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Abstract: Early diagnosis of cancer has become one of the
effective ways to prevent and treat cancer. At present,
magnetic resonance imaging (MRI) diagnosis based on
nanosized iron oxide with no toxicity and excellent bio-
compatibility has attracted much attention. But the poor
stability of magnetic fluid (MF) is becoming more and
more prominent. In view of the poor stability of MF, the
dodecanethiol-poly(methacrylic acid) (DDT-PMAA) as an
outer shell was prepared for the MFs (Fe;0,@DDT-PMAA
MF) to improve the stability. We also compared the
amount of reactants, the ratio of reactants, and the reac-
tion temperature, and finally screened out the best reac-
tion conditions, so as to get more stable products. The
stability of the system was studied by visual observation,
stability index (I), and magnetic weight change. The
results demonstrated that Fe;0,@DDT-PMAA can be stable
for more than 60 days. The T; mapping image showed that
the longitudinal relaxivity (r;) value was 6.9 mM*s™ (1.5T,
room temperature), which was higher than the commercial
contrast agent SHU-555 (r; = 2.9 mM ™ s ™), but the transverse
relaxivity (r,) value accounted for 64.48% of the commercial
contrast agent Feridex (r; = 67.8 mM s, 1.5 T, room tem-
perature) because the outermost layer was encapsulated by
a polymer. In addition, the imaging effect was more vivid
and there was almost no background interference of T;- and
T,-weighted images in vivo, which indicated that the
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1 Introduction

At present, cancer is still one of the diseases that cannot
be overcome completely. Therefore, the early diagnosis of
cancer is very important for its treatment[1]. Magnetic
resonance imaging (MRI) is a very effective test method.
Compared with CT and X-ray imaging, MRI has no radia-
tion damage and has high soft tissue resolution, which
can be applied to diagnose a variety of tumors [2]. However,
conventional MRI contrast agent such as gadolinium (Gd)
reagent is expensive and owns certain nephrotoxicity,
which fails to use as a diagnostic drug over a long time
[3]. Therefore, it is imperative to develop new contrast
agents with good imaging effect and excellent biocom-
patibility, especially with long-term stability [4].

The imaging effect of contrast agents is determined
by spin lattice relaxation which is the energy loss of pro-
tons from the excited state to the initial state [5]. Spin
relaxation is due to the loss of phase coherence in the
treatment of protons. The relaxation times and relaxivi-
ties are T;, T, and ry, r,, respectively [6]. According to
these parameters, the contrast agents are usually classi-
fied as T, positive contrast agents (longitudinal relaxa-
tion) with similar r; and r, values and smaller r»/r;, and T,
negative contrast agents (transverse relaxation) whose r,
values are much higher than r; [7]. At present, the T;
contrast agent widely used in clinic is Gd-based contrast
agent. Because of the strong paramagnetism of Gd>*, the
traditional Gd-positive contrast agent, such as divinyl-
triaminopentanoic acid, has been widely used, which
exhibits great enhancement effect in MRI [8]. However,
it has a risk of inducing nephrogenic systemic fibrosis for
patients with impaired renal function, especially in the
elderly [9]. The bright visual field of T; contrast medium
plays an auxiliary role in accurate diagnosis; therefore,
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the development of alternative T, contrast agent has always
been a hot issue. MnO and FeCo nanoparticles (NPs) show
great potential in this respect [10]. But, the cumulative
toxicity of manganese and cobalt may limit their clinical
application. Iron is an essential component of human
cells, so ferrite magnetic NPs with extremely low biotoxi-
city have been favored in clinical practice [11]. But at
present, ferrite is mainly used as T, contrast agent
because of the strong magnetic moment effect of Fe; however,
the dark field produced by T, contrast agent is easy to be
confused with tissue, which is the inherent defect of the
contrast agent [12]. Therefore, it is necessary to solve those
problems in order to use ferrite NPs as a contrast agent for
T;- and T,-weighted MRI [13]. Reducing the particle size of
the magnetic NPs is a useful method [14]. Super-small
magnetic NPs have obvious longitudinal relaxation and
small ratio of r,/r;, which indicates that they have great
potential as T;-positive and T, -negative contrast agents,
attracting more and more attention [15]. At present, the
preparation of super-small NPs mainly includes high tem-
perature thermal decomposition method, chemical co-pre-
cipitation method, and so on [16]. The Hyeon team [17]
prepared ultrasmall NPs with 1.5-3 nm modified with poly-
ethylene glycol by high temperature thermal decomposi-
tion which can improve its hydrophilicity. Generally
speaking, chemical co-precipitation is more economical
than thermal decomposition, and it can be used to pre-
pare water-based magnetic fluid (MF); however, the par-
ticle separation is required to prepare monodisperse NPs
[18]. Therefore, it is necessary to develop a simple, eco-
nomical, and environmental friendly method to prepare
water-based MF with good dispersion, uniformity, super-
small particles, and superparamagnetism. High tempera-
ture chemical co-precipitation can be considered as a good
choice to obtain small particle, which can be dispersed in
water [19]; however, it is crucial to choose the suitable
surfactants. Multifunctional polymer ligands play an impor-
tant role in the process of chemical co-precipitation. Because
polymer ligands contain at least one functional group, such
as —~COOH, —OH, —NH,, and so on, it can effectively control
the morphology and patrticle size of NPs [20]. The presence
of polymer ligands not only makes NPs disperse stably in
water, but also provides abundant surface functional
groups, which lays a good foundation for its surface
modification and biological application [21].

In the present investigation, a facile chemical method
has been developed to anchor dodecanethiol-poly(meth-
acrylic acid) (DDT-PMAA) on the surface of magnetic NPs
in the MF. Because there are several carboxyl groups on
the surface of DDT-PMAA functionalized magnetic NPs,
the NPs have good stability and water solubility [22]. It is
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the objective to obtain stable and innoxious water-based
MF with super-small NPs, which is considered as a MRI
contrast agent for relevant biomedical applications [23].
Therefore, DDT-PMAA with good biocompatibility was
selected as the outer layer to improve the stability of MF
and reduce the cytotoxicity. The effects of different mass
ratios of DDT-PMAA to Fe;0, and different temperatures
on the particle size and morphology were studied in detail.
The obtained Fe;0,@DDT-PMAA MFs was characterized,
whose imaging property was researched. In addition, its
stability in different environments and storage stability
were also studied detailedly.

2 Experimental methods

2.1 Materials

All chemicals were of analytical grade and were used
without further purification. Iron(m) chloride hexahydrate
(FeCl3-6H,0), iron(m) sulfate heptahydrate (FeSO,-7H,0),
aqueous ammonia (25 wt%), methacrylic acid (MAA),
1-dodecanethiol, 2,2’-azobisobis-butyronitrile (AIBN), con-
centrated hydrochloric acid, anhydrous ether, and absolute
ethyl alcohol were all purchased from Sinopharm Chemical
Reagent Co., Ltd. (SCRC). The VX2 hepatoma cells were pur-
chased from Cobioer Biotechnology Co., Ltd. (Nanjing, China).
Deionized water was used throughout the experiments.

2.2 Characterizations

Transmission electron microscopy (TEM) imaging was
performed using a SU8010 ESEM Hitachi microscope
(Hitachi, Japan) and a JEM 2100 F, JEOL, Japan, operating
at 8.0 and 200 kV, respectively. Fourier transform infrared
spectroscopy (FTIR) using Thermo Nicolet 670 FTIR instru-
ment (Thermo Nicolet Corporation, USA) was employed to
evaluate the success of functionalization operating at the
wavelength range of 4,000—-400 cm ™. Raman spectrum was
characterized by Raman spectrometer model LabRam HR
Evolution with a wavelength range of 200-1,000 cm™ and
a laser of 532nm (HACH, USA). The hydrodynamic particle
size and zeta potential were measured by Malvern (II) laser
particle size analyzer (Malvern, UK). Thermogravimetric
analysis (TGA) was carried out by synchronous thermal ana-
lyzer (STA449C/6/G, Germany). The valence states between
iron and oxygen were measured by X-ray photoelectron
spectroscopy (XPS, ESCALAB 250, USA). Magnetic stability
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evaluation was performed on the Gouy magnetic balance at
room temperature with 25 mT (CTP-II, China). The magneti-
zation of the magnetic NPs was obtained by vibrating
sample magnetometer (VSM-7400, Lake Shore, USA). MRI
was performed in 3.0 T superconducting magnetic reso-
nance instrument (SIEMENS Skyra, Germany)

2.3 Preparation of DDT-PMAA-modified MF

The DDT-PMAA-modified MF was prepared by high tem-
perature chemical co-precipitation method. First, the syn-
thesis of polymer DDT-PMAA was based on the method
reported in the literature [24]. Chain transfer method was
used to prepare polymer DDT-PMAA, taking the prepara-
tion of 1% of DDT-PMAA as an example, the details were as
follows: MAA (5g, 0.058 mol), 1-dodecanethiol (0.12g,
0.58 mmol), and AIBN (0.095g, 0.58 mmol) were dis-
solved in a 100 mL two neck flask containing 25 mL of
anhydrous ethanol at 75°C under magnetic stirring for
5h. After cooling to room temperature, the solution was
poured into a beaker containing 200 mL of cold anhydrous
ether to precipitate, filtered, washed the filtered cake with
ether, and finally dried to obtain 1% of DDT-PMAA.
Subsequently, polymer DDT-PMAA can be used as a
surfactant to prepare MF with super-small particle size by
chemical co-precipitation at high temperature. Polymer
DDT-PMAA was added into a four-necked flask con-
taining deionized water with slow stirring, raising the
temperature to 80°C, and adding hydrochloric acid to
adjust the pH of the solution to 4. After the polymer
DDT-PMAA was dissolved by stirring slowly, the solution
was raised to a certain temperature (95-115°C) and the
iron salt precursor (iron(m) chloride hexahydrate and
iron(m) sulfate heptahydrate with a molar ratio of 2:1
was dissolved in dilute hydrochloric acid) was added.
A certain amount of ammonia solution (NH;-H,0:Fe?" =

COOH AIBN S
S ﬁ/ ABN, %n

EtOH,75 °C COOH

DDT MAA DDT-PMAA
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1:1.2, mol:mol) was rapidly poured into the four-necked
bottle with vigorous stirring, and the color of the solution
became black immediately, and continually reacted for
2 h under the same temperature. All processes of the reac-
tion were carried out under the protection of nitrogen.
The black suspension was stirred slowly and cooled at
room temperature, and some of the unreacted ammonia
was vaporized with a rotating evaporator. The residual
suspension was dialyzed with deionized water for 72 h to
remove unreacted impurity ions. Finally, stable Fe;0, MF
modified by polymer DDT-PMAA was obtained.

2.4 Formation process of DDT-PMAA-
modified MF

The preparation process of polymer DDT-PMAA-modified
Fes0, MF is shown in Scheme 1. Polymerization of MAA
was initiated by chain initiator DDT to form polymer DDT-
PMAA [21]. The surface of DDT-PMAA contained a lot of
—COOH which can combine with -OH on the surface of
Fe;0, NPs to form the stable coordination bonds [21,25]. So,
DDT-PMAA can be stably coated on the surface of Fe;0, NPs.

2.5 MRI characterization
2.5.1 In vitro

The Fe;0,@DDT-PMAA MFs of different concentrations
from 0-2.7 mM according to the Fe contents (determined
by thermogravimetric analysis) were, respectively, placed
in 2.0 mL of sealed EP tubes. The EP tubes were fixed on the
plastic plate with holes after shaking with an equal amount
of distilled water (0 mg L™ of iron). And the EP tubes were
immersed in plastic rectangular containers filled with water.

Iron precursor solution
Aqueous Ammonia

o Q
105 °C O%
O
5

Fe;04 @DDT-PMAA MFs

Scheme 1: Schematic illustration of the preparation of DDT-PMAA-modified Fes0, MFs.
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Axis 2D multi-slice MR imaging was performed: field of view
was 18 x 18, slice thickness was 2.0 mm, slice spacing was
0 mm, and reconstruction matrix was 256 x 192. The scan-
ning sequences were FSE TWI, GRE T; map (TE 15ms, TR
2.29 ms FIIP angle 5°), FSE T,WI, 4,090 ms, 94 ms, and T,
map (TR 1,950 ms, TE 13.8 ms).

2.5.2 In vivo

Healthy New Zealand male rabbits weighing 2.5 + 0.5 kg
were fed in cages with normal pellet feed at room tem-
perature of 20°C. The VX2 hepatoma cells were injected
into healthy rabbits to establish a hepatoma model. Then,
the ear veins of every rabbit with VX2 liver cancer were
manually pushed into the same concentration of super-
paramagnetic nano-iron oxide MF, and the signal inten-
sity was enhanced with T;WI and T, WI (dose 4 mL kg™
body weight). USPIO-enhanced scanning was performed by
sequential and conventional scanning. Siemens 3.0 abdom-
inal orthogonal coil, scanning sequence and parameter axis
spin echo T;WI sequence, T, WI coronal position: TR 3,950,
TE 100, Fov read 230 mm, Fov phase 100%, slices 25, and
slice thickness 4.0 mm. T;WI GRE transverse position: TR
3.11ms, TE 1.68 ms. T> map: TR 1,950 ms, TE 13.8 ms.

Scanning range includes the upper and lower edges
of the whole liver.

3 Results and discussion

3.1 Influencing factors on particle size of
Fes;0,@DDT-PMAA MFs

There were many factors, for example, molar ratio between
chain initiator DDT and MAA, the dosage of DDT-PMAA,
and reaction temperature that would influence the particle
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size, which determined the effect of T; and T, signals of
MRI. The particle size must be controlled to be small
enough to decrease the magnetic moment effect.

3.1.1 The influence of molar ratio between DDT and MAA

Polymer DDT-PMAA was synthesized by DDT and MAA
with different molar ratios (0.5, 1, and 2%). The control
variable method was used to investigate the effect of
0.5% of DDT-PMAA, 1% of DDT-PMAA, and 2% of DDT-
PMAA on the particle size of the NPs. The mass ratio of
DDT-PMAA and the obtained Fe;0, was 20:1 and then
these reactants reacted at 105°C for 2h. The hydrody-
namic diameter distribution and TEM images are shown
in Figures 1 and 2, respectively.

The hydrodynamic diameter distributions of the NPs
obtained by the laser particle size analyzer (DLS) show
that the particle distribution of Fe;0, MF modified by
polymer DDT-PMAA with three different ratios were dif-
ferent (Figure 1). The magnetic NPs prepared with 0.5% of
DDT-PMAA had a relatively small particle size, with an
average hydrodynamic diameter of only 32.0 nm (PDI =
0.28), and a narrow distribution. The average hydrody-
namic diameter of the NPs obtained by 1% of DDT-PMAA
was 48.1 nm (PDI = 0.30), and that of 2% of DDT-PMAA
reached 37.5 nm (PDI = 0.20).

It can be seen from Figure 2 that the average particle
diameter of Fe30, magnetic NPs modified by 0.5% of
DDT-PMAA was 5.9 + 1.2nm. The shape of the NPs can
be considered as regular sphere with clear edges and an
excellent dispersion, which had very little agglomeration.
Magnetic NPs modified by 1% of DDT-PMAA and 2% of
DDT-PMAA showed similar results, and the average particle
size was 10.4 + 2.1 and 9.4 + 3.4 nm, respectively. It can be
observed that the hydrodynamic diameter obtained by DLS
measurement was generally larger than the primary particle
size of the MF obtained by TEM, because a large amount
of hydrated polymer ligand existed on the surface of the
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Figure 1: The hydrodynamic diameter distribution of the magnetic NPs at (a) 0.5% of DDT-PMAA; (b) 1% of DDT-PMAA; and (c) 2% of DDT-

PMAA, respectively.
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Figure 2: TEM images of Fe30,@DDT-PMAA MF at (a) 0.5% of DDT-PMAA; (b) 1% of DDT-PMAA; and (c) 2% of DDT-PMAA, the scale bars are all

in 20 nm.

NPs [25]. With the increase in the molar ratio of chain
initiator DDT, the molecular weight fraction of DDT-PMAA
decreased. That is, the chain length of the polymer became
shorter, and the number of carboxylic acid functional
groups decreased accordingly. Therefore, more polymers
were needed when carboxyl groups coordinated with mag-
netic spheres, and more polymers were in the outermost
layer of NPs, resulting in larger NPs [26,27]. Based on this,
we chose 0.5% of DDT-PMAA as a surfactant for preparing
MF by high-temperature co-precipitation to prepare super-
small magnetic NPs.

3.1.2 Influence of molar ratio between DDT-PMAA and
Fes0, on particle size

The amount of surfactant DDT-PMAA was an important
factor affecting the size of NPs [28]. The control variable
method was used to determine the effect of mass ratio
between 0.5% of DDT-PMAA and Fe;0,, while main-
taining the reaction temperature at 105°C and reaction
time of 2 h. The size change in Fe;0,@DDT-PMAA mag-
netic NPs was investigated under different mass ratios
(5:1, 10:1, 15:1, 20:1, and 25:1). We prepared a series of



1036 —— Hongcaili et al.

products according to the molar ratio of Fe** to DDT-
PMAA, and the other operations were similar to Section
2.3. The hydrodynamic diameter distributions and TEM
images are shown in Figures S1 and S2.

It can be seen from Figure S1(a)—(e) that as the mass
ratio of the polymer DDT-PMAA to Fe;0, increased, the
hydrodynamic diameter distribution of the magnetic NPs
changed greatly. When the mass ratio of polymer DDT-
PMAA to Fes04 were 5:1 and 10:1, the obtained magnetic
NPs had a wide hydrodynamic diameter distribution and
the average hydrodynamic diameter reached to 38.2 nm
(PDI = 0.60) and 44.9nm (PDI = 0.54), respectively.
When the mass ratio was 15:1, the particle size distribu-
tion was narrow and the average hydrodynamic diameter
was reduced to 15.7 nm (PDI = 0.23). When the mass ratio
was increased to 20:1, the average hydrodynamic particle
size of the magnetic NPs was only 1.6 nm (PDI = 0.28), but
the particle size distribution did not conform to the
normal distribution and the second peak of the particle
size distribution had appeared, which indicated that the
size distribution of the prepared magnetic NPs was not
uniform. And when the mass ratio was 25:1, the obtained
hydrodynamic diameter distribution of the magnetic NPs was
similar to that of mass ratio of 20:1, and there were other
peaks near 20-40nm (PDI = 0.32). This showed that the
content of DDT-PMAA had a great influence on the particle
size, and when the ratio was 15:1, the effect was the best.

The morphology and particle size of the NPs in the
prepared Fe;0,@DDT-PMAA MF can be clearly seen from
Figure S2. It can be observed that when the mass ratio of
polymer DDT-PMAA to Fe;0, was 10:1, the obtained NPs
were approximately spherical, and there was agglome-
ration among the NPs, with poor dispersion, and the
average particle size was about 10.5 + 2.8 nm. When the
mass ratio was 5:1, 20:1, and 25:1, the prepared NPs had a
relatively clear spherical profile, and the agglomeration
phenomenon was slightly improved with better particle
dispersion. The particle sizes were 6.4 + 1.6, 5.9 + 1.2, and
6.7 + 1.6 nm, respectively. But the particle size distribu-
tion did not conform to the normal distribution, indi-
cating that the particle size distribution was wide at
this time. When the mass ratio was 15:1, the NPs showed
a relatively clear spherical profile without the agglomera-
tion phenomenon, and the particle size was 6.3 + 1.3 nm,
which was consistent with the above TEM results. Based
on the hydrodynamic diameter distribution and TEM
images of the NPs, it can be seen that the optimal mass
ratio of the polymer DDT-PMAA to Fe;0, was 15:1.

The particle size of the Fe;0,@DDT-PMAA NPs with
different ratios of the polymer DDT-PMAA was different
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because the concentration of the carboxylic acid func-
tional groups in the solution was different after the dif-
ferent amounts of the surfactants are dissolved. When the
surfactant DDT-PMAA was less, the concentration of car-
boxylic acid in the solution was small [29], making the
Fes0, magnetic NPs not completely covered by the modi-
fier. The bare vacancies on the surface of the NPs were
magnetically attracted, which resulted in an agglomera-
tion of some NPs and the increase in the average particle
diameter size. When the mass ratio of polymer DDT-
PMAA to FesO4 was too large, the concentration of car-
boxylic acid in the solution was too high, exceeding the
amount of reaction with Fe;0, magnetic NPs, and the
excess polymer was entangled with each other due to
its long chain, which also made Fe;0,@DDT-PMAA NP
size to increase [30]. So, a suitable DDT-PMAA to Fe;0,
mass ratio was especially important for the preparation of
smaller size Fe;0,@DDT-PMAA MF.

3.1.3 Influence of reaction temperature on particle size

The reaction temperature directly affected the particle
size and particle size distribution of Fe;0,@DDT-PMAA
magnetic NPs, which was one of the important factors
that need to be explored in this study [25]. For this pur-
pose, the control variable method was used to control the
reaction temperature of 95, 105, and 115°C under the pre-
mise of controlling the mass ratio of 0.5% of DDT-PMAA
to Fes0,4 to 15:1 and reaction time of 2h. The hydro-
dynamic diameter distribution and morphology of the
prepared polymer DDT-PMAA-modified Fe;0, NPs are shown
in Figures S3 and S4, respectively.

It can be seen from Figure S3 that when the reaction
temperatures were 95 and 105°C, the hydrodynamic dia-
meter distributions of Fe;0,@DDT-PMAA magnetic NPs
were narrow, and the average hydrodynamic diameters
were 17.1nm (PDI = 0.23) and 15.7nm (PDI = 0.20),
respectively. When the reaction temperature was increased
to 115°C, the hydrodynamic diameter distribution of Fe;O,@
DDT-PMAA magnetic NPs became wider, and the average
hydrodynamic diameter was 17.3 nm (PDI = 0.56).

It can be seen from Figure S4 that the obtained NPs
were spherical with clear contour, and there was almost
no agglomeration among the NPs, exhibiting an outstand-
ing dispersion. These NPs had a small average particle
size of 6.2 + 1.2, 59 + 1.2, and 6.0 + 1.1nm at differ-
ent temperatures (95, 105, and 115°C), respectively. The
hydrodynamic diameter distribution and TEM images of
the NPs showed that when the reaction temperature was
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105°C, the obtained Fe;0,@DDT-PMAA MF exhibited great
dispersibility, small particle size, and uniformity.

The main reason for this phenomenon was that tem-
perature affected the nucleation and growth rate of NPs.
When the reaction temperature was 95 and 105°C, the
nucleation rate of Fe;0, magnetic NPs was appropriate,
and the generated NPs can react with surfactants in time.
The growth of the NPs was inhibited to some extent,
so the particle size distribution was narrow and the par-
ticle size was small. When the reaction temperature rose
to 115°C, the nucleation rate of Fe;0, magnetic NPs
increased, and the Brownian motion of the particles
increased. As a result, some of the NPs were accelerated,
reacting with the surfactant in time and attracting each
other to form a bigger core, so the particle size increases
[25]. In conclusion, the optimal reaction conditions were
as follows: 0.5% of DDT-PMAA was selected as the outer
layer; the molar ratio of DDT-PMAA to Fe;0, was 15:1; the
reaction temperature was 105°C and the reaction time
was 2 h. Under these optimal conditions, the average par-
ticle size was uniform (5.9 + 1.2nm) without aggregation
and the hydrodynamic diameter was 15.7 nm (PDI = 0.20)
with narrow distribution.

3.2 Characterization of Fe;0,@DDT-PMAA
MFs

The preparation conditions of Fe;0,@DDT-PMAA MF by
high temperature co-precipitation method were studied
in the Section 3.1. The Fes0,@DDT-PMAA water-based
MF prepared under this condition will be characterized
by FTIR, Raman, TGA, XRD, and XPS, so as to verify the
correctness of the prepared MF; the details are as follows.

First of all, FTIR was used to characterize the pre-
pared NPs to determine the chemical structure of the
sample surface. In Figure 3a, the black line is the infrared
spectrum of bare Fe;O, magnetic NPs. The absorption
peaks at wavelengths of 3,318 and 1,633 cm ™ were gene-
rated by surface hydroxyl groups and water molecules,
respectively. The wavelength of 550 cm™ represented
the characteristic peak of the Fe-O functional group.
In Figure 3a,, it can be observed from the blue line that
there was a strong absorption peak at a wavelength of
1,713cm™ due to the asymmetric stretching of the car-
bonyl group (-CO-) in the polymer molecule. As a result,
this absorption peak of Fe;0,@DDT-PMAA magnetic NPs
was somewhat weakened, shown in red line in Figure 3a
[31]. At the same time, the absorption peaks of 1,390 and
1,488 cm™! represented the stretching vibration of the
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carboxylic acid in the polymer DDT-PMAA, and the two
absorption peaks were located at 1,207 and 1,453 cm™
in Fe;0,@DDT-PMAA magnetic NPs. The polymer DDT-
PMAA and Fes0,@DDT-PMAA NPs had an absorption
peak around 3,300 cm™, which was caused by the stret-
ching vibration of the carboxylic acid O—-H in the polymer
DDT-PMAA [32]. The Fe;0,@DDT-PMAA NPs had an
absorption peak at 595cm™’, which was attributed to
the stretching vibration of Fe—0, which was only present
in Fe;0, magnetic NPs and Fe;0,@DDT-PMAA magnetic
NPs [33]. Through the comparative analysis of the infrared
spectrum, it can be proved that the polymer DDT-PMAA
existed on the surface of Fe;0, magnetic NPs and the modi-
fication was successful.

It is not possible to accurately determine whether the
NPs are Fe;0, or Fe,0; only by FTIR characterization
method, because the two characterization methods (TEM
and FTIR) were not sensitive to the determination of iron
oxide, resulting in a certain degree of deviation in the test
results. Therefore, it was necessary to carry out a deeper
test on the prepared magnetic NPs by Raman spectro-
scopy to determine whether the particles are Fe;0, or
Fe,0s. In this study, the Raman spectrum of the polymer
DDT-PMAA-modified magnetic NPs is shown in Figure 3b.
As can be seen from the Figure 3b, a strong peak appears at
a wavelength of 665nm, which indicated that the main
phase of the iron oxide was Fes0, [34].

In order to further prove that the core of the NPs is
Fes0,, we used XPS to characterize it, as shown in Figure
3c—-d. From Figure 3c, We can clearly see the corre-
sponding fitting curves of C 1s, O 1s, and Fe 2p, which
again prove the existence of DDT-PMAA in the cladding
and the core-shell structure [35]. Similarly, we observed
that the binding energy values of Fe 2p5;, and Fe 2p;,
were 710.8 ad 724.6 eV, respectively in Figure 3d, corre-
sponding to the previous reports about Fe;0, NPs [36].
In addition, the characteristic absorption peak of y-Fe,05
was absent at 719.0 eV, which further proved that the NPs
were Fe;0, NPs.

Similarly, the crystal form of NPs had a certain influ-
ence on the stability and magnetic properties of MF [37].
Therefore, XRD was used to detect the crystal form, as
shown in Figure 3e. The characteristic diffraction peaks at
30.0°, 35.5°, 43.0°, 53.0°, 57.0°, and 62.6° observed from the
XRD patterns belong to (220), (311), (400), (422), (511), and
(440) planes of the samples, respectively, which were con-
sistent with the inverse cubic spinel phases of Fe;0, (JCPDS
card No. 75-1609) [38]. It can be seen from the XRD patterns
of the DDT-PMAA coated Fe;0, that the position of the
major peaks does not change, in other words, the crystal
phase of the Fe;0, NPs does not change after coating.
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Figure 3: Different characterizations for Fes0,@DDT-PMAA MFs, (a) FTIR spectra of bare Fes0,, DDT-PMAA, and Fes0,@DDT-PMAA;
(b) Raman spectra of Fes0,@DDT-PMAA NPs under N, protection; (c and d) XPS survey spectrum of Fes0,@DDT-PMAA; (e) TGA curves
of DDT-PMAA, bare Fe;0,4, and Fes0,@DDT-PMAA magnetic NPs under N, protection; and (f) XRD for bare Fes0, and Fe3;0,@DDT-PMAA.

In order to further investigate the thermal stability of
the prepared FesO,@DDT-PMAA magnetic NPs and to
calculate the content of polymer DDT-PMAA and Fe30,
NPs in the modified magnetic NPs, TGA under nitrogen
protection was performed for DDT-PMAA, unmodified Fe;0,

magnetic NPs, and Fe;0,@DDT-PMAA magnetic NPs. The
obtained weight loss curves are shown in Figure 3f.

It can be seen from Figure 3f that the weight loss curve
of the unmodified Fes0, magnetic NPs was relatively
smooth, and the sample quality was slightly reduced,
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which was caused by the evaporation of a small amount
of water on the surface of the NPs. In the test temperature
range, the Fe;0, NPs did not decompose. The weight loss
of the polymer DDT-PMAA before 200°C was relatively
slow, which was mainly due to the evaporation of sur-
face moisture. When the temperature rose to 380°C, the
weight of the polymer decreased sharply, which indi-
cated that the polymer began to decompose. At 539°C,
the weight of the polymer DDT-PMAA was reduced to
zero and the sample was completely decomposed. The
weight loss curve of Fe;0,@DDT-PMAA magnetic NPs
can be divided into three stages: the first stage (I) was
the temperature of Fe;0,@DDT-PMAA magnetic NPs,
which was between room temperature and 200°C. The
loss mainly came from the evaporation of water adsorbed
on the surface of the NPs; the second stage (II) of weight
loss was due to the increase in temperature from 380 to
539°C. This part of the weight loss was less, which was
mainly due to the decomposition of polymer DDT-PMAA
on the magnetic NPs surface, which also proved that the
polymer DDT-PMAA had been successfully coated on the
surface of Fe;0, magnetic NPs. After the polymer DDT-
PMAA was completely decomposed, the remaining was
mainly Fe;0, magnetic NPs. Therefore, the weight of
Fe;0,@DDT-PMAA magnetic NPs hardly changed when
the temperature was more than 539°C which is the third
stage (III). According to the weight loss curve, the mass
ratio (wt%) of the polymer DDT-PMAA and Fe;0, in
Fes0,@DDT-PMAA magnetic NPs can be calculated to
be 64.7 and 35.3%, respectively. In conclusion, we had
successfully prepared DDT-PMAA coated Fe;0, NPs.
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3.3 Stability of Fe;0,@DDT-PMAA MFs

The stability of the prepared Fe;0,@DDT-PMAA MF in an
external magnetic field and acid-base salt environment
was the prerequisite for being used as a magnetic reso-
nance contrast agent. Therefore, the stability of the MF
had been investigated in detail.

The static stability of the Fe;0,@DDT-PMAA nano-
magnetic fluid was expressed by the stability index (I).
The density, stability index, and duration time of the fresh
and timed Fe;0,@DDT-PMAA MF were determined by den-
sitometer. The stability index I was calculated as follows:

I= Ps — Py ,
P — Py

where p and ps represent the initial density of the sample
and the density that changes with time (kg m™), respec-
tively, and p,, represents the water density (kg m~>). The
relationship is shown in Figure 4a. The stability index of
Fe;0,@DDT-PMAA MF did not change within 90 days,
indicating that the prepared MF had excellent stability.
Besides, no obvious aggregation and precipitation can
be observed after 120 days’ storage at room temperature
(Figure S5), indicating that the prepared Fes;0,@DDT-
PMAA MF had a good stability.

Similarly, the magnetic stability of Fe;0,@DDT-PMAA
MF was measured by Gouy magnetic balance. The mag-
netic weight of Fe;0,@DDT-PMAA MF was observed under
an external magnetic field of 40 mT. It can be seen from
Figure 4b that the magnetic weight of the Fe;0,@DDT-
PMAA MF was stable at a value of about 40 mT. Since the
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Figure 4: Stability characterization of Fe;0,@DDT-PMAA MFs, (a) stability index versus duration time and (b) relationship between time and

increased magnetic weight in magnetic field of 40 mT.
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applied magnetic field was not uniform, the magnetic
weight of MF hardly changed, indicating that it had a cer-
tain magnetic field.

3.3.1 Stability of Fe;0,@DDT-PMAA MFs at different pH

Equal concentrations of Fe;O,@DDT-PMAA MF samples
were placed in 5 mL tubes, and the pH of Fe;0,@DDT-PMAA

DE GRUYTER

MF was adjusted to 1-14, respectively, using hydrochloric
acid and NaOH solution. We observed the change in the
sample in different acid-base environments storing for
60 days. As presented in Figure 5, it showed that the
Fe;0,@DDT-PMAA MF completely decomposed at pH = 1
and the solution was yellow which was the color of Fe*.
At pH = 2, 3, and 4, a small amount of NPs precipitated.
Compared with the acidic environment, the MF was more
stable in an alkaline environment, and there was only a
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Figure 5: Stability change in Fe;0,@DDT-PMAA MF in different pH environments for different time, (a) photos for 0 day; (b) photos for

60 days; and (c) magnetic gain in 60 days with 40 mT.
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little precipitation at pH 13 and 14. Overall, the Fe;0,@
DDT-PMAA MF had good stability in an environment with
a pH of 5-12.

In order to further visualize the stability of MF under
different pH values, this study used the change in mag-
netic weight gain to show the change in the stability in
detail. From Figure 5c, it can be clearly seen that the
change in the magnetic gain was basically maintained
at about 30 mg within O days; At 60 days, the magnetic
gain of samples with pH less than 5 and more than 12 was
less than 10 mg, which was mainly due to the decomposi-
tion of Fes0, NPs caused by strong acid, and the precipi-
tation of MF caused by strong alkali, so the magnetic
properties were reduced. More importantly, it was con-
sistent with the results of Figure 5a and b.

3.3.2 Stability of Fe3;0,@DDT-PMAA MFs in salt solution

Equal concentrations of Fe;0,@DDT-PMAA MF were placed
in small tubes and then different concentrations of NaCl
solution were added to the tubes. The concentrations of
NaCl solution were 0.1, 0.25, 0.5, 0.75, 1.0, 1.25, 1.5, 1.75,
and 2.0 mol L', respectively. The MF dispersed in the salt
solution was stored at room temperature for 60 days to
observe the stability. It can be seen from the Figure Sé6a
and b that Fe;0,@DDT-PMAA MF had no particle precipita-
tion in different concentrations of salt solution, which pre-
liminary indicated that the prepared Fe;0,@DDT-PMAA MF
owned great salt solution stability. In Figure Séc, we can
clearly see that: (i) under different salt concentrations, the
magnetic gain was basically maintained at about 30 mg;
(ii) within 60 days, the magnetic gain was also basically
stable at 30 mg; and the most important thing was consis-
tent with Figure S6(a) and (b). To sum up, it proved that the
MF showed excellent long-term stability (60 days), even if
the salt concentration was as high as 2mol L™

3.3.3 Zeta potential of Fe;0,@DDT-PMAA MFs

Zeta potential analysis can be used to indicate the charge
and stability of the NPs in the base carrier. The larger the
zeta potential value is, the more charge on the surface of
the NPs, and the more stable it would be in the base
carrier. When the zeta potential value exceeded 61 mV,
the MF had excellent stability [39]. From Figure 6, the
unmodified Fe;0, MF had a potential of -16.2mV, and
the zeta potential of the MF modified by the polymer
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Figure 6: Zeta potential of uncoated and Fe;0,@DDT-PMAA mag-
netic NPs in water (pH = 7).

DDT-PMAA became -75.6 mV. This was because the sur-
face of the surfactant DDT-PMAA contained a large number
of carboxyl groups, which also proved that the polymer
DDT-PMAA was successfully modified on the Fe;0, mag-
netic NPs. The prepared Fe;0,@DDT-PMAA MF had a large
negative zeta potential, good electrostatic stability in the
base carrier liquid, and good polymer repulsion at the
same time. Moreover, relative to the spatial repulsion,
the stronger the electrostatic interaction between the parti-
cles (the larger the zeta potential value) is, the more stable
the MF will be, which proved that the Fe;0,@DDT-PMAA
MF samples possessed very great stability.

3.4 Dual-model MRI of Fe;0,@DDT-PMAA
MFs

3.4.1 In vitro

Magnetic saturation strength (M), longitudinal relaxa-
tion (r;), and transverse relaxation (r,) were used to eval-
uate the effect of in vitro imaging. As presented in the
Figures S7 and S8, the Ms of the pure Fes0, magnetic
NPs was 66.39 emu g, and the initial magnetic suscept-
ibility was very high, while the Ms of the Fe;0,@DDT-
PMAA MFs was reduced to 15.73emu g, and the initial
magnetic susceptibility was correspondingly reduced.
There were two reasons for this result. One was that the
magnetic NP surface was introduced with the non-magnetic
substance DDT-PMAA, and the other was that the M of the
particles had a great relationship with the size of the NPs,
while the modified NPs owned a particle size of only 5.9 nm
and the magnetic moment was very small [40].
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Fe;0, magnetic NPs with super-small particle sizes
showed great potential in T; and T, signal magnetic con-
trast agents. In vitro T, and T, mapping imaging of
Fe;0,@DT-PMAA MFs were measured by a clinical Sie-
mens 3.0 T magnetic resonance scanner. The value of r;
and r, directly measured the imaging effect. From Figure 7,
it can be seen that the intensity of the T; and T, signals had
a great relationship with the concentration of Fe in the MF.
With the increase in Fe concentration in the Fe;0,@DDT-
PMAA MF, the T; and T, signals were constantly enhanced.
The measured intensity was plotted against the Fe concen-
tration in the MF, and the resulting map was linearly fitted,
as shown in Figure 7c. The value of r; and r, (Here 1 and 2
are subscript to r) were 6.9 and 43.7 mM ' s, respectively,
which was approximately 2.38 times that of the commercial
contrast agent SHU-555C (the composition was carboxydex-
tran-coated Fes;0,, the dhyd/dTEM values were 20 and
5nm, r; = 29mM s and accounted for 64.5% of the
commercial contrast agent Feridex (the composition was
dextran T10-coated mixture Fe;0, and Fe,0s;, the dhyd/
dTEM values were 4.8 and 58.5nm, r, = 67.8 mM's™)
[41]. The key reason for the high r; value was the super-
small size of NPs (5.9 nm), which can significantly improve
the longitudinal relaxation and weaken the transverse
relaxation [42]. Similarly, it is one of the reasons for
the decrease in r, value, that is, the increase in specific
surface area led to the surface spin tilt effect, and the
surface disorder increased, resulting in magnetic weak-
ening [43]. Another important reason for the lower r,
value was the lower Ms (15.73 emu g '), which was directly
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related to the strength of r, value [25]. Based on the above
results, the Fe;0,@DDT-PMAA MFs showed great potential
in magnetic contrast T; and T, signals.

3.4.2 In vivo

The liver as the region of interest was selected for obser-
vation pre-and post-injection of Fe;0,@DDT-PMAA MFs
at a low dose (0.8 mg Fe kg™) in transverse and longitu-
dinal imaging. The T;-weighted images became brighter
and T,-weighted images became darker when compared
with the T; and T,-weighted pre-contrast images (Figure 8).
It can be clearly seen from the comparison of Figure 8a
and b that the bright visual field increased significantly,
where the area was not clear before injection was clearly
visible after injection (in the red circle, hepatoma cells),
in addition, other tissues were clearly visible (in the blue
circle), which was mainly related to the higher r; value
[44]. Furthermore, the background of Figure 8b was
less visible, which may be related to the drug metabo-
lism mainly in the liver. Similarly, T,-maping imaging
had similar results, the picture was clearer and the
tissue was more obvious. More importantly, the back-
ground image became more blurred after administration
than before, which indicated that it was more helpful
for accurate diagnosis after administration. The results
showed that Fe;0,@DDT-PMAA MFs owned the poten-
tial for simultaneous T; and T, contrast enhancement
images, which can provide more comprehensive information
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Figure 7: T, and T, mapping images of different concentrations of Fe;0,@DDT-PMAA MF in vitro, (a) T, mapping images, (b) T, mapping
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Figure 8: Simultaneous T;- and T,-weighted coronal images of Fes0,@DDT-PMAA MFs in rabbit liver cancer, (a) pre-rejection for T; images;
(b) after-rejection for T; images; (c) pre-rejection for T, images; and (d) after-rejection for T, images.

and higher accuracy for image-guided diagnosis and
treatment.

4 Conclusion

In this article, polymer DDT-PMAA was used as a surfac-
tant to prepare MF with a particle size of only 5.9 nm by
high temperature chemical co-precipitation. The influen-
cing factors of the preparation of super-small-diameter
magnetic NPs were investigated in depth. Under the optimal
preparation conditions, the water-based MF with super-
small particles was successfully prepared and modified by
polymer DDT-PMAA. The particles’ diameter distribution is
narrow and uniformly dispersed, and there is almost no
agglomeration. The magnetic NPs have a regular shape
which is approximately spherical and has a clear outline.

Moreover, because the particle size is small, the corre-
sponding saturation magnetization is also reduced. The pre-
pared Fe;0,@DDT-PMAA MF exhibits excellent stability and
can stably exist in magnetic field, acid—base environment,
and salt solution, which is closely related to the higher zeta
potential (-75.59 mV) and the super-small particle size of
MF. Simultaneously, the MRI effect is more vivid and there
is almost no background interference in vivo, though the
value of r, is slightly lower than commercial contrast agents
in vitro. In conclusion, the prepared Fe;0,@DDT-PMAA MF
possesses small size and good stability, exhibiting an excellent
comprehensive performance, and shows great development
potential as magnetic contrast agent in T; and T, dual-mode
MRI. In the future, we will do more detailed research on redu-
cing toxicity and improving sensitivity, and the drug meta-
bolism and pharmacokinetics in vivo should be discussed
accordingly. At the same time, the optimization of reaction
conditions is emphasized to facilitate industrial production.
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