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Abstract. The present study focuses on the rheological properties of polyethylene glycol (PEG) modified, positively
charged, and negatively charged superparamagnetic iron oxide nanoparticles (SPIONs) at different temperatures. We
hypothesized that the surface properties of these nanoparticles in the water did not affect their rheological properties.
These nanoparticles had not the same surface properties as SPIONs-PEG had not to charge on their surface whereas
positively charged and negatively charged ones with amine and carboxyl groups as their surfaces had positive and
negative surface charges, respectively. However, their rheological behaviors were not different from each other. The
comparative rheological study of SPIONs revealed their pseudo-Newtonian behavior. The viscosity of SPIONs
decreased with the increase in temperature. At low shear rates, the shear stress of SPIONs was independent of rate and
increased with the increase of rate. Moreover, at high shear rates, the shear stress for PEG-SPIONs was more than those
for positively charged and negatively charged SPIONs. These measurements also revealed that at high shear rates, the
shear stress of samples decreased with the increase of temperature. The shear stress of samples decreased with the
increase of shear strain and the temperature. We also observed that all the samples had the same amount of shear strain
at each shear stress, which indicated the exact resistance of SPIONs to deformation. Furthermore, the shear modulus
decreased with time for these nanoparticles. These results suggest that these nanoparticles are promising candidates
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with appropriate properties for fluid processing applications and drug vectors in biomedical applications.
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1 Introduction

Superparamagnetic iron oxide nanoparticles (SPIONSs)
have been developed for diverse applications such as
magnetic drug targeting, magnetic hyperthermia, MRI
contrast agent, and photocatalytic applications. These
nanoparticles are usually suspended in water. They have
been studied for biomedical applications [1-5], whereas a
seed-meditated growth method in a nonhydrolytic
condition is needed to prepare semiconductor
nanocomposites for photocatalytic applications [6].

The physicochemical and biological properties of
SPIONSs as separated materials or in nanocomposites have
been widely studied [7-11]. SPIONs exhibit the
phenomenon of superparamagnetism, which corresponds
to their magnetization up to their saturation magnetization
when an external magnetic field is applied. They no longer
exhibit any residual magnetic interaction when the

magnetic field is removed. This property is size-dependent
and generally manifests for nanoparticles with sizes
smaller than 10 to 20 nm [5]. SPIONSs can be targeted to
the required area through external magnets and show
interesting physical properties such as
superparamagnetism, high field irreversibility, high
saturation field, extra anisotropy contributions, or shifted
loops after field cooling [12].

Two structural configurations are known for
SPIONs : 1. a magnetic particle core usually made of
magnetite, FesOs4, or maghemite, y-Fe,Oz coated with a
biocompatible polymer, 2. nanoparticles precipitated
inside a pore biocompatible polymer [13]. A polymer such
as polyethylene glycol (PEG) is the best candidate for
coating of SPIONs as it can reduce the natural reactivity of
these nanoparticles and maintain their physical properties
[14]. The coating acts to shield the magnetic particle from
the surrounding environment and can also be
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functionalized by attaching carboxyl and amine groups
[15].

For an appropriate photocatalytic performance, iron
oxides should possess a narrow bandgap value. Several
techniques improve the photocatalytic performance of iron
oxide semiconductor systems, such as composite
heterostructure  with  narrow/wide  bandgap, p-n
heterojunctions, noble metal loading, plasmonic structure
[16-18], magnetite nanoparticles can be either n-type or p-
type semiconductors. However, they have the lowest
resistivity among iron oxides because their bandgap is
small [19].

Rheological properties of the composites of SPIONs
with polymers were studied previously [11, 20-23].
However, the rheological behavior of these nanoparticles
alone is needed to be investigated. Solubility is an essential
characteristic of these nanoparticles for their rheological
analysis. The recent synthesis of SPIONs showed that they
have high solubility in water [11]. The stability of these
nanoparticles depends on various factors such as their
concentration, size, size polydispersity, colloidal
stabilization efficiency, temperature, and magnetic field
intensity [24].

This report describes the rheological behavior of three
types of SPIONs at different temperatures. This work aims
to investigate the rheological behavior of SPIONs coated
with PEG having no charge on their surface, positively and
negatively charged SPIONSs at 20 °C, 40 °C, and 60 °C. To
our knowledge, this is the first time that the rheological
behavior of these nanoparticles is reported.

2 Research Methodology

2.1 Chemicals

We used these chemicals for the synthesis of SPIONs:
methanol HPLC (ChemLab), acetone (ACS reagent),
diethylic ether (ACS reagent), dimethylformamide
anhydrous, n-[3-(trimethoxysilyl)propyl] ethylenediamine
(TPED), which were purchased from Sigma-Aldrich.
Diethylene glycol (DEG) and ferrous chloride tetrahydrate
were purchased from Merck. Ferric chloride was
purchased from Riedel-de Haén. 1-ethyl-3-(3-dimethyl
aminopropyl) carbodiimide (EDC) and
tetramethylammonium hydroxide were purchased from
TCl  Chemicals.  3-(triethoxysilyl)propyl  succinic
anhydride (TEPSA) was purchased from ABCR as
described previously [10].

2.2 Synthesis of iron oxide cores

Synthesis of iron oxide cores was performed as
described in our previous work [10]. Briefly, magnetite
nanoparticles (NPs) were prepared by co-precipitation of
iron salts in DEG [19] with mixing 8.9 g of ferrous
chloride tetrahydrate salt and 9.1 ml ferric chloride in DEG
(250 ml) and heating at 170 °C under a nitrogen
atmosphere. After 15 min at that temperature, sodium
hydroxide (15 g) was added, and the solution was stirred
for 1 h at 170 °C. After cooling the mixture, the magnetic
particles were isolated from the solution by magnetic
decantation, and the black precipitate was washed with an
aqueous solution of nitric acid (200 ml, 1 M). The
dispersion of magnetite in deionized water was performed,

and the dispersion was sonicated for 45 minutes and
centrifuged (16.5 g; 45 min) to remove aggregates [10].

2.3 Preparation of nanoparticles

PEG-modified nanoparticles, TPED-modified
nanoparticles (positively charged SPIONs), and TEPSA-
modified magnetic nanoparticles (negatively charged
SPIONSs) were prepared as described previously [10, 11].

For the preparation of PEG-modified nanoparticles, O-
(2-aminoethyl)-O’-methyl-polyethyleneglycol
(220 mmol; 90 mg) was added to EDC (200 mmol; 38 mg),
and TEPSA-modified ferrofluid (150 mM in iron; 5 ml)
was added to the mixture. The pH was then adjusted to 7.5.
After stirring the mixture for 15h at room temperature, the
suspension was purified by membrane filtration [10].

Preparation of positively charged SPIONs was done
with grafting N-[3-(trimethoxysilyl)propyl] ethylene-
diamine (TPED) to the nanoparticles by adding TPED to a
suspension of nanoparticles in nitric acid ([Fe] = 25 mM)
at 50 °C. The mixture was stirred for 2 h under boiling
conditions. Then it was cooled to room temperature. In the
next step, the suspension was purified by membrane
filtration and centrifuged (16.5 g; 45 minutes) [11].

For the preparation of negatively charged SPIONSs, the
suspension of obtained NPs (20 ml; [Fe] 14 250 mM) was
diluted with dimethylformamide (50 ml). Then water was
eliminated under reduced pressure. After adding TEPSA
(25 mmol; 7.1 ml) to the nanoparticle dispersion in DMF,
water was added (4.3 ml). The solution of TMAQOH (1 M;
2.5 mmol; 2.5 ml) was prepared at room temperature under
stirring and heated to 100 °C for 24 h. The magnetic nano-
objects were collected after pouring the suspension in an
acetone/diethyl ether mixture (50/50). Acetone was used
for washing the sample, and the precipitate was dispersed
in water. Membrane filtration (membrane cut-off: 30 kDa)
was performed. The NPs were then centrifuged (16 500g;
45 minutes) [11].

The surface charge measurements of positively charged
and negatively charged SPIONs were reported in our
previous work [25]. PEG-modified SPIOs were prepared
in the current work to neutralize the surface charge of NPs
in TEPSA-modified ferrofluid [26].

2.4 Rheological measurements

The rheological properties of SPIONs were studied
using an Anton Paar MCR-302 rheometer. 5 mL of each
sample in millipore water were prepared. Each sample
contained 12 mg of magnetite nanoparticles. The
concentration of SPIONs in water was 0.01 M. This
concentration of SPIONs was chosen as it was low enough
to be appropriate for biomedical applications, and the same
concentration coated with polyethylene glycol was studied
in our previous work [11]. 4 mL of each prepared sample
were used for rheology. The rotational mode was applied
for samples. The torque was measured at different
temperatures for all the tests [27].

2.5 Statistical analysis

The QtiPlot software was used to determine the mean
values and standard deviations [7]. The data were checked
to be statistically significant [28]. The errors were
calculated with the QtiPlot software. The data were close
to each other, and the standard deviation values were
small. The error bars bigger than the expected values were
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attributed to the presence of polymer in the PEG-SPIONs
or that of carboxyl at the surface of the neg-SPIONs, which
could affect the rheological properties of nanoparticles.

3 Results

Figure 1 shows the viscosity of SPIONS versus the shear
rate at 20 °C, 40 °C, and 60 °C. The applied shear rate was
between 0 and 1000 s™.
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Figure 1 — Viscosity of SPIONs versus shear rate
at 20 °C (a), 40 °C (b), and 60 °C (c)

As shown in Figure 1, the viscosity of SPIONs
decreased with the increase of temperature by comparison
of (a), (b), and (c). Moreover, their viscosity - increased
between 100 and 1000 s*. Pseudo-Newtonian behavior at
row shear rate is observed when shear viscosity does not
change significantly, and it is invariant with the change of
shear rate [29, 30].

Therefore, these nanoparticles showed a pseudo-
Newtonian behavior at a shear rate less than 250 s increasing
shear viscosity at sufficiently high shear rates.

Figure 2 shows the change of viscosity of each SPION
versus shear rate at different temperatures.
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Figure 2 — Dynamic viscosity of PEG-SPIONS, positively
charged SPIONSs, and negatively charged SPIONSs versus
shear rate at 20 °C (a), 40 °C (b), and 60 °C (c)

As seen in this figure, the viscosity of SPIONs
decreased with the increase of temperature. Although the
same expected effect was observed for PEG-SPIONs at
40 °C and 60 °C in comparison with 20 °C, there was not
a significant difference between the viscosity of these
nanoparticles at 40 °C and 60 °C. This may be due to their
aggregation of PEG-SPIONS at 60 °C.

The shear stress versus shear rate curves at 20 °C,
40 °C, and 60 °C are displayed in Figure 3.

As shown in Figure 3, the shear stress of increased with
the increase of shear rate. At high shear rates, the shear
stress for PEG-SPIONs was more than those for positively
charged and negatively charged SPIONs. At high shear
rates, the shear stress of samples decreased with the
increase of temperature.
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Figure 3 — Shear stress versus shear rate
at 20 °C (a), 40 °C (b), and 60 °C (c)

The size ratio values of positively charged and
negatively charged SPIONs in nm compared to those of
PEG-SPIONs measured previously with dynamic light
scattering (DLS) and transmission electron microscopy
(TEM) are presented in Table 1.

Table 1 — The size ratio values of positively charged
and negatively charged SPIONs in nm compared
to those of PEG-SPIONs

Positively charged | Negatively charged
Method SPIONS SPIONS
DLS 1.6 0.8
TEM 0.8 1.0

Comparing the results presented in Table 1, a small
difference was observed in the TEM data for the size ratio
values of positively and negatively charged SPIONs
compared to PEG-SPIONs, whereas this difference was
more for their DLS data. The larger size ratio of positively
charged SPIONs was reported due to their possible
aggregation [10].

Figure 4 shows torque versus time curves at 20 °C,
40 °C, and 60 °C. The torque values increased with time
for SPIONS, as seen in this figure. As the concentration of
samples was low, their high elasticity caused the increase
of torque with time. As expected, the torque values
decreased with the increase of temperature.
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Figure 4 — Torque versus time
at 20 °C (a), 40 °C (b), and 60 °C (c)

The shear stress versus shear strain curves of SPIONs
at 20 °C, 40 °C, and 60 °C are displayed in Figure 5.

As shown in this figure, the shear stress of samples
decreased with shear strain and temperature increase.
However, all the samples had the same amount of shear
strain at each shear stress. This indicates that the
nanoparticles were not deformed, and their resistance to
the deformation was the same, although they had different
surface properties that we analyzed in our previous works
[10, 11].

Figure 6 shows shear stress versus shear strain curves
of SPIONS at different temperatures.
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Figure 5 — Shear stress versus shear strain
at 20 °C (a), 40 °C (b), and 60 °C (c)

As shown in Figure 6, less shear stress is required with
the increase of temperature for the deformation of SPIONs.
The deformation of PEG-SPIONs at 60 °C is more than
that at 40 °C, whereas no change was observed for the
deformation of positively and negatively charged SPIONs
at these temperatures. This may be due to the surface
charges of these SPIONs that hinder their deformation
with the increase of temperature.

Figure 7 shows the shear modulus versus time of
SPIONSs at 20 °C, 40 °C, and 60 °C. As shown in this
figure, shear modulus, or the ratio of shear stress to shear
strain, at a low duration of time (less than 200 s), decreases
with the increase of temperature. This behavior has been
reported for metal-based materials previously [31]. The
trend for SPIONs was not observed at low temperatures in
this figure, which may be due to the difference in the
surface properties of these nanoparticles. This can explain
why different charged SPIONs in comparison with PEG-
SPIONs have different responses to shear stress.
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Figure 6 — Shear stress of PEG-SPIONSs, and positively
at 20 °C (a), 40 °C (b), and 60 °C (c)

4 Discussion

Shear modulus was very low for SPIONs, and its values
decreased with time for all the samples. Moreover, the
shear modulus was independent of time after 400 s because
this modulus did not change with time after this duration.

An important parameter that reflects the material’s
ability to resist deformation is shear modulus, which is the
ratio of shear stress to shear strain. Shear modulus
decreases with time, but it becomes constant after 8
minutes for all the samples. Moreover, this parameter
decreases with the increase of temperature. This means
that the deformation of SPIONs can happen by applying
less amount of shear stress as the temperature increases.

The decrease of viscosity with the increase of
temperature has been previously reported [32]. With the
increase of temperature, Brownian motion enhances,
which caused the decreased interaction between the
nanoparticles. Therefore, the flow resisting force and heat
resistance in samples decrease. This phenomenon is
helpful to improve the efficiency of SPIONs as solar
absorbers at high temperatures [33].
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The rheological behavior of SPIONs depends on their
physical properties. Their pseudo-Newtonian behavior can
be affected by the volume, size distribution, and shape of
the particles. It should be noted that this behavior can also
depend on the concentration, in proportion to some
maximum packing fraction partly controlled by the form
of the particle size distribution [34].

According to our previous investigation with dynamic
light scattering, the average sizes of PEG-SPIONS,
positively charged and negatively charged SPIONs were
19.3 £ 0.1 nm, 30.6 =+ 0.1 nm, and 15.7 + 0.2 nm,
respectively [10].

The independence of shear stress from the shear rate at
low rates for SPIONSs corresponds to their yield behavior,
which is accounted for by their elastic behavior [35].

This was reported for iron oxide suspensions in silicone
oil previously [36]. The identical behavior of SPIONs
concerning the independence of shear stress from the shear
rate at low rates indicates that they have the same
rheological behavior at a constant temperature.

At high shear rates for a given shear strain, the flow
stress decreases with increasing temperature. This
phenomenon is more pronounced at higher strain rates and
more significant strains and can be attributed to the
temperature rise generated in the samples because of
deformation heating [37].

The increase of torque with time, as observed in our
experiments, is due to the elasticity of the samples. [38].
More investigation is required to determine the
viscoelastic properties of SPIONs with oscillatory
rheology.

We observed that the shear modulus for SPIONs
decreased with the increase of temperature. The decrease
of shear modulus with increased temperature has been
reported previously for other materials [39][40]. The
rheological analysis of SPIONSs in oscillatory mode will be
performed in further investigation.

Another important topic to consider is that the optimal
surface charge of SPIONs for their diverse applications
should be close to neutral or slightly negative [41].

However, the surface charge affects the zeta potential
and that, in turn, the zeta potential determines the solution
stability of these nanoparticles [7, 11]. We seek to improve
the application of these nanoparticles as future
semiconductors in solar cell fabrication as similar
nanoparticles, when prepared with irradiation, could have
a uniform shape appropriate for this application [42]. The
next step will be to determine their electrochemical
properties. As the nanostructure of materials impacts their
electrical characteristics, it would be necessary to
investigate the effect of the structure of these nanoparticles
or other nanoparticles on their physical properties for their
applications in solar cells [42-45].

Previously, some devices' physical and biological
properties were studied with different methods [46-49].
The physicochemical properties of some polymers and
nanomaterials have also been investigated during recent
years [50-53]. The rheological properties of some
biological materials [54-57] will be studied in our
subsequent investigation.

The viscosity of blood at 37 °C is around 3 mPa-s. The
measured viscosity of SPIONSs in this study was less than
that of blood [58, 59]. Therefore, these nanoparticles have
been appropriate tools to be wused in biomedical
applications. More investigations are required to
determine the rheological properties of SPIONs in
oscillatory mode and those of the materials used in these
devices or conjugation with these nanoparticles.

5 Conclusions

The rheological properties of SPIONs dispersed in
water affect their behavior for their various applications.
These properties were analyzed and designed to meet the
requirements of these applications.

The obtained results indicate that the surface properties
of SPIONs do not affect their rheological properties at
different temperatures as three types of SPIONs with
different surface properties that we reported previously
showed the same rheological behavior.
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Some issues are required to be addressed, and among  obtain new nanoparticles with surface modifications that

these, the viscoelasticity of these nanoparticles is an  can affect their rheological behavior. Progress in this issue
important rheological property and of great interestas their ~ will allow precise tuning of the properties of these
viscosity affects the drug delivery output when these  nanoparticles for their fluid processing and semiconductor
nanoparticles are used as drug vectors. It is also required  applications.

to proceed with novel functionalizations of SPIONs to
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