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ABSTRACT

Smart Drug Delivery Systems (SDDSs) are advanced platforms enabling controlled and stimuli-responsive drug
release. Among external stimuli, near-infrared (NIR) light and magnetic fields are particularly attractive due to
their non-invasive activation and tunable energy conversion. Multifunctional electrospun scaffolds (PCI) based
on poly(butylene succinate) (PBS), ciprofloxacin (CPX), and iron oxide nanopowder (INPs, d < 50 nm) as a low-
cost superparamagnetic component has been exhaustively explored, reporting the use of INP as photothermal
agent in electrospun scaffolds, enabling high nanoparticle loading and NIR-triggered drug release, a strategy still
scarcely explored in electrospun systems. This powder-based strategy simplifies formulation compared to sta-
bilized SPION dispersions while preserving magnetic and photothermal functionalities. The resulting mats
exhibited uniform, defect-free fibers with tunable mechanical properties and sustained CPX release (~40% over
11 days), which increased to ~60% under NIR irradiation. INPs imparted superparamagnetic behavior, NIR
responsiveness, and MRI and X-ray detectability, while CPX improved fiber morphology and surface wettability.
High cell viability (>85%) confirmed the cytocompatibility of the scaffolds. Comprehensive characterization
included morphology, wettability, thermal and mechanical properties, NIR response, and drug release. Magnetic
properties were evaluated using a cost-effective sensor-based approach (Hall sensors and fluxgate magnetom-
eter), confirming superparamagnetic behavior. By coupling NIR-triggered drug release with MRI detectability,
PCI scaffolds provide a compact theranostic platform for localized biomedical applications. Overall, PCI scaffolds
represent a scalable and cost-effective multifunctional platform integrating controlled drug delivery, photo-
thermal responsiveness, and imaging capability, showing strong potential for advanced biomedical applications.

1. Introduction

NIR-responsive systems can induce localized heating, enabling photo-
thermal therapy and controlled drug release through photothermal
agents such as iron oxide nanoparticles, gold nanostructures, carbon-

Smart Drug Delivery Systems (SDDSs) represent a major advance-
ment in pharmaceutical technology and nanomedicine, enabling
controlled, targeted, and stimuli-responsive drug release [1]. These
systems can respond to physiological or pathological stimuli, such as pH,
temperature, or specific biomarkers, as well as to external triggers
including electromagnetic radiation, magnetic fields, or light, allowing
localized and tunable therapeutic activation [2-5]. Among external
stimuli, near-infrared (NIR) irradiation is particularly attractive due to
its deep tissue penetration and minimal phototoxicity [6-9].
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dots, MOFs and COFs, or hybrid materials [10-25]. Photo-thermal
electrospinning (PTE) has recently emerged as a promising approach
to integrate electrospun fibrous scaffolds with photothermal function-
ality [26]. This strategy combines the advantages of electrospinning,
such as high surface area, tunable mechanical properties, and extracel-
lular matrix mimicry, with externally triggered therapeutic activation
[27-29]. However, the development of simple, scalable, and efficient
NIR-responsive  electrospun  systems remains limited [30].
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Superparamagnetic iron oxide nanoparticles (SPIONs) exhibit unique
physicochemical and magnetic properties that make them highly suit-
able for biomedical applications and theranostics [31-33]. They have
been widely investigated for cancer therapy, imaging, and magnetically
triggered drug delivery [11,34-37], are characterized by high biocom-
patibility and potential biodegradability [38,39]. In addition,
NIR-mediated photothermal heating can enhance magnetic hyperther-
mia effects [40-42], while the NIR window offers advantages such as
low tissue absorption, and compatibility with clinical technologies [43].
However, a critical limitation of conventional SPION-based electrospun
nanofiber scaffolds lies in their typical availability as stabilized disper-
sions [44], which are often incompatible with electrospinning solvent
systems and may increase formulation complexity and cost. In contrast,
dry iron oxide nanopowder (INP) represents a simple, scalable and
cost-effective alternative, overcoming solvent compatibility issues and
enabling higher nanoparticle loading. To the best of our knowledge, this
is the first study reporting the use of dry INPs as photothermal agents in
electrospun scaffolds, enabling both superparamagnetic behavior and
NIR-triggered drug release, a strategy still scarcely explored in electro-
spun systems. This approach differs from conventional SPION-based
systems, which typically rely on stabilized dispersions and more com-
plex processing strategies. In this work, multifunctional photothermal
electrospun scaffolds (PCI) based on Poly(butylene succinate) (PBS),
ciprofloxacin (CPX), and iron oxide nanopowder (INPs) were developed.
PBS has proven to be a promising polymer for electrospun applications,
owing to its biodegradability, biocompatibility, and tunable physico-
chemical properties [45-53]. Although the present study does not spe-
cifically employ green nanomaterials, PBS can be produced from
renewable resources via biotechnological routes, supporting a more
sustainable material design [54]. CPX was selected for its antibacterial
activity and its ability to improve fiber morphology [55], while INPs
impart magnetic responsiveness, NIR-induced photothermal behavior,
and imaging capability. Compared to conventional photothermal
nanoparticle systems, electrospun fiber-based patches enable localized
retention and reduced systemic exposure [56]. To systematically
investigate the influence of formulation parameters, CPX and INP con-
centrations were varied based on evidence and processability con-
straints, ensuring optimal fiber formation, homogeneous component
distribution, and effective stimuli responsive behavior. The resulting
scaffolds were extensively characterized in terms of morphology,
physicochemical properties, drug release, NIR responsiveness, biocom-
patibility, and magnetic behavior, evaluated using cost-effective sen-
sor-based approaches [57,58]. Overall, the proposed PCI scaffolds
represent a scalable and cost-effective multifunctional platform inte-
grating controlled drug delivery, NIR-triggered photothermal respon-
siveness, and magnetic detectability. The use of dry iron oxide
nanopowder as a dual photothermal and magnetic agent, combined with
its implementation within electrospun systems, highlights a still
underexplored yet highly promising strategy for the development of
advanced theranostic biomaterials.

2. Materials and methods
2.1. Materials

1,1,1,3,3,3-Hexafluoropropan-2-ol (HFIP) was purchased from Flu-
orochem, Hadfield GB, Poly(1,4-butylene succinate) extended with 1,6-
diisocyanatohexane (PBS), Ciprofloxacin (CPX), Iron nano-powder (INP,
Fe304) with a diameter <50 nm, dichloromethane (99.9%, DCM), hy-
drochloric acid (37%), phenanthroline, hydroxylamine hydrochloride,
sodium acetate, glacial acetic acid, Dulbecco Modified Eagle's Medium
(DMEM), fetal bovine serum (FBS), glutamine, penicillin (100 U ml’l),
streptomycin (100 pg mL™Y), amphotericin B, and Alamar Blue (AB)
assay kit were purchased from Sigma Aldrich Merck, Milan Italy, and
used as received. Human gingival fibroblasts (HGF-1) and human
epidermal keratinocytes (HA-CAT) cells were provided from Istituto
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zooprofilattico sperimentale della Lombardia e dell’Emilia Romagna.
2.2. Methods

2.2.1. Electrospinning of the magnetic nano-electrospuns

Three scaffolds with different contents of ciprofloxacin (CPX) and
iron nanopowder having diameter <50 nm (INP) were electrospinned;
750 mg of Poly(1,4-butylene succinate) extended with 1,6-diisocyanato-
hexane (PBS) were dissolved in 1,1,1,3,3,3-Hexafluoropropan-2-ol
(HFIP) (5 ml) by gentle stirring. Then 41.7 mg of CPX and after solu-
bilization 41.7 mg of INP were added to produce PCI having 5% of both
CPX and INP; 44.5 mg of CPX and 89 mg of INP were added to produce
PCI having 5% of CPX and 10% of INP respectively; or 215 mg of CPX
and 107.5 of INP were added to have a PCI with 20% of CPX and 10% of
INP. The obtained suspensions were stirred and sonicated cyclically for
3 h at intervals of 30 min, then left under stirring overnight at room
temperature (visual assessment of dispersion stability is provided in the
photos of Figs. S1 and S2 of Supplementary Materials). The electro-
spinning was always performed the day after using the MECC NF 104
electrospinning prototyping system. The solution was sprayed using a
5 ml Terumo syringe fitted with a 20-gauge needle. A rotating cylinder,
4 cm in diameter, was used as collector. The electrospun scaffolds were
carefully cut longitudinally, unfolded, and gently taken out from the
collector to form a mat measuring approximatively 12 x 4 cm (see
Fig. S3 of Supplementary Materials). The spinning parameters used for
the whole spinning process were: feed rate 0.8 mL/h, voltage 15 kV,
volume 5 mL, needle to collector distance 10 cm, collector rotation
speed 250 rpm, traverse speed 20 mm/s, traverse distance 120 mm.
Ambient temperature during electrospinning was 23-25 °C, and relative
humidity was approximately 50%. These conditions were not strictly
controlled but were recorded as set by the centralized heating and
conditioning system.

2.2.2. Scanning Electron Microscopy (SEM) of the magnetic nano-
electrospuns

SEM analyses were conducted to investigate the microscopic
morphology of PBS scaffolds. The measurements were conducted by a
Phenom Pro X (AlfaTest) operating at 10 kV and at different magnifi-
cations (4000x, 9000x and 16500x) to highlight progressively micro-
structural details. The samples, when necessary, were sputtered with
10 nm gold nanoparticles, before performing acquisitions. Properly ac-
quired not gold covered SEM images with high contrast were processed
using ImageJ software to determine the average dimensional distribu-
tion of fibers, based on the measurement of 122 individual fibers. Results
were expressed as mean + standard deviation (SD), providing quanti-
tative insights into the morphological variations across different sample
types. During SEM analysis with not treated, energy-dispersive X-ray
spectroscopy (EDX) was also performed to obtain information on the
chemical elements present on the surface of the scaffolds.

2.2.3. Micro-CT of the magnetic nano-electrospuns

The micro-Computed Tomography (micro-CT) analysis was per-
formed using a Skyscan 1272, Bruker Kontich, Belgium micro-CT scan-
ner. By putting down a coating of wax, one side of the sample was kept
fixed on the spinning support of the instrument. The images were ac-
quired by setting a rotation step of 0.2° with a pixel size of 0.3 pm. An X-
ray beam with a source voltage of 40 kV and a source current of 250 mA
was used. ‘Oversize’ and ‘Batch Scanning’ functions were used to visu-
alize the entire sample in high-resolution mode.

2.2.4. Resonance Magnetic Images (RMI) of the magnetic nano-
electrospuns

Magnetic resonance imaging was performed using a PharmaScan 70/
16 US scanner operating at 7 T (Bruker, Ettlingen, Germany), equipped
with a 23 mm volume transmit/receive coil. Axial images were acquired
using a scaffold with a thickness of 0.37 mm. The field of view (FOV) was
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set to 20 mm x 20 mm, with an in-plane resolution of 256 pm x 256 pm.

2.2.5. Drug and iron loading of the magnetic nano-electrospuns

Theoretical drug loading (DLy) and iron loading (ILt), defined
respectively as the amount of ciprofloxacin and iron oxide incorporated
into the dispersion prior to electrospinning, were calculated as the
percentage of the weight of each component relative to the total weight
of all constituents used in scaffold preparation, according to the
following equations:

mgCPX

0 =
PLr% = NP + mgCPX + mgpBS **°° )
mgINP
0 =
Wa% = oINP + mgCPX + mgPBS * 00 2)

The actual amount of ciprofloxacin (CPX) loaded into the nano-
fibrous scaffolds was quantified by dissolving the patches in chloroform,
filtering the solution through a PTFE syringe filter, and analyzing it
spectrophotometrically using a Jasco V760 UV-Vis spectrophotometer.
Absorbance was measured at the maximum wavelength (Apax) of
284 nm, using a 1 mL quartz cuvette with a 10 mm optical path.
Quantification was performed using a calibration curve constructed
from UV spectra of CPX standard solutions at known concentrations in
dichloromethane (Fig. S1a).

The actual iron content in the scaffolds was determined by colori-
metric analyses using an adaptation of the standard “3500-Fe B. Phe-
nanthroline method” of National Environment Methods Index (NEMI) of
U.S. government, for iron determination. Briefly a precisely weighed
sample (about 10 mg) was brought into contact with 6N hydrochloric
acid. After complete digestion and dissolution, the solution was evapo-
rated to dryness. The residue was reconstituted with 10 pL of 6 N HCI
and 990 pL of distilled water to ensure rapid and complete dissolution.
Then, 9 mL of acetate buffer (pH 5.5) were added. An aliquot of 700 pL
of the reconstituted solution was mixed with 100 pL of a 10% aqueous
hydroxylamine solution and 200 pL of a 2% 1,10-phenanthroline solu-
tion. After 30 min of reaction, absorbance measurements were per-
formed in triplicate using an Eppendorf AF2200 plate reader at a
wavelength of 540 nm, in a 96-well plate. Quantification was based on a
calibration curve prepared from the same iron powder used for elec-
trospinning (seven points, concentrations ranging from 7 pg/mL to
37 pg/mL) (Fig. S1b), treated under the same conditions as the samples.
Results were calculated and expressed as INP content.

2.2.6. Attenuated total reflection Fourier transform infrared spectroscopy
(FTIR-ATR) analysis of the magnetic nano-electrospuns

FTIR-ATR analyses of the scaffolds and the starting materials were
performed using an FTIR spectrometer equipped with an ATR (Bruker,
ALPHA, platinum-ATR), recording spectra within a range of 500 to
4000 cm ! (16 scans, resolution of 4 ecm ).

2.2.7. Contact angle measurements of the magnetic nano-electrospuns

Contact angle measurements were performed at ambient tempera-
ture and humidity on biomaterial discs with a diameter of 8 mm. Water
droplets (volume = 0.02 ml) were deposited on the surface and observed
for approximately 1 min. Side profiles of the droplets were captured
every 5 s and subsequently analyzed. Measurements were conducted on
four separate samples. The results were confronted with patches made of
only PBS.

2.2.8. Water up-take of the magnetic nano-electrospuns

These tests consisted of water uptake studies involving PCI patches
loaded, and control pure PBS patches. Precisely weighed biomaterial
discs were placed in vials filled with phosphate-buffered saline (PBS, pH
7.4) and in vials filled with acetate buffer (pH 5.5), and the weights after
1h, 2 h, 4h, and 24 h were measured. All the studies were done in
triplicate for PCI and PBS patches, and the data are presented as the

Journal of Drug Delivery Science and Technology 120 (2026) 108250

average =+ standard deviation. The patches at the previously set times
were gently blotted on filter papers and then weighed out. The data are
presented as the relative percentage increase in weight over time based
on the initial dry patch weight.

2.2.9. Determination of the degradation kinetics of the magnetic nano-
electrospuns

The degradation rate of the composite PCI was evaluated by
measuring the weight loss of samples in PBS at pH 7.4 and Acetate Buffer
at pH 5.5 at 37 °C. Samples were immersed in the medium and main-
tained in an orbital shaker (100 rpm) for four months. At established
time intervals (1,2,3,4,5 months), three samples were rinsed thoroughly
with water, dried, and weighed again. The percentage weight loss
(W(%)) was calculated using the equation:

Wo — W;
%) =—2 1
Wi(%) =——100 3

where Wy is the initial dry weight of the disc, and Wy is the final dry
weight of the disc.

2.2.10. Water vapor transmission rate (WVTR) of the magnetic nano-
electrospuns

The scaffolds’ water vapor transmission rate (WVTR) was assessed
following the ASTM (American Society for Testing and Materials)
standard, under conditions of 25 °C and 38 °C and 90 % relative hu-
midity, using distilled water, by a PermeH,0 ExtraSolution instrument.
The analysis was performed in triplicate and results were expressed as
mean permeability (g/m2~24 h) + standard deviation (mean =+ SD,
n = 3).

2.2.11. Heating studies under NIR irradiation of the magnetic nano-
electrospuns

Heating experiments under near-infrared (NIR) irradiation were
performed to evaluate the photothermal response of magnetic nano-
electrospun patches under both high- and low-irradiance conditions.
Circular samples of different sizes were used depending on the experi-
mental setup.

For high-irradiance experiments, a circular patch (diameter 5 mm,
area ~0.196 cmz) was fixed at the bottom of a glass Petri dish (diameter
5.5 cm) and immersed in 1 cm of phosphate-buffered saline (PBS, pH
7.4) under magnetic stirring. The NIR source was positioned 5 cm above
the solution surface. Irradiation was carried out at power levels of 5 and
10 W, using a beam radius matching that of the sample, corresponding to
power densities of 25.5 and 51.02 W/cm?, respectively. Temperature
changes were monitored using a thermometric probe placed 2.5 cm from
the patch. Patches PCI5-5, PCI5-10, and PCI20-10 were tested. For low-
irradiance experiments, circular scaffolds (diameter 1 cm) were placed
in a plastic Petri dish (diameter 3.5 cm) containing 2 mL of PBS (pH 7.4).
Irradiation was performed at a fixed power of 1 W, varying the beam
spot size to obtain irradiances of 1.2 W/cm? and 0.6 W/cm? (beam di-
ameters of 1 cm and 2 cm, respectively). Temperature variation was
recorded using a thermocouple immersed in the medium at approxi-
mately 1 mm from the scaffold.

Control experiments were performed under identical conditions
using PBS without scaffold. Additionally, PBS alone was irradiated at
10 W for 720 s, and temperature increase was monitored over the same
duration. A control patch consisting of PBS with 5% CPX but without
iron oxide nanoparticles (INPs) was also included. All experiments were
conducted in triplicate, and results are reported as mean =+ standard
deviation. Temperature profiles were recorded and plotted as temper-
ature versus time curves.

2.2.12. Differential Scanning Calorimetry (DSC)

DSC analyses were performed using a Setaram DSC131 EVO at a
heating rate of 10 °C/min in the range of 25-350 °C, using nitrogen as a
gas, and 120 pl aluminum non-hermetic crucibles. Pure drug, polymer,
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physical mixture, and the scaffold were analyzed.

2.2.13. Mechanical characterization of the magnetic nano-electrospuns

Mechanical characterization of PCIs.;o was performed by conducting
uniaxial tensile-to-failure tests using a Bose TA Instruments ElectroForce
Test Bench System. Rectangular specimens were obtained by cutting the
scaffold along its longitudinal direction. The specimens had an average
thickness of 0.37 mm, an overall length of 40 mm, and a width of 8 mm.
The samples were clamped using mechanical grips with serrated contact
surfaces, and the gauge length was set to 20 mm. Measurements were
carried out in triplicate. Prior to testing, a preconditioning phase con-
sisting of ten cycles at a frequency of 0.037 Hz and 1% strain was
applied. The tensile test was then conducted under displacement control
at a constant rate of 1 mm/min until specimen failure. Results were
plotted as the following equations were used for data analysis:

__ streight [N]
o (stress ) = surface 2]’ “)
€ (strain) = ﬁ %)
E(Elastic modulus) = g (6)

2.2.14. Evaluation of CPX release using Franz-type diffusion systems from
the magnetic nano-electrospuns

CPX release experiments were carried out using vertical Franz-type
diffusion cells, each equipped with an acceptor compartment filled
with 5 mL of Dulbecco's phosphate-buffered saline (DPBS). A nano-
fibrous scaffold disk was placed in the donor compartment of one cell,
while 1 mg of unformulated CPX was deposited onto filter paper in the
donor compartment of a second cell, serving as a reference. The entire
system was maintained at a constant temperature of 37 °C in a circu-
lating water bath to simulate physiological conditions. Aliquots of
200 pL were withdrawn from the acceptor compartment at specified
time intervals and immediately replaced with equal volumes of fresh
DPBS to preserve sink conditions. UV-Vis spectroscopy was used for
quantitative analysis of CPX in the samples. Upon completion of the
release period, the residual CPX content in the scaffold materials was
assessed. To this end, the remaining patches were dissolved in 2 mL of
chloroform filtered through a 0.22 pm regenerated cellulose membrane
and subjected to the same analytical procedures after filtration. Detec-
tion was carried out at 284 nm, CPX quantification was based on a linear
calibration curve within the concentration range of 0.001-0.1 mg/mL
(Fig. S4a of Supplementary Materials). All measurements were per-
formed in triplicate to ensure statistical reliability. Release studies were
also carried out under NIR irradiation, using the same experimental
setup described for the CPX release, with vertical Franz cells. Specif-
ically, the patch PClyo.19 was irradiated for 5 days at 10 W for 400 s,
followed by intermittent irradiation as previously described, for other
240 s; each day, 200 pL of medium were withdrawn and immediately
replaced with an equal volume of fresh PBS. Collected samples were
analyzed by a Jasco V760 UV-Vis spectrophotometer at 284 nm.
Quantification was performed using a calibration curve generated from
serial dilutions of a CPX standard solution, in PBS, of known
concentration.

2.2.15. Iron species release studies from the magnetic nano-electrospuns
The release of INP and related species from the scaffold were eval-
uated in triplicate by placing approximately 5 mg of each patch into
three separate vials, each containing 5 mL of PBS (pH 7.4). Aliquots of
150 pL were withdrawn at predetermined time points (24 h, 5 days, 10
days, 20 days, 30 days, 60 days, and 120 days) and replaced with an
equal volume of fresh PBS to maintain constant volume and sink con-
ditions. Each collected sample was treated with 50 pL of 6N HCl and
incubated for 48 h. Iron quantification was performed using a
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colorimetric reagent based on phenanthroline method modified and
measurements were conducted using an Eppendorf AF2200 plate reader
at a wavelength of A = 540 nm in a 96-well plate, as previously described
for the iron loading assay (calibration curve is reported in Fig. S4b of
Supplementary Materials).

2.2.16. Magnetic analysis of the magnetic nano-electrospuns

The magnetic response of the PCls 1( electrospun nanocomposite
strip was investigated through a dual experimental approach. The first
configuration employed a two-Hall-sensor setup to simultaneously
monitor the applied magnetic field and the stray field generated by the
sample. This arrangement was adapted and extended from the compact
magnetometer methodology described by Ref. [59]. The second
configuration utilized a fluxgate magnetometer, which offered higher
sensitivity and stability in detecting weak magnetic signals [60]. The
experimental design was guided by the established criteria for super-
paramagnetism, namely the absence of hysteresis, remanent magneti-
zation, and coercive field [61]. Accordingly, the measurements focused
on verifying the overlap of forward and reverse field sweeps and on
confirming that the stray field tends to zero as the applied field ap-
proaches zero. By combining the comparative simplicity of the
Hall-based setup with the enhanced resolution of the fluxgate technique,
this work provides a preliminary study capable of evaluating the
superparamagnetic behavior of the material.

2.2.16.1. Magnetic analysis based on Hall sensor. Hall sensors, widely
used in several applications for monitoring magnetic field variations in
their surroundings [62,63], are now employed to evaluate the magnetic
response of the electrospun nanocomposite strip. The primary objective
of this experiment was to replicate the methodology reported in previ-
ous studies while extracting key magnetic parameters, such as rema-
nence and coercivity. The setup consisted of two permanent magnets
arranged in a north-south configuration to generate a controllable
external magnetic field. The sample was positioned at the center, be-
tween two Hall sensors (Figs. S5 and S6 of Supplementary Materials).
One sensor monitored the applied magnetic field, while the other
measured the stray field produced by the sample. This configuration
allowed a direct comparison between the external field and the magnetic
response of the material.

Vou=Vos = 2.5V
Sensors A and B exhibit a sensitivity of
SA=SB=19 mV/mT

as provided by the manufacturer. These parameters were used to convert
the measured output voltages into corresponding magnetic field values,
according to the relations defined in Equations (7) and (8). This ensured
that the applied and stray magnetic fields were accurately quantified
during the experiment.

(Va— Vo) x 10°

Bopp = Sa

)

(Vs — Vo) x 10°

S, ®

Bsrmy =

To evaluate the material's response at different magnetic field
strengths, the distance between the magnets and the sample was sys-
tematically varied. It was reduced from 55 mm to 30 mm in 5 mm steps
(Fig. S7 of Supplementary Materials). At each distance, the voltages
from both Hall sensors were recorded. To ensure reproducibility and to
capture potential hysteresis effects, the procedure was repeated for both
decreasing and increasing distance sweeps.

2.2.16.2. Magnetic analysis based on fluxgate magnetometer. To achieve
higher performance in detecting weak magnetic responses and to focus
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more specifically on aspects of interest in the material's response, the
electrospun nanocomposite strip was also studied using a fluxgate
magnetometer, which finds applications in various fields [64]. However,
in the present case, the RTD-fluxgate system was employed to study the
material's magnetic response, providing intriguing performance,
including high sensitivity and high spatial resolution (approximately
100 pm) [65]. The enhanced sensitivity of the fluxgate magnetometer
makes it particularly suitable for detecting subtle features, slopes, and
nonlinearities in the magnetic response that are difficult to observe with
Hall-effect sensors. However, due to its high sensitivity, the fluxgate is
less suitable for measurements under strong magnetic fields and there-
fore serves as a complementary tool to the method described in the
previous section. The operating principle of the fluxgate relied on the
Residence Times Difference (RTD) method. In this technique, a periodic
excitation current in the primary coil drives the ferromagnetic core into
magnetic saturation. The resulting pulse-train response is then processed
to extract information about the external magnetic field. The fluxgate
sensor, mounted on a custom PCB with signal conditioning, recorded
data via a National Instruments DAQ and LabVIEW. The sample
(2 x 2 mm stacked squares) was measured in both orientations under a
controlled magnetic field, with distances from 55 mm to 30 mm in 5 mm
steps. This setup provided high-sensitivity validation of the sample's
superparamagnetic behavior and stray field variations.

2.2.17. Biological characterization of the magnetic nano-electrospuns

2.2.17.1. Cell culture. Cell adhesion and proliferation assays were
conducted using human gingival fibroblasts (HGF-1) and human
epidermal keratinocytes (HaCaT). Cells were cultured in Dulbecco's
Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine
serum (FBS), 4 mM Lt glutamine, and 100 U/mL-100 pg/mL penicillin-
streptomycin (referred to as complete DMEM). Actively proliferating
cells in 75 cm? culture flasks were monitored using an inverted fluo-
rescence microscope (Zeiss) equipped witha 5 x , 10 x , 15 x objectives.
Cells were incubated at 37 °C in a 5% CO; atmosphere. When required,
cells were centrifuged at 700xg for 5 min. For culture maintenance, the
resulting pellet was re-suspended in an appropriate volume of fresh
medium and seeded into new 75 cm? flasks at a split ratio of 1:5 or 1:8.

2.2.17.2. Cell viability assay. To assess the biocompatibility of PCI
composite scaffolds, the Alamar Blue (AB) assay was performed. HGF-1
and HaCaT cells were seeded at a density of 10,000 cells per well in 48-
well plates. Patches approximately 12 mm in diameter were secured
within CellCrown™ by Scaffdex inserts and placed in contact with the
cells using 450 pL of DMEM. The cells were incubated under standard
culture conditions until the AB assay was carried out, following the
manufacturer's instructions. Briefly, prior to the assay, the medium and
CellCrown™ inserts were removed, and cells were gently rinsed with
PBS. Then, 350 pL of a 10% (v/v) AB solution, prepared in fresh medium
without FBS or supplements, was added to each well. After 3 h of in-
cubation, 150 pL of the solution was transferred to a 96-well black
fluorescence plate with V-bottom wells, and fluorescence was measured
at excitation/emission wavelengths of 530/590 nm using an Eppendorf
AF2200 microplate reader. Cell viability was assessed after 24 and 48 h
of incubation with the scaffolds. Results were averaged over three rep-
licates and reported as mean =+ standard deviation. Fluorescence values
were normalized to those obtained from wells containing AB solution
with cells and without scaffolds (positive control). Wells containing only
AB solution without cells were also included as blanks, and their fluo-
rescence values were subtracted as background.

2.2.18. Statistical analysis

Statistical analysis was performed in particular on cytocompatibility
study, using one-way analysis of variance (ANOVA) followed by
Holm-Sidék multiple comparisons test. Statistical calculations were
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performed using the Microsoft®-Excel, OriginPro 8.5. and the software
package GraphPad Prism (V.7.03).

3. Results and discussions
3.1. Production of the magnetic nano-electrospuns

Electrospun scaffolds based on PBS, CPX, and INPs were successfully
fabricated through a one-step process, yielding uniform and defect-free
fibrous mats. To better understand the effects of magnetite content on
the biopolymer's properties and to assess the potential of the scaffold as a
drug delivery system, we carried out the present studies on three scaffold
formulations with varying concentrations of magnetite and CPX, as
detailed in Table 1. The electrospinning conditions were developed and
optimized using the MECC NF 104 electrospinning prototyping system,
which enabled a straightforward and highly reproducible setup process.
The prototyping device allowed us to quickly and easily modify certain
parameters and produce small prototypes useful for evaluating the
impact of variables on the final characteristics of the electrospun ma-
terial. Final parameters were selected because they allow the production
of a strong biomaterial made of thin, defect-free fibers. We observed that
increasing the voltage affects fiber dimensions, and higher voltages
result in thinner fibers. Fiber size is also influenced by the flow rate, with
higher flow rates producing fibers of larger diameter. However, since the
aim of this work was not to investigate the influence of spinning pa-
rameters on the characteristics of the resulting material, we limited
ourselves to obtaining a material with the desired features, mainly the
absence of defects and small fibers capable of enhancing the properties
of nanostructured materials. For this reason, after a few preliminary
tests, we optimized the parameters and used them to produce all the
scaffolds used in this study, namely: feed rate 0.8 mL/h, voltage 15 kV,
volume 5 mlL, needle-to-collector distance 10 cm, collector rotation
speed 250 rpm, traverse speed 20 mm/s, traverse distance 120 mm.

The most critical phase of optimization was achieving a sufficiently
stable suspension of the three components (polymer, antibiotic, and
nanoparticles) to minimize precipitation inside the syringe during
electrospinning. While both PBS and CPX are soluble in HFIP, the
nanoparticles are not readily dispersible. To improve the stability of the
suspension, CPX was first dissolved in HFIP along with the polymer.
Once complete solubilization was achieved, INP was added and
dispersed using orbital shaking and vortexing. This initial procedure led
to scaffolds with low iron loading efficiency (15-20%) due to partial
precipitation of the nanoparticles within the syringe. To enhance
loading efficiency and ensure complete nanoparticle suspension, we
conducted a preliminary qualitative visual study of sedimentation and
time-dependent phase separation (Figs. S1 and S2 of Supplementary
Materials), based on these findings, we ultimately adopted the following
protocol: the mixture was subjected to alternating 30 min cycles of
vortex agitation and sonication. Stability was monitored through simple
visual phase separation tests. With vortexing alone, sedimentation
began in under an hour, and a clear phase separation was visible within

Table 1

Composition of PCI electrospun scaffolds (15% w/v PBS) showing theoretical
and experimentally determined loadings of ciprofloxacin (CPX) and iron oxide
nanopowder (INP). Experimental values are reported as mean + standard de-
viation (n = 4).

Name PBS CPX CPX INP INP
content  theoretical experimental theoretical experimental
content content

content content

PCls5 15% p/ 5% p/p 5.1 +0.4% 5% p/p 2.6 £1.3%
v

PCIs. 15% p/ 5% p/p 4.8 + 0.6% 10% p/p 2.4+1.2%
10 v

PClI. 15%p/  20% p/p 19.8 £ 0.3% 10% p/p 3.8 £ 1.5%

10 v
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a couple of hours. By using alternating agitation and sonication over an
optimized period of 3 h, followed by overnight agitation and a final hour
of sonication just before electrospinning, we were able to obtain a stable
suspension at 25 °C for up to 5 h, which is compatible to the time used in
spinning protocol. This improved process resulted in significantly higher
iron encapsulation efficiency (~40-50%). Iron loading measurements
yielded 2.6 + 1.3% (significancy) for PCIs 5, with an encapsulation ef-
ficiency of ~52%, 2.4 + 1.2% for PCls.1g, with an encapsulation effi-
ciency of ~48% and 3.8 + 1.5% for PClyj.10, with an encapsulation
efficiency of ~38%. These values, as for CPX, were determined from four
about 10 mg samples punched from different areas of each patch. The
concentration of ciprofloxacin detected was even more homogeneous,
with a drug content (DL%) of 5.1 + 0.4% and 100% loading efficiency
for PCIs.5, 19.8 4+ 0.3% and 99% loading efficiency for PClyg.10. These
findings confirm that electrospinning allows a partial incorporation of
the added INP and complete encapsulation of CPX. The higher loading
efficiency of CPX compared to INP is attributable to its full solubility in
the polymeric blend, whereas the nanoparticles tend to partially pre-
cipitate, an effect that becomes more pronounced at higher concentra-
tions as highlighted from nanosponges EC values comparation. By
comparing drug and iron loading and loading efficiency, it can also be
observed that the patches are very uniform in their CPX content (due to
the very low standard deviation of the values) and slightly less so in their
INP content. This observation is also related to the complete solubili-
zation of CPX in the spinning mixture, as opposed to a dispersion of INP.

3.2. Morphological characterization of the magnetic nano-electrospuns

The resulting scaffolds exhibited a defect-free fibrous morphology.
Under the optimized spinning conditions, the following fiber diameters
were obtained: 153 + 29.03 nm for PCI5-5, 159.13 + 26.34 nm for
PCI5-10, and 160 + 26.55 nm for PCI20-10.

Fig. 1 shows diameters distribution and SEM micrographs of the
three nanofibrillar mats. The average fiber diameters were similar across
all formulations, indicating that variations in the components concen-
trations had a minimal impact on fiber size.

SEM analyses achieved without gold sputtering show the presence of
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small iron particles, visible as bright spots, good distributed along the
fibers. EDX analysis confirms that these are iron particles, results are
represented in Fig. 2.

Micro-CT analysis confirmed the X-ray detectability of iron oxide
nanopowder (INP), enabling detailed investigation of the internal
structure of the scaffolds and accurate measurement of sample thick-
ness. The analysis also highlighted the presence of high-attenuation
domains within the fibrous matrix, which may be interpreted as
micro-sized aggregates of nanoparticles. However, it is important to
note that the apparent size and contrast of such features can be influ-
enced by micro-CT imaging and reconstruction effects, including beam
hardening and partial volume phenomena, potentially leading to an
overestimation of aggregate dimensions. In this context, SEM observa-
tions revealed a homogeneous fibrous network with nanoparticles
appearing as well-dispersed bright domains along the fibers, without
evidence of large-scale or micron-sized aggregation. This suggests that
the features observed in micro-CT (Fig. 3a and b) may be partially
amplified by imaging contrast rather than reflecting extensive nano-
particle clustering. Importantly, regardless of the origin of these fea-
tures, no detrimental effects on the functional properties of the scaffolds
were observed. Despite partial aggregation or apparent clustering,
functional performance was preserved, as demonstrated by the main-
tained superparamagnetic behavior, stable NIR-induced photothermal
response, and reproducibility over time. From a biological perspective,
the embedding of nanoparticles within the polymeric matrix likely limits
their mobility, reducing potential safety concerns, as further supported
by the absence of iron release and the high cytocompatibility observed.

3.3. Physical-chemical characterization of the magnetic nano-electrospun

Contact angle measurements showed that all three scaffolds were
completely wettable, as the water droplet was absorbed immediately,
allowing the formation of only a very small angle. This behavior was
previously observed for PBS-CPX scaffolds [55] but not for pure PBS
patches. Fig. 4 shows the behavior of PCIs_5 vs PBS alone. These results
suggest that the incorporation of CPX can alter the surface properties of
PBS electrospun mats, enhancing their hydrophilicity and wettability.

Fiber diameter distribution PCI,, .-

d=159nm26 34nm

0= 1660m226,55nm

Fig. 1. Morphological characterization and fiber diameter distribution of electrospun PCI scaffolds with increasing nanoparticle/drug loading: (a-c) Histograms of
fiber diameter distribution for PCls.s, PCls.19 and PClyg.1¢ formulations, showing mean diameters of 153 + 29.03 nm, 159 =+ 26.34 nm, and 166 + 26.55 nm,
respectively. A slight increase in average fiber diameter is observed with higher nanoparticle/drug content, while maintaining a relatively narrow distribution. (d-f)
Corresponding SEM micrographs reveal homogeneous, bead-free fibrous networks with random orientation. The incorporation of magnetic nanoparticles and cip-
rofloxacin does not significantly alter fiber morphology, confirming the robustness of the electrospinning process. Scale bar: 20 pm.
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Fig. 2. Morphological and compositional analysis of PCIs.1¢ electrospun scaffold: (a) SEM micrograph of non-gold sputtered PCIs— fibers, highlighting the presence
of embedded iron oxide nanoparticles visible as bright spots (yellow arrows), homogeneously distributed within the fibrous network. Red arrows indicate the lo-
cations selected for EDX analysis. (b) Corresponding EDX spectrum and elemental quantification confirm the presence of Fe consistent with the successful incor-
poration of iron oxide nanoparticles within the polymeric matrix. (For interpretation of the references to color in this figure legend, the reader is referred to the Web
version of this article.)

Fig. 3. Micro-computed tomography (micro-CT) 3D reconstructions of PCIs_1¢ electrospun scaffolds: (a) Top view demonstrating the homogeneous distribution and
X-ray detectability of iron oxide nanopowder (INP) within the fibrous matrix. (b) Cross-sectional reconstruction revealing the internal architecture and enabling
precise thickness measurement, with values ranging from 175 to 207 pm. Micron-sized nanoparticle aggregates are visible within the matrix.
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Fig. 4. Wettability assessment of electrospun scaffolds: (a) Static water contact angle measurement of PClyo 19 showing a highly hydrophilic behavior (9.19°),
indicative of enhanced surface wettability due to the incorporation of iron oxide nanoparticles and ciprofloxacin. (b) Contact angle of neat PBS electrospun scaffold,
exhibiting hydrophobic behavior (120.22°). The marked reduction in contact angle for PClyg PClyg.10 highlights the significant modification of surface properties,

which may promote improved biological interactions.

These observations were further supported by water uptake studies
comparing PBS and PClyg.19 with similar thickness (Fig. 5). After 24 h,
the PBS scaffold showed a 130% increase in weight (equivalent to
retaining approximately 2.3 times its dry weight in water), while PCIy.
10 showed a 300% increase (approximately 4 times its dry weight).
These findings highlight the enhanced hydrophilic nature of PCI elec-
trospun scaffolds relative to pure PBS.

The WVTR, measured for PCIs5.19 and PCly.1¢, increased linearly, but
after about 15 min for all, the value gains a plateau. Fig. 5 shows the
outstanding WVTRs after 15 min. For PCI 5319 at 25 °C,
6721.239 £93.573 g/l‘n2 x 24h and 13598.634 + 109.521 g/n‘l2 x 24h at
38 °C; and for PCI 519 6802.239 + 107.83 g/m2 X 24h at 25 °C and
13311.681 + 87.32 g/rn2 x 24h at 38° = = C.

The WVTR values obtained for the tested patches do not differ
significantly from each other, and from the values previously reported
for the PBS-CPX 20% patch (6869.87 + 154.37 g/m2 x 24 hat 25°C and
13,598.63 + 169.52 g/m? x 24 h at 38 °C), which was prepared by our
research group [55]. The WVTR values measured for a scaffold
composed solely of PBS were 6859.65 + 109.78 g/(m2 x 24 h) and 13,
906.74 + 121.45 g/(m? x 24 h).

These results suggest that the breathability of the material is
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Fig. 5. Water vapor transmission rate (WVTR) of electrospun scaffolds: PCls_ 10,
PCl30.10, PBS and PBS-CPX measured at 25 °C (blue) and 37 °C (red) for PCls.10,
PCl0.10, PBS, and PBS-CPX samples. All formulations exhibited increased
WVTR values at physiological temperature, indicating enhanced vapor
permeability. Comparable WVTR values were observed among the different
scaffold compositions, suggesting that the incorporation of CPX and INPs does
not significantly affect vapor transport properties. Data are presented as
mean + standard deviation (n = 3) thickness of the samples from 172 nm to
188 nm. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)

primarily conferred by the base polymer (PBS), and that the incorpo-
rated substances, in this case, CPX and INP, have no effect on this
property. Biomaterials with a high-Water Vapor Transmission Rate are
particularly valuable in biomedical applications, as they promote wound
healing by maintaining a moist environment while preventing tissue
maceration and by keeping the wound hydrated and promoting better
healing, can lead to less pain and improved cosmetic outcomes [66]. In
transdermal patches, they help minimize skin moisture accumulation,
thereby improving both comfort and adhesion. In tissue engineering
scaffolds, high WVTR supports gas exchange and cellular viability.
Additionally, in wearable medical devices and prosthetics, such mate-
rials enhance breathability, and improve long-term user tolerability.
Attenuated total reflection Fourier transform infrared spectroscopy
(FTIR-ATR) analysis of the magnetic nanofibrous mats were acquired to
investigate their surface structure. The IR signals of ciprofloxacin, pre-
viously assigned in the literature [67,68], were also identified in our
spectra. In particular, the characteristic band corresponding to the n
(C=0) vibration of the carboxylic group in ciprofloxacin is at 1707 cm ™
[66]. In the IR spectra of ciprofloxacin reported, there are no analogous
peaks due to the deprotonation of COOH group [68]. Some authors have
pointed out that ionic carboxylates show no carbonyl band around
1700 cm ™!, but instead have two absorption bands due to the asym-
metric (n,s(0O-C-0)) and symmetric(ng(O-C-0)) stretching vibrations
that occur in the ranges 1610-1580 cm™' and 1400-1280 cm™?,
respectively. Here, a distinct peak at 1622 cm™!, characteristic of CPX
carboxylate, is clearly observed in both PCIs 19 and PClyg.19 samples,
with a noticeable increase in intensity corresponding to the higher cip-
rofloxacin content (from 5% to 20%) in the nanosponges (Fig. 6a and b).
It is difficult, however, to assign unambiguously these vibrations in the
spectra of quinolones on account of the numerous other bands present in
these regions, so only the region from 1800 to 1500 cm ™ is considered
diagnostic to this aim here. Bands at 1586 and 1377 cm ™! are attributed
to the asymmetric and symmetric stretching vibrations of the deproto-
nated carboxylate group, respectively [69]. The peaks in the PBS spec-
trum at 1716 and 1155 cm™! correspond to carbonyl and —-G-O-C—
stretching in ester linkage, respectively. Moreover, the band at
1045 cm~ ! is due to -O-C-C— stretching vibrations in PBS [70]. The
coupled deformation of the C-C(C=0)-O group from ester shows up at
1331 and 955 cm ! [71]. All the peaks mentioned above can also be
found in the spectrum of the analyzed scaffolds, confirming their
incorporation. FTIR analysis indicates that ciprofloxacin is present at the
surface of the PCI mats, predominantly through its carboxylic group in
the deprotonated form. This surface localization likely accounts for the
increased hydrophilicity of CPX-loaded electrospun fibers compared
with neat PBS mats, as evidenced by contact angle measurements and
water uptake studies. The same molecular features may also explain the
role of CPX in promoting fiber formation during electrospinning. The
presence of ionizable functional groups facilitates charge generation
under the applied electric field, increasing the electrical conductivity of
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Fig. 6. FTIR-ATR analysis of CPX-loaded electrospun scaffolds: (a) FTIR-ATR spectra of ciprofloxacin (CPX) and PCly.1¢ confirming the presence of characteristic
CPX absorption bands within the composite scaffold. (b) Comparative spectra of PBS, PCls 19, PClzp.10. The band at 1622 cm™}, attributed to the asymmetric
stretching of the deprotonated carboxylate group (-COO") of CPX, is highlighted. Its intensity increases progressively with CPX loading, confirming the successful
incorporation of the drug within the electrospun fibers. No significant peak shifts are observed, suggesting the absence of strong chemical interactions and indicating

that CPX is physically embedded within the polymeric matrix.

the spinning solution and improving jet stability. At the same time, the
lipophilic portion of the fluoroquinolone structure can interact with the
hydrophobic PBS matrix, favoring drug retention within the fibers.
Overall, FTIR-ATR results suggest a preferential orientation of the car-
boxylic groups toward the fiber surface, supporting partial surface
exposure of CPX within the electrospun scaffold. Moreover, as previ-
ously discussed, the presence of ciprofloxacin at the fiber surface is
responsible for the new functional properties imparted to the PCI scaf-
folds, rendering them more wettable compared to the neat PBS matrix.
At the same time, it accounts for the enhanced water uptake capacity
observed in the CPX-containing mats. In conclusion, it is evident that the
addition of CPX to the spinning solution increases the hydrophilicity of
the resulting electrospun mats, as supported by multiple experimental
findings.

The thermal behavior of the scaffold was evaluated by Differential
Scanning Calorimetry (DSC). The analysis was performed on starting
polymer (PBS), CPX, the PClyg.1¢ scaffold, and the physical mixture of
the first three ones (Fig. 7). The thermogram of PBS shows a distinct
melting point at 118 °C, with a sharp endothermic peak indicating a
crystalline structure of the polymer [72]. CPX, which is also crystalline,
exhibits a well-defined melting peak at 271.8 °C [73]. The physical
mixture displays both melting peaks of the individual components, with
a slight shift in the CPX melting peak (263.58 °C), likely due to minor
interactions occurring during the preparation of the mixture. In contrast,
the scaffold thermogram shows only the PBS melting peak, with no
detectable CPX peak, this behavior can be explained by two phenom-
enas: CPX undergoes an amorphization process that alters its thermal
characteristics during the electrospinning process [55] and a large
amount of CPX can be entrapped in polymer fiber maybe in solid solu-
tion that modify melting point temperature. The thermogram of iron
oxide (not shown) does not display any characteristic peaks below
500 °C.

Mechanical characterization of magnetic nanofibrous mats was car-
ried out only on PCly.1o as model sample. The analysis of data obtained
from preliminary mechanical testing of the scaffold PClyg.19 revealed
that the biomaterial initially exhibits a linear behavior, in which stress is
proportional to strain, following Hooke's law. As the applied stress in-
creases, the material undergoes plastic deformation. The Young's
modulus, calculated from triplicate measurements as the slope of the
linear region of the stress—strain curve, was 19.38 + 1.94 MPa. The
maximum tensile strength (6 max) was 2.96 + 0.30 MPa, and the
maximum strain (¢ max) was 30.25 + 3.02%. These results indicate that
the scaffold possesses mechanical properties suitable for biomedical
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Fig. 7. Differential scanning calorimetry (DSC) thermograms of PBS, cipro-
floxacin (CPX), physical blend, and PCI scaffold: Thermograms of neat PBS,
CPX, their physical mixture, and PCI scaffold are reported. PBS exhibits its
characteristic melting temperature around 118 °C, which is preserved in both
the physical blend (118.74 °C) and PClIs.1¢ scaffold (116.69 °C), indicating that
the polymer crystalline structure is not significantly altered by electrospinning
or loading. CPX shows a sharp endothermic peak at ~271.8 °C, associated with
its melting/decomposition. This peak is clearly visible in the physical mixture
(~263.6 °C) but is absent in the PCI scaffold, suggesting that CPX is molecularly
dispersed or present in an amorphous state within the electrospun fibers.

applications, as that its Young's modulus is higher than that of tendons
and cartilage [74].

3.4. Responsiveness of the magnetic nano-electrospun to external stimuli

Notably, the use of iron oxide as a photothermal agent in electrospun
systems is still scarcely reported, making this approach particularly
relevant in the context of stimuli-responsive biomaterials. This aspect,
combined with the use of dry nanopowder instead of stabilized disper-
sions, further distinguishes the proposed system from conventional
photothermal electrospun platforms.
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3.4.1. Heating studies under NIR irradiation and magnetic resonance
images (MRI) of the mats

Irradiation studies using near-infrared (NIR) light confirmed that PCI
patches are responsive to NIR stimulation. While patches previously
prepared without iron oxide nanoparticles (INPs) did not show relevant
heating under NIR exposure and behaved similarly to phosphate buffer
PH 7.4 (used as blank) under the experimental conditions using for PCI
test (Fig. 8a).

Upon irradiation at 10 W power using an irradiance density of
51.02W/cm?, the PCI5.5 and PClag.10 patches exhibited a concentration
dependent heating response: the greater the INP content, the higher the
temperature increase. As shown in Fig. 8b, both patches reached a
thermal plateau after approximately 20 min (1200 s), beyond which no
further increase in temperature was observed under the experimental
setup. Specifically: PCls.1¢ increased from 25 + 0.2 °C to 38.3 + 0.3 °C
after 1200 s (AT = 13.3 °C), PClIyg.1¢o increased from 25 + 0.2 °C to
42 + 0.5 °C after 1200 s (AT = 17 + 0.3 °C). Additional experiments
were conducted at a starting temperature of 37 °C using only PClyg.19
(Fig. 8c) selected for its superior performance and major drug loading.
Under these conditions, the patch reached 42 °C (AT = 5 °C) in
approximately 7 min, indicating a slower heating rate at higher starting
temperatures. In comparison, when irradiated from 25 °C, the same
patch reached 36.5 °C (AT = 11.5 °C), confirming the dependence of
heating dynamics on the initial temperature. Finally, we investigated
whether the target temperature of 42 °C could be maintained using
pulsed rather than continuous NIR irradiation. After optimization, a
pulsing regimen of 12 s ON and 10 s OFF successfully sustained the
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temperature at 42 °C for the entire duration of the experiment (16 min,
maximum tested time) as shown in Fig. 8d.

Additional NIR irradiation experiments were performed under lower
irradiance conditions using the PClyo.1¢9 formulation, selected as the
patch with the highest iron and drug content (Fig. 9a). At an irradiance
of 1.2 W/cm?, the temperature increased from 37 °C to approximately
43.5 °C within 300 s, reaching a near plateau. At 0.6 W/cm?, the tem-
perature increased from 37 °C to approximately 40.7 °C within 500 s,
also approaching a plateau. Control experiments performed with PBS
alone showed negligible temperature variation under the same
conditions.

These results confirm that PClyg.1¢ exhibits a measurable photo-
thermal response even at lower irradiance levels, with a temperature
increase dependent on the applied irradiation conditions.

Notably, the ability of the PClyj.19 patch to reach a temperature of
approximately 43 °C at an irradiation power of 1.2 W/cm? appears
higher than that observed at 51 W/cm?. This seemingly counterintuitive
result can be attributed to differences in the experimental setup. Spe-
cifically, the measured temperature reflects the heating of the sur-
rounding medium in which the patch is immersed and is strongly
influenced by both the buffer volume and the distance between the
patch and the thermocouple. In the low-irradiance experiments, the
volume of PBS was significantly smaller (2 mL) compared to that used
under high-power conditions (10 mL), and the thermocouple was posi-
tioned much closer to the sample (approximately 2 mm vs 2.5 cm).
These factors result in a more pronounced apparent temperature in-
crease. The photothermal performance of the PCI system was compared
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Fig. 8. Photothermal performance of PCI scaffolds under NIR irradiation (10 Watt): (a) Temperature increase over time for PCls.;o compared to PBS-CPX and buffer
controls. PCls 1o exhibits a significantly higher temperature rise, confirming the effective photothermal conversion induced by iron oxide nanoparticles. (b) Com-
parison between PCls.5 and PCls 1o shows a concentration-dependent photothermal response, with higher nanoparticle/drug loading leading to increased temper-
ature elevation. (c) Absolute temperature profile of PClyg. 19, reaching ~45 °C under NIR irradiation. (d) Heating behavior under continuous and intermittent NIR
irradiation demonstrates good photothermal stability and reproducibility, with negligible thermal decay during cycling.
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Fig. 9. Photothermal response and magnetic resonance imaging capability of PCI scaffolds at low irradiance density: (a) Temperature profiles of PClyo—¢ under NIR
irradiation at two irradiance levels (0.6 and 1.2 W/cmz), achieved by varying the beam spot size at constant power (1 W), in PBS (pH 7.4). PCly.1¢ exhibits a power
density—dependent heating, reaching ~40.7 °C and ~43.5 °C, respectively, while PBS alone shows negligible temperature variation. Data are reported as mean + SD
(n = 3). (b) Magnetic resonance image of PCls.o, demonstrating its contrast capability due to the presence of iron oxide nanoparticles.

with previously reported photothermal platforms, including mGelMx
nanofiber films [75] and PCL/TA/Fe®*" nanofiber membranes [14]. At
first glance, the temperature increase achieved by PCI (AT =~ 6.5 °C,
from 37 to ~43.5 °C in 300 s at 1.2 W/cm?) appears lower than that
reported for mGelMx systems, which reached temperature increases of
approximately 25-30 °C within 2-4 min at 1 W/cm?. However, this
comparison is influenced by the significantly different experimental
volumes (2 mL in this study vs 0.5 mL in the literature), which affect the
apparent temperature rise due to differences in thermal capacity. When
qualitatively accounting for this factor, the photothermal performance
of the PCI system can be considered comparable to that of
mGelMx-based platforms. A more direct comparison can be established
with PCL/TA/Fe*! nanofiber membranes, which exhibited a tempera-
ture increase of approximately 8 °C after 5 min of irradiation under
similar conditions, reaching values slightly above 44 °C at higher power
densities. In this context, the PCI system shows a comparable photo-
thermal response, despite being tested in a larger volume and under
physiologically relevant starting conditions (37 °C). Importantly, all
systems achieve temperature ranges associated with mild hyperthermia
(—~42-45 °C), which is considered optimal for antibacterial activity and
wound healing applications while minimizing thermal damage to sur-
rounding tissues. In contrast, higher temperature increases, such as
those observed for mGelMx systems (>50 °C), may not be ideal for in
vivo applications due to potential cytotoxic effects.

Overall, the PCI platform demonstrates an efficient and controlled
photothermal behavior under more demanding experimental condi-
tions, combining effective temperature elevation with a safer and more
translationally relevant thermal profile. This suggests that the patch
likely reached local temperatures higher than those measured in the
bulk medium, exceeding the equilibrium temperature with water. A
magnetic resonance image presented in Fig. 9b was acquired to
demonstrate the practical feasibility of detecting, controlling, and
monitoring a potential PCI implantation in vivo. Such imaging capa-
bility enhances the scientific and clinical relevance of PCI-based sys-
tems, making their application as implantable biomaterials particularly
promising.

3.5. Release studies

The incorporation of iron oxide into the scaffold for biomedical ap-
plications may pose the potential drawback of in vivo release of the
substance from the fibrous patch, leading to a loss of the material's
magnetic properties. To assess potential iron release, an appropriately
sized and accurately weighed scaffold disc was incubated in phosphate
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buffer (pH 7.4) at 37 °C. Samples of the incubation medium were
collected at predetermined time intervals for up to 3 months. Iron oxide
release was quantified using a spectrophotometric method analogous to
that used for the experimental determination of iron loading. The results
indicate that no detectable iron release occurred over the 30 days
monitoring period. These findings were further confirmed by quantita-
tive analysis of residual iron on the patch at the end of the experiment,
performed after scaffold dissolution in acidic conditions. The residual
experimental iron loading was found to be comparable to that of scaf-
folds not subjected to the release study. The absence of iron release from
the material suggests that the properties imparted by the nanoparticles,
such as photoactivated drug release and heating capability under NIR
light, remain stable for at least 30 days, even during material implan-
tation or upon contact with skin or physiological fluids.

3.5.1. Evaluation of CPX release using Franz-type diffusion system with and
without NIR irradiation

To assess the ability of the material to release a drug, with and
without photostimulation, the electrospun scaffold was pre-loaded with
a model drug. Ciprofloxacin (CPX), a fluoroquinolone antibiotic, was
selected for this purpose due to several advantages. CPX has a high
molar extinction coefficient about 3700 A/Mcm (experimentally calcu-
lated from the Lambert-Beer law equation), which allows for easy
detection at very low concentrations using UV spectroscopy (Fig. S2a);
its incorporation improves the morphological features of the electrospun
material, enabling the consistent formation of defect-free fibers across a
wide range of spinning conditions; finally, CPX has been previously used
in earlier studies conducted by our research group.

We investigated the release of CPX from two PCI scaffolds containing
5% and 20% CPX, both also incorporating 10% INP. Experiments were
carried out using Franz diffusion cells in phosphate buffer (pH 7.4) and
release graphs are shown in Fig. 10. Comparative release tests between
PCIs.10 and PClyg.1¢ revealed that approximately 70% of the drug was
released from PClIs.1o within the first hour, with nearly complete release
(~100%) achieved within 5-6 h. In contrast, the release profile from
PCly.10 was significantly more prolonged and therefore of greater in-
terest. For this reason, PClyj.19 was used for comparative drug release
studies with and without NIR irradiation.

These experiments were designed to determine whether and how
photostimulation with near-infrared (NIR) light affects drug release. In
initial Franz cell studies without NIR exposure, approximately 40% of
the loaded CPX was released over 11 days. The experiment was
concluded at this point, as the release had reached a plateau, indicating
completion. Thus, at a 20% concentration, CPX is released very slowly,
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Fig. 10. NIR-triggered drug release from PCl.19 scaffold: Ciprofloxacin (CPX)
release profiles from PCI»0—10 in the presence and absence of NIR irradiation are
reported over time. An initial burst release is observed within the first 24 h,
followed by a sustained release phase. NIR irradiation significantly enhances
CPX release, reaching ~60% compared to ~41% in non-irradiated conditions at
the final time point. Data are expressed as mean + SD, n = 3. The increased
release under NIR is attributed to the photothermal effect induced by iron oxide
nanoparticles, which likely promotes polymer chain mobility and accelerates
drug diffusion. This behavior highlights the potential of PCl5.1¢ scaffolds as on-
demand drug delivery systems for localized therapy.

and roughly 60% of the drug remains unreleased over this timeframe.
This behavior aligns with previous findings from our work on PBS-CPX
patches [55]. Moreover, the release profile of PCly.19 appears compa-
rable, suggesting that the iron-based nanoparticles within the patch do
not play a significant role in CPX release.

PCly.10 was then subjected to a similar test with the addition of NIR
irradiation. Specifically, the patch was irradiated to gain 40 °C followed
by intermittent irradiation for 5 days as described in experimental setup.
The results indicate that NIR exposure accelerates drug release and ap-
pears to promote a greater total release of CPX. After 11 days, about 60%
of the loaded drug was released still without reaching a plateau. Based
on these findings, the release behavior of PCI20-10 can be interpreted as
a biphasic mechanism. In the absence of NIR irradiation, drug release is
predominantly governed by diffusion from the polymer matrix, as evi-
denced by the gradual and incomplete release (~40% over 11 days),
followed by a plateau. This behavior suggests diffusion-controlled
transport driven by concentration gradients within the polymeric
network. The observed plateau further indicates that a significant frac-
tion of CPX remains physically entrapped within the fibers and becomes
available only upon matrix relaxation or degradation. Upon NIR irra-
diation, a distinct release profile is observed, characterized by an
increased release rate and higher cumulative release (~60% over 11
days, without reaching a plateau), indicating the contribution of a
thermally enhanced mechanism. The localized heating induced by INP
under NIR exposure is expected to increase polymer chain mobility and
free volume, thereby facilitating drug diffusion. In addition, partial
polymer relaxation or erosion may occur, contributing to non-Fickian
transport behavior. Overall, while passive release is primarily
diffusion-controlled, NIR irradiation introduces an additional thermally
activated contribution that enhances both diffusion and matrix relaxa-
tion processes, resulting in a combined diffusion-relaxation mechanism.
This interpretation is consistent with release behaviors commonly
described in the literature for electrospun polymeric fibers systems,
without requiring formal kinetic modeling [76]. This interpretation is
further supported by the concentration-dependent behavior observed
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for PCIs.10, where the absence of significant drug entrapment leads to
rapid (5h) and complete release dominated by diffusion, without evi-
dence of a secondary release phase. These findings further support the
potential of the system as a controllable and externally responsive drug
delivery platform.

3.6. Magnetic properties exploration

This section is devoted to investigating the magnetic behavior of the
electrospun nanocomposite strip. To exploit its properties and analyze
the hysteretic behavior in detail, particularly with respect to both ex-
pected trends and the predicted nonlinear response, the measurements
were carried out using the experimental setup presented in Section
2.2.16. Magnetic analysis was carried out using the two sensing solu-
tions described, in particular the first approach relied on a Hall sen-
sor-based setup, while the second employed a fluxgate magnetometer.
This dual strategy was adopted to enable both a comparative evaluation
and a thorough analysis of the material's response to external magnetic
excitation. In the Hall sensor-based configuration, two sensors were
positioned to simultaneously measure the externally applied magnetic
field and the stray magnetic field induced by the material (Fig. S5a of
Supplementary materials). This arrangement enabled a direct compari-
son between the applied field and the resulting magnetic response of the
sample, thereby providing an initial assessment of its super-
paramagnetic characteristics. To further investigate the material's
response in greater detail, a second magnetometric setup was imple-
mented using a fluxgate magnetometer (Figs. S5b and S8 of Supple-
mentary Materials).

For the Hall sensor measurements, each experimental run was
repeated ten times under the same operating conditions to allow for an
assessment of signal variability. Repeated measurements were per-
formed to account for fluctuations in the signals due to interference,
external influences, and system-induced noise. The voltage outputs from
both sensors were converted into magnetic field values using the cali-
bration relationships presented in Equations (7) and (8). From these
datasets, the mean, standard deviation, and corresponding error bars
were calculated at each magnet-sample distance step. The resulting plot
(Fig. 11) displays the applied magnetic field versus the stray field
generated by the material, with error bars indicating the variability of
the measurements.

This result shows, considering the variability range due to repeated
measurements, that in the range of 197.5-200 mT, the response of the
magnetic sensor due to the material's contribution does not exhibit a
significant difference when the applied magnetic field is increased or
decreased. Therefore, no hysteresis loop is observed; instead, within the
measurement uncertainties, the two trends overlap.
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Fig. 11. Stray field as a function of applied field, showing mean values and
error bars for increasing and decreasing magnet-sample distances.
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For the fluxgate measurements, RTD of the output signal was pro-
cessed following the same distance sweep protocol as used in the Hall
sensor setup. At each magnet-sample separation, 1000 counts (with
each count corresponding to an acquisition interval of 0.1 s) were
recorded and averaged to obtain the mean RTD value, while standard
deviations were calculated to evaluate measurement fluctuation and
variability. The results were plotted as mean RTD versus magnet dis-
tance for both decreasing and increasing sweeps. Additionally, the ma-
terial was tested in both vertical (Fig. 12a) and horizontal orientations
(Fig. 12b).

The resulting curves highlight that the material exhibits nonlinear
behavior, as expected. The combined use of Hall sensors and a fluxgate
magnetometer provided complementary insights into the magnetic
behavior of the electrospun nanocomposite strip.

It is worth noting that in both studies, repeated measurements
demonstrated consistent and reproducible results. Minor deviations
observed between increasing and decreasing distance sweeps suggest a
weak hysteretic response; however, the overall loop remained narrow,
indicating that the material does not retain significant magnetization
once the external field is removed. This behavior is consistent with
superparamagnetic characteristics, where the absence of coercivity and
remanent magnetization confirms a fully reversible magnetization
process.

The fluxgate magnetometer results reinforced and extended these
observations by providing higher sensitivity in the low-field region,
enabling the investigation of nonlinear effects in the hysteresis cycle.
The RTD curves captured subtle variations in the magnetic response that
were not fully resolved by the Hall sensors. In particular, the clear
dependence of RTD values on magnet-sample distance, along with the
near-overlap of increasing and decreasing sweeps, further confirmed the
superparamagnetic nature of the material. At larger distances (55 mm),
the fluxgate data revealed very low mean RTD values with minimal
differences between sweeps, consistent with negligible magnetic in-
teractions. As the magnets approached the sample (down to 30 mm), the
RTD values increased sharply, reflecting the material's enhanced mag-
netic alignment under stronger applied fields. The absence of significant
separation between the increasing and decreasing curves highlights the
lack of magnetic memory, a defining feature of superparamagnetism.

Orientation-dependent measurements provided additional insight.
When the stacked square samples were tested in both vertical and hor-
izontal orientations, the fluxgate results showed only minor differences,
suggesting that the magnetic response of the electrospun nanocomposite
strip is almost isotropic within the tested configurations.

This observation strengthens the reliability of the conclusions, indi-
cating that the measured superparamagnetic behavior is an intrinsic
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property of the material rather than an artifact of sample alignment or
geometry. It is worth noting that the Hall sensor setup proved valuable
for establishing baseline trends and validating the applied-stray field
relationship, while the fluxgate magnetometer delivered the perfor-
mance necessary to resolve fine variations and confirm the absence of
remanence and coercivity. Overall, these results confirm that the
incorporation of INPs enables reliable superparamagnetic behavior,
supporting the multifunctional and theranostic potential of the devel-
oped scaffolds.

3.7. Evaluation of the biocompatibility of the magnetic nano-electrospuns

To assess the potential use of the material for biomedical applica-
tions, we conducted in vitro biocompatibility studies using two cell
lines: fibroblasts (HGF1) and keratinocytes (HaCaT). A detailed analysis
of the results (see graphs in Fig. 13) showed that after 24 h, both HaCaT
and HGF1 cells exhibited cell viability values above 90%. At 48 h, cell
viability remained high, ranging from 86.5% (PCI20-10 with HGF1) to
91.5% (PCI5-10 with HaCaT). HaCaT cells consistently showed slightly
higher viability than HGF1 cells. Data are presented as mean + SD of
technical triplicates and normalized to untreated control (100%). Sta-
tistical analysis was performed using one-way ANOVA followed by
Holm-Sid4k multiple comparisons test. No statistically significant dif-
ferences were observed among groups (p > 0.05). Overall, the patches
demonstrated excellent cytocompatibility at both times, supporting
their suitability for biomedical applications. These biological outcomes
can be correlated with key material properties. The hydrophilic surface
of the scaffolds, as evidenced by wettability measurements, likely pro-
moted favorable cell environment. Furthermore, surface exposure of
ciprofloxacin may have contributed to the absence of cytotoxic effects,
while the incorporation of iron nanoparticles, at both concentrations,
did not negatively impact cell viability, consistent with the known
biocompatibility of these superparamagnetic materials. Collectively,
these observations suggest that the material's surface chemistry and
composition synergistically support cellular compatibility. These results
further confirm the suitability of the developed scaffolds for biomedical
applications  requiring both functional responsiveness and
biocompatibility.

4. Conclusions
In this work, iron oxide nanopowder (INP) was successfully incor-
porated as a photo-thermal agent into electrospun fibers through a one-

step optimized process. Poly(butylene succinate) (PBS)-based PCI scaf-
folds loaded with ciprofloxacin (CPX) and INP were fabricated, yielding
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Fig. 13. Human gingival fibroblast (HGF1) and immortal keratinocyte from adult human skin (HaCaT) viability on PCI scaffolds after 24h and 48h incubation at
37 °C. Data are presented as mean + SD of technical triplicates and normalized to untreated control (100%). Statistical analysis was performed using one-way
ANOVA followed by Holm-Sidék multiple comparisons test. No statistically significant differences were detected among groups (p > 0.05); no significance in-

dicators are shown.

uniform and defect-free fibers with homogeneous drug and nanoparticle
distribution, high iron loading efficiency (up to 50%), and complete CPX
encapsulation. The presence of CPX improved fiber morphology by
increasing the electrical conductivity of the spinning solution and
enhanced wettability and water uptake, effectively overcoming the
intrinsic hydrophobicity of PBS and promoting a more biocompatible
surface. The scaffolds exhibited suitable water vapor transmission rates,
supporting their potential application in wound healing, while thermal
and spectroscopic analyses confirmed the amorphous state of CPX and
its uniform dispersion within the polymer matrix. Magnetic character-
ization demonstrated superparamagnetic behavior, while imaging ana-
lyses confirmed X-ray detectability and MRI visibility, enabling non-
invasive monitoring. The absence of iron release over 30 days indi-
cated strong nanoparticle retention and long-term stability. Upon NIR
irradiation, the scaffolds exhibited a controllable photothermal response
dependent on INP content, enabling modulation of drug release. A
biphasic release profile governed by diffusion and matrix relaxation was
observed, with NIR stimulation significantly enhancing both the rate
and extent of CPX release, confirming the feasibility of externally trig-
gered drug delivery. In vitro biocompatibility studies using fibroblasts
(HGF1) and keratinocytes (HaCaT) showed high cell viability (>85%),
confirming the non-cytotoxic nature of the scaffolds according to ISO
10993, with no statistically significant differences observed among
experimental conditions (p > 0.05). Compared to conventional SPION-
based systems, the use of dry iron oxide nanopowder enables a
simpler, scalable, and cost-effective strategy while maintaining mag-
netic and photothermal functionalities. The integration of NIR-triggered
drug release within electrospun scaffolds, still scarcely explored, further
highlights the novelty of the proposed approach. Beyond wound heal-
ing, this platform shows potential for extension toward multifunctional
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biomedical devices, including drug-loaded tubular constructs for
vascular graft applications, with the additional advantage of MRI-based
monitoring. Preliminary observations also suggest sensitivity to me-
chanical deformation through variations in magnetic response, which
will be further investigated. Overall, PCI scaffolds represent a scalable
and cost-effective multifunctional platform integrating controlled drug
delivery, photo-thermal responsiveness, magnetic detectability, and
imaging capability. By combining therapeutic and diagnostic function-
alities, this system shows strong potential as a theranostic biomaterial
for advanced biomedical applications, including localized antibacterial
therapy, tissue regeneration, and anticancer treatment, paving the way
toward more effective and personalized therapeutic strategies.
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