analysis of baseline

8-oxo-7,8-dihydroguanine in mammalian cell DNA, by different methods in different laboratories:

An approach to consensus. Carcinogenesis 2003, 23, 2129–2133.

30. Reimer, P.; Balzer, T. Ferucarbotran (Resovist): A new clinically approved RES-specific contrast agent for

contrast-enhanced MRI of the liver: Properties, clinical development, and applications. Eur. Radiol. 2003, 13,

1266–1276. [PubMed]

31. Kim, J.S.; Yoon, T.J.; Yu, K.N.; Kim, B.G.; Park, S.J.; Kim, H.W.; Lee, K.H.; Park, S.B.; Lee, J.K.; Cho, M.H.

Toxicity and tissue distribution of magnetic nanoparticles in mice. Toxicol. Sci. 2006, 89, 338–347. [CrossRef]

[PubMed]

32. 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. [CrossRef] [PubMed]

33. Valdiglesias, V.; Fernández-Bertólez, N.; Kiliç, G.; Costa, C.; Costa, S.; Fraga, S.; Bessa, M.J.; Pásaro, E.;

Teixeira, J.P.; Laffon, B. Are iron oxide nanoparticles safe? Current knowledge and future perspectives.

J. Trace Elem. Med. Biol. 2016, 38, 53–63. [CrossRef] [PubMed]

34. 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.

35. Sadeghi, L.; Tanwir, F.; Yousefi Babadi, V. In vitro toxicity of iron oxide nanoparticle: Oxidative damages on

Hep G2 cells. Exp. Toxicol. Pathol. 2015, 67, 197–203. [CrossRef] [PubMed]

36. Ma, P.; Luo, Q.; Chen, J.; Gan, Y.; Du, J.; Ding, S.; Xi, Z.; Yang, X. Intraperitoneal injection of magnetic

Fe3O4-nanoparticle induces hepatic and renal tissue injury via oxidative stress in mice. Int. J. Nanomed. 2012,

7, 4809–4818.

37. Shaw, J.; Raja, S.O.; Dasgupta, A.K. Modulation of cytotoxic and genotoxic effects of nanoparticles in cancer

cells by external magnetic field. Cancer Nanotechnol. 2014, 5, 2. [CrossRef] [PubMed]

http://dx.doi.org/10.3109/10715762.2010.549485
http://www.ncbi.nlm.nih.gov/pubmed/21250785
http://dx.doi.org/10.1016/j.freeradbiomed.2004.05.024
http://www.ncbi.nlm.nih.gov/pubmed/15304257
http://dx.doi.org/10.1016/j.mrrev.2003.06.010
http://www.ncbi.nlm.nih.gov/pubmed/14644327
http://dx.doi.org/10.1016/j.freeradbiomed.2012.12.021
http://www.ncbi.nlm.nih.gov/pubmed/23295412
http://www.ncbi.nlm.nih.gov/pubmed/11289117
http://dx.doi.org/10.1080/15376510309830
http://www.ncbi.nlm.nih.gov/pubmed/20021156
http://dx.doi.org/10.1016/j.jconrel.2016.05.062
http://www.ncbi.nlm.nih.gov/pubmed/27264551
http://dx.doi.org/10.1042/bj2490391
http://www.ncbi.nlm.nih.gov/pubmed/2829857
http://www.ncbi.nlm.nih.gov/pubmed/12764641
http://dx.doi.org/10.1093/toxsci/kfj027
http://www.ncbi.nlm.nih.gov/pubmed/16237191
http://dx.doi.org/10.1371/journal.pone.0085835
http://www.ncbi.nlm.nih.gov/pubmed/24465736
http://dx.doi.org/10.1016/j.jtemb.2016.03.017
http://www.ncbi.nlm.nih.gov/pubmed/27056797
http://dx.doi.org/10.1016/j.etp.2014.11.010
http://www.ncbi.nlm.nih.gov/pubmed/25497787
http://dx.doi.org/10.1186/s12645-014-0002-x
http://www.ncbi.nlm.nih.gov/pubmed/26561510


Int. J. Mol. Sci. 2017, 18, 939 14 of 15

38. Van Helden, Y.G.; Keijer, J.; Heil, S.G.; Pico, C.; Palou, A.; Oliver, P.; Munnia, A.; Briede, J.J.; Peluso, M.;

Franssen-van Hal, N.L.; et al. β-carotene affects oxidative stress-related DNA damage in lung epithelial cells

and in ferret lung. Carcinogenesis 2009, 30, 2070–2076. [CrossRef] [PubMed]

39. Kim, D.H.; Kim, J.; Choi, W. Effect of magnetic field on the zero valent iron induced oxidation reaction.

J. Hazard. Mater. 2011, 192, 928–931. [CrossRef] [PubMed]

40. Kadiiska, M.B.; Burkitt, M.J.; Xiang, Q.H.; Mason, R.P. Iron supplementation generates hydroxyl radical

in vivo. An ESR spin-trapping investigation. J. Clin. Investig. 1995, 96, 1653–1657. [CrossRef] [PubMed]

41. Mello, T.; Zanieri, F.; Ceni, E.; Galli, A. Oxidative Stress in the Healthy and Wounded Hepatocyte: A Cellular

Organelles Perspective. Oxid. Med. Cell. Longev. 2016, 2016, 832741. [CrossRef] [PubMed]

42. Orlando, A.; Colombo, M.; Prosperi, D.; Gregori, M.; Panariti, A.; Rivolta, I.; Masserini, M.; Cazzaniga, E.

Iron oxide nanoparticles surface coating and cell uptake affect biocompatibility and inflammatory responses

of endothelial cells and macrophages. J. Nanopart. Res. 2015, 17, 351. [CrossRef]

43. Gungor, N.; Knaapen, A.M.; Munnia, A.; Peluso, M.; Haenen, G.R.; Chiu, R.K.; Godschalk, R.W.;

van Schooten, F.J. Genotoxic effects of neutrophils and hypochlorous acid. Mutagenesis 2010, 25, 149–154.

[CrossRef] [PubMed]

44. Gungor, N.; Pennings, J.L.; Knaapen, A.M.; Chiu, R.K.; Peluso, M.; Godschalk, R.W.; van Schooten, F.J.

Transcriptional profiling of the acute pulmonary inflammatory response induced by LPS: Role of neutrophils.

Respir. Res. 2010, 11, 24. [CrossRef] [PubMed]

45. Parka, E.J.; Choia, D.H.; Kimb, H.; Leec, E.W.; Songc, J.; Chod, M.H.; Kima, J.H.; Kim, S.W. Magnetic iron

oxide nanoparticles induce autophagy preceding apoptosis through mitochondrial damage and ER stress in

RAW264.7 cells. Toxicol. In Vitro 2014, 1402–1412. [CrossRef] [PubMed]

46. Filomeni, G.; De Zio, D.; Cecconi, F. Oxidative stress and autophagy: The clash between damage and

metabolic needs. Cell Death Differ. 2015, 22, 377–388. [CrossRef] [PubMed]

47. Khan, M.; Mohammad, A.; Patil, G.; Naqvi, S.A.; Chauhan, L.K.; Ahmad, I. Induction of ROS, mitochondrial

damage and autophagy in lung epithelial cancer cells by iron oxide nanoparticles. Biomaterials 2012, 33,

1477–1488. [CrossRef] [PubMed]

48. 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.

[CrossRef] [PubMed]

49. Bono, R.; Romanazzi, V.; Munnia, A.; Piro, S.; Allione, A.; Ricceri, F.; Guarrera, S.; Pignata, C.; Matullo, G.;

Wang, P.; et al. Malondialdehyde-deoxyguanosine adduct formation in workers of pathology wards: The

role of air formaldehyde exposure. Chem. Res. Toxicol. 2010, 23, 1342–1348. [CrossRef] [PubMed]

50. Wang, P.; Gao, J.; Li, G.; Shimelis, O.; Giese, R.W. Nontargeted analysis of DNA adducts by mass-tag MS:

Reaction of p-benzoquinone with DNA. Chem. Res. Toxicol. 2012, 25, 2737–2743. [CrossRef] [PubMed]

51. Peluso, M.; Castegnaro, M.; Malaveille, C.; Talaska, G.; Vineis, P.; Kadlubar, F.; Bartsch, H. 32P-postlabelling

analysis of DNA adducted with urinary mutagens from smokers of black tobacco. Carcinogenesis 1990, 11,

1307–1311. [CrossRef] [PubMed]

52. Peluso, M.; Srivatanakul, P.; Munnia, A.; Jedpiyawongse, A.; Ceppi, M.; Sangrajrang, S.; Piro, S.; Boffetta, P.

Malondialdehyde-deoxyguanosine adducts among workers of a Thai industrial estate and nearby residents.

Environ. Health Perspect. 2010, 118, 55–59. [CrossRef] [PubMed]

53. Munnia, A.; Saletta, F.; Allione, A.; Piro, S.; Confortini, M.; Matullo, G.; Peluso, M. 32P-Post-labelling

method improvements for aromatic compound-related molecular epidemiology studies. Mutagenesis 2007,

22, 381–385. [CrossRef] [PubMed]

54. Valavanidis, A.; Vlachogianni, T.; Fiotakis, C. 8-hydroxy-2′-deoxyguanosine (8-OHdG): A critical biomarker

of oxidative stress and carcinogenesis. J. Environ. Sci. Health. Part C Environ. Carcinog. Ecotoxicol. Rev. 2009,

27, 120–139. [CrossRef] [PubMed]

55. Izzotti, A.; De Flora, S.; Cartiglia, C.; Are, B.M.; Longobardi, M.; Camoirano, A.; Mura, I.; Dore, M.P.;

Scanu, A.M.; Rocca, P.C.; et al. Interplay between Helicobacter pylori and host gene polymorphisms

in inducing oxidative DNA damage in the gastric mucosa. Carcinogenesis 2007, 28, 892–898. [CrossRef]

[PubMed]

56. Balansky, R.; Izzotti, A.; D’Agostini, F.; Longobardi, M.; Micale, R.T.; La Maestra, S.; Camoirano, A.;

Ganchev, G.; Iltcheva, M.; Steele, V.E.; et al. Assay of lapatinib in murine models of cigarette smoke

carcinogenesis. Carcinogenesis 2014, 35, 2300–2307. [CrossRef] [PubMed]

http://dx.doi.org/10.1093/carcin/bgp186
http://www.ncbi.nlm.nih.gov/pubmed/19638427
http://dx.doi.org/10.1016/j.jhazmat.2011.05.075
http://www.ncbi.nlm.nih.gov/pubmed/21689884
http://dx.doi.org/10.1172/JCI118205
http://www.ncbi.nlm.nih.gov/pubmed/7657835
http://dx.doi.org/10.1155/2016/8327410
http://www.ncbi.nlm.nih.gov/pubmed/26788252
http://dx.doi.org/10.1007/s11051-015-3148-5
http://dx.doi.org/10.1093/mutage/gep053
http://www.ncbi.nlm.nih.gov/pubmed/19892774
http://dx.doi.org/10.1186/1465-9921-11-24
http://www.ncbi.nlm.nih.gov/pubmed/20184723
http://dx.doi.org/10.1016/j.tiv.2014.07.010
http://www.ncbi.nlm.nih.gov/pubmed/25086211
http://dx.doi.org/10.1038/cdd.2014.150
http://www.ncbi.nlm.nih.gov/pubmed/25257172
http://dx.doi.org/10.1016/j.biomaterials.2011.10.080
http://www.ncbi.nlm.nih.gov/pubmed/22098780
http://dx.doi.org/10.1007/s12011-014-9972-0
http://www.ncbi.nlm.nih.gov/pubmed/24748114
http://dx.doi.org/10.1021/tx100083x
http://www.ncbi.nlm.nih.gov/pubmed/20707408
http://dx.doi.org/10.1021/tx300363a
http://www.ncbi.nlm.nih.gov/pubmed/23113579
http://dx.doi.org/10.1093/carcin/11.8.1307
http://www.ncbi.nlm.nih.gov/pubmed/2387016
http://dx.doi.org/10.1289/ehp.0900907
http://www.ncbi.nlm.nih.gov/pubmed/20056580
http://dx.doi.org/10.1093/mutage/gem030
http://www.ncbi.nlm.nih.gov/pubmed/17716983
http://dx.doi.org/10.1080/10590500902885684
http://www.ncbi.nlm.nih.gov/pubmed/19412858
http://dx.doi.org/10.1093/carcin/bgl208
http://www.ncbi.nlm.nih.gov/pubmed/17127715
http://dx.doi.org/10.1093/carcin/bgu154
http://www.ncbi.nlm.nih.gov/pubmed/25053627


Int. J. Mol. Sci. 2017, 18, 939 15 of 15

57. Micale, R.T.; La Maestra, S.; Di Pietro, A.; Visalli, G.; Baluce, B.; Balansky, R.; Steele, V.E.; de Flora, S. Oxidative

stress in the lung of mice exposed to cigarette smoke either early in life or in adulthood. Arch. Toxicol. 2013,

87, 915–918. [CrossRef] [PubMed]

58. Devanaboyina, U.; Gupta, R.C. Sensitive detection of 8-hydroxy-2′deoxyguanosine in DNA by
32P-postlabeling assay and the basal levels in rat tissues. Carcinogenesis 1996, 17, 917–924. [CrossRef]

[PubMed]

59. Schindelin, J.; Arganda-Carreras, I.; Frise, E.; Kaynig, V.; Longair, M.; Pietzsch, T.; Preibisch, S.; Rueden, C.;

Saalfeld, S.; Schmid, B.; et al. Fiji: An open-source platform for biological-image analysis. Nat. Methods 2012,

9, 676–682. [CrossRef] [PubMed]

© 2017 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

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1007/s00204-012-0993-1
http://www.ncbi.nlm.nih.gov/pubmed/23423711
http://dx.doi.org/10.1093/carcin/17.5.917
http://www.ncbi.nlm.nih.gov/pubmed/8640938
http://dx.doi.org/10.1038/nmeth.2019
http://www.ncbi.nlm.nih.gov/pubmed/22743772
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Fe3O4-Nanoparticles and Exocyclic M1dG Adducts 
	Fe3O4-Nanoparticles and 8-oxodG Adducts 
	Magnetic Nanoparticles, Alternating Magnetic Field and Exocyclic M1dG Adducts 
	Magnetic Nanoparticles, Alternating Magnetic Field and 8-oxodG Adducts 
	Fe3O4-Nanoparticle Internalization 

	Discussion 
	Material and Methods 
	Fe3O4-Nanoparticles, Cell Culture and Cell Treatments in Presence or Absence of Alternating Magnetic Field 
	Preparation of M1dG Reference Adduct Standard 
	Mass Spectrometry Analysis 
	Reference M1dG Standard by 32P-Postlabeling and Mass Spectrometry 
	DNA Isolation and Hydrolysis 
	Exocyclic M1dG Adduct Analysis 
	8-oxodG Adduct Analysis 
	Fe3O4-Nanoparticle Internalization 
	Statistical Analysis 

	Conclusions 

