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Abstract

This study focuses on the synthesis and characterization of advanced polymeric composite electrospun nanofibers (NFs)
containing magnetic oxide nanoparticles (NPs). By leveraging the method of electrospinning, the research aims to inves-
tigate polymer composites with enhanced interfacial properties, improved double-layer capacitance, and adequate biocom-
patibility. Electrospun polyacrylonitrile (PAN) NFs embedded with Fe.Os and MnZn-Ferrite NPs were comprehensively
characterized using advanced techniques, i.e., Fourier transform infrared spectroscopy, X-ray photoelectron spectroscopy,
high-resolution scanning electron microscopy, X-ray diffraction, and alternating gradient field magnetometry. The incor-
poration of metal oxide NPs led to significant changes in the thermal, spectroscopic, and morphological properties of the
NFs. Spectroscopic analysis confirmed increased oxidation, graphitic carbon content, and the formation of new nitrogen
functionalities after heat treatment. Furthermore, interactions between nitrile groups and metal ions were observed, indi-
cating the influence of nanoparticles on surface chemistry. Magnetic characterization demonstrated the potential of these
composite NFs to generate magnetic fields for biomedical manipulation. Cytocompatibility studies revealed no significant
impact on the viability or morphology of human mesenchymal stromal cells, highlighting their biocompatibility. These
findings suggest the promising use of PAN-magnetic NFs in applications including targeted drug administration, magnetic
resonance imaging, and magnetic hyperthermia for cancer treatment.

1 Introduction

Iron oxide in fibrous membranes can significantly influence
human mesenchymal cell (hMSC) attachment and distribu-
tion [1, 2]. Iron oxide nanoparticles (IONPs) embedded in
Erich Schmid Institute of Materials Science, Austrian fibrous membranes can modify the surface roughness as
Academy of Sciences (OAW), Jahnstrasse 12, 8700 Leoben, well as mechanical, thermal and chemical properties of the
Austria membranes [3]. Iron oxide is biocompatible and can pro-
mote cell viability, where the inclusion of such nanoparti-
cles into polymeric scaffolds can enhance cell adhesion by
providing more binding sites for cell attachment. The pres-
ence of iron oxide can support cell attachment without caus-
ing cytotoxic effects, making it appropriate for biomedical
uses [4-8]. The magnetic nature of iron oxide can be used
to manipulate cell distribution and orientation using exter-
nal magnetic fields. This property may be advantageous for
applications in tissue engineering where ultimate control
over cell placement is needed [9]. Iron oxide nanoparticles
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have been found to advance the osteogenesis of human mes-
enchymal stem cells (hMSCs). For regenerative medicine
and tissue engineering applications, the attachment and
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subsequent differentiation of hMSCs are critical, making
this particularly useful for bone tissue engineering [10].
Incorporating iron oxide nanoparticles can affect the nano-
structure and porosity of the fibrous membranes. This can
enhance nutrient and oxygen diffusion, promoting better
cell growth and distribution [11].

Iron oxide embedded in polymeric fibers can promote
angiogenesis, the process through which new blood ves-
sels develop from existing ones. IONPs possess magnetic
properties that can be used to enhance angiogenesis. The
use of an external magnetic field guides and concentrates
therapeutic agents, growth factors, or even cells to spe-
cific sites, thereby promoting localized angiogenesis [12,
13]. IONPs can be functionalized to carry and release
angiogenic growth factors such as VEGF (vascular endo-
thelial growth factor). When incorporated into polymeric
fibers, these nanoparticles can enable a sustained release
of growth factors, thereby promoting angiogenesis over
an extended period. Iron oxide can improve the overall
biocompatibility of the scaffold, enhancing cell viability
and proliferation. This supportive environment can facil-
itate endothelial cell function, which is crucial for new
blood vessel formation [14].

Polymeric nanofibers (NFs) have received a great deal
of attention due to their remarkable attributes, i.e., well-
defined molecular alignment, high porosity, large spe-
cific surface area, and unique nanoscale properties [15].
The functionality of electrospun fibers with adjustable
polymer composite chemistry offers a versatile platform
for exploring diverse applications, including filtration
media, sound isolation materials, and sensor components
[16, 17]. Nanofibers enable the easy integration of a wide
range of therapeutic molecules, improving the capac-
ity for drug loading and promoting controlled, long-term
release. Additionally, by controlling the arrangement of
polymeric fibers at a larger scale, new possibilities emerge
for using them as implantable systems for localized drug
delivery [18]. Smart polymer nanofibers demonstrate rapid
response times due to their unique structural properties.
These characteristics make them ideal for utilization in
a variety of applications, including serving as a targeted,
implantable platform for controlled biomolecule and drug
delivery [19-22]. Magnetic metal oxide nanoparticles can
be mixed with the polymer matrix to promote electrical
conductivity and thermal properties [23].

Several studies report that electrospun NFs—with diam-
eters ranging from 50 to 1,000 nanometers and composed
of materials such as collagen, laminin, polycaprolactone-
chitosan blends, and polyvinyl alcohol-chondroitin sul-
fate—enhance cell viability and enable diverse responses
including osteogenic, chondrogenic, and neural differentia-
tion [24-28]. Another advantage is that, unlike traditional
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culture substrates, NFs are capable of advanced cell gen-
eration, such as spheroid formation and long-distance com-
munication [29]. On the downside, until now, many studies
have not fully reported scaffold properties and cell culture
parameters, limiting reproducibility and cross-study com-
parison. Another disadvantage is the lack of long-term or
in-vivo validation tests in many studies. Also, achieving the
full biomimicry of the native extracellular matrix, particu-
larly regarding hierarchical structure and dynamic signaling,
remains a challenge [30]. Other factors such as scalability,
cost and regulatory approvals impose a barrier for transla-
tion to clinical trials [26].

Polyacrylonitrile (PAN) is an important biocompat-
ible polymer recognized for its non-toxicity, nonantigenic
activity and ease of use in the development of bio-related
nanomaterials. Its suitability for creating these materials
is further enhanced by its ability to support the structural
and temporal control of peptide self-assembly processes
[31]. PAN is a polymeric material commonly employed
in membrane technology because of its excellent chemi-
cal resistance and strong performance in water filtration
applications [32]. Electrospun NF networks can be readily
fabricated using PAN polymers. These resulting NF mem-
branes feature a remarkably high specific surface area, a
highly porous structure, and finely controlled pore sizes,
allowing them to be used in the biomedical field [33-35].
PAN readily forms uniform nanofibers via electrospin-
ning, with consistent diameters typically ranging between
200 and 500 nm. It also boasts strong mechanical strength,
thermal stability, and weather resistance—making it struc-
turally suitable for biomedical scaffolds and dressings [36].
For example, it has been found that lower cell viability of
Saccharomyces cerevisiae and C. albicans on PAN electro-
spun nanofibers confirms the antifungal properties [37]. In
another study, the surface morphology and chemical com-
position of the nanofibrous PAN membranes were modified,
which led to enhanced antibacterial activity, showing poten-
tial in the applications of water filtration [38]. On the other
hand, pure PAN is inherently hydrophobic and biologically
inert, which can hinder cell attachment and fluid interac-
tion. This necessitates extensive surface modifications to
render it suitable for biomedical use [36]. PAN nanofibers
were also functionalized with an inexpensive biomolecule
Bovine serum albumin (BSA) resulting in biomineralized
nanofibers [39]. Investigations of blood-surface interaction
with polyacrylonitrile-based membranes during hemodialy-
sis are reported [40]. Electrospun magnetic NF mats includ-
ing PAN are utilized in magnetic hyperthermia therapy,
enabling targeted drug delivery and serving as valuable
diagnostic and therapeutic tools in cancer treatment. These
mats offer innovative solutions for improving the precision
and effectiveness of cancer therapies [41].
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PAN and Fe(IIl) metal-organic framework nanocompos-
ites were created via electrospinning, enhancing cellular
interactions with the substrate [42]. In medical magnetic
particle imaging (MPI), magnetic nanoparticle contrast
agents are safer than other materials with high contrast and
better sensitivity [43]. Among them, iron oxide nanoparticle
tracers are preferred for MPI. Magnetic iron oxide nanopar-
ticles, i.e., ferrites or MnZn ferrites, have been extensively
researched for their possible application in biomedical
applications owing to strong magnetization while maintain-
ing superparamagnetic behavior, particularly in MRI and
hyperthermia for cancer treatment [44, 45]. Uncoated par-
ticles face rapid clearance, poor circulation, and heightened
toxicity risk. For this reason, one of the strategies is to blend
the NPs with PAN through electrospinning. However, since
NPs can aggregate inside the PAN matrix, potentially creat-
ing inhomogeneities in magnetic properties and impairing
fiber uniformity, electrospinning conditions and amount/
shape of NPs need to be optimized [46].

To maximize their effectiveness in this context, it is cru-
cial to develop magnetic nanoparticles that offer high heat-
ing efficiency, as this enhances their ability to influence
the intracellular environment and generate heat effectively.
Thus, the design of magnetic nanoparticle composite NFs
might have applications in imaging and magnetic field
manipulation. MnZn-Ferrite NPs coated by silica were
utilized for in-vivo cell tracking which demonstrated low
toxicity and effective cellular internalization [47]. In-vivo
tumor imaging in mice was conducted using MnZn-Ferrite
nanoparticles coated with silica, demonstrating the nanopar-
ticles’ safety, biocompatibility, and suitability for cell label-
ing and tracking [48]. PEG-coated MnZn-Ferrite NPs
showed a great potential to be used as a novel Magnetic
resonance imaging contrast agent for the detection of 4T1
breast cancer cells [49].

The primary objective of this study is to demon-
strate that ferrite-containing PAN NF composites exhibit
improved hMSC adhesion and proliferation compared to
plain PAN NFs without compromising biocompatibility.
This enhancement is attributed to the interaction between
the PAN and magnetic NPs, thereby boosting double-
layer capacitance, charge collection efficiency, and over-
all energy storage performance. PAN-magnetic iron oxide
porous NF mats, with the aid of their porous structure,
hold promise for both diagnostic and therapeutic applica-
tions, offering promising opportunities in various biomedi-
cal fields. Their compelling biocompatibility, mechanical
robustness, and porous architecture further elevate their
suitability for magnetic diagnostics. This enhanced suit-
ability stems from the ability of the homogenously dis-
persed magnetic particles to effectively detect and monitor
various medical conditions [50]. Additionally, iron oxide/

poly(m-anthranilic acid)/poly(e-caprolactone) (PCL) com-
posite NF production and advanced characterizations [51],
electrospun polyacrylonitrile/2-(acryloyloxy)ethyl Ferro-
cenecarboxylate (FcP) NFs [52], and the thermomechani-
cal characteristics of magnetic nanoparticles confined
within PAN NFs when subjected to a magnetic field [53]
have been recently studied.

In this study, electrospun NF containing metal oxide
nanoparticles (Fe:Os and MnZn-Ferrite), fabricated to
achieve electrical conductivity and magnetic properties,
have undergone comprehensive and advanced characteriza-
tions mainly via X-ray photoelectron spectroscopy (XPS),
X-ray diffraction (XRD), Fourier transform infrared (FTIR)
spectroscopy, and high-resolution scanning electron micros-
copy (SEM), for the comprehensive understanding the
mechanism of interaction between metal oxide and nitrile
group of polyacrylonitrile matrix reflecting to the influence
of nanoparticles on surface chemistry. Magnetic character-
ization demonstrated the potential of these composite NFs
to generate magnetic fields for biomedical manipulation.
Cytocompatibility studies confirmed the materials’ biocom-
patibility, as they did not significantly affect human mesen-
chymal stromal cell viability or morphology. Cell adhesion
and proliferation tests evidenced the enhanced cell-biomate-
rial interaction with the use of composite NFs.

2 Experimental section
2.1 Material

N, N'-dimethylformamide (DMF>99.8%), polyacrylo-
nitrile (PAN, M, ,yerage = 150,000), and indium tin oxide
coated polyethylene terephthalate (ITO-PET) sourced from
Sigma Aldrich were utilized in the experiments. Iron Oxide
Nanopowder (y- Fe,O;) and MnZnFerrite nanoparticules
were sourced from US Research Nanomaterials, Inc. and
were of analytical grade, utilized in their original form with-
out any further purification.

2.2 Formation of PAN/metal oxide nanoparticle
composite nanofibers

The electrospinning precursor was formulated by completely
dissolving PAN powder in a DMF-based solvent using a cup
horn sonicator to create 100 mL of a 10% PAN solution. For
the composite NFs, MnZn-Ferrite (5 wt%, 99.99% purity,
~28 nm diameter near-spherical) and y-Fe:Os (5 wt%,
99.9% purity, ~10 nm diameter near-spherical) NPs were
dispersed in this 10 ml of 10% PAN solution in the same
cup horn sonicator by overnight stirring (12 h) to avoid sedi-
ment formation and to facilitate homogenous dispersion of
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the metal oxide NPs. The electrospinning setup consists of
a grounded collector, a syringe pump with a flow rate of 5.5
pL h™! to 20 mL h™!, and a high-voltage DC power supply
capable of up to 50 kV. The 0.7 mm syringe needle was con-
nected to a positive electrode. The syringe pump precisely
controlled the flow rate of the polymer solution, ensuring
a steady supply during electrospinning. The polymer solu-
tions were electrospun in a horizontal configuration onto an
aluminum collector. To fabricate NFs, the electrospinning
was conducted at room temperature with applied voltages
between 10 and 15 kV. The capillary tip was consistently
maintained at a distance of approximately 15 cm from the
collector, while the solution was supplied at a rate of 1 mL
h™!. No visual sedimentation was observed in the syringe
after each electrospinning trial, proving the even disper-
sion of the PAN and metal oxide NPs within the solvent.
Heat treatment of some of the NFs was conducted inside
a dynamic mechanical analyzer, as previously explained in
[53]. In short, the specimens were subjected to a controlled
temperature increase from 300 K to 800 K at a uniform 5 K
min~! heating rate. The tests were performed under an Ar
flow of 20 mL min ! and cooled down in a furnace environ-
ment after reaching the maximum temperature.

2.3 Electrochemical impedance spectroscopy

The standard three-electrode system was employed, consist-
ing of PAN/metal oxide nanoparticles-NF mats as the work-
ing electrode, Ag/AgCl (3 M KCI) as an aqueous reference
electrode, and platinum spiral wire as a counter electrode.
Electrochemical impedance spectroscopy measurements
were implemented over the frequency range of 100 kHz to
0.01 Hz via Gamry Reference 600 (USA). The EIS test was
conducted under open-circuit potential (OCP) conditions.
Two electrolyte mediums were used in the electrochemical
measurements as 7.4 pH PBS buffer and 0.5 M H,SO,.

2.4 Structural analysis

XRD measurement was conducted utilizing a Bruker
D2Phaser diffractometer equipped with an LYNXEYE-2
detector, operating in Bragg-Brentano (6—20) configuration.
The measurements were performed over an angular range
spanning from 5° to 100°, employing Co Ko radiation with
a wavelength of 0.17902 nm. Data acquisition was carried
out with a step size of 0.005°.

2.5 Spectroscopic analysis
XPS measurements were conducted using a Thermo Sci-

entific Nexsa G2 Surface Analysis System (Thermo Fisher
Scientific, UK), featuring a micro-focused, monochromatic

il
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Al Ka X-ray source (1486.68 eV). The system utilized an
X-ray beam with a diameter of 400 mm. The spectra were
collected using a constant analyzer energy mode, employing
a pass energy of 200 eV for the survey scans. For detailed
measurements, smaller regions were analyzed using a 50
eV pass energy. Charge compensation during the analysis
was accomplished through the system’s dual beam flood
gun. The heat-treated samples were evaluated only by
XPS to determine the extent of PAN oxidation and carbon
graphitization; however, they were not used in later experi-
ments due to significant changes in surface chemistry. Data
acquisition and processing were completed through Thermo
Scientific Avantage software, version 6.9.0. Spectral cali-
bration was performed using the automated calibration rou-
tine and internal standards of Au, Ag, and Cu provided by
the K-Alpha system. The atomic percent surface composi-
tions were assessed by analyzing the integrated peak areas
of the identified elements and applying the corresponding
sensitivity factors. The concentration fraction of element A
was determined by:

%A:ﬂx

S Uo7 M
where 7, and s, represent the total integrated peak areas and
the Scofield sensitivity factors, both adjusted for the trans-
mission efficiency of the analyzer, respectively. Attenuated
total reflectance Fourier-transform infrared (ATR-FTIR)
spectroscopy was carried out using a Bruker Vertex 70 ATR
spectrometer, operating at a spectral resolution of 0.4 cm™
and spanning a wavenumber range of 600 to 4000 cm™.

2.6 Morphological analysis

The morphological characteristics of the NFs that were pro-
duced were scrutinized by scanning electron microscopy.
The investigation by energy dispersive X-ray (EDX) was
conducted using a Quanta FEG 250 microscope equipped
with an integrated EDX detector. SEM micrographs were
captured at Magnification levels of 20kx, 50k, and 100kx.
To ensure sufficient collection of Fe signals, an acquisition
time of 20 min was set for the EDX mapping process.

2.7 Magnetic analysis

The room-temperature magnetic properties were tested by
a high-sensitivity alternating gradient field magnetometer
(AGFM) (Princeton Measurements Corporation, Princeton,
NJ, USA). Hysteresis loops were recorded within a+ 10 kOe
magnetic field range. The diamagnetic contribution of the
sample holder was carefully accounted for and subtracted
from the measured data.
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2.8 Cytocompatibility analysis

Human bone marrow-derived mesenchymal stromal cells
(hBMSCs) were acquired from the American Type Cul-
ture Collection (ATCC PCS-500-012) and cultured in low-
glucose DMEM (Sigma-Aldrich), enriched with 15% fetal
bovine serum (FBS) and 1% penicillin-streptomycin (PS,
Sigma-Aldrich), in a 75 cm? treated cell culture flask at
37 °C under 5% CO.. When they attained 80—90% conflu-
ence, they were isolated with a trypsin-EDTA solution, har-
vested, and used for the experiment. Nanofiber membranes
were sterilized under UV-C Light for 30min per side and
then placed in a sterile 24-well plate. A specific number of
cells (1.5x10* per specimen) was evenly distributed onto
the material surfaces (1 cm x 0.5 cm nanofiber mats) via
dropwise seeding and incubated for a few hours in 100 pL
of culture medium to ensure proper adhesion and spread-
ing for 2 h (at 37 °C, 5% CO,). Subsequently, the samples
were submerged in a complete fresh culture medium of 1
mL and returned to the incubator for 24 and 48 h. At all rel-
evant intervals, the cellular metabolic activity was assessed
using the Alamar Blue assay, following the manufac-
turer’s instructions. Metabolically active cells reduce the
blue, nonfluorescent molecule resazurin into the red/violet
fluorescent molecule resorufin in direct proportion to cell
number. A 0.015% Alamar solution in a complete medium
was applied to the seeded scaffolds and incubated for 3 h
in the dark. After incubation, 100 pl of the solution was
moved to a black plate, and fluorescence was recorded by
the Spark spectrophotometer (Tecan, Mannedorf, Switzer-
land) through excitation and emission wavelengths of 530
nm and 590 nm, respectively. During the last time point,
the viability of cells is further confirmed using the lactate
dehydrogenase (LDH) assay (CyQUANT LDH Cytotoxic-
ity Assay, fluorescence). LDH release was used as a marker
of cytotoxicity. LDH activity in the culture medium was
quantified via a coupled enzymatic reaction in which LDH
catalyzes the conversion of lactate to pyruvate with con-
comitant NAD* reduction, followed by diaphorase-medi-
ated resazurin reduction to fluorescent resorufin (Ex/Em:
560/590 nm). The signal is proportional to LDH levels.
The test was conducted according to the manufacturer’s
instructions, and results are expressed as absolute LDH
activity. Viable cells are finally visualized on the materi-
als using the exclusive LIVE/DEAD® assay. This two-color
fluorescence-based assay employs Calcein AM (green) and
ethidium homodimer-1 (EthD-1, red). Live cells, charac-
terized by high intracellular esterase activity, enzymati-
cally convert the cell-permeant, nonfluorescent Calcein
AM into highly fluorescent, green-emitting calcein (Ex/Em

495 nm/515 nm). Conversely, EthD-1 penetrates cells with
compromised membranes and emits bright red fluorescence
(Ex/Em 495 nm/635 nm). The intact plasma membranes of
live cells exclude EthD-1, preventing red fluorescence. The
EVOS FLoid Imaging System was employed to capture the
images (Thermo Fisher, Massachusetts, USA).

2.9 Cell morphology, adhesion, and proliferation
assessment

The morphology and distribution of cells in contact with
the materials were evaluated using SEM. After the last
time point, cells cultivated on top of the materials were
fixed overnight (4 °C) using a solution of glutaraldehyde
(2.5% in PBS) to preserve their ultrastructure. Later,
specimens were dehydrated using an increasing ethanol
scale (70, 90, 100%-1I, 100%-II for 1 h each) to remove
water from the cells progressively. Finally, specimens
were immersed in hexamethyldisilazane (HMDS), a low-
tension reagent that quickly dries the specimens, reducing
the structural artifacts. Specimens were then coated with
a thin layer of gold (10 nm) using a Smart Coater (Jeol,
Akishima, Japan) and observed using the JSM-IT500
InTouchScope™ SEM (Jeol).

Cell adhesion and proliferation of cells in contact with
the materials were further investigated using RT-PCR
and the Click-iT™ EdU proliferation assay (Invitrogen,
Thermo Fisher), respectively. For gene expression analy-
sis, total RNA was extracted, and the expression levels of
Cadherin-1 (CDH1) and Ki67 were quantified to assess
the scaffolds’ ability to support hBMSC adhesion and pro-
liferation, respectively. Together with Ki67, the hMSC
proliferation was evaluated using the Click-iT™ EdU Pro-
liferation Assay, which utilizes 5-ethynyl-2’-deoxyuridine
(EdU), a nucleoside analog incorporated into newly syn-
thesized DNA. Briefly, 24 h after cell seeding onto the
Material surfaces, a 2 uM EdU solution was added and
incubated overnight. EdU detection was achieved via a
copper-catalyzed click reaction between the alkyne group
of EdU and azide-modified horseradish peroxidase (HRP),
followed by the addition of the Amplex™ UltraRed
reagent. The resulting fluorescent signal was measured
using the spark spectrophotometer (Ex/Em: 568/585 nm).
Lastly, the maintenance of the stemness of cells cultivated
on the materials was assessed by evaluating the expres-
sion of the stemness markers CD90 and CD105 via RT-
PCR. Results and primer sequences are presented in Fig.
S1 and Supplementary Table. For all the RT-PCR analyses,
the glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
was used as the housekeeping gene.
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3 Results & discussions
3.1 Possible interaction mechanism

Along-term dispersion ensures that the iron oxide nanopar-
ticles are evenly distributed within the PAN matrix. Dur-
ing this step, the chemical interactions (hydrogen bonding,
electrostatic interactions, and coordination bonding) start
to play a role in stabilizing the dispersion (Fig. 1). The
bonding electrons in the C—N bond are more attracted
towards the N atom because of the higher electronegativity
of the N atom. Hence, the bonding electrons concentrate
more on the N atom, with a partial negative charge on the
nitrogen in comparison to the partial positive charge on
the carbon atom. The cyanide ion interacts with transition
metals to create M—CN bonds (where M refers to Fe or
MnZn). The strong attraction of metals to this anion can
be explained by its partial negative charge, its small size,
and its capacity to participate in m-bonding. This bond-
ing occurs as the metal ion’s d orbitals overlap with the ©
orbitals of the polar C=N bond.

3.2 Morphology and microstructure

High-resolution SEM images, particularly at high Magni-
fication, demonstrate the formation of uniform NFs along
with the distribution of single nanoparticles. The PAN NFs
exhibit a narrow size distribution, with diameters averaging
970 £110 nm (Fig. 2a). A homogeneous dispersion of NFs
is observed over extensive areas of interest (Fig. 2d). Fiber
diameter size diminished when particles were included
(520450 nm and 520+90 nm for PAN/y-Fe,0; and PAN/
MnZn-Ferrite, respectively). Partial clustering was observed
for both y-Fe,O; (Fig. 2b, e) and MnZn-Ferrite (Fig. 2c, f)
nanoparticles within PAN NFs, which is mainly because
ceramic nanoparticles typically have high surface ener-
gies, leading to strong interparticle interactions that favor
agglomeration overdispersion.

3.3 Molecular structure

FTIR spectroscopy in transmittance mode involves pass-
ing an infrared light beam through a sample and measuring
the intensity of the transmitted light across different wave-
lengths. Figure 3 compares the three investigated samples;
the main peaks from the PAN samples were marked. A
noticeable peak appearance was marked at 2243 and 1450
cm™!, which are attributed to the highly polar nitrile group
—C=N of PAN by the inclusion of nanopowders and is more
distinctive for the MnZn-Ferrite due to more interaction
[54-57]. The rest of the peaks at 2926 and 1664 cm ™! are
associated with the -CH,— and C=0 groups in the amide
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structure by undergoing the partial transformation of nitrile
groups to amide groups (—CONH:), respectively [54]. As
the peak appearing at 2360 cm ! was also detected in our
previous work [53], a possible electrostatic interaction
between the partial positive charge of metal oxide nanopar-
ticles and the negative charge on the nitrogen of the cyano
groups (C=N) of the PAN, as described in [58]. However,
the peaks at ~650 cm™! and 2360 cm™' present only in the
NP-containing samples were also attributed to the atmo-
spheric CO, [59, 60] since the iron oxide present within the
composites is a potential adsorbent for CO, [61].

3.4 Crystalline structure

Figure 4 shows the structural state of the PAN, PAN/y-Fe,0;
and PAN/MnZn-Ferrite NF composites. The broad signals
at 14.2° and 26.0° confirm the amorphous PAN structure
[62]. The peaks at ~35.5°, ~41.6°, and ~50.8° correspond to
(220), (311) and (400) planes of the y-Fe,0, and MnZn-Fer-
rite peaks, respectively [63, 64]. In comparison to the largest
broad peak position of the PAN, a minor displacement of 0.3°
in the peak positions of the NP-containing samples towards
higher angles can be attributed to the immediate polymer
cooling electrospun on the aluminum foil, resulting in poly-
mer contraction and, hence, a decrease in lattice spacing.

3.5 Surface composition and chemical state

XPS confirmed the structure of PAN. Figure Sa displays the
survey spectrum with strong signals of Cls, N1s and Ols.
We also observed some contamination by sulfur, silicon,
and phosphorus from the processing of NFs. These elements
were not included in Table S2 since we show results from
high-resolution spectra, and we have not performed high
resolution from these regions corresponding to the men-
tioned elements. Cls signals at ca. 285.6 eV correspond-
ing to —CH,— group in PAN (labeled as C1 in Fig. 5b), at
ca. 286.4 eV corresponding to —CH— in PAN (labeled as
C2 in Fig. 5b) and —C=N at ca. 287.0 eV confirming the
structure of PAN [65]. There is also some adventitious car-
bon at ca. 284.9 eV and a small portion of sp” at ca. 284.2
eV. PAN NFs before heat treatment exhibits only small oxi-
dation, which represents only 2.6 at% of oxygen and only
2.6 at% of pyrrolic nitrogen (Fig. 5c, Table S2). PAN NFs
with NPs before heat treatment showed only slightly higher
oxidation, ca. 3-3.2 at%, and the NPs are fully covered by
PAN. We detected only noisy spectra with the only indica-
tion of the presence of Fe,O; (Figure S2 a) in the case of the
PAN-Fe,0; sample. In the case of PAN/MnZn-Ferrite there
was not even this indication (Figure S2 c, e,f). XPS results
of NFs after heat treatment (labeled as “(HT)”) indicate
an increase in PAN oxidation, and an increase in graphitic
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Fig. 1 Scheme of possible interaction of Fe,O; with Polyacrylonitrile

carbon (from ca. 7 at% to ca. 16 at%) is observed (Fig. 5b,  which can be the result of changes in PAN structure (Table
Table S2) that is linked to the interaction of hydrogen bonds. S22, Figure S2 b, d, g, h). This is also accompanied by the
After heat treatment, we detected signals coming from NPs,  changes in nitrogen chemistry, and the Nls signal at ca.
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Fig. 2 Enlarged PAN NFs at 20 kx (a) without nanopatrticles, (b) with y-Fe,0;, (¢) with MnZn-Ferrite. PAN NFs at 1000x (d) without nanopar-

ticles, (e) with y-Fe,O;, (f) with MnZn-Ferrite

Fig. 3 Spectroscopic analysis of 100 . 1 . s . 1 ; . . 1 i i 2
PAN (solid black), PAN/Fe,O4
(dash-dot red) and PAN/MnZn- ] —— PAN I
Ferrite (dot blue) P PAN!F9203
8o fim TV AFVEMIA 0 |- PAN/MnZn-Ferrite|
= I A L
)] :‘: ! 'y -
g 601 VE
£ j o
E 13 '3
2 § s
g 404 b :
= ;,i t v
L : i
20 4i%%° 1664 5 2926 i
2360
] 1450 2243 '
0 . T v . ) . . . T . . .
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398.8 eV indicates the presence of imine or pyridinic struc-
tures. N1s at ca. 400.6 eV indicate the presence of imide
or pyrrolic nitrogen during heat treatment, leading to cycli-
zation-induced C=N bond formation [53]. In the presence

]
@ Springer ﬁjn{ﬂg

Wavenumber (cm™)

of Fe,0;, it might be correlated to the interaction of nitrile
(N1s at ca. 399.6 eV) with metal ions (Fe**, Mn*, Zn*>").
Still, the quantity of this N1s (III) signal is much higher
(4.3-4.5 at%) when compared to the signal of metal ions
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Fig. 4 Structural differences between the considered samples assessed by XRD

(0.7-1 at%, Table S2). Most probably, this signal at ca.
400.7 eV accounts for the new functional groups of nitrogen
on the surface. The higher oxidation is also clear from the
increase of oxygen to ca. 9.1-11.6 at%. This oxidation after
heat treatment is very similar, only slightly higher for PAN
(ca. 11.6 at%) than for PAN-containing NPs (9.1-9.6 at%)
(Table S2). The presence of NP was confirmed by the signal
of Fe2p at ca. 711.3 eV corresponding to Fe**, Mn2p at ca.
641.8 eV corresponding to Mn*" and Zn2p at ca. 1022.4 eV
corresponding to Zn>" (Figure S2).

3.6 Electrochemical behaviour

Two different electrolytic mediums indicate that the ionic
double-layer behavior differs from each other, as shown by

EIS measurements. The studies were implemented in a PBS
Buffer (pH=7.4) and 0.5 M H,SO,. In Fig. 6, the absolute
impedance values of |Z| vs. PAN/y-Fe,05 and PAN/MnZn-
Ferrite containing PAN NFs indicate that two electrolytes
display the lowest impedance for the PAN/y-Fe,O5 case at
the lowest frequencies. The absolute Z values are derived
from the Bode Magnitude plots at the 10 mHz frequency,
which represents the quasi-DC resistance due to the low fre-
quency, resembling direct current conditions. For the PAN/
v-Fe,05 in H,SO, and PAN/MnZn-Ferrite in PBS samples,
relatively low impedance values are observed at 10 mHz.
These values can be contrasted with the higher resistance
observed in the MnZn-Ferrite in both electrolytes, but with
an exception after ~1 Hz frequency for PAN/MnZn-Ferrite
in H,SO,, indicating the lowest impedance absolute Z value

2l
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Fig.5 X-ray photoelectron spectroscopy (a) survey spectrum, a
(b) C1s and (¢) N1s region of PAN, PAN/Fe,0; and PAN/ Cis
MnZn-Ferrite before and after heat treatment Zn2p an.p O1s Nis
—_— ! A | Lﬂ
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Fig.6 (a) Bode magnitude and (b) Bode Phase data in two different electrolytic behaviors within H,SO, and PBS

(resistances) due to the nature of the filler and sulfuric acid.
The crossover point for PAN/y-Fe,O; of the PBS-H,SO,
transition is also ~ 1 Hz, but this transition is not as sharp as
the PAN/MnZn-Ferrite sample.

The resistances (Rs, Ri, R2) in the PBS solution tend
to be higher compared to those in the H.SO. solution for
all samples. PAN/y-Fe,O; sample shows a higher capaci-
tance compared to PAN/MnZn-Ferrite in 0.5 M solutions of
H,SO, and PBS, referring to the higher amount of ion accu-
mulation in bulk form (Table 1). The PAN/MnZn-Ferrite
sample in PBS shows a significantly higher R> value than in
0.5 M H,S0O,, indicating a higher impedance. The constant
phase element (CPE: and CPE-:) values are generally higher
in PBS solutions, indicating higher capacitance behavior.
The exponents (n1, nz) show variability, with lower values in

H>SOs4 solutions, suggesting a more resistive behavior. PAN/
MnZn-Ferrite displays lower charge-transfer resistance R,
in both solutions, referring to higher electron transport from
the surface to the bulk layers. On the other hand, the surface
has more ion exchange characteristics for the PAN/y-Fe,0,
sample, as confirmed by the surface resistance R,.

For the bulk-electrolyte interface (R, CPE, and n,), a higher
capacitance could indicate that more charge is being stored at the
interface, which might also mean a higher resistance to charge
transfer due to increased interactions at the interface. Nonethe-
less, the observed inverse relationship between capacitance and
resistance in the polarization circuit part (R,, CPE,, and n,) is
consistent with electrochemical principles. Higher capacitance
suggests improved charge storage and transfer capabilities,
which inherently reduce the resistance in the system.

Table 1 Equivalent circuit model of the impedances shown in fig. 6. R;: solution resistance, CPE, and CPE,: constant phase element exponent
associated with bulk layer and polarization, respectively. R;: charge-transfer resistance, R,: polarization resistance, n; & n,: constant phase ele-
ment exponent related to bulk layer and polarization, respectively. 2: chi-squared error. Sample area=1 cm?

RIQ(R(QR)) PAN/Fe,O PAN/MnZ PAN/MnZ
AN/Fe:0 /MnZn- o N JFes0s /MnZn-
hﬂ in0.5M Ferrite in 0.5 in 0.5 M PBS Ferrite in 0.5
WGy H,S04 M H,S0, : M PBS
R:
R./Q 1.59*10% 1.05*10% 2.13*10* 3.16*10*
CPE,/Ss" 6.31*10°° 2.40*10°® 1.01*10°° 3.41*10°
n; 0.53 0.57 0.55 0.44
R/Q 2.38*10* 1.07*10* 6.99%10*  1.74*10*
CPE,/Ss" 7.03*10°° 1.56*10°° 1.82*10°° 4.45*10°°
n; 0.58 0.85 0.84 0.73
R./Q 1.88*10° 6.40*10° 7.51*10% 4.68*10°
Chi-squared / 2  1.02*10° 4.65%1073 4.31*10°3 1.20*10?
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3.7 Magnetic behaviour

Room-temperature magnetic hysteresis loops of the PAN/
Fe,0; (black squares) and PAN/MnZn-Ferrite (red dots)
samples are depicted in Fig. 7. The M(H) curves have been
adjusted based on the mass of the nanocomposite, which
includes the electrospun NFs and the magnetic nanopar-
ticles contained therein. Both M(H) curves exhibit a well-
defined sigmoidal shape, indicating a smooth magnetization
reversal dominated by a rotational process that ends in full
magnetic saturation at 10 kOe. The saturation magnetiza-
tion (M,) values are 6.4 and 2.3 emu/g for the PAN/Fe,0,
and PAN/MnZn-Ferrite samples, respectively. Therefore,
the PAN/Fe,O; sample, which includes only Fe ions in the
oxide structure, shows a higher magnetic signal strength
compared to PAN/MnZn-Ferrite, which also contains non-
magnetic Zn ions. The inset of Fig. 7 magnifies the low-
field region of the M(H) curves, revealing the hysteretic
behavior of both samples. Specifically, the magnetization
remanence (M,) values are 1.1 and 0.1 emu/g, while the
coercive field (H,) values are 106 and 23 Oe for the PAN/
Fe,0; and PAN/MnZn-Ferrite samples, respectively. Thus,

the MnZn-Ferrite nanoparticles exhibit a reduced effective
magnetic anisotropy.

3.8 Cytocompatibility

Since Fe,0;/PAN NF and MnZn-Ferrite NPs/PAN NF
are intended for biomedical applications, as discussed
earlier, it is crucial to ensure their cytocompatibility. The
nanoparticles incorporated into PAN may influence cel-
lular responses either positively or negatively, depending
on their concentration and interaction with cells. To assess
this, cytocompatibility analyses were conducted using the
direct method with MSCs.

Figure 8 illustrates the cytocompatibility of MSCs cul-
tivated directly on the samples. A comparison of the cellu-
lar metabolic functions of cultivated cells on the materials
revealed a significant difference between PAN/MnZn-Ferrite
and both PAN and PAN/Fe20; during the first 24h (p<0.05).

This significant reduction in cells’ metabolic activity
on PAN/MnZn-Ferrite may be attributed to the release of
manganese and/or zinc ions and their subsequent uptake
by cells. While the exact contribution to cell cytotoxicity

Fig. 7 Room-temperature
magnetic hysteresis loops of the
PAN/Fe,0; (black squares) and 6 4 —— PAN/Fe O i
PAN/MnZn-Ferrite (red dots) 2 3 ;
samples; inset: low magnetic 1 ——PAN/MnZn-Ferrite
field enlargement
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Fig. 8 Direct cytocompatibility evaluation of PAN NF, PAN/Fe,0;,
and PAN/MnZn-Ferrite samples. hMSCs were cultured directly on the
sample surfaces for 24 and 48 h, and cytocompatibility was assessed
through the following: (a) absolute metabolic activity of hBMSCs,
(b) Absolute LDH activity measured after 48 h in hMSCs cultured

remains unclear, some research suggests that these ions
could induce mitochondrial dysfunction, potentially impair-
ing cellular metabolism [66—68].

However, at the second time point (48 h), the significant
difference observed earlier disappeared, thus indicating the
material’s cytocompatibility. These results were further con-
firmed by the LDH assay, which did not show any signifi-
cant difference and, consequently, any difference in terms of
LDH release between cells cultivated on the control mate-
rial and the doped samples. The viability of cells is lastly
ensured by the Live/Dead assay conducted at the final time
point, which showed that all observed cells were alive and
displayed a morphology comparable to that of cells grown
on the other materials, i.e. hBMSCs cultured on nanostruc-
tured TiO2 [69], Ti-based coatings/Si [70], electrospun PCL/
collagen/HA scaffolds [71], polydopamine-coated PDMS
[72], and hydroxyapatite/chitosan scaffolds [73]. The Lim-
ited increase in viability observed between 24 and 48 h on
pure PAN nanofibers reflects the material’s limited bioactiv-
ity and lack of biochemical cues for hBMSC proliferation.
This behavior is in contrast to the MnZn-Ferrite and Fe20s-
loaded PAN samples, which showed enhanced biological
response supported by multiple assays. The red arrows in

--

on unloaded (PAN, control) and loaded materials (PAN/Fe,O; and
PAN/MnZn-Ferrite); (¢) Live/Dead imaging after 48 h of cultiva-
tion. ¥*p<0.05 PAN vs. and PAN/Fe,0; and PAN/MnZn-Ferrite. Red
arrows: MnZn-ferrite NPs

Fig. 8c designate black spots corresponding to aggregated
MnZn-Ferrite particles which inherently appear as dark-
colored under fluorescence microscopy.

The comparison of all samples under identical conditions
(same cell suspension, same adhesion period, same medium
volume and incubation conditions) using hMSCs directly
seeded on the nanofiber membranes. The Alamar Blue val-
ues for PAN were sufficiently high, and PAN is well known
for its cytocompatibility, which provided sufficient con-
fidence to proceed with the experiments. Moreover, prior
studies using hBMSC:s on tissue culture polystyrene (TCPS)
and calibrated Alamar Blue assays report substantially larger
early (24—48 h) increases in metabolic activity than we
observed on PAN, ascertained by the reduced hMSC prolif-
eration on non-bioactive material (Jha et al., Fig. 6 in [74];
Begum et al., Fig. S3 in [75]). Taken together with Live/
Dead and morphology data showing viable, poorly prolif-
erative cells on PAN, these lines of evidence support the
interpretation that the limited increase in viability on pure
PAN reflects limited bioactivity and the lack of biochemi-
cal proliferative cues. Fig. S3 depicts the Live/Dead fluores-
cence image of the cells proliferated on the TCPS substrate
(control), resembling the cell proliferation on PAN. In terms
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of LDH release (Fig. S4) and EdU incorporation (Fig. S5),
the monolayer control study was conducted with the poly-
styrene bottom of the multiwell, where the PAN substrate
and control study were shown to be substantially identical.

In summary, the Alamar Blue assay showed only mod-
est changes for PAN between 24 h and 48 h, the LDH
assay at 48 h confirmed the absence of cytotoxicity. Fur-
thermore, the Live/Dead imaging showed viable cells with
normal morphology.

SEM images in Fig. 9a confirm proper cell adhesion, mor-
phology, and spreading on the nanofibers. Notably, a higher
cell density is observed on both doped materials compared
to the control. The zoomed-in images further highlight
distinct points of contact between the cells and the doped

PAN-Fe203

materials, demonstrating the scaffolds’ ability to create a
favorable environment for cell attachment and growth. Fig-
ure 9b and ¢ show that the expression levels of Cadherin-1
and Ki67—key markers of cell adhesion and proliferation,
respectively—are significantly higher in cells cultured on
PAN/MnZn-Ferrite and PAN/Fe:Os than in those cultured
on undoped PAN (**p<0.01 and *p<0.05, respectively).
Previous studies suggest that both iron oxide nanoparticles
and MnZn ferrite composites can enhance cell adhesion and
proliferation on electrospun substrates by increasing the
surface roughness of the NFs, promoting protein adsorption,
and improving the hydrophilicity of the resulting scaffold
[76, 77]. Figure 9d reports the results related to the Click
it EAU proliferation assay. Results demonstrated that cell

PAN-MnZnFerrite

Ki6T expression
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CDH1 expression
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Fig. 9 Cell adhesion and proliferation. (a) Representative images
showing hMSC attachment on the sample surfaces after 48 h of incu-
bation. (b-¢) Relative expression of Cadherin-1 (CDH1) and Ki67 in
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PAN (control); (d) EdU-based proliferation assay. *p<0.05 **p<0.01
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proliferation is preserved in all the materials and that there
are no significant differences among the groups. The dis-
crepancy between Click-iT and Ki67 results (panel ¢) may
reflect differences in cell cycle distribution. Indeed, the
Click-iT detects only cells in the S phase of the cell cycle,
while Ki67 indicates overall proliferative activity, including
G1, G2, and M phases [78, 79].

Inclusion of MnZnFe.Os nanoparticles in PAN NFs
enhances hMSC adhesion and spreading compared with
Fe:0: at the same loading. The different ionic radii of Mn?*,
Zn**, and Fe*" mean the surface can present a more diverse
array of potential interaction sites and variable surface
charge for protein ligands [80, 81]. Furthermore, the con-
trolled release of Mn?" and Zn*" ions—both known to sup-
port osteogenic differentiation—further stimulates hMSC
proliferation and lineage commitment, effects not achievable
with the simpler Fe**~dominated surface of Fe.Os [82, 83].

4 Conclusions
This study’s key outcomes can be outlined as follows:

e Uniform electrospun PAN NFs with well-dispersed
Fe20s and MnZn-Ferrite nanoparticles were produced,
which possess controlled fiber diameter and homoge-
neous nanoparticle distribution.

e Advanced characterization techniques, XPS confirmed
the structure of PAN NFs and revealed increased oxida-
tion and graphitic carbon content after heat treatment.
Using XPS and FTIR, new nitrogen functionalities and
interactions between the polar nitrile groups of PAN and
Fe,0; and MnZn-Ferrite nanoparticles were confirmed.
PAN/MnZn-Ferrite NFs demonstrates smaller magnetic
remanence and coercivity compared to PAN/Fe,O; re-
ferring to reduced magnetic anisotropy.

e Absolute metabolic and LDH activity tests demonstrat-
ed that MnZn-Ferrite and Fe.Os nanoparticles loaded
onto PAN NFs remarkably enhanced the viability or
conformation of human mesenchymal stromal cells in
comparison to the reference PAN sample, making them
a promising materials for biomedical applications.

e As compared to PAN and PAN/Fe,0; NFs, Cadherin-1
and Ki67—core identifiers of cell adhesion and prolif-
eration, respectively—are remarkably higher in cells
cultured on PAN/MnZn-Ferrite, as also evidenced by
SEM images revealing hMSC attachment on the sample
surfaces after 48 h of incubation.

These positive, albeit preliminary, biological findings, com-
bined with the intrinsic magnetic properties of the incorpo-
rated nanoparticles, suggest the potential for this material to

be exploited in the field of magnetic resonance imaging, tar-
geted drug administration, and magnetic hyperthermia for
oncology, as well as other advanced therapeutic and diag-
nostic applications.

SupplementaryInformation The online version contains supplementary
material available at https://doi.org/10.1007/s42247-025-01247-w.
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