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a b s t r a c t

Citrinin is a nephrotoxic mycotoxin which can be synthesized byMonascus mold during the fermentation
process in foods. Monascus, generally described as red mold, is a red-pigmented filamentous fungus
attracting a great interest for the production of natural dyes and cholesterol-lowering statins. We individ-
uated a specie of Monascus producing high amount of natural dyes. However, this high pigmentation was
correlated with the production of citrinin. Peculiar magnetic nanoparticles, synthesized in-house and
called ‘‘Surface Active Maghemite Nanoparticles” (SAMNs), are proposed as an efficient and reliable mean
for citrinin removal from Monascus treated foods. The nanomaterial efficiency for citrinin binding was
proved on Monascus suspensions, and SAMN@citrinin complex was characterized by Mӧssbauer spec-
troscopy and magnetization measurements, showing that SAMNs resulted structurally and magnetically
well conserved after citrinin binding. SAMNs are excellent and stable magnetic nano-carrier for toxin
removal, which can be applied in food industry.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Currently about 70% of colorants employed in processed foods
are ordinary chemical dyes. In the past decades natural dyes lost
market, as synthetic chemicals have better consistency and stabil-
ity, greater range of colors and lower cost. Notwithstanding, in
recent years consumer concern pressed for increasing the use of
natural dyes obtained from plants and microorganisms. Natural
dyes are commonly used for foods, such as meat, sweets, fruit
juices, etc., and in the pharmaceutical field, mainly in the encapsu-
lation of active ingredients. In 2007, the market of natural dyes was
estimated around 1.15 billion dollars and, according to Leather-
head Food International, since 2004, it has risen of about 2.5%
per year (Mapari, Thrane, & Mey, 2010).

Fungi from the Monascus genus are a promising source for nat-
ural color additives.Monascus, also known as red mold, produces at
least six different pigments (Meinicke et al., 2012), and more than
50 patents are available about dye production by Monascus (Hajjaj,
François, Goma, & Blanc, 2012), indicating the great technological
interest aroused about this fungus as a source of natural dyes. Fur-
thermore, discoveries of cholesterol-lowering statins produced by
Monascus have prompted research into its possible medical uses.
Notwithstanding, depending on growing conditions, Monascus
can produce a mycotoxin, citrinin ((3R,4S)-8-hydroxy-3,4,5-trime
thyl-6-oxo-4,6-dihydro-3H-isochromene-7-carboxylic acid), which
is also produced by several species of the genera Aspergillus and
Penicillium (EFSA, 2012), with risks for public and animal health,
related to its presence in food and feed. Generally, citrinin is
formed in plants after harvest, and occurs mainly in stored grains,
but also in other products, such as beans, fruits, herbs and spices,
and also in spoiled dairy products (Da Lozzo, Mangrich, Rocha,
De Oliveira, & Carnieri, 2002). Citrinin control and detection in
foods appears very relevant for food safety, as citrinin is nephro-
toxic, and may cause serious health problems (Xu, Jia, Gu, &
Sung, 2006). This mycotoxin was correlated to a decrease in the
cellular ATP content and to an increase of the generation of reac-
tive oxygen species in cells (Da Lozzo, Oliveira, & Carnieri, 1998;
Da Lozzo et al., 2002; Hoehler, Marquardt, McIntosh, & Xiao,
1996; Ribeiro, Campello, Chagas, & Kluppel, 1998; Ribeiro,
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Chagas, Campello, & Kluppel, 1997; Stormer & Hoiby, 1996). Thus,
its removal from fermentation broths and foods is an attractive
task for health, environmental and economic reasons (Da Lozzo
et al., 2002).

Ideally, foods fermented by Monascus should involve the selec-
tion of strains producing large amount of bio-pigments, but, obvi-
ously, no citrinin.

Food industry is slowly accepting nanotechnologies, and this is
not surprising as public preference for ‘‘natural” food products has
historically inhibited the implementation of emerging technologies
in food processing. Indeed, while public opinion about nanotech-
nology applications has ranged from neutral to slightly positive
(Currall, King, Lane, Madera, & Turner, 2006; Satterfield,
Kandlikar, Beaudrie, Conti, & Harthorn, 2009), recent studies sug-
gested that consumers remain wary about ‘‘nanofoods”
(International Risk Governance Council, 2009; Siegrist, Keller,
Kastenholz, Frey, & Wiek, 2007). Nevertheless, scientists and
industry stakeholders have already identified potential uses of
nanotechnology in virtually every segment of food industry, from
agriculture to food packaging, nutrient supplementation and, of
course, food processing.

One of the main drawbacks drastically limiting the exploitation
of nanoparticles at industrial level is attributable to the difficulty of
moving from laboratory to large scale production. Often the syn-
thesis of nanomaterials involves impressive consumption of sol-
vents, high costs and heavy impact on the environment. Thus, to
be really taken into consideration, nanoparticles should be pro-
duced by a protocol responding to specific requirements, such as
cost effectiveness and environmental friendliness. In particular,
generally, magnetic nanoparticles need to be stabilized to avoid
aggregation and to guarantee long-term stability, pH and elec-
trolyte tolerance, and proper surface chemistry. Nanoparticle coat-
ing processes are often cumbersome, time-consuming, and
expensive, with low yields, limiting their massive application. By
this point of view, novel magnetic nanoparticles, called SAMNs
(Surface Active Maghemite Nanoparticles) represent an ideal mate-
rial, as their synthetic protocol is suitable for being scaled up to an
industrial level and is carried out in water, without the employ-
ment of any organic solvent (Magro, Valle, Russo, Nodari, &
Vianello, 2012). SAMNs represent a new class of naked superpara-
magnetic maghemite nanoparticles, constituted of stoichiometric
maghemite (c-Fe2O3) in the dimension range around 10 nm
(Magro et al., 2012). Moreover, SAMNs are stable in water for sev-
eral months as colloidal suspensions without any superficial mod-
ification or coating derivatization, displaying the ability to
selectively bind several biomolecules (Magro et al., 2014; Magro
and Baratella et al., 2014; Magro et al., 2015; Sinigaglia et al.,
2012; Venerando et al., 2013).

Chelating properties of citrinin toward iron(III) were already
reported in literature (Da Lozzo et al., 2002). Thus, the availability
of iron(III) atoms on the surface of SAMNs was exploited for the
recognition and magnetically removal of citrinin from Monascus
in biological matrixes. In the current report, we present a promis-
ing nanoparticle application for food safety, aimed at the removal
of citrinin from Monascus suspensions.
2. Materials and methods

Chemicals were purchased at the highest commercially avail-
able purity and were used without further treatment. Citrinin,
iron(III) chloride hexahydrate (97%), sodium borohydride (NaBH4),
tetramethylammonium hydroxide, perchloric acid, ammonia solu-
tion (35% in water) were form Sigma–Aldrich, Italy.
2.1. Instrumentation

Optical and fluorescence measurements were performed in
1 cm quartz cuvettes using a Cary 50 spectrophotometer and a
Cary Eclipse fluorescence spectrometer (Varian Inc., Palo Alto, CA,
USA), respectively.

Transmission electron microscope (TEM) images were acquired
by a JEOL 2010 microscope (JEOL Ltd., Tokyo, Japan), operating at
200 kV with a point-to-point resolution of 1.9 Å. The 57Fe zero-
field Mössbauer spectra were recorded at 300 K, employing a
MS2007 (RCPTM, Czech Republic) Mössbauer spectrometer
(Pechousek, Jancik, Frydrych, Navarik, & Novak, 2012), operating
in a constant acceleration mode and equipped with a 50 mCi
57Co(Rh) source. The values of isomer shift were referred to the
metallic iron (a-Fe) at room temperature. The acquired Mössbauer
spectra were fitted by the Lorentzian line shapes using the least-
square method in the MossWin software program (Klencsár,
Kuzmann, & Vértes, 1996).

A superconducting quantum interference device (SQUID, MPMS
XL-7, Quantum Design) was used for the magnetization measure-
ments. The hysteresis loops were recorded at a temperature of
300 and 5 K and in externally magnetic fields ranging from �5 to
+5 T. The zero-field-cooled (ZFC) and field-cooled (FC) magnetiza-
tion curves were recorded in a sweep mode of 1.8 K min�1. The
ZFC curve was measured after cooling the sample from 300 to
5 K in a zero magnetic field and the measurement was carried
out on warming from 5 to 300 K under the external magnetic field
(0.1 T). In the case of FC curve, similar process was employed, but
the sample was cooled in an external magnetic field (0.1 T).

A series of Nd–Fe–B magnets (N35, 263–287 kJ m�3 BH, 1170–
1210 mT flux density by Powermagnet – Germany) was used for
the magnetic driving of nanoparticles.

2.2. Microorganism cultures

Monascus spp. (native strain DDJ 012010) and Monascus pur-
pureus (native albino strain DDJ 032008) were obtained from the
culture collection of the Federal University of Santa Catarina (UFSC,
SC, Brazil).Monascus ruber (strain CCT 3802) was obtained from the
Tropical Culture Collection André Tosello (Campinas—SP, Brazil).
Strain spore suspensions were frozen at �20 �C after adding
100 lL glycerol mL�1 as a cryoprotector and stored for 3 months.

The inoculum and cultures were prepared in rice medium
(20 g L�1 rice, 5 g L�1 glycine and 20 g L�1 agar-agar), pH 5.5. Mon-
ascuswas initially grown on rice medium in a Petri dish at 30 �C for
7 days and subsequently stored at 4 �C. A spore suspension was
obtained by washing the Petri dish cultures with a sterile aqueous
solution of 0.1% Tween 80 (Vendruscolo, Ribeiro, Espósito, &
Ninow, 2009).

One milliliter of this spore containing solution was mixed with
1 mL of semisolid agar (0.2% w/v)), and this suspension was used
for one-point inoculation on Petri dishes, containing rice medium
(25 mL) or rice medium containing 1 g L�1 SAMN. Plates were incu-
bated at 25 �C for 12 days. Radial growth of Monascus spp. on Petri
dishes was measured by a caliper every 12 h and the growth was
followed for 12 days.

2.3. Synthesis of surface active magnetic nanoparticles

A typical synthesis of nanoparticles was already described
(Magro & Faralli et al., 2012; Magro et al., 2012; Magro and
Sinigaglia et al., 2012) and can be summarized as follows: FeCl3�
6H2O (10.0 g, 37 mmol) was dissolved in MilliQ grade water
(800 mL) under vigorous stirring at room temperature. NaBH4

solution (2 g, 53 mmol) in ammonia (3.5%, 100 mL, 4.86 mol mol�1

Fe) was quickly added to the mixture. Soon after the reduction



Fig. 2. Optical spectra ofMonascus spp. (red),Monascus purpureus (black),Monascus
ruber (green). Inset. low pressure chromatographic separation profile of Monascus
spp. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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reaction occurrence, the temperature of the system was increased
to 100 �C and kept constant for 2 h. Then, the material was cooled
at room temperature and aged in water, as prepared, for other 24 h.
This product was separated by imposition of an external magnet
and washed several times with water. This material can be trans-
formed into a red brown powder (final synthesis product) by dry-
ing and curing at 400 �C for 2 h. The resulting nanopowder showed
a magnetic response upon exposure to a magnetic field. The final
mass of the product was 2.0 g (12.5 mmol) as Fe2O3 and a yield
of 68% was calculated.

The nanoparticulated resulting material was characterized by
Mössbauer and FT-IR spectroscopy, high resolution transmission
electron microscopy, magnetization measurements and resulted
constituted of stoichiometric maghemite (c-Fe2O3) with a mean
diameter (davg) of 11 ± 2 nm, which can lead to the formation, upon
ultrasound application in water (Bransonic, mod. 221, 48 kHz,
50 W) of a stable colloidal suspension, without any organic or inor-
ganic coating or derivatization.

3. Results and discussion

Citrinin presents a carboxylic and phenolic group (see Fig. 1).
Thus, it can be considered a good candidate for chelating transition
metals. Moreover, the ability of citrinin to chelate iron(III) in
aqueous solutions was demonstrated by Da Lozzo et al. (2002).
Therefore, considering the availability and reactivity of under-
coordinate iron(III) sites on SAMN surface, (Magro & Baratella
et al., 2014; Magro et al., 2014) these nanoparticles were exploited
for citrinin recognition and binding.

3.1. Monascus cultures

It is well known that Monascus produces different pigments,
yellow, orange and red in color Meinicke et al., 2012). From a
chemical viewpoint, orange pigment is due to monascorubrin
(C23H26O5) or rubropunctatin (C21H22O5), which are bio-
synthetized via trans-etherification of a hexaketide chromophore,
produced by a polyketide synthase, with a molecule of a medium
chain fatty acid. The yellow pigment is due to ankaflavin
(C23H30O5) and monascin (C21H26O5), derived from the oxidation
of the orange pigments, monascorubrin and rubropunctamine,
respectively. Finally, red dyes, monascorubramine (C23H27NO4)
and rubropunctamine (C21H23NO4), are produced by the reaction
of the orange pigments with –NH2 containing compounds
(Dufossé et al., 2005; Hajjaj et al., 2012; Jung, Kim, & Shin, 2005;
Kim, Jung, Kim, & Shin, 2006). Moreover, the final color ofMonascus
pigments greatly depends on the amino acid or protein with which
the pigment is associated (Carvalho, Oishi, Pandey, & Soccol, 2005).

In the current work, 1.0 g L�1 suspensions of three different spe-
cies of Monascus, namely Monascus spp., M. ruber and M. purpureus
were cultured and characterized by UV–Vis and fluorescence spec-
troscopy. Noteworthy, the comparison of optical spectra indicated
a higher dye production in the case of Monascus spp., and the pres-
ence of three spectral features at 270 nm, 380 nm, 490 nm, was
observed (see Fig. 2). Pigments, yellow, orange and red, can be dis-
tinguished during low pressure chromatographic separations (see
Fig. 2, inset). Moreover, Monascus suspensions were characterized
Fig. 1. Citrinin structure.
by fluorescence spectroscopy. Only Monascus spp. samples, excited
at 330 nm, led to an emission peak at around 500 nm, while sam-
ples of M. purpureus and M. ruber emitted at about 485 nm (see
Fig. 3).

In agreement with literature reports (Zhou et al., 2012) excita-
tion at 330 nm and emission at 500 nm can be attributed to citri-
nin. As a control, commercially available citrinin was studied by
fluorescence spectroscopy, showing spectral features superimpos-
able with Monascus spp. suspensions (see Fig. 3), thus evidencing a
high mycotoxin production in this specie. By comparison with flu-
orescence spectra of known concentrations of pure citrinin, an esti-
mate citrinin production of about 6.0 mg g�1 in Monascus spp., was
calculated. Thus, if Monascus spp. represents a promising source of
natural dyes, its high production of citrinin could hinder its real
exploitation in food industry.

3.2. Analysis of Monascus growth and dye production in the presence
of SAMNs

In order to observe the biological effect of SAMNs on Monascus
spp., a method adapted from Donini, Bernardi, Minotto, and
Fig. 3. Fluorescence spectra of Monascus spp. (red), commercial citrinin (blue),
Monascus purpureus (black), Monascus ruber (green). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)
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Nascimento (2006) was used, and fungal growth in the absence
and in the presence of 500 mg L�1 nanoparticles was compared.
According to Carvalho et al. (2005), a spore suspension was
obtained by washing Petri dish cultures with a sterile aqueous
solution of 0.1% Tween 80. Subsequently, aliquots (1 mL) were
inoculated on Petri dishes containing of 20 g L�1 rice, 20 g L�1 agar
and 5 g L�1 glycine (25 mL). Radial growth of Monascus spp. on
Petri dishes was measured by a caliper every 12 h and the growth
was followed for 12 days. Measurements were carried out from the
center of the disk to the periphery of the colony (six measurements
for each plate, four plates). Time (hours) and average radial growth
measurements (mm) are reported in Fig. 4. As shown, growth rates
ofMonascus spp. in the absence and in the presence of SAMNs were
superimposable, indicating no nanoparticle effect on fungal
growth. Average radial growth rates for Monascus spp. in the
absence and in the presence of SAMNs were 1.99 and
2.07 mm day�1, respectively (see the inset of Fig. 4).

The effect of SAMNs on dye production by Monascus spp.
(1 g L�1 suspensions) was studied by UV–Vis spectroscopy, in the
SAMN concentration range comprised between 0.25 and 5 g L�1.
Spectral features of Monascus spp. in suspension were negligibly
affected by the presence of SAMNs. We concluded that the pres-
ence of SAMNs did not deprive natural dyes from Monascus spp.
suspensions, and these nanoparticles are suitable for the scope of
the present study.
Fig. 4. Radial growth of Monascus spp. Inset: Radial growth rate
3.3. Application of SAMNs for citrinin removal

As above mentioned, SAMN surface exposes under-coordinated
iron(III) sites, which are available for complex formation. Thus,
SAMNs can be exploited for sequestrating iron chelating com-
pound, such as citrinin, as this mycotoxin was already demon-
strated to bind iron(III) in solution (Da Lozzo et al., 2002).

Preliminary, optical and fluorescence characteristics of citrinin
were studied. Citrinin solutions show an optical spectrum with a
shoulder at 250 and a band at 330 nm, characterized by extinction
coefficients of e250 = 9230 M�1cm�1 and e330 = 4140 M�1cm�1 (see
Supplementary Fig. S1 in Supplementary data), in good agreement
with literature (Hackbart, Prietto, Primel, Garda-Buffon, & Badiale-
Furlong, 2012). The fluorescence spectrum of citrinin presents its
optimal excitation wavelength at 330 nm, and an emission band
at 500 nm (see Fig. 3). Citrinin was stable for several days under
our experimental conditions, and stock solutions in ethanol were
stable for at least six months at �20 �C (see Supplementary
Fig. S2 in Supplementary data).

In order to avoid possible optical interferences at short wave-
length, the absorbance at 330 nm was chosen for the determina-
tion of citrinin concentration in solution. Citrinin bound on
nanoparticles was calculated by difference with respect to its con-
centration in the supernatants.

When naked SAMNs were introduced in an aqueous solution
containing citrinin, a complex, namely SAMN@citrinin, was
s in the absence and in the presence of 500 mg L�1 SAMN.
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formed. SAMN@citrinin conjugate was magnetically isolated and
washed several times with water. Mycotoxin coverage on SAMNs
was stable, without any citrinin loss in solution, as checked by
spectrophotometry.

The adsorption behaviour of citrinin was investigated in the
SAMN concentration range comprised between 0.5 and 5.0 g L�1

and citrinin concentration range comprised between 6.25 mg L�1

and 0.25 g L�1. According to the Langmuir model (Langmuir,
1918) we considered, as parameters characterizing the adsorption
phenomenon, C as the surface concentration of bound citrinin
when the bulk concentrations of the mycotoxin was [citrinin].
Thus, the surface fractional coverage can be calculated using the
following saturation function (Hong, Lee, & Kim, 2005; Pisarchick
& Thompson, 1990):

h ¼ C
Cmax

¼ K ½citrinin�
1þ K ½citrinin�

Langmuir analysis assumes that each binding site on nanoparti-
cle surface acts independently of other sites (Yang et al., 2003).

A saturation curve was obtained plotting C as function of [citri-
nin]. Interestingly, the amount of bound citrinin increased linearly
without reaching a plateau. Moreover, the slope drastically chan-
ged at citrinin concentrations higher than 50 mg L�1, leading to
two different linear slopes in different citrinin concentration
ranges (see Supplementary Fig. S3 in Supplementary data). For
instance, at 1 g L�1 SAMNs, in the citrinin concentration range
comprised between 6.25 and 50 mg L�1, the percentage of SAMN
bound citrinin, with respect [citrinin], was about 22%. Conversely,
at citrinin concentrations higher than 50 mg L�1, this value reached
96.0%. This peculiar behaviour suggests the occurrence of a cooper-
ative phenomenon upon binding, observed at higher citrinin
concentrations.

The classical Langmuir isotherm model has long been used as a
first approach for the analysis, for example, of protein adsorption
on ion-exchange, affinity, and IMAC sorbents (Belew, Yip,
Andersson, & Porath, 1987). Nevertheless, some researchers
noticed significant deviations from classical Langmuir behaviour
(Hutchens & Yip, 1990; Hutchens, Yip, & Porath, 1988; Todd,
Johnson, & Arnold, 1994; Wirth, Unger, & Hearn, 1993). Hutchens
and colleagues (Hutchens & Yip, 1990; Hutchens et al., 1988)
demonstrated that the deviation from the Langmuir behaviour
can be explained by Scatchard analysis on the basis of ‘‘cooperativ-
ity” among the binding sites. We applied the same approach for
citrinin binding on SAMN surface. Scatchard analysis suggested
that citrinin binding on SAMN surface fits very well with a Lang-
muir absorption model at low mycotoxin concentrations. Interest-
ingly, this phenomenon depended also on SAMN concentration. For
instance, the linearity of Scatchard plot was confirmed at SAMN
concentrations lower than 1.0 g L�1, while above this value citrinin
absorption did not follow the typical Langmuir behaviour, even at
low citrinin concentrations. At citrinin concentrations comprised
between 6.25 and 50.0 mg L�1 and at SAMN concentration lower
than 1 g L�1, a linear plot of the experimentally determined h � 1
as a function of [citrinin] � 1, yielded a Cmax of 70.0 mg g�1 and
K value of 5.0 L g�1.
Fig. 5. TEM image of SAMN@citrinin complexes.
3.4. Structural characterization of the SAMN@citrinin complex

The SAMN@citrinin complex, prepared from a solution contain-
ing 50.0 mg L�1 citrinin and 0.5 g L�1 SAMN, was studied by high
resolution electron transmission microscopy (see Fig. 5). TEM
microscopy images indicated the presence of an organic matrix,
forming a shell of about 1.0 nm around iron oxide nanoparticles,
characterized by a lower electron density, attributable to citrinin
molecules layering on the SAMN surface. Furthermore, by a more
accurate observation of the high resolution images, the organic
shell seems to be constituted by a multiple layer. This conforma-
tion is in good agreement with previous absorption study, which
suggested the occurrence of a cooperative phenomenon. The
resulting SAMN@citrinin complex was extremely stable and, if
stored at 4 �C, citrinin remained firmly bound to the iron oxide
nanoparticle surface for at least 12 months.

Magnetic nanoparticles reliability represents a fundamental
requirement for exploiting magnetic separation at industrial level.
For the actual applicability, a nanomaterial should respond to mag-
netic and structural prerequisites. For citrinin removal, nanomate-
rial structural stability should be guaranteed, as its degradation
may represent a hazard. It should be mentioned that often
nanoparticle coatings are not sufficiently stable and they tend to
be dispersed. It is obvious that nanomaterial degradation or its
coating deterioration represent a drawback, as these phenomena
compromise the contaminant binding capability of the material.
At the same time, nanomaterials should preserve their magnetic
properties after binding, to be easily controlled by an external
magnet during the removal process.

Structural and magnetic properties of as-prepared SAMN@citri-
nin were investigated by zero-field and in-field magnetization
measurements, and Mössbauer spectroscopy. In order to monitor
the magnetic response of SAMN@citrinin, hysteresis loops at 5
and 300 K and ZFC/FC magnetization curves were acquired (see
Supplementary Fig. S4 in Supplementary data). Hysteresis loop
measured at 5 K (Supplementary Fig. S4, panel a in Supplementary
data) revealed that the system is magnetically ordered, even at the
lower external magnetic fields (from 2 to 5 T), because all magnetic
moments were oriented in a parallel way (saturated curve). The
profile of the hysteresis loop around the origin was symmetric,
with standard values of remanence (�12.03 Am2 kg�1), but with
the significantly lower values of coercivity (�2.70 mT) in compar-
ison with the values reported for nanoparticles system of c-Fe2O3

(Tucek, Zboril, & Petridis, 2006). The sudden decrease in the value
of coercivity can be caused by the presence of diamagnetic sub-
stance, thus it witness citrinin shell on SAMN surface. This fact is
also encouraged by the lower values of saturation magnetization
(�63.33 Am2 kg�1, while for bulk c-Fe2O3 saturation magnetiza-
tion is �85 Am2 kg�1). The magnetization vs. applied field mea-
surement recorded at room temperature did not show any sign
of hysteresis (see Supplementary Fig. S4, panel b and Supplemen-
tary Table S1 in Supplementary data). This implies the fact that
system was in a superparamagnetic state. Superparamagnetic
behavior means that the spins of all the magnetic nanoparticles
fluctuate between the orientations of easy axis of magnetization.
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The phenomenon of the superparamagnetic behavior was con-
firmed by the ZFC/FC magnetization measurements (Supplemen-
tary Fig. S4, panel c in Supplementary data). When the
temperature was decreased, the spins of all the magnetic nanopar-
ticles subsequently freeze in the magnetically blocked regime. The
temperature interval where the transition to the magnetically
blocked state occurs is documented by a maximum at the ZFCmag-
netization curve and represents the blocking temperature (TBav), at
which the averaged size nanoparticles are magnetically blocked. In
the SAMN@citrinin system, the blocking temperature was very
close to �54 K. The separation of two curves in ZFC/FC measure-
ment is well known as the temperature of irreversibility (Tirr),
which marks the onset of the blocking mechanism belonging to
the largest nanoparticles in the system. In SAMN@citrinin system,
Tirr was around �176 K, which is far from the values of TBav, sug-
gesting a quite broad particles size distribution. In conclusion,
magnetization characterization, witnessed the presence of citrinin
on the surface of nanoparticles as a diamagnetic component, and,
at the same time, confirmed that the hybrid material, SAMN@citri-
nin, still presents magnetic features suitable for magnetic
separations.

Moreover, in-field Mössbauer spectroscopy was used, due to its
unique ability to distinguish between structurally isomorphous
maghemite and magnetite, to quantify the distribution of cations
in tetrahedral an octahedral sites of these spinel structures, and
to highlight modifications of nanoparticle crystal structure upon
citrinin binding. The measured Mössbauer spectrum of the
SAMN@citrinin sample is shown in Fig. 6 and values of the Möss-
bauer hyperfine parameters, derived from the spectrum fitting,
are listed in Supplementary Table S2 in Supplementary data. At
room temperature, the 57Mössbauer spectrum can be fitted by
one sextet component (see Fig. 6), with the Mössbauer hyperfine
parameters listed in Supplementary Table S2 in Supplementary
data. From the Mössbauer spectrum is clearly evident that the res-
onant lines of sextet component are not of Lorentzian character.
Thus, to correctly fit the spectrum, a distribution of the hyperfine
magnetic field (Bhf) was employed (see the inset in Fig. 6). The
Mössbauer hyperfine parameters of the sextet component, well
corresponding to the pure c-Fe2O3, with Fe3+ ion in a high-spin
state (S = 5/2) (Baikousi et al., 2012; Cornell & Schwertmann,
2004; Klencsár et al., 1996; Pechousek et al., 2012).
Fig. 6. 57Fe Mössbauer spectrum of the SAMN@citrinin complex.
From the Mössbauer spectrum is also evident that no other
spectral components corresponding to other iron valence state
were detected, and/or that the citrinin substance does not signifi-
cantly influenced Mössbauer parameters. Thus, we can conclude
that SAMNs act as an excellent and stable magnetic carrier for citri-
nin, due to their well conserved magnetic and structural
properties.

It should be reminded that hybrid nanoparticles (SAMN@citri-
nin) exhibited an excellent colloidal behavior with no indications
of sedimentation and/or aggregation even within several days.
3.5. Magnetic removal of citrinin from Monascus cultures

In order to test the efficiency of SAMNs for citrin removal in a
real sample, a 0.1 g L�1 Monascus spp. suspensions were treated
with 1 g L�1 SAMNs. Previously, commercial citrinin was intro-
duced in the fungal suspension (625 lg L�1), to simulate a myco-
toxin contamination, and its concentration was checked by HPLC
using a fluorescence detector (excitation at 330 nm, emission at
500 nm) according to Vail and Homann (1990). Furthermore, this
artificial contamination served as an internal control. Under these
conditions, citrinin fluorescence signal was 196.0% higher with
respect to the un-treated Monascus spp. suspensions. Contami-
nated Monascus suspensions were treated with 1 g L�1 SAMNs,
leading to 70% citrinin removal. A second treatment, with the same
nanoparticle amount, removed citrinin below the analytical detec-
tion limits (0.25 mg L�1) (see Supplementary Fig. S5 in Supplemen-
tary data).

In conclusion, SAMNs stand out among other reported natural
or synthetic nanomaterials, as they do not require any superficial
modification or coating process to produce stable colloidal suspen-
sions and their synthesis is completely carried out in water with-
out any solvent. They present a high average magnetic moment
and can be easily used to reversibly immobilize organic molecules
(Magro & Faralli et al., 2012; Sinigaglia et al., 2012) and to develop
biotechnological applications (Baratella et al., 2013; Magro et al.,
2014; Venerando et al., 2013). Under-coordinated iron(III) sites
on their surface can be used for complex formation reactions. Thus,
as citrinin can form complexes with iron(III), its binding on SAMNs
was exploited for mycotoxin removal from contaminatedMonascus
spp. cultures. In summary, SAMNs represent an efficient candidate
for eliminating citrinin fromMonascus spp. cultures for natural dye
production, acting as an excellent and stable magnetic tool for
applications in food industry.

Citrinin binding on SAMNs surface depends on the presence of a
strong iron chelating feature on the toxin molecule, namely the
keto-enol group. The strength of this binding was already illus-
trated in the case of curcumin by our group (Magro et al., 2014).
The same chemical group can be found in dihydrocitrinone (DH-
CIT) or in ochratoxin A (OTA). DH-CIT is a metabolite of citrinin
DH-CIT, and, in humans, it can be considered as a detoxification
step, characterized by a far lower toxicity than its precursor
(Föllmann, Behm, & Degen, 2014). OTA is a well-known carcino-
genic mycotoxin (Heussner & Bingle, 2015). Thus, if present in
Monascus culture, the capture of dihydrocitrinone and OTA very
likely occurs along with citrinin removal. Anyway, under our
experimental conditions, only citrinin was found in Monascus
cultures.

The proposed magnetic separation system, already proposed for
the purification of curcumin from Curcuma longa rhizome extracts
(Magro et al., 2015), and based on the specificity of iron binding
properties of the molecule of interest, represents a promising alter-
native to conventional large scale purification or elimination of
substances from food matrices.
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