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Magnetoresponsive polymer-based fibrous nanocomposites belonging to the broad category of stimuli-responsive materials, is
a relatively new class of “soft” composite materials, consisting of magnetic nanoparticles embedded within a polymeric fibrous
matrix. The presence of an externally applied magnetic field influences the properties of these materials rendering them useful in
numerous technological and biomedical applications including sensing, magnetic separation, catalysis and magnetic drug delivery.
This study deals with the fabrication and characterization of magnetoresponsive nanocomposite fibrous membranes consisting of
methacrylic random copolymers based on methyl methacrylate (MMA) and 2-(acetoacetoxy)ethyl methacrylate (AEMA) (MMA-
co-AEMA) and oleic acid-coated magnetite (OA-Fe;O4) nanoparticles. The AEMA moieties containing f-ketoester side-chain
functionalities were introduced for the first time in this type of materials, because of their inherent ability to bind effectively onto
inorganic surfaces providing an improved stabilization. For membrane fabrication the electrospinning technique was employed
and a series of nanocomposite membranes was prepared in which the polymer content was kept constant and only the inorganic
(OA-Fe;0,4) content varied. Further to the characterization of these materials in regards to their morphology, composition
and thermal properties, assessment of their magnetic characteristics disclosed tunable superparamagnetic behaviour at ambient
temperature.

[2, 3]. With this method, fibrous mats are produced by
electrically charging a suspended droplet of polymer melt

In the last years, stimuli-responsive polymer-based mem-
branes the properties of which can be externally triggered
upon variation of the pH, the temperature, and the magnetic
or electrical field have attracted increasing attention due
to their numerous potential applications, for example, in
sensing technologies, in separation processes, and in the
biomedical field such as controlled drug delivery systems [1].

One of the most versatile methods employed for generat-
ing polymeric (nano)fibrous membranes is electrospinning

or solution. Electrospinning exhibits the most demonstrating
and promising results for numerous applications, because of
its simplicity, versatility, low cost, and the ability to produce
continuous (nano)fibers of various materials from polymers
to ceramics to composites [4—6]. Moreover, it may provide
control over the thickness and composition of the produced
(nano)fibers along with the porosity of the (nano)fibrous
mesh. The produced electrospun fibrous membranes, which
usually consist of fibers having diameters from a few nm



up to a few micrometers [7], are considered for a variety
of applications, such as molecular filtration [8] catalysis
[9] and electronics [10] in biomedicine as scaffolds for
tissue engineering [11-13] and drug release carriers [14].
The large surface-to-volume ratio, the existing flexibility
on the selection of the surface functionality, the interesting
mechanical properties, and the freedom on materials’ design
[15, 16] are only a few characteristics that make the
polymeric (nano)fibers and the resulting membranes ideal
in the above-mentioned important applications.

A particular class of stimuli-responsive, nanocompos-
ite polymer-based membranes is the so-called magnetore-
sponsive membranes. These materials consist of magnetic
(nano)particles embedded within a polymeric membrane,
and their properties are influenced by the presence of an
externally applied magnetic field.

The electrospinning process has been successfully
employed for the fabrication of magnetoresponsive fibrous
membranes. Among the magnetic particles incorporated
within such systems, magnetite (Fe3O,4) is by far the most
commonly used [17-22]. Besides the above-mentioned
systems, other reports include the fabrication of polymer
composite membranes containing FePt [23], CoFe,Oy4 [24]
and Fe [25] particles.

Herein, we describe the fabrication of magnetoresponsive
fibrous membranes consisting of functional polymeric mate-
rials and oleic acid-coated magnetite (OA-Fe;O4) nanopar-
ticles. More precisely, random copolymers based on methyl
methacrylate (MMA) and 2-(acetoacetoxy)ethyl methacry-
late (AEMA) of the type MMA-co-AEMA have been prepared
via conventional free radical polymerization.

The AEMA moieties containing [3-ketoester side-chain
functionalities were introduced because of their ability to
bind effectively onto the inorganic iron oxide surfaces pro-
viding an improved stabilization. The latter has been demon-
strated in recent publications of our group, reporting on the
synthesis and characterization of well-defined hydrophilic
diblock copolymers based on AEMA and hexa(ethylene
glycol) methyl ether methacrylate (HEGMA) and their use
as stabilizing agents for iron oxide nanoparticles [26] and
single-wall carbon nanotubes/Fe;O4 [27] in aqueous solu-
tions. Moreover, we have also described the preparation of
nanocomposite amphiphilic random conetworks exhibiting
temperature- and magnetoresponsive behavior comprised of
(HEGMA), AEMA, and OA-Fe;O,4 nanoparticles [28].

The MMA-co-AEMA (code IS) was mixed with pre-
formed OA-Fe;0y in tetrahydrofuran (THF) at appropriate
polymer solution concentrations, and the solutions were
electrospun under specific experimental conditions to yield
fibrous nanocomposite magnetoresponsive membranes. The
preference of incorporating preformed, oleic acid (OA)-
coated magnetite nanoparticles with mean diameters of
around 4-5nm within the conetworks, targeted toward the
prevention of agglomeration phenomena, thus to obtaining
a superparamagnetic response.

The fabricated membranes were characterized in terms of
their morphology by scanning electron microscopy (SEM),
whereas the presence of magnetite within the membranes
was confirmed by X-ray diffraction (XRD) spectroscopy.
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Their thermal properties were investigated employing ther-
mal gravimetric analysis (TGA). These materials exhibited
a superparamagnetic behavior and tunable magnetic prop-
erties at ambient temperature depending on the percent-
age of the magnetic content within the membranes, as
demonstrated by vibrating sample magnetometry (VSM)
measurements.

2. Experimental Section

2.1. Reagents and Materials. Ethyl acetate (EA) (Fluka,
99.8%), tetrahydrofuran (THF) (Sharlau, HPLC grade),
and n-hexane (Sharlau, 96%) were used as received by
the manufacturer. The two monomers methyl methacrylate
(MMA) (99%) and 2-(acetoacetoxy) ethyl methacrylate
(AEMA) (95%) were purchased from Sigma-Aldrich and
used without further purification. The radical initiator 2,2’-
azobis(isobutylnitrile) (AIBN, 95%) was purchased from
Sigma-Aldrich, and it was recrystallized twice from ethanol
prior to use. Concerning deuterated solvents, deuterated
chloroform CDCl; (Sharlau) was used in 'H NMR studies.

2.2. Synthesis of OA-Fe3O4-Coated Magnetic Nanoparticles.
The oleic acid-coated magnetite nanoparticles (OA-Fe;O,4)
were prepared by following an experimental procedure
developed by Bica et al. [29-31]. Briefly, magnetite nanopar-
ticles, Fe3Oy4, were obtained by the coprecipitation in an
aqueous solution of Fe** and Fe*" ions (salts FeSO4-7H,0;
FeCl3-4H,0) in the presence of NH,OH, at 80-82°C. A
temperature of 80°C set for the coprecipitation reaction is
essential to obtain magnetite and no other iron oxides; the
same temperature range is also favorable for the chemisorp-
tion of oleic acid on the surface of magnetite nanoparticles.
Additionally, the significant excess amount of NH,OH
ensures the formation of magnetite over other iron oxides.
Subsequently, oleic acid was added in a significant excess
(about 30 vol %) to the system right after the coprecipitation
had started, which resulted in the chemisorption of the acid
on the magnetite surface. This was followed by a washing
process with distilled water with magnetic decantation and
filtration to remove aggregated (nondispersed) particles.
Then, flocculation (acetone) was used to extract magnetite
particles coated with a single surfactant layer from the
solution of residual salts and free surfactant. The dried
powder was redispersed in light hydrocarbon. This floccu-
lation/redispersion procedure was performed several times
to ensure that the presence of free surfactant in the final
solution was negligible.

2.3. Synthesis of MMA-co-AEMA Random Copolymers. Con-
ventional free radical polymerization was employed for
the synthesis of the MMA-co-AEMA random copolymers.
Polymerizations were carried out in a 50 mL round-bottom
flask, fitted with a rubber septum. The monomers MMA
(2.1 mL, 19.6 mmol) and AEMA (4.3 mL, 22.5mmol) were
transferred into the reaction flask with the aid of a syringe.
THF (21 mL) was subsequently added followed by the
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TasLE 1: Quantities of the reactants used for the synthesis of a series of MMA-co-AEMA random copolymers.

a/a Sample code MMA (mL) MMA (mmol) AEMA (mL)  AEMA (mmol) AIBN (mg) Solvent* (mL)
1 IS1 2.0 18.7 4.3 22.5 65 20 (EA)
2 1S2 4.2 39.3 7.6 39.8 13 40 (EA)
3 1S3 8.4 78.5 7.6 39.8 17 54 (EA)
4 1S4 2.1 19.6 4.3 22.5 2.5 21 (THF)

“EA: ethyl acetate; THF: tetrahydrofuran.

TaBLE 2: Optimum experimental conditions successfully employed for the fabrication of MMA-co-AEMA fibrous membranes in absence

and presence of OA-Fe;O, nanoparticles.

Needle-to- Flow rate
ala Sample code collector Needle (G) Voltage (kV) .
. (yL/min)
distance (cm)
1 1S3 30 16 10 50
2 1S3.2 25 16 15 30
3 1S3.4 25 16 15 30
4 1S3.10 25 16 15 20

addition of the initiator AIBN (2.5mg, 1.52 - 10> mol) dis-
solved in the solvent (2mL). After dissolution, the reaction
mixture was placed in an oil bath at 63°C for 20h under
inert (nitrogen) atmosphere. Polymerization was terminated
by cooling the reaction down to room temperature. The
produced MMA-co-AEMA random copolymer (6.43 g, 95%
polymerization yield) was retrieved by precipitation in n-
hexane (polymer solution to n-hexane in volume ratio 1:10)
and was left to dry in vacuum at room temperature for a
few hours. Table 1 summarizes the quantities of the reactants
used for the synthesis of the MMA-co-AEMA random
copolymers.

'H NMR (300 MHz, CDCl3) § (ppm): 4.1-4.5 (br, 4H (e,
d)), 3.5 (m, 5H (f, b)), 2.3 (m, br, 3H (g)), 1.6-2.1 (m, br,
4H (a,a’), and 0.8 (s, br, 6H (¢, ¢')). (br: broad; s: singlet; m:
multiplet).

2.4. Membrane Fabrication. The random copolymer IS3 was
mixed with different amounts of OA-Fe;O4 (2, 4, 10, 30, and
70% w/w) in THF solution at room temperature (samples
1S3.2,1S3.4 and 1S3.10, IS3.30, and 1S3.70, resp.). In all cases,
the polymer concentration was kept constant (0.06 g/mL)
and only the concentration of the OA-Fe;O, varied. For
assisting the dissolution of the OA-Fe3; Oy, all solutions were
placed in an ultrasonic bath for 20 min. Subsequently, they
were filtered prior to electrospinning.

All electrospinning experiments were performed at room
temperature. Equipment included a controlled-flow, four-
channel volumetric microdialysis pump (KD Scientific,
Model: 789252), syringes with specially connected spinneret
needle electrodes, a high-voltage power source (10-50kV)
and custom-designed, grounded target collectors, inside an
interlocked Faraday enclosure safety cabinet.

Systematic parametric studies were carried out by vary-
ing the applied voltage, the needle-to-collector distance,
the needle diameter, and the flow rate so as to determine

the optimum experimental conditions for obtaining fibrous
membranes. Table 2 summarizes the experimental condi-
tions employed successfully for the fabrication of MMA-co-
AEMA fibrous membranes both in absence and presence of
OA-Fe;04 nanoparticles.

2.5. Characterization. Proton nuclear magnetic resonance
(H NMR) spectroscopy was used for confirming the
expected structure of the copolymers. 'H NMR spectra
were recorded in CDClI; using an Avance Brucker 300 MHz
spectrometer equipped with an ultrashield magnet. The
CDClI; contained traces of tetramethylsilane (TMS), which
was used as an internal reference.

The average molecular weights and polydispersity indices
of the copolymers were determined by size exclusion chro-
matography (SEC). All measurements were carried out at
room temperature using Styragel HR 3 and Styragel HR
4 columns. The mobile phase was THEF delivered at a
flow rate 1mLmin~! using a Waters 515 isocratic pump.
The refractive index was measured with a Waters 2414
refractive index detector. The instrumentation was calibrated
using poly(methyl methacrylate) (PMMA) standards with
narrow polydispersity indices (MWs of 102, 450, 670,
1580, 4200, 14400, 31000, 65000, 126000, 270000, 446000,
739000 gmol™!) supplied by Polymer Standards Service
(PSS).

X-ray powder diffraction patterns were obtained using
Rigaku (30kV, 25 mA) with A = 1.5405 A (Cu) in the range
of 20-80° and at a scanning rate of 1°/min.

Thermal gravimetric analysis (TGA) measurements were
carried out with a SETARAM SETSYS 16/18 TG-DTA.
Samples (6 + 0.2 mg) were placed in alumina crucibles. An
empty alumina crucible was used as a reference. Samples
were heated from ambient temperature to 600°C in a
50 mL/min flow of argon (Ar) with heating rate 10°C/min
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FIGURE 1: Chemical structures and names of the main reagents used
for the synthesis of the MMA-co-AEMA random copolymers.
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F1GURE 2: SEC eluograms of the MMA-co-AEMA random copoly-
mers (IS1-1S4) prepared in this study.

and continuous records of sample temperature, sample
weight, its first derivative and heat flow were taken.

The morphological characteristics of the fibrous mem-
branes obtained in the absence and presence of OA-Fe;O4
nanoparticles were determined by scanning electron mi-
croscopy (SEM) (Vega TS5136LS-Tescan). The samples were
gold-sputtered (~15nm) (sputtering system K575X Turbo
Sputter Coater-Emitech) prior to SEM inspection.

Finally, the magnetic properties of the nanocomposite
MMA-co-AEMA/OA-Fe;O,4 fibrous membranes were mea-
sured with a vibrating sample magnetometer (VSM), Model
880 from ADE Technologies, USA.
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FiGure 3: '"H NMR spectrum of the MMA y-co-AEMA, ; random
copolymer. *Residual monomer.

FIGURE 4: Electrospinning setup used in membrane fabrication.

3. Results and Discussion

3.1. Synthesis and Molecular Characterization. As already
described in the experimental section, a series of MMA-co-
AEMA random copolymers was prepared by employing free
radical polymerization.

More precisely, the synthesis of random copolymers
consisting of hydrophobic methyl methacrylate (MMA) and
hydrophobic metal-binding 2-(acetoacetoxy)ethyl methacry-
late (AEMA) units of the type MMA-co-AEMA was per-
formed in the presence of 2,2’-azobis-(isobutylnitrile)
(AIBN) that served as the radical source. Figure 1 illustrates
the chemical structures and names of the monomers and
initiator used for the synthesis of the MMA-co-AEMA
random copolymers.

The molecular characteristics of the MMA-co-AEMA
random copolymers obtained by free radical polymerization
were determined by SEC and 'H NMR.

Table 3 summarizes the chemical structures of the
copolymers prepared in this study along with their average
molecular weight (MW) and composition characteristics. As
expected, the use of a noncontrolled radical polymeriza-
tion process led to the generation of polymeric materials
characterized by relatively high polydispersity indices (PDI)
ranging between ~1.8-2.6. In Figure 2, the SEC traces
of all MMA-co-AEMA random copolymers (IS1-1S4) are
displayed.
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TasLE 3: Chemical structures of the copolymers, average molecular weights, and polydispersity indices.

Sample

a/a code Chemical structures* M, (g-mol™!) M,, (g-mol™!) PDI
1 1S1 MMA, o-co-AEMA, o 133560 348740 2.61
2 1S2 MMA, g-co-AEMA, o7 119720 275890 2.30
3 1S3 MMA, o-co-AEMA, 7, 106830 189380 1.77
4 1S4 MMA, y-co-AEMA,;, 104200 237540 2.28

“The molar ratios between the MMA and AEMA moieties were determined by 'H NMR.
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FIGURE 5: SEM images of the pristine MMA-co-AEMA polymeric membranes in the absence of OA-Fe;O4 nanoparticles.

The expected chemical structure of the MMA-co-AEMA
random copolymers was confirmed by 'H NMR spec-
troscopy. Figure 3 exemplarily shows the 'H NMR spec-
trum of the MMA, o-co-AEMA,;, (IS4). The peak assign-
ments are shown in the spectrum. The MMA:AEMA
comonomer compositions (Table 3) were determined from
the ratio of the areas under the characteristic signals of
the AEMA and the MMA, appearing at 4.17 (CH,, d)
and 3.59 (CHs, b), respectively, after subtracting from
the latter the area corresponding to the —CH, groups of
AEMA (f).

3.2. Membrane Fabrication and Morphological Characteriza-
tion. As previously mentioned, membrane fabrication was
carried out via electrospinning. The electrospinning setup
used in the present study is presented in Figure 4.

The success of the electrospinning process toward the
production of fibrous membranes depends on various
parameters such as the concentration of the polymeric
solution (which significantly affects the solution viscosity),
the applied voltage, the delivery rate of the solution, the
diameter of the needle and the distance between the tip of
the needle, and the collector.

Since this was the first work on the preparation of MMA-
co-AEMA polymeric membranes via electrospinning, it was
necessary to carry out parametric studies in order to define
the optimum experimental parameters for the production of
fibrous polymer membranes in the absence of the magnetic
nanoparticles, before carrying on with the incorporation

of the OA-Fe;0y, for the fabrication of the magnetoactive
membranes.

By employing specific experimental conditions provided
in Table 2 (IS3), fibrous membranes were successfully fabri-
cated. Figure 5 shows the SEM images of the pristine MMA-
co-AEMA fibers obtained in the absence of the OA-Fe;Oy4
nanoparticles. The fibers produced are partially separated
from each other, whereas fiber bundles and junctions can be
also observed. Moreover, the SEM images reveal the presence
of a multimodal diameter distribution ranging between
~2 ym and ~500 nm. This phenomenon has been previously
observed by other groups, and it has been attributed to the
splitting of the electrospinning jet during the process [32].

The fabrication of magnetoactive, electrospun MMA-co-
AEMA-based fibrous membranes involved the incorporation
of the preformed OA-Fe;O4 magnetic nanoparticles of vari-
ous concentrations (2, 4, and 10% w/w) into polymer solu-
tions prior to the electrospinning process. The OA-Fe;04
nanoparticles synthesized by following the chemical copre-
cipitation method as described in the experimental section
were characterized by TEM, which revealed the presence of
many individual and some superimposed nanoparticles as
reported in a recent publication [28]. Most of these particles
were characterized by very small diameters of around 4-5 nm
[28].

Upon mixing different amounts of preformed OA-Fe; 0,
with the polymer in THE homogeneous solutions con-
taining both the magnetic nanoparticles and the polymer
were obtained and were further electrospun aiming to
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FIGURE 6: Schematic presentation of the synthetic methodology followed the fabrication of magnetoresponsive membranes. The MMA-co-
AEMA/OA -Fe;O,4 nanocomposite membranes were collected on an aluminum foil during the electrospinning process.

obtain magnetoactive fibrous membranes. Figure6 is a
schematic illustration of the synthetic methodology followed
for the preparation of the magnetoresponsive MMA-co-
AEMA/OA -Fe3O4 nanocomposite membranes.

The SEM images of the MMA-co-AEMA/OA -Fe;04 mem-
branes, containing 2, 4 and 10% w/w OA-Fe;O, are provided
in Figure 7(a), whereas MMA-co-AEMA/OA-Fe;04 mem-
branes, containing higher OA-Fe;O,4 percentages (30 and
70% w/w) are shown in Figure 7(b).

As seen from the images, no significant changes were
observed in the morphological characteristics of the fibers
upon increasing the magnetic content in the range of 2—
10% w/w. Similar observations were reported by Xiaoyi et
al. [25] for electrospun PVP-Fe(0) nanocomposite fibers in
which the Fe(0) inorganic content ranged between 1.25-10%
w/w. However, upon significantly increasing the magnetic
content (i.e., 30 and 70% w/w) while maintaining the electro-
spinning conditions relatively unchanged, a morphological
change from fibers to bead-like structures has been induced
(Figure 7(b)). A possible explanation for this morphological
transition might be the influence of the OA-Fe;0, found
at high concentrations in solution on different parameters
affecting the electrospinning process. According to Fong et
al. [33], the formation of beads may be strongly influenced by
the viscoelasticity of the solution, the charge density carried
by the jet, and the surface tension of the solution. Further
experimental work is required in the future involving an
in-depth and systematic investigation of the effect of the
magnetic content on the above-mentioned parameters so as
to determine the extent at which each parameter is affected,
leading to such a drastic morphological transition.

3.3. Thermal Stability. The thermal stability of the pristine
and nanocomposite membranes was determined by TGA
which provided the decomposition temperatures. The TGA
traces of IS3 (no OA-Fe;Qy4), 1S3.4 (4% w/w OA-Fe;Oy), and
1S3.10 (10% w/w OA-Fe30y4) are provided in Figure 8.

As seen in the thermogram, the pristine polymer mem-
brane begins to decompose at a slightly lower temperature
(~200°C) compared to the nanocomposite membranes
(~250°C), while, at ~430°C, it decomposes completely
losing all of its weight. In the case of 1S3.4 and IS3.10,

the remaining of a residue is observed at higher tempera-
tures (T > 430°C), corresponding to the Fe;O4 inorganic
content.

3.4. Nanocrystalline Phase Characterization. The nanocrys-
talline phase adopted by the embedded within the nanocom-
posite membranes OA-Fe;O4 nanoparticles was investigated
by X-ray diffraction (XRD) spectroscopy. As an example,
the powder XRD diffraction pattern of the nanocomposite
membrane 1S3.10 is presented in Figure 9. In the same
figure, the XRD of the pure OA-Fe;O4 nanoparticles is also
provided for comparison. Although, in the case of 1S3.10
the obtained signals are weak due to the low amount of
the embedded iron oxide nanoparticles, both diffractograms
display six board peaks appearing at 20 ~ 30°, 36°, 43°, 54°,
58°, and 63°, verifying the presence of magnetite (FesO4)
within the nanocomposite membranes [34-36].

3.5. Magnetic Properties. The magnetic behavior of the
nanocomposite membranes was investigated by VSM at
300 K. Figure 10 presents the magnetization versus applied
magnetic field strength plots for the membranes 1S3.4 and
IS3.10 containing 4 and 10% w/w OA-Fe3;Oy, respectively.
The magnetic measurement studies clearly showed that these
systems exhibited superparamagnetic behavior at ambient
temperature, demonstrated by the symmetrical sigmoidal
shape of the magnetization curves and the absence of a
hysteresis loop. Moreover, from the magnetization plots
it becomes obvious that, upon increasing the magnetic
content within the membranes, the saturation magnetization
(Ms) increases as expected, while the superparamagnetic
properties are retained. It is noteworthy to mention at this
point that the pristine membrane 1S3 does not contribute
to the magnetization, since this methacrylate-based random
copolymer is a nonmagnetic coating. This also explains the
fact that the 1S3.4 and IS3.10 nanocomposite membranes
exhibit much lower magnetization values in comparison to
the Ms of the pure OA-Fe;O,4 nanoparticles (~45emu/g)
which is reasonable, considering the fact that the presence
of a non-magnetic coating may affect the magnetization due
to quenching of surface effect [37].
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FiGure 7: SEM images of the polymeric magnetoactive membranes containing (a) 2, 4, and 10% w/w OA-Fe;O4 nanoparticles and (b) 30
and 70% w/w OA-Fe;O, nanoparticles.
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4. Conclusions

In conclusion, the electrospinning technique has been suc-
cessfully employed for the fabrication and of magnetore-
sponsive nanocomposite membranes consisting of MMA-
co-AEMA random copolymers and OA-Fe;O4 nanoparti-
cles. Fibrous membranes with different magnetic content
were produced demonstrating tunable superparamagnetic
behavior. These new materials may be exploited in the
near future in several applications involving magnetic fibers.
Current work involves the fabrication of biocompatible and
biodegradable magnetoresponsive polymer-based nanocom-
posite membranes destined for use in the biomedical field.
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