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Magnetite (FezO,4) nanoparticles (NPs) have widely used in various fields, including in medicine, due to their
(super)paramagnetic properties. This requires a thorough evaluation of their possible hazardous effects.
However, there is no standard procedure for the preparation of oxidation-prone NPs (such as magnetite)
before subjecting them to biological assays. In this study we used FezO4 NPs (bare and silica-coated) as
test samples to compare different preparation methods (ultrasound, centrifugation and filteration of NPs
suspensions) based on X-ray and dynamic light scattering analysis and evaluation of microstructure and
surface charge. After oxidation and functionalization, all samples retained their superparamagnetic
behaviour. The toxicity of NP suspensions obtained by the methods described for Paramecium
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1. Introduction

Different iron oxide compounds are abundant in nature, such
as: hematite (a-Fe,O3), maghemite (y-Fe,O;) and magnetite
(Fe30,4)."* Iron oxide NPs can be easily synthesized in a broad
range of sizes.>* Hematite is the most stable of these iron
oxides, but only magnetite NPs have a large surface area (up to
120 m? g ') and possess superparamagnetic properties, i.e.,
unlike ferromagnetic materials, they do not retain magnetiza-
tion when the external field is removed.® These properties are
highly useful in the development of various separation
processes”® and several Fe;O4-based materials are already close
to commercial use in this area.® Iron oxides such as magnetite
and maghemite demonstrated superparamagnetic behaviour at
a size below 30 nm at room temperature and referred to as
superparamagnetic iron oxide nanoparticles (SPIONs). Super-
paramagnetism can be defined as the ability of magnetic
nanoparticles to exhibit a robust paramagnetic nature with high
susceptibility and saturation magnetization under the influence

“Moscow Aviation Institute (National Research University), Moscow, Russia. E-mail: l.
s.bondarenko92@gmail.com

*Lomonosov Moscow State University, 119991 Moscow, Russia

‘National Institute of Chemical Physics and Biophysics, 12618 Tallinn, Estonia.
E-mail: anne.kahru@kbfi.ee

“Institute of Problems of Chemical Physics, Chernogolovka, Moscow Region, Russia
°A. N. Nesmeyanov Institute of Organoelement Compounds of the Russian Academy of
Sciences, Moscow, Russia

ISklifosovsky Institute for Emergency Medicine, Moscow, Russia

(ESI) available. See DOI:

+ Electronic  supplementary  information

10.1039/d1ra05703k

© 2021 The Author(s). Published by the Royal Society of Chemistry

caudatum ciliates and Sinapis alba plants was evaluated.

of a magnetic field and the tendency to completely lose the
same nature once the magnetic field is removed, resulting in
zero magnetic remanence and zero coercivity.'* Thanks to their
special magnetic properties, SPIONs are widely used in sepa-
ration technology,"” protein immobilization,"” catalysis,"
medical science,” and environmental applications.” The
medical science application of SPIONs is mainly focused on
targeted drug/gene delivery,'® biosensors,'” magnetic resonance
imaging (MRI)," contrast enhancement' and hyperthermia,*
biophotonics,* cancer cell detection,” magnetic field-assisted
diagnosis and radiotherapy,* and tissue engineering.** Due to
their widespread use in medicine, SPIONs must be stable and,
above all, they must be thoroughly evaluated for their potential
toxic effects, i.e., they must be tested biologically.

However, upon exposure to ambient oxygen, the magnetite
phase readily oxidizes into the maghemite phase with partial
conversion of ferrous ions into ferric ions.***® In turn, a change
in the magnetite phase leads to a change in its surface charge
and magnetic properties. In addition, a change in environ-
mental conditions can lead to the aggregation of magnetite
nanoparticles, while an increase in size greater than 30 nm will
result in the loss of their superparamagnetic properties.*

Currently, there are many approaches for the preparation of
nanoparticle suspensions for biotesting.?”*' Literature is also
available describing methodologies for a specific type of nano-
materials, e.g. “hard” nanoparticles such as metallic ZnO, TiO,
and gold nanoparticles,* carbon nanotubes® or polymeric
nanoparticles.** Not all of these methods cannot be applied to
“soft” nanoparticles (such as liposomes, polymeric micelles,
dendrimers)* or oxygen-sensitive nanoparticles (NPs) such as
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iron oxides. Centrifugation or filtration can be used to separate
nanoparticles of different sizes. In addition, changes in the
functionalization of the NPs under the influence of external
conditions will also lead to a change in the phase that elicits
a biological response, which also needs to be evaluated.
However, there is no special methodical approach or protocol
for this type of preparation of oxygen-sensitive nanomaterials
for biotesting. Available standard dispersion protocols have
been developed for NPs of very slow transformation/dissolution
rates, such as TiO, and Si0,.***” As a general rule, NPs
suspensions are subjected to ultrasound in the test medium
prior to biological testing,**?° but ultrasound energy levels
suitable for TiO, or SiO, may not be optimal for other types of
NPs, e.g., CuO NPs, and may result in changes in surface char-
acteristics and dissolution properties* and thus toxicity** due to
partial solubility of CuO and ion release, as illustrated in ref. 42.
In addition to ultrasonication, NPs can be separated from
agglomerates by centrifugation®® and/or filtration*** of the test
suspensions. Among these, filtration represents a fast, cost-
effective, and simple technique that can be performed at
atmospheric pressure. Moreover, it can also be useful for other
purposes, such as for the concentrating of colloidal nano-
medicines or the reducing of their polydispersity. For example,
Roy et al.*® produced Au and CdS nanoparticles and passed
them through multiwall carbon nanotubes, used as a filter to
remove larger particle sizes and thus reduce the polydispersity
of the particle suspension.’***%*

Centrifugation is another useful technique to separate larger
agglomerates from nanomaterials suspensions, as the centrif-
ugal force enhances the precipitation of nanomaterials due to
the increased gravitational pull.*®* Centrifugation is more effi-
cient than filtration as it is fast, easy, and more cost-effective
and can be applied to different types of nanoparticles.
However, the centrifugation of large sample volumes requires
special equipment and, in some cases, is complicated by the
resuspension of settled agglomerates occurs, especially in case
of organic nanomaterials which are already more difficult to
separate by centrifugation than metallic ones.**** Moreover, the
toxicity of metallic nanoparticles often depends on the specia-
tion of the released metal species.>

In this study, we report how the properties of oxidation-
prone iron oxide nanosuspensions change when using
different standard sample preparation protocols to separate
nano-sized (colloidal) species from larger agglomerates. More
specifically, we evaluated how physico-chemical properties
(crystal properties, surface charge, hydrodynamic size) affected
the toxicity of these nanosuspensions to aquatic ciliates and
terrestrial plant seeds. Fe;0, NPs (bare and silica-coated under
ambient and inert conditions) were used as sample magnetic
NPs (MNPs).

2. Materials and methods
2.1 Synthesis of Fe;0, NPs

Bare Fe;O, NPs were prepared by the coprecipitation method
described in ref. 6. Briefly, 7.56 g of FeCl;-6H,0 and 2.78 g of
FeCl,-4H,0 were dissolved in 70 mL H,O, and 40 mL of 25%
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ammonium hydroxide solution was added at 50 °C under
vigorous stirring either under argon flow or ambient aerobic
conditions. The obtained Fe;O, (Ar) and Fe;O, (air) nano-
particles were washed five times with ultrapure water to remove
the synthesis residues and then dried at 70 °C under vacuum.

2.2 Synthesis of Fe;0, NPs modified by 3-
aminopropyltriethoxysilane (Fe;0,-APTES NPs)

The synthesis of silica-coated magnetite nanoparticles was
carried out as described by Stober & Fink.** Briefly, the synthe-
sized magnetite nanoparticles Fe;O, (Ar) and Fe;O, (air)
described above were used as cores to be functionalized with
the NH,-silica. 3-Aminopropyltriethoxysilane (APTES, 98%
purity, Sigma-Aldrich) was used as NH,-silica precursor. The
obtained NH,-silica functionalized magnetite nanoparticles are
further designated as Fe;04-APTES (Ar) and Fe;0,4-APTES (air).
As in the case of Fe;0, (Ar) and Fe;0, (air) synthesis, the silica
coating was performed in argon and air atmosphere,
respectively.

According to ref. 52, 3.21 g of Fe;0, NPs were dispersed in
150 mL of 98% ethanol : water solution (1 : 1; volume ratio).
Then, 13.6 g of APTES was added to the solution under argon or
air atmosphere, respectively, at 40 °C for 2 h. A molar ratio of
4 : 1 (APTES : Fe;0,) was used. In the case of argon atmosphere,
all manipulations were carried out in a glove box. After cooling
the synthesized Fe;0,-APTES (Ar) and Fe;O,-APTES (air) NPs to
room temperature, the MNPs were separated using a magnet
(Nd, 0.3 Ts). To avoid the presence of silane non-specifically
bound to particle surfaces, all samples were washed with
water and ethanol prior to analysis or further use. Finally, the
Fe;0,-APTES (Ar) and Fe;O4-APTES (air) samples were dried
under vacuum at 70 °C for 2 hours.

2.3 Separation of the MNP suspensions

The obtained NP suspensions were dispersed by ultrasound for
10 min at 30 Hz according to a dispersion protocol based on
probe sonication commonly used in several EU projects
studying NPs**** and were further subjected to sequential
fractionation: starting with (1) centrifugation (5 min, 3000 rpm
equal to 1660 g). After centrifugation, the supernatant and
sediment were separated, and the surface charge, hydrody-
namic size and toxicity of Fe;O, particles in the supernatant
were examined. The supernatant was then filtered through
a “White ribbon” cellulose filter with a pore size of 8-12 pm and
the parameters described above were analysed again (Fig. 1).

2.4 Characterization of the microstructure and colloidal
stability of magnetic NPs

The structure of the surface layer of the NPs can have
a profound effect on the toxicity of NPs, as this layer is the first
layer to come into contact with cells. Therefore, the phase
composition and primary particle size of the samples were
determined by X-ray diffraction (XRD) analysis in Bragg-Bren-
tano geometry using a Philips X-pert diffractometer (Philips
Analytical, Eindhoven, The Netherlands, Cr-Ka radiation, A =
2.29106 A) as described in ref. 55. The full width at a half

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Formulation and separation scheme of MNPs.

maximum (FWHM) of all reflections was used to determine
particle size with the Scherrer equation. To quantify the oxida-
tion progress, the reflection (440) was fitted with five different
functions in Origin 2019 Pro.

The lattice parameters determined for all samples formu-
lated in this study were smaller than those previously reported
for magnetite 8.396-8.400 A (ICDD-PDF 19-629), but larger than
those for maghemite 8.33-8.34 A (ICDD-PDF 39-1346). This
phenomenon can be explained by the partial oxidation of Fe**
during formulation, which result in the non-stoichiometric
formation of Fe; ;0, where ¢ can range from zero (stoichio-
metric magnetite) to 1/3 (completely oxidized).** The magnetic
properties of the dried MNP powders were characterised using
the Lake Shore Vibrating sample magnetometer (Lake Shore
Cryotronics, Westerville, OH, USA) at 300 K.

The hydrodynamic size and surface charge of the particles
were analysed by Dynamic Light Scattering (DLS) on a Broo-
khaven apparatus with a wave length of 633 nm and a solid-state
He-Ne laser at a scattering angle of 173° at 25 °C. For analysis,
each sample was diluted in distilled water to 0.1 g L. Prior to
analysis, the samples were subjected to ultrasound (ultrasonic
bath, 100 W, 40 kHz) for 10 s ultrasound followed by 100 s stop.
The experiments were carried out in a disposable zeta cell (DTS
1070). Samples were analysed at their original pH (as synthe-
sized, ranging from 5.4 to 7.5). The pH values were measured
before and after the study.

2.5 Ecotoxicity test of magnetic NPs

The toxicity of aqueous suspensions of magnetic NPs to ciliates
and Sinapis alba plants was tested in the concentration range
from 0.1 to 1000 mg L™ .

The exact concentrations/dilutions tested depended on the
assay and the MNPs and are indicated in the figures and tables.
Toxicity values (ECs) of the MNPs are presented as mg
compound per L (nominal concentrations). Prior to testing, the
prepared NP suspensions in distilled water were ultrasonically
dispersed using the sonication bath (100 W, 40 kHz) (Heb
Biotechnology, Shaanxi, China) for 10 min and centrifuged and
filtered under the same conditions as for zeta potential

© 2021 The Author(s). Published by the Royal Society of Chemistry
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measurements (see Section 2.3 - Separation of the MNP
suspensions).

2.6 Paramecium caudatum acute toxicity test

The ecotoxicity of magnetic NPs (MNPs) to ciliates was deter-
mined by Paramecium caudatum Ehrenberg acute toxicity test
performed following the protocol described in ref. 57. Briefly, the
assay is based on measuring the mortality of Paramecium cau-
datum when exposed to toxic substances compared to the control.
The assay was performed in multiwell polystyrene plates (8 x 12
wells; well size 1 mL; Eppendorf). P. caudatum stock cultures were
maintained in Lozin-Lozinskiy mineral nutrient medium of the
following composition, mg L™ ": NaCl - 100.0, KCI - 10.0, CaCl,-
-2H,0 - 10.0, MgCl, - 6H,0 - 10.0, NaHCO; - 20.0 (Sigma-Aldrich
Chemie GmbH, Steinheim, Germany). The stock cultures were
maintained at room temperature (22 + 2 °C), pH 7.5-8.0, and
without the addition of any organic compounds. To initiate the
test culture, approximately 1/3 of the stock culture was trans-
ferred into a Petri dish containing fresh nutrient medium and
incubated at 22 + 2 °C in the dark for 24 h.

Using a stereoscopic microscope (Model MC-1, Micromed,
Shanghai, China), 10-15 ciliates were transferred using a capil-
lary pipette into each of 3-4 test wells containing fresh nutrient
medium.

The volume of liquid when transferring the ciliates to the
wells did not exceed 0.02 mL. In general, each set of wells
(control and test wells) contained at least 30 ciliates. 0.6 mL of
incubation medium was added to the control wells and 0.6 mL
of the test sample was added to the test wells. The plates with
samples and ciliates were incubated at 22 + 2 °C in the dark.
During the exposure period, no food or other supplements were
added. After 24 hours of incubation, the viability of individuals
in each well were checked using a stereoscopic microscope.
Freely moving ciliates were considered viable and immobile
individuals were considered dead. Mean values of live or dead
organisms were calculated and compared with control values.

2.7 Sinapis alba L. acute toxicity test

The toxicity of MNPs to plants was measured using root growth
inhibition assay of white mustard Sinapis alba L. (ISO
18763:2016 (ref. 58)) in Phytotoxkit format.* Certified, high-
quality, commercially available seeds were used for all experi-
ments. Following the Phytotoxkit test format (plate assay), the
10 mL of previously shaken NP suspension in distilled water
was poured onto transparent test plates (21 x 15.5 x 0.8 cm)
covered by white filter paper and ten Sinapis alba seeds were
placed on the paper. The test plates were closed with a trans-
parent lid and incubated first horizontally at 20 &+ 2 °C in the
dark for 24 h, and then for 72 h vertically at 24 + 2 °C, with an
illumination period of 16 h per day at light intensity of 4000-
7000 Ix (light wavelength 400-700 nm, universal white). At the
end of incubation, the length of the main root of the mustard
seedlings was measured. Mean values were calculated and
compared with those of the control. The test was performed in
three replicates.

RSC Adv, 2021, M, 32227-32235 | 32229
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Fig. 2 Powder X-ray diffraction (XRD) of MNPs products with the
Crystallography Open Database (COD) magnetite and maghemite
patterns FezO4 (Ar), FesO4-APTES (Ar) and FezO,4-APTES (air) data have
been reported in ref. 55.

2.8 Statistical analysis

The inhibitory effect of the tested compounds/dilutions
compared to the control was calculated as a percentage. From
dose-response curves, ECs, values (mg L' or mg Fe per L,
depending on the compound) were calculated using the probit
method (GraphPad Prism 9), fitted (OriginPro 2019) and
expressed as mean value + standard deviation (SD). ANOVA was
used for analysis of statistically significant variances within and
between test groups. The degree of statistical significance of the
results was calculated in the GraphPad Prism 9 application
(statistical significance between groups was fixed at p < 0.05,
the Tukey's and Sidak's criteria were used).

3. Results
3.1 Microstructure of Fe;0,/APTES NPs

3.1.1 XRD analysis and SEM. The crystalline structures of
the nanoparticles were identified by XRD analysis (Fig. 2). The
X-ray diffraction technique is an important tool for the identi-
fication and characterization of various iron oxide phases.
However, the identification of magnetite and maghemite pha-
ses by X-ray diffraction is rather complicated, because both
phases possess the same spinel structure and almost identical
lattice parameters.®® The identification of identical lattice
parameters is based on the most accurate description of the
experimental data, as this will determine the value of the lattice
parameter and, consequently, the magnetite content. For this
purpose, the reflections of the diffractograms were fitted with
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the five most popular models: Gauss function, Lorenz function,
Voight function, pseudo-Voight function and PearsonVII func-
tion in OriginPro 9.1. According to R* and x>, the data for Fe;0,
(Ar), Fe;0, (air) and Fe;O,/APTES (air) samples were most
accurately fitted by the pseudo-Voight function, Fe;O0,/APTES
(Ar) - by the PearsonVII function. As we have previously indi-
cated in ref. 55, the modification of APTES leads to the decrease
of the lattice parameter from 8.3813 A for Fe;0, (Ar) to 8.3789 A
for Fe;04-APTES (Ar). In this case, the preparation and func-
tionalization of Fe;O, under ambient conditions leads to the
decrease of the lattice parameter to 8.3641 A for Fe;0, (air) and
8.3603 A Fe;04-APTES (air), respectively. He and Traina®
showed that magnetite particles treated with dilute NaOH
solution were transformed to some extent into maghemite and
suggested the following transformation reaction:

F6304 + OH™ + Hzo = ‘\{-F6203 + Fe(OH)3

At the same time, coating the magnetite particles with silica
prevented the dissolution and reconstructive transformation of
magnetite particles. In fact, there was a small decrease in the
proportion of magnetite from 78.8% to 75.8% under inert and
from 50.7% to 42.7% under ambient conditions after APTES
modification, respectively (Table 1). Alkoxysilanes can give
a broad peak in the diffraction patterns, however, in this case,
a broad peak can be attributed to the effect of sample
preparation.

Finally, the crystalline component composition of the
samples can be assigned as follows: Fe, 30, and Fe; 9,04,
Fe, 340, and Fe, 4,0, for Fe;0, (Ar) and Fe;0,/APTES (Ar), Fe;0,
(air) and Fe;0,4/APTES (air) samples, respectively (Table 1).

The size of the coherent-scattering region was derived from
the powder XRD data by the Scherrer's method. The full width at
half maximum (FWHM) of the reflections was used for particle
size determination. Such magnitudes for the magnetic iron oxide
nanoparticles are usual for superparamagnetic MNPg with high
saturation magnetization and a high specific surface area.®>*
According to the particle diameter and standard deviation, there
are no size difference between all MNPs. Although all samples are
considered polydisperse according to ref. 64, the CV of 9.5% and
SD = 1.96 indicate the homogeneity of the Fe;0,/APTES (air) NPs
which is crucial for the ultimate performance of the surface-
activated material. Thus, the synthesis atmosphere (argon or
ambient) only moderately affected the particle size, but there was
a noticeable impact on the lattice parameters of magnetite,
causing deeper crystalline defects in it.

The particle size, studied by SEM, has been somewhat
reduced. The diameter of bare Fe;O, under argon condition

Table 1 Microstructure of FesO4 (Ar), FesO4-APTES (Ar) and FesO4-APTES (air) data have been reported in ref. 55

Sample Structure % Fez;0,4 Dxgrp, NM CV, % Dggyv, DM CV, %
Fe;0, (Ar) Fe, 030, 78.8 171+ 2.3 13.5 32.1 + 4.3 13.5
Fe;0, (air) Fe, 5404 50.7 14.9 £ 2.02 13.5 30.2 + 2.3 12.1
Fe30,4/APTES (Ar) Fey 0,04 75.8 20.5 + 3.3 16.1 24.2 + 2.8 11.6
Fe;0,/APTES (air) Fe, 5,04 42.4 16.5 + 1.96 9.5 23.3 £3.1 10.5
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changes after modification from 32.1 nm to 24.2 nm.” The
same effect was observed for MNPs under ambient conditions:
functionalization by APTES leads to size reduction from
30.2 nm to 23.3 nm. There sizes for bare and modified magnetic
NPs are typical for superparamagnetic MNPs that correlate with
the value of saturation magnetization and other magnetic
properties.

One of the most important properties of magnetic nano-
particles, which justifies their widespread use, is super-
paramagnetism. The magnetic properties of modified and bare
MNPs were investigated (Table 2S, ESIt). The shape of the loops
indicates the ferromagnetic nature of the material desired for
separation application (Fig. 1S, ESIt). Modification by APTES
did not produce significant changes in magnetic properties
(saturation magnetization changed from 81.2 to 68.7 emu g "
which correlates with XRD data, Table 1). In this case, satura-
tion magnetization of Fe;0, (Ar) decreased to 49.9 emu g * for
Fe;0, (air) and 30.8 emu g~ ' for Fe;0,-APTES (air). However,
the saturation magnetization for the MNP samples indicates
that silane-stabilized magnetite nanoparticles oxidized in air
still exhibit superparamagnetic properties at room temperature,
which correlates with their sizes (Table 1).

3.2 Surface charge-bioactivity relationship for MNPs

3.2.1 Surface charge-bioactivity relationship for MNPs with
different concentration. Electrophoretic light scattering (ELS)
method and zeta potential value of NPs are informative to
determine the charge of MNPs. Dilution in water leads to the
increase of pH from 5.4 and 4.0 to 6.7 and 7.6 for Fe;0, (Ar) and
Fe;0, (air), from 6.1 and 6.4 to 6.5 and 7.5 for Fe;0,/APTES (Ar)
and Fe;O,/APTES (air).

Fe;0, (Ar) has +20 mV at the maximum concentration of
1000 mg L' and pH 5.4, which correlates with other zeta
potentials of MNPs studied®®® and demonstrates it phase
(Fig. 3). The preparation of Fe;0, at ambient conditions leads to
a decrease in the positive charge at native pH and 1000 mg L ™"
for Fe;0, (air) compared to Fe;O, (Ar) due to the increase in the
amount of OH-group on the surface after oxidation.®” The
functionalization of APTES lead to an increase in surface charge
close to +43 mV (1000 mg L™, native pH) for both Fe;O, (Ar) and
Fe;0, (air) due to the presence of positively charged amino
groups on the surface.®® Dilution in water leads to
charge changes of bare and modified MNPs from positive at
1000 mg L™ to negative at 50 mg L™ ': there is no effect of the
subsequent dilution from 50 mg L™ " to 1 mg L~ " for all samples
except Fe;O,/APTES (air) according to ANOVA. At 1 and
10 mg L™ " all samples have the same negative charge ~—15 mV
due to complete hydrolysis. The isoelectric point (IEP, charge is
equal to zero, the suspension is totally unstable) of Fe;0, (Ar)
and Fe;0, (air) are close to 500 mg L~ and for both modified by
APTES under argon and ambient conditions - close to 500 and
800 mg L' respectively. There data correlate with the hydro-
dynamic sizes of the MNPs: at IEP concentration the particles
have the maximum sizes: 744 nm for Fe;O, (Ar), 890 nm for
Fe;0, (air), 957 nm for Fe;0,-APTES (Ar) and 737 nm for Fe;0,-
APTES (air). The use of suspensions at these IEP concentrations

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Zeta-potential and (b) hydrodynamic diameter of aqueous

suspensions of MNPs: a dose-effect study (ultrasonication 10 min,
dilution in water).

in ecotoxicity experiments can lead to an uneven distribution of
nanoparticles in the medium of infusoria and higher plants.

Bare and silica-coated MNPs were tested for toxicity at
concentrations up to 1000 mg L' (ciliates test) and up to
1000 mg L™ " (plant test) (Fig. 4).

Magnetic NPs were not toxic to P. caudatum ciliates: the ECs,
value was >100 mg L™ for all samples (Table 2). The EC5, value
of Fe;0,/APTES (air) for ciliates was not reached at the highest
concentration tested (1000 mg L™ ') and could also be consid-
ered non harmful. Synthesis under ambient conditions (e.g
oxygen atmosphere) increased to some extent the toxicity of the
bare MNPs® and decreased that of the modified ones for ciliates
only for the highest concentration of 1000 mg L™ ": there is no
difference between the bare MNPs at the rest of the concen-
tration according to ANOVA (Table 2St).

Generally, regarding the effects of silica coating of MNPs by
APTES for ciliates, functionalization in argon medium leads to
an increase in toxicity, although functionalization under
ambient conditions leads to a decrease in toxicity. As expected,
dilution from 10 mg L™ to 1 mg L ™" led to a significant decrease
in inhibition: no effect at subsequent dilution according to
ANOVA for bare MNPs and APTES modified MNPs.

The bare and modified MNPs evaluated for toxic effects in
the present study were not toxic to S. alba plants in the root
length inhibition test: the ECs, value was not reached at the
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Fig. 4 Toxicity of agueous suspensions of MNPs to P. caudatum
ciliates in the 24 h immobilization assay (A) and to higher S. alba
plants in the 96 h root growth inhibition assay (B): a dose-effect study.
All concentrations are nominal. Mean values + SD of triplicates.

highest concentration tested (1000 mg L") (Table 2). There was
non clear dose-effect relationship: neither oxidation nor func-
tionalization of APTES led to an increase in toxicity according to
Tukey's multiple comparisons test. Dilution also does not affect
toxicity.

By relating the physico-chemical properties of the studied
NPs (zeta potential, percentage of magnetite) and the ecotoxicity

Table 2 Ecotoxicity (ECs0% mg L) of MNPs

View Article Online

Paper

initial

after centrifugation

1 2 3 4

Fig. 5 View of MNPs suspension samples: 1st column — FezO4 (Ar),
2nd column — FezOy4 (air), 3rd column — FezO4-APTES (Ar), 4th column
— FesO4-APTES (air) before fractionation (initial), after centrifugation
and after filtration (initial concentration of MNPs is 1 mg L™3).

of MNPs (Table 2, Fig. 2 and 3) it can be concluded that a change
in charge leads to a change in the toxicity of the nanoparticles
relative to ciliates. The higher the negative zeta potential, the
lower the toxicity for both bare and modified nanoparticles.
There is no correlation for S. alba plants: higher plants are not
sensitive to changes in nanoparticles surface charge.

3.2.2 Surface charging-bioactivity relationship for MNPs
after separation. To study the effect of fractionation on zeta
potential and hydrodynamic size, all samples were subjected to
sonication and then sequential centrifugation and filtration.
After sonication, extensive agglomeration of the metal NPs
resulted in rapid sedimentation of all particles.” Fig. 5
demonstrates the view of the suspensions after sonication and
sequential fractionation procedures reflecting the unstable
particles precipitating in the initial and centrifuged
samples. Although centrifugation is one of the most widely used
and recommended techniques,** especially for separation of
mixtures by size and density, in our case (standard conditions
for soft NPs is 5 min, 3000 rpm, RCF 1660), the separation was
not complete and, therefore, the level of homogeneity was not
satisfactory. For this reason, we then focused on extra-filtration
to remove the sedimented NPs.

The present study shows that centrifugation and filtration lead
to a consistent decrease in surface charge for all samples. Thus,
during centrifugation, the zeta potential decreases from +43 mV
to 29.6 mV and 38.9 mV for both modified MNPs under inert and

Sample 24 h ECs,” for P. caudatum, mg L™" 96 h EC5,“ for S. alba, mg L™ "
Fe;0, (Ar) 910 (W) >1000” mg L

Fe;0, (air) 230 (M)

Fe;0,/APTES (Ar) 130 (W)

Fe;0,/APTES (air) >1000” mg L™!

“ The ECs, is the concentration of a sample that reduces root length or survival of ciliates by 50%. ? Highest concentration that was tested. Color
code: =1 mg L™ () = very toxic; >1-10 mg L™ (Jl) = toxic; >10-100 mg L' (' ) = harmful; >100 mg L™ () = “not classified/not harmful”. ECs,
data that do not allow classification are displayed on a white background.
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ambient conditions, respectively (Fig. 6A). The same tendency of
decreasing charge from 20.1 mV to 1.3 mV is observed for Fe;0,
(Ar). Filtration leads to a complete change of the sign of the
charged surface from positive to negative by more than 40 mV in
the case of modified MNPs and Fe;O, (Ar). However, for Fe;0,
(air), centrifugation does not change the charge. For this sample
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Fig. 6 Dose—effect relationships and zeta potentials (A) of aqueous
suspensions of MNPs after fractionation in the 24 h immobilization
assay of P. caudatum ciliates (B) and higher S. alba plants (C): a dose—
effect study. All concentrations are nominal. Mean + SD values of
triplicates.
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after filtration, it was not possible to measure the zeta potential
due to the presence of only ions in the solution (no NPs).

Fractionation affects the hydrodynamic diameter. After centri-
fugation, the diameter of nanoparticles decreases due to the
removal of large particles from the suspension by centrifugal
forces and subsequent decontamination. Filtration leads to an
increase in hydrodynamic diameter due to aggregation of the
remaining nanoparticles. From the stability point of view, frac-
tionation does not lead to a decrease in stability for APTES-
modified samples (surface charge is greater than +20). At the
same time, for Fe;0, (Ar), centrifugation causes a loss of stability
(charge of 1.3 mV). Subsequent filtration leads to in a further
decrease in surface charge and an increase in stability. The sample
is unstable both in the initial state and after centrifugation.

As for the effects of filtration on ciliates, centrifugation leads
to a decrease in inhibition in the case of MNPs prepared and
modified in an inert atmosphere (Fig. 6B). This correlates with
a change in the zeta potential: the lower the charge modulus,
the lower the toxicity, probably due to a decrease in concen-
tration and the removal of large NPs, which have a mechanical
effect on ciliates. The toxicity of Fe;O, (air) and Fe;0,-APTES
(air) does not change after centrifugation, which also correlates
with the charge of the system. Subsequent filtration only
increases the nanoparticles toxicity of all nanoparticles: for
example, the inhibition increases from 11 to 23% for Fe;0,-
APTES (Ar), which is a significant difference according to
ANOVA. This is due to the higher toxicity of iron ions, which
probably prevail in the suspension after filtration, compared to
NPs, and this correlates well with our previous studies.”

A similar study in relation to plants showed no unique trend
(Fig. 6C). Centrifugation leads to increased toxicity for air-
derived and air-modified nanoparticles, growth stimulation due
to the influence of Fe;0, (Ar), and unchanged toxicity value for
Fe;0,-APTES (Ar).

Filtration decreases in toxicity, except for Fe;O, (Ar), where
toxicity slightly rises. In general, plant toxicity remains within
biosafety margins (—20% < inhibition of root length < 20%).
There is no correlation with zeta potential due to the lower
sensitivity of this test sample.

4. Conclusions

This work show how sample preparation methods - centrifuga-
tion and filtration - affect the crystalline properties and surface
charge in the process of preparing particlulate suspensions, as
well as the toxicity of the resulting suspensions. However, the
unique self-assembly silylation processes inevitably lead to
increased heterogeneity of silica-based MPNs, thus becoming the
main barrier to obtaining homogenous samples. Here we have
compared three types of samples that have been subjected to
techniques to separate MNPs to stable
colloidal conditions. Standard centrifugation procedures do not

various

guarantee a sufficiently good solution separation of MNP parti-
cles and require additional-separation step. Depending on the
type of nanoparticles used, the optimal separation protocol to
obtain homogenous stable suspensions may combine two or
more of the techniques. Once the nanoparticle solutions have
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been fractionated, each fraction can be quantified. Thus, these
techniques not only allow fractionation of samples extract
nanoparticles with the desired physical properties, but also
enable evaluation of various nanoparticle assembly techniques to
determine which technique produces nanoparticles with the
desired physical and biological properties.

The sample preparation technique affects the surface charge
and bioactivity of silica MNPs. Therefore, when comparing the
toxicity effects of specific metal-containing systems, it is impor-
tant to take into account the sample preparation procedure is
used, as it greatly affects both the physicochemical properties of
the nanoparticles and the toxicity responses. In other words, the
toxicity response depends on the method of sample preparation.

The production of magnetite nanoparticles under ambient
conditions leads to a change in the phase composition and
oxidation of Fe;O,, while the APTES modification insignifi-
cantly oxidizes magnetite phase. Oxidation of MNPs leads to
a recharge of the surface from positive to negative according to
zeta-potential data. At the same time, the toxicity in relation to
ciliates decreases. Regardless of the MNPs type, all MNPs
suspensions demonstrate no toxicity to plants.

By exploring fractionation procedures, we have demon-
strated that it is possible to obtain a homogenous preparation
of NPs with modifiable physical and toxic properties. This work
will help to achieve more consistent results in biological
experiments and may drive the development of commercial
applications of NPs in a number of fields.
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