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Abstract: Fe;0, nanoparticles were prepared by chemical
co-precipitation, modified with dextran, and dispersed in
water to form a magnetic fluid (MF) for use in biomedical
areas. The analyses of stability and magnetic property
demonstrate that the prepared functional MF possesses
outstanding stability (stability index within 60 days, high
dilution stability, and autoclaved stability) and high
magnetization (the values y and M, of MF are 5.87 x
10~ and 20.57 emu/g, respectively). Due to the coating
of dextran, the toxicity of MF is minimal (in vitro survival
rate of MCF-7 cells, blood compatibility, and in vivo toxi-
city). In addition, although the outer layer is coated with
dextran, the M; intensity remains high, so the Fe;0, MF
owns a fast magnetic temperature response (when the MF
concentration is 55mg/mL, it can rapidly rise to 55°C
within 800 s), which plays an extremely vital role in MF
hyperthermia. So, the MF can effectively cause necrosis of
human lung A549 cells, which shows a certain applica-
tion potential.
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1 Introduction

Magnetic fluid (MF), colloidal suspension, consists of
nanoparticles with the size of 1-100 nm [1]. Water, silicone
oil, kerosene, and ethanol/water mixture can be used as
the carrier liquid for MF [2]. But water-soluble MF is more
inclined to biological applications [3]. Due to the large
density difference of nanoparticles in the carrier liquid,
the MF exhibits weak stability under gravity, centrifugal
force, and magnetic force [4]. Nanoparticles have unique
properties such as “small size effect,” “surface effect,”
“quantum tunnel effect,” etc. [5]. Therefore, the MF exhi-
bits many unique properties attracting more and more
researchers [6].

One of the most peculiar properties of nanoparticles
in the MF is superparamagnetism [7], which can be uti-
lized commendably. In addition, the MF possesses both
magnetism and fluidity [8]. Therefore, many peculiar
functions can be seen, which undoubtedly show tremen-
dous application potential in diverse areas [9], for example,
biomedicine including diagnostics, targeting drug delivery
systems, biosensors, magnetic cell separation and pur-
ification, enzyme and protein immobilization, magnetic
resonance imaging, MF hyperthermia, and many other
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applications [10]. Among them, biological applications
have become increasingly promising research areas [11].
Consequently, the preparation of stable and harmless
MF must be taken into account [12]. While owing to
the high surface energy of nanoparticles, it is a great
challenge to prepare stable MF without aggregation [13].

To obtain well-dispersed MF, many researchers have
made various attempts at nanoparticle modification [14].
Racuciu and Oancea [15] modified the magnetic nanopar-
ticles with tetramethylammonium hydroxide (TMAH) to
prevent magnetic nanoparticles from aggregation and
keep magnetic nanoparticles well-dispersed in deionized
water, which can be applied in many technological areas.
Goharkhah et al. [16] also tailored monodisperse water-
based MF capped by TMAH, which is of great significance
for convective heat transfer. Huessein Mohd et al. [17]
coupled the polyvinyl alcohol to the surface of magnetic
nanoparticles successfully. Rahman and Ochiai [18] pre-
sented that magnetic nanoparticles were functionalized
with chitosan and then reacted with butane tetracar-
boxylic dianhydride, exhibiting good dispersibility in
aqueous media. Surfactants have vital effects on the
properties of the MF, such as thermal conductivity [19],
which indicates that the selection of the surfactant seems
to be extremely significant in the relevant applications.
High magnetite concentration and magnetization, as well
as excellent stability, are expected in the applications of
MF [20], the appropriate surfactants with long molecular
chains can be adopted to prepare an ideal MF [21]. Dex-
tran can yet be regarded as a superb surfactant in view
of the fact that it possesses a great number of hydroxy
groups, which can stabilize magnetic nanopatrticles in water
because of the strong chelation between Fe;0, nanoparti-
cles and hydroxy groups [22]. In addition, dextran shows
excellent biocompatibility, so it shows a certain applica-
tion potential [23]. Therefore, dextran-functionalized
Fes0, MF is generally employed for bio-applications
[23]. There are many similar applications, for example,
Shaterabadia et al. [24] showed a detailed study of the
hyperthermia effect produced by dextran-coated ferric
tetroxide nanoparticles of different sizes. Similarly, Linh
et al. [25] prepared dextran-coated Fe;0, nanoparticles by
coprecipitation method and applied them to the hyperthermia
treatment of cancer. Naik et al. [26] further investigated in
detail the factors influencing the generation of magneto-
thermal effects, such as magnetic properties, temperature,
and viscosity of the carrier liquid.

Although the effect of hyperthermia on dextran-coated
Fes0, nanoparticles is significant in previous articles, excel-
lent biocompatibility in vivo is also important, especially the
safe dosage and whether it will cause an inflammatory
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reaction [27]. This is because excellent biocompatibility is
one of the primary conditions in practical clinical applica-
tion. Therefore, we take biocompatibility as one of the main
research projects, and focus on the safe dosage range and
determine whether it causes an inflammatory reaction, to
ensure excellent biocompatibility.

In addition, excellent MF hyperthermia owns stable
water-based MF with a fast magnetic temperature response
[25]. So, we used the coprecipitation method to prepare
dextran-coated Fes0, MF with excellent stability. The key
to preparation is to add dextran several times, which con-
tributes to dextran fully contacting and reacting with
Fe;0,. In short, the particle size, magnetization, and sta-
bility, as well as the toxicity of the dextran-modified Fe;0,
MF, were characterized by transmission electron micro-
scopic (TEM), a Gouy magnetic balance, and toxicological
experiments, respectively. We focused on the stability,
magnetic properties, biocompatibility in vivo and in vitro,
and the effect of magnetic hyperthermia.

2 Experimental

2.1 Materials

All chemicals were analytical grade and used without
further purification. Iron(m) chloride hexahydrate (FeCls-6H,0),
iron(m) sulfate heptahydrate (FeSO,-7H,0), ammonia solution
(25 wt%), dextran with molecule weight of 20,000 (T20),
and absolute ethyl alcohol were all purchased from
Sinopharm Chemical Reagent Co. Ltd. Deionized water
was used throughout the experiments.

2.2 Preparation of functional MF

The dextran-functionalized MF was prepared by the che-
mical co-precipitation method, and considering the influ-
ence of the molecular weight of dextran [28], dextran
with a molecular weight of 20 kDa is selected as the outer
layer. The specific preparation process is as follows. A
mixed solution (30 mL) of iron(ur) chloride hexahydrate
(0.44 g, 1.6 mM) and iron(m) sulfate heptahydrate (0.22 g,
0.8 mM) with a molar ratio of 2:1 was added into 250 mL
three-necked flash with slow stirring at the speed of
160 rpm/min for 10 min under argon protection at room
temperature. The temperature was raised to 60°C, then
13 mL of ammonia solution was rapidly poured into the
three-necked bottle with vigorous stirring (240 rpm/min)
for 5 min, followed by relatively slow stirring (100 rpm/min).
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The mixture became black immediately once the ammonia
was added. After that, Dextran (8 g, 0.4 mM) was added to
the black suspension in 5 equal portions and reacted in
argon for 60 min. The heating was stopped and the black
suspension was cooled to room temperature under slow
stirring. Then, dextran-coated Fe;0, magnetic nanoparti-
cles were washed with absolute ethyl alcohol and deio-
nized water mixed with the aqueous solution, and sepa-
rated by a permanent magnet, repeating this process
several times. Then, dextran-coated Fe;O, magnetic nano-
particles were washed with deionized water like the above
process until all ions were removed. The magnetic nano-
particles collected by magnetic separation were dispersed
in deionized water by ultrasonic vibration with the addi-
tion of 1.2g dextran followed by 30 min of ultrasound.
Finally, the stable dextran-functional MF was successfully
prepared.

2.3 Characterizations

Scanning electron microscopy (SEM) and TEM was per-
formed using SU8010 ESEM Hitachi microscope (Hitachi,
Japan) and a JEM 2100 F, JEOL, Japan, operating at 8.0
and 200 kV, respectively. X-ray diffraction (XRD) mea-
surement was recorded on an X-ray diffractometer (R-
AXIS RAPID-F Rigaku Corporation, Japan) using a Co
target (A = 1.5418 A)ata generator voltage of 40 kV and
current of 20 mA. Fourier transform infrared spectroscopy
carried out on Thermo Nicolet 670 FTIR instrument (Thermo
Nicolet Corporation, USA) was employed to evaluate the
success of functionalization operating at the wavelength
range of 4,000-400 cm™. The magnetization of the mag-
netic nanoparticles was obtained by a vibrating sample
magnetometer (VSM-7400, Lake Shore, USA), and the
magnetization of the functional MF was determined on a
Gouy magnetic balance (CTP-II, Nanjing Sangli, China).
Hydrodynamic diameter distribution was detected by the
Malvern Laser Particle Size Analyzer (Mastersizer 3000,
Malvern, Germany). The magnetic hyperthermia experi-
ments of the dextran-coated Fe;0, MF in the AC magnetic
field were performed on a medium-frequency induction
heating apparatus (Chien-Wah Co., Ltd, Dongguan, China).

2.4 Toxicological experiments
The MF must be nontoxic if it is applied for hyperthermia.

So, it is essential to test the toxicity of MF, including the
experiments in vitro and in vivo.

Dextran-coated Fe;0, magnetic fluid for magnetic hyperthermia
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2.4.1 In vitro

The toxicity of the obtained MF in vitro was tested by the
MTT method [29]. Human breast cancer cell MCF-7 cells
were inoculated in a 96-well plate (200 pL). The MF with
different Fe concentrations was added and cultivated for
24 h, then the cell viability was determined.

2.4.2 In vivo

The clean-grade Kunming mice, from the animal room of
the Medical College of Soochow University, weighing 20-24 g
and aged 6-8 weeks (with the experimental animal produc-
tion license: SCXK (Su) 2008-0035), were housed in the
experimental animal barrier system of the Experimental
Animal Center of Soochow University. The air cleanliness
was 10,000, the frequency of ventilation was 15 times/h, the
temperature was 21-24°C, and the humidity was 75-80%. The
laboratory animal use license is SYXK (Su) 2008-0113.

In the short-term distribution experiment, 60 healthy
mice were divided into 4 groups, the control group, the low
dose group, the middle dose group, and the high dose group
based on the preliminary experiment. There were 15 mice in
each group. The control group was given physiological saline.

The obtained Fe;0, MF with the prescribed dose was
injected into the mice by the caudal vein injection and the
intraperitoneal injection method according to the standard
mouse body weight. At 12, 24, and 36 h before and after the
injection, blood was collected through an orbital vein, and
the white cells of anticoagulant blood were measured by
an automatic blood cell counter to observe the toxicity of
the mice and the changes in subjective signs.

In the long-term distribution experiment, 40 healthy
mice were also divided into four groups, which were set
to be empty control group, the low-dose group, the
middle-dose group, and the high-dose group. The mice
with half male and female in each group were disposably
injected at different doses through the tail vein and the
intraperitoneal injection, and the acute poisoning perfor-
mance and death of the mice were observed.

3 Results and discussion

3.1 Characterization of magnetic
nanoparticles

SEM images in Figure 1a and b show the patterns of
uncoated and dextran-coated Fe;0, magnetic nanoparticles,
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Figure 1: Morphology characterization of MFs: SEM of (a) uncoated Fes0, magnetic nanoparticles and (b) dextran-coated Fes0, magnetic
nanoparticles, the scale bars are all 500 nm; TEM of (c) uncoated Fes0, magnetic nanoparticles and (d and e) dextran-coated Fes0,
magnetic nanoparticles, the scale bars of (c) and (d) are 100 nm, and (e) are 10 nm; (f) hydrodynamic diameter distribution by DLS.

which look spherical and also present a certain stacking.
TEM shown in Figure 1c—e is employed to observe the mor-
phology of uncoated and dextran-coated FesO, magnetic
nanoparticles in MF. We can observe from Figure 1c and d
that when coated with dextran, Fe;0, nanoparticles can be
considered roughly spherical. As exhibited in Figure Ic,
uncoated magnetic nanoparticles in MF tend to aggregate
because of high surface energy as well as large specific sur-
faces. The nanopatrticles are connected, the dispersion of the
particles is not good, and the average particle size reaches
38.6 nm. In a contrast, Figure 1d exhibits the dextran-coated
Fe;0, magnetic nanoparticles, which demonstrate superb
monodispersity in MF, with scarcely any aggregation, and
the average particle size is about 20.4 nm. This is attributed
to the electrostatic and steric repulsion among the dextran-
coated magnetic nanoparticles [30]. Figure le shows that a
core-shell structure was formed between Fe;0, magnetic
nanoparticles and dextran, which certified that dextran
had been successfully coated on the surface of FesO,
nanoparticles.

After diluting the prepared Fe;0, MF by a certain
factor (0.2 g/L), the hydrodynamic diameter distribution
of the magnetic nanoparticles was measured by DLS. It
can be seen from Figure 1f that both the uncoated and
dextran-coated Fes0, MF are monodisperse, and the

particle size distribution range is narrow. The average
hydrodynamic diameter of the uncoated and dextran-
coated particles is 118 nm (PDI = 0.19) and 97 nm (PDI =
0.13), respectively. It can be seen that the hydrodynamic
diameter of bare Fe;0, magnetic nanoparticles is larger
than that of dextran-coated magnetic nanoparticles, which
is due to the higher surface energy of uncoated magnetic
nanoparticles, causing agglomeration among the nano-
particles [31]. The result is consistent with that of SEM
and TEM.

Figure 2a is the XRD patterns of uncoated and dex-
tran-coated Fe;0, magnetic nanoparticles in MF, which
investigates the crystalline phases. The characteristic dif-
fraction peaks at 30.0, 35.5, 43.0, 53.0, 57.0, and 62.6°
observed from the XRD patterns belonged to (220), (311),
(400), (422), (511), and (440) planes of samples, respec-
tively, which was consistent with the inverse cubic spinel
phase of Fe;s0, (JCPDS card No. 75-1609) [32]. It can be
seen from the XRD pattern of the dextran-coated Fe;0,
that the position of the major peaks does not change.
That is to say, the crystal phase of the Fe;0, nanoparti-
cles does not change after being coated with dextran.

The size of Fe;0, nanoparticles can be calculated
according to the Scherrer formula: D = KA/(B cos 6) (where
D is the average thickness perpendicular to the crystal
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plane direction, K is the Scherrer constant, A is the X-ray
wavelength, B is the half-width of the diffraction peak,
and 0 is the diffraction angle) [33]. The particle sizes
before and after coating with dextran were 13.4 and
12.5nm, respectively. More encouragingly, the size of
the dextran-coated iron tetroxide did not increase but
decreased accordingly, which indicates that there is a
significant aggregation of the uncoated nanoparticles,
and the aggregates are considered single crystals. There-
fore, the particle size of the uncoated nanoparticles has
a larger diameter calculated by the Scherrer formula.
The change in size indirectly reflects the aggregation
state between nanoparticles. Figure 2b illustrates the
FTIR spectrum of dextran powder, uncoated Fe;O, mag-
netic nanoparticles, and dextran-coated Fe;O, magnetic
nanoparticles. From the spectrum of uncoated magnetic
nanoparticles in Figure 2b(I), it can be found that the
characteristic absorption of the Fe—-O bond appears at
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the peaks of around 550 cm™, which certifies the exis-
tence of magnetic nanoparticles [34]. The broad absorp-
tion peak at 3,318 cm™" belongs to the hydroxyl group on
the surface of magnetic nanoparticles, and the peak at
1,633cm ™ is contributed to vibration absorption peaks
of water molecules. As to the FTIR spectrum of dextran
in Figure 2b(III), there are characteristic absorption peaks
of C—0-C bonds at about 1,141 cm ™. Due to the vibration
absorption of C-H, H-C-OH, and =CH,, there are peaks
at 2,903, 1,640, and 1,415 cm ™! respectively [35]. As shown
in Figure 2b(II), Fe;0, magnetic nanoparticles have strong
absorption peaks at 1,146 and 557 cm ™, while the intensity
of absorption peak at 2,903 cm™ has dropped to a large
extent because the hydrogen atoms on the surface of the
dextran combine with the oxygen atoms on the surface of
Fes0, nanoparticles [36]. Comparing Figure 2b(I-III), the
spectrum of Fe;0, magnetic nanoparticles coated by dex-
tran exhibits the characteristic peaks of Fe;0, magnetic
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Figure 2: Characterization of MF: (a) XRD of uncoated and dextran-coated Fes0, nanoparticles; (b) FTIR of (I) uncoated Fes0, magnetic
nanoparticles; (ll) dextran-coated Fes0, magnetic nanoparticles; (lll) dextran; (c) and (d) TG and DTG curve of uncoated and dextran-coated

Fes0, magnetic nanoparticles.
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nanoparticles and dextran, which indicates that the dex-
tran has been introduced onto the surface of Fe;0, mag-
netic nanoparticles. FTIR has successfully determined the
dextran-coated magnetic nanoparticles.

Figure 2c and d exhibits thermogravimetry (TG) and
differential thermogravimetry (DTG) curves of uncoated
and dextran-coated Fe;0, magnetic nanoparticles. From
Figure 2c, the TG curve of uncoated magnetic nanoparti-
cles looks relatively smooth. The weight loss is about
4.5%, which results from the evaporation of a small
amount of water on the surface of nanoparticles. From
Figure 2d, the TG curve can be divided into three stages:
(i) This stage is from room temperature to 160°C, and the
weight loss of the Fe;0, magnetic nanoparticles is attrib-
uted to the evaporation of the water adsorbed on the sur-
face of the particle. (ii) In the second stage (from 160
to 390°C), the weight of Fe;0, magnetic nanoparticles
declines sharply, and the weight loss is about 21.2%.
This phenomenon is mainly due to the decomposition
of dextran molecules coated on the surface of Fe;0, mag-
netic nanoparticles. Meanwhile, it can be seen from the
DTG curve that the dextran molecules have a decomposi-
tion peak at 270°C, which also proves that the dextran
molecules have great thermal stability. The residues are
mainly FesO, magnetic nanoparticles. (iii) The weight loss
after 390°C may attribute to the loss of oxygen-containing
functions with the temperature rising [36,37]. According to
the TG curve, the coating rate is about 24%. Compared to
the uncoated and dextran-coated TG curve, we can con-
clude that the dextran has been successfully coated on
the surface of magnetic nanoparticles. In conclusion, after
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the above characterization, we successfully prepared dex-
tran-coated Fe;0, MF.

3.2 Magnetic properties

3.2.1 Magnetic properties of Fe;0, magnetic
nanoparticles

The magnetic property of Fe;0, magnetic nanoparticles
obtained by drying the prepared MF was measured by a
vibrating sample magnetometer. As shown in Figure 3a,
with the increasing additional magnetic field (Oe), the
magnetization intensity of the samples gradually increases
until it is saturated when the additional magnetic field is
large enough. The saturation magnetization (M) of Fe;0,
decreases from 66.27 to 41.02 emu/g after being modified by
dextran, as the dextran coating caused the decrease in M.
To some extent, it indirectly testifies that dextran is coupled
with FesO, magnetic nanoparticles. Nevertheless, the sam-
ples still demonstrate good magnetism. The magnetization
intensity of samples rises to saturation along with the
aggrandizement of the external magnetic field.

Similarly, the gradual rise in the magnetization inten-
sity of the samples appears as the external magnetic field
ascends in a reverse direction. The magnetization intensity
is almost zero when there is no additional magnetic field,
demonstrating that the samples exhibit superparamag-
netism [38]. The remanence and the coercivity of the
dextran-coated Fe;0, magnetic nanoparticles are slightly

000 + (b)
§800 E —e+—Coated Fe,0,
@] ——Uncoated Fe,0,
3600 4
1)
_\S/
2 400 4
LA
% 200 4
z
04
T T T v L T v T T T
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Figure 3: Hysteresis loop curves for uncoated and dextran-coated Fe;0, magnetic nanoparticles (a) and corresponding susceptibility curve
(b). Inset: Hysteresis loops of both samples at the low external magnetic field (a).
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larger than that of the uncoated sample due to the mag-
netic interaction between the coated magnetic nanoparti-
cles. Figure 3(b) shows the susceptibility (dM/dH) of the
two samples, and it shows that the initial susceptibility of
the dextran-coated Fe;0, magnetic nanopatrticles is higher
than that of the uncoated Fe;0, magnetic nanoparticles,
because of dipolar interaction between crystals in a rela-
tively small range of applied magnetic fields [39].

3.2.2 Magnetic property of Fe;0, MF

In the low magnetic field range, the MF’s susceptibility
remains unchanged, which is considered a constant. In
contrast, the magnetization intensity (M) of the MF is
proportional to the magnetic field intensity H.

M = xH. )

In a high magnetic field, the M has a tendency to be
saturated, so M is M,. M is a constant which can be
calculated as follows:

Ho oH
_ _ oa 2
f _[H X = XuoSH % dz, )

H - magnetic intensity of magnetic field center, mT; Hy —
magnetic field intensity at the top of the sample (mT); y —
volumetric susceptibility of samples; . — volumetric sus-
ceptibility of air; S — sectional area (m?); and yo — perme-
ability of vacuum (47 x 1077 N/A?).

Generally, as for the MF, the value of y. is very small,
which can be neglected. So, in the downfield, formula (2)
can be simplified as follows:
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X = 2f /u,SH>. 3)

And in a magnetic field with high intensity, the
saturation magnetization can be calculated as follows:

Ms = f/FoSHa (4)
f = (Amg, — Amy)g, (5)
Am = my - my, (6)

m; — the weight in the magnetic field (mg); my — the
weight without the magnetic field (mg); mg., — the total
weight of the MF and the glass tube (mg); and m; — the
weight of the glass tube (mg).

Increased magnetic gravity f in different magnetic
fields, the intensity H is gained by the measurement of
Gouy magnetic balance. Then, the relationship curve
between the increased magnetic weights and magnetic
field intensity can be drawn as shown in Figure 4. The
magnetic susceptibility y and saturation magnetization
M; of water-based MF can be obtained based on the for-
mulas (3) and (4). The values are y = 5.87 x 1074, M, =
20.57 emu/g. As a result, it is not difficult to see that the
magnetic susceptibility and the saturation magnetization
of the prepared dextran-coated Fe;0, MF are high [40].

Combined with the above data, we can conclude that
the magnetic properties of nanoparticles decreased sig-
nificantly, which is due to the coating of dextran [24];
however, the magnetic properties of MF are excellent
because the dextran-coated ferric oxide can fully ensure
the hydrophilicity of MF. In addition, after centrifugation,
the excess dextran is separated, so the coating rate is
about 24% by TG, which further improves the magnetic

property.
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Figure 4: Relationship between the magnetic weight of MF and magnetic field intensity, corresponding to (a) F~H? curve and (b) F~H curve.
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3.3 Stability of MF

Excellent stability is the prerequisite for the effective
application of MF. The stability of the prepared MF is
discussed by using magnetic field stability, dilution sta-
bility, and autoclaved stability.

The stability of MF under a gravity field is expressed
by stability index (I) and detected by Gouy magnetic bal-
ance, I show as follows [41]:

I'=(p, = p,)/(0 = py)

p1 — the density of the upper layer of the MF after a period
of time (g/cm’); p — the density of the fresh MF (g/cm>);
and p,, — the density of deionized water (g/cm?).

The density of the upper layer of the MF and fresh MF
is tested, and I curves of the samples after standing for
different times are shown in Figure 5a. As revealed in

DE GRUYTER

Figure 5a, there will be a small amount of precipitation
in the first few days. After that, I stays almost unchanged.
That is to say, the Fes0, MF is relatively stable, and
almost no precipitate is generated. In total, the prepared
MF has favorable stability.

The magnetic stability of MF is certified by the change
in the magnetic weight, which is tested for 6 h by Gouy
magnetic balance in stable magnetic field intensity. From
Figure 5b, it can be observed that the magnetic weight
almost stays unchanged with the prolonging of time in
25 mT. That is to say, the MF owns the ability to keep
the monodispersity in a magnetic field, exhibiting out-
standing magnetic stability.

The MF will be greatly diluted after the injection into
the human body; meanwhile, the dilution stability of the
MF must be investigated for practical application. The
sample was diluted with deionized water at the ratio of
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Figure 5: Stability of MF: (a) change in stability index of the MF vs duration time; (b) relationship between the increased magnetic weight of
MF and time in a magnetic field intensity of 25 mT; (c) the relationship between the increased magnetic weight of diluted MF and time in a
magnetic field intensity of 25 mT; and (d) the relationship between the increased magnetic weight of autoclaved MF and time a in magnetic
field intensity of 25 mT.
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Figure 6: Viability of MCF-7 cells after incubation with dextran-
coated MF with different concentrations of Fe for 24 h.

1:10 and 1:100, and the stability was measured by Gouy
magnetic balance in a constant magnetic field (H =
25mT). The magnetic stability of the samples was deter-
mined like the process of magnetic weight gain stability.
As shown in Figure 5c, the magnetic weight of both 10
times and 100 times diluted MF are almost constant. It
indicates that the MF exhibits great magnetic stability
after being diluted.

The MF must be nontoxic for in vivo biomedical appli-
cations. So, the MF must exhibit superb stability after
being autoclaved. After being autoclaved, the magnetic
stability of the MF is investigated. The MF was sterilized
in a high-pressure steam sterilizer at 120°C for 10 min.
From Figure 5d, it can be seen clearly that the magnetic
weight of the autoclaved MF can keep stable in the mag-
netic field of 25 mT.

Through the above research, it is fully proved that the
MF has excellent stability. This is mainly because dextran
is added several times during the preparation of MF,
which ensures that the iron oxide in the core is fully
coated, to ensure excellent water solubility and stability.

Table 1: Number of white blood cells after different doses of injection

Dextran-coated Fes0, magnetic fluid for magnetic hyperthermia
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3.4 Toxicological experiments
3.4.1 In vitro toxicity

Figure 6 shows the survival rate of MCF-7 cells after being
incubated with dextran-coated Fe;0, MF in different iron
concentrations (0-1,000 pg/mL of Fe) for 24 h. It can be
seen that when the Fe concentration was low at 100 pg/mL,
the cell viability exceeds 100% after being cultivated with
the MF for 24 h. Meanwhile, the higher the concentration,
the lower the cell viability, even when the iron concen-
tration is as high as 700 pg/mL, the cell survival rate
remains about 85%, which indicates that the prepared
dextran-coated water-based MF is extremely low cell
cytotoxicity for MCF-7 cells.

3.4.2 In vivo toxicity

To further study the biocompatibility of the prepared MF,
we used short-term and long-term distribution experi-
ments to study the in vivo toxicity of mice with different
doses. The changes in leukocyte count and acute toxicity
were counted and studied, the details are as follows.

3.4.2.1 Effect of MF on peripheral blood system in mice

None of the mice died during the experiments. The total
number of white blood cells was not statistically signifi-
cant (p > 0.05) [42] compared with the control group after
12, 24, and 36 h of vein injection. The results show that
the lethal median dose was more than 1,136 mg/kg (LD50
> 1,136 mg/kg), the maximum nontoxic dose (EDO) was
652 mg/kg, the LD50 was more than 2,166 mg/kg, and the
EDO was 1,338 mg/kg for intraperitoneal administration,
which suggested that Fe;0, MF was nontoxic, as shown
in Table 1.

Groups (n =5) Dose of the MF Before giving MF

12 h after giving MF

24 h after giving MF 36 h after giving MF

(mg/kg) (x10°/L) (x10°/L) (x10°/L) (x10°/L)
Control group - 7.2+18 7.3+25 7.3+2.0 7.1+£28
Low dose group 652 73 +2.2 73 +21 7.5+22 7.3+2.0
Middle dose 909 7.2+21 7.3+2.4 7.5+21 7.4 +2.2
group
High dose group 1,136 7.2+2.2 7.5+25 7.5+2.0 7.5+2.6

Note: Comparing between groups, the Fvalues were 0.63, 0.65, and 0.63, and the P values were 0.61, 0.60, and 0.61, after 12, 24, and 36 h

of MF injection, respectively.
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3.4.2.2 Vein injection method

None of the mice died during the experiments. If the
concentration of MF is further increased, there will be
excess MF flowing down the injection port. The tail vein
injection at 1,136 mg/kg was the largest dose of intrave-
nous delivery in mice. Therefore, according to the recom-
mendations of the Center for Drug Evaluation and Research
of the US Food and Drug Administration for single-dose
acute toxicity testing, the mice had a half-lethal dose
(LD50) >1,136 mg/kg. The maximum nontoxic dose of
EDO was 652 mg/kg. There was no significant difference
in body weight between the three doses and control
groups (p > 0.05). The results are exhibited in Table 2.

3.4.2.3 Intraperitoneal injection method

The mice were intraperitoneally injected with the highest
dose and the maximum drug volume, and no death was
caused. The maximum tolerated dose (MTD) of mice was
measured by intraperitoneally injecting based on the
guidelines of toxicology research formulated by the Ministry
of Health of the People’s Republic of China in 2003. The
performance of the mice was observed for 10 days after
injecting Fe;0,, MF with a solid content of 2,162 mg/kg intra-
peritoneally. After administration, some mice developed
a poor appetite and returned to normal on the second day.
No mice died during the observation period. The intraperito-
neal injection of MTD = 2,162 mg/kg, LD50 >2,162 mg/kg, and
EDO was 1,338 mg/kg. The body weight after administration
in the three-dose groups was compared with the control
group (p > 0.05). The results are shown in Table 3.

In summary, no matter the high-dose administration
or the change in administration mode, there was no
obvious toxic change in blood compatibility and subjec-
tive signs, and the value of EDO and LD50 was large, so it
suggests that the MF is safe for biological application.
The reason for such excellent biocompatibility is the suf-
ficient coating of ferric oxide by dextran.

3.5 Hyperthermia of MF
3.5.1 Hyperthermia of MF in a standard cuvette

MF can be used for the hyperthermia treatment of the
tumor under an alternating magnetic field, and the tem-
perature used for the treatment should be a minimum of
42°C [23]. This section measured the exothermic ability of

Dextran-coated Fes0, magnetic fluid for magnetic hyperthermia
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the MF with three concentrations in an alternating mag-
netic field generated by an AC magnetic field generator
using an alcohol thermometer. The frequency applied in
the present investigation was 60 kHz. The experimental
setup was shown in our published article [43].

From Figure 7, it can be seen that the temperature of
the three concentrations of MFs in a circuit with an alter-
nating electrical current of 11 A rises gradually. The tem-
perature of sample rises to 51°C from 11°C in 800s,
whereas the temperature of samples b and c rises by 25
and 10°C, respectively. The weight concentration of sam-
ples a, b, and c are 55, 35, and 25 mg/mL, respectively.
However, as time went on, the temperature of the MF
reached a plateau. The reason is that the generated
heat is equal to the amount of heat emitted to the envir-
onment, so the temperature would not rise anymore as
time elapsed. Moreover, the temperature is controlled by
the Curie temperature of the Fe;0, magnetic nanoparti-
cles. So the temperature rises enough to kill cancer cells
around the tissue [25].

3.5.2 Hyperthermia of human lung cancer A549 cells

Meanwhile, the obtained MF exhibits great potential in
the application in MF hyperthermia of tumors. In this
section, an AC magnetic field generator measured the
effect of FesO, MF hyperthermia on the human lung
cancer A549 cell line in vitro. The MF and lung cancer
A549 cells were co-cultured and heated in an alternating
magnetic field, which could be elevated to above 42°C.
The morphological changes in human lung cancer cells
in each group after hyperthermia (x800) were exhibited.
One of them was the control group (Figure 8a), the cell
size was the same, no cell rupture, and the growth was

60 -
50 - a
40 -
30 4
20

Temperature/°C

10

0

— T T T T T T T
0 200 400 600 800 1000
Time/s

Figure 7: Heating curves of dextran-coated Fes0, magnetic nano-
particles with different concentrations (25, 35, and 55 mg/mL) at
fixed apparent current (/ =300 A), a is 55 mg/mL, b is 35 mg/mL, cis
25 mg/mL.
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Figure 8: The morphology of human lung cancer A549 cell line in the light microscope (x800) after the MF hyperthermia: (a) control group

and (b)—(d) experimental group with 55 mg/mL at 300 A.

strong. In addition, Figure 8(b—d) were the experimental
groups, in which it can be seen that the number of lung
cancer cells was gradually reduced after hyperthermia of
lung cancer cells, while necrotic cells and cell debris were
gradually increased. In conclusion, dextran-coated MF
shows certain magnetic hyperthermia abilities.

In short, the biological properties of MF were signifi-
cantly improved due to the addition of dextran. In addi-
tion, dextran is added several times in the preparation
process, which makes dextran fully coordinated with ferric
oxide, to prepare MF with excellent stability. Therefore, it
shows a certain application potential in hyperthermia.

4 Conclusion

Dextran-coated Fes0, MF was successfully prepared by
chemical co-precipitation. MF shows excellent stability,
which is embodied in magnetic stability, dilution stability,
and autoclaved stability. Meanwhile, the M and suscept-
ibility are very high while the coercivity and remanence of
the obtained MF are very small, which can be considered
superparamagnetism. In addition, the biological toxicity
in vivo and in vitro showed that dextran-coated Fe;0, MF
had excellent biocompatibility, so it exhibits great poten-
tial for biological applications. So, when applied to lung

cancer A549 cells, it can quickly and effectively kill cancer
cells, showing a certain application potential. Of course,
the research on MF preparation needs to go on if we expect
to obtain more MF with outstanding properties, which can
be considered a promising development direction.
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