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Abstract: Nowadays, there is a demand in the production of nontoxic multifunctional magnetic
materials possessing both high colloidal stability in water solutions and high magnetization. In this
work, a series of water-dispersible natural humate-polyanion coated superparamagnetic magnetite
nanoparticles has been synthesized via microwave-assisted synthesis without the use of inert
atmosphere. An impact of a biocompatible humate-anion as a coating agent on the structural and
physical properties of nanoparticles has been established. The injection of humate-polyanion at
various synthesis stages leads to differences in the physical properties of the obtained nanomaterials.
Depending on the synthesis protocol, nanoparticles are characterized by improved monodispersity,
smaller crystallite and grain size (up to 8.2 nm), a shift in the point of zero charge (6.4 pH), enhanced
colloidal stability in model solutions, and enhanced magnetization (80 emu g~1).
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1. Introduction

The use of magnetic nanoparticles has been attracting a lot of interest lately, and today such
materials are used for various applications, such as toxic contaminant removal, catalysis [1-6],
electronics [7-9], and medicine. The most widely applied examples of magnetic materials are magnetite
(Fe304) and maghemite (y-Fe;O3), which are now used in medicine for diagnostics and the treatment
of oncological diseases, drug delivery, etc. [10-14].

Diverse preparation methods are used to produce magnetite/maghemite nanoparticles: thermal
decomposition of organic precursors, solvothermal and hydrothermal approach, combustion synthesis,
chemical precipitation and others [15-17]. However, the most commonly used synthesis method remains
to be the classical precipitation of Fe’* and Fe?* from water solutions by ammonia. This approach is
simple, highly efficient, and relatively fast. Nevertheless, it has several well-known disadvantages,
mainly a wide size distribution of prepared nanoparticles, and as a result, differences in the physical
properties due to the “size effect”.
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This limitation can be overcome by using nontraditional synthesis methods, especially, a microwave
approach [18-21]. It has been shown [22] that the use of microwave irradiation during the synthesis of
nanomaterials allows one to obtain nanoparticles with a narrower size distribution, to control and
adjust the shape and structure of nanomaterials, to reduce synthesis duration, and to enhance the yield
and crystallinity of the obtained nanoparticles. Currently there is no consensus about the physical
origin of specific properties of some materials obtained via microwave-assisted synthesis, nonetheless,
this approach has become a routine laboratory practice.

In order to produce monodispersed nanopowders, different species added to the reaction mixture
as stabilizing agents have been used. In the literature, a wide spectrum of stabilizers has been
reported [23] ranging from organic to inorganic, synthetic or natural compounds.

Humic substances (HSs) include a large class of natural compounds representing 50-90% of
organic substances of peat, coals, sapropel, and insentient matter of edaphic and water ecosystems.
HSs are high-molecular-weight organic compounds containing a large amount of carboxylic, carbonyl,
and hydroxyl functional groups, which are the result of the mineralization of organic matter of necrotic
organisms [24,25].

In the literature, one can find reports on using HSs as a stabilizer for nanoparticles of metals [26,27]
and oxides [28-32]. However, their use is not only limited to preventing aggregation of nanoparticles but
it is suggested that derivatives of humic acid could play a role of a functional component, for example,
in processes of water cleaning from heavy metals [33,34] and organic contaminants [35,36]. In addition,
it was shown that humates have antibacterial, antiulcer, antiallergenic, and anti-inflammatory
properties [37,38], inhibit cytokine production, and complement activation [24,39]. The selection of
humates as stabilizing agents is often determined by their strong affinity to the surface of nanoparticles,
biocompatibility (the safe daily human dose is about 1 g kg™!), and good colloidal stability in
water—salt solutions, which prevents the aggregation and sedimentation of nanoparticles in a wide
pH range [40-42]. Therefore, the polyanion can be a good candidate as a stabilizer in medicinal
applications in vivo. There are a number of works describing the adsorption behavior of humic acid
and its derivatives on iron oxides surfaces. In particular, it was concluded [43] that humic acid and its
derivatives can change the surface charge of magnetite nanoparticles depending on the concentration
of a stabilizer.

It is well known that the variability of the synthesis parameters (duration, temperature, pH,
concentration of components) influences the final nanoparticles and their physical properties. However,
the most important parameter in the preparation process is the consequence of synthetic steps.
Such steps play a crucial role when we talk about the coating process of nanoparticles. However,
we have not found any works aimed at studying the influence of an encapsulation protocol of
magnetite/maghemite nanoparticles with the humate polyanion on the physical properties of obtained
humate-coated iron oxide nanoparticles. This seems to be important, particularly in the context of
hydrophilic magnetic functional materials for biomedicine, which must possess high magnetization,
small size with a narrow distribution, high stability in blood, and high biocompatibility.

In view of the above-mentioned aspects, a series of one-pot syntheses of water-dispersible
magnetite nanoparticles coated by a biocompatible natural polyanion, potassium humate, using
conventional and microwave heating in the ambient atmosphere was accomplished in this work.
It was shown that injection of humate-polyanion at various synthesis stages leads to differences in
the physical properties of obtained nanomaterials. The combination of the microwave treatment and
in-situ stabilization process has resulted in monodisperse water-dispersible nanopowders with high
magnetization, small size with a narrow distribution, and high stability in model solutions, which can
be successfully used in the biomedical field.
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2. Materials and Methods

2.1. Materials

Iron(Il) chloride tetrahydrate (99+%), iron(Ill) chloride hexahydrate (99+%) and ammonium
hydroxide (25% solution in water), hydrochloric acid (37%), and sodium hydroxide (98%) were
purchased in Acros Organics™, Geel, Belgium. Sodium chloride (99+%), albumin from human serum
(99+%) and glucose (99.5+%) were purchased from SigmaAldrich, St. Louis, MO, USA. All chemicals
were used without further purification.

Commercially available potassium humate from leonardite (a highly oxidized variety of lignites)
(Powhumus®, Humintech GmbH, Grevenbroich, Germany) was used. Its basic properties, such as
elemental and functional group analyses, 3C NMR spectroscopy, and size exclusion chromatography
have been reported earlier elsewhere [26].

2.2. Synthesis of Samples

2.2.1. General Procedure

All the samples were precipitated from water solutions (300 mL) of FeCl,-4H,O (4.3 g) and
FeCl3-6H,0 (11.6 g) by instant addition of 25 wt% NH4OH at an increased temperature (80 °C) [44].
Since the magnetite surface is positively charged below a point of zero charge (PZCpagnetite is about
pH = 8) [45], while the humate polyanion is negatively charged in almost the entire pH range, and at
the same time, the crystallization process of magnetite phase is most favorable in the pH range of
8-14 [46,47], the syntheses were performed in the pH range of 7.5-7.7 for successful adsorption of the
polyanion onto the surface in a one-step process. When a black precipitate was obtained, a solution
was aged for 30 min at the same temperature (80 °C). After that, the obtained powder was separated
with a magnet and washed with distilled water. Finally, a wet black powder was placed in a baker for
12 hat 90 °C.

2.2.2. Synthesis of Uncoated Magnetite Nanoparticles

Uncoated magnetite samples HS-0 and MW-HS-0 were prepared by the described above procedure.
However, the synthesis of the HS-0 sample was performed by conventional heating on an oil bath
with agitation, while synthesis of the MW-HS-0 sample was carried out in a microwave oven Midea
AW925EHU (Midea Group, Beijiaozhen, China) equipped with an overhead quartz stirrer.

2.2.3. Synthesis of Humate-Coated Magnetite Nanoparticles

The samples MW-HS-1, MW-HS-2, MW-HS-3 were prepared via microwave-assisted synthesis in
a microwave oven (Midea AW925EHU) equipped with an overhead stirrer using potassium humate
(110 mg) as a capping agent preliminarily dissolved in 40 mL of distilled water also by the above
described procedure. A wide range of humic substances concentrations was used in the synthesis
of nanoparticles, which vary from 0.1 to 3.3 g L™ [28,32]. Also, there is no consensus on the ratio
of NPs/HSs, which, evidently, depends on the surface area of stabilizing materials and chemical
composition of HSs. Obviously, in a general case, the use of an increased amount of HSs leads to an
improvement of stability, but a decrease in the saturation magnetization [32]. We proceeded from a
compromise solution that allowed us to obtain stabilized nanoparticles with a high magnetization.
Thus, the mass ratio of final magnetite/potassium humate equal to 40:1 has been chosen as an optimal
ratio to obtain magnetite nanoparticles with a high magnetization, which form stable colloidal solutions.
Potassium humate injection into the reaction mixture was performed at different preparation stages as
follows: after (MW-HS-1) and before (MW-HS-2) magnetite nanoparticles precipitation, and before
iron-containing salts dissolution (MW-HS-3).
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2.3. Samples Characterization

X-ray diffraction (XRD) patterns were recorded at room temperature over the scanning range
(20) of 25.0-60.0° with a step of 0.020° and scan speed of 2° min~! using an ARL X'TRA (Thermo
Scientific, Waltham, MA, USA) powder diffractometer equipped with a Cu anode (K«; » irradiation,
Ap = 1.540562 A, A, = 1.544390 A). For all the samples, experimental peak profiles fitting, lattice
parameters calculations, and determination of the size distribution of the crystallites were performed
by the whole powder pattern modelling (WPPM) method [48,49], which is embodied in the general
nonlinear least squares fitting software PM2k [50].

The samples morphology was studied using a Hitachi HT7700 (Hitachi Ltd., Tokyo, Japan)
transmission electron microscope. Images were acquired in a bright-field TEM mode at a 100-kV
accelerating voltage. A target-oriented approach was used for the optimization of the analytical
measurements [51]. Before measurements, the samples were mounted on a 3-mm copper grid
covered with a carbon film from isopropanol suspension. Size distributions were obtained from the
measurement of at least 300 randomly selected particles per sample.

Infrared (IR) spectra were recorded for 32 scans with the resolution of 4 cm™! using an IR-Fourier-
spectrometer Nicolet iS50 (Thermo Scientific, Waltham, MA, USA) with a built-in diamond ATR.

Thermal analysis was performed by the TG-DTA method [52] using a Derivatograph-C instrument
(MOM, Budapest, Hungary). The sample (100 mg) was placed in a platinum crucible and was heated
in air from 20 to 600 °C at a heating rate 10 °C min™.

Magnetic measurements were performed using a vibrating magnetometer described elsewhere [53].
The samples (10-20 mg) were placed between two gas-permeable quartz membranes in a flow-type
quartz measuring cell of the vibrating magnetometer. The measurements were performed at an ambient
temperature (300 K). The measurement accuracy did not exceed 5%.

Nanoparticle sizes as well as values of the (-potential in obtained colloidal solutions were
determined by a dynamic light scattering (DLS) technique [54]. The measurements were performed
with a Delsa Nano C particle analyzer (Beckman Coulter, Brea, CA, USA) at a wavelength of 658 nm.
DLS measurements were performed in distillated water. In each experiment, 5 mg of the sample was
dispersed in water (10 mL) using an ultrasonic bath. The solution pH value in the range of 2-14 was
adjusted by addition of HCl and NaOH solutions. Prior to the onset of the measurements, an examined
solution was thermostated at 25 °C. Colloidal stability of synthesized nanoparticles was investigated
by densitometry with a spectrophotometer Cary 100 (Varian Inc., Middelburg, Netherlands) at the
wavelength of 600 nm for 1 h in deionized water, normal saline solution (0.9 wt.% of NaCl), and model
infusion solution consisting of albumin (100 mg L), glucose (0.5 g L™!), and NaCl (0.9 wt.%). Colloidal
solutions were prepared by dispersion of 5 mg of nanoparticles in above mentioned solutions (10 mL)
using an ultrasonic bath.

3. Results and Discussions

A positive influence of the use of microwave irradiation during the synthesis of nanoparticles,
particularly magnetite, was demonstrated earlier [55]. Nevertheless, in this work, two synthesis
approaches (conventional thermal and microwave-assisted) were performed at the same conditions
for comparison. Based on electron microscopy and x-ray diffraction data (will be discussed in the
corresponding sections later), we can conclude that the sample obtained via microwave-assisted
synthesis exhibits a higher monodispersity. This property of nanoparticles is of great importance for
their utilization in various applications, since monodisperse particles have the same relaxation time,
high heating efficiency in the external electromagnetic field [56,57]. In addition, the use of microwave
irradiation as a heating source allows one to reduce the synthesis time. For these reasons, the following
syntheses with the stabilizing agent were performed in microwave-assisted conditions (Table 1).
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Table 1. Synthesis conditions and structural properties of the samples.

Volume Weighted Lattice

Sample Slz,/[r:tl;;sés Use (gfr(::tismm Crystallite Size, Parameter g?;:a%;;f t‘:rcif
WPPM (nm) (nm) ’

HS-0 thermal not used 8.3 0.8426 93+33
MW-HS-0 microwave not used 8.6 0.8429 87+17
MW-HS-1 microwave after precipitation 8.7 0.8429 82+23
MW-HS-2  microwave before precipitation 8.8 0.8431 84+16
MW-HS-3 microwave  before salts dissolution 7.9 0.8455 94+15

3.1. Structural Analysis

In order to confirm the crystal structure of samples, crystallite and particle size, and their
distribution, X-Ray powder diffraction analysis (XRD) and Transmission Electron Microscopy study
(TEM) were performed. It is clear that XRD patterns of all samples (Figure S1) are in good agreement
with the reference crystallographic card of Fe;O,4 (PDF No. 19-0629). Peaks at 30.1, 35.4, 37.1, 43.1, 53 .4,
and 56.9° correspond to (220), (311), (222), (400), (422), and (511) crystallographic planes, respectively.
Figure 1 shows a diffraction pattern of the MW-HS-0 sample chosen as representative. It is obvious
that the samples demonstrate a high crystallinity, and there are no additional reflections, which
indicates the high sample purity. In order to obtain information on lattice parameters, crystallite size
and their distribution, the received XRD data were calculated by the WPPM method for all samples.
This approach allows one to determine not only the volume weighted crystallite size (as the Scherrer
equation does), but to calculate the weighted number.

(311)

Intensity (a.u.)

I I I I
rmwhxwmww1‘x~¢xww'w»wwm w*‘\WMMWWMmmw»mww»wwMWMMWMWWWMW

25 30 35 40 45 50 55 60
20 (degree)

Figure 1. XRD pattern of the representative MW-HS-0 sample (gray dots) with WPPM fitting (black
line); black ticks indicate reflexes of the reference pattern JCPDS No. 19-0629.

It is necessary to note that due to similar cell parameters for magnetite (amagnetite = 0.8396 nm)
and maghemite (amaghemite = 0.83515 nm), the difficulties in the sample phase differentiation appear.
However, in our case, the lattice parameters obtained with using the WPPM method do not correspond
to reference values for these oxide phases (Table 1) and are in the range of 0.8426-0.8455 nm.
This phenomenon can be explained by a complex phase composition also containing another iron oxide
phase (e.g., hematite) in a small amount on the nanoparticles surface (will be discussed in more detail
in the Section 3.2 related to FTIR spectroscopy). Additionally, an increase in the cell parameter value is
observed for the samples obtained using the humate-polyanion. Such behavior can be explained by a
change in the phase composition as well as a surface relaxation model: the use of organic coating leads
to nanoparticle surface relaxation from which the inflation of the interatomic distance takes place [58].
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The volume weighted crystallite size seems to be similar for all the samples (Table 1), however,
a slight decrease in the case of the MW-HS-3 sample is observed. In addition, WPPM offers a number
of weighted crystallite size curves, which represent a view of a lognormal distribution (Figure 2a).
Although all samples have the same volume weighted crystallite size, the size distribution curves
have noticeable differences. The samples obtained without potassium humate (HS-0, MW-HS-0) and
with post-encapsulation (MW-HS-1) show a similar mean size and standard deviation, while the
samples obtained in potassium humate solutions (MW-HS-2, MW-HS-3) demonstrate a decrease in the
crystallite size. This observation indicates that the polyanion participates in the crystal growth process
and acts as a crystal growth suppressor, probably, due to the formation of an intermediate compound.
This speculation has been confirmed by a Mossbauer study [30] where it has been shown that feroxyhyte
nanoparticles formation in the presence of a humic substance proceeds via a Fe(OH), intermediate,
which gives smaller nanoparticles. According to TEM images (Supplementary Figure S2), it is clear
that nanoparticles of all prepared samples are of a round shape and do not contain nanoparticles
of another shape, which confirms that there are no impurity phases in the samples. In Figure 2b—f,
the nanoparticle size distribution curves for all samples are shown. The size distribution in all cases
can be described by a lognormal function. Values of the average nanoparticles sizes and corresponding
standard deviations are also summarized in Table 1. The differences in the number of weighted sizes
calculated by the WPPM (Figure 2a) and obtained from TEM images (Figure 2b—f) can be explained by
the fact that nanoparticles observed on TEM images are formed by both crystalline and amorphous
phases, while an XRD profile gives an information on a crystallite component only. Therefore, the TEM
mean size is always larger than the estimate obtained from XRD.
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Figure 2. Size distribution curves of (a) crystallite size of all samples calculated by the WPPM method;
and TEM particle size distribution curves for (b) HS-0, (¢) MW-HS-0, (d) MW-HS-1, (e) MW-HS-2,

(f) MW-HS-3 samples.

One can see a clear positive influence of microwave heating on the particle size: the sample
obtained via a conventional thermal heating (HS-0) has a broader size distribution than that obtained
in microwave conditions (MW-HS-0). The use of potassium humate and its injection time also have
an impact on the nanoparticle size: in the case of the MW-HS-1 sample, humate only plays a role
of a surface stabilizer due to post-encapsulation process resulting in a decreased average size and
distribution, while in the case of the MW-HS-2 and MW-HS-3 samples, it is involved in both crystal
growth and nanoparticles surface stabilization processes, and the obtained nanoparticles seem to be
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larger, because of the increased amount of the amorphous component (see Section 3.3). However,
the growth of the nanoparticle size in these samples corresponds to coarsening of their crystallites.

3.2. Fourier Transform Infrared Spectroscopy

All samples were studied by reflectance FTIR-spectroscopy in order to study the surface
composition of magnetite nanoparticles and to confirm that the potassium humate encapsulation
was successful. In Figure 3a, attenuated total reflection IR spectra of initial potassium humate and
all prepared magnetite samples are shown. Upon closer examination of the middle infrared region
(Figure 3b), it is getting clear that the surface composition of all magnetite-containing samples is
complex. It appears that there are various iron oxide phases exhibiting Fe-O lattice vibration bands at
different wavenumbers on particles surfaces [59-61] as follows: magnetite (a shoulder at 570 cm™1),
maghemite (bands at 430, 620 cm™~! and shoulders at 685 and 725 cm_l), and hematite (bands at
480 and 540 cm™!). Also, a comparison of the recorded spectra (Figure 3a) indicates the successful
polyanion adsorption on the surface of all magnetite samples. Thus, a growth of OH-groups bands is
observed in the spectra of the MW-HS-1, MW-HS-2, and MW-HS-3 samples (a broad band with the
maximum at 3440 cm™!), and the bands at 1615 and 1415 cm™! corresponding to antisymmetric and
symmetric stretching vibrations of carboxylate ion bonded with the magnetite surface appear. These
bands correspond to the bands in the initial potassium humate spectrum with maxima at 1560 and
1370 cm™!. The shift of the band maxima in magnetite-containing samples is due to the formation of a
weaker bond of -COO™ with the amphoteric iron species on the nanoparticle surface. Also, it can be
seen that the magnetite samples obtained in the presence of potassium humate have different intensity
ratio of the bands at 1615 and 1415 cm™!. In the MW-HS-2, MW-HS-3 samples, bands at 3170 and
3030 cm~! corresponding to stretching vibrations of N-H and C-H bonds, respectively, appear. Based
on the obtained data, we can suppose that differences in the synthetic protocol lead to differences in
the chemical composition of the produced nanoparticles surface.
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Figure 3. FTIR spectra (a) in the whole scanning range and (b) in the middle infrared region of the
obtained samples and potassium humate powder.

3.3. Thermal Analysis

The results of the thermal analysis of the obtained samples (Figure 4) also confirm the increased
amount of the amorphous phase in the samples. While comparing the samples prepared without the
stabilizer (HS-0, MW-HS-0), it becomes clear that the weight loss curves behave in a similar manner:
evaporation of adsorbed water on the nanoparticles surface takes place in the temperature range of
up to 350 °C [62], and then the weight loss ceases gradually. There is a difference in the total weight
loss (2.5% and 2.8% for HS-0 and MW-HS-0, respectively), which can be associated, probably, with the
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distinction in the particle size, specific surface area, and as a result, the amount of adsorbed water on
the surface. In the case of MW-HS-1, the extended weight loss from 280 °C can be associated with
humate decomposition on the nanoparticle surface. It seems that the coating decomposition proceeds
up to exothermic phase transition followed by complete conversion of the amorphous constituent of
nanoparticles, as one can see from the TGA curves of the MW-HS-2 and MW-HS-3 samples. In the
temperature range of 280450 °C, the samples MW-HS-2 and MW-HS-3 behave different from the
MW-HS-1 sample and exhibit a convex curve that can be associated with differences in the composition
of a coating layer. As described earlier, the curves for the samples obtained using potassium humate
demonstrate a significant weight loss at the temperatures of 430-480 °C, which is due to the exothermic
Fe304 — a-Fep,O5 phase transition (a DTA curve of the MW-HS-3 sample is chosen as a representative
example) followed by the intensive decomposition of the amorphous component. As the confirmation
of the phase transition, we obtained XRD patterns of the MW-HS-3 sample calcined at 400 °C and at
600 °C (Supplementary Figure S3), which confirm the crystal structure transformation of the magnetite
into hematite. Also, there is a difference in the total weight loss of the potassium humate coated
samples, which equals to 3.9%, 5.3%, and 5.5% for MW-HS-1, MW-HS-2, and MW-HS-3, respectively.
It can be also explained by different amounts and/or composition of the adsorbed polyanion on the
nanoparticles surface. Therefore, it can be concluded that the difference in the synthetic protocol
influences the coating layer composition of nanoparticles, which results in differences in physical
properties of the obtained nanomaterials.
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Figure 4. Thermogravimetric curves for the obtained samples and a representative DTA curve of the
MW-HS-3 sample.

3.4. Magnetic Measurements

The most important requirement for nanomaterials used in medicine, wastewater treatment,
electronics is the magnetic susceptibility. Magnetic properties of inorganic nanomaterials depend not
only on the phase composition, but also on the nanoparticle size. It is well known that when nanoparticles
are reduced to a certain critical size, they become single-domain and attain superparamagnetic properties.
Superparamagnetism is a specific kind of ferromagnetism occurring when nanoparticles exhibit an
average zero residual magnetization in the absence of an external magnetic field. At room temperature,
the critical diameter for magnetite nanoparticles is about 15-20 nm [63].

For each sample, magnetization curves were recorded at room temperature in the presence
of an external magnetic field up to 6.3 kOe (Figure 5). Saturation magnetization (Mg), which is
the co-directional orientation of all magnetic moments, was calculated by the approximation of the
measured magnetization values at the strong field. The saturation magnetization of the samples
obtained in absence of potassium humate via conventional (HS-0) and microwave (MW-HS-0) heating
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has similar values, 58 and 60 emu g~!, respectively (Table 2). However, the samples obtained in the
presence of the stabilizer show different saturation magnetization values: 80, 68, and 60 emu g~ for
MW-HS-1, MW-HS-2, and MW-HS-3, respectively. This behavior cannot be explained by the size
effect, because nanoparticles of all coated samples are in the same size range. The size distributions
are also quite narrow. Moreover, the MW-HS-0 sample has the narrowest distribution. However,
this does not demonstrate high magnetization, which is similar to the uncoated sample value. It is
reasonable to assume that the key factor influencing the magnetic properties is the polyanion adsorbed
on the nanoparticle surface. There are studies describing the magnetic properties of magnetite coated
with humate, their results show that in comparison with unstabilized nanoparticles, samples with a
stabilizer have a lower magnetization value in the range of 50-60 emu g~! [64,65]. In these works,
the weakening of magnetic properties is associated with a decrease in the mass fraction of the magnetic
component in the composite. We have found the opposite effect as a result of the synthesis of the
MW-HS-1, MW-HS-2 samples. Thereby, when using the natural polyanion as a stabilizer, a noticeable
increase in the magnetization of the sample is observed. When comparing the results of our study and
of the previously described studies, we can conclude that such a difference in Mg with similar average
sizes of nanoparticles is observed due to the difference in mass fractions of the organic compound
adsorbed on the surface of the nanoparticles. Thus, in the above studies, the mass fraction of the
natural polyanion reaches 10%, which leads to a noticeable decrease in the magnetization per unit mass.
However, the MW-HS-1 sample, which represents magnetite nanoparticles with a mass fraction of
organic stabilizer not exceeding 1 wt.% (according to TGA measurements), shows a noticeable increase
in saturation magnetization, which corresponds to 80 emu g™!. This unusual behavior is primarily
due to the interaction of the functional groups of the polyanion with iron atoms on the surface of the
nanoparticles. The most probable assumption is the interaction of the carboxy group with surface
iron atoms, as was shown earlier when using another capping agent, including oleic acid [66-69].
It is surprising that, in order to achieve improved magnetic and colloidal (will be considered later)
properties, it is not necessary to stabilize the entire surface of nanoparticles, but it is sufficient to stabilize
only the most active metal atoms to achieve a Fe-O bond length on the surface of the nanoparticle
comparable with the bond length in the bulk [70]. This hypothesis is confirmed by the fact that with
an increase in the mass fraction of adsorbed polyanion on the surface of nanoparticles, a noticeable
decrease in their magnetic properties is observed (samples MW-HS-2, MW-HS-3 with a content of
organic component on the surface of nanoparticles of 2.5 and 2.6 wt.%, respectively). Thus, we can
say that the selection of the optimal amount of a stabilizer and the capping method of the surface of
magnetic materials, in particular magnetite, plays a tremendous role in its magnetic properties.
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Figure 5. Magnetization curves of the prepared samples (inset shows a low-field region of magnetization
curves to identify the coercivity and retained magnetization).
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Table 2. Magnetic and colloidal properties of the obtained samples.

Saturation Magnetization  Point of Zero Charge = Average Hydrodynamic Diameter
Sample

(emu g1) (pH) (nm)
HS-0 58 8.33 +£0.04 35.7 £12.0
MW-HS-0 60 8.41 +0.17 523 +17.2
MW-HS-1 80 6.44 + 0.11 130.7 + 36.7
MW-HS-2 68 7.18 + 0.36 41.5+135
MW-HS-3 60 9.44 + 0.44 349 +11.5

All samples show an extremally low coercive field (below 15 Oe) and magnetic remanence (smaller
than 2 emu g~!), which indicates their superparamagnetic character.

3.5. Colloid Properties

The use of nanoparticles in the field of medicine imposes additional limitations on the properties of
nanoparticles associated primarily with properties of their surfaces. Uncoated magnetite nanoparticles
show a high stability in solutions with high and low pH values [71]. However, their use for in vivo
application necessitates surface stabilization for a number of reasons: enhancing of biocompatibility,
protection of the magnetic core from oxidation, reduction of interaction with nonspecific cells,
enhancement of colloidal stability in the region of neutral solutions, and changing of surface
charge [12,72]. The (-potential is considered to be a key factor influencing the colloid stability.
Colloid solutions with a high {-potential are electrically stabilized, while low (-potential solutions are
inclined to coagulate and flocculate.

Figure 6 shows the (-potentials of all samples in water solutions in a wide pH range. It is clearly
seen that the samples obtained without the stabilizer (HS-0 and MW-HS-0) have almost the same
potential behavior and the point of zero charge (PZC) at pH 8.3, which confirms the same surface
composition (Table 2). This fact correlates well with the results of IR spectroscopy and TG study.
The obtained pH value of PZC is slightly different from the value (pH 7.9 + 0.1) measured by another
research group [45]. Quite interesting results are obtained for humate coated magnetite nanoparticles.
The post-encapsulation (MW-HS-1 sample) results in a PZC shift to a pH of 6.4. Moreover, an increase
in the inflection of the potential curve is observed, which leads to a high stability of the colloid
(¢ =-43mV) even at pH 6.9. The change in the sequence of potassium humate injection to the reaction
mixture also affects the stability of nanoparticles in solution. Thus, in the MW-HS-2 and MW-HS-3
samples, the PZC shifts toward high pH values of 7.2 and 9.4, respectively. Also, the change in the nature
of the inflection of the potential curve takes place. By comparing the results with thermogravimetric
data, one can assume that the amount of adsorbed polyanion leads to a change in the properties of the
colloid. Also, one of the reasons for the PZC shift of the colloid solutions of MW-HS-2 and MW-HS-3
samples may be a change in the phase composition of the surface oxide layer of the nanoparticles,
namely, the formation of a larger amount of hematite, which has a PZC at higher pH values than
magnetite [73]. This is confirmed by a change in the unit cell parameters from 0.8429 to 0.8455 nm
for the MW-HS-1 and MW-HS-3 samples, respectively (see Section 3.1), as well as by the results of
IR-spectroscopy (see Section 3.2). Thus, it can be concluded that, for medical purposes, particularly for
in vivo administration, the post-encapsulation is more favorable because of the high stability of the
colloid at pH values typical for blood (pH ~7.3-7.4).

Supplementary Figure S4 presents the distribution curves of the hydrodynamic size of
nanoparticles; the mean size and deviation for all the samples are given in Table 2. The highest
hydrodynamic size of 130.7 + 36.7 nm is found for the MW-HS-1 sample. The samples obtained with
the stabilizer have significantly smaller sizes of 41.5 + 13.5 and 34.9 + 11.5 nm for the MW-HS-2 and
MW-HS-3 samples, respectively. Such a behavior can be explained by the fact that during nanoparticles
dispersion, freshy distilled water is acidified by CO, from the air to pH of 6.5. At this pH, the stability of
the MW-HS-1 colloid is very low, which results in an agglomeration of nanoparticles [74]. The samples
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MW-HS-2 and MW-HS-3 have PZC at higher pH, resulting in a decrease in the hydrodynamic diameter.
It is not difficult to see that nanoparticles obtained without encapsulation show a similar hydrodynamic
size with the MW-HS-3 sample, and their values are equal to 35.7 + 12.0 and 52.3 + 17.2 nm for the
HS-0 and MW-HS-0 samples, respectively.

60+
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10, . ® o MW-HS-0
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—~ 201 v v MW-HS-2
z +  MW-HS3
= 0
k=
bS]
&-2(% .
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-40
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2 3 4 5 6 7 8 9 10 11 12 13 14
pH

Figure 6. (-potentials of all samples in water solutions in a wide pH range.

In order to evaluate colloidal stability of the synthesized magnetic nanoparticles, the stability tests
in water, normal saline and model infusion solutions were performed (Figure 7). It is evident that the
medium has an influence on the colloidal stability of magnetic iron oxide nanoparticles. In general,
the behavior of the synthesized nanoparticles corresponds to conventional trends. Thus, nanoparticles,
dispersed in water demonstrate a moderate stability (excluding the MW-HS-2 sample) and complete
sedimentation occurs for 24 h. Samples dispersed in the normal saline show a much lower stability
due to increased ionic strength and they coagulate several hours afterwards. However, in the case
of the model infusion solution, which consisted of NaCl, albumin, and glucose, most of the samples
(HS-0, MW-HS-2, and MW-HS-3) have high colloidal stability, at least by seven days. In combination
with excellent magnetic properties, these samples are excellent candidates for biomedical applications.
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Figure 7. Optical density changes at the wavelength 600 nm for the iron oxide colloids in: (a) deionized
water; (b) normal saline solution; (c¢) model infusion solution.

3.6. Summary

It can be concluded that the use of microwave irradiation as the heating source in the preparation
process has an impact on the size of nanoparticles, which can be associated with a more uniform
heating of the entire mixture and completeness of the crystallization of an amorphous phase. Samples
obtained without the stabilizer at conventional thermal heating and microwave conditions have the
same weighted crystallite size but differ from each other as TEM measurements show. On the other
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hand, properties of the samples obtained by both methods do not differ significantly as indicated by
the results of other analyses, in particular, thermogravimetric analysis, which can be explained by the
same ratios of crystalline and amorphous phases in the samples.

Also, it was shown that potassium humate used as a stabilizer has significant impact on the
structural and physical properties of the obtained nanoparticles. In particular, it leads to a decrease
of the crystallite size, while at the same time, increasing particle size and a narrower particle size
distribution are observed. It appears that pre-synthesis dissolution of potassium humate seems to
change the reaction mechanism, which proceeds through the formation of an intermediate, resulting
in the decreased crystallite size and increased monodispersity of the obtained samples. Surface
stabilization results in the enhanced stability of magnetite nanoparticles in water solutions at blood
pH values with the point of zero charge of 6.4. The value of PZC can be shifted up to pH 9.4 by
variation in the synthetic protocol. Additionally, changing the stabilization protocol allows one to
obtain highly stable nanoparticles (samples MW-HS-2 and MW-HS-3) in model infusion solutions
(for at least one week), which can be used in medical purposes. Moreover, it was also shown that the
humate polyanion has an impact on the magnetic properties of the magnetite nanoparticles: a variation
in the synthetic protocol changes the saturation magnetization of the samples from 60 to 80 emu g~!. So,
the post-synthesis capped magnetite sample (MW-HS-1) shows the highest saturation magnetization
value (80 emu g~!), which is close to the bulk magnetite. However, the MW-HS-3 sample obtained
from a solution with preliminarily dissolved potassium humate demonstrates a magnetization value
which is similar to that for uncapped samples.

4. Conclusions

Thus, a series of monodisperse magnetite nanoparticles coated with a hydrophilic humate
polyanion was successfully synthesized by a facile microwave-assisted method without using an inert
atmosphere. Additionally, we synthesized two samples without coating by both conventional heating
and a microwave-assisted approach. It was shown that microwave heating results in more uniform
nanoparticles. Also, we established that the coating protocol significantly changes the properties of
nanopowders. The obtained samples are superparamagnetic with enhanced saturation magnetization
and are highly stable in model infusion solutions, which makes them good candidates for biomedical
in-vivo applications, for instance, for drug delivery purposes, hyperthermia, etc. The obtained findings
are helpful for materials scientists who are in search of choosing an appropriate strategy and synthesis
conditions of hydrophilic magnetic nanoparticles with specific physical properties.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/10/8/1558/s1,
Figure S1: XRD patterns of the samples (gray dots) with WPPM fitting (black line); black ticks indicate reflexes of
the reference pattern JCPDS No. 19-0629. Figure S2: TEM images of prepared samples: (a) HS 0, (b) MW HS 0,
(c) MW HS 1, (d) MW HS 2, () MW HS 3. Figure S3: XRD patterns of the MW-HS-3 sample calcined at 400 °C
corresponding to a magnetite phase (PDF No. 19-0629) and at 600 °C corresponding to a hematite phase (PDF No.
33-0664). Figure S4: Distribution curves of hydrodynamic diameter of obtained samples in water solutions.
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