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Abstract
The role Beta-cyclodextrin (βCD) on improving biocompatibility on healthy cellular and animal models was studied upon a
formulation obtained from the development of a simple coating procedure. The obtained nanosystems were thoroughly
characterized by FTIR, TGA, atomic absorption spectroscopy, dynamic light scattering and zeta potential, TEM/HR-TEM and
magnetic properties. βCD might interact with the magnetic core through hosting OA. It is feasible that the nanocomposite is
formed by nanoparticles of MG@OA dispersed in a βCD matrix. The evaluation of βCD role on biocompatibility was
performed on two healthy models. To this end, in vivo studies were carried out on Caenorhabditis elegans. Locomotion and
progeny were evaluated after exposure animals to MG, MG@OA, and MG@OA-βCD (10 to 500 µg/mL). The influence of
βCD on cytotoxicity was explored in vitro on healthy rat aortic endothelial cells, avoiding alteration in the results derived from
the use of transformed cell lines. Biological studies demonstrated that βCD attaching improves MG biocompatibility.
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1 Introduction

The emergence of magnetic nanomaterials applicable in
biomedicine has led to extensive research on the develop-
ment of new nanosystems based on magnetic iron oxide
nanoparticles (MNPs) [1]. They find applications in diverse
fields such as transport and drug targeting [2], treatment of
oncological diseases by hyperthermia [3], and diagnosis by
magnetic resonance imaging [4]. When the development of
nanomaterials is oriented to biomedicine, it is fundamental
to consider the toxicological aspects. In this way, the design
and development of nanosystems with a biocompatible
coating is mandatory.

There is a variety of coatings for MNPs [5]. Several works
have been devoted to the study of β-cyclodextrin (βCD) as
coating for nanoparticles [6–13]. The methods described for
the attachment of βCD to MNPs are, in general, based on
derivatization of the side hydroxyl groups of βCD to bind the
magnetic core, leading to a great number of steps during
synthesis. In addition, the use of harmful and pollutant organic
solvents during the synthesis turns these procedures difficult to
scale up to concrete production for biomedical approaches.

The present work aims to use a different strategy on
MNPs coating with βCD, to avoid long-time and multiple-
step procedures. A very simple and effective method is
proposed, consisting in the attachment of βCD through its
inner cavity to oleic acid (OA) tails from OA-coated iron
oxide MNPs, by means of hydrophobic interactions.
Hydroxyl-exposed groups from βCD could thus be avail-
able for further modification with the desired bioactive
drugs or molecules for magnetic drug targeting.

A novel aspect that we address in this work is related with
the evaluation of βCD-functionalized MNPs toxicity on
healthy models. Reported studies related to the cytotoxicity
of magnetic nanosystems functionalized with βCD are all
based on in vitro experiments in tumor cell cultures, namely
human cervical cancer cells (HeLa) [6–12], human breast
cancer cell lines (MDA-MB-231) [12], and human epi-
dermoid carcinoma cells (A431) [8]. It is worthy of note that
our work on biocompatibility was carried out in primary
cultures of endothelial cells (ECs), thus avoiding alteration in
the results derived from the use of transformed cell lines. ECs
form a monolayer lining the entire vascular system. They
were chosen to carry out cytotoxicity studies because of their
critical role in the regulation of the exchange of biomolecules
between bloodstream and surrounding tissues.

On the other hand, we used the model Caenorhabditis
elegans to evaluate the biocompatibility of these nano-
composites in a living organism. C. elegans is a stablished
model for toxicological studies [13, 14]. C. elegans is easy
to grow and culture in the laboratory and it has a short life
cycle. This therefore guarantees a rapid and low cost effi-
cient evaluation of toxicological features of drugs and/or

materials in the context of a whole animal. However, there
are no previous reports in this or other animal models
involving the effect of βCD coating on the toxicity of
MNPs. The use of invertebrate animals as platform to study
toxicity of nanomaterials is currently a novel tool that will
allow carrying out further studies in mammals with the
support of toxicological screening [15, 16]. The aim of
implementing this kind of model is reducing the number of
mammalian animals used. This is in line with Bioethics and
significantly reduces expenses and assay time.

Summing up, this work presents a different and simple
way to attach βCD to MNPs to obtain magnetic nano-
composites with improved biocompatibility as platform for
the incorporation of drugs for magnetic targeting.

2 Experimental

2.1 Materials and methods

2.1.1 Procedure to obtain the nanocomposites

The preparation was conducted in two steps. The first one
consisted in obtaining of magnetite nanoparticles (MG) func-
tionalized with oleic acid (OA) by co-precipitation: 20mL of
an aqueous mixture containing FeSO4·7H2O, FeCl3·6H2O in
(Fe2+/Fe3+) molar ratio equal to 0.5 and 0.3 g of OA was
added dropwise with 5mL of NaOH 5M under nitrogen
atmosphere and magnetic stirring at 70 °C. The obtained dis-
persion was cooled until room temperature, separated by a Nd
magnet and washed with distilled water. This procedure was
repeated three times to ensure a suitable elimination of the
oleic acid excess. The sample was dried at 45 °C.

Coating with βCD consisted in dispersing MG@OA
MNPs (0.5 mg/mL) in hexane under ultrasound during
15 min (See Figure S1 in Electronic Supplementary Infor-
mation). Then, an aqueous solution of βCD was added to
the former dispersion and the mixture was kept for 24 h
under vigorous magnetic stirring. The influence of βCD
concentration was studied by exploring concentrations of
1.25, 2.50, and 5.00 mM. After reaction, the organic phase
was discarded and the resulting nanocomposites were pur-
ified from the aqueous phase by magnetic decantation and
by washing with distilled water. The resulting formulations
are hereafter named MG@OA-βCD1, MG@OA-βCD2,
MG@OA-βCD3 that respectively indicate increases in βCD
concentration during synthesis.

3 Characterization

Fourier transform infrared spectroscopy (FTIR) was per-
formed using a Thermo Scientific Nicolet 6700 spectrometer.
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Spectra were recorded in the range 4000–400 cm−1. Samples
were prepared dispersing the corresponding solid in KBr to
obtain pellets of 1% concentration.

Thermogravimetric analyses (TGA) were performed on a
SDT Q600 Universal TA Instrument. MG, MG@OA,
MG@OA-βCD1, and MG@OA-βCD2 were weighted and
heated from room temperature to 650 °C under air atmo-
sphere with a heating rate of 10 °C/min.

The iron content of all magnetic samples was determined
by atomic absorption spectroscopy using a GBC Avanta
932 spectrometer. Samples were prepared by dissolving
10 mg of magnetic nanoparticles in 10 mL HCl 36% w/v,
and by preparing dissolutions as necessary.

Transmission electron microscopy (TEM, JEOL 100 CX
II, Tokyo, Japan from CCT, Bahía Blanca, Argentina) and
high-resolution TEM (Phillips CM200 UT microscope
operating at 200 kV) were used to examine the morphology
of nanocomposites. Samples for TEM analysis were dis-
persed in water at a concentration of 0.1 mg/mL. A drop of
this suspension was placed on a 200 mesh carbon-coated
copper grid and dried at room temperature.

Z potential measurements and hydrodynamic diameter of
MNPs were measured using a Malvern Zetasizer (Nano-
Zs90). Samples for Z potential determination were prepared
as aqueous dispersions of MNPs employing distilled water
at a concentration of 0.1 mg/mL. Dispersions with the same
concentration of MG@OA were prepared in hexane, and
dispersions with concentrations of MG@OA-βCD1,
MG@OA-βCD2, and MG@OA-βCD3 were prepared in
distilled water. The average particle hydrodynamic diameter
was determined after ultrasonication during 30 min.

Magnetic properties were measured with a commercial
vibrating sample magnetometer (VSM) at room temperature
(RT) scanning a magnetic field in the 10 to +10 kOe range.
The sample (powder) was weighted and subsequently
placed in the sampler unit for measurement.

3.1 Evaluation of biocompatibility on C. elegans

3.1.1 C. elegans culture and maintenance

Worms were cultured and maintained on Escherichia coli
OP50 lawns on Nematode Growth Medium (NGM) agar
plates, according to standard protocols at 20 °C [17, 18].
For all experiments, animals were synchronized by leav-
ing gravid adults for 6–8 h and then removing them and
keeping the eggs. After 3 days, young adult population
was used for different assays. C. elegans Bristol strain N2
and E. coli OP50 were obtained from Caenorhabditis
Genetic Center (CGC), University of Minnesota, St. Paul,
MN, USA.

L4 larvae/young adult worms were exposed to different
samples (MG, MG@OA, and MG@OA-βCD2 magnetic

nanocomposite). As a control, animals were incubated in
Milli-Q water.

Worms were exposed to nanocomposites in liquid media.
Under this condition animals are forced to swim and con-
tinuously absorb the dispersed particles. Milli-Q water was
used because other standard C. elegans buffers as M9 may
promote aggregation of nanocomposites [19]. Incubation
was carried out under rotating agitation and in absence of
food to ensure homogeneous contact between animals and
particles.

3.1.2 Biodistribution assay

Adult worms were treated with MG, MG@OA, and the
βCD functionalized magnetic nanocomposite at concentra-
tions from 10 to 500 µg/mL for 24 h. They were subse-
quently fixed with 4% paraformaldehyde during 2 h at RT.
Fixed worms were washed three times with Milli-Q water
and stained with a mixture of Perl´s solution (4% KFeCN/
4% HCl) incubated in the dark for 1 h and washed three
times. Worms were then mounted on a glass slide and
observed under a Nikon Eclipse TE 2000 S microscope.
The assay was repeated three times. At least 20 worms were
used for each condition in each independent experiment.

3.1.3 Thrashing assay

It is a well-established method for measuring motility in C.
elegans. To investigate the effects of MG, MG@OA and
MG@OA-βCD2 on motor behavior, thrashing rates were
evaluated as the frequency of thrashes for 60 s under a
microscope. Worms were incubated for 24 h at different doses
of the formulations under study (0–500 µg/mL). Then, the
magnetic samples were removed and worms were transferred
to a multi-well plate containing M9 (one worm/well) and were
left to wait for ∼10min before starting the assay. A minimum
of 12 worms were counted for each experimental condition.
Experiments were conducted at least 3 times. The mean
thrashing count ± SE for each group was evaluated.

3.1.4 Progeny score

Worms were exposed for 24 h to MG, MG@OA, and
MG@OA-βCD2 at the mentioned concentrations in Milli-Q
water and were subsequently transferred to a NGM plate
with food. The number of progeny was scored after 72 h.
The experiments were repeated in triplicate in three inde-
pendent worm preparations.

3.2 Evaluation of toxicity on endothelial cells

The protocols employed for this study have been approved
by the Institutional Committee for the Care and Use of
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Experimental Animals belonging to BBF-UNS, in accor-
dance to the internationally accepted standard Guide for the
Care and Use of Laboratory Animals as adopted and pro-
mulgated by the National Institute of Health [19].

3.3 Effects on endothelial cell culture

Primary cultures of ECs were obtained from aortic ring
explants isolated from young Wistar rats [20].

3.4 Endothelial cell viability assay

Endothelial cell viability was measured by the MTT assay
(Sigma-Aldrich). Cells were seeded onto 96 well plates (1 ×
104 cells per well) and incubated for 24 h in 100 μl of
DMEM with 2% FCS. Cells were treated with different
concentrations of the magnetic formulations or vehicle
alone for 48 h. After treatment, 10 μl of MTT reagent were
added to each sample and the plate was incubated in
darkness at 37 °C under a 5% CO2 atmosphere for 4 h. After
incubation, the medium was removed and 100 μl of DMSO
were added to each well. The absorbance was measured at
550 nm in a multiplate reader (Biotek Synergy-HT) using
690 nm as the reference. Results are expressed as optical
density (OD).

3.5 Statistical analysis

For the biocompatibility assays, statistical significance
between control and treated groups was assessed using one-
way ANOVA followed by Holm–Sidak tests.

4 Results

4.1 Synthesis and physicochemical characterization

The procedure to obtain nanocomposites rendered three
formulations depending on MG@OA:βCD ratios.

FTIR spectra (Fig. 1a, b) of OA-coated MNPs, raw βCD,
and the three magnetic formulations obtained, are presented

in Fig. 1 to demonstrate the efficient grafting of βCD on
MNPs surface.

TGA analysis not only provides information on the
composition of the magnetic nanocomposites but also
reinforces the qualitative data provided by FTIR spectro-
scopy. TGA was performed on MG, MG@OA, MG@OA-
βCD1, and MG@OA-βCD2. Thermograms are shown in
Figure S2 (please see Supplementary Material) and the
corresponding results are listed in Table 1.

A decrease in iron content was evidenced comparing
bare MG with MG@OA, MG@OA-βCD1, and MG@OA-
βCD2. This indicated that the organic layer composed of
OA and βCD surrounding the magnetic core was denser,
which was consistent with TGA. The increase in βCD
concentration in synthesis led to an increase in the coating
layer. The organic layer was estimated in 8% for MG@OA-
βCD1 and in 15% for MG@OA-βCD2.

Determination of iron content on the samples was used
as a complement of TGA data to estimate the composition
of MNPs. The results obtained in terms of MG % content
are listed in Table 1.

Results on the hydrodynamic diameter and zeta potential
measurements for each nano-system in aqueous medium
(pH 6.00) are shown in Table 1. The hydrodynamic dia-
meter regarding MG@OA dispersed in hexane resulted as
340.0 ± 10.0 nm with a polydispersion index (PDI) of
0.391. These values are lower in comparison to the for-
mulation dispersed in water as solvent.

Figure 2a–c shows TEM images for the three samples
composed of OA and βCD-grafted magnetite. The spherical
shape of the magnetic core is observed before and after the
reaction with βCD. Magnetic core shows a diameter of
~10 nm. The increase of βCD initial concentration during
synthesis renders less aggregated nanocomposites, thus
indicating better dispersion. HR-TEM micrograph (Fig. 3d)
shows the lattice pattern corresponding to the spinel cubic
structure characteristic of magnetite. The magnetic core of
the composite, as evidenced in the micrograph, presents
crystalline planes with a single orientation for each one,
which is ascribable to the single-crystal nature of the
nanoparticles [20].

Fig. 1 FTIR spectra of
MG@OA and βCD a and of the
three formulations of magnetic
nanocomposites of MG@OA
and βCD, obtained from
different nominal initial
concentration of the
oligosaccharide used in the
synthesis procedure b
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4.2 Biocompatibility in C. elegans

After exposure to the formulations and aiming to ensure that
the absorption of the nanocomposites readily occurs in C.
elegans, particle incorporation and biodistribution were
evaluated by staining the iron-containing magnetic com-
ponent using Perl´s Prussian Blue colorant. After adminis-
tration of MG, MG@OA, and MG@OA-βCD2 at different
concentrations (0–500 µg/mL), 100% of animals resulted
stained. Stained nanocompounds were located in the gut,
indicating that they entered to the animal body mainly by
ingestion (Fig. 3). The MG@OA-βCD nanocomposites
were retained mainly in the intestine. Vulva diffusion,
which is another entry pathway [21], was not observed in
our study.

Locomotor behavior (movement) of C. elegans is useful
in assessing toxicity [22]. Swimming velocity (number of
thrashes/min) was used to quantify worm locomotion [23].
Similarly to other reports [24], we categorized motility into
two groups according to the response against treatment. One
group was categorized as “low mobility” (L) which includes
those animals presenting slow movements (~20% of regular
number of thrashes, from 0 to 50). The other group was
categorized as “normal mobility” (N) and includes the
animals which presented middle and normal motility (from
50 to 300 thrashes) after treatment.

Both groups showed no statistical differences between
control (water-treated) and all MNPs treated-worms from 10
to 100 µg/mL doses (Fig. 4a). At higher concentrations
(500 µg/mL), only MG induced a significant effect. Animals
under this treatment, exhibited an important impairment in
their movement. Under this condition, “L” group repre-
sented the main motility group (reaching 79%, 15-fold
larger than control condition that reached only 5%). In
agreement, the effect of the treatment with bare nano MG,
MG@OA, and MG@OA-βCD2 on progeny, the analysis of
brood size indicated that at low concentrations (10–100 µg/
mL) none of the magnetic nanosystems tested affected
progeny. No statistical differences between control and
treated-worms were observed (Fig. 4b). At 500 µg/mL dose,
only MG-treated group showed a significant decrease in the
number of progeny, being ∼30% of the control progeny
(Fig. 4b).

4.3 Cytotoxicity on rat aortic endothelial cells

Aiming to contribute on the knowledge about the bio-
compatibility on normal cells of magnetic systems con-
taining β-CDs, rat aortic endothelial cells (ECs) were
employed considering that the endothelium is the first bar-
rier that MNPs face before arriving to tissues and organs
when they are intended for biomedical applications.
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Figure 5 shows results on ECs viability exposed to dif-
ferent concentrations (1, 10, 100, and 500 μg/mL) of
MG@OA-βCD2 for 24 h. Tetrazolium dye (MTT) assay
was performed on ECs to analyze cell viability after 24 h of
treatment.

5 Discussion

The preparation methodology involved the dispersion of
MG@OA in hexane because its hydrophobic nature restricts
its dispersion in aqueous medium. When OA is used as a

Fig. 2 a–c TEM micrographs
obtained from dried aqueous
dispersions of MG@OA-βCD1,
MG@OA-βCD2, and
MG@OA-βCD3, respectively.
d HR-TEM micrograph
corresponding to MG@OA-
βCD2. e Magnetization (M) vs.
magnetic field (H) curve
corresponding to MG@OA-
βCD2 at room temperature

Fig. 3 Perls’ Prussian Blue
staining of young adult C.
elegans after exposure to
different concentrations
(0–500 µg/mL) of MG,
MG@AO, and MG@AO-βCD2
for 24 h. Arrows indicate the
presence of MNPs evidenced
through blue stained iron,
mainly in the gut

   22 Page 6 of 11 Journal of Materials Science: Materials in Medicine           (2020) 31:22 



functionalizing agent for bare MG, it might interact as a
mono or a bilayer [25]. This property is very important in
the present work: a monolayer coating is necessary to
facilitate the non-polar interactions with βCD to obtain a
successful grafting. Their efficient dispersion in hexane, as a
previous step for synthesis, was an indicator of OA-MG
functionalizing as monolayer. The transfer of the MNPs
obtained from hexane to the aqueous phase predicted a
successful coating with βCD considering its hydrophilicity
(Fig. S1). Further characterization, explained below, con-
firms this hypothesis.

The spectrum of MG@OA MNPs displays a band
located near 630 nm due to Fe–O stretching vibration of
Fe3O4. The presence of OA bands is also observed, indi-
cating its effective incorporation on the iron oxide core
surface through the synthesis procedure applied. Pure OA
presents two sharp bands at 2924 and 2854 cm−1 ascribable

to the asymmetric CH2 stretching vibration and to the
symmetric CH2 stretching, respectively. An intense peak at
1710 cm−1 is due to the C=O stretching vibration and the
signal at 1285 cm−1 is attributable to the C–O stretch. Two
other bands at 1462 and 937 cm−1 correspond to O–H
vibrations in-plane and out-of-plane, respectively [26]. In
the spectrum of MG@OA MNPs, two bands at 2920 and
2850 cm−1, are observed, which are shifted to lower
wavenumbers in comparison to the pure OA spectrum. This
shifting of symmetric and asymmetric stretching vibration
of CH2 group, indicates that hydrocarbon chains from OA
surround the magnetic core forming a closed-pack crystal-
line state [23]. The wavenumber separation (Δ) between the
asymmetric and symmetric stretching vibration bands of
carboxylate group is a useful parameter to elucidate the type
of interaction that occurs between the carboxylate and the
metal atom. It is established that Δ lower than 110 cm−1

corresponds to chelating bidentate interaction [27]. In this
case, the separation is 62 cm−1 so a chelating bidentate
covalent linkage occurs between COO− from OA and Fe
corresponding to Fe3O4 MNPs. The absence of the band
near 1710 cm−1 is indicative of coating as monolayer [25].
This observation is consistent with the inefficient dispersion
of MG@OA in aqueous medium.

βCD spectrum presents an intense band at 3375 cm−1

assignable to O–H stretching vibrations. The band located at
2922 cm−1 is ascribable to asymmetric and symmetric
stretching vibrations of C–H. The band located at 1640 cm−1

is characterized by the presence of H–O–H deformation
signals corresponding to water associated to βCD. The
group of bands located between 1200 and 1400 cm−1 is due
to C–C stretching vibrations. The intense bands located near

Fig. 4 Evaluation of biocompatibility in C. elegans. Worms were
exposed to different concentrations (0–500 µg/mL) of MG, MG@AO
MG@OA, and MG@AO- MG@OA-βCD2 CD2 in water for 24 h.
a Percentage of worms with low motility (<50 body bends per min)
after treatment. b To evaluate the brood size, treated young adults were
transferred to NGM plates seeded with OP50 and progeny was scored
after 72 h. Significant differences were only observed in worms
exposed to MG 500 µg/mL. Data are expressed as mean ± SEM (n=
3), *p < 0.05, ***p < 0.001

Fig. 5 Viability of endothelial cells incubated with MG@OA-βCD at
different concentrations in comparison to control. Cells were exposed
to 1, 10, and 100 μg/mL of MNPs for 24 h. Data are expressed as
mean ± S.D. *p < 0.01 vs. control. At least three independent experi-
ments were analyzed
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1030 cm−1 are due to C–H and C–O stretching vibrations
[27]. IR spectra corresponding to MNPs functionalized with
βCD present clear bands corresponding to the oligo-
saccharide: the band located at 3417 cm−1 is assignable to
O–H stretching vibration although it is noteworthy that this
band is absent in the MG@OA spectrum. The signals at
2925 and 2855 cm−1 are attributable to asymmetric and
symmetric C–H vibrations of both βCD and OA. Bands
described for pure βCD are shifted in the spectrum of the
three nano-magnetic formulations, ensuring a successful
functionalization.

All samples evidenced weight loss at a temperature lower
than 100 °C, which was ascribable to water loss. MG@OA
samples suffered from one weight loss at ∼280 °C which
was associated to OA degradation. The thermal degradation
of free OA was found to begin at 140 °C and to end below
500 °C [28]. The existence of one process for thermal
degradation of OA may indicate that OA coating consists in
a single layer in which COO− group binds Fe from MG in a
unique manner [25, 26]. The composition of the organic
phase for MG@OA was estimated in ~9.3%. MG@OA-
βCD1 underwent four thermal degradation processes. The
first was observed to be associated to water loss but it was
extended to 118 °C in comparison to MG and MG@OA.
This behavior may correspond to the loss of water from the
inner cavity of βCD [29]. The following processes are
ascribable to degradation of both OA and βCD. The first
one occurred at ~270 °C in coincidence with degradation of
OA and the second one, which occurred at 430 °C, could be
due to decomposition of macrocycles from βCD [30]. In the
case of MG@OA-βCD2, a thermal degradation pattern
similar to that in MG@OA-βCD1 was observed, but weight
loss was higher. Results derived from TGA indicate that
organic composition of MG@OA was ~4.9%, ~8.3% for
MG@OA-βCD1 and 15.0% for MG@OA-βCD2. This is
consistent with the initial concentrations of βCD used dur-
ing synthesis.

Taken together, results from the physicochemical phe-
nomena observed during synthesis, FTIR spectroscopy,
TGA, and iron content determination all confirm coating
with βCD on MG@OA. Coating was denser when the
initial concentration of βCD was increased.

The polydispersion indexes found for aqueous dispersions
of βCD-coated MNPs indicate that samples are almost
monodispersed. This behavior shows that the three synthesis
conditions with different βCD concentrations facilitate coat-
ing, enabling hydrophilic interactions with water molecules.
Negative zeta potential value for MG@OA is due to depro-
tonated hydroxyl groups of magnetite that are exposed to the
surface. Considering that OA interacts with MG through
carboxylate groups as shown by FTIR data, the concentration
used for OA may not be enough to coat all sites in magnetite,
therefore, the negative surface charge is justified [26].

DLS measurements reveal that the formulation
obtained using the lowest βCD nominal concentration
shows the highest hydrodynamic diameter in aqueous
medium, in coincidence with TEM micrographs where
agglomeration is observed. This behavior in aqueous
medium is ascribable to an insufficient βCD concentration
to ensure a complete grafting. Even though the amount of
βCD attached is enough to increase surface zeta potential
in comparison to MG@OA, it is not enough to prevent
aggregation due to the possible exposure of the non-polar
tail. The results collected in terms of hydrodynamic dia-
meter regarding MG@OA dispersed in water (Table 1)
and hexane, size and PDI are higher in comparison to the
formulation dispersed in organic medium. This reinforces
the evidence of OA coating as a monolayer. The tendency
of MG@OA to aggregate itself into the aqueous medium
is possibly due to the non-polar tail from OA. The
increase in βCD initial concentration during synthesis
augmented not only the hydrodynamic size but also the
zeta potential for MG@OA-βCD2 and MG@OA-βCD3.
The mechanism associated to this trend lies in the amount
of βCD attached to the MNPs. The increase in zeta
potential values is consistent with an increased number of
βCD molecules interacting with the OA hydrophobic tail,
which hide the negative hydroxyl groups exposed from
magnetite. This leads to higher zeta potential values when
initial concentration of βCD is higher. The increment of
βCD prevents agglomeration from aqueous insolubility of
the exposed OA tail. Scheme 1 shows the structures
proposed for MG@OA-βCD1, MG@OA-βCD2, and
MG@OA-βCD3.

For biological applications, nanocomposites are expected
not to exceed 500 nm in diameter for drug targeting because
they can be probably captured by reticuloendothelial system
(RES) in liver, diminishing blood circulation time. On the
other hand, neutral NPs may be the most proper because
they avoid RES capture due to a decrease in opsonisation
[31]. In this respect, both MG@OA-βCD1 and MG@OA-
βCD2 exhibit almost neutral surface charge (2 and 10 mV,
respectively).

MG@OA-βCD2 presents a correct balance among size,
surface charge and βCD coating to be applied as a nano-
carrier in biomedicine. This formulation was selected to
assess toxicological effects in in vitro and in vivo assays.
The evaluation of superparamagnetism is mandatory for
biomedical applications. The analysis of the magnetization
curve included in Fig. 2e for MG@OA-βCD2 indicates that
this nanosystem is superparamagnetic. M(H) curve is
reversible, with a saturation magnetization Ms= 29.1 emu/g.
This value is satisfactory for magnetic targeting on biome-
dical applications [31]. Magnetization saturation values
lower than 70 emu/g and 50 emu/g were previously
obtained in our laboratory for MG and MG@OA [32]. Bare
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MG nanoparticles were observed to exhibit a high value of
magnetization saturation, although the saturation magneti-
zation value was usually reduced in nanoscale due to
coating [33]. The results obtained for MG@OA-βCD2 are
in agreement with this evidence.

Studies of the toxicity exerted by nanocomposites
involving multi-cellular organisms are scarce. The effect of
attaching βCD to MNPs on biocompatibility was analyzed
in C. elegans. It is a useful model to study toxicity of
diverse materials and drugs, representing a valuable model
to predict animal toxicity. The main advantages of this
model are: (1) its high homology to mammal genes and (2)
the feasibility of performing rapid assays [13]. It has two
sex forms, as hermaphrodite or as a male. The self-fertile is
the predominant adult form. At 20 °C hermaphrodites
usually lay 300–350 eggs and once the eggs hatch it takes
about three days to develop from larva to adult (Figure S2,
Electronic Supplementary Information). C. elegans has a
transparent and simple intestinal system (with mild acidic
media and digestive enzymes). This facilitates the detection
of modifications in nanostructures during transit through the
digestive tract, which could in turn be associated with
changes in their toxicological effect [16]. In this work, the
evaluation of two parameters representing animal viability
were conducted, namely egg laying and motility.

Our experiment showed that exposure to high con-
centrations of magnetic composites (up to 100 µg/mL) does
not reduce animal viability. At the highest concentration
tested (500 µg/mL), only the bare MG nanoparticles exerted
a detrimental effect in locomotion as well as in progeny. It
was previously reported that high concentrations of iron
affect C. elegans survival. The LD50 of acute exposure to
iron was determined in 1.2 mM for C. elegans. It was also
observed that sub-lethal iron concentrations decreased
locomotor activity and brood size [21]. The mechanisms
proposed for iron toxicity are associated to an increase in
reactive oxygen species [34]. In this respect, the effects of

nano-MG observed at the highest concentration adminis-
tered on locomotion and progeny are directly associated to
iron exposition. The iron concentration achieved at this dose
for all magnetic compounds (Table S1) was above the LD50

reported in previous research [21], so the observed dele-
terious effects could be attributed to an iron excess. How-
ever, low viability is only observed in bare MNPs.

Previous studies demonstrated that the exposure of C.
elegans to toxic iron concentrations may involve neuron
damage, leading to changes in movement [24]. The decline
in progeny associated to high levels of iron in C. elegans is
related to a possible disruption of the cholinergic system,
affecting egg-laying and progeny [24]. To correlate the
results found on the biological assays with the iron content
of the MNPs evaluated, iron was determined in NP aqueous
dispersions (Table S1). Taken together, the results obtained
show that functionalization of nano-MG, even with only
OA, minimizes direct iron exposure and therefore dimin-
ishes the toxic effects associated to oxidative stress.

As far as authors’ knowledge is concerned, only a few
studies involving C. elegans as a model to evaluate toxicity
of nanocompounds have been conducted to date. The first
study was carried out by Kim et al. [35] who focused their
work on the evaluation of silver NPs toxicity and found that
bare NPs (100 µg/mL) and citrate-coated silver NPs (10 µg/
mL) exert a deleterious effect on viability and reproduction.
Gonzalez-Moragas et al. [15] studied C. elegans as an
effective living model for the study of NPs toxicology and
reported the protective effect of coating with bovine serum
albumin on MNPs. In agreement with our results, these
authors found that doses lower than 500 µg/mL affect sig-
nificantly the animal viability and reported a protective
effect due to coating.

The study of the cytotoxicity of nanocompounds is, in
general, limited to the use of transformed cell lines. The
metabolism of healthy cells is rather different from that of
transformed cell lines. For example, major differences were

Scheme 1 Structures proposed for MG@OA-βCD1, MG@OA-βCD2, and MG@OA-βCD3
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found in the toxicity of inorganic tellurite on freshly isolated
peripheral blood leukocytes and in human chronic myeloid
leukemia cell lines [35]. Specially, the studies on the
cytotoxicity of magnetic nanosystems coated or functiona-
lized with βCD are all based on in vitro experiments in
tumor cell cultures, namely human cervical cancer cells
(HeLa) [6, 7] human breast cancer cell lines (MDA-MB-
231) [7], and human epidermoid carcinoma cells (A431)
[8]. In order to evaluate the effect of βCD attaching on
healthy mammalian cells, biocompatibility study was car-
ried out in primary cultures of ECs, thus avoiding alteration
in the results derived from the use of transformed cell lines.
ECs, whose function is to regulate the exchange of bio-
molecules between bloodstream and surrounding tissues,
were chosen taking into account that they form a single
layer lining the entire vascular system. After administration,
nanocompounds enter in direct contact with ECs to reach
tissues and organs. The evaluation of the effect of βCD
coating on ECs, in comparison to bare magnetite, is man-
datory to ensure vascular biocompatibility of nanosystems
as preliminary evaluation to ensure applicability of the
nanosystem.

MTT is commonly used to evaluate cell viability because
only living cells can reduce MTT to formazan. The latter
can be spectrophotometrically quantified and is therefore a
good cell-health parameter. The information obtained from
this assay can be considered an indicator of cell health [34].
No effect on cell viability was detected until 100 μg/mL of
the nanodevice in comparison to control cells. Only the cells
exposed to 500 μg/mL MG@OA-βCD2 exhibited a
decrease in viability evaluated by MTT assay. Still, the
comparison of bare MG with the control revealed that a
concentration of 100 µg/mL was already cytotoxic. There-
fore, biocompatibility is strongly increased (around five-
fold) upon βCD coating.

The biological results found in this work can be con-
sidered as pioneering advances about the impact of βCD
coating on the toxicology of iron oxide nanoparticles. The
high conservation of genes and signaling pathways between
C. elegans and mammals and the use of rat aortic ECs
represent the first stages for medical implementation of
these nanosystems. The establishment of the biocompatible
doses found in this work lay the groundwork for continuing
clinical studies to ensure the implementation of these
nanosystems in the biomedical applications mentioned,
such as image contrast agents or drug transporters.

6 Conclusions

β-cyclodextrin (βCD) was successfully attached to oleic
acid (OA)-coated magnetite (MG) nanoparticles. The
novelty of the synthesis procedure here described ed lies in

the manner of grafting the CDs to the magnetic component.
The mechanism involved for coating, elucidated by an
exhaustive analysis of the physicochemical properties, was
based on the interactions between OA from functionalized
MNPs and βCD through hosting. The physicochemical
characteristics of the nanosystems obtained depends on the
initial MG:βCD ratios. An optimum nanosystem in terms of
size and surface charge was obtained with promising fea-
tures as a magnetic nanocarrier for applications in biome-
dicine. The effect of βCD coating on the increment of
biocompatibility in comparison to bare MG was studied.
The assays performed on C. elegans as animal model and
on healthy ECs revealed a positive impact of βCD coating
on biocompatibility of MNPs. Taken together, our data
confirm the key role of βCD coating in assuring the
required biocompatibility to in vivo application of MNPs.
Future insights regarding the nanosystems herein presented
lie in ongoing with studies related to drug loading. The aim
of this approach is to increase the specificity of
nanoparticle-based medical treatments by improving drug
localization.
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