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Abstract

Iron metallodrugs comprise mineral supplements, anti-hypertensive agents and, more re-
cently, magnetic nanomaterials, with both therapeutic and diagnostic roles. As biologically-
active metal compounds, concern has been raised regarding the impact of these com-
pounds when emitted to the environment and associated ecotoxicological effects for the
fauna. In this work we assessed the relative stability of several iron compounds (supple-
ments based on glucoheptonate, dextran or glycinate, as well as 3,5,5-trimethylhexanoyl
(TMH) derivatives of ferrocene) against high affinity models of biological binding, calcein
and aprotransferrin, via a fluorimetric method. Also, the redox-activity of each compound
was determined in a physiologically relevant medium. Toxicity toward Artemia salina at dif-
ferent developmental stages was measured, as well as the amount of lipid peroxidation.
Our results show that polymer-coated iron metallodrugs are stable, non-redox-active and
non-toxic at the concentrations studied (up to 300 uM). However, TMH derivatives of ferro-
cene were less stable and more redox-active than the parent compound, and TMH-ferro-
cene displayed toxicity and lipid peroxidation to A. salina, unlike the other compounds. Our
results indicate that iron metallodrugs based on polymer coating do not present direct toxici-
ty at low levels of emission; however other iron species (eg. metallocenes), may be deleteri-
ous for aquatic organisms. We suggest that ecotoxicity depends more on metal speciation
than on the total amount of metal present in the metallodrugs. Future studies with discarded
metallodrugs should consider the chemical speciation of the metal present in the composi-
tion of the drug.

Introduction

Metallodrugs are either organometallic or coordination compounds designed to have pharma-
cological activity. Although several metal derivatives have long been used to treat diseases such
as arthritis, obsessive-compulsive disorder, stomach ulcer and microbial infestations, it was
only after the advent of cisplatin, used for the treatment of cancer in the 1960’s, that metal-
based compounds with medicinal properties received systematic attention [1]. More often than
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not, the association of a metal ion to an organic molecule, i.e. a metallodrug, can lead to syner-
gistic activity that may modulate either the effect of the metal or the properties of the organic
molecule [2].

Approved iron metallodrugs include human or veterinary supplements based on the associ-
ation of iron to a sugar- or amino acid-based coating. Also, the anti-hypertensive agent sodium
nitroprussiate is an iron-based compound. Candidate iron metallodrugs are the ferrocene de-
rivatives such as 3,5,5-trimethylhexanoyl (TMH)-ferrocene and ferrochloroquine, with inter-
esting antitumoral, antimalarial, antifungal and antibacterial activities [3-5]. Even though iron
is an essential nutrient, the use of iron metallodrugs is not without risks. Indeed, iron overload
and subsequent oxidative damage after the use of iron supplements [6] or ferrocene derivatives
[7-10] have been reported in the literature.

From an environmental perspective, the levels of both metal derivatives [11] and pharma-
ceutical waste [12] have increased due to anthropogenic activity, accidental spills, and lack of
control or regulations. Metallodrugs may be especially hazardous as they are designed for high
biological activity and they carry a metal ion as a non-biodegradable core. Accidental exposure
to excess of iron metallodrugs could be even more deleterious, since organisms lack the ability
to handle iron as a potentially toxic element, as is the case for other metals such as mercury
and lead. Iron toxicity could be restricted to undesirable effects for organisms (oxidative stress
following iron overload) and/or could affect the ecosystem (water eutrophication).

As environmental chemistry information is lacking for iron metallodrugs, in this work we
studied the aqueous stability and redox-active properties of two different classes of derivatives
(polymer-coated and organometallic iron compounds), followed by the study of the mecha-
nisms of toxicity to Artemia salina (Linnaeus, 1758) (Crustacea, Artemiidae), chosen as a
model of ecotoxicological impact. Artemia has been used as an ecotoxicological model for both
inorganic nanomaterials in general [13-15] and for iron complexes studies [16-18].

Materials and Methods
Iron metallodrugs

Eight iron supplements with different organic coatings for the iron hydroxide core, for both
human and veterinary use, were obtained from laboratories in Brazil. They consisted in the
dextran derivatives Biovet (Biovet), Dexiron (FATEC), Ferro dextrano (Uzinas Chimicas Brasi-
leiras), Fertal (Mogivet), Ferrodex (Tortuga), and also in Gleptoferril (iron glucoheptonate;
Eurofarma), Neutrofer (iron glycinate, EMS Sigma Pharma) and Noripurum (iron maltose;
Nycomed). All drugs were marketed as containing 100 mg/mL total iron concentration
(except for Neutrofer and Noripurum, which were 50 mg/mL). The iron concentration of each
sample was confirmed by furnace atomic absorption spectrometry in a Shimadzu AA-6300
equipment.

Ferrocene (Fc) and the reagents used in the preparation of its 3,5,5-trymethylhexanoyl
(TMH) derivatives (Fig 1) were procured from Sigma-Aldrich. TMH-Fc and (TMH),-Fc were
obtained by means of a described protocol [19] with modifications. Reactions were carried out
in round flasks under N, atmosphere and magnetic stirring. TMH-Fc: a solution of AICl;

(1.3 g; 9.7 mmol) in 20 mL dichloromethane was mixed with 20 mL of dichloromethane con-
taining 1.5 g (8.1 mmol) Fc. After, 1.4 g (8.1 mmol) TMH chloride was added dropwise and
the system was kept in cold water (~ 3°C). (TMH),-Fc: a solution of AICl; (1.8 g 13 mmol)
in 20 mL dichloromethane was mixed with 20 mL of dichloromethane containing 2.2 g

(12 mmol) TMH chloride. After, a solution of 1.0 g (5.4 mmol) Fc in 20 mL dichloromethane
was added dropwise and the system was kept in cold water (~ 3°C).
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Fig 1. Metallocenes under study.
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The mixtures above were stirred at room temperature for 24 h, and then 50 g of ice were
added. The organic phases were separated and concentrated by rotative evaporation. The oil
residues were dissolved in 10 mL toluene and separated in a silica gel column (20 x 1 cm) elut-
ed with this solvent. Eluates were analyzed by means of thin layer chromatography. Fractions
containing TMH-Fc (R¢0.43) or (TMH),-Fc (R¢ = 0.26) were pooled and dried. The oily resi-
dues were redisolved in ethanol and the filtrates were dried at low pressure, resulting in red-
dish-brown oil products.

For TMH-Fc: Yield = 59% (1.6 g). Elemental analysis (C,9H,sOFe, 326.3 g.mol'l): calculated
(%), Fe = 17.12; C = 69.95; H = 8.03. Experimental (%), Fe = 17.22; C = 69.40; H = 7.96. Infra-
red peaks (Viax, Cmfl): 3098, 2955, 2904, 2868, 1669, 1454, 1378, 1277, 1028, 482. "H NMR
(300 MHz, CDCl;): 8 4.20 (s, 4 aromatic H), 8 4.48-4.50 (t, 2 aromatic H), 6 4.77 (d, 2 aromatic
H), § 2.50-2.73 (dd, 2 methylene groups), & 2.23-2.25 (m, main chain H), 8 1.00-1.03 (d,
main chain H), 8 1.12-1.34 (m, 9 methylene H), 8 0.94 (m, 2 main chain H), § 0.94 (s, 9 methy-
lene H).

For (TMH),-Fc: Yield = 54% (1.3 g). Elemental analysis (C,gH4,0,Fe, 466.5 g.mol™):
calculated (%), Fe = 12.0, C = 72.1; H = 9.07. Experimental (%), Fe = 10.9, C = 69.6; H = 9.41.
Infrared peaks (Vipax. Cm_l): 3218, 3104, 2952, 2901, 2869, 1730, 1675, 1375, 1275, 1028, 482.
'"H NMR (300 MHz, CDCls): & 4.49-4.51 (t, 4 aromatic H), 8 4.78 (m, 4 aromatic H), 8 2.50-
2.71 (dd, 4 H main chain), § 2.20-2.26 (m, 2 H main chain), § 2.23-2.25 (m, H main chain),

8 1.03-1.05 (m, 6 methylene groups), & 1.15-1.36 (m, 4 H main chain), § 0.95 (s, 18 H main
chain).

Stability assays

Ecotoxicology models such as the Free-Ion Activity Model assume that only free (i.e., non-che-
lated) metal would be available for exerting any kind of biological activity against a target or-
ganism [20,21]. To verify whether or not free iron from the compounds studied here would
correlate with toxicity to Artemia salina, stability assays were conducted in two media with dif-
ferent salinities (artificial seawater and physiological buffer). The amount of iron released from
the iron metallodrugs was determined by means of competitive assays with the fluorescent
probes calcein or fluorescein-transferrin (FITf). Both probes display quick and stoichiometric
fluorescence quenching upon iron binding [22]. FITf was prepared by the coupling of 5-DTAF
(5-(4,6-dichlorotriazinyl)aminofluorescein) to holo-transferrin as previously described [23]. In
flat, transparent 96 wells microplates, aliquots of 10 uL of the iron compounds with different
concentrations or 10 pL of iron standards (ferrous ammonium sulfate in aqueous solution)
were treated with 190 uL of 2 uM calcein or 190 uL of 2 uM FITf supplemented with 10 mM so-
dium bicarbonate. Calcein and FITf solutions were prepared in either physiological buffer HBS
(Hepes Buffered Saline, hepes 20 mM, NaCl 150 mM, Chelex 1 g/100 mL; pH 7.4) or artificial
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seawater (sea salt at 3.5% salinity, pH 8.3, Chelex 1 g/100 mL, filtered under low pressure with
a 0.22 nm cellulose membrane). The microplate was incubated at 37 C in a BMG FluoStar Op-
tima instrument and the fluorescence of the samples (Aexc/Aemis = 485/520 nm) was registered
in 1 min intervals during 24 h. Experiments were performed in eight replicates and repeated
four times.

Pro-oxidant activity of the iron compounds

The content of pro-oxidant iron in the metallodrugs under physiological conditions was as-
sessed using the rate of dihydrorhodamine (DHR) oxidation in the presence of ascorbate [24].
In flat, transparent 96 wells microplates, 20 uL aliquots of 40 uM iron complexes in HBS (or

20 pL of ferric nitrilotriacetate standards) were treated with 180 pL of a mixture of DHR 50 pM
and ascorbic acid 40 uM in HBS. Fluorescence intensity was registered at 37 C in a BMG Fluo$S-
tar Optima instrument (Aeye/Aemis = 485/520 nm) in 2 min intervals during 1 h. Oxidation rates
(fluorescence/minute) were determined from the slope of the kinetic curves after the t = 15
min point. Experiments were performed in eight replicates and repeated 4 times.

Toxicity to Artemia salina

Toxicity tests to Artemia salina (INVE, Artemia High 5, Brazil) were conducted with adult in-
dividuals (after approximately 8 days hatching) and with individuals at stage 1 after hatching
(time zero), according to described protocols [14,25].

Toxicity to adult Artemia. Male adult A. salina (400 individuals) were screened and trans-
ferred to a Petri dish for acclimatization for 1 h. Artificial seawater was prepared with distilled
water and sea salt (Red Sea Salt) at 3.5% salinity, pH 8.3, and filtered under low pressure with a
0.22 nm cellulose membrane (Millipore). Different volumes of the iron compounds dissolved
in HBS were transferred to 40 mL flasks (25 cm? tissue culture flask from TPP), and the volume
was completed to 5 mL with artificial seawater to achieve concentrations between 0-1000 pM.
Ten animals were then transferred to each flask and incubated at 30°C in the dark. After 24 h,
live and dead animals were counted. This experiment was performed in triplicate.

Toxicity to stage 1 Artemia. Artemia was hatched in a tank (20x10x15 cm) using a thermo-
stat, light source and air metering. Artificial seawater was prepared with distilled water and sea
salt (Red Sea Salt) at 3.5% salinity, pH 8.3, and filtered under low pressure with a 0.22 nm cellu-
lose membrane (Millipore). In two liters of artificial seawater, 0.5 gram of Artemia cysts was
added and kept under light for 24 h. Then, ten animals were separated and treated with
0-300 uM of the iron compounds in the dark. Live and dead animals were counted after 24 h.
This experiment was performed in quadruplicate.

Lipid peroxidation. The lipoperoxidation activity of the most toxic compounds was assessed
by the modified Fox method as cumene hydroperoxide (CHP) equivalents [26,27]. Stage 1
Artemia were treated with iron compounds as described, then frozen and homogenized in
100% methanol. Homogenates were centrifuged (Eppendorf 5424R micro centrifuge) at
15000 rpm and the supernatant (15 pL) was transferred to 96 well microplates. The samples
were treated with 90 pL FeSO, (1 mM), 35 uL H,SO, (0.25 M), 35 uL xilenol orange (1 mM)
and 175 pL water. Incubation for 1 h was performed at room temperature, and absorption was
measured at 580 nm. Then, 10 pL of CHP (175 uM) were added to the samples and absorbance
at 580 nm was read again after 15 min.

Kruskal-Wallis One Way Analysis of Variance on Ranks followed by Tukey Test were per-
formed with Stat 3.2 software.
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Results and Discussion
Stability assays

Calcein and transferrin are both strong iron(III) chelators (logK = 24 [28] and 20-21 [29], re-
spectively), therefore they are useful as surrogates of high affinity biological substrates in the
environment. Also, the fluorescence of calcein and FL-Tf is stoichiometrically quenched by
iron, rendering these molecules useful for detection of the metal at very low concentrations by
means of competitive equilibrium assays. The underlying concept is, the higher the stability of
the iron-based metallodrug, the lesser free iron will be available for coordination with either
calcein or FL-Tf, and hence the lesser the fluorescence quenching of these probes. By means of
a calibration curve with “free” iron, such as FAS, it is possible to quantify the amount of iron
released by the iron metallodrugs and then estimate their stabilities [22].

Once emitted to the environment, iron metallodrugs can either be absorbed as intact mole-
cules (which will dissociate within the organism), or they can dissociate, thus making the hy-
drolysis products responsible for an array of biological effects. Stability studies were conducted
in both physiological (HBS) and seawater conditions, in order to assess both possibilities.

Polymer-coated iron metallodrugs at a [Fe];o, = 2 tM maximum concentration displayed
in general great stability against either calcein or FITf in neutral medium, even at non-zero
ionic strength, as we were not able to detect significant fluorescence quenching of either probe
upon reaction with these compounds (data not shown). Indeed, free iron arising from the dis-
sociation of these molecules has been detected only at higher drug concentrations (200 uM in
iron) and comprises usually ~3% of the total metal [6]. Our findings indicate that low levels of
emissions of these drugs are not expected to induce high levels of free iron in environmental
samples.

On the other hand, candidate metallodrugs derived from the Fc framework displayed lower
stability against the high affinity chelator models in the physiological buffer (Fig 2). Binding
stoichiometry of the probes (ligand:iron) is 1:1 (calcein) or 1:2 (FITf), therefore 2 uM of each
probe can detect up to 2 pM (calcein) or 4 uM (FITf) chelatable iron. At the highest iron con-
centration (2 uM), iron salts are virtually completely chelated, as expected. The parent metallo-
cene is very stable, however both its TMH derivatives show ~ 40-50% decomposition against
the probes. In these compounds, deactivation of the organometallic bonds by the carbonyl
groups from the 3,5,5-trimethylhexanoyl moiety explains their relative lack of stability and ex-
pulsion of the metal from the cyclopentadienyl sandwich [30]. This decreased stability of the
TMH derivatives agrees with infrared spectrometry data, where both TMH-Fc and (TMH),-Fc
display a Fe-Cj stretching band at 482 cm™!, while in Fc this band occurs at 460 cm™’, indicating
a weakened bond in the TMH derivatives. These experiments were repeated for higher ferroce-
nyl concentrations (up to 80 uM), and the relative trend of stability was not altered (data not
shown).

Ferrocene and its derivatives displayed no detectable amount of free iron in artificial seawa-
ter with any of the Fe probes. Since the salinity of artificial seawater is higher than that of physi-
ological buffer (~0.6 against 0.15 M in NaCl, respectively), the increased amount of Cl jons
may efficiently compete with the fluorescent probes for metal coordination, and although
chloride forms weak complexes with Fe(III) (logK = 1.06 for [FeCl,]* [31]), its concentration is
300 times higher, therefore any trace amounts of iron released from the ferrocenes may not be
accessible to the probes. Fluorescent transferrin binds more iron even in high salinity medium,
as the metal is accommodated in a protein fold with little exposure to the solvent [29] in a ki-
netically inert form.
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Fig 2. Quenching of 2 uyM calcein in (A) HBS or (B) artificial seawater, and of 2 uM FI-Tf in (C) HBS or
(D) artificial seawater, caused by Fc derivatives. (E) Percentage of iron available to these probes
(chelatable iron), calculated at the highest Fe concentration (2 pM). Rel. un. = relative fluorescence units.

doi:10.1371/journal.pone.0121997.g002

Pro-oxidant activity of the iron compounds

In biological fluids, labile forms of iron may participate in the auto-oxidation cycle of endoge-
nous ligands such as ascorbate, leading to the development of a plethora of reactive oxygen spe-
cies, indicating that even otherwise “antioxidants” may behave as pro-oxidants depending
upon their relative proportion with redox-active metal ions. The formation of these reactive
species is conveniently measured as the rate of conversion of the non-fluorescent probe dihy-
drorhodamine to its fluorescent counterpart [24].

In agreement with the stability assays, we found that the polymer-coated iron metallodrugs
of commercial use displayed no measurable redox-active iron (values were lower than the de-
tection limit of 0.4 uM [24]). Previous reports indeed show that only 0.8% of the total iron in
similar formulations is redox-active [6]. Iron from the Fc derivatives, on the other hand, was
able to engage into ROS generation mediated by ascorbate auto-oxidation, the TMH

Table 1. Concentrations (uM) and percentage of redox-active iron (%) in samples of Fc derivatives
(average * s.d. of 8 measurements).

Iron compound Redox-active Fe (uM) Redox-active iron (%)
Fc 1.20+0.172 3.0

TMH-Fc 3.80+£0.17° 9.5

(TMH),-Fc 326+0.15° 8.2

Total iron concentration = 40 uM.

2 (p < 0.05)

b (p < 0.05)

°(p < 0.05)

doi:10.1371/journal.pone.0121997.1001
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Fig 3. Dose-response curves for adult or stage 1 Artemia treated with ferrocene and its derivatives.
Effects of Fc (in adults) and TMH-Fc (in stage 1 animals) were statistically different (¥, P < 0.05).

doi:10.1371/journal.pone.0121997.g003

derivatives being more active than the parent metallocene (Table 1). This is in agreement with
the higher amount of free iron available from the dissociation of the TMH derivatives (Fig 2).
Organometallic complexes based on essential, redox-active ions are in general relatively stable,
but they may cause oxidative stress. Depending upon the desired biological outcome, control
of this property might be tuned in order to develop new Fc derivatives with potential biological
activity [32].

Toxicity to Artemia

The toxicity of iron compounds with possible pharmacological activity has already been tested
against Artemia salina. Iron complexes with thiosemicarbazones, which were proposed as anti-
tumor and antimicrobial agents, displayed LD50 values in the range of 14-30 uM for 2-pyridi-
neformamide derivatives [17] or 2-5 uM for para-tolyl derivatives [18]. On the other hand,
iron magnetic nanoparticles proposed for diagnostic or drug delivery strategies have very low
lethality to Artemia at concentrations ~ 1 mg/mL, whether or not coated with silica [13], de-
spite decrease in swimming speed and onset of inflammation symptoms [15]. Finally, Al-Bari
and colleagues observed that LD50 of four thio- or alcoxy-ferrocene derivatives against Arte-
mia salina nauplii was in the range or 20-330 pM [16].

In this work, besides evaluating other candidate iron metallodrugs (ferrocenes), it was as-
sessed, for the first time, the acute toxicity of commercial iron supplements to A. salina. Pro-
longed exposure (> 24 h) to the metal compounds was not conducted because the metal
compounds will hydrolyze and precipitate in saline, alkaline medium.

“Free” iron (as FAS) caused only 37% lethality at 1000 uM final concentration in adult Arte-
mia. Indeed, concentrations of free iron up to 185 uM are considered sublethal to this organism
[33]. All commercial iron metallodrugs under study displayed only < 10% lethality to adult A.
salina at 1000 uM final concentration (data not shown). Therefore, the polymer coatings alone
(glycine, dextran, maltose, glucoheptonate) were not tested. The substituted Fc derivatives dis-
played toxicity similar to the polymer-coated metallodrugs, however Fc alone was lethal for
40% (at 10 pM), 90% (at 100 uM) and 100% (at 1000 pM) of the individuals (Fig 3). The toxici-
ty of Fc does not correlate with amount of free iron, as probed by the stability assays showed
here. This indicates that the whole molecule is responsible for toxic effects in adult Artemia.

Polymer-coated iron derivatives were also non-toxic to stage 1 Artemia (data not shown).
The absence of toxicity of Fc (Fig 3) correlates with the virtual lack of free and/or redox-active
iron (Fig 2 and Table 1), however free iron (as FAS) had only 2.5% lethality up to 300 pM.
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Toxicity therefore results from properties of the whole molecules rather than from simple
metal release, because TMH-Fc and (TMH),-Fc displayed similar stability (Fig 2) and elevated
redox-active iron (Table 1). Indeed, Fc and (TMH),-Fc were virtually non-toxic (< 2.5% le-
thality) to stage 1 Artemia up to 300 uM. TMH-Fc, on the other hand, displayed a distinctive
dose-response behavior (Fig 3), with a LD50 of 76.6 +1.0 uM, which is close to other candidate
ferrocene metallodrugs with low polarity substitutes [16]. Our data are in agreement with pre-
vious reports on the relative absorption of these compounds using a mammalian model. For
example, rats fed with 5 mg/day with Fc, TMH-Fc and (TMH),-Fc displayed whole body iron
retention of 24, 48 and 6%, respectively [13]. In addition, there are reports of oxidative damage
to the liver [34] and astrocytes [35] of mice treated with TMH-Fc. It must be pointed out that
bioavailability and absorption through any given biological interface are determined by factors
such as lipophilicity and molecule size. Fc is more lipophilic than their derivatives [19], which
may difficult its solubility in an aquatic environment, but also facilitate its way through biologi-
cal membranes and cells. In addition, (TMH),-Fc is a bigger molecule than the mono-substi-
tuted Fc, which may difficult the traffic across biological membranes.

Adults, on the other hand, were more susceptible to Fc, which was non-toxic to stage 1
animals (Fig 3). Adult Artemia, in general, should be less susceptible to metallodrugs than
larval stages, because earlier larval stages are undergoing major physiological and morpho-
logical changes through successive short larval stages and frequent molting, rendering these
earlier stages more susceptible to toxicants as a whole. However, routes of absorption are ex-
pected to change sharply as the animal develops, going from a non-functional digestive sys-
tem and yolk dependent larvae up to five days after hatching, to a fully formed digestive
system for adults. The routes for absorption, therefore, change from body surface from day 1
larvae to ingestion for adults. In addition, the behavior of Fc was similar to some other con-
taminants such as substituted phenols [36] or chlorinated solvents [37], which also are pro-
gressively more toxic to Artemia as the animal ages. At the moment we cannot explain these
discrepancies, but results do suggest that Fc could be easily ingested by adults due to its lipo-
philic nature and easy access to digestive system and biological membranes, even as small
droplets. TMH-Fc, on the other hand, could make its way through general body surface for
first instar Artemia. This is a promising area for further research using ferrocene derivatives
and associated biological effects in other ecotoxicological models at different stages
of development.

As a means to better understand the mechanisms of toxicity, we determined the amount of
lipid peroxidation caused by the Fc derivatives in stage 1 A. salina (Fig 4). In agreement with
toxicity tests, only TMH-Fc induced a significant increase in lipid peroxidation (3.5 Eg-CHP)
at a concentration (80 uM) similar to the LD50, indicating that this could be one of the possible
mechanisms to explain the higher toxicity of TMH-Fc to A. salina.

The absence of a clear relationship between aqueous stability and toxicity indicates that
caution must be observed when assaying (eco)toxicity of metal complexes. Ecotoxicological
models (Free Ion Availability, Biotic Ligand Model) [20,21] assume equilibrium conditions
and predict that metal toxicity will generally be directly related to the amount of free metal
available. However, ours and numerous other results seem to contradict this assumption, as
organisms may actively internalize metals complexed with specific ligands, passive diffusion
of non-charged, lipophilic metal compounds may occur, or finally organisms may have pro-
miscuous binding sites that are used by different metal species [20,21]. This last possibility is
of extreme importance when the metallodrugs are based on iron, an essential element
for animals.
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Fig 4. Lipid peroxidation (measured as CHP equivalents per gram of A. salina) after the treatment with
ferrocene derivatives.

doi:10.1371/journal.pone.0121997.g004

Conclusions

Different probes with distinct binding sites have access to different species of chelatable iron.
Ferrocene derivatives metallodrugs, studied here, have lower stability and considerable higher
percentage of redox-active iron, when compared to the polymer-coated iron metallodrugs of
commercial use. Therefore, the toxicity of the iron supplements of commercial origin was neg-
ligible; however, the mono-substituted ferrocene derivative (TMH-Fc) displayed high toxicity
to stage 1 Artemia, possibly due to increased absorption through general body surface area fol-
lowed by higher lipid peroxidation. Fc, on the other hand, was more toxic to adult Artemia.
We suggest that ecotoxicity depends more on metal speciation (in this case, iron) present in
the metallodrug, than on the total or free amount of metal present. Future studies with dis-
carded metallodrugs should consider the chemical speciation of the metal present in the com-
position of the drug.

Acknowledgments

Authors are grateful for the technical assistance of Ms. Roxana Yesenia Pastrana Alta. Dr. Mdr-
cio Reis Custodio (USP—IB) contributed with useful discussions.

Author Contributions

Conceived and designed the experiments: FPZ BPE. Performed the experiments: HAV LM.
Analyzed the data: HAV LM FPZ BPE. Contributed reagents/materials/analysis tools: HAV
LM FPZ BPE. Wrote the paper: HAV LM FPZ BPE.

PLOS ONE | DOI:10.1371/journal.pone.0121997  April 7, 2015 9/11



@’PLOS | ONE

Iron Metallodrugs in Artemia

References

1.

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21,

Gielen M, Tiekink ERT. Metallotherapeutic drugs and metal-based diagnostic agents: the use of metals
in medicine. Hoboken: John Wiley & Sons Ltda; 2005.

Ronconi L, Sadler PJ. Using coordination chemistry to design new medicines. Coord Chem Rev. 2007;
251: 1633-1648.

Biot C, Glorian G, Maciejewski LA, Brocard JS, Domarle O, Blampain G, et al. Synthesis and antimalari-
al activity in vitro and in vivo of a new ferrocene-chloroquine analogue. J Med Chem. 1997; 40: 3715—
3718. PMID: 9371235

Heilmann JB, Hillard EA, Plamont M-A, Pigeon P, Bolte M, Jaouen G, et al. Ferrocenyl compounds pos-
sessing protected phenol and thiophenol groups: synthesis, X-ray structure, and in vitro biological ef-
fects against breast cancer. J Organomet Chem. 2008; 693: 1716—-1722.

Wu X, Go ML. The use of iron-baed drugs in medicine. In: Gielen M, Tiekink ERT, editors. Metallothera-
peutic drugs and metal-based diagnostic agents: the use of metals in medicine. Hoboken: John Wiley
& Sons; 2005. pp. 179-200.

Esposito BP, Breuer W, Slotki I, Cabantchik ZI. Labile iron in parenteral iron formulations and its poten-
tial for generating plasma nontransferrin-bound iron in dialysis patients. Eur J Clin Invest. 2002; 32: 42—
49. PMID: 11886431

Lykkesfeldt J, Morgan E, Christen S, Skovgaard LT, Moos T. Oxidative stress and damage in liver, but
not in brain, of Fischer 344 rats subjected to dietary iron supplementation with lipid-soluble [(3,5,5-tri-
methylhexainoyl)ferrocene]. J Biochem Mol Toxicol. 2007; 21: 145—-155. PMID: 17623885

Malecki EA, Cable E, Connor JR. Dietary iron overload by 3,5,5-trimethylhexanoyl ferrocene (TMH-fer-
rocene) in mice. Faseb J.1999; 13: A573-A573.

Malecki EA, Cable EE, Isom HC, Connor JR. The lipophilic iron compound TMH-ferrocene [(3,5,5-tri-
methylhexanoyl)ferrocene] increases iron concentrations, neuronal L-ferritin, and heme oxygenase in
brains of BALB/c mice. Biol Trace Elem Res. 2002; 86: 73—-84. PMID: 12002662

Nielsen P, Dullmann J, Wulfhekel U, Heinrich HC. Non-transferrin-bound-iron in serum and low-molec-
ular-weight-iron in the liver of dietary iron-loaded rats. Int J Biochem. 1993; 25: 223-232. PMID:
8444319

Fraga CG. Relevance, essentiality and toxicity of trace elements in human health. Mol Aspects Med.
2005; 26: 235-244. PMID: 16125765

Bound JP, Kitsou K, Voulvoulis N. Household disposal of pharmaceuticals and perception of risk to the
environment. Environ Toxicol Pharmacol. 2006; 21: 301-307. doi: 10.1016/j.etap.2005.09.006 PMID:
21783672

Ashtari K, Khajeh K, Fasihi J, Ashtari P, Ramazani A, Vali H. Silica-encapsulated magnetic nanoparti-
cles: enzyme immobilization and cytotoxic study. Int J Biol Macromol. 2012; 50: 1063—1069. doi: 10.
1016/j.ijpiomac.2011.12.025 PMID: 22269345

Libralato G. The case of Artemia spp. in nanoecotoxicology. Mar Environ Res. 2014; 101: 38—43. doi:
10.1016/j.marenvres.2014.08.002 PMID: 25195085

Gambardella C, Mesaric T, Milivojevic T, Sepcic K, Gallus L, Carbone S, et al. Effects of selected metal
oxide nanoparticles on Artemia salina larvae: evaluation of mortality and behavioural and biochemical
responses. Environ Monit Assess. 2014; 186: 4249-4259. doi: 10.1007/s10661-014-3695-8 PMID:
24590232

Al-Bari MAA, Hossen MF, Khan A, Islam MR, Kudrat-e-Zahan M, Mosaddik MA, et al. In vitro antimicro-
bial and cytotoxic activities of ferrocene derivative compounds. Pak J Biol Sci. 2007; 10: 2423-2429.
PMID: 19070108

Graminha AE, Vilhena FS, Batista AA, Louro SRW, Ziolli RL, Teixeira LR, et al. 2-pyridinoformamide-
derived thiosemicarbazones and their iron(lll) complexes: potential antineoplastic activity. Polyhedron.
2008; 27: 547-551.

Dos Santos Silva T, Teixeira LR, Zioli RL, Louro SRW, Beraldo H. Iron(lll) complexes with N*-para-
tolyl-thiosemicarbazones: spectral and electrochemical studies and toxicity to Artemia salina. J Coord
Chem. 2009; 62: 958-966.

Nielsen P, Heinrich HC. Metabolism of iron from (3,5,5-trimethylhexanoyl)ferrocene in rats—a dietary
model for severe iron overload. Biochem Pharmacol. 1993; 45: 385-391. PMID: 8435091

Slaveykova VI, Wilkinson KJ. Predicting the bioavailability of metals and metal complexes: Critical re-
view of the biotic ligand model. Environ Chem. 2005; 2: 9-24.

Worms I, Simon DF, Hassler CS, Wilkinson KJ. Bioavailability of trace metals to aquatic microorgan-
isms: importance of chemical, biological and physical processes on biouptake. Biochimie. 2006; 88:
1721-1731. PMID: 17049417

PLOS ONE | DOI:10.1371/journal.pone.0121997  April 7, 2015 10/11


http://www.ncbi.nlm.nih.gov/pubmed/9371235
http://www.ncbi.nlm.nih.gov/pubmed/11886431
http://www.ncbi.nlm.nih.gov/pubmed/17623885
http://www.ncbi.nlm.nih.gov/pubmed/12002662
http://www.ncbi.nlm.nih.gov/pubmed/8444319
http://www.ncbi.nlm.nih.gov/pubmed/16125765
http://dx.doi.org/10.1016/j.etap.2005.09.006
http://www.ncbi.nlm.nih.gov/pubmed/21783672
http://dx.doi.org/10.1016/j.ijbiomac.2011.12.025
http://dx.doi.org/10.1016/j.ijbiomac.2011.12.025
http://www.ncbi.nlm.nih.gov/pubmed/22269345
http://dx.doi.org/10.1016/j.marenvres.2014.08.002
http://www.ncbi.nlm.nih.gov/pubmed/25195085
http://dx.doi.org/10.1007/s10661-014-3695-8
http://www.ncbi.nlm.nih.gov/pubmed/24590232
http://www.ncbi.nlm.nih.gov/pubmed/19070108
http://www.ncbi.nlm.nih.gov/pubmed/8435091
http://www.ncbi.nlm.nih.gov/pubmed/17049417

@’PLOS | ONE

Iron Metallodrugs in Artemia

22,

23.

24.

25.

26.

27.

28.

29.

30.
31.

32.

33.

34.

35.

36.

37.

Esposito BP, Epsztejn S, Breuer W, Cabantchik ZI. A review of fluorescence methods for assessing la-
bile iron in cells and biological fluids. Anal Biochem. 2002; 304: 1—18. PMID: 11969183

Breuer W, Cabantchik ZI. A fluorescence-based one-step assay for serum non transferrin-bound iron.
Anal Biochem. 2001; 299: 194-202. PMID: 11730343

Esposito BP, Breuer W, Sirankapracha P, Pootrakul P, Hershko C, Cabantchik ZI. Labile plasma iron in
iron overload: redox activity and susceptibility to chelation. Blood. 2003; 102: 2670-2677. PMID:
12805056

Ali AA, Fortuna L, Frasca M, Rashid MT, Xibilia MG. Complexity in a population of Artemia. Chaos Soli-
tons Fractals. 2011; 44: 306-316.

Hermeslima M, Willmore WG, Storey KB. Quantification of lipid-peroxidation in tissue-extracts based
on Fe(lll)-xylenol orange complex-formation. Free Radic Biol Med. 1995; 19: 271-280. PMID: 7557541

Jiang ZY, Woollard ACS, Wolff SP. Lipid hydroperoxide measurement by oxidation of Fe?* in the pres-
ence of xylenol orange—comparison with the TBA assay and an iodometric method. Lipids. 1991; 26:
853-856. PMID: 1795606

Breuer W, Epsztejn S, Millgram P, Cabantchik ZI. Transport of iron and other transition-metals into cells
as revealed by a fluorescent-probe. Am J Physiol Cell Physiol. 1995; 268: C1354—C1361. PMID:
7611353

Mizutani K, Toyoda M, Mikami B. X-ray structures of transferrins and related proteins. Biochim Biophys
Acta. 2012; 1820: 203—211. doi: 10.1016/j.bbagen.2011.08.003 PMID: 21855609

Wade LG. Organic Chemistry. 5th edition. London: Prentice Hall; 2002.

Strahm U, Patel RC, Matijevic E. Thermodynamics and kinetics of aqueous iron(lll) chloride complexes
formation. J Phys Chem. 1979; 83: 1689—-1695.

Li S, Wang Z, Wei Y, Wu C, Gao S, Jiang H, et al. Antimicrobial activity of a ferrocene-substituted car-
borane derivative targeting multidrug-resistant infection. Biomaterials. 2013; 34: 902-911. doi: 10.
1016/j.biomaterials.2012.10.069 PMID: 23174143

Mohamed AH, Sheir SK, Osman GY, Abd-El Azeem HH. Toxic effects of heavy metals pollution on bio-
chemical activities of the adult brine shrimp, Artemia salina. Can J Pure App Sci. 2014; 8: 3019-3028.

Eybl V, Kotyzova D, Kolek M, Koutensky J, Nielsen P. The influence of deferiprone (L1) and deferoxa-
mine on iron and essential element tissue level and parameters of oxidative status in dietary iron-loaded
mice. Toxicol Lett. 2002; 128: 169-175. PMID: 11869827

Robb SJ, Connor JR. An in vitro model for analysis of oxidative death in primary mouse astrocytes.
Brain Res. 1998; 788: 125—-132. PMID: 9554979

Barahona MV, Sanchez-Fortin S. Comparative sensitivity of three age classes of Artemia salina larvae
to several phenolic compounds. Bull Environ Contam Toxicol.1996; 56: 271-278. PMID: 8720100

Sanchez-Fortun S, Sanz F, Santa-Maria A, Ros JM, De Vicente ML, Encinas MT, et al. Acute sensitivity
of three age classes of Artemia salina larvae to seven chlorinated solvents. Bull Environ Contam Toxi-
col. 1997; 59: 445-451. PMID: 9256399

PLOS ONE | DOI:10.1371/journal.pone.0121997  April 7, 2015 11/11


http://www.ncbi.nlm.nih.gov/pubmed/11969183
http://www.ncbi.nlm.nih.gov/pubmed/11730343
http://www.ncbi.nlm.nih.gov/pubmed/12805056
http://www.ncbi.nlm.nih.gov/pubmed/7557541
http://www.ncbi.nlm.nih.gov/pubmed/1795606
http://www.ncbi.nlm.nih.gov/pubmed/7611353
http://dx.doi.org/10.1016/j.bbagen.2011.08.003
http://www.ncbi.nlm.nih.gov/pubmed/21855609
http://dx.doi.org/10.1016/j.biomaterials.2012.10.069
http://dx.doi.org/10.1016/j.biomaterials.2012.10.069
http://www.ncbi.nlm.nih.gov/pubmed/23174143
http://www.ncbi.nlm.nih.gov/pubmed/11869827
http://www.ncbi.nlm.nih.gov/pubmed/9554979
http://www.ncbi.nlm.nih.gov/pubmed/8720100
http://www.ncbi.nlm.nih.gov/pubmed/9256399


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


