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Superparamagnetic iron oxide nanoparticles (SPIONs) have attracted the particular interest of scientists from various dis-
ciplines since their obtaining to the present day. The physicochemical and pharmacokinetic properties of SPIONs-containing
magnetic nanofluids, and their applicability in biomedicine, largely depend on the stability of the colloidal system, particle size,
size distribution, net magnetic moment, phase composition, and type and properties of stabilizers. Also, in some cases, when
using magnetic nanoparticles for biomedical purposes, it is necessary that the stabilizing ligands of nanoparticles should not
significantly change the magnetic properties. From this point of view, the preparation of stable colloidal systems containing bare
iron oxide nanoparticles (BIONs) in water at physiological pH attracts particular attention and becomes increasingly popular in
scientific circles. This study is focused on the development of the synthesis of aqueous suspensions of SPIONs stabilized with
various organic molecules (oleic acid [OA] and poly(ethylene glycol) monooleate - with molecular weights 460 and 860) using
a modified controlled chemical coprecipitation reaction, as well as stable nanofluids containing BIONs in an aqueous medium
at neutral pH (near-physiological). The obtained samples were characterized using X-ray diffraction (XRD), Fourier Transform
Infrared Spectroscopy, small-angle x-ray scattering (SAXS), dynamic light scattering (DLS), electrophoretic light scattering
(ELS), and Vibrating Sample Magnetometry.
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1. Introduction entational phase transitions, complex hydrodynam-
ics, and thermal characteristics, as investigated by
numerical calculations by Abdi et al. [3], as well
as strong changes in their physical properties in
moderate magnetic fields, demonstrated by Szalai
and Dietrich, who calculated in mean field approx-
imation the phase transitions and phase behavior of
confined dipolar fluids [4].

Nanocomposite materials based on superpara-
magnetic iron oxide nanoparticles (SPIONs), in
particular the magnetic nanofluids, represent a spe-
cial category of smart nanomaterials that open
up promising prospects both for the scientific-
technical applications, as described in the review
paper by Vekas [1], as well as biomedical fields,
especially in the area of diagnostic and therapeutic
applications, as reported in the review by Genchi
et al. [2]. The specific research interest in suspen-
sions of magnetic nanoparticles in appropriate car-
rier liquids is due to the variety of properties of
these nanocomposites — such as structural and ori-

The physicochemical and pharmacokinetic
properties of ferromagnetic nanofluids, as well as
their application for biomedical purposes, largely
depend on the stability of the colloidal system, par-
ticle size, size distributions, net magnetic moment,
crystal structure, phase composition, and type and
_ properties of stabilizers (surfactants); these aspects
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Liang and co-workers [5]. Magnetic nanoparticles
should have specific complex properties when used
in biomedical applications. Thus, they should pos-
sess biocompatibility, and the ability to not aggre-
gate and sediment in aqueous media [5].

The nature of ligands covering the surface of
nanoparticles is an important factor determining
their colloidal stability or toxic effect in biosys-
tems. The selection of suitable surface ligands
for specific nanoparticles, taking into account the
properties of the dispersion medium, not only en-
sures sedimentation and aggregative stability of the
colloid but also can impart lyophilic or lyopho-
bic characteristics and chemical functionality to
nanoparticles. To achieve this, the ligand molecules
must be bonded to the surface of the nanoparti-
cles through some kind of attractive interaction, for
example, chemisorption, electrostatic attraction, or
hydrophobic interaction. In a recent review, Walter
et al. summarized the various methods of iron oxide
nanoparticle functionalization that can make them
suitable for in-vivo biomedical applications [6].

Therefore, for the efficient use of nanoparti-
cles, strategies for attaching various types of lig-
ands to the surface of nanoparticles are developed.
The choice of the suitable ligands is crucial to sat-
isfactorily address conditions such as the disper-
sion medium, the ion concentration, and the nature
of the interaction, which can cause the dissocia-
tion of nanoparticles. Das et al. studied nanoparti-
cles capped with single layers and bilayers formed
by oleate, polyethylene glycol ligands, and their
combinations, and revealed good stability and non-
toxicity of the bilayer capped particles. However,
the dissociation of the bilayer may have left open
the hydrophobic oleate layer, causing increased
toxicity to the cells [7].

Among the pathways for obtaining water-
soluble functionalized iron oxide nanoparticles
(IONPs) is their modification with biocompatible
organic molecules. This approach is advantageous
since both electrostatic and steric stabilization are
jointly involved in sedimentation and aggregate sta-
bility of the colloidal system, while providing bio-
compatible coating functions for subsequent con-
jugation with various biomolecules. The advan-
tage of electrostatic stabilization over polymeric

(steric) stabilization is reversibility from the ag-
gregated state by dilution. Such an approach has
been used by De Sousa et al., using citrate-coated
magnetite for magnetic hyperthermia [8]. However,
the coating of the iron oxide surface with large
organic molecules affects their hydrodynamic be-
havior. Therefore, it is important to note the ef-
fects arising from synthesizing IONPs by chemical
coprecipitation and modifying their surface with
small organic molecules with a high ability to de-
protonate, which leads to electrosteric stabiliza-
tion [8].

To obtain a stable colloid of IONPs, long-chain
hydrocarbons containing coordination groups such
as Ci1gH340, — oleic acid (OA) are often used [8].
When the surface of IONPs is modified with OA
molecules, they form hydrophobic monolayers [1,
8]. Such single surfactant layer-covered IONPs
can be easily dispersed in a non-polar dispersion
medium, as done for example in the study by
Vekas [1]. However, for biological use, complete
dispersion of IONPs in an aqueous medium is re-
quired. Subject to the appropriate conditions in
the synthesis/modification of magnetic IONPs, it
is possible to obtain a bilayer oleic coating around
nanoparticles that are well dispersed in water, and
the coating conditions can be optimized for achiev-
ing an optimum colloidal stability, as shown by Lai
et al. [9], who modified the amount of loaded OA in
the double-shell coated nanoparticles in basic aque-
ous medium.

Depending on the requirements for individ-
ual parameters (toxicity, stability, etc.) it is some-
times necessary to completely or partially replace
these secondary layers [7, 10]. For this, it is con-
venient to additionally modify IONPs with am-
phiphilic molecules, such as polyethylene glycol
derivatives (PEG-derivatives) — in particular, with
poly(ethylene) glycol monooleate (PEGMO) [11,
12]. This approach is justified, especially for tar-
geted drug delivery, since drug-carrier nanopar-
ticles modified with PEG-derivatives and hav-
ing functional groups exhibit the best desir-
able properties [13]. In addition, the hydropho-
bic PEGMO chain can hydrophobically interact
with OA molecules, thus forming a secondary layer
on the surface of magnetic nanoparticles modified
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with OA, and the hydrophilic head of the molecule
enters the dispersed medium, making the particle
dispersible in water [11].

As mentioned above, surface modification is a
necessity due to the propensity of IONPs to ag-
glomerate in an aqueous dispersion medium. It
serves to achieve colloidal stability over the long
term. However, coating the surface of magnetic
nanoparticles with different materials has both pos-
itive and negative sides. In particular, modification
of the surface of IONPs with organic and inorganic
molecules often leads to physicochemical lability
and changes in magnetic properties (a decrease in
the average magnetic moment due to the presence
of a diamagnetic membrane), and sometimes even
to a decrease in the stability of the colloid. In ad-
dition, the modification of magnetic nanoparticles
using various types of molecules is a complex and
laborious process associated with additional costs,
while the hydrodynamic sizes of nanoparticles in
the dispersion medium increase. Many issues con-
cerning the surface functionalization for applica-
tions in biomedicine and environment remediation
have been discussed in a recent review by Magro
and Vianello [14]. In some cases, when using mag-
netic nanoparticles for biomedical purposes (mag-
netic hyperthermia, bioseparation, MRI diagnos-
tics, etc.), it is necessary that the stabilizing ligands
of nanoparticles should not significantly change the
magnetic properties. From this point of view, the
preparation of stable colloidal systems containing
bare iron oxide nanoparticles (BIONs) in water at
physiological pH attracts particular attention and
becomes increasingly popular in scientific circles
with the prospect of their application in bionan-
otechnology. This direction has been less studied
due to the novelty of the issue; Therefore, the dis-
covery of new properties of pristine iron oxide sur-
faces and the production of colloidal liquids based
on them, stable in physiological pH, is of particular
importance [14, 15].

The present study aims to obtain water-based
nanofluids containing double-layer functionalized
(OA and PEGMO) SPIONSs using a modified con-
trolled chemical coprecipitation reaction (with a se-
lection of optimal synthesis conditions), as well as
stable nanofluids containing BIONs in an aqueous

medium at near-physiological pH. Comprehensive
experimental studies of the physical characteris-
tics (magnetization, size, size distribution, crystal
structure, phase composition) of the obtained ma-
terials were carried out.

2. Materials and methods

2.1. Materials and reagents

All analytical reagents required for the syn-
thesis were used without further purification.
For the synthesis of magnetic nanofluids con-
taining BIONSs, as well as nanoparticles coated
with organic molecules (OA, poly(ethylene gly-
col) monooleate average Mn ~ 460 — PEGMO¢,
poly(ethylene glycol) monooleate average Mn ~
860 — PEGMOgs)) we used: iron (III) chlo-
ride hexahydrate (FeCl3-6H,0) (> 98% — Sigma-
Aldrich, Germany), iron (II) sulfate heptahydrate
(FeSO4-7H,0) (> 99% - Carl Roth Gmbh +
Co. KG, Germany), solution of ammonium hy-
droxide (NH4OH) (> 25% — Carl Roth Gmbh +
Co. KG - Germany), OA (technical grade, 90%
Sigma-Aldrich — Germany), PEGMOye (Sigma-
Aldrich, Germany), PEGMOgg( (Sigma-Aldrich —
Germany). The distilled water was used during the
whole process of synthesis.

2.2. Preparation of magnetic nanofluids
containing SPIONs

Water-based magnetic nanofluids containing
bare IONPs as well as OA-coated IONPs, and sub-
sequently modified by PEGMO (OA-SPIONs, OA-
PEGMO-SPION), were obtained by modifying a
standard chemical coprecipitation procedure, and
by performing the controlled coprecipitation in a
reactor under a low-vacuum environment (1 kPa).
The vacuum environment was used to prevent the
undesired oxidation of divalent iron ions (Fe?™).

Two independent syntheses were performed in
the present study: magnetic nanofluids contain-
ing bare IONPs at close to physiological pH were
obtained in Synthesis 1, while in Synthesis 2,
IONPs were coated with OA and modified by OA—
PEGMO46p and OA-PEGMOggo. Both syntheses
are described in detail below.
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2.2.1. Synthesis 1 (Synthesis of magnetic
nanofluids containing BIONs)

The whole synthesis process can be divided into
the following stages:

Stage I — Synthesis of a ferromagnetic fluid contain-
ing BIONs:

In the chemical reactor 0.044 mol of
FeCl;-6H,O was dissolved in distilled water
at 45°C, in a vacuum environment and stirred by
a magnetic stirrer for 30 min. At the same time,
0.024 mol FeSO4-7H,0O was dissolved in distilled
water at 45°C, in a vacuum environment with
mechanical stirring for 30 min. Also, separately
26 mL of 25% ammonium hydroxide (NH4OH)
was dissolved in 66 mL distilled water with mag-
netic stirring at 40°C for 30 min. After complete
dissolution, 0.2 molar aqueous solution of iron
(III) chloride was added to 0.2 molar aqueous
solution of iron (II) sulfide in the chemical reactor
by peristaltic pump. The mixture of iron salts
was stirred with a mechanical stirrer (750 rpm)
for 10 min at 45°C, in a vacuum environment,
followed by the addition of 0.2 molar ammonium
hydroxide through a peristaltic pump resulting in a
black colloidal solution that was further stirred for
an additional 40 min (750 rpm, 45°C).

Stage Il — washing, ultrasonic processing of the
synthesized magnetic fluid:

The resulting black precipitate was washed with
distilled water by decantation on a permanent mag-
net to remove residuals after reaction (ammonium
chloride and sulfate) until the pH reached ~7. Af-
ter washing, the black precipitate was filled with
distilled water up to 450 mL and ultrasonicated for
5 min.

After that, the entire fluid was divided into two
parts: one part was dried in a vacuum evapora-
tor to obtain powder samples (for X-ray diffrac-
tion (XRD) and Fourier-transform infrared spec-
troscopy (FTIR) measurements), and another part
was stored in a liquid form (for vibrating-sample
magnetometer (VSM), Dynamic Light Scattering
(DLS)/Electrophoretic Light Scattering (ELS), and
Small-angle X-ray scattering (SAXS)). These sam-
ples were labeled as BIONSs.

2.2.2. Synthesis 2 (Synthesis of magnetic
nanofluids modified with PEGMO4 and
PEGMOg¢0)

In synthesis 2, BIONs was stabilized by OA
during the synthesis in the same chemical reactor
(like Synthesis 1) after precipitation and then ad-
ditionally modified immediately (without washing)
with PEGMOyey and PEGMOggq by ultrasonica-
tion. Synthesis was performed as follows:

First, 0.0218 moles of FeCl3-6H,0 and 0.0114
moles of FeSO4-7H,O (Fe*t/Fe*™ = 1.9) were
separately dissolved in distilled water (218.28 mL
and 114.8 mL, respectively) at 45°C, in a vac-
uum environment, with constant mechanical stir-
ring at 450 rpm for 10 min. Then these liquids were
mixed for 15 min in a chemical reactor at 750 rpm.
13 mL of 25% ammonium hydroxide NH4OH was
added dropwise using a peristaltic pump (rate: =
1.05 mL/min). After ammonium hydroxide addi-
tion, stirring was continued at the same temperature
and speed for 30 min in the vacuum.

After this, the stirring speed was reduced, and
0.41 mL (365 mg) of OA was added dropwise
through a peristaltic pump. At the same time, the
temperature was gradually increased to 60°C while
the stirring was continued for 30 min; after that, the
temperature control was turned off and the stirring
went on for 90 min until the fluid cooled down to
room temperature.

After the sonication of obtained nanofluid (pro-
cessing time 30 min, power 100 W), a small part
of the OA-stabilized magnetic colloid was removed
for FTIR and XRD measurements and the rest was
divided into two parts: one part for the stabilization
by PEGMOy4¢) and the second part for PEGMOggq
using sonication. In both cases, 243 mg of the
corresponding PEG-monooleate was dissolved into
5 mL of distilled water and added dropwise to the
OA-stabilized colloid by the peristaltic pump dur-
ing 10 min.

These obtained samples were washed by de-
cantation on a permanent magnet until pH 7.8 was
reached. The samples were named as: PEGMO440-
OA-SPIONs, PEGMOg4p-OA-SPION, and OA-
SPIONS.
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2.3. Characterization techniques

2.3.1. DLS and ELS

The hydrodynamic measurements, including
the { potential, were carried out using a Litesizer
500 particle analyzer (Anton Paar, Austria). The
instrument had the following specifications: mea-
suring range of nanoparticle sizes: from 0.3 nm
to 10 um; Zeta potential measurement range:
+600 mV; angle of measurement 15°; and pH
range from 2 to 12. A semiconductor laser (40 mW,
658 nm) was used as the light source.

2.3.2. XRD

The dry powders of the Bare-Fe;Oqy
(BIONs), OA-SPIONs, PEGMO460-OA-SPIONS,
PEGMOgg)-OA-SPIONs were measured using a
DRON 3M X-ray diffractometer, operating with
Fe Ko radiation (A = 1.937283 A) filtered by a
manganese foil, at the voltage of 35 kV and current
of 15 mA. The scanning speed was 2 degree/min.

2.3.3. VSM

Magnetization curves of magnetic fluids of
the samples BIONs, OA-SPIONs, PEGMO4p-OA-
SPIONs, and PEGMOggy-OA-SPIONs were mea-
sured on a Vibrating Sample Magnetometer (Cryo-
genic Limited, UK) at room temperature under
an applied field up to 3 Tesla. Vibrator ran at
21 Hz and 2 mm peak to peak amplitude. 0.15 mL
of nanofluids with magnetic nanoparticles (with a
solid phase concentration of 0.66 g/100 mL) were
placed in special containers.

234. FTIR

The FTIR spectroscopy studies were done us-
ing an Agilent Cary 670 instrument on powder
samples BIONs, OA-SPIONs, PEGMOy44p-OA-
SPIONs, and PEGMOgg)-OA-SPIONs. The sam-
ples were mixed with KBr to form pellets, and the
measurements were carried out in the air. FTIR
spectra of a liquid form of pure OA, PEGMOy¢0,
and PEGMOg¢, were measured on a Thermo Sci-
entific™ Nicolet™ iS™ 5 FT-IR spectrometer
(Thermo Fisher Scientific, USA).

2.3.5. SAXS

SAXS measurements were carried out using
the instrument SAXSpoint 2.0 (Anton Paar, Aus-
tria). Using Cu Ko radiation and a hybrid photon-
counting 2D EIGER R series detector, it became
possible to cover a g-range of 0.05-5.7 nm~! with
g-resolution §q < 0.003 nm~!. The measurements
were carried out on samples in solution at room
temperature using quartz capillaries of 1 mm in di-
ameter.

3. Results and discussion

3.1. ELS and DLS measurement

An effective indicator of the stability of a col-
loidal dispersion is Zeta-potential, the parameter
associated with the surface charge of particles sus-
pended in a dispersion medium [6, 16]. The exper-
imental data for ELS and DLS study are collected
in Table 1, while Figure 1 shows the distribution of
the size and Zeta-potential of the synthesized sam-
ples.

As can be seen from Figure 1, the { potential of
the magnetic nanofluid containing BIONs at pH =
7.0 is positive and its average value is 21 mV, al-
though most scientific literature indicates that the
zero-point charge (ZPC) for magnetite (Fe3Oy4) in
the water dispersion medium is in the region of 6.5,
and the isoelectric point (IEP) is observed at pH ~
6-6.8. Therefore, magnetite particles in an aqueous
dispersion medium are losing stability and floccu-
lated near this point due to the low density of the
surface charge [17-19].

Thus, with an increase in pH above the IEP, the
potential of bare magnetite in an aqueous dispersed
medium turns negative due to deprotonation, and
vice versa, at a low pH, the total charge is posi-
tive [6, 19].

However, in our case, bare magnetite-
containing magnetic fluid near pH 7.0 does
not have a low zeta potential and, accordingly,
does not aggregate even for several months, which
indicates its electrostatic stabilization. We believe
that this is due to the following reason: as is known,
magnetite nanoparticles exhibit amphoteric surface
activity and are capable of forming charges on their
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Fig. 1. The Zeta-potential and size distribution of particle agglomerates in the synthesized samples. BIONSs, bare
iron oxide nanoparticles; OA, oleic acid; PEGMO, poly(ethylene) glycol monooleate; SPIONs, superpara-

magnetic iron oxide nanoparticles.

Table 1. ELS and DLS Experimental results of samples.

Samples Measurement Mean value of Hydrodynamic Polydispersity
temperature °C potential (mV) diameter (nm) index (%)
BIONs 20 21.7 225 20.6
OA-SPIONSs 20 —24.2 182 22.0
PEGMOg4p-OA-SPIONs 20 —23.3 101 19.5
PEGMO44)-OA-SPIONs 20 —34.5 110 23.2

BION:S, bare iron oxide nanoparticles; DLS, dynamic light scattering; ELS, electrophoretic light scat-
tering; OA, oleic acid; PEGMO, poly(ethylene) glycol monooleate; SPIONs, superparamagnetic iron

oxide nanoparticles.
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Fig. 2. Schematic representation of charges on the sur-
face of magnetite nanoparticles as a function of
pH. ZPC, zero-point charge.

surface by protonation of Fe — OH reaction centers
(Fe—OH +H' Fe —OH;r ) and deprotonation (Fe —
OH Fe — O~ + H™). These reactions on the surface
can be interpreted as the specific adsorption of H™
and OH™ ions on the interface of water — solid
IONP (see Figure 2) [20].

Accordingly, depending on the pH of aque-

ous solution, magnetite has a positive or negative
charged surface. In addition to pH value, the ionic
strength of the dispersion medium (the presence of
multivalent cations in the dispersion medium) also
affects the ¢ potential [17].

In our opinion, such a high value of the zeta po-
tential (22 mV) in the pH ~ 7 region is associ-
ated with the adsorption of divalent/trivalent iron
ions (possibly divalent ions are turned to trivalent
ions) remaining in the aqueous solution after the
synthesis of nanoparticles. This results from the
stoichiometry of the reaction mixture, since the ra-
tio Fet3/Fe™2 = 1.84. The surface-bonded ions in-
crease the ionic strength and the magnitude of the
zeta potential.

A similar mechanism was suggested by
Sun et al. [21]. They studied natural and syn-
thetic magnetite of different compositions in aque-
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Fig. 3. Schematic depiction of the stabilization of Fe3;O4 nanoparticles in water. OA, oleic acid; PEGMO,
poly(ethylene) glycol monooleate; SPION, superparamagnetic iron oxide nanoparticles.

ous suspension, and found that in the presence of
Fet? or Fe*? cations, specific adsorption on the
surface of magnetite nanoparticles, even in very
small quantities, strongly affects the magnitude of
the zeta potential.

Thus, a positive zeta potential with a magnitude
of 22 mV in the region of pH = (6.5-7.0) leads to
the sedimentation stability of nanofluid containing
bare magnetite nanoparticles and indicates effec-
tive electrostatic stabilization, which also affected
the hydrodynamic size of magnetite nanoparticles
in a dispersion medium.

As for the samples OA-SPIONs, PEGMOy¢0-
OA-SPIONs, and PEGMOgs)-OA-SPIONS, their
{-potential is —24.2, —23.3, and —34.5 mV, re-
spectively (Figure 1). As described above in Syn-
thesis 2, a magnetic nanofluid containing IONPs
stabilized with OA was first prepared and then
modified with PEG monooleate (PEGMOy¢pand
PEGMOgg, respectively). Indeed, it is known that
OA has a polar head of the carboxyl group and
a non-polar hydrocarbon tail (Figure 3). It is also
known that carboxylate anions coordinate on the
surface of magnetite, preferably around iron atoms,
with both carboxylate oxygen atoms (COO). Thus,
the polar head is attached to the magnetite sur-
face, and the nonpolar tail extends into dispersion
medium; therefore, such single-layer coated mag-
netite nanoparticles are hydrophobic and well dis-
persible in organic solvents [22, 23]. In order for
the OA coated magnetite nanoparticles to become
hydrophilic, they must form a second shell. Such a

shell is formed from free OA molecules (present
in a disperse medium) by van der Waals forces.
They coordinate with the hydrophobic tails around
the first oleate layer so that the carboxyl head re-
mains in the water phase, forming a hydrophilic bi-
layer around the nanoparticles (Figure 3). Thus, the
coating of nanoparticles with OA molecules should
lead to negative zeta potentials [24].

Apparently, in our case, the samples were com-
pletely coated with OA double shells. Thus, during
the process of modifying magnetic nanofluid with
PEGMO molecules, oleic molecules were replaced
by PEG monooleate molecules in the outer layer,
thereby completely encapsulating the nuclei of the
magnetite NP with the formation of a two-layer
hydrophilic shell, which leads to an electrostatic
and steric stabilization (see Figure 3). This mecha-
nism has also been confirmed by IR spectroscopy,
as further explained below. The high zeta potential
of these samples provides high colloidal stability
of the colloidal system. The hydrodynamic dimen-
sions of the samples are 101.5 nm and 108.9 nm,
respectively.

3.2. XRD results

XRD patterns of the samples are shown in Fig-
ure 4. All diffraction patterns show the same char-
acteristic reflections of the cubic crystal structure
of the spinel: (220), (311), (400), (422), (511),
(440), (533), (642), (731) (JCPDS No. 019-0629),
at near to the following angles 20 (Cu Ka): 30, 35,
43,53, 57, 63,74, 87, 90, respectively.



338

Jano Markhulia et al.

(@)

12
000 —— BIONs (Fe;0,); ——— OA-SPIONs
—_ —— PEGMO,,;,-04-SPIONs; PEGMOyg;,-OA-SPION|
= 10000 - = 3
= iy
= ) i
S 800018 -F g adFooa o
N 8| § 8§z @2 92
= = I g2 b T
~. 6000+
-
- p—
= W’Mmmﬁwrﬁmmmmmm
S 4000
N
=
= 20004 g
0 7
T T T T

30 40 50 60 70 80 90 100 110 120 130
20 [Degrees]

(b)
—— 04-SPIONs
PEGMO,,-OA-SPION|

12000

—— BIONs (Fe,0,);
—— PEGMO,;,-0A4-SPIONs;

10000 4

(311)

8000 +

220)

(
(400)
(422)
(533)
(642)
(731)

(440)

(511)

6000 +

4000

Intensity [arb.unit]

2000 4

04
25 30 35 40 45 50 55 60 65 70 75 80 85 90 95
20 [Degrees]

Fig. 4. Diffractograms of synthesized specimens taken with Fe Ko anode (A = 1.937283 A) (a), the same diffrac-
tograms converted to Cu Ka radiation (A = 1.54178 A) (b). BIONS, bare iron oxide nanoparticles; OA,
oleic acid; PEGMO, poly(ethylene) glycol monooleate; SPIONS, superparamagnetic iron oxide nanoparti-

cles.

Table 2. Average crystallite size of the samples calculated by Scherrer formula.

Sample Average sioze of crystallite estimated by XRD (Fe Ko;  Crystalline lglttice
A =1.937A) (nm) parameter (A)
BIONs 20.0 8.3755
OA-SPIONSs 21.8 8.3755
PEGMO,460—OA-SPIONs 21.0 8.3725
PEGMOg—OA-SPIONs  23.1 8.3725

BIONS, bare iron oxide nanoparticles; OA, oleic acid; PEGMO, poly(ethylene) glycol monooleate;
SPIONS, superparamagnetic iron oxide nanoparticles; XRD, X-ray diffraction.

It is known that magnetite and maghemite have
the inverse spinel structure, and the difference be-
tween their permanent lattices is small. The lattice
constant of magnetite, depending on the stoichiom-
etry during the synthesis, as well as on the temper-
ature treatment, varies between 8.348 and 8.396,
while for maghemite it is 8.33-8.336 A [21]. The
lattice parameters of the synthesized samples cor-
respond to the magnetite parameters (FezOq4) (Ta-
ble 2). The absence of other interference maxima
indicates that the sample does not contain crys-
talline impurities. In addition, the dark black color
and strong magnetic properties of dried powders
of magnetic fluids are a hallmark of magnetite, in
comparison with other iron oxides.

When the crystallite size of the sample does not
exceed 150 nm, the width of the peak of XRD of

the powders is inversely proportional to the size of
the crystals. In this case, it is possible to calculate
the effective crystallite sizes, which are close to the
size of the nanoparticles. We calculated the effec-
tive dimensions of the crystalline grains using the
Scherrer equation:

KA
D=
BcosO

where D — average crystallite size; K — a dimen-
sionless shape factor (Scherrer’s constant), taken as
0.95 for spherical shape; A — the X-ray wavelength
(A (Fe Kax) = 1.937283 A; 6 — diffraction angle
(Bragg angle); and 8 — the line broadening at half
the maximum intensity (FWHM) (in radians, and in
20 units — A (20)). The calculated crystallite sizes
are shown in Table 2.
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3.3. SAXS measurement

The average size distribution of the particle ag-
glomerates in the synthesized samples obtained by
SAXS measurements is shown below. Data pro-
cessing and modeling from the SAXS curve were
performed as in our previous work, in which we
prepared magnetite nanoparticles coated with folic
acid using pulsed electrohydraulic discharges, in an
automated chemical reactor [25].

It should be noted that the radiation scattering
methods, in contrast to transmission electron mi-
croscopy, provide information on the size distri-
bution of nanoparticles throughout the whole sam-
ple, and not for several hundred nanoparticles typ-
ically observed in TEM images. Thus, the results
obtained by this method are integral characteristics
and apply to the entire sample.

In order to get information about scattering
of the particles only, extraction from scatter data
was performed using the program Primus 3.3 [26].
Analysis of SAXS data such as radius of gyra-
tion (Rg) was carried out via Guinier fit; calcula-
tion of inverse Fourier transformations (IFTs) via
GNOM was performed by a GUI based, open-
source Python program BioXTAS RAW 2.0.3 [27].
Ab-initio shape determination by simulated an-
nealing using a bead model was performed us-
ing DAMMIN [28]. These software packages have
been developed by Svergun and co-workers at the
European Molecular Biology Laboratory (EMBL)
Group [26, 28].

The size distributions were calculated by the
Monte Carlo regression package in McSAS soft-
ware [29].

Figure 5 shows the scattering data in Guinier
representation (In I against q?) for evaluating ra-
dius of gyration, Rg (Figure 6). Deviation from the
linear behavior can indicate aggregation or a large
polydispersity of the scattering particles.

Model parameter distributions in absolute vol-
ume fraction from the scattering data with rea-
sonable uncertainty estimates were performed with
software McSAS (Figure 7). The following param-
eter values were used: lower and upper q cut-off:
0.05-3.9 nm ™!, respectively; the number of repeti-
tions: 10; model: sphere; and distribution of sphere
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Fig. 5. Guinier plots for evaluating radius of gyration

Rg for the colloid dispersions (the fitting of
the reference model (red line) to experimental
SAXS data (grey, blue, green). BIONS, bare iron
oxide nanoparticles; OA, oleic acid; PEGMO,
poly(ethylene) glycol monooleate; SPIONS, su-
perparamagnetic iron oxide nanoparticles.
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Fig. 6. McSAS fitting for evaluating size distribu-
tion and pair-distance distribution function p(r)
obtained by GNOM. BIONs, bare iron ox-
ide nanoparticles; OA, oleic acid; PEGMO,
poly(ethylene) glycol monooleate; SPIONS, su-
perparamagnetic iron oxide nanoparticles.

radii: between 1 nm and 60 nm. The red dashed line
indicates the minimum level required for each bin
to contribute in a measurable amount to the scatter-
ing pattern (i.e., the sensitivity limit).

The obtained distributions are nearly similar for
all the samples, with some variations in the radius
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Fig. 7. Particle size distributions obtained using McSAS. BIONSs, bare iron oxide nanoparticles; OA, oleic acid;
PEGMO, poly(ethylene) glycol monooleate; SPIONSs, superparamagnetic iron oxide nanoparticles.

Table 3. Nanoparticles average size obtained by SAXS measurement.

Sample Average radius of nanoparticles obtained by SAXS (nm)
BIONs 14.6
OA-SPIONs 15.8
PEGMO4690—-OA-SPIONs 14.0
PEGMOgg—OA—-SPIONs 15.5

BION:S, bare iron oxide nanoparticles; OA, oleic acid; PEGMO, poly(ethylene) glycol monooleate;
SAXS, small-angle X-ray scattering; SPIONs, superparamagnetic iron oxide nanoparticles.

460 860

BIONs OA-SPIONs PEGMO, -OA-SPIONs PEGMO, -OA-SPIONs

°

Fig. 8. Ab initio SAXS models of bare, OA-SPIONs, PEGMOQy40-OA-SPIONs, and PEGMOggp-OA-SPIONSs
nanoparticles constructed using DAMMIN. OA, oleic acid; PEGMO, poly(ethylene) glycol monooleate;
SAXS, small-angle X-ray scattering; SPIONs, superparamagnetic iron oxide nanoparticles.
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range of 1-20 nm, and most of the particles have
radii 6-10 nm, which is in good agreement with
the single-particle or crystallite size obtained from
the XRD data. The average size of particles and
agglomerates, obtained by SAXS measurement, is
shown in Table 3.

Using the output data of GNOM, we performed
an ab-initio shape determination by simulated an-
nealing using a single-phase dummy atom model
(DAMMIN). The program restores ab-initio low-
resolution shape of randomly oriented particles
in solution (Figure 8). The reconstructed particle
shapes resemble aggregates of nearly spherical par-
ticles.

3.4. Magnetometry measurements

Figure 9 shows the magnetization curves of
the synthesized samples BIONs, OA-SPIONG,
PEGMOQ46p-OA-SPIONs, and PEGMOgg-OA-
SPIONs. As can be seen from the graph, no
hysteresis loop was detected on the magnetization
curves, which indicates that the ferromagnetic
nanofluid contains single domain nanoparti-
cles that exhibit superparamagnetism at room
temperature.

In Figure 9, it is seen that for all samples at
small values of the external magnetic field H,,

—— BIONs

—— PEGMO,;,-0A-SPIONs

—— 04-SPIONS
PEGMO,,;-OA-SPIONs

Magnetization, M [emu/g]

Magnetic field [T]

Fig. 9. Magnetization curves of synthesized samples
at a temperature of 300 K. BIONs, bare iron
oxide nanoparticles; OA, oleic acid; PEGMO,
poly(ethylene) glycol monooleate; SPIONSs, su-
perparamagnetic iron oxide nanoparticles.

the magnetization increases rapidly with increas-
ing magnetic field, reaching saturation at H, =~
0.5 T. The shape of the M(H) curves follow the
Langevin magnetization behavior of superparam-
agnetic particles, as commonly observed for mag-
netite nanoparticles suspended in aqueous [30] and
in oily [31] media.

The saturation magnetization of the samples is
given in Table 4. As expected, the BIONs sample
has the highest value (= 64 emu/g), while the sam-
ples modified with OA and PEG monooleate have
lower saturation magnetization values.

It should be noted that the saturation magnetiza-
tion value for the BIONS is less than the magneti-
zation characteristic for bulk magnetite phase (M
= 88 emu/g) [32]. The decrease in the saturation
magnetization of the BIONs compared to the bulk
phase can be explained by the surface effect, the so-
called core-shell model of the magnetite nanoparti-
cles. Indeed, a decrease in the size of nanoparti-
cles sharply increases the number of atoms on the
surface. The surface atoms have lower coordination
numbers than intra-volume atoms, which leads to a
violation of the lattice symmetry on the surface of
nanoparticles, as well as to a violation of exchange
bonds between surface spins, which in turn leads
to spin disorder and, subsequently, to a general de-
crease in magnetism [33].

It is known that the effect of organic residues
on the surface of nanoparticles contribute to the be-
havior of surface spins. This process can be inter-
preted as the effect of surface pinning. In fact, the

Table 4. Saturation magnetization of the samples.

Samples Saturation
magnetization
M; (emu/g)

BIONS (Fe3z0y4) 64.6 (H, =1.07T)

OA-SPIONs 51.1(H,=1.07T)

PEGMOy60-OA-SPIONs 39.0 (H, =1.00T)
PEGMOgg-OA-SPIONs 489 (H,=1.07T)
BIONS, bare iron oxide nanoparticles; OA, oleic
acid; PEGMO, poly(ethylene) glycol monooleate;
SPIONSs, superparamagnetic iron oxide nanoparti-
cles.
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field created by the ligand environment can cause
the very strong pinning of magnetic moments on
metallic ions in the surface layer, thereby affecting
the magnetic properties [34].

Thus, compared to the BION sample, a de-
crease in the saturation magnetization of the sam-
ples modified with OA and PEG monooleate in-
dicates that the magnetic nanoparticles are coated
with organic molecules.

3.5. Analysis of FTIR spectra of the syn-
thesized samples

In the FTIR spectrum of BIONS, a characteris-
tic peak of magnetite is observed in the range 550—
630 cm™'; in our case, a peak at 580 cm ™! indicates
the presence of magnetite with a face-centered, re-
verse spinel structure, which was also confirmed
by X-ray analysis. In this range, the absorption
band is due to vibrations of the Fe — O bonds in
the tetrahedral and octahedral positions. The vibra-
tional bands at 3,431 cm~! and 1,630 cm™!, corre-
sponding to stretching (transverse) vibrations and
O-H bending vibrations, are due to OH groups (co-
ordinated on the surface of magnetite nanoparti-
cles) and water molecules on unsaturated surface
iron atoms [35].

The FTIR spectra of powder samples OA-
SPIONs, PEGMO46)—OA-SPIONs, PEGMOgg)—
OA-SPIONs, and pure OA, PEGMOuq,
PEGMOgg, in liquid form, are also presented
in Figure 10.

In the FTIR spectrum in the range of 3,500-
2,800 cm~!, for all three powder samples, a wide
absorption band was observed due to stretching vi-
brations of O—H bonds both in the carboxyl group
(in the OA molecule) and in the hydroxyl group
(coordinated around magnetite nanoparticles). In
addition, the main peaks characteristic of pure OA
was observed in the spectrum of the OA-SPIONs
sample (Figure 10). In particular, the sharp peak
(with low intensity) at 3,004 cm™!, on which the
band of stretching vibrations of O-H bonds is su-
perimposed, is due to stretching vibrations of the
C-H bond in the vinyl fragment [36], and peaks
at 2,924 cm™', 2,855 cm™', and 1,459 cm™! are
caused by stretching (both symmetric and asym-

metric) and deformation vibrations of (= CHj-)
bonds in the hydrophobic molecular chain of OA,
respectively.

The average peak in intensity at 1,540 cm™! is

due to the symmetric stretching vibration of the
carbon group [-COO-]. The sharp intense peak
in the spectrum of pure OA at 1,707 cm™! is as-
sociated with the C=0 stretching vibration of the
carbonyl group of OA molecules. This peak for
the OA-SPIONs sample is shifted toward high
wavenumbers (high energies) at 1,747 cm™!, which
clearly indicates that free OA molecules in the
double layer around magnetite nanoparticles are
connected by physical (hydrophobic) bonds with
oleate molecules (primary layer) chemisorbed on
the surface of IONPs (Figure 10).

This opinion is supported by the fact that, in
contrast to the FTIR spectrum of pure OA, other
peaks are also shifted in the spectrum of the OA-
SPIONs sample; in particular, the absorption band
at 1,289 cm™!, which corresponds to stretching vi-
brations bond C-O, is shifted to the position of
1,240 cm~!, and the peak at 935 cm~! caused by
the angular deformation of the bond (—-CH,-) is
shifted by 894 cm™!, respectively [37].

The above discussion of the existence of free
OA molecules on a double layer around mag-
netite nanoparticles is confirmed by the fact that
on the FTIR spectra of samples PEGMO460—OA—
SPIONs and PEGMOgg—OA—-SPIONSs, character-
istic absorption bands of physically bounded OA
molecules completely disappeared or significantly
decreased.

In addition, there is a shift or the appear-
ance of new bands. In particular, in the FTIR
spectra of samples PEGMO45)—OA—-SPIONs and
PEGMOg34—OA—SPIONS, broad absorption bands
appeared with an extremum at 3,140-3,141 cm™".
This is most likely due to the superposition of
the stretching vibrations of the OH group of
pure magnetite and PEG monooleate molecules
in this spectral band (characteristic bands of pure
PEGMOy40,430 at 3,447/3,474 cm™!, respectively).
The absorption bands at 2,924 cm~! and 2,855
cm~ ! are shifted to 2,922 cm~! and 2,852 cm ™!,

respectively.



Stable aqueous dispersions of functionalized superparamagnetic iron oxide nanoparticles

343

300+

Pure PEGM Oy,

2504
200
1504

1004

Transmittance [arb.unit]

N
W[ Teer2
A 1289\ 722
504 wia\ o7 ‘1458:\
g N
e 2921
: : : . . .
3500 3000 2500 2000 1500 1000 500

Wavenumber [cm'l]

Fig. 10.

704 PMOAgy-OA-SPIONs; —— PMOA ,5iz OA-SPIONSs
OA-SPIONs; BIONs. \[\ A
60 1708} {
3140 e 15351109 o
50 \ ( k2339 el
gl W4l 562
wl 2922 Shss 2561 2
,m |
|

3432 31441
30+

204

Transmittance [%]

3500 3000 2500 2000 1500 1000 500

Wavenumber [cm'l]

FTIR spectra of pure OA, PEGMOy¢p, and PEGMOgg in liquid form (left); FTIR spectra of BIONS,

PEGy460-OA-SPIONSs, and PEGgg-OA-SPIONs samples (right). BIONs, bare iron oxide nanoparti-
cles; FTIR, fourier-transform infrared spectroscopy; OA, oleic acid; PEGMO, poly(ethylene) glycol
monooleate; SPIONSs, superparamagnetic iron oxide nanoparticles.

The displacement of the peaks is likely due to
the physical interaction of PEG-monooleate with
oleate molecules in the bilayer around magnetite
nanoparticles.

In addition, a strong absorption band (at
1,117/1,099 cm™!) and a characteristic absorption
band at 1,735/1,734 cm™! in the spectrum of pure
PEGMOy¢0 /860 (Figure 3), caused by the stretch-
ing vibration of the PEG ether group and by C
= O stretching vibration [13], respectively, with
small shifts at 1,109/1,108 cm~! and 1,739/1,736

m~!, appear in both FTIR spectra of PEGMO-
OA-SPION samples, respectively.

It should also be noted that when OA is
chemisorbed on the surface of magnetite nanopar-
ticles in the form of a carboxylate, COO- gives ab-
sorption band of C = O vibration at 1,635 cm™!
[38], which is observed for both samples. Thus,
in the IR spectra of samples PEGMOy5 — OA-
SPION and PEGMOggs, — OA-SPION, the slight
shift of peaks of OA molecules and new peaks
at 3,140/3,141, 1,636 cm~! indicate chemisorbed
oleate molecules on the surface of Fe3O4 nanopar-
ticles.

4. Conclusions

In this study, we successfully synthesized mag-
netic nanofluids based on bare, OA, and PEG-

monooleate modified magnetite nanoparticles by
modification of the standard co-precipitation syn-
thesis procedure in an automated chemical reactor.

The obtained water-based magnetic nanoflu-
ids (near physiological pH) containing bare mag-
netite nanoparticles retain sedimentation stability
for months due to electrostatic stabilization. Such
magnetic nanofluids can be used for biomedical
purposes requiring high saturated magnetism and
neutral aqueous pH.

Because of their good water solubility, biocom-
patibility, and the presence of functional groups,
the obtained magnetic nanofluids modified with
PEG derivatives (PEGMO) can be further func-
tionalized with biomolecules or drugs and used in
biomedicine.
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