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Abstract

Stimuli-responsive nanocomposite systems have emerged as promising platforms for the
development of externally actuated devices in both biomedical and environmental ap-
plications. In this study, polyvinyl alcohol (PVA)/magnetite nanoparticle (MNP) nano-
composite fibers were successfully fabricated via electrospinning. Magnetite nanoparticles
were synthesized electrochemically at room temperature using a non-toxic electrolyte,
thereby supporting an environmentally sustainable approach. Structural and magnetic
characterization confirmed the formation of the magnetite (Fe3O,4) phase, with particle
sizes predominantly in the 12-20 nm range and a saturation magnetization value of
79.3 emu/g. The incorporation of MNPs into the PVA matrix yielded uniform fibers with a
27% increase in average diameter, as confirmed by SEM-EDX. FTIR analyses demon-
strated that the polymer’s chemical structure remained unchanged and nanoparticle
oxidation was minimal, preserving magnetic functionality. The PYVA/MNP nanocomposites
were evaluated in a diffusion cell containing an acetaminophen solution for 3.5 h, using a
permanent magnet with a field strength of 0.5 T (Tesla) as a remote-control stimulus,
resulting in a control of diffused 35 %. The nanocomposites exhibited magnetically
triggered drug release behavior, indicating their potential for application in controlled
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release systems with external control of formulation. These findings establish PVA/MNP
nanocomposites as viable candidates for magnetically stimuli-responsive systems.

Keywords
Nanocomposite fibers, magnetite nanoparticles, electrochemical synthesis, electrospinning
techniques, stimuli-responsive systems

Introduction

Nanotechnology has revolutionized scientific research across various fields by exploiting
of the unique properties that materials exhibit at the nanometer scale, which are sig-
nificantly different from those of their macroscopic counterparts.' In particular, bio-
medical applications have increasingly focused on the development of nanocomposites
for drug delivery, controlled release,*® cellular regeneration”* and biosensors.” Nano-
scale polymer systems, when fabricated as nanocomposite structures, can be engineered
to respond to specific chemical, physical, and biochemical triggers. These stimuli may
include changes in temperature, pH, ionic strength, exposure to electromagnetic radiation
or ultrasound, redox potential, electric current, enzyme or protein activity, and magnetic
fields.'*"*

One of the most widely used materials for these applications is magnetite nano-
particles, which stand out among other nanomaterials, such as silver, gold, titanium, and
aluminum due to their magnetic properties, high surface-to-volume ratio, antimicrobial
activity, and inherent biocompatibility.'*"'* These characteristics enable their use in a
wide range of biomedical applications, including controlled drug delivery, hyperthermia,
magnetic resonance imaging contrast, and the fabrication of scaffolds for cell regener-
ation. Moreover, magnetic nanoparticles serve as a versatile platforms for the simulta-
neous diagnosis and treatment of cancer, as well as for Fenton-type catalytic activity.'> "
Given the properties exhibited by magnetite nanoparticles, various synthesis methods
have been developed to optimize both production processes and the physical and chemical
characteristics of the nanoparticles.'®'® Hence, the most commonly reported methods for
the synthesis of MNPs include co-precipitation, thermal decomposition, sol-gel and
electrochemical synthesis.?’ 2* Electrochemical synthesis enables precise control over the
diameter and morphology of the nanoparticles (MNPs) by modulating variables such as
cell geometry, applied voltage, current density, electrolyte type, and the distance between
the electrodes.”*** This method allows for the production of MNPs with low polydis-
persity and eliminates the use of harmful chemicals, such as NaOH, as well as the high
temperatures associated with other methods.”**** Research on the electrochemical
synthesis of MNPs has shown that the nanoparticles can be produced using relatively
accessible precursors, such as NaCl or KCl based electrolyte solutions and iron electrodes,
which supply Fe** and Fe®* ions.>***° These investigations report the production of
MNPs with low polydispersity, tunable particle sizes, superparamagnetic behavior, and
the ease of scaling up the electrochemical process. Overall, this approach represents a
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safe, reliable, and efficient alternative that does not compromise the quality and func-
tionality of the MNPs, 78

Recent studies have focused on incorporating MNPs into various biocompatible
polymeric matrices, such as polyvinyl alcohol, collagen, chitosan, polycaprolactone
(PCL), and cellulose, by taking advantage of the synergy between the two materials to
development of devices that respond to external magnetic stimuli.>*** Polyvinyl alcohol
(PVA) has stood out due to its thermal stability, excellent biocompatibility, and high
mechanical performance. In addition, it is considered a smart polymer material, and
several studies have investigated its properties as a shape memory polymer (SMP).**
These properties enable the use of the polymeric material in the manufacture of various
biomedical devices, such as drug delivery systems and scaffolds for cell
regeneration.'%>>¢ Currently, different methods for integrating both materials are being
investigated, with electrospinning proving to be an ideal technique for this purpose.’’**
The electrospinning technique has proven particularly effective in integrating both
materials, producing PVA/MNPs fibers with morphological characteristics similar to
those of the extracellular environment. These fibers also exhibit a high surface to volume
ratio and can be stimulated by magnetic fields.*” The developed nanocomposites exhibit a
set of highly promising properties for medical applications, including exceptional an-
timicrobial activity, which makes them suitable for the fabrication of dermal dressings.*’
Their morphological structure, which closely resembles the extracellular environment,
enables them to serve as support for cell growth and proliferation.>® Furthermore, they
function as drug delivery systems, making them suitable platforms for the controlled
release of therapeutic agents.*'**> Recently, these systems have been recognized as ef-
fective platforms for the diagnosis and treatment of various diseases, particularly in
biosensor applications.'*>**3

In 2016, Cai and his collaborators** integrated MNPs into chitosan and gelatin
membranes using the electrospinning technique. They found that the presence of
nanoparticles (NPs) inhibited the growth of bacteria such as Staphylococcus aureus,
paving the way for development of dressings based on these materials. In 2021, Funnell
and collaborators®® investigated the effect of magnetic fields on neurite outgrowth in
electrospun scaffolds embedded with MNPs, observing a 40% increase in neuronal
protrusion growth under the influence of a magnetic field compared to the control system.
Similarly, Perera and collaborators* electrospun PVA membranes with embedded MNPs
for use in drug release systems based on a dissolution mechanism. The researchers found
that the membranes dissolved more rapidly under the action of the magnetic field, re-
sulting in faster drug release compared to the system without NPs. The properties ex-
hibited by PVA/MNPs fibers have facilitated the continued development of controlled
drug-release systems. These release methods have proven to be potentially effective for
transdermal drug delivery, acting as diffusion barriers between the drug reservoir and the
stratum corneum of the skin. This approach enables tropical drug administration and
offers the possibility of controlled release through magnetic stimulation.*®*” However,
despite existing studies linking the properties of MNPs incorporated into polymeric
systems with their response to external magnetic fields, there remains a notable lack of
information in the literature regarding the electrochemical production of MNPs and their
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subsequent incorporation into polymeric matrices via electrospinning for the development
of nanocomposites. This study presents the development of PVA/MNP nanocomposites
via the electrochemical synthesis of magnetite nanoparticles, a technique that offers
advantages such as controlled size distribution and morphology, room temperature
operation, and the use of water as a solvent. The MNPs are subsequently integrated into a
PVA polymer matrix via dispersion without surface modification, and fibers are formed
using the electrospinning technique. Furthermore, the physicochemical properties of the
MNPs are characterized, and the nanocomposite response to external magnetic stimuli is
demonstrated, highlighting its potential as a stimulus-responsive system.

Materials and Methods

Materials

The synthesis of nanocomposite fibers was made using: absolute ethanol (96%) and
sodium chloride (NaCl) were purchased from Merck®. A low-carbon steel bar (AISI-SAE
1006) with mass composition (%) 0.042 C, 0.006 Si, 0.027 P, 0.034 S, 0.0359 Mn,
0.012 Cr, 0.006 Mo, 0.027 Cu, 0.035 Ni and 99.45. Fe was employed as an anode, while a
cylindrical AISI 304 stainless steel mesh, composed of an Fe-based alloy containing
approximately 18% chromium and 10% nickel (Fe/Cr 18%/Ni 10%), was used as the
cathode. The stainless steel mesh was commercially purchased from Merck. Additionally,
commercial polyvinyl alcohol (94%, Mw = 31.000 — 50.000 Da, 88% hydrolyzed from
Protokimica®) was employed as the polymeric matrix. Acetaminophen (GR) was pur-
chased from Sigma-Aldrich.

Synthesis of magnetite nanoparticles (MNPs)

The MNPs were obtained through electro-oxidation in an electrochemical cell with a
concentric arrangement for electrodes, following the methodology described by Marin
and collaborators.”* A low-carbon steel bar was used as the anode and iron precursor
(Fe**; Fe*™), while a cylindrical stainless-steel mesh (304) surrounding the anode served
as the cathode. During the synthesis, the electrodes were maintained at a distance of no
more than 1 cm and were connected to a DC BK PRESICION model 1671-A power
supply, which allowed for the control of the current density at 100 mA/cm? for 10 minutes.
A 0.05 M NaCl solution in a 50% v/v (water/ethanol mixture) was used as the electrolyte
and dispersant medium for the newly formed magnetite nanoparticles. The electro-
chemical cell was submerged in an ultrasound bath (Elmasonic EASY 30 H) operating at
60 Hz during the synthesis. Subsequently, the synthesized MNPs were washed and
centrifuged to remove most of the electrolyte. Finally, the nanoparticles were stored in an
inert N, atmosphere and dried at 40°C for 24 h.
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Fabrication of nanocomposite fibers

The PVA/MNPs solution was prepared by dissolving 1.20 g of PVA in 10.0 mL of
deionized water under constant stirring and heating at 60°C for 3.0 h. Once the mixture
reached room temperature and the polymer was fully dissolved, 0.12 g of MNPs were
added and subsequently dispersed by bath sonication, operating at 60 Hz, for 15 min in 5-
min cycles each. The PVA/MNPs nanocomposite fibers were obtained using the Flu-
idnatek®™ model LE-100 electrospinning unit, equipped with a fixed flat collector plate and
vertically arranged needle. The operating parameters used for fiber formation were a
needle-to-collector distance of 10 cm, a flow rate of 0.5 mL/h, and a voltage of 18 kV
applied to the needle and —1 kV to the collector plate. For the electrospinning process, a
needle with an inner diameter of 1.19 mm and an outer diameter of 1.65 mm was used.
The spinning time for forming each PVA and PVA/MNPs membranes was 3 h (See
Figure 1).

Characterization

The size distribution and morphology of the nanoparticles were studied using Trans-
mission Electron Microscopy (TEM) with the Tecnai F20 Super Twin TMP de FEI. Their
composition of NPs was determined by Raman spectroscopy using the Raman micro-
spectrometer Horiba Jobin Yvon®, model HR 800 equipped with a D2 filter, a 633 nm
laser, and a power of 0.106 mW over three cycles, using a DU420A-EO-325 detector
(Horiba®). The crystalline structure of the synthesized nanoparticles was analyzed
through the Selected Area Electron Diffraction (SAED) pattern and HR-TEM micro-
graphs obtained by TEM. In addition, the X-Ray Diffraction (XRD) pattern was obtained
using an Empyrean (PANalytical®) with Cu Ka, performing measures from 8° to 85° 20 at
a scan rate of 0.026°/s with a step time of 50 s. The chemical structure of the fibers was

Electrochemical @ Preparation of
synthesis PVA/MNPs Solution

MNPs PVA Solution MNPs in PVA
Solution

0 Electrospinning Process 6 PVA/MNPs Fibers Obtention

Figure |. Schematic representation PYA/MNPs nanocomposite fibers of the production process.
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studied through Fourier Transform Infrared (FTIR) spectroscopy using a SHIMADZU®
IRTrace-100 spectrometer, equipped with an attenuated total reflection (ATR) accessory, a
resolution of 4 cm ™' and scans over a range of 600 to 4200 cm™'. The size distribution
and morphology of the nanocomposite fibers were characterized by Scanning Electron
Microscopy (SEM) micrographs and Energy Dispersing X-Ray spectroscopy (EDS)
images, obtained using a JEOL® JSM-7100 Field Emission Gun (FEG) SEM. Finally, the
magnetic properties of the magnetite nanoparticles were assessed through magnetic
measurements using a Physical Property Measurement System (PPMS, Quantum Design)
and a vibrating-sample magnetometer (VSM).

Release profile test by diffusion experiments

The drug release experiment was conducted using a diffusion cell, with acetaminophen
employed as a model drug. The diffusion cell was separated in two compartments (L1 and
L2) by an electrospun membrane. Two types of electrospun membranes were evaluated:
PVA and PVA/MNPs. During each experiment, 500 mL of a 1000 ppm acetaminophen
solution was added to compartment L1, while 500 mL of deionized water was added to
compartment L2. The PVA and PVA/MNPs membranes were evaluated both in the
absence of a magnetic field and under the application of a 0.5 T magnetic field using a
neodymium magnet (N50 grade). Each type of experiment was performed in triplicate for
all membranes. Aliquots were collected from the diffusion cell at 0, 30, 60, 90, 120, 150,
180, and 210 min, with 5.0 mL samples withdrawn from compartment L2. Each sample
was analyzed using a Cary Spectrophotometer UV-VIS spectrophotometer (Varian®™) at a
wavelength of 243 nm, corresponding to the maximum characteristic absorbance of
acetaminophen.*’

Results and Discussion

Characterization of iron oxide particles

The iron oxide formed during the synthesis changed the color of the electrolyte, passing
through yellow to dark yellow and finally black. According to published works on
electrochemical synthesis of MNPs, the variation in the color of the electrolyte represents
the successive appearance of different phases of various iron oxide-hydroxides that form
until the magnetite phase is reached. Therefore, the chemical species attributed precursors
of magnetite (Fe;0,) were Iron Hydroxide Fe(OH),, Green Rust Fe';Fe™(OH)sC1.2H,0
(Chlorides from the NaCl), and Lepidocrocite (y-FeOOH).>****° The following sections
present the analysis of size distribution, chemical composition, and crystal structure of
iron oxide obtained in this work.

Analysis of morphology and size of iron oxide particles. The size distribution and morphology
are shown in Figure 2. The measurements were conducted by assessing the distance
between the most equidistant points of the particles shape. No predefined geometric
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Figure 2. TEM micrograph of MNPs obtained by electrochemical synthesis, morphologic and size
distribution histogram (n = 280, by triplicate).

models were applied to measure the nanoparticles. The data were grouped to generate the
corresponding histogram (see inset of Figure 2).

The average particle size was 14 nm, with a median of 14 nm and a standard deviation
of 5 nm. It was observed that the size distribution of nanoparticles follows a Gaussian
trend, as shown in the histogram, with an R? value of 0.92. This suggests that the Gaussian
model used to describe the particle size distribution provides a good approximation.
Additionally, it was found that more than 85% of the nanoparticles are below 20 nm,
which provides an initial indication of potential superparamagnetic behavior.’*'

Analysis of the chemical composition of nanoparticles. The magnetite phase was identified
using Raman spectroscopy. Figure 3 presents the spectrum obtained for the synthesized
nanoparticles, where the band at 670 cm ™!, attributed to the A ¢ transition, facilitates the
identification of one of the characteristic vibrational modes of this oxide.’” This band
corresponds to the symmetrical vibrations of the Fe-O bonds of the inverse spinel
crystalline structure of magnetite, serving as a clear indication of the presence of this
phase.”* > Additionally, the presence of bands in the regions 541-556 cm™ ' and 305-
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Figure 3. Raman spectrum of synthesized MNPs. The Raman spectrum reported in the “Project
RRuFF” database/Code: R080025, is shown in the inset.62.

315 cm ™', associated with the T, and E, transitions, respectively, allows for recognition
of other signals attributed to the magnetite phase.*>>*° The values obtained in the
analysis were compared with the information available in the database Project RRuFF,
Code: R080025 for magnetite®’ (inset, Figure 3).

Magnetite, due to its structural characteristic, tends to continue with the oxidative
process of Fe** species, transforming into maghemite.’®>° Therefore, other regions of the
spectrum were analyzed to gather information on the presence of other iron oxides or oxy-
hydroxide phases in the sample, such as maghemite or hematite. Special attention is given
to the regions 225 and 498 cm ™', which correspond to the A, o(1) and A,,4(2) vibrational
modes of hematite (Fe,03), respectively. Similarly, the presence of this iron oxide induces
at247 cm™ ' Eg(1),291 cm™ ' Ey(2), 412 Eg(4) and 613 cm ™' Ey(5), as reported by Cabrera
in his study on coating and characterization of magnetic nanoparticles.®® On the other
hand, Jacintho et al®' state that the presence of maghemite, the oxidized phase of
magnetite with the same crystalline structure (inverse spinel), generates intense signals in
the areas at 726, 664 and 350 cm~'. Furthermore, the researchers suggest that the presence
of this iron oxide in the analyzed samples results in a prominent peak near 1330 cm™'.
Consequently, the absence of these vibrational modes in the Raman spectrum implies
either the cessation of the oxidative process of the magnetite nanoparticles or, at very
least, that the majority of nanoparticles maintain the magnetite phase.>*> Considering the
absence of signals associated with other iron oxide phases, such as maghemite and
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hematite, and the similarity between the reference spectrum and the spectrum obtained
from the analyzed sample, it is suggested that the employed synthesis method is effective
for producing the MNPs.

Analysis of the crystal structure of magnetite nanoparticles. X-ray diffraction allows for the
study of the crystalline structure of the synthesized nanoparticles, identifying signals
attributed to crystallographic planes typical of magnetite. Figure 4 (a) shows the XRD
pattern obtained for the synthesized MNPs, which was compared with the reference
spectrum from the Crystallography Open Database (COD), ID Code: 2300616, corre-
sponding to magnetite.®® The signals are observed at the 26 positions 24.2°, 30.3°, 35.6°,
43.3°,53.7°, 57.2°, 62.8° and 74.2° which correspond to the crystallographic planes of
magnetite with Miller indices (111), (220), (311), (400), (422), (511), (440) and (533)

2000

(311) (731)1.10A

(533)1.28A

1800 | (440) 1.49 A
(511) 1.61 A
- (400) 2.12 A
MNPs | g (311)2.524
(440) o (220)2.95 A
o (111) 4.85 A

1600
1400

1200 (511)

Intensity (a.u.)

(220)|| (400) ﬁ ‘
1000
(111)" ‘ “r ‘ i
800 ]
byt ) g it :
10 20 30 40 50 60 70 80 200 1/nm
20 (degree) e S

Figure 4. Analysis of the crystal structure of magnetite nanoparticles (a) XRD diffractogram with
the corresponding plans indexed; (b) The SAED spectrum shows the main diffraction rings of
magnetite.

Table I. Interplanar distances for crystallographic planes identified by characterization
techniques.

Plane dua XRD (A) dna SAED (A) dug HR-TEM (A) *dya reported (A)
(1 NF 485 NF 483
(220) 2.95 2.95 2.97 2.95
@31 2.52 2.52 251 2.52
(400) 2.09 2.12 NF 2.08
(422) 171 1.71 NF 1.70
(511) 161 1.6 NF .60
(440) 1.48 1.49 NF .47
(533) 1.28 1.28 1.25 1.27
(731) NF 1.10 NF 1.09

Note. “*” Values recorded in the crystallography open database, ID Code: 2300616. (NF “No found in
characterization analysis”).
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respectively.®>* Additionally, the interplanar distances for each plane were determined
using Bragg’s law. The obtained values are presented in Table 1. Similarly, using the
Scherrer equation and the information provided by the diffractogram for the (311), (440)
and (511) planes allowed for the calculation of the average crystallite size, which was
found to be 15.1 nm. This value is very similar to the particle size obtained through TEM
analysis. Their similarity suggests the presence of single-crystalline phases in the
nanoparticles. The lattice parameter was determined to be 8.35 A, with a unit cell volume
of 582.2 A%, values that are consistent with those reported for magnetite.®>®> This
confirms that both the crystalline arrangement and the interplanar distances, as well as the
lattice red of the synthesized nanoparticles, correspond to the inverse spinel structure of
magnetite.zz’64 In Figure 4 (b) the Selected Area Electron Diffraction (SAED) pattern is
shown, where the discontinuities in the circumference of the concentric rings indicate the
presence of a material with a polycrystalline structure.®>°® Using CrysTBox software,®” It
was possible to index the most intense diffractions present in the SAED pattern, which
correspond to the crystallographic planes of the magnetite (111), (220), (311), (400),
(511), (440), (533), (731) with their respective interplanar distances as seen in the image
(See Table 1).

Figure 5. The HR-TEM image shows some lattice fringes on the surface of the NPs.
Crystallographic planes are shown in the inset with their respective interplanar distance.



Fernandez et al. I

Figure 5 shows HR-TEM images of magnetite nanoparticles. These images allow us to
observe several families of crystallographic planes characteristic of the inverse spinel
structure of magnetite. The micrographs reveal the main crystallographic plane of the
magnetic mineral, the (311) plane, with an interplanar distance of 2.51 A, a value
consistent with that obtained from other analytical methods. Additionally, the boxes in the
HR-TEM image clearly show lattice fringes extended through the nanoparticles, as
indicated by the solid line. These correspond to the (220) and (533) planes, with in-
terplanar distances of 2.97 and 1.25 A, respectively.”*>*® The crystallographic analysis
enabled the identification of the main crystallographic planes associated with the inverse
spinel structure of magnetite. The comparison between the XRD pattern, the SAED
pattern, and the information provided by the HR-TEM micrographs is consistent with
what has been reported in the literature (see Table 1). Furthermore, both the crystallo-
graphic and spectroscopic characterization clearly demonstrate the information of the
magnetite phase in the synthesized iron oxide, indicating that electrochemical synthesis is
an efficient method for obtaining MNPs.

Characterization of PVA fibers and PYAIMNPs nanocomposite fibers

Morphological analysis of PVA and PYAIMNPs. The fibers were obtained by electrospinning
PVA solutions (12% m/v) as a control and PVA/MNPs solutions (12% m/v - 10% m/m/
MNPs) for 3 hours, resulting in membranes like those shown in Figure 6. The electrospun
membranes have diameters ranging from 6.5 to 7.2 cm. The average mass of PVA
membranes was 0.1083 g, while for the PVA/MNPs membranes, it was 0.1241 g. The
image shows the dark coloration of the fibers with MNPs. These results indicate the
incorporation of MNPs into the fibers that constitute the PVA/MNPs membranes.

This section analyzes the morphology of the fibers, as observed in the SEM mi-
crographs of Figure 7(a) and (c). The images reveal a tubular and continuous morphology
for both the PVA and PVA/MNPs fibers. Continuous and homogeneous fibers are ob-
served, with no beads, droplets, or defects associated with the electrospinning process.®’
In Figure 7(b) and (d), the quality and homogeneity of the fibers, as well as the diameter of
individual fibers, are shown in greater detail. The average diameter for PVA fibers was
183 + 28 nm, while for PVA/MNPs nanocomposite fibers, it was 227 + 32 nm, repre-
senting a 27% increase in the diameter with the presence of the MNPs. Similar

y .
S < P S \*q_,j

Figure 6. Image of electrospun membranes (a) PVA, (b) PYA/MNPs.
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Figure 7. SEM micrograph of (a) PVA & (c) PVA/MNPs fibers at 10.000x. Zoom in of SEM
micrographs at 35.000x (b) PVA & (d) PYA/MNPs, with their respective fiber diameter
histograms (n = 250, in triplicate).

observations have been reported, showing that the presence of the MNPs increased the
fiber radius by 20 to 30%.”""" However, other studies have shown that the presence of
MNPs leads to a decrease in the diameter of the fibers once the NPs are mixed with the
polymer.”>”* Although the two groups disagree on whether the diameter of the fibers
increases or decreases, both agree that this is due to the changes in the rheological and
conductive properties of the polymer solution when the MNPs are dispersed. The
presence of the MNPs modifies properties such as the conductivity and viscosity, which in
turn affect the diameter and morphology of the fibers. Additionally, researchers agree that
small variations in atmospheric factors, such as temperature and humidity, also influence
the morphological modifications of the fibers.*”*>’* In the present study, the increase in
fiber diameter is attributed to the incorporation of MNPs into the polymeric fibers.
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Figure 8. EDS analysis of PVA/MNPs fibers.

Composition analysis of PYAIMNPs nanocomposite fibers. X-ray energy dispersion (EDS)
results are shown in Figure 8, where iron and oxygen atoms from Fe;O,4 are homoge-
neously distributed on the surface of all the fibers. However, some regions exhibit an
agglomeration of MNPs. The presence of these MNPs clusters in the fibers is attributed to
the lack of surface modification and the incomplete dispersion of the nanoparticles in the
polymer solution.” Although the sonication process aids in dispersing the MNPs, they are
highly prone to forming agglomerates due to Van der Waals forces and magnetic in-
teractions, leading to the formation of these agglomerates after exposure to dispersion
methods.”® According to the EDS analysis, the surface iron atoms were found to account
for 7.3% of the atomic weight in various measured areas, which is consistent with the
concentration of MNPs in the PVA solution.

FTIR analysis of PVA and PVA/MNPs nanocomposite fibers was performed to identify
the main signals associated with PVA and to evaluate whether significant modifications
occurred in the presence of MNPs. Related studies on the development of materials with
embedded nanoparticles have reported changes in the signals attributed to the functional
groups of polymeric materials once the nanoparticles are integrated into their structure.™”’
For this reason, the region between 400 and 600 cm ™' was excluded, as this range
contains signals attributed to Fe-O bond stretches typical of magnetite, rather than signals
indicating changes or molecular interactions between the polymer and the oxide.”*”®

In Figure 9, both spectra show a broad band corresponding to the stretching of alcohol
groups (OH) between 3100 and 3500 cm-." Additionally, the band observed between
2900 and 2990 cm ™", corresponding to the vibrational mode of the C-H bonds of the alkyl
groups.*>”!7? In the region close to 1730 cm™", the vibrational band associated with the
carbonyl (C = O) and carbon-oxygen (C-O) bonds of the acetate groups is observed. This
indicates that these groups are linked to the molecular structure of the polymer and that the
PVA is not completely hydrolyzed.*® Additionally, signals attributed to bending vibra-
tions of the CH, bonds and stretching of the C-O bond are observed in regions 1420,
1240 and 1090 cm ™", corresponding to the secondary alcohols of the PVA structure.”>*! It
is important to highlight that, based on these results, the FTIR spectra of both samples
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Figure 9. Comparison between FTIR spectra of PYA and PYA/MNPs fibers.

show no significant differences, indicating that the presence of MNPs does not alter the
chemical environment of the functional groups in the PVA structure. A characteristic PVA
pattern is observed for both materials,® further confirming that the presence of MNPs
does not affect the chemical structure of the polymer.’>%>

However, a study conducted on MNPs embedded in PVA/Polyaniline fibers reported a
decrease in the elongation band associated with the OH groups of PVA as the con-
centration of MNPs exceeded 15% w/w. This phenomenon is due to the interaction of the
alcohol group with the oxygen atoms in the magnetite, leading to the reduction of this
band and the appearance of new ones.”' Although MNPs can modify the chemical
environment of the material, no significant changes to the chemical structure of PVA were
observed in the present study, as well as in similar works,*’ at concentrations close
to 10%.

Magnetic analysis of PYAIMNPs nanocomposite fibers. Magnetic analysis was performed
using magnetization measurements (magnetization vs applied magnetic field, MvsH) to
determine the saturation magnetization of nanocomposite fibers. Figure 10 presents the
MvsH curves for MNPs and PVA/MNPs nanocomposite fibers, where the saturation
magnetization (Ms) obtained for magnetic nanoparticles was 79.3 emu/g. This value is
consistent with previous studies, which reported magnetization measurements for pure
magnetite in the range 92-100 emu/g.*® The saturation magnetization value for PVA/
MNPs nanocomposite fibers was 61.5 emu/g. The reduced magnetization observed in the
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Figure 10. Magnetization curves: Hysteresis measurements for MNPs and PVA/MNPs
nanocomposite fibers at 300 k.

PVA/MNPs nanocomposite fibers could be attributed to surface disorder, spin mis-
alignment, or the random alignment of magnetic moments at the particle surface, which
results from the surface interaction between magnetite nanoparticles and polyvinyl al-
cohol polymer.*>** However, based on the Ms values displayed by PVA/MNPs nano-
composite fibers, this system shows promise for broad applications, particularly in
biomedical fields as a stimuli-responsive an external magnetic field.' %>

The magnetic properties of the PVA/MNPs membranes presented in this work rep-
resent a significant advance in the development of electrospun nanocomposites re-
sponsive to magnetic stimuli. This system offers the advantage of remote and non-
invasive activation by an external magnetic field, eliminating the need for more complex
stimuli such as pH changes, enzymes, exposure to electromagnetic radiation, thermal
variations, or electrical pulses.’****” Furthermore, the high surface-to-volume ratio of
electrospun materials presents a clear advantage over smooth films or membranes in
applications requiring exposure to a large surface area.®® In addition, the results dem-
onstrate that the electrospinning technique does not eliminate the magnetic properties of
the nanoparticles. Although the magnetic conductivity Ms decreases compared to pure
magnetite, the obtained value (61.5 emu/g) falls within the range reported for devices used
in magnetically stimulated controlled drug release. Several studies show that incorpo-
rating nanoparticles into polymer matrices such as chitosan-agarose, polylactic acid, or
PVA allows the production of nanocomposite materials with significant Ms values (50 to
70 emu/g).*>*?" While these Ms values are lower than those reported for pure
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nanoparticles, they are sufficient to allow an effective response to external magnetic
stimuli, thus enabling the modulation of drug release kinetics. Moreover, the ability of
PVA/MNPs membranes to respond to DC magnetic field stimuli offers an advantage over
hyperthermia-activated drug delivery systems, which require relatively complex
equipment and optimized operating conditions to reach temperatures that do not induce
drug degradation.”’ These results demonstrate that the processing method used to
manufacture PVA/MNPs membranes allows obtaining magnetic nanocomposites whose
Ms values are comparable to the values reported for devices for controlled drug delivery
by magnetic stimuli, validating the viability of electrospinning as a suitable processing
method in the design of potential drug release systems in a controlled, remote and easily
activated manner.

Profile release of acetaminophen by diffusion using magnetically responsive PVA/MNPs
Membranes. Figure 11 shows the results of the acetaminophen release profile by dif-
fusion, obtained at 5, 30, 60, 90, 120, 150, 180, and 210 minutes at 243 nm from PVA and
PVA/MNPs membranes. In Figure 11(a), a schematic representation of the diffusion cell
used in the experiments is presented. Figure 11(b) displays box plots illustrating the
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Figure | 1. Release profile by diffusion mechanism of PVYA and PYA/MNPs membranes. (a)
Schematic representation of the diffusion test. (b) Box plots illustrating the distribution of
acetaminophen concentrations detected. (c) Release profile of PYA membranes under 0 T and
0.5 T external magnetic fields. (d) Release profile of PVA/MNPs membranes under 0T and 0.5 T
external magnetic fields.
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distribution of acetaminophen concentrations detected in L2 after the experiment was
completed. Notably, the PVA/MNPs-0T membranes show a different release behavior
compared to their counterparts subjected to a 0.5 T magnetic field (PVA/MNPs-0.5 T),
exhibiting higher concentration values (11.2 and 3.5 ppm, respectively). In contrast, the
membranes without MNPs appear to show no significant changes in concentration of
acetaminophen, indicating that the presence of the magnetic field has little to no effect on
drug release for these membranes (3.2 and 3.3 ppm, respectively). Figure 11(c) shows the
release profiles obtained using PVA membranes, both in the presence and absence of a
magnetic field. It can be observed that there is no significant difference between
membranes exposed to the magnetic field and those that were not, indicating that the drug
retention effect cannot be attributed to external magnetic field influence. These results
suggest that PVA membranes are not affected by the presence of a magnetic field,
consistent with previous reports in similar experimental conditions.****® Based on the
experimental data obtained, it is evident that diffusion channels are formed within the
membrane, allowing acetaminophen to migrate from a region of higher concentration (L1)
to one of lower concentration (L2). However, upon incorporation of MNPs into the PVA
fibers, these channels are altered, resulting in an increased diffusion rate of the drug, as
shown in Figure 11(d). When the PVA/MNPs fibers are subjected to a magnetic field, the
nanoparticles align in the direction of the field, leading to the obstruction of the diffusion
channels along the fibers. As a result, the pathway through which the drug diffuses is
interrupted.

After considering a possible drug retention mechanism by PVA/MNPs—0.5 T fibers, an
important question arises: why in there a clear disparity in drug diffusion behavior
between PVA/MNPs—0T membranes and PVA-0T, as illustrated in Figure 11(c) and (d)?.

To explain this phenomenon, we must consider the intermolecular environment present
on the surface of both materials (MNPs and PVA) as well as on the surface of the drug,
which enables certain van der Waals type interactions. The molecular structure of the
polymer includes two main functional groups: the acetate (C,H50,) group and
the hydroxyl group (OH)’, the latter being the predominant one.”” On the other hand, the
acetaminophen molecule contains a hydrogen bond to atoms (N and O). According to
previous studies, these hydrogens are capable of forming hydrogen bonds with the oxygen
atoms in the polymeric chain, which implies an attraction to the polymer structure, thereby
affecting the diffusion process of the drug within the PVA membranes.’*** In the case of
MNPs, the interaction between the oxide surface and the drug has also been reported.
However, these Van der Waals type interactions are weaker compared to hat observed with
the polymer. For this reason, the functionalization of nanoparticles with carrier agents and
their subsequent coating with drugs is a common strategy in biomedical applications.'*
Therefore, it was expected that the diffusion process in the PVA-0T membrane would be
slower than in the PVA/MNPs-0T membrane, because in the former, there is a larger
exposed surface area available for interaction with the drug, whereas in the latter, this
surface is partially obstructed by the presence of nanoparticles.

Statistical analysis was performed to evaluate the influence of the experimental factors
involved in drug release, namely the presence of magnetite nanoparticles and exposure to a
0.5 T magnetic field. The study considered the overall behavior of each system (PVA-0T,
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Figure 12. Box and whisker plots show the overall distribution of acetaminophen concentrations
for each experimental system. Statistical analyses were performed using the Mann-Whitney U
test (Wilcoxon rank-sum test) with a significance level of a = 0.05. The asterisk (¥) indicates
statistically significant differences between the groups compared. Each group includes n = 21
measurements corresponding to the complete temporal monitoring of drug release, including
repeats.

PVA-0.5 T, PVA/MNPs-0T and PVA/MNPs-0.5 T), represented by the acetaminophen
concentration values obtained over the experimental time (see Figure 12). The nonparametric
Mann-Whitney U test was performed to assess significant differences between the two groups
of interest, “PVA-0T versus PVA-0.T” and “PVA/MNPs-0T versus PVA/MNPs-0.5 T”. The
test revealed a statistically significant difference between the PVA/MNPs-0T and PVA/MNPs-
0.5 T systems, with a p-value = .00015 (W = 371.5). This result supports the observation
shown in Figure 11 (d), where the overall concentration values obtained for PVA/MNPs-0T
are higher than those recorded for its counterpart. On the other hand, the comparison test
performed for pristine PVA membranes indicated that there were no significant differences
between the systems, with a reported p-value of 0.94985 (W = 217.5). Therefore, there is
sufficient evidence that the acetaminophen release process for MNP-free membranes is not
affected by the presence or absence of a magnetic field.

Conclusions

Nanocomposite fibers of PVA/MNPs were obtained via the electrospinning method,
exhibiting tubular morphology, homogeneous distribution of nanoparticles, and no
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defects associated with the electrospinning process. The MNPs were synthesized using an
electrochemical method under nontoxic and sustainable conditions, with NaCl, water and
alcohol as the electrolyte solution at room temperature. The results of crystallographic and
Raman spectroscopy analyses showed that the synthesized iron oxide nanoparticles
contained a magnetite phase. The main signals associated with the crystallographic planes
of the magnetic material were identified, along with the signal most representative of the
vibrational mode of the magnetite phase. Furthermore, electrochemical synthesis pro-
duced nanoparticles with a size of approximately 14 nm, making them ideal for em-
bedding in polymer fibers. In the composition analysis, it was observed that the polymer
structure of PVA was not affected by the magnetite nanoparticles. SEM images showed a
27% increase in the diameter of the PVA/MNP fibers once the MNPs were embedded in
the polymer matrix. At the same time, the fibers were confirmed to be free of mor-
phological defects such as beads, droplets, discontinuities, or any other defects associated
with the manufacture of electrospun fibers. The magnetic behavior of all samples, in-
cluding magnetite nanoparticles (MNPs) and PVA/MNPs nanocomposite fibers, shows
high saturation magnetization values of 79.3 and 61.5 emu/g, respectively. In the PVA/
MNPs membranes presented in this work, the magnetite nanoparticles may act as a
dynamic barrier, restricting the diffusion of the active component embedded in the matrix
in this case, acetaminophen, used as a model drug when an external magnetic field is
applied, and facilitating its release in absence of the such a field, as clearly illustrated in the
diffusion-based release profile evaluations. These results indicate that the developed
nanocomposite membranes hold promise for applications as stimuli-responsive systems.
It is important to highlight that one limitation of this study is that the drug release
mechanism under dynamic magnetic conditions was evaluated only in a model envi-
ronment. Further investigation is required to assess the system’s performance in more
complex or biologically relevant conditions, including in vitro or in vivo settings.
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