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Abstract: Despite high medical and biological potential, the penetration of iron oxide nanoparticles
(NPs) into a human body can cause their dissolution with subsequent accumulation of highly toxic
iron compounds. The paper describes the agglomeration and dissolution behavior of differently sized
a-Fe,O; NPs in the simplest biological solutions. The average sizes of the initial NPs according to
the BET analysis are 12, 32, and 115 nm. Within 30-60 min exposure, the particle size and
concentration of iron released into the solutions increases in the suspensions, accompanied by an
intensive change of NPs surface charge. After an hour of exposure, the colloidal properties do not
change significantly, although the dissolution degree ambiguously fluctuates. It has been shown that
the agglomeration of the particles in the simplest pulmonary fluid is lower than in the simplest sweat
fluid, compared to the dissolution degree, which is much higher in the pulmonary fluid than in the
sweat. The colloidal stability of suspensions reduces with a decrease of NPs’ size, e.g., the average
size of particles is 315, 289, and 248 nm, while zeta potential is 2, 9, and 17 mV, respectively for 12,
32, and 115 nm NPs in 3-hour suspensions. It has been found that 24 h dissolution degree of a-Fe,O;
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NPs reaches 2.3% and 0.4%, respectively, in the simplest pulmonary and sweat fluids. The
mechanism of dissolution of hematite NPs in the slightly acidic and acidic mediums is proposed.

Keywords: iron oxide nanoparticles; agglomeration; dissolution; simplest sweat fluid; simplest
pulmonary fluid

1. Introduction

Iron oxide nanoparticles (NPs) have found wide application in medicine [1] and
biotechnology [2,3], and their intensive production [4] creates the conditions for NPs penetration into
the human body. NPs can partially dissolve and undergo agglomeration in biological media. These
effects were found even for NPs of chemically inert y-Al,O; [5]. Despite high medical and biological
potential, the penetration of iron oxide NPs into the human body can cause their dissolution with
subsequent accumulation of highly toxic iron compounds. Therefore, the dissolution and
agglomeration of iron-containing NPs in biological fluids are of great issue.

The agglomeration of iron oxide NPs is actively studied in the literature [6—8]. However, little
attention is paid to the solubility of iron-containing NPs in aqueous solutions [9] compared to
colloidal particles y-FeOOH [10], oxalate-coated a-Fe,Os [11], a-FeOOH [12], and freshly formed
amorphous ferric oxides [13]. The lack of data on the behavior of iron oxide NPs in biological media
does not allow the prediction of the degree of accumulation of iron-contained products in the human
body.

The purpose of the paper is to show how the dispersion medium and the size of NPs affect the
solubility and colloidal properties of iron oxide NPs in the simplest biological solutions.

2. Materials and methods

In the experiments, three engineered hematite NPs with an average surface particle size of 12,
32 nm (Nanografi Co. Ltd., Turkey), and 115 nm (Advanced Powder Technologies LLC, Russia),
accordingly marked as Fe;03-12, Fe,03-32, and Fe,O3-115 were used. The morphology of the NPs
was studied by a transmission electron microscopy (TEM, Jeol JEM-1400 microscope, Jeol, Japan,
NUST “MISiS”, resolution up to 0.24 nm, accelerating voltage 120 kV, copper grids with an
amorphous carbon substrate) and a scanning electron microscopy (SEM, Vega 3 SBN, Tescan, Czech
Republic, NUST “MISiS”, resolution up to 8 nm, accelerating voltage 30 kV, without spraying any
conductive coating). The TEM and SEM images were processed by the pallet method (at least 100
particles and 40 aggregates for each sample were measured) to find a particle size distribution and
the average particle size. The specific surface area of the NPs was measured by the method of
low-temperature nitrogen adsorption (SorbiPrep, Meta, Russia, TPU Center for Sharing Use
“Nanomaterials and Nanotechnologies™). The average surface particle size was calculated from the
specific surface measurement data. It was assumed that the particles had a spherical shape [14]. The
phase composition was determined by an X-ray phase analysis (XRD, diffractometer 70008S,
Shimadzu, Japan, TPU Center for Sharing Use “Nanomaterials and Nanotechnologies”, Tomsk,
CuKj irradiation, voltage 40 kV, the current flowing through the tube 30 mA, the speed of the meter
was 1.5 degrees/min in the range from 10 to 120 degrees).
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The suspensions of the 100 mg/L concentration of NPs were prepared on the base of the
simplest pulmonary fluid (SPF, pH = 3.0 £ 0.2, 20 wt% CsHsO7, China) and the simplest sweat fluid
(SSF, pH = 6.5 + 0.2, 0.9 wt% NaCl, Grotex LLC, Russia), water solutions mimicking respiratory
and skin penetration into the human body [15,16]. The NPs concentration was chosen based on the
preliminary study to receive reproducible results of the colloidal study [17]. We used the composition
of SPF instead of pulmonary fluid [15] since the degree of nickel NPs dissolution in SPF and in
pulmonary fluid reached the same values [18]. The solutions were prepared in distilled water
(pH = 6.5 £+ 0.6, conductivity 0.2 uS/cm, aqua distillator DE-4 TZMOI, Tyumen Medico, Russia).
The weighing was carried out on a scale ALC-210D4 (Acculab, Germany, £0.0001 g).

The suspensions were aged for 24 h at 25 + 2 °C with periodic 5 min sonication (ultrasonic bath
GRAD 28-35, Grade Technology, Russia, power 100 W). The aliquot of 1 mL was periodically taken
for colloidal study and 15 mL was centrifuged in a conical closed tube (Centrifuge 5702, Eppendorf,
Germany, 4400 rpm, 15 min). The supernatant was carefully poured off the tube, acidified by
adding 0.5 mL of 1 M HNOs, and stored for not more than 72 h. The concentration of iron ions in the
supernatant was determined by the change in the light transmission coefficient (T, %) in a colored
solution of iron sulfosalicylate (spectrophotometer PD-303 Apel, Japan, 430 nm, cylindrical glass
bulb with a diameter of 12 mm). The calibration graph was plotted in the range of iron ion
concentrations C = 2-10 mg/L (T, % = 96.02 — 3.2C). The dissolution rate was estimated as the
amount of dissolved iron from the powder sample (a, %). The experiment was repeated 3 times.

The colloidal properties of particles (particle size distribution and zeta potential) of suspensions
were studied using the method of dynamic light scattering in a U-shaped polystyrene cuvette at 25 °C
(Zeta sizer Nano ZS laser analyzer, Malvern, USA, NUST “MISIS”, He-Ne laser, 4 mW, 633 nm).
The obtained quantitative particle size distribution was used to calculate the average particle size

(day).
3. Results

According to the XRD data, the Fe;O3-12 and Fe;03-32 NPs were observed to have hematite
structure (a-Fe,O3) with peaks appearing at 24.2, 33.2; 35.7, 41, and 50 degrees and corresponded to
lattice planes indexes (012), (104), (110), (113) and (024), respectively [19]. The Fe,O3-115 sample
mainly consisted of hematite with residual amounts of Fe;O4 (at 45 (400) and 69 (620) [20]) and Fe
(at 62 (214) and 64 (300) [21] (Figure 1).
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Figure 1. XRD spectra of the particles.
According to TEM and SEM data, the particles were agglomerated (Table 1) and mostly bound
by inter-particle (coagulation, not phase) interaction (Figure 2). Fe;O3-12 NPs exhibit needle-like

morphology (Figure 2a), while bigger NPs have a near-spherical shape (Figure 2b,c).

Table 1. Dispersion and morphology of the studied powders.

Sample BET TEM and SEM
Specific surface area/Average  Size distribution/average particle Shape
particle size (aggregates) size
Fe,05-12  93.5m%/g/12.2 nm 10-119/49.6 nm Needle like
(64.6-257.7/126 nm)
Fe,05-32 35.3m% g/32.4 nm 11.42-57.2/25.6 nm Near spherical
(426-770/570 nm)
Fe,05-115 9.8 m%/g/114.5 nm 94-492/271 nm

(0.9-6.5 W2.5 ym)

Figure 2. Morphology of (a) Fe,03-12, (b) Fe203-32 and (c) Fe,O3-115 particles.

It was shown that in the selected media, NPs underwent severe agglomeration, which intensified
within an hour regardless of the particle size and medium composition (Figure 3) and was
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accompanied by the change of the surface charge (Figure 4). After that, the agglomeration reduced,
followed by some kind of equilibrium. For example, the average size (d,,) of Fe,03-32 agglomerates
exposed to the SPF medium for 0.5, 1, 3, and 24 h was 256, 290, 290, and 290 nm, respectively
(Figure 3a). Meanwhile, the rate of establishing equilibrium on the surface of the particles was
higher in SSF compared to SPF medium: for instance, the rates of charge change (A&-change of
charge between adjacent measurements) for Fe,O3-115 during 3 h were 27 and 36% in SPF (Figure 4a)
and SSF media (Figure 4b), respectively. Apparently, the adsorption-desorption processes occurred at
the interface of the phases in line with the active dissolution of the surface layer. At further exposure,
an equilibrium state was attained on the surface, since the zeta potential of NPs fluctuated within +1%

(Figure 4).
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Figure 3. Changes of the average size of aggregates (d,,, nm) in (a) SPF and (b) SSF media.
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Figure 4. Change of zeta potential of NPs in (a) SPF and (b) SSF media.

It was also observed that the particles were positively charged in SPF at the equilibrium state
(=3 h), while all particles in the SSF except Fe,O3-12 had a negative charge. For example, in 3 h zeta
potential of Fe,03-32 was +9 and —2 mV in SPF (Figure 4a) and SSF (Figure 4b), respectively. In
general, more stable suspensions are formed in the SPF. The more positive charge at lower pH is
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proved with DLS measurements of differently sized hematite suspensions (0.5 g/L) in 25 mM NaCl
equilibrated for several hours prior to analysis: at pH = 6.5, 8, and 40 nm, NPs had zeta potential
of —8 and —26 mV, respectively, while at pH = 3 both particles had of +30 mV zeta potential [22].

It was shown that smaller particles had lower colloidal stability in suspensions. For example, in
SPF the equilibrium zeta potential was +2, +9, and +18 mV for the particles with a size of 12, 32,
and 115 nm, respectively (Figure 4a). At the same time, the degree of particle agglomeration in fresh
(<3 h) suspensions increased in both media with a decrease in the particle size. For example, the d,,,
value was 253, 222, and 166 nm in 15 min SPF solutions for particles with sizes of 12, 32, and 115 nm,
respectively (Figure 3a).

Our results about weakening aggregation in acidified medium (SPF, pH = 3) are agreed with the
data obtained on a-Fe,O; particles with a size of <50 nm. With the decreasing pH from 6 to 3, the
average particle size went down from 611 to 318 nm, and zeta potential increased from +5 to +35 mV
in water [14], while hydrodynamic diameter (zeta potential) of 40 nm a-Fe,O; NPs was ~1500
(=35 mV) and ~750 (+30 mV) in 25 mM NacCl, respectively at the pH of 3 and 7 [22].

For bigger Fe,O; particles (<200 nm) pH reduction from 6 to 3 caused the growth of
electrophoretic mobility from 3.0 to 3.5 and the size decreased from ~2.3 pm to ~200 nm in water [6].
The charge of both, pristine Fe;O4 (51 nm) and citric acid coated Fe;O4 particles (58 nm) increased
at the pH of 3 compared to 6 [8].

The dissolution study showed that all Fe;O; NPs dissolved in selected solutions: the degree of
dissolution (a)) reached 1.5% after 15 min (Figure 5). However, the graphs of dissolution degree did
not exhibit incremental behavior within 24 h. The curves may be conditionally divided into three
stages. Stage 1 is characterized by a rapid increase in the iron concentration in a supernatant. The
maximum degree of particle dissolution (0max) is reached in 30 min in SPF (Figure 5a) and after 1 h
in SSF (Figure 5b). It can be seen that the dissolution degree in all media for particles with a
size <100 nm is greater than for bigger particles: for instance, in SSF oax values are 0.68 and 0.33%
for Fe;0;-32 and Fe,O;-115 particles, respectively (Figure 5b). After reaching the maximum
(between 15 and 60 min), the iron content in the supernatant may stay constant (Figure 5a) or
decrease (Figure 5b), and a brown precipitate was visually observed mainly in SSF at the stage 2. It
was probably iron hydroxide having limited solubility in an aqueous solution. At stage 3, the
concentration of iron ions did not change in SSF, although in SPF it increased: a.x values were 0.59,
0.31, and 0.23%, respectively, for particles with the size of 12, 32, and 115 nm (Figure 5a).

In general, Fe,O; particles dissolved better in SPF: for example, the dissolution degree of
Fe;03-12 NPs after 1 h exposure was 1.29 and 0.78% in SPF and SSF, respectively. A decade ago, it
was concluded that reduction of hematite by 10 mM ascorbic acid yielded enhanced rates of Fe(Il)
production in 25 mM NaCl suspensions of 8 nm a-Fe,O3; NPs relative to 40 nm NPs: from pH 2 to 6,
reductive dissolution of 8 nm hematite was between 3.3 and 6.5 times faster than 40 nm hematite on
the basis of mass [22].

We see that Fe,O; particles dissolve worse than pure 45 nm Fe;O4 particles in phosphate-buffered
saline after 24 h exposure, where Fe release percentages were between 7 and 12% [23].

AIMS Materials Science Volume 9, Issue 4, 642-652.
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Figure 5. Kinetics of changes in the dissolution degree (a, %) of the particles in (a) SPF and (b) SSF.

Different kinetics of particles dissolution at stage 2 of the dissolution curve in SPF (o did not
change for Fe,0s3-12 and Fe,0;-115, while it decreased for the Fe,0;-32, Figure 5a) may indicate
different dissolution mechanisms. The dissolution of heavy metal oxides may include oxidation or
hydrolysis with the formation of hydroxides [24]. The oxidation of iron with an oxidation state of +3
in Fe;O; oxide by O, molecules is considered not to be thermodynamically possible. Therefore, we
will consider the hydrolysis reaction according to the Eqs 1 and 2:

Fe, O3 + 3H,0 — ZFG(OH)3, AGagg = 51 kJ/mol (])

Fe,O3 + 3H,0 — 2Fe’ + 60H ", AGaos =518 kJ/mol )

The change in AG at 25 °C will be 51 and 518 kJ/mol for the Eqs 1 and 2, respectively [25].
Therefore, it is more likely that the reaction proceeds according to Eq 1. According to the calculated
value (AG > 0) the Eq 1 cannot proceed at normal conditions. However, it can be assumed that the
excess surface energy, so-called “stored energy” (~100 kJ/mol [26]), can be achieved on the surface
of particles with a size <100 nm, which may be sufficient to create a barrier.

Fe(OH); formed by the Eq 1 has a very low solubility (solubility limit = 6.3 x 107* [27]) and
should precipitate and, therefore, it would be separated during centrifugation. However, before the
formation of the precipitate, the hydroxide is likely to participate via ion exchange after a short time
in the solutions: indeed, FeCit is formed in SPF, while FeCls is arisen in SSF prior to giving
complexes of [FeCits]>” and [FeCls]>". The precipitation of iron hydroxide was observed visually on
the particles at the stage 2 of the dissolution curve (Figure 5). Therefore, the concentration of iron
ions in SSF solution did not change after 3 h of holding bigger particles. Nevertheless, available
theories cannot explain the accumulated experimental data on the dissolution of iron oxides currently.
According to the kinetic and electrochemical regularities of dissolution [28], the process of iron
oxide dissolution is determined by the concentration of hydrogen ions and a potential jump that
occurs at the oxide/electrolyte interface. The potential of oxide electrodes in slightly acidic media
(SSF with pH = 6.5) is determined by the Eq 3:

MeO, + 2xH" + 2(x-0.5z)e = Me" + xH,0 3)

AIMS Materials Science Volume 9, Issue 4, 642-652.
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The reaction for acidic media (SPF with pH = 3):
Me, i L+te=Me+L 4)

where Me—metal, e—electron, MeO—metal oxide, and L—acid anion.

In terms of probability, the accumulation of metal compounds in a body is stipulated by both the
penetration of metal-containing particles into the body [29] as well as their subsequent dissolution in
the physiological environment [16]. For example, particles with the size of 12, 32, and 115 nm can
enter the alveolar region of the lungs (SPF) with a degree (probability P;) of 50, 43, and 7%,
respectively [30], while, the degree of their dissolution (probability P,) in SPF (after 24 h) is 2.1, 1.4,
and 2.3% (Figure 5a). Imagining that NPs penetration into the medium occurs prior to their
dissolution, we get that the potential accumulation degree of iron compounds when penetrating with
breathing P, P, maybe 1.05, 0.60, and 0.16%, respectively, for 12, 32, and 115 nm NPs. Thus, the
degree of accumulation of iron compounds is obvious to increase with a decrease in inhaled Fe,Os
NPs size.

4. Conclusions

This work demonstrated the agglomeration and dissolution behavior of three engineered
a-Fe,O3; nanoparticles with an average surface particle size of 12, 32, and 115 nm in two
physiological solutions—the simplest sweat and pulmonary fluids. Within 60 min exposure, the
particle size and concentration of iron released increased in the suspensions, accompanied by an
intensive change of the surface charge. After an hour, the colloidal properties did not change
significantly, although the degree of dissolution ambiguously fluctuated.

It was shown that the agglomeration of the particles in the simplest pulmonary fluid was lower
than in the simplest sweat fluid, compared to the degree of dissolution, which was much higher in the
pulmonary fluid than in the sweat. In the simplest pulmonary fluid the colloidal stability of
suspensions reduced with a decrease in size of NPs, e.g., the average size of particles was 315, 289,
248 nm, while zeta potential was 2, 9, and 17 mV, respectively for 12, 32, and 115 nm NPs in 3 h
suspensions. It was found that 24 h dissolution degree of a-Fe,Os; NPs reached 2.33% and 0.41% in
the simplest pulmonary and sweat fluids, respectively.

It was assumed that the degree of accumulation of iron compounds increased with the decrease
of inhaled Fe,O3 NPs size. The mechanism of dissolution of hematite NPs in the slightly acidic and
acidic mediums is proposed.
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