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Abstract. We report the design and obtaining method of polyacrylonitrile
(PAN)/Poly(DL lactide) acid fibers with nano magnetic particles of Fe3O4. The results
of morphological characterization show that nano-magnetite particles are well
distributed throughout the composite. The magnetic investigations of the prepared
nanocomposites show that they could become a potential candidate for a kind of
specific biomedical application due to their strong magnetization.
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1. INTRODUCTION
Targeted delivery and controlled release of drugs represent domains of great
interest. Structures for transport and controlled release of drugs with high affinity
for certain organs, tissues and cells, were introduced in 1906, when Paul Ehrlich
postulated for the first time the concept of "magic bullet" [1].
Transportation systems and controlled release of drugs include: liposomes
[2–4], polymeric micelles [5–7], artificial DNA nanostructures [8–10], nanoparticles
[11–14] and magnetic nanoparticles (MNPs) [15–18]. Out of these, in recent years,
magnetic nanoparticles have drawn increased attention of researchers.
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MNPs have controllable sizes ranging from few nanometers up to tens of
nanometers, which place them at dimensions that are smaller or comparable to
those of a living cell, a virus, a protein or a gene. This means that they can
approach to a biological entity of interest and can be manipulated by an external
magnetic field gradient (they obey Coulomb’s law) [19]. This propriety opens up
many applications involving the transport and/or immobilization of MNPs. MNPs
can be chemically and structurally manipulated for creating numerous variants able
to efficiently deliver anti-cancer drugs or a group of radionuclides to an organ
containing a specific tumor [20]. MNPs can be constructed in such a way as to
resonantly respond to a time-varying magnetic field, with advantageous results
related to the transfer of energy from the exciting field to the nanoparticle.
The major requirements for MNPs to efficiently act in biological systems are:
biocompatibility and the capacity to be directed through the bloodstream.
Biocompatibility has been achieved by coating MNPs with various well-tolerated
polymeric (natural or synthetic) structures, whereas the directed flow of MNPs
through the bloodstream still represents a challenge. A possible solution to this
problem could be the increase of Fe3O4 particles magnetization. This would ensure
that MNPs are not absorbed by the reticuloendotelial system and overcome the
forces of mutual attraction after turning of the magnetic field.
Such a “magnetic nanosystem” which meets the above presented
requirements can be achieved by using an electrospining process with changed
collector geometry (Figure 1).
We report here the design and obtaining method of polyacrylonitrile
(PAN)/Poly(DL lactide) acid (PDLLA) fibers with nano magnetic Fe3O4 particles.
The PAN/PDLLA–Fe3O4 nanofibrous composites are expected to produce
functional structures with further applicability in the field of drug delivery systems.
2. EXPERIMENTAL
2.1. MATERIALS
Polyacrylonitrile (PAN, MW = 150,000 g/mol, Sigma-Aldrich Chemical
Company, Inc.) have excellent characteristics, which include thermal stability and
tolerance to most solvents, atmosphere, bacteria and photo irradiation. Also, PAN
fibers have been successfully reported as drug carriers [21].
Poly(DL lactide) (PDLLA, average Mw = 75,000–120,000 g/mol, SigmaAldrich Chemical Company, Inc.) – the choice of PDLLA is based on its
biocompatibility, biostability and extended use in the biomedical field, particularly
in strengthening of some biopolymer or in bone–defect restoration.
Fe3O4 magnetic nanoparticles (M = 231,54 g/mol, 98 %, 20–30 nm, specific
surface area > 60 m2/g, black powder, Alfa Aesar) are so far the most commonly
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used magnetic carriers for a variety of biomedical applications since their
biocompatibility has already been proven [22]. The solvent, N, N-Dimethylformamide
(DMF), purity 99.9% was purchased from Merck.
2.2. EXPERIMENTAL CONDITIONS
The solutions for electrospinning were prepared as follows: 0.1 g PAN, 0.1 g
PDLLA and an appropriate amount of Fe3O4 particles (range from 0.001 to 0.007 g)
were dissolved in 2 ml DMF under constant magnetic stirring for about 3 h in order
to obtain a homogeneous solution.
All solutions were directly electrospun under the same conditions using
typical electrospinning setup (Fig. 1). Each solution was briefly drawn into a glass
syringe, and then was electrospun using 15–18 kV high voltage power supply
attached to the needle at ambient temperature. The high voltage stretches the
solution droplet into a Taylor cone and an electrified jet is formed. The jet is
continuously elongated by electrostatic charge repulsion and solvent evaporation,
creating a mat of electrospun fibers on the grounded collector surface. The distance
between the syringe tip and the collector was ~ 6 cm. The cylindrical rotor was set
at 600 rotations per minute.

Fig. 1 – Experimental setup for the electrospinning process used
to prepare the polymeric magnetic nanofibrous composites.
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2.3. INVESTIGATION METHODS
The morphological characterizations of samples were performed using
Scanning Electron Microscopy (SEM) and Atomic Force Microscopy (AFM).
Images of SEM were obtained using a SEM – TESCAN VEGA XM system
operated at 30 kV accelerating voltage and 118 µA emission current. AFM
morphology measurements were performed with an atomic force microscope NT–
MDT model NTEGRA Aura operating in semi–contact mode. The Fourier
Transform-Infrared spectrometry (FT–IR) was performed with Jasco FT–IR–6200
spectrometer. Vibration sample magnetometery (VSM) measurements were
performed with MicroMag AGM/VSM model 2900/3900 with low (liquid
nitrogen) and high temperature accessories for the VSM head (Princeton
Measurements).
Hysteresis loops of the selected samples were measured using Princeton
Measurements Corporation Vibrating Sample Magnetometer 3900 in a maximum
field of 1T. Hysteresis parameters (saturation magnetization, Ms, remanent
magnetization, Mrs, and coercive force, Hc were determined after the correction
made for para– or diamagnetic contributions identified from the slope at high
fields. First–order reversal curve (FORC) measurements were conducted using the
same PMC VSM 3900 magnetometer. To construct a FORC diagram, 111 first–
order reversal curves were measured using a saturating field of 1T. The FORC data
processing was performed using FORCinel software developed by Harrison and
Feinberg [23]. The calculation of first–order reversal curve (FORC) diagrams use
locally weighted regression smoothing and can perform an optimum smoothing
factor calculation. IRM time dependent measurement was performed using the
same VSM magnetometer.
3. RESULTS AND DISCUSSION
3.1. SCANNING ELECTRON MICROSCOPY
In the SEM images fibrillar structures derived from polylactic acid containing
Fe3O4 nanoparticles could be observed. They have diameters between 1.2–1.5 µm
(Fig. 2 a,b), 1.0–1.2 µm (Fig. 2 c,d) and 0.9–1.2 µm (Fig. 2 e,f). One can notice a
decrease in fibers diameter with decreasing the concentration of nanoparticles.
Also, the sizes of nanofibres have been influenced by the heterogeneity of Fe3O4
particles, present in all the samples.
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Fig. 2 – Micrographs of PAN/PDLLA– Fe3O4 nanocomposite fibers with different Fe3O4
nanoparticles weight % content: a) 0%, b) 0,5%, c) 1,5%, d) 2,0%, e) 3,0%, f) 3,5%.
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3.2. ATOMIC FORCE MICROSCOPY
Atomic force microscopy was used to obtain topographic images of
PAN/PDLLA fiber containing embedded Fe3O4 nanoparticles, with diameters
ranging from 500 to 900 nm (Fig. 3). Using AFM it can be seen the flashing mode
of nanoparticles position, relative to the polymer matrix. The nanoparticles are
completely covered by the polymer and their position along the fiber could not be
determined.

a)

b)

Fig. 3 – AFM images of PAN/PDLLA/ Fe3O4 nanocomposite fibers: a) fibers without magnetical
nanoparticles; b) PAN/PDLLA fibers containing 3.5 weight % Fe3O4 nanoparticles.

3.3. FT-IR SPECTROSCOPY
Fourier transform infrared spectroscopy (FT–IR) was used for all obtained
samples, due to the distinct absorption modes of amorphous and crystalline
components in specific bands. Figure 4 shows the IR spectra in the range 1300–500
cm-1 of PAN/PDLLA fibers at different concentrations of magnetite and spectrum
of pure magnetite.
The lines of interest are those of the inorganic elements. Their presence and
especially their changes in intensity provide information about the behavior of
magnetite particles. In the FT–IR spectra there are two specific vibrational lines of
Fe–O bonds in Fe3O4 located at 550 cm-1 and 625 cm-1 respectively. The lines
corresponding to these types of vibrations do not change their intensities with the
increase of magnetite concentration. This figure suggests that the structure of the
magnetic particles remains unchanged. Increasing the concentration of magnetite
induces configuration changes, reflecting close packing of segments around the
main axis. This changes further lead to improved mechanical properties in the
deformation behavior and visco-elasticity.
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Fig. 4 – FT–IR spectra for PAN/PDLLA composites with different concentration of Fe3O4.

Major contributions of peaks in the FTIR spectra are presented in Fig. 4
(italic font for PAN, normal font for PDLLA, and underlined fonts for Fe3O4) and
Table 1, which were ascribed for bond stretching, between iron and oxide ions of
Fe3O4. The Fe3O4 magnetic nanoparticles are embedded in polymer matrix and do
not introduce structural modifications. This is in concordance with magnetic
measurements: magnetization increases with iron oxide concentration, and Fe3O4
nanoparticles do not interact because they are well dispersed and embedded.
Table 1
FT–IR data: peak band assignments for PAN/PDLLA–Fe3O4 nanocomposite fibers
PDLLA
(cm-1)
1270

PAN
(cm-1)
1240

1190
1148
1055
987
967

Fe3O4
(cm-1)

Assignment

References

δCH+νCOC
δCH2
νasCOC
rasCH3
νC-CH3
δCH
δCH

[27-30]
[24-26]
[27-30]
[27-30]
[27-30]
[24-26]
[24-26]
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Table 1 (continued)

912
842
751
688
625
598
550
548
518

rCH3+νCC
νC-COO
δCH
γC=O
Fe-O
C–C
Fe-O
C–C
δ1C-CH3+δCCO

[27-30]
[27-30]
[24-26]
[27-30]
[31, 32]
[24-26]
[31, 32]
[27-30]
[27-30]

3.4. VIBRATION SAMPLE MAGNETOMETERY
The ratio of saturation magnetization remanence to saturation magnetization,
Mrs/Ms, versus the ratio of remanence coercivity force to ordinary coercivity force,
Hcr/Hc, for various concentrations and initial Fe3O4 powder (20–40 nm) are shown
in Fig. 5.

Fig. 5 – Day plot: The ration of saturation remanence to saturation magnetization, Mrs/Ms,
versus ratio of remanence coercivity force to ordinary coercivity force, Hcr/Hc.

Limits for SD (single domain), PSD (pseudo-single domain) and MD
(multidomain) regions are presented after Dunlop [33]. The experimental data for
different concentrations are well grouped into a small region not far from the initial
Fe3O4 powder. This difference, also visible in the hysteresis curves from Fig. 6, is
probably explained by the strong particles interaction in the Fe3O4 powder sample.
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Fig. 6 – Comparison of hysteresis loops for pure magnetite
and PAN/PDLLA fibers containing 3.5 % weight Fe3O4 nanoparticles.

Fig. 7 – First-order reversal curve (FORC) diagrams for PAN/PDLLA fibers containing 3.5 % weight
Fe3O4 nanoparticles (left) and for pure magnetite (right).

First-order reversal curve (FORC) diagrams represent a powerful tool which
can provide detailed information about magnetostatic interactions, domain state
and composition [34]. The pure magnetite sample shows a FORC distribution with
two peaks (Fig. 7). The first small peak, highlighted by the open contour located
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just near the origin of the FORC diagram (Hc well below 10 mT) indicate that the
distribution have been shifted to lower coercivities by thermal relaxation effects.
This represents the characteristic behavior of superparamagnetic particles [35]. The
secondary, very high peak concentrated along the Hc axis (at Hu = 0) highlighted by
the closed contours represent the signature of non-interacting SD particles. The
small spreading along the Hu axis indicates that this sample is affected by a weak
local interaction field. This is in concordance with the grain size distribution of the
pure magnetite used here; the diameters ranges between 20 and 30 nm and the
SP/SSD (superparamagnetic/stable single domain) boundary is approximately at
20 nm [36].
The 3.5% sample shows only a single peak FORC distribution but it is very
similar to the pure magnetite one, which has similar in hysteresis curves (Fig. 7).
Closed concentric contours surrounding the peak suggest that only SD particles are
present in this sample. As for the pure magnetite sample, this one shows a similar
spreading along the Hu axis indicating the presence of weak local interaction field.
4. CONCLUSIONS
The PAN/PDLLA–Fe3O4 nanofibrous composite was obtained through
electrospining setup with changed collector geometry. Fe3O4 magnetic
nanoparticles are relative uniformly distributed throughout the composite
PAN/PDLLA–Fe3O4 fibers nanoparticles as reflected from SEM images. Fibers
diameters obtained from PAN/PDLLA decrease with the increase of the Fe3O4
nanoparticle concentration. The VSM measurements reveal the superparamagnetic
behavior of PAN/PDLLA fibers containg Fe3O4 particles.
It is suggested that obtained PAN/PDLLA fibers–Fe3O4 nanoparticles
(nanofibrous composites) could become a potential candidate for transportation
systems and controlled release of drugs due to their strong magnetization.
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