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The PVDF fibrous composite filled with iron oxide nanoparticles were prepared by using the electrospinning
technique. The electrospun composite have the thickness in the range of 60-80 pm with the average fibrous
diameters of 500-900 nm. The magnetizations of PVDF fibrous composite filled with iron oxide nanoparticles
showed 4.5 emu/g, 3.1 emu/g and 1.6 emu/g at 1.5 T of external magnetic field for 20 wt.%, 10 wt.% and 5
wt.% iron oxide nanoparticles, respectively. The heat elevation of the magnetic composite were measured under
various AC magnetic fields, frequency and the ambient temperatures. The temperature reached up to 46.3°C
from 36°C at 128 Oe and 355 kHz for 20 wt.% iron oxide nanoparticles filled in PVDF fibrous composite sheet.
The specific absorption rate of theses sheets increased from 0.041 W/g to 0.236 W/g with the increment of AC
magnetic field from 90 Oe to 167 Oe at 190 kHz, respectively.
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1. Introduction

MAGNETIC NANOPARTICLES (MNPs) have a high
potential for bio-applications such as magnetic resonance
imaging contrast enhancement, tissue repair, drug delivery
and hyperthermia applications [1-4]. Among the various
MNPs, magnetite (FesO,) is one of the most important
spinel-type particles with superparamagnetic property. It
has been known that the important properties of Fe;0O,
MNPs for biomedical applications are nontoxicity, bio-
compatibility, low particle dimension, large surface area,
and suitable magnetic properties [4]. These magnetic
materials can be tailored with the various shapes such as
particles, rod, wire, and their composites to improve the
magnetic properties and biocompatibility [5-8]. In general,
the magnetic thermo-sensitive materials especially, MNPs
and their colloids have been widely studied in local
hyperthermia [1-8]. To apply the hyperthermia of MNPs,
it should evenly disperse throughout the fluid. And it
must be shorten treatment time with the maximized loss.
The magnetic hyperthermia provides the heat at the site of
the tumor invasively by applying an external alternating
magnetic field (AMF) to the MNPs at the tumor site.the
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heat range about 42°C to 46°C for cancer therapy [1].
The magnetic field-induced heating of MNPs occurs
through a combination of eddy currents, hysteresis losses,
and relaxation losses. The eddy current loss is deeply
related with the skin depth of materials which is defined
by the applied frequency, conductivity and permeability
of materials. In multidomain magnetic particles, the loss
is mainly governed by the hysteresis loss although Neel
relaxation is generated by magnetic spins in single-
domain MNPs. These magnetic domain depends on the
size of MNPs. In the Brownian relaxation, the interaction
between a thermal force and viscous drag in the sus-
pending medium will influence the particle movement
significantly. The losses of the MNPs is governed by the
intrinsic magnetic properties as well as the strength of the
AMF and their operating frequencies [4]. These magnetic
thermal losses can be expressed by Specific Absorption
Rate (SAR). In recent, researchers have been tried to
apply the composite sheet instead of magnetic colloids to
healing of skin infections including hyperthermia-aided
immunotherapy [9-14]. The magnetic fibrous composite
(MFC) sheet has an advantage of easily usage to healing
and wound target area with an immovable MNPs. And it
can be expected to remain locally keeping the MNPs in
the surroundings of the tumor, thus allowing a repeated
localized heating. The MFC are made through electro-
spinning which process allows the evenly distribution of
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MNPs in composites and design of polymeric fibers with
a good flexibility. Electrospinning is well known as an
efficient tool to fabricate multifunctional fibrous matrices,
which are composed of polymeric fibers with diameters
ranging from hundreds of nanometers to several micro-
meters [15]. Therefore, to verify the heat behaviors of
MFC, we synthesized the PVDF fibrous composite filled
with iron oxide nanoparticles (IONPs) by using electro-
spinning technique.

2. Experimental Procedure

The fibrous composite sheets filled with IONPs were
fabricated using the electrospinning technique as shown
in Fig. 1(a). For electrospinning, the spinning dopes
were prepared by sonication of the IONPs (98% Fe;O,,
SkySpring Nanomaterials, 10-20 nm) in Dimethylform-
amide (DMF, Sigma-Aldrich) for 24 hours. 20 wt.% of
Polyvinylidene Fluoride (PVDF, Kynar) to DMF were
then added to the prepared IONPs/DMF mixture. The
solutions mixtures were magnetically stirred for 24 hours
before the electrospinning at 90°C. 5, 10 and 20 wt.% of
Fe;04 to PVDF were prepared for comparison. The pre-
pared solutions were electrospun using NEU (Kato Tech)
electrospinning system as shown Fig. 1(b). 5 ml of each
spinning dope was transferred to a syringe for electro-
spinning. The distance between spinneret to target was set
as 15 cm and gauge 18 blunt ended syringe needle was
used as spinneret. The voltage applied to the spinning
nozzle was varied between 10-15 kV to obtain stable and
continuous fiber fabrication while solution was pumped at
a rate of 0.1 ml/min.

Figure 1(c) shows the typical flexible PVDF fibrous
composite sheet filled with IONPs. The morphologies and
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structure of composite sheets were determined by using
Field Emission Scanning Electron Microscopy (FE-SEM,
Philips s-4800) and X-ray diffractometer (XRD, Cu Ka, A
= 1.54059 A). The magnetic properties of the particles
were measured by using Vibrating Sample Magnetometer
(VSM, Lakeshore 7410). The induction heat temperature
were measured by AC heating system which is composed
of RF power supply (AMERITHERM INC., HOTSHOT
2.4 kW) and 5.5 turns-helical shaped Cu coil with the 80
mm-height and 70 mm-inner diameter as an AC magnetic
field applicator. The temperature and the intensity of
AMF was measured by optical thermal sensors and 4
channel thermometer (FISO TMI4) with a magnetic field
transducer (SENIS AG.), respectively.

3. Results and Discussion

Figure 2 shows the optical images of the PVDF fibrous
composite sheets filled with IONPs and FESEM images
of their surfaces and cross sectional views with the
increment of IONPs inclusion from 0 wt.%, 5 wt.%, 10
wt.% and 20 wt.%, respectively. The average thickness of
composites is about 70 pum and the fiber diameter of
about 500-900 nm. Any aggregation of fibers and external
particles on surface of fibers were not existed. The XRD
peaks of the synthesized PVDF fibrous composite filled
with IONPs were compared with those of the iron oxide
powder and PVDF fibrous sheet without inclusion of
IONPs as shown in Fig. 3. The diffraction pattern of iron
oxide powder exhibited the partially mixed magnetic
phases with a-Fe,Os;, a-Fe and etc., which a strong
diffraction peak corresponds to (220), (311), (400), (422),
(511) and (440) reflections of FesO, and (104), (110)
reflections of hematite (a-Fe,O3), respectively.

(b)

Fibers High voltage

| (M;nge Iiv \

Polymer/Nanoparticle

==

(c)

Fig. 1. (Color online) Synthesis process (a), schematic of electrospinning system (b) and optical image (c) of the fabricated PVDF

fibrous composite sheet filled with IONPs, respectively.
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Fig. 2. Optical (a)-(d) and FESEM (e)-(1) images for sheets surface and cross sectional view of the fibrous PVDF composite sheets
filled with the change of IONPs contents; 0 wt.%, 5 wt.%, 10 wt.%, and 20 wt.%, respectively.
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Fig. 3. (Color online) X-ray diffraction patterns of PVDF
fibrous mat without IONPs (a) and IONPs contents of 5 wt.%

(b), 10 wt.% (c), 20 wt.% (d) and IONPs powders (e), respec-
tively.

The magnetization value of iron oxide powder without
polymer exhibited about 35.5 emu/g at room temperature,
which the external magnetic field was applied up to 1.5 T
as shown in Fig. 4 (inset). The magnetizations of PVDF
fibrous composites filled with IONPs of 5 wt.%, 10 wt.%
and 20 wt.% were obtained 1.6 emu/g, 3.1 emu/g and 4.5
emu/g, respectively in Fig. 4. The magnetic squareness
(M/M;) of PVDF fibrous composites with IONPs are
very small values (below 0.09) for all samples. It indi-
cates that the 10-20 nm sized IONPs in PVDF fibrous
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Fig. 4. (Color online) The magnetization curves at 300 K with
the increment of IONPs contents in PVDF fibrous composite
sheet from 0 wt.% to 20 wt.% in comparison with that of
IONPs without polymerization process (Inset), respectively.

composites could be superparamagnetic particles. The
heat contributions of these particles in the range of kHz
frequency, the eddy current and hysteresis loss can be
negligible due to the large skin depth and very low coer-
civity.

To verify the heat loss of the PVDF fibrous composites
filled with IONPs, the specimens were placed in an
isolated air environment. The ambient temperature was
kept constant with 10°C, 20°C and 36°C in a temperature
controllable chamber, respectively. The intensity of AMF
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Fig. 5. (Color online) Temperature increment as a function of
time for PVDF fibrous composite sheets filled with IONPs of
20 wt.% at the change of ambient temperatures of 10, 20, and
36°C under 190 kHz and 167 Oe, respectively.

was generated by using a 5.5 turn coil with 90 Oe, 128
Oe and 167 Oe at the selective frequency of 190 kHz, 250
kHz and 355 kHz, respectively. When these PVDF
fibrous composites filled with IONPs exposed to alter-
nating magnetic field, they were heated by relaxation loss.
To compare the heat behaviors with the different ambient
temperatures, the heat behaviors of PVDF fibrous com-
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posites with 20 wt.% IONPs were measured with the
different ambient temperatures at 10°C, 20°C and 36°C
for, respectively, as shown in Fig. 5. As results, the
increasing temperatures (AT) stably exhibited about 10°C
regardless of the different initial temperatures. Therefore,
we selected the initial ambient temperature of 36°C which
is similar with that of human body. Figure 6 shows the
comparison of the elevated temperature for the PVDF
fibrous composites field with 5 wt.%, 10 wt.% and 20
wt.% IONPs with the change of applied AMF intensities
from 90 Oe, 128 Oe and 167 Oe at the fixed frequency of
190 kHz, respectively. The temperatures were linearly
increased with the increment of inclusions of IONPs and
intensity of AMF from 90 Oe to 167 Oe. Figure 6(d)
shows the increasing temperature (AT) with the increment
of IONPs and intensity of AMF. The maximum AT
exhibited about 9.6°C for 20 wt.% IONPs at 167 Oe and
190 kHz. To evaluate the frequency dependence of heat,
the elevated temperatures of PVDF fibrous composites
with IONPs were measured at 90 kHz, 250 kHz and 355
kHz with the fixed AMF of 128 Oe, respectively, as
shown in Fig. 7. The temperatures were increased with
the increment of frequency and inclusion of IONPs
contents, respectively. The AT increased up to 10.3°C
with the increment of frequency and inclusion of IONPs,
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Fig. 6. (Color online) Temperature as a function of time for the PVDF fibrous composite sheets with the change of IONPs con-
tents; 5 wt.% (a), 10 wt.% (b), and 20 wt.% (c), the elevated temperature differences (AT) (d) for the change of AMF 90 Oe, 128

Oe and 167 Oe at 190 kHz, respectively.
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Fig. 7. (Color online) Temperature as a function of time for the PVDF fibrous composite sheets with the change of IONPs con-
tents; 5 wt.% (a), 10 wt.% (b), and 20 wt.% (c), the elevated temperature differences (AT) (d) for the change of frequency from 190

kHz to 355 kHz at 128 Oe, respectively.

as shown in Fig. 7(d). These magnetic losses can be
expressed by the specific loss power (SLP) (also called
the specific absorption rate (SAR)), which is defined as
the thermal dissipation per unit of mass of the magnetic
material in the presence of an AMF. SLP is equal to ¢ x
AT/At X Mgample/Mparicle; Where ¢ is the specific heat
capacity of sample, Mgmpie is the mass of sample, Mpyaricie
is the mass of the magnetic material in specimen, and AT/
At is the slope of the heating curve. For nanoparticle in
composites, the heat capacity of the system was corre-
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Figure 8 shows the calculated the SAR based on
measured the temperature increasing ratio (AT/At) with
the change of AMF, frequency and the increment of
IONPs inclusion in PVDF fibrous composite. The SAR
values were not so changed with the IONPs contents in
fibers. However, they increased up to 0.24 W/g with the
increment of AMF and 0.33 W/g with the increment of
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Fig. 8. (Color online) SAR with the change of magnetic fields at 190 kHz (a) and frequency at 128 Oe (b) for the change of IONPS

contents of 5 wt.%, 10 wt.%, and 20 wt.%, respectively.
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frequency, respectively.

4. Conclusion

The heating effects of PVDF fibrous composite filled
with IONPs were studied in various strengths of AMF
and frequencies. All the magnetic fibrous composite show-
ed that the temperatures increased with the increment of
AMF, frequency and IONPs inclusion, respectively. The
increasing heat temperatures (AT) exhibited almost same
values even though the initial ambient temperatures were
different with 10°C, 20°C and 36°C. The maximum heat
temperature and SAR showed 46.3°C and 0.33 W/g for
the 20 wt.% IONPs at 128 Oe, 355 kHz respectively.
SAR values may not dominant on IONPs contents in
fibers but the strength of AMF and their frequency. As
results, these flexible PVDF fibrous composite sheet
filled with IONPs could be helpful for hyperthermia
treatment and skin wound healing applications.
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