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Influence of naturally occurring antioxidants on magnetic
nanoparticles: Risks, benefits, and possible therapeutic applications *
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Abstract. We have studied interaction of well known antioxidant L-ascorbic acid with magnetic 
nanoparticles containing insoluble Fe(III) in their core. In analogy with ferritin, mobilization of 
iron in the form of water soluble Fe(II) was observed, especially pronounced at higher tempera-
tures. In the presence of hydrogen peroxide cytotoxic hydroxyl radicals are produced. These results
suggest possible harmful effects of widely used magnetic nanoparticles as a MRI contrast agents in
combination with overload of organism with ascorbic acid in some specific conditions, like fever of
patient. On the other hand combination of magnetic nanoparticles and ascorbic acid may be used 
for a cancer therapy using alternating magnetic field for the release of Fe(II) via Néel relaxation of 
magnetic moment of used nanoparticles. We have further found that lipoic acid is an efficient anti-
oxidant scavenging hydroxyl radicals produced by Fenton reaction from Fe(II).
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Introduction

Multifunctional magnetic nanoparticles have diverse poten-
tial biomedical applications, such as cell separation, drug tar-
geting, electromagnetic hyperthermia, magnetic resonance 
contrast enhancement (Harivardhan et al. 2012). For the 
first time protein ferritin containing 4 nm large magnetic
nanoparticle was prepared by V. Laufberger (Laufberger
1937). Ferritin besides its key role in iron body metabolism 
(Kohgo et al. 2008) can be used as a magnetic nanoparticle 
for multifold purposes. Let us mention pathogenesis of 
Alzheimer (Pankhurst et al. 2008) and Parkinson diseases 
(Babincova and Babinec 2005), magnetic cell separation 
(Kronick and Gilpin 1986), magnetic drug targeting (Sim-

sek and Akif Kilic 2005), MRI contrast agents (Gilad et al. 
2007), electromagnetic hyperthermia (Babincova et al. 2000), 
ultrasensitive diagnosis (Lee e al. 2007), and macroscopic 
quantum tunnelling (Gider et al. 1995). 

Iron is an essential nutrient for mammals and most life 
forms and iron oxide nanoparticles were generally assumed 
to be safe, however, this type of nanoparticles can be toxic 
in some cell types and their nano-toxicity in yet another 
type of cell suggests that these particles may not be as safe 
as we had once thought. Exposure to magnetic nanoparticles 
could potentially lead to toxic side effects such as membrane
leakage of lactate dehydrogenase, impaired mitochondrial 
function, inflammation, formation of apoptotic bodies,
chromosome condensation, generation of reactive oxygen 
species (ROS) and DNA damage (Pickard and Chari 2010; 
Singh et al. 2010; Pinkernelle et al. 2012).

For the biocompatibility, as well as stability of iron mag-
netic core are magnetic nanoparticles covered by protect-
ing sheet from lipids, fatty acids, saccharides, and other 
polymers. Although in nanoparticles the iron is in the “safe” 
– insoluble Fe3+ oxidation state as in the ferritin, it is always 
possible that some compounds can reduce this form of iron 
into the Fe2+ state, which is soluble, and is a risk for the or-
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ganism (Herbert et al. 1996). Our aim is to study interaction 
of magnetic nanoparticles with antioxidants. Paradoxically 
best known antioxidant – ascorbic acid can reduce iron and 
form toxic free radicals via the Fenton reaction, which can 
lead to the oxidative stress (Fenton 1894; Winterbourn 1995). 
Ascorbic acid (H2Asc) is considered the main water-soluble 
antioxidant in blood plasma (Halliwell 1996; Herbert et al. 
1996). The importance of H2Asc as an antioxidant is due to 
the low reduction potential of the ascorbyl radical/ascorbate 
anion couple, serving as the terminal reducing agent in the 
oxidizing free radical chain reactions in biological systems. 
H2Asc readily scavenges reactive oxygen and nitrogen spe-
cies and thereby protects substrates from oxidative damage. 
Ascorbyl radical with high stability and low reactivity is 
formed during this reaction. H2Asc reduces superoxide 
anion radical to hydrogen peroxide, rapidly reacts with 
hydroxyl radical and converts it into water.

Our aim is to investigate the interaction of ascorbic acid 
with magnetic nanoparticles, which have structure similar to 
ferritin, and therefore similar behaviour can be expected.

Material and Methods

Chemicals

Solution of 0.5 mM L-ascorbic acid and 0–12 mM lipoic 
acid (1,2-dithiolane-3-pentanoic acid) from Sigma Aldrich 
(St. Louis, MO, USA) was freshly prepared for each experi-
ment. The biocompatible colloidal suspension of magnetic
nanoparticles (fluidMAG-D) used in experiments with
concentration 0.3 mg/ml was produced by Chemicell 

GmbH (Berlin, Germany; German patent application no. 
19624426.9) by wet chemical methods from iron oxides 
and hydroxides to produce special multidomain particles. 
These nanoparticles are covered with hydrophilic starch
polymers coupled with end standing hydroxyl functional 
group (Fig. 1). These magnetic nanoparticles were primarily
developed for MRI diagnostic.

Monitoring reaction between ascorbic acid and magnetic 
nanoparticles

For spectrofotometric and kinetic experiments was used 
spectrophotometer UVmini 1240 (Shimadzu, Kyoto, Ja-
pan). Experiments were performed by varying the initial 
temperature. Required temperatures of samples were kept 
by thermostatic bath (±0.1°C). Each of the kinetic runs was 
started by mixing solutions of ascorbic acid with magnetic 
nanoparticles (1:1) and the resulting solution complex was 
subjected to the spectral studies. The released iron was moni-
tored by measuring the increase in absorbance at 530 nm 
due to the chelation of Fe2+ by 1.0 mM bathophenanthroline 
sulfonate (ε530 = 22.14 cm–1· mM–1).

Setup for application of electromagnetic hyperthermia

When magnetic nanoparticles are irradiated with an alter-
nating electromagnetic field, they rotate and are therefore
heated due to energy dissipation in viscous fluid (Fig. 2). This
heating was performed using a 3 MHz radiofrequency gen-
erator (GV6A, ZEZ Rychnov, Czech Republic) with a power 
dissipation of 6 kW. The coil-shaped and water-cooled
antenna was made of 3 copper windings with a diameter 
of 14.5 cm, connected to a water-cooled resonance circuit 
which produced the electromagnetic field. The system cre-
ated a magnetic field with induction of 1.5 mT in the centre
of the coil, where the sample was inserted. The temperature

Figure 1. General structure of magnetic nanoparticle consists mag-
netic core (e.g. magnetite or maghemite) stabilized on the surface 
by polymer (e.g. polysaccharide).
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Figure 2. Alternating electromagnetic field induce rotation of
magnetic nanoparticles (more details in the text).
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of the suspension was measured by contactless infrared 
thermometer.

Determination of Klein peroxidation index

Peroxidation was initiated by Fenton oxidative system 
H2O2/FeSO4. Liposome samples were incubated with lipoic 
acid or phosphate buffer (control) at 37°C for 30 min, then
incubated with H2O2 (10 mM) and FeSO4 (80 μM) at 37°C 
for 60 min. Absorption spectra of the conjugated dienes 
were recorded in the wavelength range 190–340 nm using 
a UV MINI 1240 UV-VIS spectrophotometer (Shimadzu, 
Kyoto, Japan). The increase of the absorption at 233 nm was
considered as an evidence of the formation of the conjugated 
dienes (Babincová et al. 1999; Sivoňová et al. 2006), and the 
oxidation index was calculated from the ratio of the absorb-
ance values (A233/A215).

Results and Discussion

Although beneficial effects of ascorbic acid are almost uni-
versally recognized and were studied in details (Ďuračková 
2003), it should be stressed that besides its antioxidant ac-
tivity when reduces oxidizing substances such as hydrogen 
peroxide, it can also reduce metal ions which leads to the 
generation of cytotoxic free radicals through the Fenton 
reaction (Fenton 1894; Winterbourn 1995). Upon their 
reduction by ascorbate

H2Asc → HAsc− + H+ (1)

these metal ions can react with hydrogen peroxide

AscH− + Fe3+ → Asc•− + Fe2+ + H+ (2)

or lipid hydroperoxides

H2O2 + Fe2+ → HO• + Fe3+ + HO−  (3)

to produce either hydroxyl radicals or lipid alkoxyl radi-
cals: 

LOOH + Fe2+ → LO• + Fe3+ + HO−  (4)

The metal ion in this reaction can be reduced, oxidized,
and then again reduced in a process called redox cycling 
that can generate reactive oxygen species. The reactions
between ascorbate and transition metals are thought to be 
responsible for the pro-oxidant and cytotoxic properties 
of ascorbate.

In these experiments we have investigated capability of 
ascorbic acid for reduction of Fe(III) to Fe(II) during inter-

action. The oxidation of H2Asc involves electron transfer 
from ascorbic acid to magnetic nanoparticles. H2Asc first
dissociated to HAsc− and release a proton. Iron in magnetic 
nanoparticles reacts with HAsc− involving an outer sphere 
one-electron transfer from HAsc− to magnetic nanoparticles 
to form an intermediate reduced species [Fe3O4] − and ascor-
bate radical HAsc• (Shukla and Pant 2003). A rapid electron 
transfer from HAsc• to [Fe3O4]− gives the reduced magnetic 
nanoparticles [Fe3O2(OH)2] and dehydroascorbic acid Asc. 
Time dependence of iron release at various temperatures is 
shown in Fig. 3. We have found that at physiological tem-
peratures the reduction and release of Fe2+ from magnetic 
nanoparticles using ascorbic acid with the highest possible 
concentration (0.5 mM) which can be achieved by nutrition 
or supplements, is almost negligible and the amount of re-
leased iron is substantially increased at higher temperatures. 
These results suggest possible harmful effects of widely used
magnetic nanoparticles as a MRI contrast agents in combina-
tion with overload of organism with ascorbic acid in some 
specific conditions, like fever of patient.

As is clear from our results, higher doses of ascorbic acid 
when combined with application of magnetic nanostructures 
are a risk factor due to the possible oxidative cell injury. On 
the other hand, since e.g. neuroblastoma cells contain elevated 
iron levels (stored in ferritin) and produce high amounts of 
H2O2, conditions for pro-oxidative cell injury can be gener-
ated. And really by application of i.v. injection of pharmaco-
logic doses (20 mM as compared with physiological blood 
plasma concentration of 6.5 μM, or highest possible blood 
concentration of 0.5 mM when taken ascorbic acid orally) of 
ascorbic acid decreases the growth and weight of human, rat, 
and murine tumor xenografts in athymic, nude mice (Chen
et al. 2008). This may be used as a new approach in cancer
therapy of this hardly curable tumour, especially in combina-
tion with some cytostatic drugs (Takemura et al. 2010).
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Figure 3. Time dependence of ascorbic acid-induced iron release 
at various temperatures.



176 Durdík et al.

Because the iron release is substantially increased at 
higher temperatures, we propose the following method of 
cancer therapy, inspired with above mentioned high con-
centration ascorbic acid administration:
1)  Intravenous administration of ascorbic acid to achieve its 

high level especially near the cancerous tissue.
2)  Intravenous administration of biocompatible magnetic 

nanoparticles and their targeting to the tumour site using 
high-gradient external magnetic field.

3) Heating of magnetic nanoparticles in an alternating 
magnetic field.
The feasibility of the first step has been shown in the recent

studies of ascorbic acid mediated cancer therapy, when intra-
venous application of even 70 g ascorbic acid is commonly 
used. The second step, magnetic targeting to the tumour site
is also common today (Babincová et al. 2001) and can be eas-
ily checked using MRI, because magnetic particles are widely 

used as a contrast agent (e.g. FDA approved Resovist and 
Ferridex). The third step, heating of magnetic nanoparticles,
is also easily achieved using alternating magnetic field with
frequency from MHz range (Babincová et al. 2004). Heating 
of fluidMAG-D nanoparticles for two different concentra-
tions is shown in Fig. 4.

The influence of magnetic heating and ascorbic acid on
the reduction and release of Fe(III) from magnetic nano-
particles is shown in Fig. 5. As can be seen, iron is massively 
released from magnetic nanoparticles. We have used con-
centration of magnetic nanoparticles only 0.3 mg/ml, when 
macroscopic heating of the sample is almost negligible, but 
magnetic nanoparticles itself are via Néel relaxation heated to 
high temperatures (Babincová et al. 2004), which accelerate 
their reaction with ascorbic acid.

Because magnetic nanostructures are often stabilized by
lipids, e.g. in magnetoliposomes, we have also proposed to 
use α-lipoic acid instead of ascorbic acid for their protec-
tion. Lipoic acid is one of the most effective antioxidant
used in the prevention of Alzheimer disease, a progressive 
neurodegenerative disorder that destroys patient memory 
and cognition, and the Fe2+ ions are most harmful for 
neurons and glial cells (Biewenga et al. 1997). As is shown 
in Fig. 6, already at low concentrations of lipoic acid, per-
oxidation index is almost corresponding to the liposomes 
without oxidation (which equals to 0.53). Lipoic acid in 
vivo effects seems primarily to induce the oxidative stress
response and scavenge free radicals (Bast and Haenen 
2003). The reduced form of lipoic acid, dihydrolipoic acid,
is probably the active compound responsible for these 
beneficial antioxidant effects.

Therefore its consumption before magnetic drug targeting,
or during MRI scan with magnetic nanoparticles as a contrast 
agent, would be beneficial for protection of glial cells.
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Figure 4. Heating of suspension of magnetic nanoparticles with two 
different concentrations in alternating magnetic field.
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Figure 5. Ascorbic acid induced iron release from magnetic nano-
particles as a function of alternating magnetic field exposure.
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Figure 6. Dependence of Klein lipid peroxidation index on the 
concentration of lipoic acid. 
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In conclusion, we can say that the interaction of antioxi-
dants with magnetic nanostructures is an interesting field
with many potential therapeutic applications.
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